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Metagenomics deals with the isolation of genetic material directly recovered from environmental samples. Metagenomics as an
approach has emerged over the past two decades to elucidate a host of microbial communities inhabiting a specific niche with
the goal of understanding their genetic diversity, population structure, and ecological role played by them. A number of new
and novel molecules with significant functionalities and applications have been identified through this approach. In fact, many
investigators are engaged in this field to unlock the untapped genetic resources with funding from governments sector. The
sustainable economic future of modern industrialized societies requires the development of novel molecules, enzymes, processes,
products, and applications. Metagenomics can also be applied to solve practical challenges in the field of medicine, agriculture,
sustainability, and ecology. Metagenomics promises to provide new molecules and novel enzymes with diverse functions and
enhanced features compared to the enzymes from the culturable microorganisms. Besides the application of metagenomics for
unlocking novel biocatalysts from nature, it also has found applications in fields as diverse as bioremediation, personalized
medicine, xenobiotic metabolism, and so forth.

1. Introduction
The term metagenomics, the genomic analysis of a population
of microorganisms, was coined by Handelsman et al. with
a notion to analyse a collection of similar but not identical
items, as in the statistical concept of meta-analysis [1].
The idea that the whole environmental microbiome can
be explored and analysed together has revolutionized our
understanding of the ecology around us. It has opened
new horizons in the development of biotechnology based
on the exploitation of uncultivated microbial species. The
vast majority of microorganisms being unculturable [2],
metagenomics has resulted in discoveries that remained
hidden from the traditional culturing techniques. Though
a multifaceted approach, the crux of applied metagenomics
is to express recovered genes in a cultivable heterologous
host. A booming area of biotechnology is the industrial
use of microorganisms to produce antibiotics, enzymes,
and other bioactive compounds. The demand for the commercial production of enzymes that are used in largescale industrial processes is growing rapidly. The industrial applications of metagenomics include identification of
novel biocatalysts, discovery of new antibiotics, personalized

medicine, and bioremediation. In addition, biosurfactant
producing bacteria have been successfully used for the bioremediation of industrial, agricultural, and domestic wastes,
resulting in a reduction of the environmental pollution. A
wealth of information has been uncovered by metagenomics,
such as microbial diversity, vast swathes of uncharacterized
metabolism, and increased complexity of biogeochemical
pathways and it promises to provide new enzymes and
molecules with diverse applications [3]. In fact, the crystal
structure of metagenomics derived RNase H1 has also been
determined which indicated structure-based mutational shift
at the active site of the motif [4]. López-López et al. also
discovered metagenomic extremophilic esterases having a
different active site compared to the esterases produced by
culturable microorganisms [5]. Schallmey and coworkers also
harvested novel metagenomics polyhydroxyalkanoate (PHA)
synthase encoding genes [6]. The DNA sequence analysis of
the studied clones indicates that the complementing genes are
homologous but substantially different from the known polyhydroxyalkanoate synthase-encoding genes. Such genes are
of great potential for the industrial production of bioplastics
[6]. Additionally, a metagenomic library constructed from
crude oil-contaminated soil encoding polyhydroxyalkanoate
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Table 1: Biocatalysts screened from metagenomic libraries by function-based approach.

Function
Alkaline pectate lyase
Amylase
𝛼-amylase
Cellulase
Cellulase
Endocellulase
Endoglucanase
Lipase
Lipase
Lipase
Lipase
Lipase
Pectinase
Protease
Serine proteases
Xylanase/endoglucanase
Xylanase
Xylanase
Xylanase
Xylanase

Habitat

Library type

Substrate

Reference

Soil
Soil
Soil
Soil
Soil
Soil
Rice straw compost
Marine sediment
Marine sponge
(Haliclonasimulans)

Plasmid
Cosmid
Fosmid
Plasmid
Fosmid
Plasmid
𝜆 phage
Plasmid

Pectin
Starch
Starch
Carboxymethyl-cellulose
Hydroxyethyl cellulose
Carboxymethyl-cellulose
Carboxymethyl-cellulose
p-Nitrophenyl (pNP) esters

[41]
[43]
[44]
[15]
[14]
[13]
[12]
[22]

Fosmid

Tributyrin agar

[25]

Fosmid
Fosmid
Fosmid
Plasmid
Plasmid
Plasmid

p-Nitrophenyl (pNP) esters
Tributyrin agar
Triolein
Polygalacturonic acid
Azocasein
Skim milk agar

[26]
[27]
[29]
[40]
[36]
[66]

