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Preface

For the compilation of this book, emphasis has been given on the role of functional
microbes belowground, i.e., in the rhizosphere to know the response to their
metatranscriptomics level and impact on aboveground response. The functional or
metatranscriptomics learning provides the detailed acclimation about the functional
or transcriptional profiles of discrete microbial populations within a
phytomicrobiome that reveals the molecular action of a microbiome and their
regulatory mechanisms around the phytosphere.

In the present compendium, main emphasis has been given on the following
points:

• Occurrence and distribution of microbial communities
• In situ active microbial quorum in the rhizosphere
• Metatranscriptomics for microflora- and fauna
• Functional diversity in the rhizosphere
• Importance of PGPRs in the rhizosphere
• Root endotrophic microbes
• Functional AM fungi in the rhizosphere
• Functional protozoans belowground
• Functional infochemicals
• Location of microbe in plant
• Root epiphytic microbes
• Nitrogen-fixing bacteria
• Functional microbial determinants
• Functional niche under biotic stress
• Functional niche under abiotic stress
• Functional root-derived signals
• Functional microbe-derived signals
• Approaches deployed in metatranscriptomics
• Functional defence signals
• Molecular Tools used in the rhizosphere
• Perspectives of metatranscriptomic in belowground functioning
• Metatranscriptomics for siderophore producing microbes
• Metatranscriptomics for microbe–plant signals
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• Metatranscriptomics for Pi-solubilizing producing microbes
• Metatranscriptomics for improving soil fertility
• Metatranscriptomics for pathogenic microbes in the rhizosphere

This book is organized in 31 chapters that deliberate on microbial transcriptomics
belowground and their response aboveground wherein structural and functional
divergences of microbes rely on the deployment of various phenotypic and molecu-
lar approaches incurred.

Chapter 1 seeks to get comprehensive knowledge on soil metatranscriptomics
analysis including obtaining biologically important information from transcriptome
datasets, comparative information to other transcriptome analysis techniques, bioin-
formatics tools and technical challenges applied to soil metatranscriptomics.

Chapter 2 concludes with a brief reference to some of the advanced molecular
tools available to explore microbial diversity in belowground.

Chapter 3 discusses on the role of the functional rhizosphere in phytomicrobiome
wherein extraction and purification of mRNA immediately from plant, decomposi-
tion of natural material and soil, accompanied with pooling of expressed genes by
using high-throughput sequencing, have spawned metatranscriptomics a new rising
area of research.

Chapter 4 defines the utilization of functional infochemicals that provide the
pathways for insect management by mating disruption, mass trapping, monitoring of
pest infestation, mass annihilation. Thereby, these infochemicals can be an important
component of sustainable management of insect pests and also Integrated Pest
Management (IPM).

Chapter 5 encompasses the deployment of synthetic biology in the genetics of the
nitrogenase enzyme and its engineering in phytomicrobiome responses.

Chapter 6 encompasses the role of functional AM fungi on various fruit crops that
considered for useful organic cultivation and also for expanding the fruit crop in low
fertility degraded soil with less expenditure and minimum reduction to yield.

Chapter 7 encompasses the role of PGPRs in the rhizosphere and activities
performing in that zone with varied potential of PGPRs in crop production for
commercial uses.

Chapter 8 seeks to disclose the role of flavonoid infochemicals in the modifier of
the rhizospheric ecosystem favouring plant growth and development. These
biochemicals play the role of signals to call the beneficial microbes towards plant
root and deterring the pathogenic species away from the rhizosphere due to which
they are also described as “Infochemicals”.

Chapter 9 discusses various mechanisms adopted by the soil microbes to abrogate
the negative effects of abiotic stresses in plants for their better growth and
productivity.

Chapter 10 defines the signalling molecules including transcription factors and
volatile compounds and their role in plant defence response.

Chapter 11 seeks to get comprehensive knowledge of techniques that are used to
study metatranscriptomics and bioinformatics tools to interpret the most valuable
knowledge from sequencing data.

vi Preface



Chapter 12 discusses the functional role of rhizobacteria such as biocontrol
activity, phytohormone secretion, siderophore production, mineral solubilization,
nitrogen fixation and enzyme production and their occurrence, distribution and
functions belowground.

Chapter 13 encompasses insights into the biodiversity of psychrotrophic
microbes, their adaptation strategies and their potential applications in agriculture,
medicine, industry, food and allied sectors.

Chapter 14 defines the functional role of microbial diversity in the rhizosphere
zone and its significance to the crop and soil. A diverse population of microbes
associated with different activities in the rhizosphere zone is discussed in detail in
this chapter.

Chapter 15 seeks to get knowledge of various abiotic stress conditions including
temperature, salt, drought, water-logging and metal toxicity stress, and how they
influence the structure and diversity of the inhabiting microbial community structure
and diversity.

Chapter 16 summarizes the functional behaviour of the microbial communities
which may include a group of species trait represented as an individual or species
leads to the functional diversity in the rhizosphere.

Chapter 17 provides an insight into the diverse and compact world of root surface
associated microbes with their structural and functional divergence.

Chapter 18 reviews the plant root associated endophytes, factor affecting,
functionalities and understanding interaction between microbiome associated within
plant root.

Chapter 19 focuses on the strategies and methods that are adopted to manipulate
the plant–soil microbiome interactions, various mechanisms that are involved in the
interactions and the impact of this technology on the plant and soil.

Chapter 20 seeks to get comprehensive knowledge wherein Sundarbans replan-
tation schemes require the microbiome niche to be maintained if successful restora-
tion is to be achieved either in the form of suitable site-specific plantations or
microbial consortium based supplementations.

Chapter 21 discusses the major headway in this exponentially proliferating field,
comparing the various options used in the computational bioinformatical analysis of
data and the challenges associated with them.

Chapter 22 discusses the concepts, tools and techniques used to investigate
metatranscriptome and will further highlight its application in understanding the
microbial structure and function.

Chapter 23 defines a microbiome wide association study with known disease
causing microbial datasets and predict the potential pathogenic microorganisms that
are prevalent in ecological niche wherein authors believe that metagenomics can be
utilized at a diagnostic scale and using the dataset obtained to predict the pathogenic
load of that particular area.

Chapter 24 discusses in detail about the cutting edge high-throughput
technologies, viz., metagenomic, metatranscriptomics and metaproteomics that are
aiding in increasing understanding of the freshwater microbial diversity as well as
their functioning.
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Chapter 25 encompasses to study about the role of phytohormones in the induc-
tion of the defence mechanism in plants. Moreover, it uncovers the defence
mechanisms (existing/induced) in the plants against the phytopathogens.

Chapter 26 deals with different metatranscriptomic approaches to explore micro-
bial community transcriptomes in belowground functioning.

Chapter 27 elaborates the role of microbial community transcriptomes using
computational metatranscriptomics approaches wherein different available bioinfor-
matics tools are discussed for computational analysis of the data to study the
evolutionary processes in a specified pool of microorganisms.

Chapter 28 encompasses the functional role of rhizospheric microbes that not
only helps in increased crop production but also enhances soil fertility as well as
assists the plant in mitigating the various biotic and abiotic stresses. Thereby,
exploring the beneficial properties of these microorganisms one can improve crop
growth and productivity in a sustainable way.

Chapter 29 deciphers the molecular network connecting quorum sensing and iron
acquisition in case of the rhizosphere associated bacteria wherein display of quorum
sensing initiates rhizospheric community formation and its response aboveground.

Chapter 30 signifies the importance of plant growth-promoting rhizobacteria,
their mechanism of action, advantage of microbial consortia, aspect of consortia
engineering and their various applications.

Chapter 31 seeks to get comprehensive knowledge on plant growth-promoting
rhizobacteria (PGPR) that plays a pivotal role in aiding the plants to overcome
abiotic stresses and retain their productivity. The basic mechanisms by which
PGPR helps plants to cope against abiotic stress include lowering ethylene levels,
production and accumulation of compatible solutes such as proline, glycine-betaine;
decreasing the production of ROS. Thus the deployment of PGPR is considered a
suitable approach for ameliorating the environmental stress encountered by the crop
plants and can be considered as an important component of sustainable agricultural
practices.

We thank all contributors for their efforts in making this compendium worthy to
disseminate complete knowledge for scholarly involvement around the globe.

Solan, Himachal Pradesh, India Manoj Nath
Surat, Gujarat, India Deepesh Bhatt
Barabanki, Uttar Pradesh, India Prachi Bhargava
Noida, Uttar Pradesh, India D. K. Choudhary
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Metatranscriptomics in Microbiome Study:
A Comprehensive Approach 1
Koushlesh Ranjan, Mahesh Kumar Bharti, R. A. Siddique, and
Jitender Singh

Abstract

The soil microbes are an essential component for proper functioning of terrestrial
ecosystem. Due to vast diversity of the microbial population in soil microbiome,
it is difficult to identify individual microbes, their interactions with neighboring
organisms, environment, and plants. The advancement in high throughput
sequencing technologies has accelerated the below ground soil metagenomics
and metatranscriptomics studies. However, metagenomics study provides only
the deep insight of presence of microbial diversity and their genes without
providing any knowledge that whether they are active component of the
microbiome or not. Therefore, to know the microbial response to their environ-
mental conditions at a specific point of time, metatranscriptomics analysis is
highly useful. Metatranscriptomics study provides the detailed knowledge
about the transcriptional profiles of discrete microbial populations within a
microbiome at the time of sampling which indicates about molecular activities
of a microbiome and their regulatory mechanisms. In this chapter, comprehensive
knowledge on soil metatranscriptomics analysis including retrieval of biologi-
cally important information from transcriptome datasets, comparative informa-
tion about other transcriptome analysis techniques, bioinformatics tools, and
technical challenges applied to soil metatranscriptomics are incorporated.
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1.1 Introduction

Metatranscriptomics is the study of gene expression of all the microbes present in
natural environments at a time. It allows whole gene expression profiling and study
of composite nature microbial communities in particular environment (Filiatrault
2011). The microbes are ubiquitous in nature and are highly important for the proper
functioning of the ecosystem. Any changes in microbial communities may adversely
affect the biological activity of the ecosystem. All the microbial community
inhabiting in a specific habitat is called as microbiome. The metatranscriptomics
study can be used to identify the genetic diversity of active genes in a composite
microbiome. It may provide vital information to quantify microbial gene expression
and changes in expression levels at different physiological and pathological
conditions. Metatranscriptomics possess specific advantages as it provides accurate
information about differential gene expression or active functions of genes in a
composite microbiome which otherwise looks similar in metagenomics study.
Metagenomics study focuses on the study of the entire genomic content of microbes
and specifies the taxonomic position of microbial population, while
metatranscriptomics provides information about functional annotations of genes
expression in microbial community under specific conditions (Bashiardes et al.
2016). Metatranscriptomics data mining is one of the efficient ways to discover
novel genes or gene families in a plant system or soil microbiome. Many of such
genes encode specific enzymes essential for various metabolic pathways (Xiao et al.
2013).

In recent years, plant microbiome emerged as an important field of
metatranscriptomics study because it influences plant health, animal health and
their productivity. The plant microbiome comprises of several types of functional
gene pool consisting of viruses, prokaryotes, eukaryotes, etc. associated with plant
host. Plants allow inhabiting microbiomes from on the whole plant to specific plant
regions such as on roots, shoots, leaves, flowers, seeds, and at the area of interaction
between roots and surrounding soil i.e. the rhizosphere. The rhizosphere region of
soil remains immediately in touch with plant roots and continuously influenced
through rhizo-deposition of mucilages, exudates, and sloughed plant cells. Thus,
plant roots influence surrounding soil and inhabiting microbiome and in turn the
rhizosphere microbiomes also influence the plant growth and productivity by pro-
ducing plant growth regulatory compounds (Philippot et al. 2013; Spence et al.
2014). According to some of the researchers rhizospheric microbiomes are consid-
ered as the second genome to plant (Berendsen et al. 2012) because they may have
the capacity to influence plant growth and productivity.

The rhizospheric microbiomes influence plant growth directly by beneficial or
pathogenic microbes and indirectly by nutrient solubilization, nutrient cycling,

2 K. Ranjan et al.



antagonism of plant pathogens, induction of the plant immune system, and secretion
of plant growth hormones (Mishra et al. 2009; Rudrappa et al. 2010). The activities
of soil microbiomes are dependent on several factors including climate changes in
that geographical area. Thus, soil microbiomes play an important role in mainte-
nance of soil and plant health and entire ecosystem.

1.2 Techniques Used for Metatranscriptomics Study

The metatranscriptomics study can be carried out by high throughput sequencing
techniques such as Next Generation Sequencing (NGS) and Third Generation Single
Molecule Long Read Sequencing (Table 1.1) along with Microarray techniques.
Before the popularization of high throughput sequencing platforms, microarray
technique was one of the methods of choice for quantification of expression of
transcripts (mRNA) from known organisms or entire microbial communities (Parro
et al. 2007). However, with the application of high throughput NGS technologies,
detailed annotation and quantification of known as well as previously unknown
transcripts and their variants can be easily done. High throughput machines enable
millions of DNA fragments to be sequenced simultaneously and are much faster than
conventional sequencer (Minakshi et al. 2014). High throughput sequencing
techniques are the preferred method for metatranscriptomics study on soil
microbiome, since microarrays techniques can be primarily used for study of gene
expression profile for a few specific known model organisms only.

1.2.1 Metatranscriptomics Study by NGS Techniques

Most of the information on soil microbiome such as microbial composition, genome
sizes, and relative gene expression of microbes in different environmental conditions
usually remains unknown. Many of the high throughput sequencing technologies
generate data in the form of short reads which have frequently been used for
metatranscriptome studies because of its deep sequencing coverage which is
required for differential gene expression studies. However, long read sequencing
technologies can generate complete or near to full length mRNAs sequence which
can make sequence similarity search easy and can also be helpful in discrimination
study among different isoforms. Metatranscriptome sequencing using NGS
techniques generates a large volume of sequencing data and provides direct access
to both culturable as well as non-culturable microbiomic transcriptome information
of a specific environmental condition without any prior sequence knowledge. It
allows randomly sequencing of pool of mRNAs from different microorganisms to
understand the complex microbial processes in a microbiome. The
metatranscriptomics study through NGS techniques allows generating gene expres-
sion profiles of the entire microbiome and provides deep insights into several
unknown biological systems, which previously remained untouched because of the
technical limitations associated with the isolation of individual microbial population
in laboratory conditions.

1 Metatranscriptomics in Microbiome Study: A Comprehensive Approach 3
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1.2.1.1 General Workflow of Metatranscriptomics Sequencing by NGS
Technique

The metatranscriptomics sequencing protocols usually vary and are based upon the
type and nature of the sample to be analyzed. Although several types of protocols
have been standardized for complete metatranscriptome sequencing of microbiome
samples, the common steps including microbiome sampling, RNA extraction,
mRNA enrichment, cDNA followed by metatranscriptomics libraries preparation,
nucleic acid sequencing using NGS techniques, and sequence data analysis remained
the same (Fig. 1.1).

After extraction of total RNA from the sample, the qualified RNA is allowed for
fragment screening and quality testing. At this juncture of time mRNA enrichment is
one of the crucial and trickiest parts. For mRNA enrichment, certain strategies have
been used such as (1) removal of rRNA by means of 16S and 23S rRNA probes
hybridization or rRNA capture system, (2) degradation of rRNA and tRNA by
means of 50-30 exonuclease enzyme (Apirion and Miczak 1993), (3) addition of
poly(A) to mRNAs by polyA polymerase, and (4) capture of mRNAs by antibodies
against specific proteins. However, last two strategies are usually not suggested
because of their highly biased nature (Peimbert and Alcaraz 2016).

Fig. 1.1 The basic steps of metatranscriptome study by NGS techniques
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After mRNA enrichment, the first strand of cDNA is synthesized using reverse
transcriptase enzyme and random hexamer primer. However, before preparation of
first strand of cDNA, the longer size of mRNA may be fragmented to smaller
fragment using ultra-sonication techniques. This fragmentation step is employed to
accommodate the read length of sequences according to sequencing platform used.
Subsequently, second strand of cDNA is synthesized using DNA polymerase and
sequencing adapters are attached to both the ends of double stranded cDNA strands
either by PCR or ligation techniques. Thus, sequencing library is prepared which is
used for nucleotide sequencing on various NGS platforms such as 454 GS-FLX
systems (Roche, USA) or HiSeq (Illumina, USA), etc. followed by transcriptomics
analysis (Fig. 1.2). The depth of sequence coverage, the accuracy of sequencing
result and cost-effectiveness are the major factors which decide the selection of
sequencing platforms. The key consideration taken into account during selection of
NGS techniques for metatranscriptomics study of composite soil microbial
communities is their depth of sequence coverage which is an essential requirement
to identify the expression of a specific gene in question.

1.2.1.2 NGS Platforms for Transcriptome Analysis
High throughput NGS technologies especially with the popularization of RNA
sequencing (RNA-seq) techniques have revolutionized the field of transcriptomics.
Such technologies may allow generation of RNA sequences of entire microbiome on
massive scale with desired sequencing depth. Although, these NGS platforms have
their own advantages and disadvantages, the common high throughput platforms
used for metatranscriptome studies are discussed below.

454 Genome Sequencer FLX (GS-FLX) System
The 454 Genome Sequencer FLX (GS-FLX) system is based on individual sequenc-
ing by synthesis reactions. It facilitates sample multiplexing and optimized the
system in such a way that it allows parallel sequencing with several individual
sequencing reactions at a time. The term 454 was used as a code name in the project
at 454 Corporation, a subsidiary of CuraGen where this system was developed. The
GS-FLX system utilizes large scale massive parallel pyrosequencing protocol to
sequence approximately 400–600 megabases of DNA per run using GS-FLX Tita-
nium series of reagents (Voelkerding et al. 2009). During sample processing, adapter
ligated DNA fragments are fixed onto the DNA capture beads in water in oil
emulsion. Subsequently, the fixed DNA to these beads is amplified by PCR. Later
on, DNA bound bead are mixed with enzymes ATP sulfurylase, DNA polymerase,
and luciferase and placed in 29 μm well of PicoTiter Plate which is then placed into
the GS-FLX System for nucleic acid sequencing. This technology is based on the
detection of pyrophosphate released after incorporation of new nucleotide in
sequence; therefore it is also called as 454 pyrosequencing. In 2008, 454 GS-FLX
Titanium platform and its reagents were released which can provide on an average
400–500 base pair read lengths with the capacity to sequence 400–600 million base
(Mb) pairs per run. The latest GSFLX+ machine can produce 700 Mb sequence data
per run with read length up to 1000 bp (Allseq 2008). Although, GS-FLX is a good
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choice for transcriptome sequencing, its reads are error prone in homopolymer
sequencing (Gilles et al. 2011).

Illumina HiSeq Sequencing
Illumina high throughput DNA sequencing technology is based on Solexa technol-
ogy. The Illumina technology employs bridge amplification step to generate
sequence clusters and reversible terminators for determination of actual sequence
(Bentley et al. 2008; Balasubramanian 2011). Overall this sequencing system
involves important steps such as DNA fragment ligation to chip, primer addition,

Fig. 1.2 The steps for library preparation for metatranscriptomics study

8 K. Ranjan et al.



incorporation of sequential fluorescent dNTP, and sequence detection. The
fragmented DNA ligated with adaptor and corresponding forward and reverse
primers are attached to glass surface using a flexible linker. It needs a special type
of DNA amplification strategy called as Bridge PCR (Fedurco et al. 2006). The
adaptors flanking to DNA fragments are hybridized with forward and reverse
primers on glass surface and bridge PCR amplifies the DNA fragment with the
help of nucleic acid strand denaturing power of formamide and Bst DNA polymer-
ase. This results in the formation of cluster of clonal amplicons. It is reported that the
amplicons of single nucleic acid fragment form a cluster which is located on the
array at single location. After generation of amplicon cluster, the sequencing primer
hybridizes with flanking region of fragmented DNA of interest. The sequencing
reaction proceeds in cyclic manner using modified DNA polymerase and 30OH end
labeled dNTPs with chemically cleavable fluorescent reporter group which allows
incorporation of single nucleotide base in each cycle. In each cycle of reaction,
single base extension occurs leading to chemical cleavage of fluorescent reporter and
identification of incorporated nucleotide.

The entire sequencing reaction occurs within the small sized flow cells which are
placed in flow cell compartment. Based on capability of flow cell used, Illumina
sequencing is available in different formats such as MiSeq, HiSeq, and NovaSeq.
The MiSeq sequencers can generate one million to 30 million reads per run.
Similarly, HiSeq and NovaSeq flow cell can generate 3 billion and 13 billion reads
per run, respectively. Within flow cell DNA clusters are formed and end of short
denatured DNA sample is combined with primers already present in flow cell
channel. This is followed by the addition of DNA polymerase and DNA building
blocks. This allows synthesis of a new DNA strand in the bottom of the flow cell.
Subsequently, the original template is washed out and newly synthesized DNA
strand bind to primer present on the surface of flow cell and a new strand is again
synthesized. These steps are repeated to generate around 1000 copies in a cluster.
The HiSeq 2000 machine produces read length of up to 150 bp and total output of up
to 200 Gb per run. The long reads have an additional advantage in the effective
sequencing of repetitive regions. Although the read length of HiSeq 2000 is only
150 bp but it is sufficient for transcriptome study because of its capacity to generate
large volumes of sequence data (200 Gb) per run which overcomes the difficulty
related to short reads length and its quality (Birzele et al. 2010; Camarena et al.
2010).

Ion Torrent
The Ion semiconductor sequencing is sequencing by synthesis method. However, it
differs from other sequencing by synthesis methods as it does not utilize either
modified nucleotide bases or optics for signal recording. This technology is also
known as Ion Torrent sequencing, pH dependent sequencing or ion semiconductor
based sequencing (Ambardar et al. 2016). Principally, this technique is based upon
identification of hydrogen ions (H+) which are produced at the time of nucleic acid
sequence polymerization. The micro-wells of ion semiconductor chip containing
many copies of single-stranded DNA molecule are flooded with DNA polymerase
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enzyme and unmodified all the four dNTPs (Pennisi 2010). The incorporation of a
dNTP at base complementarity site into growing DNA strand leads to release of a
hydrogen ion (H+) and pyrophosphate (Rusk 2011). The unused dNTPs are washed
out before the start of the next cycle of different species of dNTP incorporation
(Pennisi 2010). The released hydrogen ion causes pH change in solution, which is
identified by an ion-sensitive field effect transistor (ISFET) based sensors. The
released hydrogen ion triggers the ISFET base ion sensor which transmit the
electrical pulses from the chip to computer where electrical pulse is directly trans-
lated into DNA sequence without any intermediate signal conversion (Pennisi 2010).
However, if no base complementarity site is found, dNTP incorporation do not occur
which lead to the absence of biochemical reaction. In case of presence of homopol-
ymer repeats in template sequence, multiple number of dNTP will be incorporated in
a single cycle which leads to release of corresponding number of hydrogen ions and
proportionally higher level of signal strength. The ion Torrent produces a read length
of 400 base pairs. However, it generates significant error in repeated homopolymer
regions (Seneca et al. 2015). Due to availability of other sequencing platforms with
longer read length, it is not much suitable for complete genome sequencing of longer
genomes. However, it may be suitable for small scale sequencing applications such
as targeted sequencing, microbial genome sequencing, microbial transcriptome
sequencing, amplicon sequencing, etc. (Chiosea et al. 2015).

SOLiD Technology
It utilizes sequencing by ligation on beads strategy which is based on Multiplex
Polony Sequencing technology (Shendure et al. 2005). The adaptors are initially
attached to 1 μm paramagnetic beads followed by ligation to flanking region of
fragmented template DNA. The PCR amplification is performed in an oil-water
emulsion. Later on, beads having attached PCR amplicons are fixed on a solid planar
surface and universal PCR primer are allowed to hybridize with adaptor sequence
attached to flanking region of fragmented template DNA. The sequencing cycle is
initiated by ligation of DNA octamer labeled with fluorescent dye to universal primer
according to positional identity of nucleotide sequence. Subsequent chemical cleav-
age generates pentamer on template DNA and subsequent iteration of this process
decodes the actual DNA sequence. This technology platform generates 99.94%
accurate sequence since it utilizes a two base coding system which significantly
improves the sequence quality.

1.2.2 Metatranscriptomics Study by Third Generation Single
Molecule Long Read Sequencing Techniques

Single DNA molecules can be directly sequenced using third generation sequencing
technology with low error rates which is generally triggered by amplification
associated biasness of PCR, intensity averaging, synchronization related
problems, etc.
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1.2.2.1 Single-Molecule-Real-Time (SMRT®) Technology
In this technique library of target DNA to be sequence is constructed in such a way
that a circular DNA molecule is formed by ligation of a known adaptor to both the
ends of the target nucleic acid sequence (Eid et al. 2009). Afterwards, the circular
nucleic acid molecule is placed into a SMRT® cell consisting of 150,000 specifically
designed zeptolitre wells and immobilized DNA polymerase molecule. The DNA
polymerase enzyme binds with hairpin adaptors of circular DNA and initiates
replication using fluorescently labeled dNTPs. The incorporation of each of nucleo-
tide generates a specific light pulse which is used for identification of nucleotide base
(Rhoads and Au 2015). The major advantage of SMRT® sequencing technique is its
specific read length. The first generation C1 machine produced 1500 bp of read
length which can be extended up to15 kbp by application of fourth generation C4
chemistry protocols. PacBio RS II system produces 0.5–1.0 billion bases per SMRT
cell with comparatively higher error rates of approximately 11–15%.

1.2.2.2 Helicos Genetic Analysis Platform
The Helicos Genetic Analysis platform was the first commercial NGS application
used for the single DNA molecule sequencing by synthesis using a sensitive
fluorescence detection system (Thompson and Steinmann 2010). The DNA to be
sequenced is randomly fragmented and a DNA library is prepared. On fragmented
DNA poly A tailing is made which is then hybridized to disposable glass flow cells
bounded poly T oligomers to create an array of DNA templates annealed with
primer. On the flow cell, the DNA polymerase enzyme adds one by one fluorescent
nucleotide until a terminating nucleotide pause the process and an image is captured.
Based on the analysis of captured image, the incorporated nucleotide is recognized
on growing strand. The reaction cycle is repeated with new species of nucleotide
until the DNA fragments is completely sequenced (Thompson and Steinmann 2010).

1.2.2.3 Oxford Nano-pore Technology
Nano-pore detection system is based on the quantification of conductivity difference
across a nano-scale pore which eliminates the requirements of optics and DNA
amplification (Niedringhaus et al. 2011). In 2014, this technology based MinION
model machine was released where nucleic acid molecule is allowed to move
through a nano-pore by electrophoresis. The movement of nucleic acid through
nano-pore material leads to measurable variation in the pattern of electric current.
For library preparation, DNA molecule is fragmented by Covaris g-TUBE (Covaris,
USA) system, and resultant template DNA is allowed to repair by a PreCR step. The
blunt ended DNA fragments are created by end repair step followed by a poly A tail
is created at 30OH end. Subsequently, two adaptors, namely a Y shaped adapter and a
hair pin adaptor are added to DNA molecule. In the next step of reaction, a motor
protein is used to open the double stranded DNA and make single stranded at the Y
adapter region and single-stranded DNA fragment is passed through the nano-pore.
At the nano-pore site nucleotide base calling is performed. This system can generate
read length of up to few hundred thousand bases with comparatively poor accuracy
of 65 to 88%. It is either 1 dimensional or 2 dimensional system based on either only
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one or both the DNA stands is used for base calling process (Lu et al. 2016). The
portable size of machine, cost effective performance, and real-time working nature
may make this equipment as an essential requirement for real-time diagnostic
purpose in hospitals, laboratories, and detection of plant based pathogens (Judge
et al. 2015). Other similar type of platform used is GridION system which gives
assurance of even short run time, massive throughput with up to 2 Mb read length.
The main hurdle with these systems is a low level of sequence accuracy and a lack of
sufficient bioinformatics tools to correct specific sequencing errors.

1.2.3 Bioinformatics Analysis of Metatranscriptome
Sequencing Data

After metatranscriptome sequencing, the major hurdle is analysis of huge amount of
sequence data. The major steps involved in bioinformatics analysis are: filtering the
reads, selection of reference sequence and reference based mapping, performing de
novo assembly, sequence annotation, statistical analysis, and submission of original
assembled and annotated datasets to sequence repository (Fig. 1.3).

1.2.3.1 Filtering and Quality Control of Sequence Reads
After generation of RNA-seq, the sequence data is allowed for Quality Control
(QC) analysis to remove wrong reads and minimization of downstream processing
errors. Several QC tools such as FastQC (Andrews 2010), fastp (Chen et al. 2018),
etc. are available for short read data analysis from Illumina sequencers. During
downstream analysis of transcriptome data, ribosomal RNA (rRNA) may cause
major problem in differential gene expression study or metabolic pathway charac-
terization. The rRNA transcripts from the microbiome sample should be physically
removed using one or other molecular methods prior to sequencing as they may
constitute up to 90% of the sequence data if not removed. However, some of the
rRNA may still remain in sample and being sequenced. The postsequencing, rRNAs
can be removed from downstream analyses by employing tools such as barrnap
(Seemann 2014) and SortMeRNA (Kopylova et al. 2012). In specific conditions
rRNA reads of a specific organism such as human from human microbiome sample
can be removed using faster alignment free methods which search for human specific
k-mers in sequence reads, for example, Best Match Tagger (BMTagger) and tradi-
tional read mapping methods which map to the human genome and remove rRNA
reads (Li et al. 2017).

1.2.3.2 Assembly of Sequence Reads Data
The reference genome sequences for most of the microbiomes are not adequately
available in the database. In case of availability, sequence reads are aligned to a
reference genome from database using various tools such as Burrows–Wheeler
Aligner (BWA) (Li and Durbin 2010), Bowtie2 (Langmead and Salzberg 2012),
etc. However, in the case of unavailability of reference genome in database, de novo
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assembler tools are used to generate a reference scaffold from high-quality reads
representing the expressed gene sets of a microbial genome. This approach enables
the scientists to find sequence homologs easily, mapping for expression analysis,
establishment of taxonomic origin, etc. The assembler programs such as Velvet
(Zerbino and Birney 2008), Trinity (Grabherr et al. 2011), MEGAHIT (Li et al.
2015), and metaSPAdes (Nurk et al. 2017) used for this purpose were originally
made for metagenomics study. They may lead to some erroneous result during
metatranscriptome assembly; therefore they should be used with cautions. For De
Novo assembly of metatranscriptome, specific tools such as Transcript Assembly
Graph (TAG) (Ye and Tang 2016), IDBA-MTP (Leung et al. 2015), etc. are used.
The datasets for de novo assembly of metatranscriptomics are still not completely
developed. With the advancement in bioinformatics still only a few specific tools
have been designed for De Novo assembly for metatranscriptomics. However,
the efficacies of these assembler tools on diverse datasets have still not been tested.
Moreover, their hardware requirements on complex community and data volume
have also not been thoroughly verified.

Fig. 1.3 The major steps involved in bioinformatics analysis of metatranscriptomics data
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1.2.3.3 Functional Annotation of Transcriptomes
The metatranscriptomics sequence data are annotated using several bioinformatics
tools such as Basic Local Alignment Search Tool (BLAST) (Altschul et al. 1990),
Metagenomic Rapid Annotations using Subsystems Technology (MG-RAST)
(Meyer et al. 2008), Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa
et al. 2019) for basic information. However, the metatranscriptomics data is primar-
ily used for the assessment of functional activity of microbiome in study. The
functional annotation from microbiome RNA-seq can be done using either assem-
bled contigs or sequence reads. Several read based functional annotation prediction
tools such as HMM-GRASPx (Zhong et al. 2016), MetaCLADE (Ugarte et al.
2018), etc. are used for this purpose. However, these tools require predicted open
reading frames (ORFs) of sequences as input database which is provided by other
tools such as FragGeneScan (Rho et al. 2010). The MetaCLADE tool consists of a
database having two million probabilistic models from 15,000 Pfam domains. The
MetaCLADE tool represents significant diversity for each domain as database of this
tool possesses hundreds of models for a single domain. Thus, sequence search using
this database shows large numbers of hits for each sequence read which should be
filtered on the basis of sequence probability, redundancy, and bit-scores (Ugarte
et al. 2018). Moreover, assembled contigs may also be used for functional annotation
study. The gene finding programs such as FragGeneScan (Rho et al. 2010) and
Prodigal (Hyatt et al. 2010) are used for this purpose. Apart from these programs,
functional assignment of transcriptomes is performed using sequence similarity
search tool such as DIAMOND (Buchfink et al. 2015) which search for sequence
similarity against functional databases such as NCBI RefSeq, UniProt, etc. After
functional annotation of transcriptomes enzymatic functions of transcript may also
be mapped to previously well-established metabolic pathways, using specific tools
such as iPath (Yamada et al. 2011), MinPath (Ye and Doak 2009), etc.

Apart from direct functional annotations, taxonomic assignments to identify the
microorganisms which are involved in active RNA expression and differential
expression analyses of metatranscriptome data should also be performed to under-
stand the microbial functional diversity in microbiome in different conditions.

Transcript Taxonomy Study of Metatranscriptome
Transcript taxonomy tools are used to study contig based taxonomic assignments to
understand actively RNA expressing organisms. For transcript taxonomy study of
metatranscriptomics data several taxonomy classification programs such as
MetaPhlan2 (Truong et al. 2015), GOTTCHA (Freitas et al. 2015), etc. are used.
Most of these programs work on the basis of nucleotide matches of short sequence
reads. Therefore, they are mostly useful for closely related microbiomes in sequence
databases. However, sequence reads with nearly full length transcript or longer
contigs can be analyzed by several bioinformatics programs such as Kraken
2 (Wood and Salzberg 2014) and centrifuge (Kim et al. 2016) to identify the
individual member of microbiome community.

The taxonomic analysis by sequence reads or deduced coding regions suffer from
several limitations such as lack of efficient algorithms required to process larger
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volume sequence data, accommodation of short sequence reads, and lack of suffi-
cient number of references in reference databases. In microbiome study the differ-
entiation of lower number of sequence hits from false positive hits create a great
problem. Moreover, limited knowledge on microbial diversity also severely limits
the application of taxonomy classification tools in metatranscriptomics study of
microbiome.

Differential Expression Analyses of Metatranscriptomes
The differential analyses of metatranscriptomes discuss about the comparison of
differential gene expression in a microbiomes in different environmental conditions
and parameters and their effect on microbial biochemical function over the time.
Earlier, several bioinformatics programs were developed for use with single micro-
bial genomes only. Later on some of these tools were updated for differential gene
expression studies of metatranscriptomics data. Most of such tools require input
abundance transcriptome data per gene and per sample for the specific environmen-
tal conditions or particular time period. The abundance transcriptome data can be
obtained by sequence read alignment or mapping to reference genome or gene set or
assembly. Some of the tools such as Limma (Ritchie et al. 2015), DeSeq2 (Love
et al. 2014), and edgeR (Robinson et al. 2010) are frequently used to identify
differential expression of genes among the microbiome sample at different environ-
mental conditions or time point. Although, several tools are available for differential
gene expression for transcriptome data, the differential expression analyses of
metatranscriptome of a microbiome are still a challenging task because of availabil-
ity of transcript sequences from a wide array of organisms. This lead to a special kind
of difficulty such as dealing with shared gene problems among closely related
organisms along with taxonomic variation of transcripts which may led to incorrect
differential gene expression profile assessment.

1.2.3.4 Statistical Analysis of Sequence Data
Statistical analysis of metatranscriptome sequences are performed in several steps
including build of count matrix, matrix transformation, similarity search between
samples, differential expression analysis of genes, visualization of differentially
expressed genes, function prediction of previously known and unknown genes
(Peimbert and Alcaraz 2016). The count matrix is built by counting the total mapped
reads from all the samples. It is required for analyzing the annotation sequence data
in data analysis pipeline. Subsequently, the count matrix is transformed or
normalized to avoid dependence of mean values on samples and experiments by
employing regularized logarithm transformation (rlog) and DESeq tool (Love et al.
2014). After matrix transformation, the similarity between the samples or
experiments can be determined by heatmaps, distance calculation on rlog/log2,
and Principal Component Analysis (PCA) tool. Later on, differential expression
analysis is performed by calculation of mean log2 fold changes, standard error, test
of null hypothesis and p-value calculation between samples or experiments using
several bioinformatics tools such as edgeR (Robinson et al. 2010), DESeq (Anders
and Huber 2010), baySeq (Hardcastle and Kelly 2010), NOISeq (Tarazona et al.
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2011), etc. The significant amount of differentially expressed genes can be
visualized by heatmaps or Volcano plots tools. Finally, the functions of annotated
and known genes expression are correlated with experimental sample. The data from
metatranscriptomics analysis are usually categorized in to two classes, i.e. genes
having known functions and genes having unknown functions. It is easy to charac-
terize the genes with previously known functions. For genes with known functions,
several data mining tools such as Protein Data Bank (PDB) (Berman et al. 2000),
Pfam (Finn et al. 2008), Search Tool for the Retrieval of Interacting Genes
(STRING) (Szklarczyk et al. 2017), UniProt (UniProt Consortium 2019), and
KEGG (Kanehisa et al. 2019) are utilized to get their appropriate functions. How-
ever, a significant amount of metatranscriptome data remained with unknown
functions which need further experiments to determine their functions.

1.2.3.5 Sequence Submission to Databases
After the completion of the metatranscriptome data analysis the RNA-seq are
submitted to suitable databases or repositories for scientific use by other researchers
and comparison with other datasets. The raw FASTQ files are usually deposited to
Short Read Archive (SRA) of NCBI with submitter’s name and project details. The
assembled transcript sequences generated by bioinformatics tools are deposited to
Transcriptome Shotgun Assembly (TSA). The annotated dataset is shared through
MG-RAST server, because it is vital for genomic studies and addresses the many
challenges including curation, exchange, and information dissemination.

1.2.4 Metatranscriptomics Study by Microarray Technique

The microarray is a technique where picomoles of nucleic acid sequences known as
probes are deposited on to a microscope glass slide surface and allowed for probe-
target hybridization with specific reagents (fluorophore, silver or chemilumines-
cence) labeled nucleic acids (target) to detect and quantify the nucleic acid (Ranjan
et al. 2015). Microarrays have already been used to measure microbial gene expres-
sion level of several genes, detection of new transcripts, and structure determination
of mRNAs of one or more species simultaneously.

