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Abstract

Microorganisms are considered as an unlimited, untapped, and intriguing source
for development of novel genes, antibiotics, bioinoculants, biocatalysts, etc.
Therefore, the identification and characterization of the microbial wealth
becomes inevitable. Besides other features of bacteria that are a challenge to
health, including increase in pathogenicity, antibiotic resistance, mounting host
spectra, and possibility of usage for bioterrorism, it becomes a compulsion.
Furthermore, a sustainable agriculture development program that frequently
exploits the plant growth-promoting rhizobacteria (PGPR) also requires a correct
identification and characterization of agriculturally important microorganisms.
Metagenomics is defined as the study of all available genomes in an environment
that contains considerably more genetic information than provided by the cul-
tured subset. It also helps in bridging the gap between genetics and ecology,
indicating that the genes of a single microorganism are connected to the genes of
other members of the community.
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13.1 Introduction

Soil biodiversity analysis is a very important aspect in the environmental sciences
due to its significant interlinkages with other areas, like agriculture. As evident
from available literature, soil biodiversity characterizes a huge underground world
that contains a wide range of organisms, from prokaryotes to eukaryotes (e.g.,
archaea, bacteria, fungi, nematodes, insects, and earthworms). One gram of soil
has been reported to contain up to 10'° prokaryotic cells and thousands of different
species (Raynaud and Nunan 2014). This diverse microbial ecosystem plays a cen-
tral role in the nutrient cycling, soil structure formation, decomposition of organic
matter, soil health indicator, soilborne diseases, and plant growth promotion and
thus is responsible for maintaining the biosphere integrity. Microbial diversity
present in soil can be explored either through culture-based methods or recent
indirect biotechnological approaches. Many indirect methods for overcoming the
limitations of cultivation techniques are developed which are mainly based on
nucleic acid isolation from soil and their characterization without the culture of
microbes.

13.2 Metagenomics

Culture-dependent methods limit analysis of those microorganisms that can grow
under laboratory conditions. It is widely accepted that only 0.1-1% (depending
upon the environmental sample) of bacteria can be cultured by laboratory cultiva-
tion methods which leaves 99% or more microbial diversity unexplored. Furthermore,
under environmental stress bacteria can enter a state called “viable but uncultur-
able” which again limits the accessibility of these bacteria to traditional cultivation
method. Thus, cultivation-dependent microbial identification can underestimate the
microbial diversity. As per the available reports, in vitro culturability of the total
microbes in freshwater and in sediments is 0.25% (Jones 1977), in sea water 0.001-
0.1% (Surmann and Efferth 2014), and only less than 1% in soil (Pham and Kim
2012; Ferrari et al. 2005). Therefore, “metagenomics,” i.e., direct extraction of
genetic material from environment, was conceptualized (Handelsman et al. 1998)
for analyzing similar but not identical genomes, in the environment.
Metagenomics may target the structure of the metagenome by cloning and
sequencing strategies (structural metagenomics) and/or characterize the functions
of environmental DNA by direct cloning for heterologous expression in a surrogate
host organism (functional metagenomics). As the functional metagenomics method
relies on the ability of the cloned environmental DNA to confer a phenotypic func-
tion to the host, no sequence homology to previously characterized genes or other a
priori sequence information is required. Functional metagenomics can therefore be
considered as a true discovery tool for identifying and characterizing novel gene
families (Nacke et al. 2011), metabolic traits (McGarvey et al. 2012), bioactive
compounds (Craig et al. 2010), or pathways (Illeghems et al. 2015) from uncultured
soil microbes. With suitably long genomic fragments, functional metagenomics
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may also be used to define the genomic context of the functions of interest and
enable their taxonomic assignment (Treusch et al. 2005).

13.3 Essential Steps of Metagenomics
13.3.1 Environmental Sampling

Sample collection is the first step of a soil metagenomic library construction for
which details of physicochemical properties of the soils are required. Sometimes,
enzyme activity assays or metagenomic sequencing can also be used to determine
the functional diversity of the respective environment.