Cosmid

Xylan/CMC

[30]

Fosmid
Fosmid
Plasmid
BAC

Birch wood xylan
Xylan
Xylan
Oat spelt xylan

[31]
[32]
[23]
[34]

Soil
Sediment
Lagoon
Soil
Soil
Sand
Yak rumen
Holstein cattle
rumen
Compost soil Rumen

synthase showed 76% identity with the synthase of Alcaligenes
sp. [7]. Moreover, revealing the importance of metagenomics
and unculturable microorganisms, microbiome project, such
as the Human Microbiome Project and Gut Microbiome
Projects, has been initiated. The ultimate goal of the project is
to understand the changes in the human microbiome which
are associated with human health or disease. The present
review mostly highlights the recent applications of metagenomics to microbial ecology and industrial biotechnology.

2. Industrial Enzymes
There is ample demand for novel enzymes and biocatalysts,
and metagenomics is currently thought to be one of the
most likely technologies to provide the required candidate
molecules [8, 9]. Cellulases, lipases, xylanases, amylases,
proteases, and various other industrially important enzymes
have been produced through metagenomics. The following
are some of the main enzymes that have been unlocked from
genetically untapped resources.
2.1. Cellulases. Cellulases catalyze the hydrolysis of cellulose,
the most abundant biopolymer on earth. They are use in
paper recycling, cotton processing, juice extraction, detergent
enzymes, animal feed additives, and so forth. Thus, cellulose is the third largest industrial enzymes worldwide, by
dollar volume [10]. Metagenomics has been used to unlock
novel cellulases from various natural environments, namely,