For metatranscriptome analysis a specific variant of microarray called tilling
microarray is used. The tiling array is a whole genome based oligonucleotide
probe based microarray. It has proved its usefulness in whole genome functional
analysis. Since, tiling array is a specific variant of microarray; its basic functionality
is similar to regular expression microarray but the difference is within the probe
design. The probes of tilling arrays are designed for known contiguous sequences
especially the genomic regions whose expression is previously unknown. Thus,
resolution limit of tiling arrays is a function of probe design, i.e., whether probes
are designed in overlapped or spaced apart manner in entire genomes. The several
millions of oligonucleotide probes are required for whole genome tiling array study.
For comprehensive identification of entire coding sequences in human genome by
tiling arrays 52 million oligoprobes were designed (Bertone et al. 2004).
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Tiling microarray is an efficient method to identify gene expression. The tradi-
tional methods of gene prediction and transcriptome analysis may not produce an
accurate picture of genes and may miss out entire transcript. Similarly, transcriptome
analysis by traditional methods using cDNA sequencing may also be proved biased
in the detection of genes that expressed themselves only at a specific point of time or
in response to specific signals. Moreover, detection of very short or rare RNA
molecules is also challenging by cDNA sequencing. Many of such problems can
be sort out by tilling array technique. In tilling arrays, millions of copies of specific
probes are made within a single array unit called feature and in a microarray chip
10,000–6,000,000 different features are found. Thus, total numbers of probes are
much more in tilling arrays in compared to conventional microarray (Mockler et al.
2005). Tiling arrays assisted tremendously in transcriptome mapping, identification
of sites for DNA/protein interaction (ChIP-chip), DNA methylation (MeDIP-chip),
etc. (Yazaki et al. 2007). It can also be used for metatranscriptome study. Because of
higher sensitivity and resolution of tilling arrays rare and small nucleic acid
fragments can also be identified. The overlapping probes also permit identification
of non-polyadenylated RNA and thus, high resolution image of gene structure can be
generated (Bertone et al. 2005).

Besides the advancement in microarray techniques, still it has certain pitfalls such
as its low sensitivity, requirement of prior knowledge of gene targets followed by
design of specific probes. Many of such limitations of the microarray technique are
resolved in NGS based RNA-Seq methods (Table 1.2). By combining the two
methods, i.e., high throughput sequencing and microarray, a more comprehensive
image of microbial metatranscriptomics can be produced (Filiatrault 2011).

1.3 Metatranscriptomics and Soil Microbiome

Metatranscriptomics is the study of mRNA and rRNA diversity of a microbiome in a
particular environment at specific time and space. It permits simultaneous explora-
tion of microbial gene expression (mRNA) as well as its abundance (rRNA). For
gene expression study, mRNA is usually preferred over protein because mRNAs
delivers a better real-time image of cell functioning in relation to environmental
variations. The present era of molecular biology is of transition phase from
metagenomics to metatranscriptomics because the latter reveals the functional diver-
sity of the microbiome, rather than only genetic diversity as the former does.
Metatranscriptomics studies have disclosed several facts about soil microbiomes
and their importance to plants and ecosystems (Table 1.3).

The microbiome composition in plants is dependent on multiple factors such as
pH, temperature, chemical constituents of soil, biochemical signals from plants,
bacteria, fungi, etc. These factors determine the selective association between
functional microbiomes and plants and assists in the identification of phenotypes
suitable for increased crop productivity followed by food security (Lakshmanan
et al. 2014). However, exact mechanisms by which a functional microbiome
improves the plant growth and fitness are still not much clear. In Oryza sativa root
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the significant diversity of bacterial species was reported (Hernandez et al. 2015).
With the advancement of modern sequencing techniques it is easy to identify and
characterize the microbiome in model plants such as Arabidopsis thaliana and Zea
mays (Turner et al. 2013; Gomez-Godínez et al. 2019). The simultaneous approach
of time-series sampling, high throughput 16S rRNA gene sequencing, and
metatranscriptomics study can disclose the functional diversity of microbiome of
biomass degrading and composting ecosystem. The time scale study reveals about
the sequence of occurrence of microbes for biomass degradation as beginning from
simultaneous destruction of lignocellulose and hemicellulose to cellulose and lignin.
Such study also improves the knowledge of microbiome diversity and assists in
identification of newer bacterial order such as Bacillales (Antunes et al. 2016).

The RNA (16S rRNA gene and mRNA) based research using high throughput
sequencing technique may be used for study of effect of soil metal pollution on

Table 1.2 Comparison of High throughput RNA-Seq and Microarray technique

S. n. Parameters
High throughput RNA-Seq
technique Microarray technique

1 System used Open system architecture Closed system architecture

2 Preparation of
sample

Easy to prepare from extracted
nucleic acid

Relatively complex to prepare
microarray slides

3 Higher
specificity and
sensitivity of
result

Ideal for detection of genes
especially with low expression
level

Difficult to identify rare
transcript

4 Cost effect
value for
multiple
samples

More expensive Less expensive

5 Data analysis Relatively complex annotation
for millions of sequence reads

Signal intensities of microarray
are easy to analyze

6 Application in
species study
at genomic
level

Best available method for
microbial genome analysis

Best method for DNA–DNA
hybridization study

7 Detection of
novel
transcripts

It can easily detect novel
transcripts, single nucleotide
variants, gene fusions, indels, etc.

Difficult to identify such
variations because it needs
specific probe

8 Digital output NGS reads represent absolute
expression of a microbiome and
enable identification of low
abundance transcripts

Difficult to identify complete
expression of a microbiome

9 Wider
dynamic range

It produces discrete sequencing
reads and quantify expression for
larger dynamic range (>105 for
RNA-Seq in comparison to 103

for microarrays)

The transcript measurement is
limited by background at low end
and signal saturation at the high
end

10 Specific
application

Microbiome diversity study Study of functional gene
diversity
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microbial composition and its activity. It is reported that overall soil Copper pollu-
tion inhibits the microbial activity. However, despite adverse conditions caused by
Copper pollution, still some of the soil microbial activities may be observed as
evidenced by increase in phage mRNA signatures (Jacquiod et al. 2018). The
metatranscriptome analysis of artic soil may give an indication about the climate
warming by greenhouse gas emissions from soil. The metatranscriptomics study of
Arctic cryosols sample revealed the presence of active form of denitrifying and
nitrogen fixing bacteria such as Cyanothecaceae, Azotobacteraceae, Rhizobiaceae,
Burkholderiaceae, Ectothiorhodospiracea, Chloroflexaceae, Nostocaceae, and
Rhodobacteraceae. These microbial populations can be correlated with elevated
N2O (potent greenhouse gas) flux from wetter trough soils in comparison to drier
interior soils which indicate about the climate warming since Arctic is expected to
develop wetter and warmer conditions (Altshuler et al. 2019).

The metatranscriptome based approach is a useful technique to detect the changes
in microbiome which would have been otherwise remains undetected by traditional
assays such as PCR (Shakya et al. 2019). In one of such studies, the non-fungal
eukaryotic species were detected from mutant oat plants which were not detected
from its wild relatives (Turner et al. 2013). This technique is also helpful in the
detection of genes which determines the mutualistic relationship between
microbiome and seagrass plant (Crump et al. 2018). Moreover, functionally active
microbiome and pathways showing its significance in maturation of ripe fruits can
also be studied using metatranscriptomics (Saminathan et al. 2018). In one of the
studies, researcher has revealed that metatranscriptomics analysis can be used to
understand the suppressive and non-suppressive mechanisms of associated genes
from Rhizoctonia solani fungal infection in wheat plants which can be used as a
potential molecular target for overall enhancement of plant productivity (Hayden
et al. 2018). Thus, soil metatranscriptomics study provides a comprehensive knowl-
edge about the overall functioning of diverse form of ecosystems from crop land to
polluted lands and arctic soil which have direct influence on global warming, plant
growth, diseases, and productivity.

1.4 Limitations and Challenges in Metatranscriptomics

Despite the advancement in high throughput sequencing technologies, advanced
algorithms and high speed computing facilities metatranscriptomics analyses are still
facing several challenges.

1.4.1 Problems Associated with Total RNA Extraction from Soil
Sample

The average half-lives of mRNA of a species are within the range of few seconds to
few minutes (Deutscher 2006). However, the stability of mRNA is also dependent on
the diversity of microbial species and nutritional status of the cell (Redon et al.
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2005). Therefore, for proper study of metatranscriptional profiles of a microbiome it
is essential to immediately store the samples in liquid nitrogen or transfer to RNA
preservation solution. The RNA isolation from soil sample is especially tricky
because of insufficient cell lysis, adsorption of RNA molecules to soil particle, and
presence of inhibitory enzymes such as RNases in soil. The RNA extraction using
conventional buffers also facilitate the adsorption of mRNA molecules to soil
particle (Chomczynski and Sacchi 1987). Most of the methods used for soil
mRNA extraction utilize an initial bead-beating step (Lakay et al. 2007). The other
common methods for RNA extraction from soil samples are liquid nitrogen grinding
(Volossiouk et al. 1995), enzymatic lysis (Zhou et al. 1996), and microwave-based
rupture (Orsini and Romano-Spica 2001) which are less efficient than bead-beating
method. Moreover, during mRNA extraction contamination with genomic DNA
(gDNA) is a common problem which may lead to over estimation of RNA concen-
tration in UV spectrophotometry based quantification of nucleic acid. To minimize
the gDNA, the DNaseI treatment to RNA extract may be employed (Marchetti et al.
2012).

During mRNA extraction from soil samples several PCR inhibitory substances
such as fulvic acids and humic are also co-precipitate (Opel et al. 2010). Therefore,
several strategies have been employed to eliminate the fulvic and humic acids from
extracted RNA such as precipitation of cells using aluminum sulfate prior to cell
lysis (Persoh et al. 2008), adsorption by activated charcoal (Desai and Madamwar
2007), incorporation of polyvinyl polypyrolidone (PVPP) during mRNA extraction
(Rajendhran and Gunasekaran 2008), CaCO3 pretreatment of soils (Sagova-
Mareckova et al. 2008), RNA extraction at pH 5.0, and subsequently purification
of mRNA using Q-Sepharose columns (Mettel et al. 2010). Recently, several
commercial kits have also been developed for total RNA extraction from soil
samples followed by selective removal of rRNA (i.e. mRNA enrichment) from
total RNA extract for downstream metatranscriptome analysis (Table 1.4).

1.4.2 Problems Associated with mRNA Enrichment

The major component of total RNA extract from an environmental sample is rRNA
and tRNA (Karpinets et al. 2006). However, the total RNA also possesses 1–5% of
mRNA constituent (He et al. 2010). Therefore, mRNA enrichment from total RNA
extract is an essential step for metatranscriptomic study. To recover or enrich mRNA
from soil total RNA several approaches have been utilized (Table 1.4).

1.4.2.1 Subtractive Hybridization of mRNA
This technique is used for identification, characterization, and differentiation of
nucleic acid populations. It allows the differentiation between different RNA species
from several origins (cells, tissues or organisms, etc.) at different phases of growth in
normal or diseased conditions. It relies on subtraction of dsDNA molecules formed
by hybridization of control and test sample. Therefore, the subtractive hybridization
technique allows specific elimination of cDNAs and retains the desired transcripts or
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genomic sequences. It involves the removal of specific set of rRNA from total RNA
reference sample using probes complementary to rRNA, i.e. the sample to be
subtracted (Pang et al. 2004). There are several commercial kits have been developed
for subtractive hybridization of mRNA (Table 1.4). However, due to insufficient
base complementarity of capture probes, the kit may not be effective enough to
remove all the rRNA from total RNA sample. For complex environmental samples,
subtractive hybridization technique is modified by using sample specific rRNA
probes for mRNA enrichment (Stewart et al. 2010).

1.4.2.2 Exonuclease Treatment to Degrade rRNA from Total RNA
This method utilizes a 5’phosphate dependent exonuclease to degrade RNA
molecules containing 5’monophosphate (Table 1.4). The presence of

Table 1.4 Commercially available soil total RNA extraction and mRNA enrichment kits

S.
n. Name of the Kit Kit Manufacturer Basic principal of kit Application

1 FastRNA Pro Soil-
Direct Kit

MP Biomedicals
(USA)

Adsorption using binding
matrix

Total RNA
Extraction

2 FastRNA Pro Soil-
Indirect kit

(MP Biomedicals,
USA)

Adsorption using binding
matrix

Total RNA
Extraction

3 ISOIL for RNA NIPPON GENE
(Japan)

By precipitation Total RNA
Extraction

4 RNA Power Soil™
Total RNA
Isolation kit

MO BIO (USA) Adsorption in single
gravity flow column

Total RNA
extraction

5 ZR soil/fecal RNA
MicroPrep

Zymo research
(USA)

Adsorption or gel
filtration in multiple spin
columns

Total RNA
extraction

6 EZNA soil RNA kit Omega BioTek
(USA)

Adsorption in single spin
column

Total RNA
extraction

7 IT 1–2-3 platinum
path™ sample
purification kit

Idaho technology
(USA)

By magnetic beads Total RNA
extraction

8 Soil Total RNA
purification kit

Norgen (Canada) Adsorption in single spin
column

Total RNA
extraction

9 Ribo-zero rRNA
removal kit

EPICENTRE
biotechnologies
(USA)

Subtractive hybridization rRNA
removal

10 MICROExpress
bacterial mRNA
purification kit

Ambion (USA) Subtractive hybridization rRNA
removal

11 mRNA ONLY
prokaryotic mRNA
isolation kit

EPICENTRE
biotechnologies
(USA)

Exonuclease digestion rRNA
removal

12 RiboMinus
Transcriptome isolation
kit

Invitrogen (USA) Subtractive hybridization rRNA
removal
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5’monophosphate moiety in most of the bacterial rRNA makes it suitable target to
remove using this method. However, soil derived total RNA contains significant
amount of humic acids, which may inhibit most of the enzymes such as exonuclease
and may subsequently inhibit the rRNA degradation. The study also showed that the
subtractive hybridization method is more efficient for mRNA enrichment from soil
samples in comparison to exonuclease method (Mettel et al. 2010). Therefore, to
target unprocessed mRNA both the methods, i.e. exonuclease treatment followed by
subtractive hybridization should be used (Mettel et al. 2010). The fidelity and
effectiveness testing of relative transcript abundances by high throughput
metatranscriptome sequencing suggested that the least biasness was observed
when only subtractive hybridization method was used followed by only exonuclease
method and in combination of these two methods (He et al. 2010).

1.4.2.3 Size Separation by Gel Electrophoresis
The size separation method is unique from other method because it involves least
sample processing post-RNA extraction. However, it needs slightly large amount of
total RNA for processing (McGrath et al. 2008). In this approach, total RNA is
analyzed on 1.5% agarose gel in tris acetate EDTA (TAE) buffer and allow for
electrophoresis at 100 V for 45 minute. Upon completion of electrophoresis the
mRNA regions in lanes between the rRNAs (23S, 16S, and 5S) bands are visualized
on UV transilluminator, excised away and purified using commercially available
suitable gel elution kit. However, there is enough possibility that mRNA having the
same size as that of rRNA (23S, 16S, and 5S) bands might be missed out because,
such mRNA will be remain present in the excised regions of the gel.

1.4.2.4 Duplex Specific Nuclease (DSN) Treatment of Total RNA Extracts
DSN is an enzyme system which has property to preferentially degrade the dsDNA
at high temperature. DSN treatment has successfully been utilized to normalize the
relative transcript abundance in eukaryotic as well as prokaryotic organisms (Yi et al.
2011). For preservation of relative abundance of the mRNA among different
samples, DSN treatment based mRNA enrichment method revealed higher relative
efficiency of rRNA removal from total RNA in comparison to subtractive
hybridization method (Yi et al. 2011). The thermodynamic principle of DSN treat-
ment method also allows its use in bacterial mRNA enrichment and
metatranscriptomics study. The comparative study between subtractive
hybridization and DSN treatment revealed that the DSN treatment has better effi-
ciency of mRNA enrichment from total RNA (Yi et al. 2011).

Apart from the contaminating microbial rRNA, total RNA from soil samples also
contain eukaryotic RNA of plants and fungi origin. The eukaryotic mRNA removal
approaches are based on the fact that non-eukaryotic RNA molecules either do not
possess 30 polyA tail or if it is present, then such RNA molecules are rapidly
degraded (Belasco 2010). The eukaryotic mRNA from soil total RNA pool can be
selectively removed using several strategies such as application of surface coated
poly(dT) probes to capture eukaryotic RNAs having 30 poly A tail, cDNA synthesis
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using anchored oligo dT primers to remove mRNA, poly(dT) oligonucleotide coated
magnetic bead based affinity capture of eukaryotic mRNAs (Bailly et al. 2007).

1.4.3 Problems Associated with cDNA Synthesis and Amplification

The total RNA extraction from the soil sample usually contains small amounts of
microbial mRNA which needs an additional step to amplify the microbial mRNA to
obtain sufficient starting material for metatranscriptome study. This process is
performed by linear amplification approach. The microbial RNA is allowed to
poly adenylation using E. coli poly A polymerase prior to reverse transcription.
Later on, the polyadenylated RNA is transformed to cDNA using an oligo
(dT) primer, T7 RNA polymerase promoter sequence along with a recognition site
for a restriction endonuclease enzyme (Frias-Lopez et al. 2008). The similar type of
procedure may also be applied for eukaryotic RNA, but without polyadenylation
step of mRNA as it already contains poly A tail. Subsequently, random primers are
used to synthesize double stranded cDNA by reverse transcription. Finally, the poly
A tails are removed by enzymatic cleavage at restriction sites inserted to the oligo
(dT) primers (Frias-Lopez et al. 2008).

Most of the high throughput sequencing platforms utilize cDNA as input tem-
plate. However, during cDNA synthesis the reverse transcriptase enzyme may
introduce errors in template strand (Roberts et al. 1989). Study also suggested that
short transcripts (mRNA) possess better efficiency to reverse transcribed than long
transcripts (Stewart et al. 2010). It has also been reported that sometimes non-target
RNA molecules may act as primer and non-specific cDNA molecules may be
generated (Haddad et al. 2007). However, such non-specific cDNA synthesis can
be reduced by performing reverse transcription reaction at higher temperatures in the
presence of RNase H+ enzyme (Haddad et al. 2007). Many of the cDNA synthesis
and amplification related problems may be avoided by direct sequencing of RNA
(Mamanova et al. 2010). However, direct sequencing of RNA approach needs
further validation for wider applications (Ozsolak and Milos 2011).

1.4.4 Problems Associated with Identification of Transcripts from
Fewer Microbial Populations

In soil microbiome, many of the microbial species are present in very less numbers.
Therefore, despite the advancement in high throughput sequencing, the diverse
groups of microbes with very less in number are still difficult to study. In
metatranscriptomics analysis large population of microbial cells from a microbiome
are used for study at a time which leads to difficulty in the identification of specific
variances among the individual subpopulations of microbes. The variance study in
microbial subpopulation is important because many of such microbes are responsi-
ble for production of specific biomolecules which may be either useful or may causes
diseases too. To overcome such problem specific strategies are employed such as
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isolation of specific microbial populations from microbiome and reduction of com-
plexity of metatranscriptomics dataset by focusing on single microbial cell. The
lesser number of microbial populations generates transcriptome sequences with
greater coverage. The stable isotope probing (SIP) is a technique to identify the
specific microbial functional groups or compounds in their natural environmental
condition (Whiteley et al. 2007). The specific modification of SIP technique, i.e.,
RNA-SIP can be used in advance study of metatranscriptomic analysis for mRNA
identification from specific microorganisms. In SIP study specific radio isotope
materials such as 13C, 15 N, 18O, etc. are supplied in microbial growth medium
which lead to synthesis of radio labeled microbial anabolic products such as nucleic
acid and other product. Later on radio isotope labeled and unlabeled nucleic acids are
separated by density gradient centrifugation techniques and subsequently specific
nucleic acid fractions are isolated and analyzed using modern techniques such as
metagenomics and metatranscriptomics. However, in cases of low yields of RNA
from SIP a specific technique called multiple displacement amplification (MDA) is
used for downstream metatranscriptomics analyses. MDA is used for amplification
of very small amounts of DNA using non-PCR type of DNA amplification approach
(Panelli et al. 2006).

1.4.5 Problems Associated with Bioinformatics Tools

For metatranscriptomics study many of the commercially available bioinformatics
tools have been used. However, sometimes it became difficult to select an appropri-
ate bioinformatics tool for metatranscriptome data analysis under given situation
because many of these tools are specific for sequencing platforms and their accuracy
also varies. Thus, it is essential to select a bioinformatics tools with optimum
accuracy and performance for metatranscriptomics data. The microbiome genomes
are highly complex and diverse in nature. Thus, the complexity of microbiomes and
inadequate information of microbial species or their genome sequences create huge
challenges for bioinformatics tools to provide appropriate results. Researchers are
working on to create advance bioinformatics algorithm that may create simulated
sequence data from previously known genomes and simulations of
metatranscriptomics datasets which can be used for validations and parameter
settings of bioinformatics tools (Shakya et al. 2019). The further advancement in
sequencing technologies such as from next generation to third generation
technologies may provide acceleration in bioinformatics algorithm development.
We may assume that advance metatranscriptomics tools of coming generation will
help us to improve our understanding of the biologically functional component of
microbiome.
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1.5 Conclusion and Future Prospective

Metatranscriptomics provide an accurate insight of microbial transcript in a
microbiome at a specific moment of time under specific environmental conditions.
In contrast to metagenomics, metatranscriptomics reveals the actual microbial gene
expression status rather than its potential. The metatranscriptomics study may open a
new research area for understanding the molecular mechanisms of gene expression
regulation and characterization of functional changes at microbe–microbe, microbe–
environment, and microbe–host interactions level. The metatranscriptomics analysis
enhances our knowledge about the complex microbiome behavior. Soil microbiome
constitutes of several microbial communities which require combination of several
existing technical and analytical approaches to extract useful information. However,
several challenges starting from sample selection, RNA extraction to bioinformatics
data analysis appear during soil metatranscriptomics analysis which may adversely
affect the reproducibility, accuracy, and general applicability of metatranscriptomics
results. Despite the several challenges, metatranscriptomics study of soil
microbiome may provide valuable information for deeper understanding of role of
microbes in soil fertility, plant productivity, and disease resistance or susceptibility.
The detailed knowledge of soil metatranscriptomics may be used in understanding
the soil nutrient enrichment and mobilization, pathogenic microbe suppression, plant
growth enhancement, and recycling of organic waste materials and pollutants. Thus,
a sound knowledge of microbial metatranscriptomics may assists in development of
effective strategies to deal with terrestrial ecosystems.

Although, metatranscriptomics provides deeper insight about the microbial func-
tioning and diversity inside a microbiome but still it have certain limitations.
Therefore, integrative approaches of various techniques related with microbiome
analysis such as metagenomics, shotgun metatranscriptomics, metaproteomics,
metabolomics, and 16S rRNA characterization may be applied, especially where
budget is not a prohibitive factor. Individually, each one of these techniques
contributes only single piece of useful information of a complex and large puzzle
like problem. Moreover, reference dataset for metatranscriptome of a specific
microbiome, large scale computing facilities, and advance algorithms for bioinfor-
matics data analysis for metatranscriptome data are need of time.
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Abstract

Rhizosphere microbial diversity plays an important role in plant health and
agricultural sustainability. Several scientific groups have developed a wide
range of methodologies for analyzing the structure, diversity, and functions of
microbial populations to better understand rhizosphere biology and rhizosphere–
microbe interactions. In this chapter we will discuss some of the advanced
molecular tools available to explore microbial diversity of rhizosphere.
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2.1 Introduction

Rhizosphere microbiomes play an important role in plant health and sustainability.
Several scientific groups have developed a wide range of methodologies for
analyzing the structure, diversity, and functions of microbial populations to better
understand rhizosphere biology and rhizosphere–microbe interactions. It has been
suggested that microbial inoculants are promising components for integrated
solutions to agro-climatic issues because inoculants possess the capacity to influence
the plant growth (Compant et al. 2010; Lugtenberg and Kamilova 2009), enhance
nutrient availability, and uptake and improve plant health (Adesemoye et al. 2009;
Yang e al. 2009; Berendsen et al. 2012; Packialakshmi et al. 2020). Further, plants
have evolved to adjust with biotic and abiotic stresses in association with rhizo-
sphere microbiome (Lemanceau et al. 2017). Some recent findings have shown that
soil microbiome can directly and indirectly interact with the plants, improving their
fitness and health (Sapkota et al. 2015).

2.2 Rhizosphere Microbiome

Soil is the mother and media for all the biological processes on the earth. Soil
nurtures numerous flora and fauna in it. It also provides basic habitat for crop plants
and the rhizosphere soil which is the most active part of soil provides a balanced
atmosphere for many biological processes which directly or indirectly influences
plant growth and development. Soil also contains billions of microorganisms which
influences various biological processes (McNear Jr 2013). Microorganisms like
fungi, bacteria, nematodes, actinomycetyes, archaea present in soil at different
proportions. The number and activities are more in rhizosphere soil when compared
to outside the rhizosphere zone. These microbiomes are involved in the various
biological processes which can regulate plant growth and development positively
and negatively. As plant growth promoters they help in better crop growth and
development. Species of Trichoderma, mychorhizal fungi helps in performing these
functions. On the other hand, they also cause numerous diseases like wilts, root rots,
damping off, etc. which serious hamper crop growth and development. The native
microbial communities play an important role in biogeochemical cycles of essential
elements such as nitrogen, carbon, phosphorous. Apart from this, they also help in
organic matter decomposition and remineralization of the elements (Pierre-Alain
et al. 2007). A better understanding of these biological processes is critical for
maintaining plant health thereby feeding ever-growing population of the planet
earth (Morrisseey et al. 2004). Before this it is important to understand the diversity
of different microbiomes in soil which gives an idea of exploiting their role for
beneficial functions.
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2.2.1 Bacterial Diversity

The bacterial community found in the rhizosphere is known for its colonization
around the roots due to availability of nutrients, and composition, and it affects the
plant growth directly or indirectly (Alawiye and Babalola 2019). The plant is able to
specifically select microorganisms for rhizosphere colonization from the large pool
of microbes living in the surrounding soil (Rosier et al. 2016). It was reported that
rhizosphere habitats large number of bacterial population and the population
densities in the rhizoplane range from 105–107 CFU g/1 of fresh weight (Bais
et al. 2006). The rhizosphere microbiome has a strong effect on plant health by
facilitating nutrient acquisition and helping plants to tolerate abiotic stresses (Pérez-
Jaramillo et al. 2015). Several beneficial microorganisms (bacterial and fungal) have
plant growth promotion activities or strengthen the defenses of the plant against
pathogens and insects (Mendes et al. 2011; Pieterse et al. 2014; Goel et al. 2017;
Kumar et al. 2019a, b).

To characterize the bacterial diversity and composition, molecular techniques
have successful been applied. These methods facilitate characterization of represen-
tative microorganisms on the basis of biomolecules which includes Nucleic acid
based either DNA or RNA based Fingerprinting techniques, restriction fragment
length polymorphism (RFLP), denaturing/temperature gradient gel electrophoresis
(DGGE/TGGE)ARDRA, RISA, DNA Microarray, Real Time PCR (Q-PCR), fluo-
rescent in situ hybridization, Dot blot, Clone library sequencing), Protein based
(Protein microarray), fatty acid/lipid based characterization includes (Microbial lipid
analysis). Generally, 16S rRNA is used as a phylogenetic marker gene for microbial
diversity analysis because this gene is remarkably well conserved through billions of
years of evolution (Hugenholtz and Tyson, 2008; Soni and Goel 2010). This
conservation allows amplification and analysis from bacteria and archaea, revealing
the taxonomic distribution and evolutionary relationships among microorganisms.

In the advancement of genomic technologies, high-throughput sequencing
techniques have allowed to characterize the genome without culturing them known
as culture independent methods. In addition, community level analysis of microbial
diversity is also performed using advanced genomics tools using DNA, RNA
or protein as initial sample. These techniques allow the identification of entire
bacterial diversity of any sample, tissue includes metagenomics, metaproteomics,
proteogenomics, metatranscriptomics, metabolomics, whole genome sequencing,
G+ C fractionation.

Rhizospheric bacterial diversity has been characterized in several crops species
including bacterial communities associated with arabidopsis (Lundberg et al. 2012;
Bulgarelli et al. 2012), barley (Bulgarelli et al. 2015), wheat and maize (Mazzola
et al. 1995; Peiffer et al. 2013). Bacterial diversity in maize rhizoplane showed the
abundance of genera Bacillus, Arthrobacter, Listeria, and Sporolactobacillus
followed by Azotobacter, Micrococcus, and Pseudomonas genera (Cavaglieri et al.
2009). PCR-RFLP techniques used to explore the seasonal variation of the microbial
community and the microbial succession of rice rhizoplane and identified
the microbial diversity (Ikenaga et al. 2002). Knief et al. (2012) applied
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metaproteogenomic analysis of microbial communities in the rhizosphere of rice.
The diversity of bacterial endophytes from rice roots were analyzed using 16S RNA
amplicon sequencing and identified microbes having plant growth promoting and
antagonistic activities against bacterial and fungal pathogens (Kumar et al. 2020).

Culture dependent and independent bacterial diversity in Duckweed (Spirodela
polyrhiza) an aquatic plant and identified the number of bacterial lineages includes
Alphaproteobacteria, Betaproteobacteria, Bacteroidetes, and Verrucomicrobia
(Matsuzawa et al. 2010). The rhizoplane-associated bacterial diversity was also
analyzed using the high-throughput 16S rRNA amplicon sequencing strategy
(Knief 2014). Furthermore, the application of next-generation sequencing (NGS)
techniques may be more powerful tool that possibly helpful in the detection and
identification of microbial communities in plants. NGS enables rapid analysis of the
composition and diversity of microbial communities using culture independent
amplicon or shotgun based sequencing in several habitats including rhizosphere
(Trujillo et al. 2015; Soni et al. 2017; Goel et al. 2018). The 16S ribosomal RNA
(rRNA) gene multiplex amplicon sequencing by PacBio sequencer targeting target
the V1–V9 regions was performed. The community-based culture collection (CBC)
recovered 399 unique bacteria representing 15.9% of the rhizosphere core
microbiome and 61.6–65.3% of the endophytic core microbiomes of sugarcane
stalks (Armanhi et al. 2018). Rhizospheric microbiome of Lathurus sativa was
analyzed using illumina based NGS approach (Kumar et al. 2018a, b). By using
paired-end sequencing on an Illumina sequencer identified a number of OTUs
(n ¼ 637) in rhizosphere samples of apple trees with the higher abundance of
proteobacterial class of bacteria (Singh et al. 2019), diversity and composition of
bacterial communities in rhizosphere soils of Panax ginseng, bacterial genera,
namely Asticcacaulis, Actinomadura, Knoellia, Rhodomicrobium, and Nakamurella
were detected from the soil of rusty root-affected (Wei et al. 2020). Rhizospheric
bacterial communities of Adenium obesum, Aloe dhufarensis and Cleome
austroarabica were explored using next-generation sequencing approaches (Khan
et al. 2020).

2.2.2 Fungal Diversity

The soil has many species of fungi, and so far 80,000 or more species have been
taxonomically named and described based on their distinguishing characters. These
fungi function both active and inactive roles. Our current knowledge on soil fungal
biodiversity is largely based on their morphological features like fruiting bodies in
the environment, or, characters of mycelia on artificial/selective isolation media
under laboratory conditions. Both these methods have certain limitations which
are the obstacles for their detection, and diversity analysis. Fungi are the successful
soil inhabitants due to their high capacity to withstand fluctuating environmental
conditions (Sun et al. 2005). Fungi can be found in almost all the environmental
conditions (Frac et al. 2018). The fungal species, their diversity and numbers are
controlled by numerous biotic (presence of plants and other microbes) and abiotic
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(soil texture, structure, temperature, soil pH, moisture, salinity, and alkalinity)
conditions (Lopez-Bucio et al. 2015; Rouphael et al. 2015). Fungi perform both
beneficial and harmful functions in plants. As beneficial microbes, they got the
capability to produce a number of extracellular enzymes helps in different functions
like break down of organic matter, decomposing soil components, and provide
various nutrients for metabolic functions of plants (Zifcakova et al. 2016).

Several researchers have carried out experiments to analyze the fungal population
in different cropping systems and their effect on growth and development of crop
plants. Qin et al. (2017) determined the impact of various mulching techniques
(furrow-ridge) rhizosphere fungal diversity of potato under continuous cropping,
and found that, furrow planting with half mulch have highest population of fungi
(89%). They also found that the rhizosphere soil was dominated by Zygomycota,
Chytridiomycota, Ascomycota, Basidiomycota, and unidentified fungal
communities. Similarly Tan et al. (2017) analyzed rhizosphere soil and root endoge-
nous fungal diversity and composition in response to continuous cropping of Panax
notoginseng, Chinese ginseng. They found that, continuous cropping becomes
vulnerable to fungal pathogen attack. Ascomycota, Zygomycota, Basidiomycota,
and Chytridiomycota were the dominant phyla observed during continuous cropping
of Panax notoginseng. Fungal diversity was less in diseased plant’s rhizosphere than
healthy plants. This study clearly indicated that, diseased rhizosphere soil will have
less biodiversity of fungal species than healthy. The present study also found that,
soil organic matter and pH play greatest impact on microbial community composi-
tion in different cropping systems. Twenty soil samples collected from crop fields of
Nanjangud Taluk, Karnataka were analyzed for fungal diversity; it was found that,
ten species of fungi belonging to seven genera were prominent. The predominant
genus was Aspergillus, Penicillium, andMucor species (Chandrashekar et al. 2014).
The study suggested that, the microclimate and soil properties greatly influence
fungal communities and biodiversity. The abondance, composition, activity, and
diversity in rhizosphere also influenced by alteration in soil micro environment
(Cycon and Seget 2009). Many investigations also concluded that, soil moisture
and temperature play significant role in soil microbial communities (De Curtis et al.
2012). Soil moisture plays a significant role in increasing the activities of soil fungi
(Zou et al. 2010). Molecular techniques were followed to analyze the fungal
diversity in the wheat rhizosphere by Smit et al. (2010). They followed sequencing
of cloned PCR-amplified genes encoding 18 s rRNA and temperature gradient gel
electrophoresis (TGGE), and found that, Ascomycota, Basidiomycota, Zygomycota,
and chytridiomycota were the predominant species in wheat rhizosphere. Study
conducted in China to estimate fungal biodiversity in a forest soil ecosystem using
ITS sequence reads indicated that, Basidiomycota (47.8%), Ascomycota (32.4%),
and zygomycota (13.4%) were the major fungal communities observed, but,
basidiomycetes fungi found to be dominant among the three phyla (Hanif et al.
2019). Studies have also indicated that, the soil fungal diversity also influenced by
root released compounds in different cropping systems (Garbeva et al. 2004).
Rhizopshere soils of potato, eggplant, and peanut shown decreased level of bacteria
and actinomycetes as the population of fungi increased over continuous cropping
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system (Li and Guo 2014). Finally, it can be concluded that, the fungal diversity in
rhizosphere soil greatly influenced by type of crop plants grown, cropping system,
soil ecology, soil physical and chemical properties. Crop rotation, tillage will
produce a number of changes on fungal diversity with a particular ecological
importance (Lupwayi et al. 2010). Exploring soil fungal diversity is a multidisci-
plinary subject and, Fig. 2.1, gives a complete picture of utilization of soil fungal
diversity for crop production and other areas.

2.3 Omics Technology

2.3.1 Genomics

Genomics is the branch of genetics that deals with the analysis of the genomes. The
genome represents the haploid set of genes or chromosomes within an organism. Its
mapping, sequencing, or any other analysis is known as genomics that comes under
the branch of genetics. It may be classified as structural and functional genomics
(Wang et al. 2020). Structural genomics involves the location, sequence, and
physical characterization of the genes within a genome (Fig. 2.2). While, functional
genomics refers the analysis of gene functions and regulation (Forouhar et al. 2007).
Nowadays, genomics becomes very popular to sequence and analyze the whole
genome of an organism. It has been expanded to the functional aspect of the entire

Fig. 2.1 Application of multidisciplinary research for exploring soil fungal diversity for crop
improvement
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genome, i.e. transcriptomics (the study of RNA), proteomics (the study of proteins),
and metabolomics (the study of metabolites) (Soni et al. 2015; Suyal et al. 2017,
2018, 2019b). Moreover, the combinations of various “meta-” and “-omics”
technologies have made it beneficial to humankind, especially in medical, industrial,
and agricultural fields (Rawat et al. 2019; Suyal et al. 2014b, 2019c). Although
several genomics tools and techniques are emerging day by day, here, the basic
technologies are being discussed briefly. These methods and techniques are the basis
of genomics and lie in the heart of advanced technologies.

2.3.1.1 Polymerase Chain Reaction (PCR)
This technique was originally isolated by Kary Banks Mullis in 1983, for which he
got Nobel Prize in 1993. This technique has revolutionized the whole molecular
biology field and is relevant till today. It allows the amplification of target DNA
fragments extracted from any source. Moreover, in combination with gel electro-
phoresis techniques, viz. agarose gel electrophoresis, denaturing gradient gel elec-
trophoresis (DGGE); temperature gradient gel electrophoresis, etc. it offers several
benefits to the researchers and has increased our understanding in microbial com-
munity analysis (Kumar et al. 2018a, b; Rajwar et al. 2018; Joshi et al. 2019).

2.3.1.2 Restriction Fragment Length Polymorphism
Restriction enzymes are endonucleases that can cleave DNA at specific sites. They
are also called molecular scissors. These enzymes are widely used to map the
genomes (O’Donnell et al. 2020). Restriction fragment length polymorphism
(RFLP), amplified fragment length polymorphism (AFLP), plasmid fingerprinting,
etc. are some techniques that explore the principle of restriction endonucleases.