13.3.2 Metagenomic Library Construction

13.3.2.1 High-Quality DNA Isolation from Soil Samples

Metagenomic library construction requires a high-quality DNA from the environ-
ment. Soil heterogeneity, microbial diversity, and other soil properties make DNA
extraction challenging. Moreover, soil DNA extraction often contains humic sub-
stances, which interfere and reduce the efficiency of downstream processes
(Premalatha et al. 2009; Soni and Goel 2010).

To ensure efficient cloning, the isolated DNA should be purified of contaminants
such as humic acids or phenolic compounds that can inhibit enzymatic reactions.
The capture of full-length genes using small-insert libraries requires DNA frag-
ments of at least 2 kb in length, whereas over 25 kb fragments are required for
identification of operons using cosmid and fosmid libraries. While cell lysis directly
in the soil matrix enables rapid recovery of greater amounts of DNA, indirect extrac-
tion methods typically recover DNA with larger fragment sizes, higher purity, and
higher representation of many bacterial and archaeal taxa but lower representation
of filamentous organisms such as fungi and Actinobacteria and microbes attached
to soil matrix (Delmont et al. 2011).

13.3.2.2 Cloning Vector

Metagenomic libraries can be roughly categorized into small- and large-insert
libraries as per the cloned DNA fragment size. Using plasmid vectors, construction
of small-insert libraries is made which is able to contain up to 10 kb DNA frag-
ments, thus making them suitable for identification of functional traits encoded by
a single gene or small operon (Surmann and Efferth 2014). These plasmid-based
libraries provide high transformation efficiency (>10° clones) and efficient expres-
sion systems using vectors that can be induced to high copy numbers and that con-
tain promoters. Higher copy number is especially advantageous for characterization
of genes, cloned without promoters or with low activity. Large-insert libraries use
cosmid or fosmid vectors or bacterial artificial chromosomes (BAC) that can accom-
modate 25-35, 25-40, or 100-200 kb DNA fragments, respectively. Due to the
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large size of the cloned DNA fragments, these libraries are well suited for identifica-
tion of multi-domain traits or pathways and provide linkage information for the
identification of functions encoded by multiple genes and potentially allow taxo-
nomic linkages to be determined. The vectors used to construct large-insert libraries
are generally present in cells in low copy number, which allows their stable replica-
tion in the screening host and reduces the risk of overexpression of toxic gene
products.

13.3.2.3 Screening Host

In the majority of applications to date, the functional screening of metagenomic
libraries relies on expression in Escherichia coli. This well-characterized laboratory
model organism has stable replication of vectors and low rates of restriction and
recombination, making an attractive host microorganism for cloning and expression
of foreign DNA. A variety of expression systems for E. coli are available as are a
large number of genetically modified E. coli strains for highly controlled and opti-
mized cloning and expression (Sgrensen and Mortensen 2005). Alternative screen-
ing hosts for functional mining of metagenomic libraries include Streptomyces
lividans (Wang et al. 2000), Bacillus subtilis (Troeschel et al. 2010), Sulfolobus
solfataricus (Albers et al. 2006), Thermus thermophilus (Angelov et al. 2009),
Saccharomyces cerevisiae (Bailly et al. 2007), etc. When using these hosts, the
library is generally constructed and maintained in E. coli and transformed to the
alternative expression hosts for screening (Craig et al. 2010).

13.3.3 Library Screening

Metagenomics libraries can be screened by several techniques based either on func-
tional activity or on nucleotide sequence. Soil-metagenomic libraries are screened
by using target-specific probes. This approach is being used extensively to identify
phylogenetic markers as well as other functional genes with highly conserved
domains (Premalatha et al. 2009; Soni and Goel 2010, 2011). Moreover, microarray
technology is also useful for soil metagenome analysis.