compost soils, soil from cold regions, rumen samples, and
so forth (Table 1) by constructing the metagenomic libraries
followed by screening of the biologically active clones. These
biocatalysts have gained considerable importance owing to
their potential candidature for the bioconversion of biomass
into renewable liquid fuels. In fact there is a major funding from Department of Energy, USA, for three bioenergy
research centers: one led by the Berkeley Argonne National
Laboratory, one led by Oak Ridge National Laboratory,
and one led by the University of Wisconsin that will
study all aspects of liquid biofuel production from biomass
sugars (http://genomicscience.energy.gov/centers/). A breakthrough study in this regard was carried out by Hess et al.
and identified 27,755 candidate genes with a significant match
to at least one relevant catalytic domain or carbohydratebinding module [11]. They generated tremendous data in
order to demonstrate the potential of deep sequencing of a
complex community to accurately reveal cellulolytic genes at
a massive scale and to generate draft genomes of uncultured
novel organisms involved in biomass deconstruction. Other
studies focusing on unlocking novel cellulases of industrial
importance from nature using metagenomics technique have
met a lot of success [12–14]. In addition, Alvarez et al. isolated
and characterized a novel cellulase from a sugarcane soil
metagenome [15], while Duan et al. isolated and characterized
metagenomic gene encoding acidic cellulases from buffalo
rumen metagenome [16] and Voget et al. also characterized
a metagenome-derived halotolerant cellulase which is highly
stable revealing the importance of metagenomics cellulases.
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The metagenome-derived cellulase is ideal for industrial
applications [17]. Its unconventional characteristics render it
as a potential candidature to be employed in biotechnological
processes that require the more tolerant and alkaline cellulases. Given the amount of research that is underway in order
to unlock novel cellulases from nature, it is expected that the
vast gene mining for cellulase enzymes will become literally
possible in the near future.
2.2. Lipases. Lipases are triacylglycerol hydrolases that catalyze the hydrolysis and synthesis of long chain acyl glycerol
with trioleyl glycerol being standard substrate [18]. The
use of lipases in detergents, food industry, pulp and paper
industry, agrochemicals, cosmetics and flavours, diagnostics,
therapeutics, leather industry, biodiesel production, and
biopolymer synthesis has been well reviewed [19, 20]. The
hunt for novel lipases continues unabated as evidenced by
the discovery of new families of microbial lipases mostly
by metagenomic approaches [21]. Among the hundreds of
sequences encoding lipases that have been identified through
recent metagenomic studies, it is notable that novel sequences
are frequently reported. Peng et al. isolated a novel alkalinestable lipase from a metagenomic library constructed from
marine sediments and concluded that this novel lipase may
be used to impart a distinctive and desirable flavour and
odour in milk fat flavor production [22]. Lee et al. isolated
and characterized a novel metagenomic lipase from tidal
flat sediments which evidence a new family of bacterial
lipase [23]. Hårdeman and Sjöling also isolated a novel lowtemperature active lipase from uncultured bacteria of marine
sediment. The conserved regions, including the putative
active site and catalytic triad, were found to be similar to
the culturable lipases [24]. A novel halotolerant lipase was
isolated following a functional screening of a marine sponge
fosmid metagenomic library by Selvin et al. [25]. The stability
and activity over a wide range of salinity, pH, and temperature
and in the presence of organic solvent and metal ions suggest
a utility for this enzyme in a variety of industrial applications.
In the recent past, lipases isolated and characterized by Ngo
et al. [26], Fu et al. [27], Chow et al. [28], and Glogauer et al.
[29] from various metagenomic libraries showed novel
characteristics, namely, thermal stability, alkaline stability,
organic solvent tolerance, cold active nature, and so forth,
making them potential candidates for industrial use. The
vast mining of genetically untapped sources for lipases of
certain unique and desired features like substrate specificity,
enantioselectivity, extreme temperature, pH, tolerance, and
so forth using culture-independent metagenomic approach
has proved it to be a promising approach for biotechnological
advancement.
2.3. Xylanases. Hemicellulose, the second most abundant
renewable polymer in lingo cellulosic material after cellulose,
consists of a complex matrix of polysaccharides constructed
from xylan (𝛽-1,4-linked xylose) and mannan (𝛽-1,4-linked
mannose). The principle enzyme in the progressive breakdown of xylan is endo-𝛽-1, 4-xylanase which attacks the
nonhydrolyzed polymer. In order to efficiently utilize plant
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biomass for biofuel production, lignocellulose degrading
enzymes need to be widely developed and utilized. The
accessibility of hemicellulose, apart from cellulose, for biofuel production is limited by crosslinking between lignin,
cellulose, and hemicellulose via ester and ether linkages. To
overcome this problem, the need for xylanases has triggered
massive scientific endeavour to unlock novel xylanases from
nature using metagenomic approach that may be used to
hydrolyze these linkages. The properties like thermostability
and tolerance to extreme pH conditions are inevitable for
such purposes. The studies of Chang et al. [30], Cheng et al.
[31], and Jeong et al. [32] yielded significant results with
xylanases having immense biotechnological applications for
lignocellulosic deconstruction and bioethanol production.
Moreover, Verma et al. also isolated a novel metagenomic
xylanase from compost-soil metagenome that shows alkali
stability and thermostability, thus bearing a potential application in paper and pulp industry in pulp bleaching [33].
In another interesting fact, the rumen is the most potent
fiber fermentation system. Microbes play an essential role in
degrading lignocellulosic materials of plants in the rumen,
which represents a potentially important resource of lignocellulose degrading enzymes. Gong et al. isolated and characterized a GH10 family xylanase from uncultured microorganisms in cow rumen through functional screening of a
metagenomic BAC library [34]. The industrial application of
this enzyme is manifested by its properties including a broad
pH profile, high pH stability, particularly at basic pH, and
high substrate specificity including a lack of cellulase activity.
2.4. Proteases. Proteases represent one of the three largest
groups of industrial enzymes, and most of them are of
bacterial origin [35]. The applications of proteases span a
wide range of use including protein stain removal, fuel,
food preparation, biofilm removal, and leather preparation.
Several proteases have been discovered using metagenomic
approach in the recent times. Biver et al. isolated an alkaline
protease that displayed oxidant stability suggesting its possible applications in the detergent and bleaching industries
[36]. Two serine proteases from surface sand of deserts were
found to be relatively resistant to detergent, making them
interesting for possible industrial applications [29]. A novel
protease belonging to chymotrypsin-like S1 serine proteases
was isolated by Niehaus et al. [37]. Neveu et al. also isolated
two serine proteases from metagenomic libraries of the Gobi
and Death Valley deserts [38], while Pushpam et al. identified
and characterized metagenomic alkaline serine protease from
the metagenome of goat skin surface [39]. This class of
enzymes had not been described earlier for use in laundry and
cleaning applications. Proteases also find use in diagnostic
industries and thus a lot of effort is needed to uncover novel
proteases with better characteristics with special emphasis on
metalloproteases and serine proteases from different habitats
including extreme environments.
2.5. Pectinases. Pectin is an important component of the
middle lamella and primary cell wall in plants and fungi. It
consists of a backbone of galacturonic acid residues linked