2.3.1.3 DNA Sequencing
DNA sequencing is the most significant advancement in genomics (Kumar et al.
2014; Suyal et al. 2014a; Shukla et al. 2015). It allows the identification of the
nucleotide sequences in a given genome. Nowadays, high-throughput, automated,
efficient, and reliable next-generation sequencing technologies are available which
made it easier to sequence and analyze the whole genome. In recent years,

Fig. 2.2 Mutual relationship
among the omics approaches
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Microfluidics and Fluorescent Activated Cell Sorting (FACS) becomes popular to
sequence single cells. This technique involves tagging, isolation, and sequencing of
fluorescent cells (O’Donnell et al. 2020).

2.3.1.4 DNA Cloning
This technique involves the transfer of a DNA segment from one cell to another
to make its identical copies in vivo (O’Donnell et al. 2020). In recent years,
several vector systems have been developed that can accommodate various types
and sizes of DNA fragments, viz. plasmids, hybrid vectors (cosmid, phagemid),
phages, artificial chromosomes (Yeast artificial chromosome, bacterial artificial
chromosome).

2.3.1.5 Hybridization Techniques
This technique measures the level of genetic similarity between two different nucleic
acid molecules by allowing their complementary sequence to combine and separate.
DNA dissociation/re-association kinetic analysis and fluorescent in situ
hybridization (FISH) are basic methods that employ this principle. Furthermore,
DNA microarray analysis is an advanced technique that is based on it. It involves
hybridization between a probe and DNA fragment on a chip known as DNA chip. In
most cases, DNA chips involve a single genome; however, multiple genomes can
also be analyzed. A technique “representational difference analysis (RDA)” analyzes
the variations among the strains of a species concerning previously sequenced
representative. This method involves the combination of PCR, DNA sequencing,
and DNA–DNA re-association kinetics. It is a very popular method to analyze the
prokaryotic genomes because they can vary significantly in their genome size
(Barcellos et al. 2009).

The combination of genomics with other omics technologies is frequently being
used in the study of rhizospheric microorganisms (Giri et al. 2015; Suyal et al.
2015a; Goel et al. 2017). Moreover, blending the bioinformatics tools with these
technologies has opened newer insights into microbial ecology research and
development.

2.3.2 Metagenomics

Genomic methods limit analysis of those microorganisms that can be cultured. It is
widely accepted that only 0.1–1% (depending upon the environmental sample) of
microorganisms can be grown on synthetic growth media. This leaves more than
99% of the microbial diversity unexploited (Suyal et al. 2015b, c, 2019a). Moreover,
various environmental stresses force bacteria to enter under viable but nonculturable
state that again reduces their accessibility through genomics approach. Thus, culti-
vation dependent microbial identification can underestimate the microbial diversity.
To overcome the difficulties and limitations associated with cultivation technologies,
metagenomics has emerged as a potential tool (Soni and Goel 2011; Soni et al. 2016;
Soni et al. 2017; Joshi et al. 2017; Kumar et al. 2019a, b). It involves the direct

44 S. Raghu et al.



extraction of nucleic acids from the environment. However, when isolating
metagenomic DNA from the environment samples, three major issues are important
that need to be taken into consideration. The first one is the DNA should be extracted
from such source that has a broad a range of microorganisms. Secondly, during the
DNA extraction steps, DNA shearing must be avoided. Thirdly, the DNA must be
free from contaminating substances which interfere with downstream DNA
processing such as restriction and ligation because the bacterial community compo-
sition is significantly influenced by the efficiency of DNA extraction method (Lai
et al. 2006).

In general the analysis of DNA provides information on structural diversity of
environmental sample and does not allow conclusion on metabolic activity or gene
expression of members of that community. This information can be attained by
isolating mRNA from the environmental samples followed by cDNA synthesis
through Reverse Transcriptase PCR and targeting this cDNA for the downstream
processes. However, there are several technological challenges regarding quality and
stability of the RNA because of short half-life of mRNA and presence of RNases
(Jensen et al. 2017).

2.3.3 Transcriptomics

Recent advances in DNA sequencing technologies have revolutionized the rhizo-
sphere biology by elucidating the microbial composition with deeper coverage
through metagenomics. However, metagenomics could not provide the functional
insight, thus rendering the functional role of active rhizospheric microbiome elusive.
Transcriptomics and metatranscriptomics are therefore sought as they can elucidate
both structure and function of the active rhizospheric microbiome thus
complementing metagenomics data. Transcriptomics is the study of total RNA
complement expressed under certain environmental condition. However,
metatranscriptomics refer to the high-throughput sequencing of total RNA isolated
from the environmental sample. The two most popular metatranscriptomics tools to
study rhizosphere are RNA sequencing and gene expression microarray.

2.3.3.1 RNA Sequencing
RNA sequencing (RNA-seq) is a technique to sequence and quantify RNA
molecules in the sample with NGS technology. RNA-seq reveals the complete
transcriptome with qualitative and quantitative insight of mRNA, rRNA, and
tRNA and currently considered gold standard for gene expression analysis. The
first step in this technique involves isolation of high quality RNA from the
rhizospheric soil followed by conversion into cDNA fragments (a cDNA library)
which are subsequently sequenced by NGS. Urich et al. (2008) first time used
“Double-RNA approach” to characterize function and structure of the soil microbial
communities by sequencing both rRNA and mRNA in a single metatranscriptome.
Previous studies highlighted the active rhizospheres microbiome of wheat (Triticum
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aestivum), oat (Avena strigosa), pea (Pisum sativum), and grapevine (Vitis vinifera)
through metatranscriptomics (Turner et al. 2013; Berlanas et al. 2019).

2.3.3.2 Gene Expression Microarray
Microarray is a collection of microscope probes attached on solid surface used for
high-throughput expression analysis and comparative genomic hybridization studies
(Martínez et al. 2015). It has also been used to monitor gene expression and bacterial
identification in different environment samples. Mendes et al. (2011) used a
microarray based approach to characterize the rhizosphere microbiome and detected
33,000 bacterial and archaeal species. Previously, metabolic capabilities of maize,
pea, and alfalfa rhizosphere have been documented with functional gene microarray
(Li et al. 2014). Effect of Rhizobium leguminosarum biovar viciae inoculation on
gene expression of pea, alfalfa, and sugar beet rhizosphere was studied in the past
using microarray which revealed the presence of conserved factors for plant coloni-
zation (Ramachandran et al. 2011) (Fig. 2.3).

Fig. 2.3 Workflow for the rhizospheric metatranscriptomics
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2.3.4 Proteomic Approaches

Recent advances in microbial ecology research taking researchers for studying
microorganisms in their ecologies without cultivating in laboratory media. This is
helping us to get access to large number of uncultivable microbes which may have
tremendous potential in solving many problems of basic science. In this view,
proteomics has provided new opportunities in assessing soil microbial diversity
and functions. It is the most appropriate and alternate approach to metagenomics
where useful information on key biological players which carryout frontline meta-
bolic activities to solve mystery of adoption capabilities of soil microbes in a given
ecology (Ploetze et al. 2015).

Further, proteomics is a system biology approach and considered as a logical
choice for investigating the plant–microbe interactions. Here the investigations were
based upon two-dimensional gel electrophoresis (2-D) which is a good choice for
rapid identification of major proteome differences in microbes and their interactive
ecologies (Rampitsch and Bykova 2012). This is a functional genomics or system
biology approach allowing the study of protein expression of an organism or to
obtain protein map of all the proteins expressed. Proteomics is complementary to
genome sequencing, gives information on the non-model microorganisms and their
activities in a given environment (Muller et al. 2007; Weiss et al. 2009). While the
expression profiling of gene provides information at the level of transcript accumu-
lation, proteomics provides information on all the expressed proteins. Information
such as location and time in which each functional protein accumulates its level of
accumulation and posttranslational modifications to the proteins can be obtained
through proteomic approach. Moreover, proteomics also provide more precise
information on gene expression since the functional product of most of the genes are
not the RNA but the protein. In this approach, most separations for proteins analysis
were done with 2-dimentional gel electrophoresis (2-D). The identification of the
separated proteins has been aided by sequence library available in the database.
Initially the protein spot is from agarose gel is eluted and subjected for electrolytic
cleavage where peptide fragments are formed. Matrix-assisted laser desorption/
ionization time of light (MALDI-TOF) mass spectrometric analysis (MS) will be
performed to analyze the cleaved peptide fragments. MALDI-TOF analysis
generates a list of peptide masses for the cleaved fragments. The size of the fragment
is the specific characteristic of the protein which can be predicted from gene
sequence. The sequence results for a protein can be compared with database of a
calculated/submitted peptide masses for each open reading frame (ORF) in the
genome. If there is no match found in sequence database, the proteins can be
analyzed by peptide sequencing.

Furthermore, proteomics has a wide range of applications. One such application
is detection and diagnosis of plant diseases, their management. Diversity analysis of
microbiomes associated with soil, water, and other ecologies. In addition, study of
plant diseases, resistance or immunity is benefiting tremendously from proteomics.
A fruitful approach in plant pathology has been to perform proteomic experiments
on pathogens grown in vitro, or, where their artificial culture is not possible (rusts,
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mildews) on a partially purified fungal structure (Bindschedler et al. 2009; Song
et al. 2011). The utilization of proteomics to explore biological control agents and
their mechanisms is gaining much more attention. The interactions between a
potential biological control agent, a phytopathogen, and a plant (tripartite interac-
tion) bring significant changes to the plants proteome and metabolome (Chinnasamy
2005). Microarray technology will be adopted for use in proteomics. Here array of
antibodies for a large number of proteins on a chip to analyze for the changes at
protein level in an analogous way to how mRNA changes are currently measured.
Proteomics has wider application in characterization of intercellular proteins which
gives insights in to microbial functions in rhizosphere soil. Biological control of rice
brown spot disease, caused by a deadly pathogen Helminthosporium oryzae was
studied. Tripartite interaction between pathogen-biocontrol agent (Bacillus)—rice
was investigated using proteomic approach. Nine proteins including ribulose 1,5
bisphosphate carboxylase, ATP synthase, serine/threonine protein kinases,
2-cys-peroxiredoxin, trehalase-phosphatase, and 50S ribosomal proteins were
detected using 2-D PAGE analysis followed by differential expression using
MALDI-TOF mass spectrometry (Prabhukarthikeyan et al. 2019). These proteins
may help in plant metabolism and defense response against brown spot pathogen. A
complex process governing the interactions between host plants with symbiotic
microorganisms and vice versa in case of mycorrhizae has been studied through
proteomic approach (Bona et al. 2011). Recently, Wang et al. (2011) have applied
proteomic approach to study the expression of proteins in rhizosphere soil during the
interactions between crop and soil microbes. 2-D polyacrylamide gel electrophore-
sis, 2D-differential gel electrophoresis, and mass sprectrometry were employed to
study expression of gene involved in interaction between plant pathogen, nitrogen
fixing bacteria in legumes through bacterial proteomic analysis (Cheng et al. 2010).
Thus, proteomics is an appropriate and most useful approach in solving the complex
problems of plant–microbe interactions.

2.3.5 Metaproteomic Approaches

Metaproteomics is the most recent and new approach within the “Omics” umbrella is
gaining significant importance. This approach investigates the expression pattern of
proteins from a complex biological system and gives a direct evidence of physiolog-
ical and metabolic activities of microbiome. Metaproteome characterization from a
biological system will enhance the knowledge of understanding of microbial world
and liking microbial communities to ecological functions (Wang et al. 2014).
Metaproteomics otherwise is a technology of harnessing the power of high perfor-
mance mass spectrometry to identify the suite of proteins that control metabolic
activities in microbial communities (Hettich et al. 2013). In recent years, the
availability of extensive metagenomic sequences from various microbial
communities has extended post genomic era to a new exiting area of research.

Metaproteomics even though in earlier stage has shown its potential with regard
to functional gene expression within microbial habitats in relation to ecologies. The
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interaction of these microbial communities with surrounding environment is also
assessed through metaproteomic analysis (Wang et al. 2011). This approach is one of
the best approaches in soil microbial community analysis. Metaproteomics can be
performed in four major steps, 1. Rhizosphere soil Sample collection, 2. Protein
extraction, 3. Purification and fractionation; MS analysis, and finally 4. Protein
interpretation and bioinformatics analysis (Wang et al. 2014). Two major work
flows for metaproteomic analysis have been developed: (1) Sodium dodecyl sulfate
polyacrylamide gel electrophoreses (SDS-PAGE) coupled either with matrix-
assisted laser desorption/ionization time-of-flight (MALDI-TOF-TOF) mass spec-
trometry (MS) analysis or with electrospray ionization source tandem MS (ESI-MS/
MS) analysis. (2) Liquid chromatography coupled with electrospray ionization
source tandem MS (LC-ESI-MS/MS).

Metaproteomic analysis of rhizosphere soil is very useful and powerful scientific
to solve the mystery of interactions between plants and microorganisms in the soil
ecosystem. Role of these microbial communities will help us in utilizing this
information in enhancement of yield. Wang et al. (2011) standardized method for
extraction of protein from different soil samples and identified 1000 separate spots
with high reproducibility stained in 2-DE gels. 189 spots represented 122 proteins on
a 2-DE gel of rice samples identified by MALDI-TOF/TOF-MS successfully. These
identified proteins mainly originated from rice and microorganisms which were
involved in various metabolic activities like protein, energy, nucleotide, and second-
ary metabolism as well as signal transduction and stress resistance. Similarly in
Sugarcane, metaproteomic analysis combined with community level physiological
profiles analysis (CLPP) of rhizosphere soil was carried out to understand the reason
for sugarcane yield decline. Significant results were found that, sugarcane rationing
induced significant changes in soil enzyme activities, the catabolic microbial com-
munity, and, the expression level of soil proteins. They influences biochemical
processes in the rhizosphere ecosystem and mediated sugarcane and microbial
interactions (Lin et al. 2013). Comparative metaproteomic analysis identified that,
38 proteins were differentially expressed in ratoon sugarcane soil which were
responsible for yield decline. Knief et al. (2012) carried out the metaproteomic
analysis of microbial communities (bacteria and archaea) in the phyllopshere and
rhizosphere soil of rice. Total of 4600 identified proteins obtained from
metaproteomic database, they indicated one carbon conversion process in the rhizo-
sphere and phyllopshere. Rhizosphere was dominated by proteins involved in
methanogenesis and methanotrophy and phyllosphere by Methylobacterium.
These proteins were mainly involved in transport process and stress responses in
phyllosphere. Dinitrogenase, reductase were exclusively found in rhizosphere
despite the presence of nifH genes (Knief et al. 2012).

2.3.6 Metabolomics

Metabolomics is the qualitative and quantitative study of low molecular weight
metabolites (<1KDa). Metabolomics serves as a powerful tool for detection,
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quantification, and elucidation of molecular interactions in the rhizosphere. In
rhizospheric niche, majority of plant-to-microbe and microbe-to-microbe communi-
cation is mediated by small metabolites. Exploring these metabolites in rhizosphere
explicate different molecular interactions operating at the plant microbe interface
which further reveals several critical signaling pathways involved in plant growth
promotion, plant disease, defense priming and induces systemic resistance. Thus
metabolomics enhances our understanding of molecular and cellular pathways
operating in rhizosphere.

Typical mass spectrometry (MS) based metabolomics has three major steps. First
step is sample preparation which involves extraction of metabolites through organic
solvents or solid phase extraction. Second step is the separation and detection, where
metabolites are separated through different chromatographic methods based on the
nature of metabolites and then detected by the mass analyzers. Gas chromatography-
mass spectrometry (GC-MS) is preferred for volatile and thermally stable
compounds which separate metabolite through gas chromatography and detect
through quadrupole, qTOF (Quadrupole Time-of-Flight) or QqQ (triple-quadrupole)
mass analyzers (van Dam and Bouwmeester 2016). On the other hand, liquid
chromatography-mass spectrometry (LC-MS) mostly use normal phase (NP) or
reverse phase (RP) chromatography to separate metabolites based on their polarity.
With LC-MS, soft ionization like electron spray ionization (ESI) is the most pre-
ferred ionization method as it provides accurate mass determination. Capillary
electrophoreses (CE) coupled with TOF mass analyzer is used for intermediate
primary metabolic pathways (glycolysis, tricarboxylic acid cycle, and pentose phos-
phate pathway) (Mhlongo et al. 2018). Finally data is analyzed with freely available
software like MarVis1, Mzine, MAVEN, Metaboanalyst, and MetAlign or commer-
cial software like Markerlynx, Profiling solutions, and Mass profiler pro.

Several primary and secondary metabolites (non-volatile and volatile) have been
documented as major messengers between plant roots and PGPR establishing
mutualistic relationship (van Dam and Bouwmeester 2016). Metabolomics of rhizo-
sphere was previously used to study various plant growth modulatory compounds
like ACC deaminase, auxins, abscisic acid, cytokinins, gibberellins, jasmonic acid,
salicylic acid, and siderophores produced by microorganisms (Mhlongo et al. 2018).
Similarly, metabolomics has been the ideal tool to study signaling molecules of
root nodule symbiosis like flavonoids (bacterial nod gene induces) and
lipochitooligosaccharides (product of nod genes). Rothballer et al. 2018 studied
the role of AHLs (acyl homoserine lactones) and its degradation products in quorum
sensing of rhizospheric bacteria. Metabolomics has also demonstrated the change is
microbial community in grass (Avena barbata) rhizosphere with bacterial succession
dynamics with respect to substrate preference in changing root exudates over the
course of development (Zhalnina et al. 2018). However, the cost of equipment,
limited public reference database, and lack of proper expertise make metabolomics
more challenging than the DNA sequencing based approaches.
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2.3.7 Phenomics

Phenomics is defined as the systematic study of phenotypes on a genome-wide scale.
In other words, phenomics is set of multidimensional approaches to study how
genome of an organism translates into the full set of phenotypic traits. However,
prediction of the phenotype from the genotype is not state forward because large
number of genes interact with themselves and the environment to produce the
phenotype. Metagenomics has provided an access to complete genotype of
rhizospheric microorganisms to genus, species, and subspecies level. However,
large fractions of the genes in metagenomics have no assigned function and even
the ascribed functions for most of the genes are based on DNA sequence homology.

Apart from the traditional techniques of phenotypic characterization,
transcriptomics, proteomics and metabolomics are the widely used tools which
provide enormous phenomic data, thus elucidating the phenomics of rhizospheric
microorganisms (Houle et al. 2010). Phenotypic features (phenome) of the rhizobia
have been studied for their classification and placing them into different cross
inoculation groups. Phenomics have also been very useful to study the plant
pathogen interactions and host-pathogen co-evolution at molecular level.

Complexity of biological processes at cellular and developmental level needs to
be addressed with high quality digital phenotypic data. Recently, global Escherichia
coli promoter activity was accessed using PFIboxes to obtain high quality phenome
data of gene expression under the 15 different antibiotics stress (French et al. 2018).
Growth measurement is the key phenotype for accessing microbial fitness in any
ecosystem. Automated microbial phenomics framework was developed to records
and analyzes over 100,000 growth curves in parallel (Zackrisson et al. 2016).
However, limited high-throughput tools are available to study the phenomics of
rhizospheric bacteria. Therefore, development of high-throughput and high-
resolution phenotyping tools are required to address the detailed phenomics of
rhizospheric microorganisms.

2.4 Conclusion

The rhizospheric microbial diversity from Himalayan agro-ecosystems has been
revealed by author group extensively. It has been observed that the microbial
diversity from Phaseolus vulgaris rhizosphere was varied significantly in Kumaun
and Grahwal Himalayan regions of Uttarakhand. Contrary to the Kumaun where,
genus Pseudomonas was predominant; Garhwal Himalayan P. vulgaris rhizosphere
was inhabited primarily by Sphingomonas (Suyal et al. 2019c). However, among the
diazotrophs, genus Rhizobium was predominant throughout the Uttarakhand
Himalayas (Suyal et al. 2015b). Here we can conclude our discussion in a short
statement that is the use of more advanced molecular tools may help us to reveal
several unexplored microbiomes which ultimately benefitted to sustainable
agriculture.
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Abstract

Interaction between plant and microbes in the rhizosphere, the place of soil
influenced with the aid of plant roots, are fundamental to biogeochemical cycling,
plant immunity, and productivity. These interactions are properly understood,
however, exceedingly little is about the plant microbiome. The study of the
interactions between plants and their microbial communities in the rhizosphere
is important for developing sustainable management practices and agricultural
products such as biofertilizers and biopesticides. Plant roots release a broad
variety of chemical compounds to attract and select microorganisms in the
rhizosphere. Rhizosphere symbiosis is arguably the most ecologically important
eukaryotic symbiosis, yet it is poorly understood at the molecular level. Under-
standing this symbiotic relationship at a molecular level provides important
contributions to the understanding of forest ecosystems and global carbon
cycling. Metatranscriptomics allowed the profiling of different microorganism
communities and their evaluation of relative and quantitative profusion and
metabolism from large number of samples. Extraction and purification of
mRNA immediately from plant, decomposition of natural material and soil,
accompanied with pooling of expressed genes by using high throughput sequenc-
ing, have spawned metatranscriptomics a new rising area of research. Every
metatranscriptome offers a view of relative abundance and composition of
genes which are actively transcribed and consequently provides the evaluation
about the interaction between plant and soil microbes Metatranscriptomics can
also evaluate the collective metabolism pathways of microorganism in different
environments.
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3.1 Introduction

Bacteria and fungi associated with plant roots (rhizosphere microbiome) can have
positive impacts on the health of terrestrial plants. Microorganism in their
surrounding environment along with plants can survive quietly or compete with
each other for their existence. In their surrounding, plants are connected with various
types of microbes; these microbes either may be pathogenic and can be the reason of
many types of plant disorder or are worthwhile and have the capacity to stimulate
plant innate immune system. These interaction between plant and microbes may
hold complex communication structures, which are thousand years old in case of
symbiotic relationship such as with arbuscular mycorrhiza. Rhizosphere competence
is an essential method has been blended to apprehend a molecular label foundation
of bacterial characteristics worried between plant and microbes interaction.

Microbes have key roles in ecosystems and influence a large number of important
ecosystem processes, including plant nutrient acquisition, nitrogen and carbon
cycling, and soil formation (Wardle et al. 2004; Van der Heijden et al. 2008; Van
Elsas et al. 2012; Wagg et al. 2014). Phylogenetically and functionally, microbes are
very different organism on the earth. They play a very crucial role to protect the
lifecycle on the earth, but still we confine a very little information about the
microorganism present in the environment such as soil, water, and atmosphere,
which are not culture able. Culture dependent strategies are lengthly and allowed
to learn about of microbial isolates under laboratory condition, while the microbes
which are culture independent, the strategies at molecular level are permitting to
study the whole microbe community in their herbal environment. Profiling of
neighborhood microbes in their environment has emerged as frequent region by
using high throughput sequencing strategies such as 16S ribosomal RNA (rRNA)
gene sequencing. Various associations have been completed between unique
microbe corporations and plant features such as ailment (Greenblum et al. 2012),
food plan (Martinez et al. 2012), and genetics (Spor et al. 2011) and human
microbiome exploitation has proven efficiency in the treatment of illnesses (Brandt
2013).

Similarly the microorganisms associated with plant are a very important factor of
plant fitness and productiveness (Berendsen et al. 2012) and various efforts to make
bigger appreciation of it have done (Bulgarelli et al. 2013). A diverse and again
exclusive, metabolic efficiencies of microorganism, specifically the archaea and
bacteria, their ability to concerned in different plant cycle such as Nitrogen cycle,
Phosphorous cycle and Sulphur Cycle etc. Microorganism associated with plant
plays a very crucial role in biogeochemical cycles. The plant parts and plant surfaces
that can carry a microbial region can be divided into three different parts:
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Rhizosphere, Phyllosphere, and Endosphere. Rhizosphere is the region where inter-
face between roots and soil takes place. Microorganism in these niches can have
useful, neutral or destructive relations with their host plant.

Significance of specific plant and microbe interactions has been recognized for
many extra years. Mainly the Rhizobium and legume symbiotic relationship, which
strongly contributed in the improvement of extended agricultural production. In
legumes root nodule symbiosis involves host specific recognition and post-
embryonic development of a nitrogen-fixing organ, the root nodule. This type of
model structures was nicely analyzed (Oldroyd et al.), however, ordinary
microbiome of the plant, regarded as host plant prolonged phenotype, is no longer
as but properly explained. Plant microbiome management has the conceivable to
limit occurrence of plant diseases (Bloemberg and Lugtenberg 2001), by minimizing
chemical inputs (Adesemoye et al. 2009) and greenhouse gasses emissions (Singh
et al. 2010), ensuing for additional sustainable agriculture. This purpose can be
considered as essential for supporting the developing population of the word.

3.2 Rhizosphere

In rhizosphere roots of plants are surrounded by using a slight area of soil. This
rhizosphere is influenced by way of plant roots and it has an excessive range of
microorganism. Its surrounding organization is projected to be one of a kind than the
determined one in the soil bulk (Reinhold et al. 2015). The composition of rhizo-
sphere microbiome is affected by means of unique factors such as soil properties,
ambient conditions, and tradition composition of microorganism (Qiao et al. 2017).
The rhizosphere is the area of soil influenced with the aid of roots through
rhizodeposition of mucilage and exudates. Root exudates are concerned as major
determinants of rhizosphere microbiome (Shi et al. 2011; Badri et al. 2013). Com-
position of root exudates in Arabidopsis thaliana plant has proven variant throughout
unique accessions ensuing in correspondingly unique microbial community of
rhizosphere (Micallef et al. 2009). Plant root exudates contain a wide range of
compounds mainly sugars, natural lipids, fatty acid, amino acids, vitamins,
hormones, and antimicrobial compounds (Bertin et al. 2003). Root exudates compo-
sition differs spatially and temporally with a large range of abiotic and biotic factors.
These are made up of plant species and cultivar (Micallef et al. 2009), as nicely as
age and stage of plant development (Chaparro et al. 2013; Cavaglieri et al. 2009). In
the areas along with wild oat root, 8% of total bacterial communities have been
located for root zones enrichment in compare to soil and greater numbers of stay
cells had been remoted from developing root recommendations and hairs compare to
mature root (De Angelis et al. 2009). Generally, tries are constituted to outline the
complete rhizosphere, nevertheless microorganism enriched predominantly at dif-
ferent root zones may also be diluted with the help of this approach, by providing the
customary concern that they are no longer enriched at all. This may be the essential
consideration during the sampling of rhizosphere soil.
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Plants which grow anexically have distinctly one of a kind exudate compositions
from these influenced by using microbes. Rhizosphere of different plants such as
alfalfa and pea are trigger gluconeogenesis, which can be introverted via sugar
presence in R. leguminosaram (Ramachandran et al. 2011). These results and the
authenticity that how carbon is allotted to roots is determined by plant dietary fame
(da Dakora and Phillips 2002) create the extraction of root exudates an exceptional
challenge.

Additionally different carbon sources such as glucose, citrate, and glycine to
unique soil were used in attempts to reconstruct the effect of rhizosphere has
concluded in improvement of beta and gammaproteobacteria as appropriately as
Actinobacteria (Eilers et al. 2010). In rhizosphere these carbon sources are enriched
in compare to bulk soil. Even though root exudates can integrate a wide range of
carbon source. This taxa enrichment is the use of carbon make available and suggests
some colonizers may in addition be opportunistic fast growers. Nevertheless, the
decision of taxonomy to know about the species and genera counter to the source of
carbon to be acknowledged. These degrees of taxonomy are the place actual
variations in metabolic skills concept to be obligatory for the colonization of
rhizosphere.

Even though, essential exudates are not only the thing for rhizodeposition and
here is a confirmation to recommend this might also be solely vital at root pointers
development (Dennis et al. 2010). The root cells sloughing and the launching of
mucilage drops into the rhizosphere, a massive amount of fabric along with plant
cellular wall of plant polymers such as pectin and cellulose. The degradation of
cellulose is a huge characteristic surrounded by microorganism of excessive natural
count number soils (Stursova et al. 2012). Pectin decomposition releases methanol
(Galbally and Kirstine 2002) which can be used as carbon source by microorganism.
In the rhizosphere, metabolism of C1 compounds has been analyzed (Ramachandran
et al. 2011; Knief et al. 2012).

3.2.1 Rhizosphere Colonization

Rhizosphere colonization is one of the first steps in the pathogenesis of soil-borne
microorganisms. It can also be crucial for the action of microbial inoculants used as
biofertilizers, biopesticides, phytostimulators, and bioremediators. Pseudomonas is
used as one of the best root colonizers as a model root colonizer. To utilize the plant
derived carbon is not plenty useful until, if the microorganism is not able to discover
a plant in the soil. So, it is a belief that each motility and chemotaxis is the core
capability for the microorganism of rhizosphere. Nonetheless it is complex truth that
plant root base attachment entails a swap from motile to sedentary survival. The
genes involved in flagellar meeting and chemotaxis had been up regulated in the
maize rhizosphere for P. putida, though have been down regulated in the pea, alfalfa,
and sugar beet rhizosphere for R. leguminosarum (Ramachandran et al. 2011).
Ralstonia solanacearum, the plant pathogenic bacterium chemotatactically retort to
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root exudates of tomato of host plants, particularly for amino acid and natural
components.

Any defect in the main chemotaxis regulators, cheA and cheW, concluded in
traces with wild type motility though decrease in virulence. But, when they were
inoculate in to the plant stem without delay they had been found in the condition to
motive ailment (Yao and Allen 2006). Pseudomonas fluorescens PGPR, WCS 365 in
tomato rhizosphere in addition required the cheA gene for chemotaxis, where it
responds to citrate and malate. Mutation in cheA gene established decreased antag-
onism in colonization of rhizosphere (de Weert et al. 2002). It may be helpful to
review the expression of genes associated with chemotaxis in enormous
metatranscriptomic information units of rhizosphere with that is recently observed
from model system. It may permit that the chemical derived from plant alerts are
magnetize one of a kind corporations of microorganism in the rhizosphere and how
they are dispersed throughout distinctive plants. Otherwise, PGPR might be geneti-
cally modified to reply to a molecule produced by the host plant.

At the rhizosphere the direct contact with the plant roots should be regarded top of
the line for the achievement of carbon derived by plant and it is the requirement for
the colonization of inside tissues with the help of endophytes. This may additionally
be regarded the destructive reason of all the microbes responsible for rhizosphere
colonization, though the results of the defense response of plant would possibly be
felt better powerfully at the rhizosphere, including in addition resolution pressure. A
full size overlap (around 40% of operational taxonomic devices (OTUs)) used to be
viewed in these microbes attachment to the plant roots and to an immobile timber
shape (Bulgarelli et al. 2013), signifying that the impact of rhizosphere is in the
phase due to evolution to a immobile survival. Cellular partitions of plants consist of
proteoglycans, which are very crucial for the attachment of bacteria and formation of
biofilm. The arabinogalactan protein can set off in the formation of biofilm in
R. leguminosarum from root exudates of pea (Xie et al. 2012) and a Arabidopsis
thaliana mutant, which was deprived in the development of a lysine rich protein is
opposed to transformation via Agrobacterium tumefaciens (Gasper et al. 2004).

3.3 Immune System of Plant

The plant immune system has evolved with microbiome of plant and that is why play
a crucial role in identifying its composition. Innate immunity of plant is induced via
exposure to microorganism with the help of molecular patterns related with
microorganisms (Bittel and Robatzek 2007). These aspects of microorganism are
prevalent and gradually evolving and diverse microorganism such as peptidoglycan
bacterial flagellin, components related with elongation Tu (EF-Tu) and fungal chitin.
A flagellin factor can be used to induce the immune system of plant in particular
through LLR receptor kinase FLS2. Likewise, EF-Tu is diagnosed by different LRR
kinases, which is known as EFR. Fascinatingly responses to these molecules set off
approximately identical plant transcriptional responses (Jones and Dangl 2006).
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In plant pathogenic microorganism studied, Microbe Associated Molecular
Patterns are termed as pathogen related molecular patterns. The response of plant
to MAMPs or PAMPs concerned about plant immunity. It consists with the devel-
opment of reactive oxygen species (ROS), callose deposition is responsible to
strengthen the cell wall and induction of genes related with defense. These responses
may be affected by plant pathogens through secretion of effectors molecules (Dou
and Zhou 2012), which additionally set off a response from plant, considered as
immunity effectors (Spoel and Dong 2012). Each MAMP cognizance and effector
triggered immunity activates systemic received resistance (SAR). This is plant
response involving in the congregation of antimicrobials spectrum for the benefit
of tissue, therefore restraining the unfold of contamination (Ryals et al. 1996). The
comparable key response is brought on systemic resistance, which shows in similar
responses to SAR, though is caused by means of exceptional stimulus. The signaling
of plant defense is synchronized with the help of plant hormones depending on the
type of plant pathogen (Bari and Jones 2009). Production of ethylene hormone is
taken in response to necrotrophic and herbivores pathogens, developmental and
environmental factors. Additionally it can amend the signaling cycles of salicylic
acid and jasmonic acid. Microorganisms accumulate signals from the mechanism of
plant immune system and these signals create the problem of plant itself. Members of
microbiome community might be in addition having the capacity to suppress or
change the immune system of plant through degradation and production of plant
hormones or by manipulating the signaling pathways. Degradation mainly happens
due to the effecter molecules, these effecter molecules are renowned by plant
receptors as nucleotide binding-leucine rich repeat proteins due to the reason they
can integrate nucleotide binding and leucine rich repeat domains. Plants grown in the
soil are previously in position to elicity a response in pathogen resistance because of
the occurrence of different microorganisms. Additionally these types of large
responses are destructing to other beneficial microorganism. The quantity of plant
associated microorganism such as Xanthomonas, Pseudomonas, and Sinorhizobium
species contain very superior methods for this type of adaptation. Effecter
components of Pseudomonas syringae can restrain the immune response elements
(Jones and Dangl 2006). Various interactions between microorganism of
microbiome and immune system of plant are very complicated, attractive, and
very vibrant.

Effects of different elements of immune system of plant on plant microbiota have
been analyzed. Arabidopsis mutants which are poor in systemic received resistance
(SAR) have already verified elite rhizosphere microorganism communities in com-
pare to wild type (Hein et al. 2008), even as the activation of ISR and SAR
chemically did no longer end result in the shifting of locality of rhizosphere microbes
(Doornbos et al. 2011).
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3.4 Plant and Microbes Interaction in Rhizosphere

In rhizosphere the plant and microbe have interaction fantastically coordinated
cellular methods that decide the ultimate consequence of the relationship and decide
whether or not interplay will be nasty. Plant and microbes interactions in the
rhizosphere are very responsible for various types of intrinsic strategies such as
nutrient cycle, carbon sequestration and for the function of ecosystem (Singh et al.
2004). Microorganism available in the soil may utilize the surrounding plant as the
source of carbon, in this manner involving the selective secretion of plant of
exclusive components can also motivate suitable shielding and symbiotic relation-
ship, while the secretion of various elements can inhibit the pathogenic associations
(Bais et al. 2005). Symbiosis is long-term relationship between two or more superior
diverse species. In this relationship one organism resides on another one. Out of
various plant and microorganism interactions, two symbiotic relationships have been
studied very nicely. First one is arbuscular mycorrhizal symbiosis and second one is
root nodule symbiosis. Arbuscular mycorrhizal symbiosis is the major studied
relationship between microorganism and plants. Microbes associated with plant
roots such as arbuscular mycorrhizal fungi (AMF) and PGPR can play crucial role
in the enhancement of plant immune system and plant health.

3.4.1 Types of Plant and Microbes Interactions

The association of microorganism associated with plants is specifically very com-
plex. It is made up of different pathogenic, commensal, and various beneficial
microorganisms (Vandenkoornhuyse et al. 2015). Different studies recommended
that the main symbionts are arbuscular mycorrhizal fungi (AMF), Ectomycorrhizal
fungi (EMF), Frankia, and Rhizobia. Though additionally, there is a developing
physique of lookup regarding the microorganism and endophytic fungi that can
expand inside and outside of the leaves (Van der Heijden et al. 2008; Shaffer et al.
2017). Development of coevolution is very complicated and does not take place
solely between plant and symbiont though in addition between symbiont and
symbiont even though between symbiont-plant-symbiont. On the basis of interaction
between plant and microbes there are four various types of interactions as follows:

3.4.1.1 Arbuscular Mycorrhizal Fungi (AMF)
Among the plant–fungi symbiotic relationship, Arbuscular mycorrhiza (AM) has the
largest sharing in the nature. Arbuscular mycorrhiza (AM) fungi live in the diversity
of ecosystems such as grasslands, forests, agriculture land, and many more strained
environment and has the capability to colonize the most of the plant roots. These
mycorrhizas are generally divided into two types; ectomycorrhiza and
endomycorrhiza. The presence of endomycorrhiza is erratic. They can be further
divided as arbuscular mycorrhiza, monotropoid mycorrhiza, ericoid mycorrhiza,
arbutoid mycorrhiza, and orchid mycorrhiza. Arbuscular mycorrhiza fungi are
obligate biotrops that come under the Glomeromycotina subphylum of
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Mucoromycota phylum (Spatafora et al. 2016). This markedly tiny crew of fungi
form obligate endosymbiosis through a range of plant species over 200 species and
generally has low specificity for the host plant (Johnson and Jansa 2017). Symbiotic
relationship of Arbuscular mycorrhiza (AM) fungi confirms to comprise emerged
round the identical moment to bryophytes deviated as of a single lineage of single
cell algal charophytes (Lenton et al. 2016; Martin et al. 2017; Lutzoni et al. 2018;
Strullu et al. 2018).

Attainment of a root making nutrient lacks in bryophytes. A hypothesis was given
that in the beginning bryophytes plants overcome this problem with attaining the
symbiosis with Arbuscular mycorrhiza (AM) fungi. In the Arbuscular mycorrhiza
(AM) fungi symbiosis, a fungus enters in to the cell wall of plant cell and creates an
complicated branched structure known as “arbascule” inside the cell cortex. Early
fossil data clarify this assumption as fossils from 407 Ma reveal creations that are
like arbuscule (Pressel et al. 2014; Strullu et al. 2014). Additionally experimental
statistics confirm that in the formation of mutualistic symbiosis, Glomeromycota and
some ancient Mucoromycota are involved successfully with existing liverworts
underside environmental extensive CO2 prerequisites analogous to the concentra-
tion to the mid palaeozoic atmosphere (Field et al. 2012).