Enzymatic function of clones can be monitored by adding chemical dyes or
chromophore-bearing enzyme substrate derivatives into culture medium. Thus, this
type of sensitive nature of screening helps in the detection of rare clones.

13.4 Metagenomics of Himalayan Soils

The entire Himalayan mountain range is well known for its biodiversity due to its
unique environment. Scattered habitations, inaccessibility, and uneconomic hold-
ings keep these regions free from any anthropogenic contamination. Nevertheless,
preference for traditional farming system over chemical-based farming is responsi-
ble for emergence of hilly agriculture lands as a gold mine for potential soil
microorganisms.
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In Uttarakhand Himalaya perspective, a triphasic approach, viz., real-time PCR
(qPCR), denaturation gradient gel electrophoresis (DGGE), and temporal gradient
gel electrophoresis (TGGE), has been used for evaluation of bacterial population in
different rhizospheric soil systems (Soni and Goel 2010). Moreover, several nifH
homologs have been identified from Himalayan rhizospheric soil metagenome
(Soni and Goel 2011). Recently, Goel and co-workers made two 16S rDNA clone
libraries, i.e., SB1 and SB2, using rhizospheric soil samples from two different
locations of Western Indian Himalaya, namely, Chhiplakot (30.70°N/80.30°E) and
Munsyari (30.60°N/80.20°E), selected on the basis of qPCR analysis to characterize
the total bacterial population and their community structure (Suyal et al. 2015a).
The phylum Proteobacteria was the dominant phylum in the Himalayan soils along
with  Bacteroidetes,  Nitrospira, Acidobactria,  Chloroflexi,  Firmicutes,
Cyanobacteria, Gemmatimonadetes, Planctomycetes, BRCI, Actinobacteria, and
Chlorobi. Comparative study on the bacterial diversity observed in this region with
that of other Himalayan cold habitats like Tibetan plateau glacier (Liu et al. 2009),
Drass, cold desert of the Western Himalaya (Shivaji et al. 2011), Puruogangri ice
(Zhang et al. 2008), and Roopkund glacier (Pradhan et al. 2010) indicated that the
bacterial diversity in both soils was comparable with each other.

13.5 Metagenomics as a Tool for Sustainable Agriculture

An integral constituent of integrated nutrient management (INM) and soil biodi-
versity system (SBS) is the soil-inhabiting microflora and microfauna, thereby
playing an important role in plant growth and all-round development. Hazardous
effects of chemical fertilizers and pesticides on soil and plant health having delete-
rious environmental impact are being frequently observed in recent years.
Beneficial microbial wealth of agricultural importance can serve as a crucial alter-
native for achieving sustainable agriculture production. Metagenomics help in the
prediction of microbial community structure and, therefore, can tackle and address
fundamental scientific questions related to agriculturally important microorgan-
isms. This approach has been successfully explored for the assessment of the diaz-
otrophs belonging to the rhizosphere of native red kidney beans (RKB) of the
Western Indian Himalaya by targeting nifH (Suyal et al. 2015b). This metagenomic
effort has examined the community structure and diversity of N,-fixing microor-
ganisms in a Himalayan RKB rhizosphere, which can be explored to provide the
backbone for further studies. Moreover, previous metagenomic efforts indicated
the pervasiveness of csp and nif from the Himalayan soils of (Premalatha et al.
2009; Soni and Goel 2010).

The emergence of metagenome information for a rhizosphere is beginning to
expose detailed information about associated community structure, dynamics, and
functional activities, thereby allowing an improved perceptive of community devel-
opment, interspecies coordination and competition for essential nutrients, and dis-
tribution of metabolic activities across the community members. Moreover,
functional metagenomics can also be explored for reshaping the composition of
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rhizospheric microbial population and to readdress microbial activity, which can be
referred to as “rhizosphere engineering.”