4
by 𝛼-1, 4 glycosidic linkages. Pectic polymers are degraded
by the action of pectinolytic enzymes. Pectinases play an
important role in fruit ripening, fruit abscission, and plant
diseases. Novel enzymes showing thermostability and other
characteristics are constantly being sought to using metagenomics. Singh et al. discovered a novel pectinase from the
soil metagenome that was found to be thermostable and thermoactive [40]. The study warranted the importance of this
enzyme in industrial processes and for studies to elucidate
structure/function relationships and to design inhibitors. A
metagenome-derived alkaline pectate lyase showed diverse
properties including high specific activity, alkaline pH specificity, thermo- and alkali stability at operating conditions (for
pH 9.8 and 45∘ C), and broad substrate specificity, suggesting
that this enzyme can be used in many industries [41].
2.6. Amylases. Amylases are among the most important
hydrolytic enzymes belonging to family 13 (GH-13) of the
glycoside hydrolase group of enzymes [42]. It is a widespread
group of enzymes which hydrolyze starch molecules to give
diverse products including dextrins and progressively smaller
polymers composed of glucose units. These enzymes are
of great significance in biotechnology with applications in
all starch-based industries ranging from food, fermentation,
textile, and paper industries to alcohol production in breweries. With the advent of new frontiers in biotechnology,
the spectrum of amylase applications has expanded into
many other fields, such as clinical, medicinal, and analytical
chemistry. Sharma et al. discovered a novel amylase from
a soil metagenome that retained 90% of activity even at
low temperature suggesting its potential candidature for
possible industrial applications [43]. Vidya et al. isolated a
thermostable and calcium-dependant amylase from a soil
metagenome and suggested its applications in baking and
destarching [44]. The need for thermostable amylases for
starch liquefaction, which needs a high temperature (above
100∘ C), is imperative and metagenomics has proved to be
inevitable in unlocking the same from nature. In addition,
Sharma et al. cloned and characterized a metagenomic
amylase from the soil derived from Northwestern Himalayas
which comprises 909 amino acids encoding the enzyme
amylase [43].

3. Bioactive Compounds and Antibiotics
When Gillespie et al. isolated turbomycins A and B from
a metagenomic library, it demonstrated the feasibility of
metagenomic approaches for searching novel antimicrobial compounds [45]. Chang and Brady reported a gene
cluster bor from soil that encodes indolotryptoline based
compounds, a small and relatively rare family of natural
products that exhibit potent activity against certain tumor cell
lines [46]. These discoveries have triggered extensive search
operations for the quest of novel and biomedical important
drugs as evidenced by various studies [47–52]. The search
for bioactive molecules using a metagenomic approach
has generally been conducted using either homology-based
methods or functional screening. Novel sequences found
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Table 2: Antibiotics discovered by functional screening of metagenomic clones.
Antibiotics
Beta-lactamases
Fasamycin A and B
Indirubin
Terragine
Turbomycins A and B
Violacein

Habitat
Soil
Soil
Soil
Soil
Soil
Soil

Library type
Fosmid
Cosmid
Fosmid
Cosmid
BAC
Cosmid

Reference
[47]
[49]
[51]
[50]
[45]
[49]

in homology-based screens can be examined for the ability
to encode the biosynthesis of novel small molecules in
heterologous expression experiments [52]. Development of
expression systems with new selective, specific, and sensitive
testers plus high-throughput platforms is needed to provide
options that fully exploit the potential within metagenomic
libraries. An interesting system, designated METREX, has
been designed which consists of an expression host carrying
a GFP reporter sensitive to compounds that induce quorum
sensing; expression of metagenomic DNA library clones
encoding genes for synthesis of bioactive small molecules that
induced the reporter could then be isolated by fluorescence
[53]. Although only a small number of compounds have been
characterized till date using culture-independent methods,
these initial studies indicate that as-yet-uncultured bacteria
are likely to be a rich source of novel bioactive molecules.
Table 2 shows the list of antibiotics that have been discovered
using the metagenomic approach.

4. Xenobiotic Degradation
and Personalized Medicine
The study of the action of xenobiotics, particularly, the
antibiotics, on human gut microbiota is indispensable given
the need to study the mechanism of drug resistance and the
gene responsible for it in order to counter the menace of
ever increasing drug resistance and to come up with drugs
that are much effective and less likely to be countered by the
invading pathogens. Elucidating the underlying mechanisms
for xenobiotic resistance and metabolism in the active human
gut microbiome not only will provide insight into hostmicrobial interactions and biochemistry but also may provide
indications for unexplained patient-to-patient variations in
drug efficacy and toxicity. This issue is, in part, being
addressed by metagenomics that has enabled the analysis
of the aggregate genomes of this microbial community, the
gut microbiome [54]. Maurice et al. characterized how the
gene expression and metabolic activity of a distinctive set
of active gut microbes are rapidly affected by host-targeted
drugs and antibiotics [55]. These findings highlighted the
unintended consequences of xenobiotics and indicated the
microbiota as another factor to consider in developing
personalized medicines. The integrated characterization of
the host, microbial, and environmental factors governing
the response of the gut microbiome to xenobiotics could
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ultimately be used for the design of diagnostic tests predicting
drug pharmacokinetics or therapeutic interventions.