Colonization of Arbuscular mycorrhiza (AM) fungi begins with understanding of
fungus for plant derived indicators such as flavonoids and strigolactones that aggra-
vate hyphal branching, germination of spore and developing of indicators by fungal
symbiosis (Akiyama et al. 2005; Besserer et al. 2006). Symbiotic alerts of
Arbuscular mycorrhiza (AM) fungi are made up of a mixture of various effecter
proteins and chitin derived compounds such as short chain chitin oligosaccharides
(CO) and Lipo-chitin oligosaccharides (LCO) (Maillet et al. 2011). Lipo-chitin
oligosaccharides (LCO) understanding of plant prompts calcium oscillations inside
the nucleus of plant cell through a good conserved set of genes of that is known as
“Common Symbiosis Signaling Pathway (CSSP)” (Delaux et al. 2013). Common
Symbiosis Signaling Pathway (CSSP) activation suppresses the immunity and
permits the attachment of hyphae to the plant root accompanied by plant cortical
cells penetration by using pre-penetration tools.

Then the formation of specialized arbuscule formation responsible for nutrient
cycle takes place. After the formation of arbuscule, the Common Symbiosis Signal-
ing Pathway (CSSP) is no longer lively and the conversation between plant and
fungus is performed by using signaling choice and nutrient cycles.

3.4.1.2 Ectomycorrhizal Fungi (EMF)
Ectomycorrhizal Fungi (EMF) play a very crucial role in the functioning of forest
ecosystem, and the root colonization of most tree species (Tedersoo et al. 2010). The
host plant provides the carbon to EMF in swap for providing copious settlements
such as water and nutrients access, defense against pathogenic microbes or heavy
metal acceptance (Smith and Read 2008). Various Ectomycorrhizal Fungi (EMF)
species and individuals with different useful characteristics fight to plant root
colonization. Many analyses have analyzed negative effects of Ectomycorrhizal
Fungi (EMF) competition in the plant biomass and root colonization (Kennedy
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et al. 2007; Hortal et al. 2008). Just like AMF, Ectomycorrhizal Fungi (EMF) create
a symbiotic relationship with plant root and also help the host plant by getting
vitamins (mainly nitrogen, phosphorus, and water) and preclude contamination
through undesirable pathogenic organisms. Formation of ectomycorrhizae takes
place through over 20 different species from the fungal phylum Zygomycota,
Basidiomycota, and Ascomycota (Brundrett 2009) and mainly associate with
woody plants. Through phylogenetic analysis it reveals that Ectomycorrhizal
Fungi (EMF) developed a pair of instances from number saprotrophic lineages as
a long way lower back as �180 Ma (Kohler et al. 2015). Like to their saprotropic
ancestors, Ectomycorrhizal Fungi (EMF) have an abundant array of enzyme degra-
dation that are involved in the breakdown of natural molecules into smaller
components such as phosphorus and nitrogen; though, many have omitted the
majority of enzyme related with cell wall degradation (Kohler et al. 2015). This
loss in cell wall degrading enzymes essential for saprotrophy looks to be requisite for
the formation of suggested Ectomycorrhizal Fungi (EMF) plant symbiosis, such as
approximately all the enzymes of cellulose degradation have been misplaced in the
sequenced Ectomycorrhizal Fungi (EMF) (Martin et al. 2016).

Even though the symbiotic constructions which formed by variety of
Ectomycorrhizal Fungi (EMF) are unusually similar. Primarily Ectomycorrhizal
Fungi (EMF) make hyphal attachment with lateral root of plants analyzed through
the initiate of effecters proteins and aquaporins that provide the facility for the
creation of a fungal hyphae community in between plant cells inside the cell apoplast
(Navarro et al. 2015). Eventually a layer of hyphae is formed on plant root surface to
construct the mantle. Ectomycorrhizal Fungi (EMF) symbiosis seems to have arisen
more than one instances over the path of an extended length between of a hundred
and forty and 300 Ma from various saprotrophic lineages (Kohler et al. 2015; Martin
et al. 2017; Lutzoni et al. 2018; Strullu et al. 2018).

3.4.1.3 Rhizobia
The rhizobia are bacteria able to establish a mutualistic nitrogen-fixing endosymbi-
osis with specific legumes forming root nodules on the host plant. From the genus
Parasponia, one nonlegume and more than 70% of legumes develop symbiosis with
nitrogen-fixing bacteria. These are widely extend throughout the α- and
β-subdivision (classes) of Proteobacteria, which often are united by the multipartite
genome structure, consisting in a chromosome and additional plasmid, acquired
later, and enriched in dispensable genes that play a key role in the determination of
bacterium fitness in different ecological niches. Rhizobia belongs to a polyphyletic
group which is associated with 15 genera in 8 specific households (Remigi et al.
2016). Concerning the evolution of plant rhizobia symbiosis, two types of hypothe-
sis have been given. First hypothesis assumes that more than one genes are there for
this type of symbiotic relation given the phylogenetic space between parasponia and
legumes (Behm et al. 2014). Even though, an extra current speculation recommends
that symbiosis related with nitrogen fixation superior from a single angiosperm
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lineage that used to be previously in affiliation with Arbuscular mycorrhiza
(AM) fungi (Werner et al. 2014); this type of mysterious adaptation used to be
recognized in the rosids I clade creating -100 Ma and It is assumed to have in a
position to structure protected nodule formation with rhizobia. This secure nitrogen
fixing symbiosis with rhizobia is assumed to have because of this mislaid and
regained a couple of times, resulting specifically in the host symbiont typically
situated (Oldroyd et al. 2011a, b).

Rhizobial detonation is motivated by plants with the help of flavonoids excretion
as the ability of engaging suitable nitrogen-fixing symbints. While in response,
various effectors proteins are launched by rhizobia, which are commonly referred
as nodulation (Nod) factors and a mixture of LCOs. Effecter proteins and Nod
elements set off the similar Common Symbiosis Signaling Pathway (CSSP) in plants
requisite for the establishment of Arbuscular mycorrhiza fungi (AMF) symbiosis.
Activation of plant instigates plant root detonation and the younger nodules forma-
tion. Then rhizobia enter in the nodules through a transitory, committed shape
recognized as the “Symbiosome” that converts into a nutrient interchange boundary
between plant and rhizobia.

3.4.1.4 Actinobacteria (Frankia)
The actinorhizal symbiosis is an endosymbiotic nitrogen-fixing association between
members of Frankia, a genus of actinobacteria, and a variety of angiosperms. Inside
the genus Frankia, filament like nitrogen-fixing microorganisms develop nodules
with an enormous range of actinorhizal plants. Two hundred and sixty species of the
Cucurbitales, Rosales and Fagales command as adversarial with rhizobia which
exclusively connect with Parasponia and legumes (Dawson 2007). Usually, Frankia
operate analogous signaling mechanisms with rhizobia to set off symbiosis with
clusters I and III exceptionally, which lack the main nodulation genes nod ABC. The
authenticity is still not known though clusters I and III species have been verified to
produce chitinase resistant compounds that results in Ca spiking features of activa-
tion of Common Symbiosis Signaling Pathway (Chabaud et al. 2015). This analysis
recommends that Frankia with clusters I and III secret molecules that can act as Nod
elements. These elements are structure wise remarkable and are chitin based
Lipochitooligosaccharides (LCOs). The mechanism projected for symbiotic signal-
ing pathways of cluster I and cluster III in all likelihood includes the Common
Symbiosis Signaling Pathway (CSSP) given that Lysine-M receptor like kinases
(LysM-RLK). The Common Symbiosis Signaling Pathway (CSSP) are stimulated
through a wide range of molecules which are unusual than
Lipochitooligosaccharides (LCOs) such as polysaccharides and peptidoglycans
(Willmann et al. 2011).

The life of Actinorhizal plants correlate with Fabales clade and additionally
intensify the assumption that a single predisposed angiosperm lineage is responsible
for the life of the nodule forming plant (Doyle 1998). Nodule formation is taken
place in the same way as the nodulation in rhizobia. Although, thread like structure
of actinobacteria, termed as a ‘Fixation Thread’ and it is similar as a symbiosome in
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order to dermis and transit penetration of nodule. Distinct from symbiosomes, this
fixation thread remains integral as soon as interior with the plant cell; as a opening
substitute. The plant cell wall becomes thin to facilitate the switch of vitamins
between the symbiont and the host plant (Holmer et al. 2017). The fixation threads
situated in the Rhizobia and Parasponia shows mutualisms and are a young relation-
ship as a result indicate a superior inherited mechanism of contamination than
symbiosomes (Behm et al. 2014).

3.5 Signaling of Plant Hormones

The mechanism of plant and microorganisms derived alerts and have been renowned
(Venturi and Keel 2016). Even though a wide variety of indicators participate in the
signaling between plant and microbes such as flavonoids. Strigolactones analyzed
some high quality plant based indicators, while some effecter proteins, Cos and
LCOs are the majority of most implicit microorganism derived compounds
(Table 3.1). Most of the symbiotic relationships involving Frankia, AMF, and
Rhizobia have sophisticated to involve the Common Symbiosis Signaling Pathway
(CSSP) pathway in the plants to select these microorganisms based compounds and
modify the signaling of plant hormone in order to develop the wonderful endosym-
biotic relationship (Delaux et al. 2013). As discussed in the subsequent part, plants
utilize this pathway to differentiate between bacterial and fungal symbionts that
cause the development of absolutely unique endosymbiotic relationship. This system
at the back of how particular symbionts are perceived with the aid of the CSSP stays
one of the principal awesome questions (Rinku et al. 2020).

3.6 Approaches Used to Study the Plant Microbiome
Interaction

3.6.1 Culture Dependent Approaches

The standard microbiology techniques involve background separately and culture of
microorganisms from their surrounding area by using one kind of nutrient media and
boost rudiments relying on the target microbes. Whereas attaining an uncontami-
nated existence of a microbe is mandatory for scrupulous research of microbe
physiology and genetics, culture dependent techniques exclude the great mass of
microorganisms variety in an particular environment. Mini metagenome (Mclean
et al. 2013) and single cell sequencing techniques (Hutchison and Venter 2006) are
the connection between established impartial and subculture methods, though these
techniques are nevertheless in their immaturity. It is predictable from diversity of
DNA found in the soil that only very small percentage of microorganism species
available in the soil are culturable (Torsvik and Ovreas 2002).

The most important obstruction during the culture of intangible microorganisms
from the soil shows the availability of rapid developing microorganisms. By giving a
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rich culture media, these microbes will compete the greater part of diverse species of
microbes. Due to their extreme increase level these microbes are fewer difficult to
separate and detail analysis. Even though it is assumed that the ample majorities of
microorganisms develops very gradually and are barely ever developing at leading
cost in their natural surroundings. By using the negative nutrient culture media and
very prolonged incubation periods the culturing of new traces of soil
microorganisms has permitted, dazzling these microbes that are identified by using
the molecular techniques in the plant rhizospheres and soil, such as Verrucomicrobia
(Da Rocha et al. 2010) and some other microorganism (Stewart et al. 2012; Davis
et al. 2011). Temperature is also the other important factor which influences the

Table 3.1 Major biomolecules and their role in the formation of plant-microbe symbioses

Sl.
No. Process Name of biomolecules Functions Reference

1. Nitrogen
fixation

Flavanols, flavanones,
exopolysaccharides

Nod gene
expression

Coronado et al. (1995)

Lectins, Isoflavonoids Stimulate mitotic
division essential
for nodule
formation

Mathesius and Watt
(2010)

2. AMF
symbiosis

Strigolactone,
flavonoids (glyceollin,
coumestrol, and
daidzein)

AMF root
colonization

Morandi et al. (1984)

Myc factors Mycorrhization Zhuang et al. (2013)

3. Metal uptake Siderophores
(Pyoverdine, pyochelin,
etc.), Gluconic acid,
5-ketogluconic acid,
Glutathione,
metallothioneins, etc.

Solubilization of
unavailable form
of heavy metal to
available form

Schalk et al. (2011),
Saravanan et al.
(2007), Fasim et al.
(2002)

4. PGPR Jasmonate, Salicylic
acid, phytohormones,
PGRs, mineralization,
cyanogens,
siderophores, and
phytoalexins

Suppress plant
pathogens

Compant et al. (2010),
Saharan and Nehra
(2011), Mukerji et al.
(2006), Nadarajah
(2016)

5. Defense Glucanases, Chitinases,
myrosinases,
Arabinogalactan protein
(AGP),

Activation of
defense reactions

De la Pena et al.
(2010), Nguema et al.
(2013)

6. Quorum
sensing

Acylated homo-Ser
lactones (AHLs), GABA

Cell-to-cell
communication
regulates
virulence factors

Zhuang et al. (2013),
Chevrot et al. (2006)

7. Antimicrobial Rosmarinic acid (RA),
Bacteriocin, Polyketides

Defend plants
against negative
interactions

Bais et al. (2002),
Raaijmakers et al.
(2010)
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growth and their survivability. Microorganisms can endure an extensive variety of
temperatures in their natural environment though the most common microbial
isolations are incubated between the temperature range 27 �C–37 �C.

3.6.2 rRNA and Other Genes as Phylogenetic Markers

In mobile organisms rDNA and rRNA are ubiquitous in nature, including bacteria.
They may encode the RNA structural elements in the ribosome and translation tools
of the cell. These are accordingly crucial. Within prokaryotes, three genes which
encode the 5S, 16S, and 23S subunits of rRNA described by way of the sedimenta-
tion and in eukaryotes genes of rRNA genes are structured by an unusual approach
with 5S, 5.8S, 18S, and 28S yield. In prokaryotes, the modern molecular taxonomy
is dependent on the relatedness of these sequences found in microorganisms (Woese
1987). Variations in the sequences of 16S RNA had been initially used to suggest
whatever we understand now as a different vicinity of life to be Archaes, magnificent
from Eukaryota and Eubacteria (Woese et al. 1990). The genes of rRNA have finish
the benchmark in the analysis of culture independent communities of
microorganisms, however, increment in the further diverse marker genes and even
the whole genomes are being used.

3.6.3 Genetic Fingerprinting

Dissimilarity in the target sequence of DNA permits microbes recognition at one
kind of taxonomic level depending on the rate of evolution of the target DNA
sequence and sensitivity of the used technique. Prior to nucleic acids sequencing
was once generally on hand and very little price on the levels desiring for the ecology
of microorganisms, various strategies have been build up to appear at deviations in
the sequences which are being analyzed. Generally, a marker gene from the DNA
sample may be amplified by using the technique polymerase chain reaction (PCR)
(Mullis et al. 1986). Some scientists uncovered the amplified product by denaturing
or enzyme restriction resulting in the fragmentation pattern, during the separation
with electrophoresis, which is insightful for the structure of microbial community.
Such types of strategies are consisting of terminal limit fragment size polymorphism
(TRFLP) (Liu et al. 1997) and Denaturing Gradient Gel Electrophoresis (DGGE)
(Muyzer et al. 1993). An adaptation on it is to enlarge a size changeable region of
DNA such as Internally Transcribed Spacer (ITS) in between 16S and 23S rRNA
genes, as present in Automatic Ribosomal Intergenic Spacer Evaluation (ARISA)
(Garcia et al. 1999). Automatic Ribosomal Intergenic Spacer Evaluation (ARISA)
needs no additional treatment subsequent to preliminary PCR. This is feasible to
determine the abundance and measurement of the residues and these reports can be
utilize for graphs creation based on multidimensional scaling or leading object
assessment, allowing the structure of microbial community or superior frequently
deviations among relatively constructions of some of the microbial communities to
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be visualized. Bands of fragments which are incomparable between the microbial
communities can be extracted through gel and then sequenced to develop the
perceptive of the microorganisms. These techniques of fingerprinting have been
used significantly for cDNA and 16S rRNA gene resulting from reverse transcription
of 16S rRNA for the learning of microbial communities of rhizosphere (Garbeva
et al. 2008), even though additionally different purposeful and phylogenetic markers
genes have been used (Haichar et al. 2012).

3.6.4 High Throughput Analysis of 16S rRNA Gene

The microbial ecology has reformed the most recent, affordable and accessible
technique, High throughput sequencing such as Illumina’s MiSeq and HiSeq
structures (Bentley et al. 2008). This huge implementation of the technique by the
community of scientists is because of their era of enormous quantities of sequence
statistics with a decreased significant price per base pair (bp) in compare to universal
sequencing method given by Sanger et al. (1977). Additionally they do not require
any cloning process of PCR products prior to sequencing as it was used before.
Totally based on a unique barcodevarious samples can be sequenced, pooled and
then arranged downstream, an approach known as multiplexing. However, maxi-
mum research related with microbial ecology from long time has been carried out by
using the pyrosequencing, Illumina’s MiSeq and HiSeq arrangement and it may
probably dominate in the future.

Sequencing and amplification of the variable region in the 16S rRNA gene
isolated from soil samples is developed now. It has done the contribution to our
admiration of variety of microorganisms found in innumerable rhizosphere. These
are made up of rhizospheres of the model organisms, for example, potato crop plant
(Inceoglu et al. 2011), maize (Peiffer et al. 2013), Arabidopsis thaliana (Lundberg
et al. 2012; Tkacz et al. 2013b), and bushes like Oak (Uroz et al. 2010) and
additionally applied sciences such as microarray and pyrosequencing have been
used to search out concerning rhizosphere microbiomes of beta vulgaris (Mendes
et al. 2011) and Zea mays (Bouffaud et al. 2012), even as clone libraries of 16S
rRNA have been used in combination with shotgun metagenomics to search out
regarding rice rhizosphere microbes (Knief et al. 2012).

The indispensable barrier for these techniques is that amplification of genomic
DNA by PCR is essentially influenced via PCR primer designing. Normally these
are exclusively successful in the detection of an accurate targeted microbial commu-
nity and thus suggest an influenced prototype within the target group (Pinto and
Raskin 2012). Even though, the complex atmosphere is engaged with the aid of
microorganisms from all life domains. The eukaryotes which are consisting of
nematodes, protozoa, oomycetes, and fungi are ubiquitous in nature available in
the soil. They can be very important symbionts or plant pathogens; however, others
may be bacterial grazers. Archaea performs so many essential biogeochemical
reactions principally in agriculture land such as methanogenesis (Conrad et al.
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2006) and oxidation of ammonia (Leininger et al. 2006). As viruses are mobile
organisms so they are also determined at anywhere and any place and they can
comprise an effect on the population dynamics of the host plant (Williams 2013).
Participants of the microbial community present in the rhizosphere have communi-
cation with each other and as well as with host plant (Barea et al. 2005) so it is very
important to grab and endeavor the complete range present in a microbiome. For this,
requirement of sophisticated techniques analysis such as metagenomics,
metatranscriptomics and metaproteomics is necessary, which simultaneously give
permission for the assessment and evaluation of the communities of microorganisms
throughout the life.

3.6.5 Metagenomics

In the precise way, a metagenome is the miscellaneous genomes of the all living
organisms present in an exclusive surroundings. During implemention, exclusively
genomes fractions are sampled from various microorganisms, though this technique
is some space superior about that a targeted method by using the PCR. The genomic
DNA of E. coli into a heterologous host from the soil and ocean has been cloned by
using this unique metagenomic technique. The sequencing of the bacterial artificial
chromosomes (BAC) to recognize the nature of the insert DNA and from which
organism the inserted DNA isolated was analyzed. This type of research perceived a
wide variety of microorganism community, the expression of a wide variety of
determined genes and in addition the products of the genes such as proteins,
enzymes, and antibiotics (Jiang et al. 2009). In addition, a heterologous host having
bacterial artificial chromosome (BAC) or other unusual vector should be screened
functionally for the specific result (Tett and Turner 2012). From the rhizosphere
environment various examples are made up of antibiotics (Chung et al. 2008),
resistance genes for nickel (Mirete et al. 2007), and new lipases enzymes (Lee
et al. 2010). The process of cloning inside the heterologous host shows various
barriers essentially (Temperton et al. 2009). Initially, the measurement of insertion
sequence is controlled with the help of assembling then it is cloned inside the vector
resulting in partiality for the large insertion sequences. Furthermore, introduction of
the foreign genomic DNA may also consequence by producing the harmful product
which is toxic to the cell. Then, such type of cells which contain these foreign DNA
are not improved and as a result not represented in the succeeding investigation.
Additionally there are various limitations to different colonies that may be selected
and sequenced. The majority of the sequencing DNA is resultant from the insert.
Additionally the quantitative data is omitted because of the discrete replication cost
of the plasmids available in the host.

A prologue of high throughput sequencing has immensely developed the strength
of accuracy and statistics of the authentic shot gun metagenomic techniques. These
processes have been already to more accurately recognized and stimulated the
communities of microorganisms in comparison to PCR (Shakya et al. 2013).
Through this technique the whole genomes from the dominant microbes present in
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extreme conditions such as acid mine drains have been sequenced (Tyson et al.
2004). Additionally, more complex samples yet no longer sensible, though it is now
realistic to attain ample records on the abundance and presence of the genes which
encode for precise metabolic cycles (Handelsman 2004) and however non coding
RNA species (Weinberg et al. 2009).

Furnishing of taxonomic data can be done by using possibly all sequences,
though many more times essential, ubiquitous in nature and gradually growing
genes are markers presenting a customary impression of composition of taxonomy
such as Mta Phyler (Liu et al. 2010). These include genes of rpoB, recA, dnaG,
ribosomal RNA, HSP70, and EF-Tu (Wu and Eisen 2008). Otherwise, the essential
genes would be thought as taxonomic markers, illuminating the organisms in the
support of individual methods. Various genes which encode the enzymes essential
for nutrient cycle are frequently used to fulfill this purpose such as catalytic subunit
of nitrogenase enzyme is encoded by nifH gene (Ueda et al. 1995).

This technique of Metagenomics may be used in the detection of living organisms
from every field of life existence such as Prokaryotes, Archaea, Eukaryotes, and
viruses also by replacing the partiality of primer annealing and amplification by
using PCR (Pinto and Raskin 2012). Though, it is controlled to identify the avail-
ability of an organism. Utilization of numerous microbes in the environment such as
soil may be very low, thus these microbes build a very little contributions to the
functioning of the ecosystem at the exact moment. The microbiome of rhizosphere is
selected from the soil. The motivation of plant is to expand in the profusion of some
taxa, even a reduction in the loads of other microorganisms. In addition, plants will
impact the activity of microorganisms by passing on the sources of energy and
carbon. Strategies of steady state isotope with 16S ribosomal RNA by using DGGE
have analyzed that a subset rhizosphere microbe community is in specific by
consuming the carbon derived by plant (Haichar et al. 2012).

3.6.6 Metatranscriptomics and the Challenges

The metatranscriptome or the pooling of complete RNA molecule from the commu-
nity of microbes may affords a snap shot of broad gene expression of microbial
community. In a metatranscriptome, the dominance of ribosomal RNA allows very
robust profiling of the microbial community from all the province of life. This
technique has been already implemented to analyze about crop plants rhizosphere
(Turner et al. 2013), the soil (Urich et al. 2008). Additionally metatranscriptome
contributes facts on the expression of small RNA and non-coding RNA, which
perform essential regulatory functions in the microbial communities (Narberhaus
and Vogel 2009). However in the metatranscriptome, the main core of attraction is to
provide statistics on the dynamic metabolic pathways in the analyzed atmosphere
(Fig. 3.1).

In the actively developing, complicated or in pure subculture microorganisms the
transcriptomes are dominated through rRNA (Hewson et al. 2009). This can imply
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over 90% of RNA species. Though due to the power of sequencing now feasible
with the development of high throughput sequencing (Bentley et al. 2008), the
enrichment of the mRNA is very crucial during the transcriptome research. Ribo-
somal RNA dominance exclusively the 16S and 23S in prokaryotes can be very
easily seen by using native agarose gel electrophoresis. However, elimination and
purification of all these dominant 16S and 23S bands have been used for the
enrichment of messenger RNA (McGrath et al. 2008). But during the enrichment
this approach would have eliminated some amount of mRNA with equivalent
molecular weight to the subunits of ribosomal RNA. Additionally it would not
succeed to put off degraded ribosomal RNA or the 5S smaller subunit of rRNA.
Moreover, enormous segments of RNA molecule are requisite and the extraction
process can finish result in the degradation of RNA. Now this type of unbalanced
system is not promoted for precious samples of atmosphere. This frequently gives
low yield and requires high sampling efforts.

In most eukaryotic messenger RNA transcripts, the 30 ends are poly adenylated
(polyA), resulting with a polyA tail at the 30 end (Zhao et al. 1999), and allow
specific, eco-friendly, and easy reinstatement the utilization of complementary

Fig. 3.1 Metatranscriptome analysis: A general overview to study the microbiome
metatranscriptome
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columns of polyT or the magnetic beads. This process has been used to analyze the
metatranscriptomes of a variety of soil atmospheres (Takasaki et al. 2013). Even
though the mRNA of prokaryotes lacks the poly adenylated (polyA) tails so they
cannot be recovered through this method. However, it is solely used to be in the
fraction beneficial with the metatranscriptome of the soil (Botero et al. 2005). The
transcripts of archaebacteria had no longer existed in the sample with enriched
messenger RNA, but it has been confirmed by the use of quantitative reverse
transcriptome polymerase chain reaction (Botero et al. 2005).

In the prokaryotic metatranscriptomes research the ribosomal RNA depletion
is favored. Even though in this incomplete elimination of ribosomal RNA from
the sample this continuously consequences, this is preferable to introducing
partiality by taking solely a subset of messenger RNA. The ribosomal RNA
(rRNA) in the pure cultures of single species is identical, allowing extremely
eco-friendly exclusion. This has been done through a variety of available
commercial kits, which is frequently used for E. coli. Incorporation of mixed
population sufficient edition in the sequence of ribosomal RNA to come to be a
task to most sequence structured depletion methods. Additionally the population
is frequently not known that is why the lists of compatibility are not now
particularly valuable. The sequence structured ribosomal RNA depletion
methods are totally depend on subtractive hybridization. Whereas, longer
probes or ribosomal RNA’s complementary oligonucleotides connect to the
rRNA in the sample. As a result both are removed by using the microspheres
or magnetic beads. These techniques have been verified to be every superior
fastidious and set up greatly less partiality than the enzymatic method as the
terminator exonuclease enzyme (He et al. 2010). This subtractive hybridization
is used with the help of a wide variety of kits which are commercially available.
Several commercial kits are accessible as a solitary package that claims to
dispose of 16S and 23S ribosomal RNA up to 95%. Some kits are very valuable
for Gram positive and Gram negative bacteria and as well relatively a small
number of eukaryotes such as plant, yeast, mouse, and human also. Bacterial
kits state to get rid of 5S, 16S and 23S and ribosomal RNA upto 99% from
B. subtilis and E. coli cultures. Availability of commercial kits are limited by
means of the variety of sequence of their seize probes. The age of pattern seize
probes has established high quality in the ribosomal RNA depletion in the ocean
(Stewart et al. 2012). This concerned polymerase chain reaction amplification of
the ribosomal DNA (rDNA) from the environment yet to be analyzed. Presence
of T7 promoter at the 50 end of the reverse primer permitted successive in vitro
transcription, resulting in an extreme production of ribosomal RNA probes.
Integration of biotinylated uracil and cytosine permitted probes retrieval by
using the magnetic beads lined by streptavidin. Advantage of this process is
the sample specificity of the probes. Even though, to seize all the ribosomal
RNA in the sample, probes need to be generated for prokaryotes, eukaryotes and
for archaea also and even then the primers useful for the amplification by PCR
are not now universal and they will exclude some of the range. Additionally, the
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probe technology is intensive mostly if a couple of units are required. Elimina-
tion of full 5S ribosomal RNA is regularly no longer profitable with such
techniques both and if the generation of 5S ribosomal RNA probes takes place
then the workload will increased similarly.

Substitutes of subtractive hybridization do not include so arbitrary priming
reverse transcription to partiality for ribosomal RNA during the synthesis of
cDNA and enzymatic degradation of ribosomal RNA. The only mRNA packages
occupy the enzyme terminator exonuclease for the degradation of transcripts exclud-
ing a 50 monophosphate, and leave intact messenger RNA. Though RNA extracted
from environmental samples is in very specific conditions of degradation and,
however, this package is being utilized to expend the ribosomal RNA in the
metatranscriptomes of marine. Additionally, it has been verified to be much less
kind at getting rid of rRNA. Even though there is an evidence of a synergistic
extension in presumption.

On the other hand the enzyme successful for the depletion of rRNA is duplex
unique nuclease, which is used during the normalization of eukaryotic cDNA
libraries (Zhulidov et al. 2004) and genomic DNA libraries (Shagina et al. 2010)
appreciably. It is very helpful in the degradation of any double standard nucleic acid
such as RNA: RNA, DNA: DNA, and RNA: DNA. Its efficiency of rRNA removal
has been tested recently (Yi et al. 2011). Ribosomal RNA depletion and the use of
duplex unique nuclease (DSN) contains denaturing of cDNA pattern to recycled
secondary organization, resulting in the single stranded molecules. Then the pattern
of denaturation is maintained for an exclusive range of time at a lower temperature,
after which the addition of duplex unique nuclease (DSN) takes place. Predomi-
nantly self-homologous and abundant ribosomal RNA derived cDNA molecules
improve their duplexes and appear as a target for duplex unique nuclease (DSN),
while the mRNA transcript with medium and low significance are not affected.
Duplex unique nuclease (DSN) has been verified to be extra beneficial at doing away
with ribosomal RNA and additionally it brings much less inequality (Yi et al. 2011).
The disadvantage of many rRNA depletion techniques is the requirements of RNA
quantity immensely, which is frequently very hard to achieve from the samples of
environment. In addition, only single technique can be helpful to get rid of all the
RNA present in the sample almost, which means there may be insufficient left to
develop the sequencing library also. Duplex unique nuclease (DSN) protocol
(Yi et al. 2011) conquers this with the help of producing cDNA from RNAmolecule,
by using the conserved tails which then can be used to create larger the cDNA after
depletion resulting in enormous portions of messenger RNA enriched cDNA. This
can directly be utilized to generate the sequencing libraries.

To overcome from the low yield of RNA from the environmental samples, it
would allows more than one enrichment round and make sure that there is sufficient
finishing after the treatment for justification, quantification and downstream
processing. True amplification of RNA by using commercial kits has been utilized
in the evaluation of microarray efficaciously. Additionally, the amplification may
also be useful to generate the large RNA quantities in the metatranscriptomics from
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the low amounts of valued opening material or after the enrichment of messenger
RNA before sequencing process.

Before intending for sequencing process, it is quite vital to authenticate the
success of mRNA enrichment. The most effective way to attain the mRNA share
in a sample is to sequence it, though this is not repeatedly sagacious because of
economic limitations and time. Utilization of capillary electrophoresis is utilized
with the help of bioanalyzers, which are normally used to decide the depletion of
ribosomal RNAmostly depends on the reduction or failure of the peaks showing 16S
and 23S ribosomal RNA. Though, even various assays with high sensitivity
performed with the help of such procedure do not accurately decide the levels of
enrichment now. Additionally, qRT-PCR and quantitative PCR can be used to
verify relative quantities of ribosomal RNA in an each sample prior and after the
experiment. Template RNA quantity has to be the same for samples with or
without treatment, so a unique RNA fluorescent dye is required for the correct
quantification.

Till today the majority of research on metatranscriptomic has targeted on the
marine environment (McCarren et al. 2010; Stewart et al. 2012), the place with the
diversity of microbes, compactness and implement is little in compare to the soil, this
generally results in less of ribosomal RNA in the metatranscriptomes of marine
samples. Even though presently various environments have been studied by using
this approach, which include lakes of freshwater (Vila-Costa et al. 2013), hydrother-
mal vents in deep ocean (Lesniewski et al. 2012) and guts of human (Ursell and
Knight 2013), termites (Raychoudhury et al. 2011), nematodes (Bomar et al. 2011),
and mice (Xiong et al. 2012). The study of metatranscriptomes for complex terres-
trial environments such as plant and soil rhizospheres analyzed to date has been
reserved to eukaryotes (Takasaki et al. 2013). Mostly, it is due to simple enrichment
of mRNA taking achievement of polyA of mRNA transcripts in eukaryotes. An
additional speculation introduced through the environment of soil is the availability
of breakdown products of lignin, humic acids, which can be co-purify with nucleic
acids and are inhibitory to many enzymes (Wang et al. 2012).

The main annoy in the research area of metatranscriptomic has been that some
researchers have confined organic duplication or comparisons between incompara-
ble atmosphere. Some studies have differences in day and night time
metatranscriptomes in ocean and communities of lake (Vila-Costa et al. 2013).
While, due to perturbations others have in distinguish adjustments in the
transcriptomes (Ursell and Knight 2013). In marine metatranscriptomes the chrono-
logical dynamics have been evaluated by using maintenance tools and involuntary
series. Including a wide range of sequencing reads that suit a very precise group of
taxonomy or hit a gene in the metabolic pathway of two different environment can
contribute solely comparisons. Additionally, an interior RNA admired allows the
commitment of depth of sequencing and complete abundance of transcript (Moran
et al. 2013). This protocol implementation, likewise recent updates in enrichment of
messenger RNA and the huge quantity of given sequence makes it possible now for
quantitatively and statistically metatranscriptomes observation isolated from more
than one complex environment.
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In case of non model microbes, assembly of de novo transcriptome can be cost
effective approach, fragments of transcripts are formed and due to this subjected to
gene annotation automatically by using the instruments such as KEGG datasets and
gene ontology (Kanehisa and Gotz et al. 2008). Then mapping of short sequencing
reads takes place to the assembled fragments to decide the quantities of transcript
(Mortazavi et al. 2008). With the help of such information, it is feasible to conclude
the relationship between phenotype and gene expression profiles (Ekblom and
Galindo 2011). Though, such type of symbiotic connections can make it rigid to
separate the RNA of plant from RNA of microorganisms. Specified complex nature
of structure found during symbiosis and the errors in the database of sequencing,
assemblies of transcripts may also include mistakes. In this case, the algorithms are
not remarkable and enormous amount of mapping sequences can be vanished, these
concerns can be partial the quantification and generate many false negative and false
positives during the identification of gene (Xiao et al. 2014).

3.6.6.1 Characterization of the Metatranscriptome
Advancement in the sequencing techniques revolutionized metagenomic analysis
and have also highly developed techniques targeting the study and understanding of
expression of gene at universally. To understand the significant roles that expression
of host gene performs at cellular and tissue level has become very important in the
past time from the sophisticatedly explained differential display approach (Liang and
Pardee 1992) to the universal transcriptome approach by using the microarrays
(Schena et al. 1995). Recently, the initiation of extremely parallel sequencing and
RNA sequencing has established exciting and novel prospects in the field of analysis
of transcriptome by giving vibrant and imminent range formerly unbelievable (Wang
et al. 2009). Additionally after gaining the insights from the explanation of expres-
sion profile of host gene, now we are also in the situation to analyze the gene
expression of composite microbial communities at the specified environment that
comprises the expression profile of gene of fungi and bacteria that can be cultured or
not cultured. Datasets of metatranscriptome analysis thus accompaniment the
datasets of metagenomics through explaining very precisely that which of the
genes were annotated during the analysis of metagenome and are transcribed
(Franzosa et al. 2014). Thus are facilitating the demonstration of the functions
from a probable range of bacteria that are truly in use. With the help of such
functional datasets, the active metabolic pathways can be recognized in the microbial
communities and it can be linked with specific environmental situation (Shirley et al.
2015). Thus, metatranscriptomics provide the new perspective of information in
comparison to metagenomics, because it can disclose the facts about the microbial
communities that are transcriptionally active and just do not recognize the heritable
content of bacterial communities as during the analysis of metagenome.

3.6.6.2 Metatranscriptomics Data Analysis
Database of a standard metatranscriptome incorporates millions of mRNA
sequenced molecules. These sequenced molecules are known as RNA-Seq reads.
However, as experiments on metatranscriptome are increasing in measurement and
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number continuously so efficient and automated, high throughput sequencing
analyses are essential to conclude the crude significance from the databases (Korf
2013). Over the previous years, various inclusive evaluation groups have been
developed and are significantly followed and provide the uninterrupted results.
These techniques are employed with the combination of specific bioinformatics
tools to achieve the similar motive of concluding the expression stages of the gene
and alteration in the different expression stages. Some steps of analysis are essential
during the process and thus are equally exist during complete metatranscriptome
analysis. These analytical steps are made up of the straining of non-mRNA
sequences and same as the host reads, filtering and trimming of low quality
nucleotides and reads, figure out of ORFs, mapping of reads with reference datasets,
normalization and then calculation of the expression ranges of gene with various
statistics (Wang et al. 2009).

In this process, a non-obligatory analytic step is the assembly of mRNA reads into
contings. This can be performed after introductory filtering. After implementation,
the assembly step is combined with the mapping of the contings to the genomes
mentioned, when these are accessible. However, computationally an assembly step
is very tricky and it entails superior experimental database for sequencing. It carries
the attainable for the finding of facts related to expression of gene that is not
conceivable to accepting this, for example, relationship between beginning and
ending locations and neighboring genes. Deeper sequencing is required, experimen-
tally to permit the assembly of contings and though, usually exclusively from a large
sets of reads the considerable areas can be assembled (Morgan and Huttenhower
2014). The assembly step is exemplary in case in which successive gene annotations
and a reference genome are not available extensively. The matches in which a
reference genome is no longer available, the annotations of the sequenced transcripts
are generally established with the help of similarity of the sequence to sequenced and
annotated product. So the assembled transcripts are aligned by using the annotated
datasets of protein with the help of computer software, for example, Blast2GO
software (Conesa et al. 2005) and we get extremely comparable proteins then a
comparable natural feature is inferred normally. A number of groups for the recon-
struction of whole transcriptome have been developed. Primarily these are based on
massive computational tools, usually depending on graph theoretic standards
(Grabherr et al. 2011).