13.6 Current Scenario of Metagenomics

Metagenomics has significant potential as a discovery and annotation tool for link-
ing genes with functions and processes and providing valuable phylogenetic context
that may enable the role and ecological niches of soil microorganisms to be deter-
mined. However, in order to keep up with advances in sequencing technologies and
to enable discovery from the broad diversity of soil microorganisms, there are chal-
lenges to be faced. An important development would be to increase the taxonomic
coverage of genes that can be expressed and screened. Most of the currently used
expression vectors replicate only in E. coli. Given the limited ability of E. coli to
express genes from distant taxonomic groups of organisms, shuttle vectors with
extended host range are needed (Aakvik et al. 2009; Craig et al. 2010). Maintenance
of these vectors is conveniently done inside E. coli, which can then be transferred
by conjugation into another expression host for repeated screening. It will also be
necessary to modify the structure and expression mechanisms of the vectors in order
to accommodate larger DNA fragments, to enable expression from different orienta-
tions depending on the orientation of cloned DNA insert, and to control the gene
expression level via copy number adjustment and induction (Lammle et al. 2007).
Genetic modification of existing expression hosts by ribosome engineering, co-
expression of molecular chaperones, or engineering of transcription and translation
factors as well as secretion systems represent a means to increase the rate of expres-
sion of foreign genes in E. coli (Bernstein et al. 2007). However, screening in taxo-
nomically distant expression hosts or the use of multiple different hosts has been
shown to significantly increase detection frequency for novel functional traits.
Screening in a physiologically suitable host is especially useful when mining
extreme environments for novel biochemical properties because proteins that func-
tion at extreme temperatures or under high salinity often require additional modifi-
cations to ensure protein stability (Angelov et al. 2009). Ideally, cell-free expression
systems for universal expression of DNA originating from taxonomically different
hosts could be used.

Eukaryotic genes are still in minority among the discovered genes derived
from environmental DNA, although construction of functional metagenomic
libraries from soil transcriptomes, i.e., total RNA isolated from a soil sample, may
be used to overcome limitations in mining eukaryotic genes containing nonbacte-
rial genetic elements and introns. Messenger RNA is captured with polyadenyl-
ated primers and reverse-transcribed to double-stranded cDNA. This cDNA is
then cloned to an expression vector for expression and functional screening in
either bacterial or eukaryotic hosts. Although cDNA libraries have been success-
fully used for identification of fungal genes from soil metatranscriptomes, RNA
instability and challenges in RNA isolation often result in low recovery of full-
length transcripts (Bailly et al. 2007). The separate cloning of single transcripts



13 Soil Metagenomics: A Tool for Sustainable Agriculture 223

also limits the recovery of entire biosynthetic pathways. Regardless of the type of
methodology used for library preparation or expression screening, it is obvious
that the scale of a screening effort that is required to capture less abundant micro-
bial groups and functions, and to maintain a rate of functional annotation consis-
tent with that of metagenome sequence data acquisition, greatly exceeds the
capacity of current functional metagenomic implementations. This capacity could
be increased by development of more sensitive screening substrates and by
increasing the throughput of screening assays. Increased assay sensitivity and
throughput could be achieved through the combination of novel substrates and
multiplexed assays for analysis using FACS, high-throughput liquid chromatogra-
phy, or mass spectrometry, with miniaturized systems using microfluidic devices
to enable nanoliter reaction volumes to improve throughput and speed and sub-
stantially reduce cost.

Conclusions

The importance of the microorganisms in the growth and development of plant
ecosystems has been well known; however, the major portion of rhizosphere
population is still uncharacterized and unexplored. Coupling traditional with
advanced metagenomic methodologies to evaluate community structure and
function will bring new insights to explore microbial life in the soil. Further,
identification of the plant signals, exudates, and key factors in the rhizosphere
microbial ecosystem will provide chemical and microbial markers to explain
how plants recruit and stimulate beneficial microorganisms. Moreover, soil
metagenomics also holds prospective to improve crop production and to uncover
several yet unexploited soil microorganisms, their functions, and genes for
diverse applications.
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