5. Biosurfactant Mediated Bioremediation
Chemical surfactants are currently employed in the treatment
of petroleum hydrocarbons in oil spills, allowing their emulsification, thereby increasing their solubility and facilitating
subsequent degradation by oil-degrading microbes. However,
the use of these chemical surfactants in bioremediation is
barred by their toxicity and low biodegradability [56]. Thus,
the use of biosurfactants may represent an environmentally
friendly alternative to help overcome the toxicity of these
synthetic surfactants [57].
Biosurfactants are amphipathic molecules with both
hydrophilic and hydrophobic moieties that partition preferentially at the interface between fluid phases that have different degrees of polarity and hydrogen bonding, such as oil and
water or air and water interfaces [58]. Metagenomics has been
used to make DNA libraries of the petroleum-contaminated
samples (soil, water, etc.) followed by the screening of biosurfactant producing clones. A number of screening methods
have been designed to screen the metagenomic clones for
the production of biosurfactant, namely, atomized oil assay,
wherein a fine mist of oil droplets is applied to the surface
of agar plates and biosurfactant production is observed
instantaneously as halos around metagenomics clones [59];
oil-coated agar plate overlay approach, with biosurfactant
producers being identified by the appearance of an emulsified
halo [60]; screening for haemolytic activity using nutrient
agar supplemented with 5% fresh whole blood, with blood cell
lysis being indicative of biosurfactant production [61]; and
the blue agar method with mineral salts agar supplemented
with a 2% carbon source, CTAB (0.0005%), and methylene
blue (0.002%), with dark blue halos indicating biosurfactant
production [62]. Other novel function-based approaches
which have been developed include substrate-induced gene
expression (SIGEX) for screening of metagenomic libraries
[63]. Thus, by employing the above described screening
methods, it is likely that novel gene clusters involved in
the biosurfactant production could be identified thereby
accelerating the development of bioremediation technologies
involving biosurfactants. In addition, the metagenomics oriented bioremediation research has already been initiated. In
fact, there are reports of metagenomics alkane hydroxylase
enzyme degrading hydrocarbon that has been reported very
recently [64].

6. Conclusion
Metagenomics provides a window into a world of unseen
microbial diversity that is astonishing in its magnitude and
is open to tap the vast genetic potential of microorganisms to
obtain products and processes of biotechnological value. The
use of metagenomics for exploiting the whole microbiome of
a given environmental sample has met a lot of success through
breakthrough discoveries as far as the industrial sector is
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concerned. The quest for novel biocatalysts through metagenomics has yielded positive results with novel enzymes
being unlocked from the genetically untapped resources
that find applications in varied fields. The production of
biosurfactants and antibiotics using metagenomics has given
a ray of hope for addressing the issues of oil leakage and
drug resistance, respectively. Furthermore, the degradation
of synthetic compounds, essential to protect the environment from pollution, has been addressed by metagenomics.
Metagenomics thus provides a means to view the structural
and functional genomics of microbial diversity and paves
a way to discover novel genes for obtaining newer and
useful industrial enzymes and bioactive molecules with better
properties. This recent trend to access novel and natural
sequences through the direct cloning of metagenomic DNA
is significantly contributing to the screening and identification of hitherto unexplored microbial consortia for valuable
bioactive compounds, biocatalysts, and other useful products
and processes. However, the success of these techniques
demands the development of faster high-throughput screening systems.
Though metagenomic approaches have identified a number of novel genes encoding cellulolytic, pectinolytic, proteolytic, lipolytic enzymes, and so forth and many interesting
novel enzymes have been discovered, the fact remains that the
majority of biocatalysts are still uncharacterized [65]. Further,
since the functional heterologous expression of genes from
unculturable microbes is not always successful, approaches
like metatranscriptomics and stable isotope probing (SIP)
could be adapted for the high resolution identification in the
hunt for novel biocatalysts.
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