An additional vital problem during the evaluation and conclusion of data from
metatranscriptomics is joining the complete DNA database and the evaluation of the
RNA sequence statistics. During the analysis of these two different kinds of statistics
alongside for a particular pattern allows us for the conclusion of the doubtlessly
available genes vs really expressed genes (Shirley et al. 2015). In spite of the
occurrence of the assembly step at the end of the RNA sequence evaluation and
the process of postnormalization, an information outline is transformed into the
values of relative gene expression and then it can be analyzed similarly in the
comparison to the statistics analyzed in metagenomic and 16S RNA sequencing.
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3.6.6.3 Future Scenario and Conclusions
To discover the metabolic interactions at community level, metatranscriptomics
invention is a probably affluent technique. Although, the challenges to produce the
metatranscriptomes database from the environmental mRNA is very simple in
comparison to their assessment and their interpretation. Metatranscriptomics holds
splendid plausible to find biological facts that may additionally be in any other case
obscured by means of different genomic methodologies. This afford a correct
snapshot under the specific conditions at a given time of profile of gene expression
as an substitute than its capacity as indirect from DNA based metagenomic shotgun
sequencing. Such as, metatranscriptomic interpretation of microbiome can also
highly permit the clarification of beneficial changes that dictate the features of
microbiome under given circumstance, its communications with the host plant and
sensible modification that escort the beneficial microbiome conversion in the direc-
tion of a disease driving arrangement. In addition metatranscriptomics can also
unlock an idea for the discoveries of regulatory mechanisms coordinate determined
expression of gene, thus it uncovers that how microbe–microbe and microbe–host
interactions regulate the activity of microbiome. Continue addition in the evaluation
of a large number of microbiome techniques can make a crucial contribution in the
direction of concluding a complicated and enormous mystery. Additionally,
attracting the globe for integral techniques for 16S rRNA characterization such as
metagenomics, metatranscriptomics, metaproteomics, and metabolomics may
benefit careful deliberation in illustration the cost choice limitations and availability
of pattern are no longer excessive.

Potential to understand the facts of single transcriptome and metatranscriptomic is
currently inhibited through the use of the accessibility of high quality, specifically
annotated and phylogenetically diverse genomes with the inadequate information of
cell metabolism of fungi, the place many mapped transcripts continue to be of
imaginary characteristic and attributed features through the sequence homology
might be doubtful also and by the way of lacking of databases of curated sequences
for specific functions. Precisely annotated and high quality reference genomes are
essential for all the metatrancriptome and transcriptome studies such as to identify
transcripts in individual genomes, to endow statistics on order of the gene and
community and to provide interpretation for the assessment of complex microbial
community databases. Mission for sequencing the 1000 fungal genomes are trying to
intensify the taxonomic size of sequence databases of fungal genome and are
providing mixed genomes and transcriptomes to assist annotation. For being the
most valuable, the database of genome sequence desires to be associated through
expression of gene and various experimental databases. Such types of databases are
under progress.

Constant emphasis needs to be located on the cell biology of a large taxonomic
variety of fungi to assist definite responsibility of outline aspects of main metabolic
pathways and gene features, mostly for the imaginary genes. The augmentation of
research related with metatranscriptomics with improvement in metaproteome based
on Mass Spectrometry analysis will supply accurate sensible assignments of tran-
scribed genes (Mueller and Pan 2013) and limit our dependence on the techniques
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based on sequence homology. Unremitting development of sequencing structures for
guiding the longer sequence will improve the capacity additionally to record the
transcriptional sequences to consider taxonomic communities and features.

Whereas the evaluation of microbiome metatranscriptomics holds assurance in
the improvement of our grapple of the complex community behavior of the
microbiome. Various challenges needs to be maintain to organize and adorn the
general applicability and reproducibility during metatranscriptome study. Even with
these tackles, the evaluation of metatranscriptomic of microbiome might be addi-
tionally of splendid cost during the transfer from an expressive microbiome charac-
teristic to a reflective observation in the contribution of microorganism to disorder
vulnerability and homeostasis. Such as, metatranscriptome assimilation into the
research of microbiome can also permit to attain advanced grasp of its variety of
functions in the physiology of rhizosphere.

As the databases based on sequence are continue becoming large and our research
is becoming more complex, so enhancement in the computational speed and coping
of databases are wished facilitating comparative studies. To overcome from the
restrictions in the evaluation of transcriptome will need an intensive effort to
improve our potential to specifically assign the functions of transcript, become
attentive of various factors of main metabolic pathways and unscramble
relationships amongst the microbes in the microbial communities. Doubtlessly this
will contain the pioneering use of accessible computational resources as adequately
as the diagram and advancement of novel techniques for assigning various functions.
Continue sharing of this data through validated datasets publicly and various facts
assets will encourage accurate explanation of databases of composite
metatranscriptome. Metabolism of microbes at the cell and range of microbial
community is controlled at different amazing factors such as material containing
genome and its related closely regulatory features of transcription, post-
transcriptional controls obligatory on the messenger RNA, post-translational
modifications, and protein location in the cell and enzyme kinetics in the unusual
atmosphere of biochemistry. Metatranscriptome based analysis provides a world
view of metabolism of community the place considerable taxa and moderately the
expresses genes are most likely to be represented. However, the area with small
loads of microorganisms and genes with small stage of gene expression may be
missed additionally. For being the most informative, analysis of metatranscriptomic
ought to be assorted with the assessment of the detection and viability/growth of the
members of microbial community, knowhow of the closely bio-geochemical envi-
ronment and the things to do of expressed proteins and enzymes.
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Chemical Signal Dissemination Through
Infochemicals 4
Randeep Kumar, Chandini, Ravendra Kumar, Om Prakash,
Rakesh Kumar, and A. K. Pant

Abstract

Every species has its own way of communication with diverse range of complex-
ity that is relatively simplified in case of higher organisms while relatively
complex in lower organisms like insects. Infochemical mediated chemical signal
dissemination is very unanimous mode of communication in insects. Inability of
lower organisms to emit acoustic signals enables them to adopt the infochemical
mediated communication. Infochemicals comprise all forms of chemicals
involved in communication process whether it is intraspecific or interspecific.
Chemicals responsible for intraspecific communication are termed as
pheromones while it is allelochemicals in case of interspecific communication.
Infochemicals based communication has procured its efficiency in various envi-
ronmental conditions such as rocks, aquatic, soil, and air, etc. Chemically these
infochemicals represent diverse range of functional groups such as hydrocarbons,
proteins, peptides, lactones, terpenes, amino acids, carbohydrates, lipids,
phenolics, etc. A number of signal emitters and receptors are present in insects
regulated by a collection of genes for its better effectiveness. Chemical diversity
and the gene regulated signal dissemination are the two factors responsible for
specificity of the infochemical communication. These infochemicals regulate a
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range of social functions in insects such as mating, aggregation, trailing,
alarming, protection from enemies, aphrodisiac, etc. Also, utilization of these
infochemicals is an alternate way of providing the pathways for insect manage-
ment by mating disruption, mass trapping, monitoring of pest infestation, mass
annihilation, etc. Thereby, these infochemicals can be an important component of
sustainable management of insect pests and also Integrated Pest Management
(IPM).

Keywords

Infochemicals · Pheromones · Allelochemicals · Infochemical effect · Pest
management

4.1 Introduction

Infochemicals stands for the communication or sharing of information through the
use of some chemical signals or cues in some small organisms or insects. Every
organism has its own way of communication by the use of acoustic signals of some
optimal frequency but this is not so in the case of minor organisms so they intended
the use of some chemical compounds to communicate and to perform their activities.
Often the term semiochemicals is confused with the infochemicals. Communication
mediated through chemicals signals dissemination most often collectively termed as
semiochemicals but nowadays it is advised to use the term infochemicals instead of
semiochemicals to be more appropriate. Infochemicals represent the sharing of
information among the individuals of same or different species resulting in the
physiological or behavioral changes in either one or both the sender and receiver
species. The behavioral changes represent the stimulation or inhibition of a behavior
pattern on the receipt of any stimuli and hence regulation of the expressions (Foster
and Harris 1997).

4.1.1 Infochemical Effect

Sometimes infochemical transmission of signals gets interrupted with the anthropo-
genic substances and also may interfere with the communication process. This is
because of the fact that the chemical cues responsible for possible communication in
insects may be identical as the chemical released from humans. So the interruption of
chemical cues of some minor organism by anthropogenic sources is called as
infochemical effect (Klaschka and Kolossa-Gehring 2007; Klaschka 2008). The
infochemical effect can have various effects on an individual that may be lethal or
sublethal irrespective of toxicity of the infochemicals. When the infochemical effect
leads to mating disruption of a species it is sublethal, while when the effect leads to
non-recognition of the predator it can have lethal effect.
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4.1.2 Adaptability of Infochemicals

There are several stimuli that persist in the environment that evokes various chemical
signal transmission and also responsible for biological activities of any population.
Even a single organism receives overplus of stimuli every day. These stimuli are
responsible for the survival and existence of organisms. These chemical stimuli or
cue has adapted to be superior over other sources of stimuli such as acoustic signals.

This infochemical signaling persists in a wide range of environmental conditions
such as in aqueous environment, in the air, in the rocks, etc. Also, these signals
transverse in the wave manner and are independent of the presence of the light.
These signals are not so effective in case of higher organisms like humans while very
much effective in case of lower organisms such as insects. The effectiveness of these
chemical signals may be attributed to the highly developed olfactory or chemo-
receptors in the insects which is not so adapted in case of higher organisms. These
stimuli after emission from its source get significantly reduced after traveling
towards long distance receiver organisms. In other words, it can be stated that the
concentration of the chemical stimuli gets reduced over distance. These signals lasts
more than the sound time range but not more than those of the morphological
changes and possess substantial time limit. Also, it possesses the intermediate spatial
limit that is lower than the penetrating range of the sound waves but more than the
range of touch and taste. These effects are due to the degradation of compound
responsible for chemical signaling. In fact, infochemical communication is not the
one to one communication as it is more effective when there are a large numbers of
olfactory receptors, more numbers of chemical compounds present in the signal, and
the odor qualities too. The universality of the infochemical communication being
that it does not require any physical signal to be transformed into biochemical signal.

4.2 Classification of Infochemicals

Primarily the broad category infochemicals are classified as per its function which
distinguishes the infochemical into two groups that are pheromones and
allelochemicals. Again, the pheromones are classified based on its intended function
that is the chemical employed in various uses such as mating attraction, danger
alarming, social aggregation, marking territory, etc. Also, a category of
infochemicals that is allelochemicals are distinguished into three sections that are
kairomones, allomones, and synomones. Based on the chemical compounds falling
under both the category, allelochemicals comprise the much broader group than that
of the pheromones (Wyatt 2010; Law and Regnier 1971; Regnier and Law 1968;
Dicke and Sabelis 1988; Nordlund and Lewis 1976).
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4.2.1 Pheromones

Pheromone word has been derived from two Greek words “pherein” and “horman”
which mean to carry and to excite, respectively. Pheromones are defined as those
substances which are released outside the body unlike the hormones which are
released inside the body and also these pheromones are meant to be utilized by the
individuals of the same species (Karlson and Lüscher 1959). Basically pheromones
fall under the class of intraspecific communication. Several classes of compounds
secreted by various insects fall under this category such as bombykol (Bombyx
mori), gyptol (Porthetria dispar), gyplure (Porthetria dispar), 9-oxodecenoic acid
(Apis mellifera), 9-hydroxydec-trans-2-enoic acid, isopentyl acetate (honey bee),
methyl-n-pentyl ketone (Iridomyrmex pruinosus), propyl isobutyl ketone (Tapinoma
sp.), citral (Atta sexdens rubropilosa), citronellal (Acanthomyops claviger), a furan,
dendrolasin (Lasius fuliginosus), 2,α-dimethyl-3-isopropylidene-cyclopropyl propi-
onate (Periplaneta americana) (Jacobson et al. 1960; Gary 1962, 1963; Callow and
Johnstonn 1960; Butler et al. 1964; Chadha et al. 1962; Blum et al. 1963; Wilson and
Pavan 1959; Boch et al. 1962; Wharton et al. 1963). Chemical structures of some of
the important allelochemicals along with their producing species have been
illustrated in Fig. 4.1.

4.2.1.1 Trailing Pheromones
Most of the chemical substances used for marking are meant for terrestrial or trail
marking and these substances are used by the individuals of same species having
well-developed olfactory or gustatory organs. These substances are generally
secreted on the ground or over other substrate towards which the insects are directed
to crawl. These substances being identified intraspecifically based on the polarity or
the chemical constituents of the pheromones released (MacGregor and Thorpe 1948;
Carthy 1951). These types of pheromones are observed in several insects such as
Eciton hamatum (F.), Myrmelachista ramulorum (Wheeler) and Paratrechina
longicornis (Latreille), Lasius fuliginosus, Atta texana (Buckley) and Tetramorium
guineense (F.); Solenopsis saecissima (Blum and Portocarrero 1964; Blum and
Wilson 1964; Carthy 1951; Moser and Blum 1963; Blum and Ross 1965; Wilson
1959).

4.2.1.2 Aggregation Pheromones
Many of the insect species need to form aggregation for many objectives such as
hibernation, estivation, mating, protection from predators, etc. These insects may
belong to several orders such as hemiptera, ephemeroptera, isoptera, hymenoptera,
etc. These social gathering may occur temporarily or permanently as per the need of
the insect species. In general social insects like ants, honey bee require permanent
aggregation. Colonies of honey bees are the part of permanent or persistent aggre-
gation while aggregation of mating purposes is a temporary type. Pheromones
released for such aggregations may be secreted by any sex of that species or even
may be by both the sexes depending on the species to species and also may be
occasional or several times as per requirements of a particular species (Caspary and
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Downe 1971; Spieth 1940; Nixon and Ribbands 1952). These types of pheromones
are observed in several insects such as Vespula spp., Trigona iridipennis, Polistes
sp., Andrena flavipes, Schistocerca gregaria, Semiadalia undecimnotata,
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Fig. 4.1 Chemical structures of some of the important pheromones along with their producing
species
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Dendroctonus frontalis (Morimoto 1960; Butler 1965; Norris and Richards 1963;
Hodek 1960).

4.2.1.3 Alarm Pheromones
Many insect species utilize various means to ensure its security from its enemies or
predators. Some of the species exudates some species-specific secretions which act
as an alarm to the whole species population. Many a times such secreted substances
were not referred to as the pheromones as they do not induce any behavioral changes
in the alarmed members of that species. But also in some cases like ant species
Formica rufa secreting formic acid in order to save the other members from
predators were called as pheromones. Since, these secretions are mainly utilized in
protection purposes therefore the alerting substances would be more appropriate than
that of the alarming substances (Maschwitz 1964a; Wilson 1963, 1965). These types
of pheromones are observed in several insects such as Vespula germanica (F.),
V. vulgaris (L.), Ponera coarctata, Myrmecina graminicola, Bombus lucorum,
B. hortorum (L.), B. hypnorum (Maschwitz 1964a, b; Moore 1964; Stuart 1963).

4.2.1.4 Sex Attractant Pheromones
Sex attractant scents or lures are usually produced by females and attract males
exclusively. However, there are a few species in which the roles of the sexes are
reversed in this respect and the males produce scents that attract the females.
Aggregations of insects for sexual reproduction sometimes result from one or
other of the sexes emitting an olfactory pheromone that attracts both sexes. Olfactory
sex attractants serve to bring male and female insects that are out of sight of one
another close enough for visual and tactile attractants to come into play. Although
many, probably most, olfactory sex attractants are species-specific, there are enough
exceptions known to show that such specificity is not essential to prevent indiscrim-
inate cross-mating. Even with closely related species occupying the same general
habitat, interspecific mating is unusual in nature (although less so in the artificial
conditions of the laboratory), probably because of slight but important differences in
courtship behavior. These types of pheromones are observed in several insects such
as Anthonomus grandis, Belostoma indica, Harpobittacus australis, H. nigriceps,
Hepialus hectus (L.), Leucophaea maderae, Lasius neoniger, L. alienus, and
Acanthomyops claviger (Law et al. 1965; Richards 1927; Engelmann 1965;
Bornemissza 1964; Keller et al. 1964; Butenandt and Tam 1957).

4.2.2 Allelochemicals

Unlike pheromones, allelochemicals comprise the infochemical communication in
between the individuals of different species. Comparatively, allelochemicals com-
prise more number of compounds than that of the pheromones. Allelochemicals are
classified on the basis of species that benefitted of the communication like
kairomones in which recipient species is benefitted, allomones in which the emitting
species is benefitted, and synomones in which both the emitter and recipient species

96 R. Kumar et al.



are benefitted (Karlson and Lüscher 1959; Wyatt 2010; Nordlund and Lewis 1976).
Chemical structures of some of the important allelochemicals along with their
producing species have been illustrated in Fig. 4.2.

4.2.2.1 Kairomones
The term kairomones have been derived from a Greek word Kairos which means
opportunistic. The kairomones stands for the type of chemical cues responsible for
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the chemical communication in between two different species where the responding
species is benefitted. These type of secretions are released by the plants, insects, and
even by the higher animals like humans also. As lactic acid constituents in the human
sweat acts as an attractant to Aedes aegypti, helpful for their feeding. Even the
secondary metabolites produced by the plant can act as chemical cues to the
herbivore which stimulates them for aggregation and also indicates a site of food
source. An insect that is American bolas spiders release chemicals to attract male
moths prey which indirectly acts as a sex pheromones to the female moths (Raji et al.
2019; Torto 2009).

4.2.2.2 Allomones
The term allomones have been derived from two Greek words allos + hormon which
mean to excite others. In this type of chemical cues, chemical released by one
organism induces a specific response by the other organism of some different species
than the sender species while the communication attained being favorable to the
sender species. Most of the time these allomones act as defensive secretions as it is
poisonous, noxious, or deterrent to the predators. Many of the plant constituents
have been identified to be antifeeding, insecticidal, deterrent to the pest species.
Sometimes the plants release its secondary metabolites such as alkaloids, cardiac
glycosides, cyanogenic glycosides, etc. which acts defensive to the phytophagous
insects (Torto 2009; Kumar et al. 2019a, b; Wink 2018).

4.2.2.3 Synomones
In this type of chemical communication chemical released by emitter species is
recognized and responded by the recipient individual of some different species while
the communication being favorable to both the emitter and recipient species. The
chemical communication regulates the specific reaction to the specific chemical
release. The infochemical release by the Ips paraconfusus constitutes cis-verbenol,
ipsenol, and ipsdienol, while in case of Ips pini it is linalool, cis-verbenol, and
ipsdienol. While sharing the common habitat, ipsenol acts as repellent to the Ips pini,
while linalool acts as repellent to the Ips paraconfusus so as to avoid competition for
habitat or food (Andersson 2012; Torto 2009).

4.3 Chemical Nature of Infochemicals

It is the chemical specificity of the infochemical that enables its effectivity at a very
low concentration. It requires a specific concentration of the chemical cues that is in
between the high tissue concentration and low background concentration. A very
minimal amount of around nanomolar concentration is required for its effective
communication. Sometimes, an effective biological activity is achieved even when
there is no peak observed in Gas Chromatography (GC). A vast diverse range of
chemical group constituents present in chemical cues responsible for infochemical
communication involves carbohydrates, proteins, lipids, hydrocarbons, aldehydes,
alcohols, glycopeptides, oligosaccharides, carbonic acids, lactones, phenolics,
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flavonoids, steroids, terpenoids, etc. Apart from the diverse functional groups,
stereochemistry and the chirality of the chemical cues are also responsible for its
specificity. In general the infochemical cues are a complex mixture of various
chemicals. A sender releases a specific complex mixture of infochemicals at a very
specific low concentration which is very essential to stimulate recipient receptor and
hence the effective communication is achieved. Both the qualitative and quantitative
compositions are critical for the infochemical communication to be specific and
effective (Klaschka 2008; Rasmussen et al. 2003; Larcher 2003; Boller 1995; Zou
and Buck 2006).

4.4 Function of Infochemicals

There are broad ranges of functions that prevail influencing insect’s behavior
depending on the species to species. Usually multitude of chemical cues exists that
is the one chemical stands for more than one messages. Following are the most
common functions identified resulting of the chemical release and detection such as:

• Aphrodisiac • Social hierarchy

• Attractants • Search for food

• Anti-aphrodisiacs • Search for ovipositional sites

• Aggregation

• Alarm • Protection from predators and parasitoids

• Defense

• Mating

Some of these functions associated with the specific chemicals released by the
insect species have been listed in Table 4.1.

4.5 Infochemicals Communication

As stated earlier the infochemical communication is very effective in lower
organisms like insects due to highly active olfactory organs preset in them much
more than that of the higher animals. The infochemical communication specificity is
based on the release of structural specific chemicals by the sender and thereby the
capability of the receiver to detect the chemical released. These release and detection
based communication may be either intraspecific just like as pheromones or inter-
specific like as allelochemicals and also may be medium to long time or spatial
ranges.

Just like other ways of communication, infochemical communication too requires
three components: one is the sender responsible for release or encoding the signal,
second one is the receptor where the signal is detected based on the specificity of the
receptors, and the third one is the response through decoding of the signal and
thereby appropriate action. Sender releases a specific type of chemicals in specific
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Table 4.1 Some important infochemicals responsible for crucial function in the insects

S. No. Function Insects Infochemicals References

1. Aphrodisiac Lygus hesperus Myristyl acetate Brent et al. (2017)

Drosophila
melanogaster

Cis-vaccenyl acetate,
Heptacosadiene,
Nonacosadiene

Laturney and
Billeter (2016),
Yew et al. (2009)

2. Anti-
aphrodisiac

Heliconius
melpomene

(E)-β-Ocimene,
Hexyloctadecenoate,
Heneicosane

Schulz et al.
(2008), Darragh
et al. (2019)

3. Defense Amazon Azteca
ants

6-Methyl-5-hepten-2-
one-2,3-butadione,
Acetoin

Jardine et al.
(2020)

Dolichovespula
maculata

Dimethylaminoethanol,
2,5-dimethylpyrazine,
2-heptadecanone

Jimenez et al.
(2016)

Leptopilina
ryukyuensis

(-)-Iridomyrmecin Böttinger et al.
(2019)

4. Aggregation Cimex lectularius (2E, 4E)-Octadienal, (E)-
2-Hexenal, Nonanal,
Decanal

Liu et al. (2017)

Tribolium
confusum

1-Tetradecene Kheloul et al.
(2019)

Murgantia
histrionica

Murgantiol Lancaster et al.
(2018)

5. Alarm Solenopsis invicta
Apis mellifera
Rhopalosiphum
padi

2-Ethyl-3,6-
dimethylpyrazine,
Isopentyl acetate,
E-β-Farnesene

Du et al. (2019)

Vespa velutina Undecen-2-one,
Undecene-2,10-dione

Cheng et al. (2017)

Halyomorpha
halys

(E)-2-Decenal Zhong et al. (2018)

6. Mating Anoplophora
glabripennis

(3R,5S)-3,5-
Dimethyldodecanoic acid

Hanks and Millar
(2016)

Sitotroga
cerealella

(7Z,11E)-Hexadecadien-
1-ol acetate

Ma et al. (2016)

Monochamus
saltuarius

2-Undecyloxy-1-ethanol,
Ipsenol, Ipsdienol,
Limonene

Lee et al. (2017)

7. Search for
oviposition
site

Lobesia botrana,
Eupoecilia
ambiguella

Linalool oxide, Cumene,
(-)-Perillaldehyde, (R/S)-
Limonene

Markheiser et al.
(2020)

Rhynchophorus
ferrugineus

Oleic acid Mazza et al.
(2016)

8. Search for
food

Trogoderma
variabile,
Trogoderma
granarium

Myristic acid, Palmitic
acid, Stearic acid

Morrison et al.
(2020)
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situations in order to produce a particular effect. These signals are very specific and
vary as per the response required and depend on the type of receiver organisms
(interspecific/intraspecific communication). The specificity and effectiveness of the
infochemical communication are based on the structural specificity or the chemical
group of the infochemicals released by the sender and also based on the genes
involved in the functioning of the receptor present in receiver organisms. These
signals after release get diffused in the environment and should contact the receptors
present in the receiver organisms for the appropriate action. These receptors are also
very specific in nature as it only detects the specific signals only. And the specificity
of the receptors is achieved by the presence of the odorant binding proteins in the
olfactory receptors. These proteins on reception of the signal undergo configu-
rational changes in order to produce a particular electrophysiological response.
These electrophysiological changes get transmitted to the brain for the perception
of the odor and thereby the receiver reaction occurs. After perception of the signal
these signals needed to be discontinued so these stimuli get disintegrated by the
degrading enzymes present in the receiver organisms (Freitag et al. 1998; Young and
Trask 2002; Zhao and Firestein 1999; Ferrari et al. 2007).

In general three different proteins are involved in the perception of any signal
such as odor binding proteins, odor receptor proteins, and the odor degrading
enzyme proteins. In a study it was revealed that there are a total of 57 genes
responsible for encoding the receptor proteins in Drosophila melanogaster. For an
effective communication to be achieved, complex formation between the odorant
and the odorant binding proteins is mandatory. Infochemical communication
comprises the formation of a dynamic communication web consisting of a varied
number of signals, released multiple times having broad ranges of action and also
released at various concentrations to produce multiple signals for the receivers. Even
after the complexity of the communication web the effective communication is
attributed to the presence of large number of genes involved in the specific recogni-
tion of the signal with proper recognition and appropriate response. Just like the
diversity in the signals released by the sender, the responses to an infochemical
signal are also diversified. In fact, the interspecific and intraspecific communication
can be achieved simultaneously. Just like an appropriate signal consists of several
stimuli, an appropriate response also composed of multiple reactions as per the
requirement (Field et al. 2007; Polya 2003; Klaschka 2008). Schematic diagram
representing infochemical communication in insects has been illustrated in Fig. 4.3.

4.6 Uses of Infochemicals in Insect Pest Management

Infochemicals are basically used for the communication among the lower organisms
mainly for their own purposes like defense mechanism, aggregation, trail marking
but still can be basis for pest management practices when utilized in a proper way
such as monitoring and detection, mass trapping and annihilation and mating
disruption as well (Suckling 2000; Byers 2014; El-Sayed et al. 2006).

4 Chemical Signal Dissemination Through Infochemicals 101



4.6.1 Monitoring and Detection

Pheromones are the chemical substances that are secreted and detected by the
organisms of same species for their intraspecific communication. Purpose of insect
pest monitoring at an early stage requires the installment of pheromones
incorporated traps at various places of the fields. In fact, the newly infested fields
should be monitored and detected prior to the deployment of management practices.
Prior forecasting of the pests is very much required for identification of the pest
species before their establishment in the field and also for the preparation of specific

Sender

Infochemicals secretion

Infochemicals release and diffusion

Stimuli DisappearsStimuli
Response

Stimuli Degrading 
Enzymes

Fig. 4.3 Schematic diagram representing the infochemical communication pathway
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pheromones to be used. Pest detection using pheromones is an eco-friendly approach
of the pest management practices. Pheromones approach is a highly sensitive
method as it can be used to be effective at a very low concentration and is able to
monitor a wide range of insects from large to small insects. Also, this approach is
found to be highly effective against the insects which have attained resistance against
other management practices. Mostly effective pheromones have been discovered
from coleopteran pests (Wall et al. 1987; El-Sayed et al. 2006; Kumar 2016;
Liebhold and Tobin 2008; Pereyra and Sánchez 2006).

4.6.2 Mass Trapping

Mass trapping is a unique strategy involving lure, trapping, and killing a large mass
of insects at a particular place in the field. Usually a device incorporated with
pheromones in it is installed to lure and to concentrate most of the pest species at
a particular place in or outside the field and thereby the application of the insecticidal
efficient components to kill the pest masses collectively. In general, sex pheromones
are usually used for this purpose due to its higher efficiency and also to control all the
male individuals of that particular insect species. Doing this, it enables the control of
one mating individuals for further inhibition of egg production and also for the
decrement of pest population in the field. Quantity of the traps to be installed
depends on the level of infestation. Generally, `20–25 traps per ha are used in the
green house condition and 40–50 traps per ha are used in the field conditions. This
method of pest management approach is also the efficient, eco-friendly and the cost-
effective approach of pest management. Only the cost involved is the use of
insecticides which can be remediated by the use of approach alternative to synthetic
chemicals use such as use of plant extracts, essential oils, biological control agents,
and other cultural practices having insecticidal, antifeeding efficacy (Bolckmans
2009; Giblin-Davis et al. 1996; Kumar 2016; Oehlschlager et al. 2002).

4.6.3 Mating Disruption

Mating disruption is a method involving the false alarm to the mating population and
also to deviate them to mate other than the infestation to the crops. In this method
usually the female sex pheromones are used and are placed outside the place to
attract all the male species away from the field attracted towards the false sex alarm
and gets devoid of mating. Furthermore, there is no egg laying and the pest popula-
tion gets suppressed minimizing the level of infestation in the field crops. Usually
this method involves the use of high doses of pheromones than that of other two
approaches at an elevated concentration of 80–100 traps per ha. Also this method
involves the installment of the infochemicals at several discrete locations. Again,
mating disruption techniques are also an eco-friendly, cost-effective, and efficient
approach of pest management practices (Witzgall et al. 1997; Kumar 2016; Cork
et al. 2001).
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4.7 Summary and Conclusions

Infochemicals represent chemical cues released by the insects responsible for their
basic necessities such as reproduction, defense, orientation, and social behavior.
Apart from that they have serious impact on ecology and ecotoxicology. Several
sources influence the infochemical mediated communication including anthropo-
genic sources called infochemical effect. Infochemical compounds being
non-pollutant, specific, cost-effective, and eco-friendly in nature are utilized in
pest management practices. But the ongoing researches are slow and steady. Utili-
zation of such components can lead to development of green strategies in pest
management for log duration of time. There are several research gaps or lacunae
in knowledge to work upon. Genetic regulations and neural network influencing the
infochemical communication are still needed to be elucidated. The adaptability of
chemical cues and the range of infochemical use is still a researchable issue.
Furthermore, the role of infochemical effect on the ecotoxicology has to be deter-
mined as its complexity is very well known but very little is understood so far
till now.
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Nitrogen Fixation Through Genetic
Engineering: A Future Systemic Approach
of Nitrogen Fixation
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Abstract

One of the major limiting factors of growing plants is nitrogen. Nitrogen is a very
important nutrient because it is a constituent of major genomic or structural
portion of the organism due to the presence of nucleic acid (DNA and RNA),
ATP, NAD and amino acid (Protein). The abundant amount is present in the
atmosphere but not be utilized by plants and animals directly. From several
decades, plant biotechnologists inspired about improvement of genetically
modified N2 fixation. In this chapter, we discuss biological nitrogen fixation
and how much recent progress occurred in genetic engineering of nitrogenase
into bacteria and plants to perform their own biological nitrogen fixation.
Researchers are inspired to develop transgenic bacteria capable of producing
novel symbiotic relationships with non-legumes, as well as engineering trans-
genic plants to express its own nitrogenase. Several advances have been made in
synthetic biology, as well as our understanding of biochemistry and genetics of
the nitrogenase enzyme in last four decades, which has made the apparently
distant and for long unapproachable dream more possible.
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5.1 Introduction

In every organism, nitrogen is a primary ingredient of biomolecules such as amino
acids (proteins) and nucleic acids (DNA and RNA). The natural source of nitrogen
uptake includes biological nitrogen fixation, decomposing organic matters and the
small amounts from due to the physical process of nitrogen fixation, e.g. thunder-
storm or rainfall, and automobile exhausts. The common limitation in modern
agriculture for crop productivity is bioavailable nitrogen even though N2 constitutes
around 78% of the atmosphere. The high yielding varieties of cereal crops, rice,
wheat, etc. need huge quantity of industrially produced fertilizer to overcome the
limitation of nitrogen. The Haber-Bosch process has been providing needed nitrogen
fertilizers from atmospheric nitrogen since the beginning of twentieth century. It was
a major step forward because of its low cost and full substitution from previously
used mineral fertilizers which were non-renewable (Poliakoff et al. 2002; Cherkasov
et al. 2015).

In contrast to cereal crops, a small group of prokaryotes (bacteria and archaea),
some of which are free-living and some in symbiotic associations with leguminous
plants, are not only capable of reducing atmospheric N2 but also enriched the soil.
The process of fixing nitrogen involves enzyme nitrogenase, which is a multiple
subunit protein encoded by the nif genes by the process well-known as biological
nitrogen fixation (BNF) (Burns and Hardy 1975; Andersen et al. 1980; Singh et al.
2016). The median global value of BNF has been estimated around 88 Tg N year�1

(52–130 Tg N year�1) in natural terrestrial ecosystems. At least third part of it comes
from free-living sources (Davies-Barnard and Friedlingstein 2020). From the eco-
logical point of view, biological NF has also several advantages over industrial
fertilizer production, that is, self-regulation, utilization of renewable and environ-
mentally abundant substance such as carbohydrates and agriculture or forestry
wastes treatment (Nuntagij et al. 1989; Balis et al. 1996; Cherkasov et al. 2015;
Singh et al. 2019).

Several bacteria live in close proximity to the plant root forming the loose
association, and some even invade or spread within plant tissue. One of the
approaches could be to enhance the N2-fixing efficiency, colonization ability, den-
sity, and NH3 release of these bacteria. This approach can be considered most
suitable until the utilization of transgenic plants face technical hurdles in several
countries as it does not involve genetic modification. Improvement of biomass
accretion, nitrogen content, and seed yield by inoculation of N2-fixing strain of
P. protegens Pf-5 X940 into maize and wheat rhizoplane is one such example (Burén
and Rubio 2018).

Biological fixation of nitrogen can also be improved by the development of a
novel symbiotic relationship in non-legume cereals, such as rice, wheat, and corn, to
form nodules or nodule-like structure by associating with N2-fixing bacteria (Santi
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et al. 2013; Zhang et al. 2017). These structures provide a low-O2 environment, as
well as rich supply of carbon sources. For this purpose, it is necessary to modify
plants capable of interacting with bacteria and to get recognized as a suitable host.
Unay and Perret (2019) demonstrated the nodules development on roots of cowpea
by synthetic plasmid having a small set of selected nodulation genes assembly. Their
results confirm that by understanding the molecular bases for symbiotic NF would
better the possibility of transforming non-symbiotic bacteria into proficient rhizobia.

The most challenging strategy proposes to transfer nif gene into the genome of
plants (Curatti and Rubio 2014). These transgenic plants would then synthesize N2

fixing system and also regulate some amount of fixed nitrogen without requiring the
bacterial interactions. There are several obstacles such as the genetic differences and
frangibility of the nif regulon, requirement of specific biochemical conditions for
nitrogenase assembly and function, for example, necessity for protection from
oxygen, due to its extreme oxygen sensitivity (Robson and Postgate 1980; Dixon
and Kahn 2004; Temme et al. 2012; Poza-Carrión et al. 2014; Yang et al. 2020).
Allen et al. (2017) demonstrated the expression of 16 nif proteins within plant
mitochondrial matrix, providing experimental evidence to the strategy that trans-
genic plants in the future can be self-sufficient in utilizing atmospheric nitrogen.

5.2 Nitrogen Fixation

The atmosphere consists of large quantities of molecular nitrogen (N2), where it
undergoes complex biogeochemical cycle. Although the free N2 does not react with
other elements easily because of its stable triple bond, it is subjected to several
processes such as fixation, nitrification, denitrification, and nitrate leaching. Nitro-
gen fixation is a process of conversion of “dihydrogen,” or nitrogen gas into
bioavailable ammonia. This reaction is necessary for agriculture and various other
natural processes that hold and support the life on the planet and can be carried out
by both industrial and natural processes and requires high energy input and a series
of reduction steps due to high activation energy of the reactions (Saha et al. 2017;
Cherkasov et al. 2015).

Natural processes to fix nitrogen involve lightning (physical), photochemical
reactions and biological nitrogen fixation (biological). Lightning involves the for-
mation of highly reactive hydroxyl free radicals, free oxygen atoms, and free
hydrogen atoms by the conversion of water vapor and oxygen that form nitric acid
(HNO3) by attacking molecular nitrogen (N2). Nitrogen photochemical reactions can
also fix nitrogen by the reaction of gaseous nitric oxide (NO) and ozone (O3) that
produce nitric acid. The nitric acid afterward falls on to Earth with rain. The
remaining fixation results from the cardinal reaction by nitrogenase complex in
blue-green algae (cyanobacteria) or bacteria through biological nitrogen fixation
(Schlesinger 1997; Taiz and Zeiger 2002).

Due to the high demand of nitrogen fertilizer, several methods have been used to
fix nitrogen industrially. Among them, Haber-Bosch process is the significant way of
nitrogen fixation since its establishment in 1913, in which N2 reacts with hydrogen
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under extreme conditions. The high pressure (about 200 atmospheres) and elevated
temperature (about 200 �C) are necessary factors due to the high activation energy of
the reaction. There exist some environmental concerns associated with the process
because of its very intensive energy consumption and requires non-renewable raw
material to generate hydrogen. Besides intensive inputs to agricultural production
worldwide, one-third amount of fertilizer is subjected to leaching and emission as
greenhouse gas. Therefore, researchers are looking for substitute methods to fix
atmospheric nitrogen.

An alternative way of the industrial nitrogen fixation is the utilization of plasma in
nitrogen fixation. NF with plasma involves conversion of air component into
valuable products using only electricity. This method uses renewable energy sources
and produce nitrogen fertilizers without greenhouse gas emissions, essentially with
no waste and uses no solvents. One of the cons of the thermal plasma method is the
requirement of high temperatures and low energy efficiency. Another alternative
method involves the use of metallorganic complexes to fix nitrogen. It is a low yield
process with fast catalyst decomposition and extremely expensive compounds. Its
advantage lies in the possibility to investigate reaction mechanisms (Dance 2010;
Cherkasov et al. 2015).

From an agricultural point of view, biological nitrogen fixation is most vital, as
the output of nitrogen fertilizers through industrial process not often meets demands.
Due to in situ utilization, nitrogen fixed by the biological process has fewer
tendencies of leaching and volatilization. It is the need of the hour to reduce the
dependency on chemical fertilizers due to their interference in the nitrogen cycle,
nitrogen oxide emissions, acidification of soil and water eutrophication. Therefore,
enhancing the biological nitrogen fixation is the way forward for sustainable agri-
culture (Capone 2001; Dixon and Kahn 2004).

5.3 Structure of Nitrogenase Complex

These nitrogen-fixing bacteria or diazotrophic bacteria execute one of the most
intriguing chemical reactions in nature. Nitrogenase enzyme catalyzes the
ATP-dependent reduction of approximately one dinitrogen per second (optimum
turnover frequency) into ammonia. At least, each nitrogenase contains two
metalloprotein component: dinitrogenase reductase (Fe protein) and dinitrogenase
(MoFe protein), both homologous to each other. Dinitrogenase reductase functions
in MgATP hydrolysis and reduces dinitrogenase protein and transfer electrons, while
dinitrogenase binds and reduces dinitrogen molecules (Burris and Roberts 1993;
Einsle and Rees 2020).

On the basis of the metal cluster at the active site on dinitrogenase protein, three
classes of molybdenum, vanadium, and iron-based nitrogenase complex are
recognized. Mo-nitrogenase abundant one, which in Mo-limiting condition can
utilize V and Fe. Streptomyces thermoautotrophicus has a fourth class of a
superoxide-dependent nitrogenase (Eady et al. 1978; Hoffmann-Findeklee et al.
2007; Saha et al. 2017). The most investigated nitrogenase enzyme is the
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Mo-dependent nitrogenase. The structure of the nitrogenase, especially the structure
of FeMo-protein’s central unit, has been extensively reviewed and extensively
researched (Sickerman et al. 2019; Burén and Rubio 2018; Einsle and Rees 2020).

The dinitrogenase reductase is a dimer of ~60 kD (γ2) having one [4Fe–4S]
cubane between the two γ monomers (nifH) (Peters and Szilagyi 2006; Zhang et al.
2015). The dinitrogenase (MoFe protein), a ~ 230 kD tetramer, consists of two α and
β subunit each. α and β-subunits forms a αβ dimer (nifDK). MoFe protein comprises
metal centers of three types, that is, P-clusters, M cluster, and Fe16 (Fig. 5.1). There
are two “P-clusters” [8Fe:7S] serving as the initial acceptor of electrons from the Fe
protein at the α- and β-subunit interfaces. Two active sites buried in each α-subunits,
a [7Fe:9S:Mo:C:R-homocitrate] cluster called the FeMo-cofactor or M cluster
represents the site of substrate reduction. Two F16, a mononuclear iron site between
the two β-subunits is the third cluster. Electrons flow from the [4Fe:4S] cluster (in Fe
protein) to the P-cluster to the M cluster during substrate turnover. Sufficient buildup
of protons and electrons is required for substrate reduction. (Morrison et al. 2015;
Georgiadis et al. 1992; Peters et al. 1997; Lee et al. 2018; Einsle and Rees 2020).

During the reaction, Fe protein transfers electrons to MoFe protein forming a
transient complex with ensuant ATP hydrolysis. ATP binding lowers the reduction
potential of dinitrogenase reductase (Fe protein) by conformation change permitting
it to interact with dinitrogenase (Brill 1980). The cluster of Fe protein is proposed to
cycle between the [Fe4S4]2+ and [Fe4S4]+ states during normal catalytic reaction

2MgATP

2MgADP+Pi

ADP:AIF4–

NifH

[4Fe:4S] cluster

P-cluster

F16 NifDK

γ

γ

NifH

product

SubstrateM-cluster
e-

α

α

β
β

Fig. 5.1 Diagrammatic representation of Mo-nitrogenase complex structure: MoFe protein and the
Fe protein (nifDK-MoFe protein, nifH-Fe protein) (a) α, β, and γ subunit (b) location and function
of 4Fe:4S, ADP:AIF4�, P-cluster, M-cluster (FeMoco), and F16 in nitrogenase complex
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(Burgess and Lowe 1996; Sickerman et al. 2019). In the assembly of FeMoco,
different metal clusters containing nitrogenase-related proteins nifB and NifEN are
also involved (Lee et al. 2018). Examination among the nitrogen-fixing species
revealed the highly conserved basic framework of nitrogenase MoFe proteins with
some differences. There is a greater variation around the P cluster and at the docking
surface of Fe protein. It may suggest that active site, where the intermolecular and
intramolecular electron and proton transfer occurs, could be less sensitive to the
sequence and structure variations (Zhang et al. 2015).

Sixteen molecules of ATP are utilized to reduce a single N2 molecule, two ATP
molecules for every electron transfer in optimum conditions (Burgess and Lowe
1996, Sickerman et al. 2019).

N2 þ 8Hþ þ 8e� þ 16MgATP ! 2NH3 þ H2 þ 16MgADPþ 16Pi:

Two electrons of eight produce an ineludible by-product hydrogen and show the
“electron efficiency” of the process around 75%.

Generally, requirements of energy source range between 20 and 30 molecules of
MgATP in de novo nitrogen fixation due to less efficiency of process under natural
conditions in contrast to optimum laboratory conditions. The ferredoxin or
flavodoxin supply the requisite electrons for the reaction while photosynthetic
processes and decomposed organic compound provide ATP in N2-fixing
photoautotrophs and nitrogen-fixing heterotrophs, respectively (Saha et al. 2017).

In order to introduce nitrogenase complex in eukaryotic system, the most impor-
tant challenge is its oxygen sensitivity. Both enzymes have half-life of 0.5–0.75 s for
Fe protein and 10 min for MoFe protein in air. In natural conditions, diazotrophs
have developed various approaches to overcome this situation. Some of the
examples are formation of thick-walled heterocysts in cyanobacterium Anabaena,
regulation of gas permeability in actinorhizal plants, and the presence of oxygen-
binding heme protein leghemoglobin (Taiz and Zeiger 2002).

5.4 Nitrogen-Fixing Groups Diversity and Associations

Nitrogen fixation occurs only in prokaryotes, and the capability to fix N2 is exten-
sively dispersed around both the archaeal and bacterial domains paraphyletically.
These diazotrophic organisms show considerable biodiversity, as well as a wide
range of physiology. Phylogenetic groups of bacteria such as actinomycetes,
cyanobacteria, green sulfur bacteria, firmibacteria, proteobacteria, and methanogens
in Archaea have the capability to fix the nitrogen (Raymond et al. 2004; Dixon and
Kahn 2004).

Diazotrophs inhabited in a broad form of habitats including living free in soils and
water, with grasses in associative symbioses, termite guts, actinorhizal associations
with woody plants, and specialized nodules in legume roots. Major diazotrophs
associations involve lichen, Anabaena-Azolla, Frankia-actinorhizal plants, and Rhi-
zobium-leguminous plants. Rhizobium-legume symbiotic relationship was the first
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established in 1888, but it has been utilized in agricultural since ancient times.
Rhizobia have the capability to infect their host plant roots and form nodules in
them specifically, that is, Genus Rhizobium, Sinorhizobium, Bradyrhizobium
nodulates peas, alfalfa (Lucerne), and soybean (Saha et al. 2017).

Among all the relationships, endophytic bacteria having ability to enter and
colonize the roots interior can be promising for non-legume agriculture. Endophytes
such asHerbaspirillum seropedicae have been reported from within the roots, stems,
and leaves of crops such as maize, rice, and sugarcane. Other important diazotrophs
involve saccharophilic bacterium Acetobacter diazotrophicus in association with
sugarcane, sweet sorghum, and Gluconacetobacter diazotrophicus with Coffea
arabica and Ananas comosus (Kirchhof et al. 1997; Jimenez-Salgado et al. 1997;
Tapia-Hernández et al. 2000). Diazotrophs have an advantage of lesser competition
for nutritional sources with other microorganisms, as well as low oxygen environ-
ment required for the expression and activity of nitrogenase (James et al. 1994).

5.5 Genetics of Nitrogen Fixation

For improvement of biological nitrogen fixation, considerable efforts have been
made by workers, reviewed extensively previously (Dixon and Postgate 1972;
Masepohl et al. 2002; Wang et al. 2013; Mus et al. 2016). Nitrogenase
metalloenzymes complex involves multigene assembly regulation pathway system
for its synthesis and functional activity (Rubio and Ludden 2008; Hu and Ribbe
2013; Allen et al. 2017; Singh et al. 2020). Earliest well-studied BNF work had been
carried out on Klebsiella pneumonia. The nif genes encode complex
metalloenzymes nitrogenase (enzyme with metal cofactor) responsible for nitrogen
fixation. It is an ATP-dependent process of formation of ammonia catalyzed by
reduction of dinitrogen. The nif gene of K. pneumoniae is composed of 25 kb of
DNA and contains about 21 contiguous genes arranged and transcribed in eight
operons (Dean and Jacobson 1992; Swain and Abhijita 2013). Study suggested that
many of structural and regulatory genes are involved in regulation of nif gene
functions (Table 5.1).

Most progress have been made on agronomically important legume crops, genera
Rhizobium and Bradyrhizobium (Shantharam and Mattoo 1997). In Rhizobium
meliloti, the fixABCX gene is first recognized earlier (Kallas et al. 1985; Earl et al.
1987; Mahmud et al. 2020). Gram-negative bacterium Sinorhizobium meliloti hav-
ing genetically modified commercial strain (RMBPC-2) contain genes that regulate
nitrogen fixation from plant to bacteria by nitrogenase enzymes (Chowdhury et al.
2008). Many rhizobium species such as Bradyrhizobium japonicum, Sinorhizobium
meliloti and Mesorhizobium loti genomes have been sequenced. The rhizobial
specificity against legumes has wide range. Rhizobial species such as Rhizobium
loti and Rhizobium etli have different host choices (Phaseolus spp. for Rhizobium etli
and Lotus spp. for Rhizobium loti), but produce identical Nod factors. However,
many species such as Bradyrhizobium japonicum and B. elkanii have mutual hosts
(Phaseoleae (P), Glycine spp. typically) but produce different Nod factors.
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Moreover, R. etli and R. tropici nodulate Proteus vulgaris but have different Nod
factors (acetyl-fucosylated and sulfated, respectively).

5.6 Approach of Nitrogen Fixation

Diazotrophic bacteria are well-suitable organism for approaching nitrogen fixation
due to the capability to fix the nitrogen by both types symbiotically and free-living
mechanism. For genetic manipulation, nitrogen fixation genes (nif, fix) and

Table 5.1 The nif gene/product and their functions

Sr.
No. nif gene/product Function/activity References

1. nifD and nifK Encodes for the α subunit and β subunit
of dinitrogenase protein, respectively

Beringer and
Hirsch (1984)

2. nifH Dimeric protein dinitrogenase reductase Roberts et al.
(1978)

3. nifS and nifU gene Assembly of Fe-S clusters Hu and Fay
(2007)

4. nifA, nifB, nifE, nifN,
nifQ, nifS, nifV, nifW,
nifX, and nifZ

Functionality of nif genes, FeMoco
biosynthesis, assembly, and maturation
of electron transport

Masepohl et al.
(2002)

5. nifA Essential for constitute expression of nif
gene transcription

Dixon (1998)

6. nifH, nifM, nifS, and
nifU

Maturation of Fe protein Saha et al.
(2017)

7. nifE and nifN Scaffold for FeMo-co biosynthesis Allen et al.
(1995), Saha
et al. (2017)

8. nifB gene product Sulfur and iron containing precursor of
FeMo-co

Allen et al.
(1995)

9. nifV Encodes the homocitrate synthase and
required for the FeMoCo synthesis

Saha et al.
(2017)

10. nifW Protects the dinitrogenase from oxygen
inactivation and give stability to protein
complex

Cheng (2008)

11. nifF Encodes flavodoxin protein that shifts
electrons to nitrogenase

Thorneley et al.
(1992)

12. nifJ Regulates the synthesis of nifF protein,
encodes the pyruvate oxidoreductase
protein that shifts electrons to
flavodoxin protein from the pyruvate

Shah et al.
(1983)

13. nifB, nifE, and nifN
products

Essentials for normal functionality of
the FeMo-cofactor center in component
I

Saha et al.
(2017)

14. nifL Repressor of nitrogenase Dixon (1998),
Beringer and
Hirsch (1984)
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nodulation (nod, nol, and noe) genes are targeted to improve N2 fixation. When
Ensifer adhaerens, Gram-negative soil bacterium, get Rhizobium tropici CFN299
symbiotic plasmid, it forms and regulates the functional nitrogen-fixing nodules on
both hosts.

5.7 Symbiotic Plasmid

Plasmids of rhizobium contains nitrogen fixation gene (nif and fix genes), nodulation
affecting genes (nod, nol, and noe), some polysaccharide production genes (lps and
exo genes) and other cellular functions (Denarie et al. 1992). The well-studied N2

fixation bacterial genome of K. pneumoniae structural and functional similarity to
non-nitrogen-fixing bacterium E. coli. Both species could have genes transferable
and expressed in one another. Under the suitable circumstance parental strain of
K. pneumoniae and E. coli carrying the nif plasmid pRDI was alike (Beringer and
Hirsch 1984). Factors such as fixed N2, oxygen and temperature suppress the nif
gene expression which gets over by the nifL gene deletion from gene constituent. It
permitted the constant level of expression of nif gene.

5.8 Genetic Manipulation of N2 Fixation in Prokaryotes

The hope of developing new forms of transgenic bacteria has encouraged since
Dixon and Postgate (1972) had effectively transferred the nif gene from
K. pneumoniae, a diazotroph to a non-diazotroph Escherichia coli. Escherichia
coli is used as a model organism after the evolution of genetic engineering technol-
ogy from past several decades. The most prominent objective of choosing E. coli is
that it gives an idea about how many genes are necessary for the genetic manipula-
tion experiments. E. coli is the first successfully genetic manipulated diazotroph,
carrying an entire set of 20 nif genes of K. oxytoca by applying the N15 isotope
system (Dixon and Postgate 1972). Recently, recombinants E. coli have been
successfully expressed the nif genes system from diverse diazotrophs. Study
suggested that nifFJ genes and nifSU of K. oxytoca enhanced the nitrogenase action
of the recombinant E. coli while nifQ or nifM have no role in increasing the
nitrogenase activity of nitrogen fixation (Li et al. 2016). Co-expression of
K. oxytoca nifSU genes and Paenibacillus pfoABfldA genes (encodes electron
transporter activity of complex nitrogenase metalloenzymes) gives 50.1% increased
activity of wildlife strain of Paenibacillus (Li and Chen 2020). Under the regulation
of the T7 promoter and native nifB promoter, recombinant E. coli having nine nif
genes cluster from nitrogen fixer Paenibacillus polymyxa WLY78 (D, K, H, B, E, N,
X, A and V) successfully produces the active nitrogenase (Wang et al. 2013). Several
bioinformatics analysis such as phylogenetic investigation of nif genes revealed the
horizontal nitrogenase gene transfer among different microorganisms (Raymond
et al. 2004; Kechris et al. 2006; Latysheva et al. 2012).
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5.9 Genetic Manipulation of N2 Fixation in Eukaryotes

Genetic manipulation involves the manipulation of nitrogen-fixation genes for
improvement of fixation strategies of nitrogen. However, structural and regulatory
genes occur in nitrogen-fixing species are conserving in the environment. As
nitrogen-fixation-mediated microorganisms are adapted in host, they are not capable
to assimilate the fixed nitrogen (Peters et al. 1982). Scientists have made many
attempts of nif gene incorporation in eukaryotic cells. Prokaryotic cells have poly-
cistronic mRNA differentiating from monocistronic mRNA with binding site at 50

end. For incorporation of prokaryotic nif gene in the eukaryotic genome, it will be
essential to identification of nif promoter, ability of host to recognize the nif codon
by DNA-dependent RNA polymerase and mRNA translation process. Introduction
of nif gene into non-leguminous plant’s protoplast have been carried out by many
workers (Shanmugam and Valentine 1975; Charpentier and Oldroyd 2010; Geurts
et al. 2012). P. radiate-associated modified fungus mycelia can fix the nitrogen
(Pandey 1978). Strain of Burkholderia species grow with rice seedling can fix the
good amount of nitrogen for rice (Baldani et al. 2000; Swain and Abhijita 2013).

Plant organelles such as mitochondria and chlorophyll are suitable locations on
plant for nif genes expression for nitrogenase activity (Good and Beatty 2011;
Stokstad 2016). Mitochondria suitability can be justified by the following
conditions. (1) The complex nitrogenase is a highly oxygen-sensitive enzyme,
required reluctant environment, high concentration of ATP, and accessible
S-adenosylmethionine, Fe, Mo and homocitrate for metalloenzymes biosynthesis
and activity (Hu and Ribbe 2013; Allen et al. 2017). (2) Mitochondrial matrix having
enzymes for oxygen consumption could provide normal functioning conditions of
oxygen-sensitive enzymes such as nitrogenase. (3) Furthermore, mitochondria is a
major site of synthesis of plant biosynthetic proteins and metalloenzymes, therefore
this give suitable functional conditions equal to nif protein (Balk and Pilon 2011).
Sixteen nif proteins (B, D, E, F, H, J, K, M, N, Q, S, U, V, X, Y, and Z) expression
from the diazotroph Klebsiella pneumoniae were successfully targeted within plant
mitochondrial matrix (Allen et al. 2017).

The nitrogenase metalloenzymes have structural as well as function similarity
with chlorophyll biosynthesis enzyme of Chlamydomonas reinhardtii. They have
close genome similarity between nifH and chlL. Therefore, transcriptional factors
activate the chlL gene and can also trigger ability of the nifH gene. The gene
sequence of chlL gene can be substituted by the nifH gene. Dinitrogenase reductase,
a dimeric protein, consists of two identical subunits and are product of nifH gene
(Roberts et al. 1978). Another strategy also includes the transformation process that
includes the introduction of nitrogenase enzyme into a chloroplast.

The promise of plant biotechnology and diversity among groups fixing and
assimilating atmospheric nitrogen has inspired researchers to device various
strategies to extend BNF benefit to the non-legumes. The main objective has been
to reduce the dependency of energy intensive industrial process to produce nitrogen
fertilizer, as well as to increase crop productivity to meet the demands of increasing
global population. Besides alternative solutions are actively sought for all the
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processes that have a considerable ecological impact. Genetically modified nitrogen
fixation process is an alternate source of nitrogen fixation which reduces the depen-
dency on harmful synthetic chemical nitrogen fertilizers for sustainable agriculture
and great concern about soil and air environmental health.
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Functional AM Fungi in the Rhizosphere of
Fruit Crops 6
Govind Kumar, P. Barman, and Pankaj Bhatt

Abstract

Mycorrhizal fungi can affect the nutrient acquisition, biochemical characters and
water transportation for stressed plants. This chapter summarizes these effects on
various fruit crops, which may be very useful for organic cultivation of fruit crops
and also for expanding the fruit cultivation in low fertility degraded soil with less
expenditure and minimum reduction to yield.

Keywords
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6.1 Overview

Most of the increase in population (approximate 9 billion by the year 2030) will be in
developing countries, where malnutrition, food availability and its shortages persist.
Hunger and malnutrition are the two major global challenges in developing counties.
In this situation, horticultural crops, especially fruit crops can ensure nutritional
security. Thus, increasing demand of fruit produce can only be met by exploiting the
marginal, saline and drought-prone areas for cultivation, where main constraints are
poor soil structure, high salt content and minimal access to irrigation. Several studies
have shown that some beneficial fungi belonging to AMF (Arbuscular mycorrhizae
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fungi) are identified to form rhizospheric symbiotic association with plants belong-
ing to angiosperms. Mycorrhizal associated intracellularly or extracellularly with
plants and may colonize the roots and showed mutualistic relationship. In this
association, fungus retrieves constant and direct access to mono- or dimeric
carbohydrates, such as glucose and sucrose produced by the plant during
photosynthesis. These carbohydrates are translocated from leaves to the root zone/
tissues. Whereas the plant gains mineral nutrient and water access due to large
surface area provided by fungus.

Mycorrhizal mycelia are much smaller in size than the smallest root and can
explore a greater volume of soil, providing a suitable and effective condition for
absorption of mineral nutrients such as phosphorus (Chandreshekara et al. 1995),
nitrogen (Al-Karaki and Al-Raddad 1997), K, Mg and Ca (Liu et al. 2002), copper
(Li et al. 1991), Zn and Ni (Jamal et al. 2002) and iron (Caris et al. 1998).
Mycorrhizal provides better drought tolerance, increased photosynthetic rate, direct
hyphal water uptake from the soil, enzymatic activity to enhance defence and
osmotic stress (Auge 2001) in the fruit crops. Mycorrhizal fungi are also potential
bio-control agents against plant pathogens such as fungi (Phytophthora,
Gaeumannomyces, Fusarium, Thielaviopsis, Pythium, Rhizoctonia, Sclerotium,
Verticillium and Aphanomyces) and nematodes (Rotylenchus, Pratylenchus and
Meloidogyne) by giving competition to pathogens for colonization sites and enhance
the expression of the genes for plant defence. In addition, mycorrhizae showed
increased lignifications of root endodermal cells, enhanced peroxidase activity
associated with epidermal and hypodermal cells and high accumulation of mRNAs
encoding chitinases and a β-1, 3-endoglucanase in and around cells (Azcon and
Barea 1996). Moreover, mycorrhizal fungi are also capable of heavy metals (such as
cadmium, nickel, zinc, copper and lead.) bioremediation due to high heavy-metal
binding capacity into the roots that restricts their movements into shoot tissues (Gaur
and Adholeya 2004).

Thus, AM fungi can be an efficient option for fruit plant propagation for the
healthy and vigorous plants so as to expand the area of fruit cultivation in drought,
saline or heavy-metal-contaminated lands.

6.2 Effect of Mycorrhizal Fungi on Tropical and Subtropical
Fruit Plants

6.2.1 Mango

The AM fungi are naturally harbouring in the rhizosphere Mango crop. AM fungi
enhance the nutrient content and plant growth over long time period of time.
Mycorrhizal colonization and sporulation showed significant effect of annual
seasons on native mycorrhizal fungi in mango crop (Harinikumar and Bagyaraj
1988). In the tropic and subtropical environment, maximum colonization and sporu-
lation occurred during the winter (November to January) season and in summer
season (April to June) were unfavourable for the growth of AM/VAM fungi. There
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was a negative correlation between temperature (ambient and soil) and mycorrhizal
proliferation, while a positive correlation between relative humidity and mycorrhizal
activities.

In this connection, the rootstocks of mango (Mangifera indica L.), 3-year-old
varieties including Chandrakaran, Bappakai, Totapuri, Olour, Necker,
Vellakulamban, Peach and Vellakulamban rhizospheres, were analysed for the
AM fungi at 15–30 cm depths for spore load and root colonization (Sukhada
2012). In Totapuri, mycorrhizal spores were highest as compared to the
Vellakulamban, Peach, Olour and Bappakai at 15 cm depth. Observed spores belong
to the Acaulospora, Glomus and other genera. By morphology characterization,
Glomus fasciculatum and Glomus mosseae were identified. In Vellakullamban and
Totapuri rootstocks, the root colonization was observed greater.

Under field conditions, compared to uninoculated rootstocks, hybrids of mango
including Aruna, Arka and Puneeth grafted on Totapuri rootstocks (AM inoculated)
and in early 10–12 days produced shoots (Sukhada 2012).

The plant health parameters studied by observation of number of branches, soil P
(available), leaf Cu, Zn and P enhanced greatly in plants colonized with AM
compared to uninoculated plants under 2 years of AM fungi application.

Krishna et al. (2008) studied in vitro the effect of mycorrhization on biochemical
status of mango cv. Amrapali shoot tip culture. This study was conducted to see
contribution of phenols and oxidative enzymes in the mango explants browning at
pre- and post-culture stages during mycorrhizal treatment for achieving lowest
browning rate.

Plant treated with mycorrhizae had higher phenol and enzyme activities (in vivo).
Due to mycorrhization, it could mitigate the oxidative stress and heals faster the cut
portion of a wound and also phenolics leaching reduction and their oxidation in the
medium. Plant with mycorrhizal treatment had better level of peroxidises, PAL and
PPO, and these enzymes play a key role to reduce plant pathogen population and
their pathogenicity or strengthening the lignification process of newly formed cell
walls.

The better growth and survival of mycorrhizal explants was recorded because of
greater antioxidant levels in mycorrhizal plant system despite the higher production
of oxidative enzymes. Non-mycorrhizal plant secrete phenolic compounds respon-
sible for browning of explant while very less amount of such chemical secrete when
plant in relation with mycorrhizal association.

6.2.2 Banana

The world’s major fruit crops is banana, but its yield losses (approximately 50%) are
due to infection by R. similis (Speijer et al. 2000; Sarah et al. 1996). After roots
penetration or infection of any other part, this nematode invaded entirely in the root
length (i.e. the pre-infectional phase).

In banana, nematodes infect through root penetration and intercellularly travel to
the cortical parenchyma and feeding on the surrounding cells of the cytoplasm. This
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leads to creating cavities and dead cells, observed as necrosis. After infectional
phase, the nematode reproduction and development occurred.

Elsen et al. (2008) studied the AMF bio-control agent against such kind of
nematodes in banana cultivar Grand Naine. The mycorrhizal treatment with Glomus
intraradices inoculum (300 g) of rhizosphere was inoculated as a layer. After
6 weeks, mycorrhizal colonization allows good root development in split-root set-
up in the both sides. After that the right side of the split-root set-up was inoculated
with 1000 nematodes. The presence ofG. intraradices showed a shield effect against
nematodes R. similis and P. coffeae. In the experiment, 72% of nematode (R. similis)
population got reduced significantly under the co-inoculation + AMF treatment
(AMF on both sides) compared with the control treatment.

Vos et al. (2012) at the pre-infectional mycorrhiza-induced resistance showed in
banana the level of R. similis infection, and mycorrhizal root exudates observed
negative impacts on the nematode infecting, host behaviour and this leads to the
subsequent reduction of nematode penetration.

Mycorrhizal colonization can lead to overall plant vigour that include increased
root branching, which helps to elicit the negative impact nematode infection
(Stoffelen et al. 2000).

The AM fungi symbiosis influences the exudation from root that influences the
host metabolism (Jones et al. 2004; Wuyts et al. 2006).

Marschner and Baumann (2003) observed that in the mycorrhizal plants, root
exudate composition changes the rhizosphere microbial population, which leads to
an effect on nematode population in the soil.

Therefore, for parasitic nematodes, AM fungi inoculation induces the systemic
resistance in a root system of banana.

6.2.3 Papaya

Papaya (Carica papaya L.) is widely cultivated around the world and a highly
appreciated fruit crop. Under field conditions, papaya showed a high diversity of
AM fungi in its rhizosphere.

Available phosphorus in the soil governs the species richness. The AM fungi are
very important for sustainable cropping systems and the soil biota (Bethlenfalvay
and Barea 1994).

In this regard, AM colonization is adversely affected by maintaining high P levels
and low soil pH in papaya crop.

According to Weber and Amorim (1994), Trindade et al. (2000) under fumigated
and unfumigated soils (controlled conditions), the papaya plants were observed with
high capabilities to form AM and observed to be benefited by AM.

Mamatha et al. (2002) studied that in the field conditions, the papaya trees
respond to inoculation of G. mosseae and G. caledonium (with mixed culture/
efficient AM fungi), reducing the need for P fertilization by 50%.

According to Khade et al. (2010), AM fungi aided in plant for efficient mineral
uptake specially phosphorus by influencing activity of root phosphatase. It showed
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the positive relationship between root colonization of AM fungi and root phospha-
tase activities of papaya plant under different field conditions. Meloidogyne species
of nematode causes damage to papaya plant as papaya is susceptible to this nema-
tode, and it is a major limitation for production of papaya in dry environment (Singh
and Nath 1996).

According to Ramakrishnan and Rajendran (1998) plant developments and its
functions were hampers by the root tissues gall formation, nematode infection and
overall vigour of the plant system.

Jaizme-Vega et al. (2006) stated that the nematode reduction (only 8 nematodes
per g�1 of root and a reproduction rate of nearly 0.12) was showed more impact by
the inoculation of G. manihotis alone or combined with PGPR.

6.2.4 Grapes

AM fungal colonization changes the N fertilization in grapevine and is affected by
berry composition. Karagiannidis et al. (2007) studied that the effect on grapevine
root colonization and sporulation by AM fungal is highly influenced by different
nitrogenous fertilizers, different nutrition, and composition of berry. In this study,
the pot trail (for 3.5-year) was performed by supplying grapevine plants with
different N forms such as calcium nitrate, urea, ammonium nitrate, or ammonium
sulphate.

In one year of study, three plants per pot of old grapevine were transplanted. Each
pot treated with solution of nutrients and rates in mg kg�1 soil such as 25.4 KCl, 29.7
K2SO4, 162 Ca5(PO4)3OH, 27.6 MgCl2.6H2O, that give 90, 80, 10 kg ha�1, P, K,
and Mg, respectively. Applied nitrogen either as ammonium (NH4

+), amidic (N in
urea), nitric (NO3

�) or the combination of the N forms (NH4
+ + NO3

�) in quantities
in mg kg�1 soil as 147.63 CO(NH2)2, 314.31 (NH4)2SO4, 390.5 Ca(NO3)2 or 190
NH4NO3 gives 200 kg N ha�1.

In the transplant hole, 30 g of inoculum was applied. The Glomus mosseae
spores, hyphae and maize roots (colonized) were applied in the inoculum. The plants
were maintained by pruning every year during mid-winter. Root colonization (avg.
57–77%) was observed by AM fungi in the grapevine plants.

In the treatment, NO3–N favoured the development of spores while urea treated
showed colonization of root (AM) reduction in comparison to the other treatments of
nitrogenous form and the limited sporulation.

As compared to the non-mycorrhizal plants, the mycorrhizal plants showed
almost two fold shoot dry weight and leaves about 50% more.

The different nitrogenous forms showed no impact on uninoculated plants and
also showed no difference in dry weight or number of leaves regardless of the N
source. Comparatively mycorrhizal plants showed greater dry weight with NO3–N,
lower with NH4–N and urea, and moderate with NH4

+ with NO3
� (combined);

mycorrhizal plants treated with (NH4)2SO4 had a lower number of leaves compared
to other N treatments.
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There were no significant effects of the AM fungal colonization in the total
soluble solids. Whereas berries (non-mycorrhizal) have more acids as compared to
the berries treated with mycorrhiza, but for NH4ΝΟ3 was statistically true only and
observed opposite effect of urea.

In the presence of NO3
� with mycorrhizal grapevine showed better growth as it

happened due to in the xylem this form is readily mobile and may be stored root
vacuoles, or shoot, or other storage organs. Mycorrhizal grapevine in the presence of
NO3

� showed better growth due nitrogen in this form is readily mobile or may be
stored in root vacuoles or shoot, or other storage organs.

6.3 Fruit Plants Suitable for Sub-Tropical Climate

6.3.1 Citrus

Among the fruit tree crops, citrus is one of the leading fruit crops. Citrus plants
normally grown between latitudes 40�N and 40�S. In the field conditions, most citrus
plants strongly depend on mycorrhizal association due to lack root hairs, because it
facilitates the root hairs for minerals and uptake of water (Wu and Zou 2009). Citrus
with AM fungi showed better citrus seed germination by mutualistic symbiosis with
seed and competing with pathogens for space and nutrients.

Barman et al. (2007a, b) studied that as compared to the uninoculated plant, AM
fungi-treated plant showed higher vigour than control, and softwood grafting done
on inoculated stocks recorded significantly better graft success and graft survival
percentage.

Studies on AM fungi effects on citrus has established that AM fungi can enhance
citrus plant vigour by enhancing uptake of phosphorus and microelements like Zn,
Cu and so on in the sterilized soil and non-fertile desert soils (Daft and Nicolson
1966; Hattingh and Gerdemann 1975; Timmer and Layden 1978; Menge et al.
1977).

Due to extramatricular hyphae of the fungus, nutrient absorption got enhanced
and proliferating beyond the root nutrient depletion zone. Wang et al. (2008) studied
the iron absorption by red tangerine (Citrus reticulata) and trifoliate orange
(Poncirus trifoliata) under the influence of Glomus versiforme in sand culture
under different pH values, that is pH of 5.0, 6.0, 7.0 or 8.0 for trifoliate orange
and pH of 5.2, 6.2, 7.2 or 8.2 for red tangerine.

With the increasing pH value, the colonized root length in percentage reduced
from 51.3 to 28.3% in P. trifoliata and reduced significantly in C. reticulata from
55.2 to 27.2%. As compared to the uninoculated one, (control) the AM seedlings
observed greater dry shoot weights.

For C. reticulata, pH level (pH 7.2 and 8.2) showed significant differences in
shoot dry weights. The contents of chlorophyll were decreased by 30.7% in AM
seedlings and inoculated controls by 26.5%, suggesting that in the rhizosphere the
iron absorption and its translocation to the shoots significantly enhanced G.
versiforme.
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Seedlings of P. trifoliata inoculated with AM fungi observed higher chlorophyll
contents than uninoculated controls significantly, but there were no effects found
when inoculated with C. reticulata.

With AM fungi, seedlings observed higher contents of iron compared to non-
mycorrhizal seedlings. However, in C. reticulata at high pH, no significant
differences were observed between AM and uninoculated control.

The plants with AM also observed higher ferric chelate reductase activity in the
root compared to non-mycorrhizal controls, indicating that the reduction of Fe3+ to
Fe2+ was enhanced by G. versiforme. At high pH level (pH 6.0–8.0), the P. trifoliata
showed significant differences between AM and non-mycorrhizal seedlings but no
such effects were observed in C. reticulate. The ratios of P/Fe and 50 (10P + K)/Fe
were used to observe iron deficiency (chlorosis) status because with severity in
chlorosis, the increase in P and decrease in iron occurred because roots of plant in Fe
deficiency were used to excrete H+ into the soil at higher rates which contributed to
the conversion of HPO4

2� to H2PO4
�, which was more easily absorbed by plants,

resulting in higher P concentrations in plants. For iron absorption, the pH levels of
6.0 and 6.2 observed optimum values by the rootstocks of two citrus.

6.3.2 Guava

The effect of mycorrhizal fungi on the plant vigour, uptake of nutrients and exchange
of gas in micro-propagated guava (Psidium guajava L.) plantlets was investigated
for adaptation and plant establishment (Estrada-Luna et al. 2000).

Asexually propagated guava plantlets by tissue culture were grown for 18 weeks
in a glasshouse. With a mixed endomycorrhiza, isolated plantlets (half in number)
were inoculated from Mexico, ZAC-19 including G. albidu, G. claroides and
Glomus diaphanum.

Ashton-modified nutrient solution was used for plantlets fertilized with long
supplied 11 mg P ml� 1. The measurements of gas exchange were taken at different
time intervals, that is 2, 4, 8 and 18 weeks after treatment, using a portable
photosynthesis system.

During transplant shock, all micropropagated guava plantlets were survived.
After 6 weeks, greater shoot growth with mycorrhizal plantlets and production of
leaf as compared to non-mycorrhizal plantlets were observed. The mycorrhizal
plants with enhanced stomatal conductance and photosynthetic rates were also
corresponded with this.

The plantlets with mycorrhizal observed enhanced leaf area, leaf, stem, shoot
length and dry mass of root after 18 weeks. The higher photosynthetic rates observed
were due to the higher P content in plantlets of mycorrhiza and enhanced content of
Cu and Mg.

For phosphorylation processes, the Mg in chlorophyll is a major component and
work as a cofactor to activate the most enzymes. For electron transport system, Cu is
involved and is also a major component of the plastocyanin (chloroplast protein).

6 Functional AM Fungi in the Rhizosphere of Fruit Crops 129



The container size was restricting the growth of the larger mycorrhizal plantlets and
hence the exchange of gas was equivalent among treatments.

Non-mycorrhizal plantlet treatment observed increased leaf area ratios and spe-
cific leaf areas compared to plantlets with mycorrhiza treatment. In mycorrhizal
plantlets, enhanced leaf tissue mineral levels of P, Mg, Cu and Mo were also
observed. Root plantlets of guava (mycorrhizal) were massively found with
arbuscules, vesicles and endospores. From that study, they concluded that plantlets
of guava were greatly mycotrophic with 103% mycorrhizal dependency index.

6.3.3 Litchi

David et al. (2001) studied about the enhancement of growth of Litchi chinensis
Sonn. trees arbuscular mycorrhizal fungi inoculation. Arbuscular mycorrhiza pro-
vide benefit to the litchi. In air-layers litchi were grown in ca. 95-l pots for 469 days
in soil-free substrate spiked arbuscular mycorrhizal roots and observed that enhance-
ment the vigour in all plant (litchi) health parameters.

Fertilization with high phosphorus (single-time application of ca. 1.32 g l�1 slow-
release triple-superphosphate) observed no noticeable impact on mycorrhiza forma-
tion, litchi acclimatization, CO2 assimilation (net) or vigour.

In South Florida, indigenous arbuscular mycorrhizal fungi inoculation observed
enhanced the height and leaf production with great expansion of leaflet after
120 days of inoculation but did not affect CO2 assimilation (net), stem diameter
growth, or acclimatization and adaptation.

Inoculated plants leaflets recorded higher concentrations of Zn, K, Cu and P,
lower concentrations of Mn, Ca and Mg as compared to the control plants, but
Kjeldahl nitrogen in total and after 10 months inoculation, Fe concentrations did not
differ significantly.

Mycorrhizae spiked litchi plants improves phosphorus bioavailability and
become no longer limiting factor for overall developments. Regardless of the
growth-limiting nutrient elements involved, they concluded that arbuscular mycor-
rhizal fungi indigenous to South Florida soils can substantially improve litchi air-
layer growth in pots of soil-free medium.

6.3.4 Olive

Successful programmes of revegetation in soils where the water supply limits plant
growth may require improvement of plant drought resistance through mycorrhizal
inoculation (Requena et al. 2001).

In mycorrhizal fungus, the combined impact between (Glomus intraradices) and
water stress on stomatal conductance, transpiration and photosynthetic rates, intrin-
sic water use efficiency and nutrient contents in leaves of Olea europaea L. subsp.
Sylvestris and Rhamnus lycioides L. seedlings was studied by Caravaca et al. (2003).
Soil water deficit was imposed for 6 weeks.
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Plants with well-watered were maintained (each plant species) at water potential
equivalent to capacity of field (�0.03 MPa) and plants in stress were maintained at
water potential near to wilting point (average �0.06 MPa).

Water stress period, the inoculation of mycorrhizal and water regime had no
significant effect on plant health parameters such as height, the basal diameter or
shoot dry mass of the O. europaea and R. lycioides seedlings.

G. intraradices-colonized O. europaea seedlings under drought stress observed
significant enhancement in photosynthetic rate (PN), transpiration rate (E) and
stomatal conductance (gs) over their non-mycorrhizal counterparts (similar-sized).

However, there were no significant differences in PN of inoculated and non-
inoculated R. lycioides seedlings subjected to drought stress.

Wright et al. (1998) studied that the PN may have been stimulated in inoculatedO.
europaea seedlings by the enhanced arising strength of sink from the extra
requirements of carbon for the mycorrhizal fungus colonizing the roots. Water deficit
in inoculated and non-inoculated O. europaea seedlings affected PN and gs in equal
proportion, and thus the intrinsic water use efficiency (PN/gs) was not altered by AM
colonization. However, the higher increases in gs with respect to PN in inoculated R.
lycioides seedlings decreased PN/gs with respect to non-inoculated seedlings. The
intrinsic water use efficiency is a physiological indicator of the drought tolerance of
plants (Diaz and Roldan 2000). Under well-watered conditions, mycorrhizal R.
lycioides seedlings showed higher instantaneous carbon gain at the expense of
consuming available water. In contrast, the photosynthetic activity decreased
under drought conditions.

It was stated that O. europaea seedlings inoculated withG. intraradices would be
better suited to semi-arid environments than their non-mycorrhizal counterparts.
Colonization by AM fungi diminished the drought tolerance of R. lycioides,
resulting in lower intrinsic water use efficiency than for non-inoculated seedlings.

6.4 Fruit Plants Suitable for Arid and Semi-Arid Climate

6.4.1 Ber

To determine the influence of AM fungus, pot experiment was conducted in a
nursery for plant vigour and mineral uptake in ber (Ziziphus Mauritiana) by Guissou
(2009) in agroforestry systems (Sahelian). Glomus aggregatum inoculated or
untreated plants were allowed to grow for 4 months in a sterilized phosphorus (P)-
deficient sandy soil (2.18 ppm P). Treatment with G. aggregatum significantly
increased plant health in terms of shoot height by 4.0 times as compared to the
controls.

In the inoculated plants, the total dry weight produced was four times higher
compared to the controls. It was observed that 91% of AM colonization of root and
no mycorrhizal structures were found in the roots of uninoculated control plants.

Mycorrhizal dependency value was about 77% in jujube seedlings. In AM plants,
N concentration in shoot was enhanced by 78.08%. G. aggregatum also significantly
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increased P concentration by approximately 8.33-fold. The K concentration was
significantly increased by 62.99% over the controls. G. aggregatum increased the
Mg concentration by 2.67 fold.

The result showed clearly that AM inoculation with Glomus aggregatum is
highly beneficial for jujube fruit trees. The absence of AM inoculation in jujube
fruit trees could lead to a higher mortality of plants, which is highly dependent of
AM fungi for its juvenile growth and development in P-deficient soils.

6.4.2 Avocado

The mycorrhizal fungi effect on the growth and nutrition of avocado (Persea
americana mill.) seedlings was studied by Menge et al. (1980). The ‘Topa Topa’
seedlings of avocado were grown in loamy steamed sandy soil (pot trial) containing
different fertilizers with either without fertilizer or absolute fertilizer (N, K, P, Ca,
Mg, S, Zn, Mn, Cu, Fe, B, Mo), -Zn, -P, -P and -Zn, and -Zn + 10xP.

The Glomus fasciculatum (0-1 and 463) were used for seedlings treatment of
Citrus sp. and avocado tree in pot culture inoculum and added 10 aliquots to each
pot. Isolate 0–1 in Citrus sp. 463 in avocado were reisolated and proved for
providing nutrient access.

In the Zn + 10xP fertilizer treatment, nonmycorrhizal plants (dry weight) were
significantly influenced the growth that enhanced 142% and 133% over the no-
fertilizer and complete fertilizer treatments, respectively.

It was observed that mycorrhizal plants were 98% larger on the average compared
to the non-mycorrhizal plants with the same treatments of fertilizer, except those
given -Zn + 10xP. The mycorrhizal isolates enhanced the uptake of P, N and Cu at all
treatments of fertilizer, and Zn uptake was enhanced with all treatments of fertilizer.

Phosphorous fertilization enhanced the P concentrations in leaves of mycorrhizal
seedlings but did not alter P concentrations in leaves of non-mycorrhizal plants. In
mycorrhizal and non-mycorrhizal treated with 10xP fertilization enhanced the P
concentrations in seedlings. Due to the destruction of mycorrhizal fungi, poor
growth of avocado seedlings in steamed or fumigated soil was observed, and it
can be related to the poor mineral nutrition.

One GF isolate (GF 0–1) proved to be superior to the other isolates depending on
the host avocados mineral nutrition. Due to the rate of growth or ability to infect the
differences between the isolates was found. The avocado seedlings growth could be
improved due to mycorrhizal fungi added to fumigated or steamed soils in the
nursery or greenhouse and it can also reduce the cost of fertilization.

6.4.3 Date Palm

Bouamri et al. (2006) studied in Morocco that the rhizosphere of date palm and the
arbuscular mycorrhizal fungal species were associated. Based on one palm tree
rhizosphere sample per site, ten soil sampling sites were tested (Fig. 6.1).
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The soil and root samples (4 each) were harvested from each tree from 10 to
40 cm depth around the tree and mixed together for analysis.

Isolates including G. macrocarpum, G. aggregatum, G. mosseae and
Acaulospora sp1 were found from 50% of the sites.

In semi-arid and arid habitats, Glomus species were found predominant in 40–
70% range. Thus, in drought soil and salinity stresses, Glomus was considered the
best genus for adaptation because of their dominance under those ecosystems.

6.4.4 Pomegranate

Aseri et al. (2008) studied the bio-fertilizers (Azotobacter chroococcum,
Azospirillum brasilense, Glomus mosseae and Glomus fasciculatum) response in
pomegranate cuttings followed by their acclimatization for transplantation in diffi-
cult field conditions such as Indian Desert (Thar), Rajasthan. Ten millilitres of cell
suspension was used as inoculums for both bacterial types. The soil (10 g) with root
bits (containing 8–10 propagules of AM fungal g�1 soil) were applied as inoculum.

The pomegranate of 6-month-old cuttings (semi-hard wood cuttings) were treated
with 200 ppm solution of indole butyric acid for 12 h and then planted in polybags in
the June month of the year 2000. In bio-fertilizers inoculated, cutting higher number
of branches was observed as compared to uninoculated controls at 4 months after
planting.

However, by using various bio-fertilizers, the noticeable differences were not
found in terms of number of branches in the plants. While significant increase in leaf

Fig. 6.1 Phoenix dactylifera L. rhizosphere survey for arbuscular mycorrhizal fungi diversity in an
arid zone of South-West of Morocco
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area was recorded with the application of bio-fertilizers. With A. brasilense, the
maximum increase was found followed by dual-inoculation treatment.

The shoot dry weight was enhanced by 16–36% using bio-fertilizer inoculation.
In dual inoculation treatment the effect of variation was maximum, while G.
Fasciculatum was observed minimum.

InG. mosseae and A. brasilense alone noticeable total chlorophyll were found but
in dual-inoculated seedlings, the total chlorophyll was recorded highest. In the amino
nitrogen and reducing sugar contents, the similar trend was observed, whereas with
A. brasilense total phenols were recorded maximum followed by dual-inoculation
treatment.

Bio-fertilizers with inoculation in soil showed significant enhancement in the soil
enzyme activities such as dehydrogenase, alkaline phosphatase, nitrogenase and
hydrolysis of fluorescein diacetate (FDA) in pomegranate rhizospheric soils than
uninoculated control plants. The percent root colonization (after 4 months of inocu-
lation) of AM fungi was enhanced by 15–38% compared to control. The dual-
inoculation treatment had a maximum increase in the number of spores (203
spores/50 g soil) compared to control.

6.4.5 Mulberry

The soil inoculation effects with arbuscular mycorrhizal fungus Glomus
fasciculatum (containing 2083 infective propagules/g) and a mycorrhizal helper
bacterium Bacillus coagulans were investigated by Mamatha et al. (2002) for P
fertilizer (at two levels) on mulberry plants (var. M5) already adapted in the field
condition for one decade at Bangalore.

When plants were inoculated with AM fungi, the height of plant and number of
leaves per plant in mulberry were maximal and given 50% recommended P. Mul-
berry plants are treated with AM fungus alone or AM fungus plus B. coagulans. This
combination given is 50% P and majorly higher P concentration in leaf compared to
the 50% or 100% P in treated or uninoculated plants.

6.5 Fruit Plants Suitable for Temperate Climate

6.5.1 Apple

Derkowska et al. (2008) studied the mycorrhization and organic mulches influence
on mycorrhizal frequency and intensity in roots of one-year-old apple cv. ‘Gold
Milenium’.

The above experiments were performed in different treatments including control,
peat mulch, bark, sawdust, compost, straw and mycorrhizal substrate. When plants
mulched with peat and bark observed the highest mycorrhizal frequency for the
roots, while the lowest observed in mulched with sawdust in apple.
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6.5.2 Plum

The mycorrhizal fungi effect on the growth and yield of ‘Cacanska Lepotica’ plum
tree grafted on Prunus tomentosa rootstock was estimated by Slawomir and
Aleksander (2010). In the first year (June month) of tree development, 1000 units
per 1 plant mycorrhizal fungi dose was performed into the tree root systems. The
growth of plum trees was significantly induced by mycorrhizal inoculum. The
greater yield and yield efficiency per 1 cm�2 of trunk cross-sectional area was
observed in mycorrhiza inoculation. However, there was no influence of mycorrhizal
inoculum on the size of fruits.

6.5.3 Peach

According to Kipkoriony and Fusao (2006) in the mycorrhizal treatments, shoot
length was significantly higher after 3 months and lowest were found in the non-
mycorrhizal treatment without the charcoal amendment. In concomitant low shoot/
root ratios, shoot growth was relatively lower in mycorrhizal seedlings treated with
root-bark extracts and in treated non-mycorrhizal seedlings.

In mycorrhizal seedlings, shoot P was consistently higher irrespective of charcoal
amendment or treatment with the extracts of root-bark. While in non-mycorrhizal
seedlings, root P was better in the presence of activated charcoal, whereas the
opposite was true for mycorrhizal seedlings.

Based on the above study, it is clear that due to release of phytotoxic substances
upon decomposition (Allelopathic effect), peach root-bark extracts significantly
inhibited growth of both mycorrhizal and non-mycorrhizal seedlings.

In the soil amendment, activated charcoal is very useful because of its ability to
adsorb phytotoxic substances but the activated charcoal delayed the establishment of
mycorrhizal symbiosis due to the adsorption of signal chemicals that exudates from
respiring roots and play key role in the host and fungus signalling events that lead to
the establishment of symbiosis. Therefore, after mycorrhizal symbiosis has been
established, only then activated charcoal should be applied.

6.5.4 Kiwifruit

Calvet et al. (1989) studied that the inoculation of kiwifruit cv. Hayward seedlings
and hardwood cuttings with Glomus mosseae showed that the roots of AM seedlings
had more infection with hyphae and arbuscules than those of hardwood cuttings due
to morphological differentiation at different levels.

There was a significant improvement in the percentage of vesicular infections
between 1- and 2-month-old seedlings. The percentage of infected roots with active
arbuscules did not significantly vary between 1- and 2-month-old seedlings, but
there was a drastic change between 5- and 8-month-old cuttings.
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6.5.5 Cherry

Yildiz et al. (2010) studied that the AMF effect on the growth and mineral absorption
of rootstocks micro-propagated cherry was examined during adaptation, establish-
ment and maintenance of the plant. The ‘edabriz’ and ‘gisela 50 (two cherry
rootstocks) were propagated by using tissue culture and grown under greenhouse
for 16 weeks.

Plantlets were treated using Glomus clarum, G. caledonium, G. etunicatum, G.
intraradices, G. mosseae, cocktail (mixture of these species) and mycorrhiza (indig-
enous) into three different mixtures of substrates. All micropropagated cherry
plantlets after transplanting were adopted successfully.

The greater nutrient uptake was observed in mycorrhizal plantlets compared to
the non-mycorrhizal plantlets after 16 weeks of intervals.

Heavy colonization of AMF was observed in the inoculated cherry plantlets.
During transplantation, the inoculation from in vitro to ex vitro culture indicated that
the growth responses can be significantly induced by mycorrhizal association.

Healthier and higher Zn and P contents in the mycorrhizal cherry rootstocks were
observed compared to controls for both rootstocks. G. mosseae. From Çukurova
region, an indigenous AMF was isolated, and it also showed significantly enhanced
plant vigour and nutrient absorption. Comparatively, ‘Gisela 5’ rootstocks had
higher P and Zn contents compared to the Edabriz.

Based on the results, careful selection of compatible host/fungus/substrate
combinations showed the maximum benefit. The performance of micropropagated
plants may significantly enhanced by ensuring a stable mycorrhizal establishment
during planting.

Horticultural woody plants when treated with efficient AMF (in vitro) exhibit
significant survival and quality.

Moraes et al. (2004) observed that in vitro propagated plants were prone and
lacking strength to adopt shock during transplant with great losses. There was a
positive impact on plantlets due to mycorrhization (in vitro propagated) (Rai 2001;
Kapoor et al. 2008).

From the results it is concluded that AMF inoculations improve plant vigour and
development of micropropagated plants.

6.5.6 Blueberry

Gardes and Dahlberg (1996) studied that ericoid mycorrhizas are mostly found in the
roots of dwarf shrubs throughout temperate and boreal ecosystems. Kasurinen and
Holopainen (2001) studied mycorrhizal colonization of highblush blueberry
(Vaccinium corymbosum) and its native relatives, wild bilberry (V. myrtillus) and
bog whortleberry (V. uliginosum). Two highblush blueberry varieties investigated
were ‘North Country’ and ‘North Blue’. By using transmission electron microscopy
(TEM) analysis, it is observed that in all species ericoid mycorrhizas formed hyphal
coil inside the epidermal root cells. The highest mycorrhizal colonization was found
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in the roots of wild bilberries (51%) by using stereomicroscopic view, whereas in
ergosterol assay the highest total fungal biomass of roots was observed in bog
whortleberry (209 μg g�1 of root dry weight). Thus, further step would be to test
experimentally whether the mycorrhizas infecting the roots are truly beneficial to the
highbush blueberries growing under agricultural field conditions.

6.6 Conclusion

The beneficial effects of AM mycorrhizal fungi were observed on plant health
parameters and overall plants vigour. It is also observed as biocontrol agent with
all other PGPR properties. This symbiotic interaction leads to the reduction of
chemical fertilizers, pesticides and other agricultural inputs satisfactorily where
they play the key role for sustainable horticultural/agricultural practices. By using
biotechnological tools, AM fungi and rhizobacteria have the potential to be useful
for benefiting plant health parameters.

According to Azcon and Barea (1997), the AM fungal inoculation process needs
to be improved for the efficient application of AM fungal biotechnology in good
horticultural crop plant production systems. In agro-ecosystems, mycorrhizal colo-
nization is proved to be low input, as well as intensively managed practice. Undesir-
able or access use of phosphatic fertilizers and biocides leads to the disruptive to the
association of mycorrhiza.

Presently, there are huge gaps in our experimentation and the application of
the mycorrhizal association and the significance of AM fungal diversity in producing
the several benefits including plant health and disease management in addition to the
application effect on different agronomic practices, ecological balance.

For AM fungal physiology and function, our knowledge and understandings are
limited, and their role in different environmental conditions and crops are needs to be
updated with new tools and techniques so as to achieve effective AM fungi efficient
use and manipulation for the long period agricultural sustainability. Nowadays, the
cultivation of fruit plants and their application using micropropagation techniques
and plant transformation under controlled condition makes it easy to inoculate plants
with AM fungi. The AM fungi considered as plant strengtheners can become the
basic tools for urban horticulture and natural farming systems that will promote
future developments and will identify new demands and challenges for the mycor-
rhizal technology.
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Importance of PGPRs in the Rhizosphere 7
Lalan Sharma, S. K. Shukla, V. P. Jaiswal, A. Gaur, A. D. Pathak,
K. K. Sharma, and S. K. Singh

Abstract

Application of plant growth-promoting rhizobacteria (PGPR) for crop growth
promotion and yield is an urgent need for sustainable agricultural production in
view of increasing indiscriminate use of chemical fertilizers as well as plant
nutrient deficiencies. Some PGPR strains have been identified and
commercialized worldwide. The positive effect on crop growth and yields has
been recorded. The application of PGPRs besides increasing crop growth and
yield also reduces the cost of crop production and environmental risk. When
PGPRs are applied in soil with different methods, they fix atmospheric nitrogen,
solubilize plant nutrients, and also provide protection against soil-borne plant
pathogens. Besides providing direct and indirect benefits to crop plants, the
PGPRs also assist crop plants to tolerate drought and salt stress conditions.
These PGPRs perform plausible mechanisms in the rhizosphere region, though
abundantly documented but still remain greater scope for exploring various
mechanisms. Generally, PGPRs are applied as biofertilizers and biocontrol
agents, but their use as bioremediation, biodegredation, biostimulants,
biopesticides, bio-osmoprotectants is very limited. Due to the nonjudicious appli-
cation of chemical fertilizers, enormous opportunities are generated for the use
and commercialization of PGPRs. So in this chapter, the role of PGPRs in the rhi-
zosphere and activities performing in that zone are being described. The practical
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potential of PGPRs in crop production has also been discussed for
commercial uses.

Keywords

Rhizosphere · PGPRs · Plant growth promotion · Induced systemic resistance ·
Tolerance to drought and salt stresses

7.1 Introduction

Soil adhered around root vicinity, called rhizosphere soil. This rhizosphere soil
directly comes under influence of root exudates secreted from the plant root system
(Badri and Vivanco 2009; Bais et al. 2006; Broeckling et al. 2008; Gransee and
Wittenmayer 2000). In 1904, Hiltner first time described rhizosphere soil with the
name of “rhizosphere effect.” He observed that rhizosphere soil has an intense
microbial population and activity compared with nonrhizosphere soil, bulk soil.
Root exudate has recorded with triggering effect on microbial population located
on rhizoplane (root surface), rhizosphere zone (buffer zone), and nonrhizosphere
zone (bulk soil) (Hirsch and Mauchline 2012; Kristin and Miranda 2013; Toju et al.
2018; Turner et al. 2013; Zhang et al. 2017). Other than bulk soil, rhizoplane and
rhizosphere zone are colonized more intensively by beneficial microbes, plant
growth-promoting rhizobacteria (PGPRs), or harmful microbes [disease-causing
microorganisms (DCMs) or plant pathogenic microbes (PPMs)] (Chaparro et al.
2012, 2014; Mitter et al. 2013; Pii et al. 2015). The beneficial microbes perform plant
growth-promoting activities and provide additional nutrients availability
(Adesemoye et al. 2008; Ahemad and Kibret 2014; Babalola 2010; Berendsen
et al. 2012; Chauhan et al. 2015) while protecting from pathogenic microbes
(Compant et al. 2005) and also tolerance to abiotic stresses (Berg et al. 2014;
Fahad et al. 2015). The PGPRs can fix atmospheric nitrogen and mineralize and
solubilize phosphorus, potash, silica, zinc, and oxidizing sulfur to the plants. The
PGPR strain includes Rhizobium, Azospirillum, Azotobacter, Gluconacetobacter,
Bacillus, Pseudomonas, Burkholderia, Paenibacillus, Serratia, etc. (Gupta et al.
2015; Jha and Saraf 2015; Lugtenberg and Kamilova 2009; Nehra and Choudhary
2015). Rhizobium is a well-known example of nodule-forming bacteria in legume
crops where it fixes atmospheric nitrogen. Atmospheric nitrogen fixation by Rhizo-
bium is a very sensitive process to oxygen. In the presence of oxygen, the biological
nitrogen fixation pathway inhibited. Azospirillum, Azotobacter, Gluconacetobacter,
etc. are atmospheric nitrogen-fixing bacteria of other nonlegume crops. Bacillus
PGPR strain has better survival under adverse climatic conditions, while Pseudomo-
nas is considered as better root-colonizing bacteria. These PGPR strains mineralize
and solubilize fixed plant nutrients into unfix form, which is absorbed by the plant
roots during the water translocation process (Bulgarelli et al. 2013, 2015; Itelima
et al. 2018; Nelson 2004). Some PGPRs have been identified for restricting or
limiting the population of pathogenic microbes. The population of soil-borne plant
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pathogenic microbes is highly affected and reduced by the production of cell wall
lytic enzymes, antimicrobial metabolites, and also competes for nutrients availabil-
ity. Induced systemic resistance and phytohormone production have been reported
as one of the mechanisms of PGPRs for managing plant diseases by manipulation in
crop plants’ physical and chemical properties. Some PGPR strains have been
identified for providing tolerance to drought and salt stress through the production
of osmoprotectants metabolites (Baez-Rogelio et al. 2017; Cardinale et al. 2015;
Wani et al. 2016). The interaction between plant and PGPR strain is complex (Gray
and Smith 2005; Jones et al. 2004; Leach et al. 2017), and PGPRs trigger cumulative
effects on plant growth and yield (Bashan 1998; Bender et al. 2016; Vessey 2003),
while root exudate provides a congenial atmosphere for the beneficial microbial
population (Beattie 2015; Berg et al. 2016; Bossio et al. 1998; Evangelou and Deram
2014).

7.2 Rhizosphere

The soil region directly comes under the influence of root and/or root exudates,
called the rhizosphere. The rhizosphere zone covers around 20–30 cm top of the
undisturbed soil and consists of plant roots, soil matrix, and soil microflora and
fauna. The soil microflora and fauna are bacteria, fungi, cyanobacteria, nematodes,
protozoa, and even mites too. The soil provides physical supports as well as water
and minerals to the plants. Plant roots secrete low-molecular-weight organic
compounds such as sugars, amino acids, organic anions (OAs), and phenolics.
They can easily be disintegrated and assimilated by soil microorganisms and serve
as a substrate for microbes. The high-molecular-weight organic compounds
(proteins, pigments, mucilage, and miscellaneous other substances) secreted by
plant roots require additional extracellular enzymatic activity to break down before
assimilation. Mucilage is a mixture of organic substances, released proton, oxygen,
and water. In addition to organic substances, some inorganic substances like inor-
ganic ions, H+, electrons, water, and siderophores are produced. These released
substances make soil physical and chemical structural changes (Fig. 7.1) (Garcia-
Pausas and Paterson 2011). Almost 20–50% of total photosynthates of the crop are
secreted in the rhizosphere. These root exudates are preferably utilized by soil
microbiota, and this effect is called the “rhizosphere effect,” the first time described
by Hiltner, 1904. The rhizosphere soil has 500 times more microbial load compared
to the nonrhizospheric soil (bulk soil). The quality and quantity of secreted
compounds depend on plant species cultivated and to a certain extent on soil
physical and chemical properties (Andreote and Pereira 2017). Because of this
reason, certain species of the bacteria and fungi can survive in this selective
microenvironment, called phytomicrobiome (Badri et al. 2013). Surviving bacteria
and fungi may have beneficial and harmful relationships to the crop plants. Some
soil-borne plant pathogenic fungi are reported to cause economic damage to crops.
The fungal genera are Fusarium, Pythium, Phytophthora, Alternaria, Rhizoctonia,
etc. However, rhizosphere-residing bacterial population has a positive effect on
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growth and crop yield called plant growth-promoting rhizobacteria (PGPRs). So far,
well-known examples of PGPRs are Rhizobium, Gluconacetobacter, Pseudomonas,
Bacillus, Paenibacillus, Azotobacter, Azospirillum, Burkholderia, and Biocontrol
agents (Babalola 2010). In the rhizosphere zone, a specific plant–soil–microbes
interaction takes place. This interaction is mediated by chemical substances released
by plants and microbes. In leguminous plants, some flavonoids are considered for
playing a major role in nodule formation in plant roots (Dakora et al. 2015;
Desbrosses and Stougaard 2011). Some researchers also emphasized that these
flavonoids compounds may also be associated with vesicular-arbuscular mycorrhiza
(VAM) colonization. Root colonization and the microbial population vary from crop
growth stage. The grand growth and root elongation state of the crop are considered
to have the greatest number of the rhizospheric microbial population. The ratio of the
microbial population in the rhizosphere zone to bulk soil is always recorded 3–4
times more. Application of PGPR strain in the production of the agricultural crop
through soil, seed, and root inoculation improves qualitative economic values and
also avoids environmental risk efficiently (Fig. 7.2).

Fig. 7.1 Root exudates change soil physical and chemical properties
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7.3 PGPRs in Rhizosphere: For Better Crop Growth and Yield

It has been estimated that almost more than a hundred million tonnes of nitrogen,
phosphorus, and potassic fertilizers are applied in soil annually. Due to the
nonjudicious application of these chemical fertilizers, tremendous detrimental
effects on soil, water, and human beings besides the increased cost of crop produc-
tion have been reported worldwide. Rhizosphere used to call root adhered soil region
has intense microbial activity and also dynamic zone in the soil. In 1904, German
agronomist Hiltner first time defined the term rhizosphere for the effect of legume
roots on the surrounding soil. He recorded that more microbial activity at neighbor-
ing roots or root influenced soil. The reason for intense microbial activity is reported
because 20% and 50% of their photosynthates released through the root (Bottner
et al. 1988). The diverse group of low- and high-molecular-weight organic
compounds are released in the rhizosphere. The soil microflora and fauna supported
by these organic substances and microbial population in soil exert a beneficial effect
on plant growth promotion and yield as well. Plant growth promotion itself describes
the increased plant growth and crop yield occurred while treating seed or soil with
certain plant growth-promoting bacteria. The plant growth-promoting rhizobacteria
are free-living soil inhabitant bacteria. PGPRs improve seed germination, root
formation, branching and tillering, fluorescence, fruit ripening in crop plants.
Besides this, PGPRs also provide tolerance to biotic and abiotic stresses
(Table 7.1). These plant growth-promoting attributes are finally visible in terms of
increased seed germination, root formation, excessive branching and tillering, fluo-
rescence, fruit ripening, and also tolerance to abiotic stresses. PGPRs are found in the
rhizosphere of the crop plants (Kloepper et al. 1989). The effect of plant growth-
promoting rhizobacteria on agricultural crops is reported by various researchers.
Some PGPRs strain has been reported for plant growth-promoting attributes such as
the cytokinin production by Pseudomonas fluorescens strain G20-18 (Bent 2006),
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Fig. 7.2 PGPRs mediated
ecological cycle while
sustaining soil fertility and
enhancing crop productivity
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Table 7.1 Role of PGPRs in plant growth-promoting attributes of crop plants

S. no.

Plant growth-
promoting
attributes

Plant growth-
promoting
rhizobacteria

Agricultural
crop References

A. Biofertilizers: directly affecting plant growth promotion

1. Biological nitrogen
fixation

Rhizobium spp.,
Azotobacter
chroococum,
Azotobacter
beijerinckii,
Azotobacter
vinelandii,
Azospirillum
brasilense,
Azotobacter
lipoferum,
Gluconacetobacter
diazotrophicus,
Gluconacetobacter
sacchari

Legume
crop, rice,
sugarcane

Allen et al. (2017),
Baldani et al. (2000),
Bhattacharjee et al.
(2008)

2. Mineral
solubilization
(P, K, Zn, S, Silica,
etc.)

Pseudomonas
fluorescens, Bacillus
megaterium,
Bacillus polymyxa

Legume,
cereals,
vegetables,
and
cucumber
crops

Oteino et al. (2015),
Wyciszkiewicz et al.
(2017), Altomar and
Tringovska (2011)

3. Plant growth
regulating
substance
production

Pseudomonas
cepacia,
P. fluorescens,
Azotobacter
chroococum,
Azospirillum
brasilense

Wheat, rice,
maize, barley

Bottini et al. (2004),
Cohen et al. (2015),
de Santi Ferrara et al.
(2012), Etesami et al.
(2015)

4. Lowering of
ethylene
concentration

Bacillus,
Pseudomonas

Rice Etesami et al. (2014),
Heydarian et al.
(2016), Wang et al.
(2016)

B. Biocontrol agents: indirectly affecting plant growth promotion

1. Antibiotics
production

Pseudomonas
aureofaciens,
P. fluorescens

Wheat,
tobacco,
potato,
groundnut,
cotton

Akpa et al. (2001),
Bender and Scholz-
Schroeder (2004),
Bender et al. (1999),
Chang (1981),
Fernando et al. (2005)

2. Iron sequestration/
siderophores

Fluorescent
pseudomonads

Tobacco Keel et al. (1989),
Pessi and Haas
(2000), Rudrappa
et al. (2008),
Solomonson (1981),
von Rohr et al. (2009)

(continued)
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biological nitrogen fixation by Rhizobium leguminosarum strain MNF 710 and P
solubilization by Pseudomonas putida strain GR12-2, etc. The PGPRs promote plant
growth and crop yield by facilitation of the nutrients from the soil environment or by
producing inhibitory substances to restrict the growth and minimize plant pathogenic
load in soil.

7.3.1 Atmospheric Nitrogen Fixation

Nitrogen is one of the most important macronutrients for the plant. Conversion of
gaseous atmospheric di-nitrogen into nongaseous ammonium nitrogen compound by
microbial intervention is called biological nitrogen fixation. Further, gaseous ammo-
nium nitrogen is oxidized in the form of nitrate. Both nitrogen forms are absorbed by

Table 7.1 (continued)

S. no.

Plant growth-
promoting
attributes

Plant growth-
promoting
rhizobacteria

Agricultural
crop References

3. Synthesis of
antifungal
metabolites

Pseudomonas
fluorescens strain
CHAO

Tobacco,
wheat

Budzikiewicz (1993),
Delany et al. (2000),
Dwivedi and Johri
(2003)

4. Production of
fungal cell wall
lysing enzymes

Pseudomonas,
Bacillus

Wheat, rice,
maize

Chernin and Chet
(2002), Matthijs et al.
(2007), Nagrajkumar
et al. (2004), Pleban
et al. (1997)

5. HCN and ammonia
production

Fluorescent
Pseudomonas,
Enterobacter
cloacae

Tobacco Askeland and
Morrison (1983)

6. Bacteriocins Rhizobium trifolii,
R. leguminosarum

Cowpea Gray et al. (2006),
Subramanian and
Smith (2015)

7. Plant defense
activation

Fluorescent
Pseudomonas

Cucumber,
rice

Pieterse et al. (2014),
Ortiz-Castro et al.
(2009), Bent (2006)

8. Efficient root
colonization and
competition for
nutrients against
soil-borne
pathogens

Bacillus,
Pseudomonas
fluorescens,
Pseudomonas
syringae

Maize,
tobacco,
potato

Beneduzi et al.
(2012), Sivasakthi
et al. (2014), Benizri
et al. (2001)

9. Inducing plants for
phytoalexins
production

Rhizobium
leguminosarum

Arabidopsis,
bean, white
bean

Wituszynska et al.
(2013)
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plants. Living entities depend on the availability of fixed nitrogen because nitrogen
molecule is required for the biosynthesis of amino acids, proteins, nucleic acids, and
other nitrogen-containing biomolecules. The plant makes different associations with
beneficial microbes and symbiotic prokaryotic microorganisms like Rhizobium
meliloti, R. leguminosarum, Rhizobium phaseoli, and Rhizobium japonicum in
legume crops and asymbiotic microorganisms like Azotobacter chroococum,
Azotobacter beijerinckii, Azotobacter vinelandii, Azospirillum brasilense,
Azotobacter lipoferum, and Gluconacetobacter diazotrophicus in nonlegume
crops. These rhizobacterial genera are identified as endophytic nitrogen fixers. The
application of these endophytic nitrogen-fixing bacterial strains not only improves
crop growth, yield, and crop productivity but also reduces chemical fertilizer’s load.
Biological nitrogen fixation is highly sensitive to the presence of oxygen, intensive
energy input process, and involves functional and regulatory gene products. The
nitrogenase protein complex consists of two metalloprotein subunits. The first one is
composed of two different dimers (MoFe protein) which are encoded by nifD and
nifK genes. This nitrogenase protein complex performs an actual reduction of
atmospheric di-nitrogen. The second protein subunit is made of two similar dimers
(Fe protein) which are encoded by the nifH gene. This site ensures ATP hydrolysis
and electron transfer between subunits. Thus, acetylene reduction assay (ARA) is
used as an indirect method to study the efficiency of the nitrogenase enzyme. Among
the various biological nitrogen fixers, bacterial group belonging to rhizobia is well
established and well-known example of this. The biological nitrogen fixers are
generally called “diazotrophs.” Rhizobium strain was used for the first time to
develop the microbial product in the name of “Nitropin.” Subsequently, a number
of symbiotic and nonsymbiotic bacterial strains are isolated, screened, and identified.
Worldwide several researchers used these nitrogen-fixing bacterial strain and
recorded that the application of nitrogen fixers in the crops at the sowing, planting,
and transplanting could reduce the fertilizer load up to 25–50% without compromis-
ing crop growth and yields. Bhattacharjee et al. (2008) reported that species of
Rhizobium in legume crops like pea, gram, cowpea, pigeon pea, lentil, and bean can
supply nitrogen sufficiently. Gluconacetobacter, Azospirillum, Azotobacter, Bacil-
lus, and Burkholderia inoculation have been reported to enhance crop growth and
yields in nonlegume crops (Allen et al. 2017; Baldani et al. 2000). The atmospheric
fixed nitrogen is calculated in terms of the percentage of total plant nitrogen, protein,
and yield increased. As per reports available, about 30–40 kg/ha/year nitrogen is
fixed by seed/planting material bacterized with diazotrophs.

7.3.2 Phosphate Solubilization

Phosphorus is the second major macronutrients for better crop growth and yields. It
is a constituent part of phosphorylated sugar, phospholipid, phytin, nucleotide,
nucleic acid, and coenzymes. Soil pH plays a major role in its absorption by the
plant roots (soil pH <4.0—H3PO4, between pH 4.0 and 7.0—H2PO4, between
pH 7.0 and 10.0—HPO4, and pH >10—PO4). Phosphorus is available in the form
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of orthophosphate, and plant takes phosphorus either in H2PO4 or in HPO4. Maxi-
mum phosphorus is available in soil pH ranging from 6.0 to 7.0. The mobility of
available phosphorus is very limited. In soil, phosphorus is available in the organic
and inorganic state. The total phosphorus content in arid soil in India is reported
around 700 kg/ha, but the only plant accessible phosphorus quantity is very low,
15–25 kg/ha. Phosphorus contributes to a total plant dry weight of around 0.2%. The
early stage of crop growth requires a sufficient supply of phosphorus for primordial
development, tillers formation, and photosynthetic processes. Deficiency of P nutri-
ent resulted in stunted plant growth, twisted and tilted petioles, and leaflets. Soil is
rich in phosphatic components but its availability to the crop plants is less. Besides
this, almost 75–90% of applied phosphatic fertilizers easily chelate with calcium
(Ca) and form calcium phosphates, with iron (Fe) and form iron phosphate, and with
aluminum (Al) and form aluminum phosphate. This phosphorus precipitation occurs
in acidic soil associated with Al and Fe compounds and mono-, di-, and tricalcium
phosphate in calcareous soil (Stevenson 1986). Organic matter plays a major role in
making organic phosphorus available. Organic matter contributes around 50–80% of
the total organic phosphorus. Phytate, phospholipids and nucleic acid are the mother
of soil organic phosphorus and utilized by the soil microbial population. Soil
microbial populations especially PGPRs are capable to mineralize insoluble mineral
phosphate in the soil. Phosphate-solubilizing microbial population constitutes
around 20–40% of the culturable microbial population of soil. Among the phos-
phate-solubilizing microbial population, phosphate-solubilizing bacteria are the
major ones. The majority of soils have been reported to have PSB strains, but the
population in arid and semiarid soils is very less. Besides this, climatic conditions
regulate PSB strains in soil. However, a mild and moist climate is more congenial for
population buildup than dry and flooded conditions. The rhizosphere zone is the best
habitat for PSB strain multiplication. These P-solubilizing bacteria produce phos-
phatase, phytases enzyme, and organic acids in both liquid and solid medium which
leads to a drop. Nearly all P bacteria strain has the potential to solubilize Ca-P
complexes, and only a few of them can solubilize Fe-P and Al-P complexes. Acid
phosphatase and phytases are considered major phosphate-solubilizing substances.
Besides this, P-solubilizing bacterial strains have other plant growth-promoting
attributes like the production of siderophore, phytohormone, antibiotics, antimicro-
bial substances, vitamins, and HCN. Inoculation with PSB strains like Pseudomonas
fluorescens, Bacillus megaterium, and Bacillus polymyxa (Bhatti and Yawar 2010;
Chhabra et al. 2013; Demissie et al. 2013) were done on various crop plants by
various researchers and recorded significant results. It was recorded that additional
phosphate solubilization, 15–30 kg/ha, has been reported. A cheap source of phos-
phate in arid soils is rock phosphate but becomes inaccessible in normal and alkali
soils. P-solubilizing bacterial strains have greater potential to release insoluble and
fixed forms of phosphates when seed or soil inoculated.
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7.3.3 Production of Plant Growth Regulating Substances

A tripartite (plant–soil–microbes) interaction takes place in the rhizosphere. Phyto-
hormone is a growth regulator produced by either plants or microbes which assists
plant for seed germination, root development, cell elongation, cell division, primor-
dial formation, and other several morphological and physiological changes. Besides
this, phytohormone increases plant resistance to environmental conditions,
suppresses the expression of undesired genes, and assists in the biosynthesis of
pigments, enzymes, and metabolites. The phytohormone is auxins, cytokinins,
gibberellins, ethylene, and abscisic acids. For root initiation, auxins play a major
role. In plants, auxins are produced only by a tryptophan-mediated pathway. The
tryptophan is the precursor of auxin production by the crop plants means it is a
limiting factor for auxin production in plants. In PGPRs, various known pathways of
auxin production especially dominating indole-3-acetic acid (IAA) biosynthesis
pathway have been reported. IAA biosynthesis pathways in PGPRs are indole-3-
pyruvic acid, indole-3-acetamide, tryptophan conversion into indole-3-acetic alde-
hyde, and tryptophan conversion into the indole-3-acetonitrile pathway. The major-
ity of PGPRs studied for IAA biosynthesis have IAA formation either indole-3-
pyruvic acid pathway or tryptophan conversion into indole-3-acetic aldehyde path-
way. Almost 80% of rhizobacteria isolated from rhizosphere soil have the potential
to produce auxins during in vitro screening. The predominant bacterial population in
the soil is Pseudomonas, Bacillus, Rhizobium, Azotobacter, Azospirillum, Erwinia,
Agrobacterium, Enterobacter, and Serratia. Moreover, the rhizospheric microbial
community of the plants has great potential in the conversion of tryptophan into
IAA. Similarly, PGPRs are identified for cytokinins, gibberellins, and abscisic acid
synthesis. Pseudomonas fluorescens is an efficient PGPR strain in synthesizing
phytohormone, mainly IAA, cytokinins, and gibberellic acid in inoculated wheat
crop. PGPR strains like Bacillus pumilus, Herbaspirillum seropedicae,
Acinetobacter calcoaceticus, and Promicromonospora produce gibberellins. Pieces
of literature are available that Azospirillum brasilense and Bacillus megaterium are
involved in the production and enlargement of the root by the production of
cytokinins (Bottini et al. 2004; Cohen et al. 2015; de Santi Ferrara et al. 2012).
Excess production of ethylene is a negative factor for plant growth promotion. For
ethylene production, 1-aminocyclopropane-1-carboxylate (ACC) plays a major role
in conversion into ethylene but ACC is metabolized by PGPR strains by producing
ACC deaminase enzyme. The ACC deaminase enzyme breaks ACC into
α-ketobutyrate and ammonium resulting in reduced ethylene concentration. PGPR
strains like Bacillus subtilis, B. pumilus, Bacillus licheniformis, Achromobacter
xylosoxidans, Lysinibacillus fusiformis, and P. putida are ABA-producing bacteria.
Thus, PGPRs play a vital role in the production of plant growth regulators, and
phytohormones which influence plant growth and development (Cohen et al. 2015;
de Santi Ferrara et al. 2012; Etesami et al. 2015).
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7.3.4 Mycelia Growth Restriction of Soil-Borne Plant Pathogens
by PGPRs

Biological control agents are a method whereby an undesirable population of plant
pathogenic microbes is reduced by the application of beneficial microbial
populations rather than a man. To date, several researchers have defined the
biological control. Besides this, during cultivating agricultural crops, it is noticed
that several economically important diseases are caused by the fungal population.
The soil-inhabiting fungal pathogenic population is more and very difficult to
manage. The application of fungicides is not always effective and eco-friendly
besides the huge cost involved. So plant growth-promoting rhizobacteria are consid-
ered an alternatively green approach for soil-borne plant pathogen management.
Sanford (1926) first time used antagonists as a biological control for managing
potato scab disease. He emphasized that increasing the population density of certain
saprophytic bacteria on decomposing crop residues reduces potato scab disease. For
abiotic management, the ice-minus strain of Pseudomonas syringae is used to
exclude ice nucleation strains of P. syringae from the foliage of frost-sensitive
plants. In the cross-protection defense mechanism, inoculation of mild strain against
a virulent strain of the pathogenic virus induces a defense pathway in the crop plants.
Besides this, there are some classical examples of biocontrol agents where pruning
wounds to provide protection against Fomes and Armillaria caused disease in plants.
Prominent PGPRs used in biocontrol agents are as follows: (1) Agrobacterium
radiobacter against A. radiobacter pv. tumefaciens, (2) Bacillus subtilis, B. cereus,
and Bacillus penetrans against Pythium, Phytophthora cinnamomi, Fusarium
roseum, and Rhizoctonia solani, (3) Pseudomonas fluorescens, P. cepacia, and
P. putida against Gaeumannomyces graminis, Fusarium oxysporum, Rhizoctonia
solani, Sclerotium rolfsii, Pythium, etc., (4) Erwinia herbicola and Erwinia
uredovora against Erwinia amylovora, (5) Streptomyces griseus, Streptomyces
praecox, and Streptomyces lavendulae against Phomopsis, Fusarium, and
Gaeumannomyces (Fravel 1988; Aliye et al. 2008; Beneduzi et al. 2012).

7.3.5 Production of Fungal Cell Wall Lysing Enzymes

The PGPRs besides enhancing growth of the crop are also potential biocontrol
agents. These are usually isolated from the rhizospheric soils. Most of the PGPRs
belong to the fluorescent Pseudomonas (P. fluorescens and P. putida), and also few
are included in nonfluorescent Pseudomonas spp., like Bacillus subtilis and Serratia
spp. These PGPR strains can parasitize fungi and kill them by secreting cell wall
lytic enzymes like chitinase, B-1, 3-glucanases, proteases, and lipases. PGPR strain
also produces low-molecular-weight fungi toxic compounds such as iturin and
fengycin. For example, chitinase cell wall lytic enzyme is produced by Serratia
marcescens, and RLOs have been associated with biocontrol of fungal kitinase of
pea and bean. Besides this, chiA gene was cloned and expressed constitutively in
PGPR culture Pseudomonas putida. This genetically engineered PGPR strain having
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chiA + recombinant provided increased protection of radish against Fusarium
oxysporum f. sp. redolens.

7.3.6 Plant Defense System Activation

The plant growth-promoting rhizobacteria can suppress plant disease caused by
plant pathogens by triggering plant-mediated resistance mechanisms called induced
systemic resistance (ISR). The induced systemic resistance is almost similar to plant
pathogen-induced systemic-acquired resistance (SAR). The induced resistance
works both locally and systemically. These both enhance resistance against chal-
lenging pathogens. The ISR and SAR differ in their only signaling pathways. This is
evident when plant growth-promoting bacteria and plant pathogens are applied at
specially separated locations on the plant. In ISR, jasmonic acid is a signaling
molecule, while in SAR, it is salicylic acid. SAR is associated with the accumulation
of novel pathogenesis-related proteins (PR proteins), some of them also reported to
have antifungal activity. In ISR, the systemic infection is not linked with necrosis
(without necrosis), while SAR works as with the necrosis system. For SAR, a trans-
genic plant with the Nah G gene was developed from Pseudomonas putida, which
codes enzyme salicylate hydroxylase. It causes the conversion of salicylic acid to
catechol, and as a result, no SAR is developed in plants (Ryals et al. 1996). Thus,
Nah G transformed plants have been used to determine whether ISR-inducing
PGPRs can trigger the SAR pathway. PGPR-mediated ISR signaling pathway
does not initiate biosynthesis of salicylic acid or pathogenesis-related proteins.
Rather, it synthesizes jasmonic acid (jasmonate) and ethylene and just like SAR
depends on the regulatory protein NPR1 which contains ankyrin repeats. Thus,
NPR1 regulatory protein differentially regulates ISR- and SAR-related gene expres-
sion depending on the pathway that is activated. The jasmonic acid and ethylene
dependency of ISR are based on the enhanced sensitivity of these phytohormones,
rather than an increase in their production. However, the extent of induced resistance
attained is similar in both ISR and SAR signaling pathway (Bakker et al. 2013; Bent
2006). It is yet not clear whether ISR is broad-spectrum like SAR, but there is no
evidence available that these PGPRs stimulate to produce antimicrobial compounds
such as phytoalexins. However, some PGPRs which produce salicylic acid as
siderophore under iron-limiting condition have been reported to induce SAR. Simi-
larly, Pseudomonas aeruginosa strain 7NSK2 has been found to induce SAR in bean
and tobacco plants against Botrytis cinerea and tobacco mosaic virus (TMV),
respectively.

7.3.7 PGPR-Mediated Drought and Salt Stress Management

A worldwide drought and salt stress are a serious concern for soil quality and soil
fertility. Due to poor soil quality and fertility, crop growth and crop productivity are
adversely affected. Almost 12 million ha of cultivated land in India is salt-affected. A
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major portion of salt-affected soil is found in semiarid and arid regions of the
country. The pH of salt-affected soil is around 8.0 or more. In salt-affected soil,
a mixtures of chlorides and sulfates of calcium, magnesium, and sodium are found.
Among them, the concentration of sodium chlorides is dominant in nature. The ratio
of sodium, calcium, and magnesium in most of the salt-affected soils has been
recorded as 7:2:1. Due to the increased concentration of these mixtures of chlorides
and sulfates, the availability of existed plant nutrients is affected. The reports are
available that a large portion of applied inorganic phosphatic fertilizers in salt-
affected soil usually precipitated in different forms such asmono-phosphates,
di-phosphates, and tri-calcium phosphates. Precipitation of inorganic phosphates in
the soil comes under soil salinization, where water-soluble salts accumulated in the
soil. Similarly, it happens with other externally applied inorganic fertilizers. Due to
deficiency of plant nutrients, crop growth and yield are badly affected. The reduction
in crop growth and yield is due to a decrease in cell growth, leafsurface area,
chlorophyll content, accelerated defoliation, and senescence. The soil salinity is
measured by determining the conductivity of the saturation extract (dS/m). Among
abiotic stresses, the drought stress is also the most destructive stress which causes a
complete restriction on crop growth and yield. The severity of the damage depends
on the drought period and crop stage. In drought conditions, the availability and
transport of soil nutrients are affected. Besides, it induces free radicals which affect
antioxidant defenses andreactive oxygen species mechanisms. Increased reactive
oxygen species (ROS) causes various levels of plant physiological parameters.
The decreased chlorophyll content is one of the major causes of drought stress. So
in these prospects, a large group of plant growth-promoting rhizobacteria has been
isolated, screened, characterized, and identified at the molecular level. The PGPR
strain predominant in adverse climatic conditions is known to have a beneficial effect
on drought and salt stress management in the cultivated crop. These PGPRs applied
in drought and salt-affected soil performs different activities, such as phytohormone
production (abscisic acid, gibberellic acid, cytokinins, indole—3 acetic acids), ACC
deaminase production, induced systemic resistance, and exopolysaccharide produc-
tion. Dimkpa et al. (2009) reported that IAA-producing Azospirillum strain enhances
plant tolerance to drought stress. The effect of different PGPRs strain like
Azospirillum brasilense, A. lipoferum, Bacillus subtilis, Pseudomonas fluorescens,
and Bacillus thuringiensis has been reported on tomato, maize, wheat, soybean, etc.,
worldwide. Similarly, several researchers reported that the application of
osmotolerance PGPR strain like Pseudomonas fluorescens, Pseudomonas
pseudoalcaligenes, B. subtilis, and Azospirillum brasilense reduces osmotic pressure
by the production of organic osmolytes (sugar and derivatives, amino acid and
derivatives, polyols, betaines, and ectoines). Paul and Nair (2008) reported that
P. fluorescens strain MSP-393 induces salt tolerance by the production of glycine
betaine, alanine, glutamic acid, serine, threonine, osmolytes, and aspartic acid in
their cytosol of wheat, rice, avocado, maize, chickpea, peanut, common bean,
tomato, eggplant, cotton, radish, barley, lettuce, pea, groundnut, black pepper, kallar
grass, etc.
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7.4 Molecular Tools and Techniques for Identification
of PGPRs

Rhizospheric soil is rich in microbial populations. A diverse group of beneficial plant
growth-promoting microbes is reported worldwide. The beneficial plant growth-
promoting microbes may be mainly bacteria and fungi. Few of them only 1–2% of
the total soil microbial population are culturable in laboratory conditions. In labora-
tory conditions, phenotypic, biochemical, serological, and molecular-based identifi-
cation can be done. Phenotypic, biochemical, and serological-based identification
has certain limitations. So molecular-based identification provides correct identifica-
tion, which can be correlated with a phenotypic-based identification system. The
molecular-based identification of bacteria is done by the determination of base
sequences of certain key nucleic acid genes such as 5S rRNA (120 bp), 16S rRNA
(1600 bp), and 23S rRNA (2300 bp). In fungal identification, ITS region, TEF-α
gene, ATP -6ATPase gene, and β-tubulin gene are targeted. This could be done due
to the introduction of polymerase chain reaction, which allows for specific detection
and investigation of even minor traces of genetic material. All these bases of
nucleotide sequences of rRNA genes and their spacers can be used for phylogenetic
analyses. Most commonly, 16S rRNA gene and ITS region are used for molecular
identification of bacteria and fungi, respectively. After the sequencing of rRNA
genes and spacer regions, sequencing data are blasted with GenBank-NCBI and
deposited in public data banks (NCBI, EMBL, etc.). This approach provides infor-
mation on isolated microbial culture and exact identification as well. Besides this, for
the study of microbial diversity, community structure, and community response to
environmental conditions in the soil, a meta-genomics approach can be used.
Generally, the meta-genomics approach is adopted in the study of noncultural
microbes. Further, soil meta-genomics study includes culture-dependent techniques
(plate count, morphology analysis, community-level physiological profiling, CLPP)
and culture-independent techniques—Microbial lipid-based (PLFA, FAME),
non-PCR based (DNA reassociation, the G + C content of DNA, RSGP), PCR
based (RAPD, RFLP, ARDRA, T-RFLP, RISA, ARISA, DGGE, TGGE, SSCP,
HRP, qPCR, etc.), and sequencing based (clone library sequencing, amplicon
sequencing, shotgun sequencing, etc.).

7.5 Bio-Formulation Development and Commercialization
of PGPRs

In recent years, a number of entrepreneurs (small and medium levels) have entered
commercial production of bio-formulations (biofertilizers and biocontrol agents)
(Bhattacharjee and Dey 2014; Arora et al. 2016; Bashan and de Bashan 2015;
Bashan et al. 2014). For bio-formulation development, it is a multistep process
involving a wide range of activities. The first activity is to isolate potential microbial
culture from the congenial natural or agro-ecosystems. In laboratory conditions,
evaluation of isolated microbial culture is done for plant growth-promoting
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attributes. The potential microbial strain is further screened at glass-house
conditions. After getting significant results, the microbial culture is validated in
field conditions, at farmers’ fields, and/or by validating agencies. Besides this,
microbial culture is also validated for shelf life, quality parameters, and population
count in the eco-friendly and easily available multiplying substrate. After complete
confirmation and validation, microbial culture is mass multiplied, formulations
prepared, registration done, and released for application on farmer’s field
(Table 7.2).

7.6 Conclusion

The rhizospheric zone of the plant has been characterized by intense microbial
activity. It is also an interface between plant roots and bulk soil, the soil which is
not under influence of root exudates. Root exudate is a mixture of the released low
and high metabolites by the plant. The metabolites are synthesized during the photo-
synthesis pathway. They are a good food substrate for microbial population and exist
around the root vicinity. Due to rich in carbon and nitrogen-based compounds, it
creates and develops selective microbial community and structure called
rhizomicrobiome. The beneficial microbial population in the rhizosphere zone is
called plant growth-promoting rhizobacteria (PGPRs). The beneficial microbes
increase tremendous and perform a number of plant growth-promoting attributes
that are benefitted directly to crop plants, known as biofertilizers, or indirectly by
restricting the population of plant pathogenic microbes, called biocontrol agents.
Besides this, some PGPR strains induce systemic-acquired resistance and provide
tolerance to abiotic stresses like drought and salt conditions. Today, molecular
approaches are need-based and used for the detection and identification of microbes,
microbial community and structure, and their response to environmental conditions.
To date, a number of microbial formulations are being developed and
commercialized worldwide. The use of these microbial inoculants is eco-friendly
and safe and also increases crop growth and yields besides reduction in the cost of
cultivation. A lot of research has been done on PGPRs and has characterized the
plant growth-promoting traits of PGPRs. Still, the study of microbial community and
structure has great scope for studying system biology. Soil microbial activity and
distribution are directly affected by soil organic matter content and environmental
conditions as well. So better understanding of the composition and distribution of
microbes in nature can maintain the diversity of beneficial microbes and improve
plant growth and productivity without developing any harmful environmental issues.
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Table 7.2 List of some bio-formulations developed worldwide

S. No. Product name Microbial culture used Country

1. AgriLife, Symbion-P B. megaterium, B. polymyxa India

2. Ecofit, Bas derma, Tri-control Trichoderma viride India

3. Kali sena Aspergillus niger India

4. Symbion-N, CALOBIUM Rhizobium sp. India

5. Symbion-K Frateuria aurantia India

6. Symbion-S Thiobacillus thiooxidans India

7. CALMONAS Pseudomonas sp. India

8. CALSPIRAL Azospirillum sp. India

9. CALZOTO Azotobacter sp. India

10. Sardar Biofertilizers Consortium-based
formulation

India

11. BioGrow Consortium-based
formulation

Vietnam

12. Biosave 100, Biosave 110, Biosave
1000, Fastban A

Pseudomonas syringae USA

13. Conquer, Victus Pseudomonas fluorescens USA

14. Blue circle Pseudomonas cepacia USA

15. Soil gard Gliocladium virens USA

16. System 3, Kodiak, Kodiak HB, Kodiak
At, Epic

Bacillus subtilis USA

17. Rhizo-plus, Rhizo-plus Konz Bacillus subtilis Germany

18. Bactophosphin Bacillus mucilaginosus Russia

19. Rizotrophin Rhizobium sp. Russia

20. Azotobacterin, Azotovit, Ekophit Azotobacter chroococcum Russia

21. Mamezo, hyper-coating seeds,
R-processing seeds

Rhizobium sp. Japan

22. Xin Sheng Li B. mucilaginosus, B. subtilis Japan

23. Nitrogen Gold, TagTeam Rhizobium meliloti Japan

24. Rizo Liq LLI, Rizo Liq TOP Rhizobium sp. Argentina

25. TwinN Consortium-based
formulation

Australia

26. FOSFORINA P. fluorescens Cuba

27. EcoMic, Micofert Glomus sp. Cuba

28. BuRIZE1 Glomus sp. Mexico

29. Dimargon1 Azotobacter chroococcum Malaysia

30. UPMB 10 Bacillus sphaericus Malaysia

31. Biophos Bacillus megaterium Sri Lanka

32. BioPower N-fixing consortium-based
formulation

Pakistan

33. Ferti-Bio Consortium-based
formulation

Pakistan
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Flavonoid Infochemicals: Unravelling
Insights of Rhizomicrobiome Interactions 8
Amit Verma, Harish Mudila, Parteek Prasher, and Shulbhi Verma

Abstract

Root exudation consists of several biochemicals which act as the modifier of
rhizospheric ecosystem favouring plant growth and development. These
biochemicals play a role of signals to call the beneficial microbes towards plant
root and deterring the pathogenic species away from the rhizosphere due to which
they are also described as “Infochemicals”. Flavonoids are one of the most
important infochemicals exudated from various plant roots that help in regulating
rhizospheric nutrient status, microbial diversity and biotic and abiotic adaptation
etc. owing to their importance and prominence in rhizospheric signalling, they
have been studied for their chemistry and mode of action in exudation which
resulted in collection of important information related to their synthesis and
diversity in plant system as well as their actions in the rhizosphere which are
helpful for plants to develop and adapt very stressful conditions due to their
associations with PGPRs and other beneficial microorganism communities. Thus,
this data collection enables presently what we term “Rhizosphere engineering”
and in which flavonoids had an important role to play.
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8.1 Introduction

Phytometabolites of volatile nature are important infochemicals involved in diverse
forms of rhizospheric signalling attracting beneficial microbes towards plant roots
and repelling the pathogenic microbes. Actually, rhizosphere is an active ecosystem
which is composed of various living entities which are in complex interactions
facilitating plant growth and development. These chemical signals especially of
plant origin keep the soil ecosystem in balance by modulating the root microbiome,
facilitating nutrient bioavailability, promoting beneficial associations between
microbes–microbes, and controlling the pathogenic microorganisms from the rhizo-
sphere. These chemicals released from the roots are termed as root exudates and the
process is termed as root exudation, which involves various classes of metabolites
like alkaloids, glucosinolates, flavonoids, benzenoids, lignins, sterols, terpenoids,
sugars, amino acids, organic acids, enzymes, etc. (Guerrieri et al. 2019). Flavonoids
are one of the most important infochemicals which are found to be involved in
various plant protection functions, viz. UV protection, antioxidative activity, hor-
mone regulators, pathogen defence, symbiosis promotion, abiotic stress relievers,
etc. (Hassan and Mathesius 2012). In the root exudate, different classes of flavonoid
compounds are found and involved in the regulation of nod gene expression,
rhizobial interaction with root, inhibition of pathogenic microbes in rhizosphere,
promoting mycorrhizal interactions, allelopathic relationships, affecting the phe-
nomenon of quorum sensing, and regulating the soil nutrient availability. Flavonoids
are phenylpropanoid metabolites which are diverse in structure presenting various
classes like flavonols, isoflavans, flavones, flavanones, isoflavonoids which are
formed due to the modification of basic flavonoid skeleton by methylation, hydrox-
ylation, acylation, glycosylation, prenylation, and polymerization (Li et al. 2014).
Amino acid phenylalanine acts as precursor for phenylpropanoid biosynthesis via
the synthesis of p-coumaroyl-CoA and malonyl-CoA (Pyne et al. 2019). Flavonoids
thus synthesized are found in all plant parts with their specific function but they
constitute a major portion of the root exudation (Canarini et al. 2019). Flavonoids
exudation from roots involves both the active and passive process of transportation,
sometimes in heavy amount due to the presence of elicitors. Thus, due to their wide
variety of classes and diverse functions, these infochemicals are attracting the
researchers to utilize these compounds for the structuring of rhizosphere for better
plant growth and development which is termed as “Rhizosphere Engineering”.
Constructing plant beneficial conditions in soil requires a better understanding of
the role of these infochemicals and their target by which they create the suitable
condition supporting efficient plant development. This involves the investigation of
root exudate flavonoids influencing microbial communities in rhizosphere, and
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particular microbial community in the rhizosphere influenced and modulated by
specific flavonoid class of compound having some beneficial effect on plant devel-
opment and yield. Such investigations involve the study of interaction of large
microbial communities in rhizosphere with a wide array of chemical signals and
not limited up to traditional observation related to nod gene modulation.

8.2 Flavonoid Chemistry

Flavonoids are considered to be diverse group of biochemical (more specifically
phytochemical produced by plants), which are profoundly present in nearly all food
products, viz. fruits, vegetables, spices etc. These chemicals are responsible not only
for the colour of vegan food articles but also for phytonutrition with thousands of its
type. As discussed, flavonoids find their key role in various factors which are found
to be beneficial to human health. Else, these flavonoids also play a crucial role in
maintaining symbiotic relationship between the plant roots and beneficial microbes
(by regulation of transcriptional mechanism) and fighting against the detrimental
microbes (Singla and Garg 2017). Flavonoids owing to their nod gene generate a
symbiotic relationship between roots and rhizobia by Rhizobium–legume (RL)
and the arbuscular mycorrhiza (AM) interactions. These flavonoid types of
phytonutrients are chemically related to the polyphenol class and are being
employed in the regulation of human health for dermal protection, enhancing
neurological functions, and the regulation of blood sugar (diabetes) and blood
pressure (Kozłowska and Szostak-Wegierek 2018).

Not only in recent times but also in the past centuries, the chemistry behind
natural products including flavonoids had been the epicentre for the organic
chemists, and the biological activities of these were known to human society. As
the various natural products are associated with health benefits, so are the flavonoids.
Some of the benefits involve their use as antioxidants with certain anti-inflammatory
and immune system welfares along with the protection from UV radiations (He et al.
2018). Apart from this, certain studies on flavonoids show their effectiveness in
combating certain noxious health problems, viz. cancer/tumour, neurodegenerative,
and cardiovascular disease along with their enzyme regulatory functions
(Kozłowska and Szostak-Wegierek 2014; Kandaswami et al. 2005; Kozłowska
and Szostak-Wegierek 2014; Panche et al. 2016). Presence of hydroxyl groups
(–OH) facilitate the antioxidant effects through scavenging the free radicals and
also by chelating the various metal ions that are present (Kumar and Pandey 2013).
Presently, these flavonoids are being reflected as a valuable component in pharma-
ceutical, medicinal, nutraceutical, and various cosmetic applications (Panche et al.
2016). Though the actual mechanism of activity of these wonderful chemicals is still
a mystery, research is being conducted to figure out this and advanced technologies,
viz. bioinformatics, molecular docking etc. are being proved as an explicit tool for
the same.

Evidence also shows that antioxidant flavonoids are found in the nucleus of
mesophyll cells and in the centres of reactive oxygen species (ROS). Flavonoids
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are classified into various classes, groups and subgroups. Flavanols, anthocyanidins,
flavonols, flavones, flavonones and isoflavones are the various designated classes of
flavonoids, which are based on the structure, degree of hydroxylation, degree of
polymerization, substitutions, and conjugations. These flavonoids are generally
polyphenolic compounds present with a benzo-γ-pyrone structure, these flavonoids
are biochemically synthesized by phenylpropanoid pathway in rejoinder to various
microbial activities (Kumar and Pandey 2013). Till date, 6 � 103 varieties had been
identified and isolated, and chemically, flavonoid consists of a three-membered
cyclic ring in which two benzene rings are attached to a central pyran ring
(Fig. 8.1). Aglycones, glycosides, and methylated form are the most common ones
for flavonoids (Table 8.1).

8.3 Flavonoids: Unique Rhizomicrobiome Regulators

Rhizomicrobiome is one of the complex systems which are inhabited by variety of
organisms including bacteria, fungi, nematodes, insects, etc., which directly or
indirectly favour the plant development. Thus, rhizomicrobiome is shaped under
the influence of some selective pressure by plants. Therefore, as compared to the
bulk soil, rhizomicrobiome constituted abundant microorganisms but with lowered
diversity. Plant root-secreted metabolites play an important role in rhizomicrobiome
constitution, which can be understood by the study of chemical interaction between
plant species and the members of their rhizomicrobiome. Rhizomicrobiome shows
interactions between microorganisms and plant in such a manner that supports the
establishment of plant in its environment. The rhizomicrobiome assemblage not only
favours the plant establishment but also deters the pathogenic species both below
and above the ground; alleviates adverse effects of abiotic stress; increases plant
yield, and soil nutrient availability, etc. (Szoboszlay et al. 2016). So, the study of
these chemical signals which are the basis of rhizomicrobiome interactions helps in
creating artificial rhizomicrobiome preventing crop failure due to various reasons.
Rhizomicrobiome has a wide variety of intra- and inter-microorganism
communications which facilitate the rhizospheric microorganisms to interact benefi-
cially with each other as well as with plant. Studies of these chemical signals
revealed that they are VOCs class of compounds which comprise much diversity,
which depends upon the species of microorganisms under study. However, most
important are the signalling compounds secreted in root exudation, as they modulate
the composition of the rhizomicrobiome principally. Flavonoids are found to be one
of the most important and are actively involved in various actions like suppression of

O

Fig. 8.1 General chemical
structure of flavonoids
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Table 8.1 Flavonoid classes: summary of different types of flavonoids, sources and benefits

Flavonoid class Subgroups Common sources Benefits References

Flavonols Quercetin,
Kaempferol,
Myricetin,
and Fisetin

Onions, Broccoli,
tea, berries,
apples, beans, etc.

Quercetin relieves
from hay fever
(allergic rhinitis)
and hives
(skin rash).
Kaempferol acts
as an anti-
inflammatory and
antioxidant, helps
to relieve from
chronic disease

Panche et al.
(2016), Kim
et al. (2016)

Anthocyanidins Cyanidin,
Malvidin,
Pelargonidin
and Peonidin

Coloured berries,
red wine, plums,
pomegranates,
grapes, etc.

Antioxidant in
nature, cardiac
stimulator,
combats against
diabetes and
obesity

Panche et al.
(2016),
Marunaka
(2017)

Flavanols Three forms:
Monomeric
(Catechins),
dimeric and
polymeric

Green tea, white
tea (Catechins),
black tea (dimers)
apples, cocoa,
grapes, berries,
red wine, etc.

Catechins
maintains
cardiovascular
and neurological
health, dimers
help in lowering
cholesterol

Panche et al.
(2016), Lopez
et al. (2001)

Flavones Apigenin and
Luteolin

Parsley, celery,
various kinds of
herbs, peppers,
etc.

Antioxidant,
metabolize drugs

Panche et al.
(2016), Kumar
and Pandey
(2013), Jiang
et al. (2016)

Flavonones Eriodictyol,
Hesperetin
and
Naringenin

Citrus fruits Antioxidant, anti-
inflammatory,
helps in
maintaining
cardiovascular
health

Panche et al.
(2016), Ruiz
Cruz et al.
(2017)

Isoflavones Daidzein,
Genistein
and Glycitein

Legumes, soy
products

Lowers the risk of
cancers (viz.
breast, prostate,
hormonal and
endometrial),
antioxidants,
treatment of
symptoms of
menopause

Panche et al.
(2016), Kumar
and Pandey
(2013), Ballard
and Maróstica
Junior (2019)
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quorum sensing, which is one of the important factors for the virulence of pathogenic
strains (Kirwa et al. 2018).

Flavonoids find their ecological role in the interaction between the roots and the
microbes, they entice the compatible microbes towards roots, impede the pathogenic
ones, coordinate the nutrients present in the soil, and affect nod gene expression, etc.
The fortune of flavonoid in a rhizosphere depends upon various biotic and abiotic
factors along with the microbe of the soil and the type of flavonoids secreted by the
plant. Various nitrogen-fixing bacteria (rhizobia) are attached to specific legumes of
their own, at the root tip, and there takes place the preliminary host (plant)-bacteria
interaction (endosymbiosis). The legume plant roots (more specifically legumes) are
invaded by the respective compatible bacteria, then the bacteria get segregated into
bacteroids and fixed nitrogen, and both the partners are equally benefitted (Singla
and Garg 2017). Several non-leguminous plants, known as actinorhizal plants, also
symbioses with nitrogen-fixing actinomycetes to fulfil their need for nitrogen with
the help of rhizomes while the bacteria in turn get their needful amount of carbon.

Formononetin (Isoflavonoid) present in the nodule primordia (roots) was found to
enhance auxin breakdown due to peroxidase (Mathesius 2001). It was revealed from
the studies that the variation in flavonoid concentration results in auxin level
accumulation during the process of nodule formation. The results are consistent
with previous observations on the localization of auxin during nodule organogenesis
(Mathesius 2001). Peer and Murphy (2007) described the auxin (plant hormone)
modulation by flavonoids by regulating P-glycoproteins and phosphatases and
kinases (Peer and Murphy 2007). Taylor and Grotewold (2005) described that the
aglycone (flavonoid) is diffused into the rhizobial bacteria through porins. A prompt
transcriptional instigation of the bacterial nod genes gets initiated with molecular
interaction of the bacterial nodulating D (NodD) protein with flavonoids, which
starts the curling of root hairs and is further involved in root nodule formation
(Taylor and Grotewold 2005). The flavonoids behave as cell division signalling
agents. It was suggested that the plants can select over a number of microbes, for a
variety of functions, depending upon its developmental stage. The plants were found
to secrete selective phytochemicals, depending upon the developmental stage so as
to assemble rhizosphere microbiome. The expression of a particular phytochemical
can be enhanced and regulated by the plant itself. Flavonoids secreted by plants are
one of the chief phytochemicals secreted which coordinates between the plant and
the rhizomicrobiome (Chaparro et al. 2013).

According to studies, flavonoids act as a chemoattractant and induce the nod
genes in the synthesis of lipochitin–oligosaccharide signalling molecules. The pres-
ence of rhizobial nod D proteins is the chief way of recognition of flavonoids from
the plant roots, and then the root hair cell and nodule generation takes place. Certain
flavonoids, isoflavonoids (viz. daidzein and genistein) and flavone (viz. luteolin)
produce chemotaxis and growth in bacteria along with the expression of nod gene,
which in turn assist the rhizobium to the correct plant and to get attached to its root
hairs (Ma et al. 2016). According to studies, the legume-containing plants secrete
phytochemical flavonoids, which enhance the assembly/generation of nod factors
which are like chitin in their structure and contain N-acetylglucosamine. Some of the
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rhizobium bacteria are thought to control certain fungi which are phytopathogenic by
degrading chitin, but sometimes, the symbiotic relation can also get disrupted by
this control (Mabood et al. 2014). Broughton et al. (2003) describe the action of
flavonoids which act as nodding molecules/chemical to attract nitrogen-fixing bac-
teria. Along with a variety of phytochemicals generated by plant root exudates,
flavonoids are one of the components which may attract pathogens or may acts as
symbiotic agents with rhizobium, their composition and concentration may change
and depend upon the environment of the plant, its age and soil type (Broughton et al.
2003).

The flavonoids appear in copious amounts in the photosynthesizing plant
cells, and participate in light-dependent phase of photosynthesis. By catalysing
the electron transport, the flavonoids regulate ion channels associated with
photophosphoregulation (Kumar and Pandey 2013). The death of photosynthesizing
cells releases flavonoids in plant-based resins . The flavonoids do not occur naturally
in animal cells, but they appear in animals via ingesting plants and vegetables.
Essentially, the flavonoids do not exert toxicity to either plant or animal cells, and
no residual flavonoids reportedly accumulate in the body (Agati et al. 2012). The
flavonoids reportedly exhibit pharmacophore properties in designing novel thera-
peutics for targeting various diseases. The flavonoids’ role in the inhibition of
several essential cellular processes including enzyme inhibition, and their properties
in scavenging the free radicals and reactive oxygen species further validate their
candidature in modern-day therapeutics (Zhao and Dixon 2010). The members of the
flavonoid family play important roles in plant physiology such as transport of
phytohormones, including auxins and indole-3-acetic acid. Kaempferol and querce-
tin inhibit IAA oxidases, and scavenge the ROS generated during the metabolism of
IAA (Ferdinando et al. 2012). Reportedly, the flavonoids filter the UV radiation, to
prevent the photocatalytic DNA damage induced by UV-B radiation, which also
potentiates the degradation of photosystem II reaction centre (Mullineaux and
Karpinski 2002). The presence of flavonoids in the plasma membrane effectively
attenuates multidrug-resistant glycoproteins that hinder the intercellular movement
of phytohormones such as auxins. The glycosylation of hydroxyl group of
flavonoids improves their physiological solubility in the aqueous cellular environ-
ment and provides shielding to the reactive hydroxyl groups from autooxidation
(Verma and Pratap 2010). This enables the transport of flavonoids from the endo-
plasmic reticulum to other cellular compartment, secreting them to the cell wall and
plasma membrane. In addition to free radicals, the flavonoids effectively scavenge
cellular H2O2, hydroxyl ions, and singlet oxygen species (Zhang et al. 2013). The
flavonoids-mediated movement of phytohormones manifests stress-triggered mor-
phogenic response in plants. The presence of flavonoids reportedly regulates the
plant phenotypes in an ecosystem. As such, the shady plant species rich in apigenin
possess long internodes, reduced leaf thickness and large leaf lamina (Erlejman et al.
2004). However, the plant rich in dihydroxy flavonoids primarily resides in sunny
environment (Jansen 2002) and possess dwarf bushy phenotypes with smaller,
thicker leaves to irradiate direct sunlight, and to protect against the light-induced
perturbations in cellular homeostasis (Kuhn et al. 2011).
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8.4 Flavonoids Rhizospheric Engineering

Rhizospheric zone is the crucial zone for the plant and microbes interaction. This
zone is maintained by several organic and inorganic compounds excreted from the
plant in the form of root exudates and microbes exist in the soil. Their combination
participates in the soil fertility, enhances the soil microbe communication and
increases the interaction of plant and microbes for more support in bioremediation,
defence, signalling and allelopathy, etc. (Fig. 8.2).

There are several categories of microorganisms that exist beneath the plant
surface in the soil. Each microorganism behaves in a different way with the root
excaudate. Among several molecules, the most promising molecules known as
flavonoids are secreted from the plant root. Flavonoids are in the category of
secondary metabolites and are produced from the phenylpropanoid and shikimate
pathways. These flavonoids vary according to the stage of the tissue and organ.
There are different classes of flavonoids such as flavones, flavonols, flavanones,
flavanonol, isoflavones and flavan-3-ols. Several enzymes are involved in the
flavonoids biosynthesis like chalcone synthase, chalcone isomerise, isoflavone
reductase, flavonoid hydroxylase, dihydroflavonol 4 reductase, flavonol synthase.
Phenylpropanoids pathway in plants contains a wide range of secondary metabolites;
among those, flavonoids are also produced in the enzymatic biosynthesis, which
assists in plant growth and development, enhances the immunity to cope the stress

Fig. 8.2 Role of flavonoids in rhizosphere
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situations in plants, protects the plants from the pathogenic activity and enhances
plant–microbes interactions (Table 8.2). Flavonoids are present in the cytosol,
loosely bound with the endoplasmic reticulum and accumulate in the vacuoles or
cell wall. In fact, different types of transporters are involved in different mechanisms
such as in anthocyanin transporter from ER to vacuole is multidrug resistance-
associated protein type transporter on vacuolar membranes these MRP proteins are
glutathione S-X pumps whereas vesicles mediated transporter involved the glutathi-
one transferase and two multidrug and toxic extrusion type transporter. Biosynthesis
of flavonoid genes is regulated through different transcription factors of different
families, such as basic helix loop helix, R2R3 MYB transcription factors, and WD40
proteins are differentially regulated in the different pathways. Likewise, when plants
have symbiosis with bacteria or other microorganism, they produce different types of
signalling molecules which induce the microorganism. Here, flavonoids stimulate
the nod gene of rhizobia. Particularly, lipochitooligosaccharides are nod factor for
the symbiosis, whereas arbuscular mycorrhizal fungi with plants produce
strigolactones as signal for the stimulation. Symbiosis enhances the plant and
rhizospheric microorganism growth, stress, and defence-related mechanism (Lateif
et al. 2012). Flavonoids in the rhizospheric zone exudate through plant roots which
can be increased through microbial strains present below the ground such as
Pseudomonas, Bacillus, Rhizobial strains and fungi species. In fact, flavonoids
have the capacity to influence the soil diversity and various microbial enzyme
activities. Enzymes such as dehydrogenases, protease, phosphomonoesterase and
organic acids such as oxalic acid, carboxylic acid possess the capacity to change the
metabolic activity of microbes; in result, they act as the defender against the
pathogenic microbes (Del Valle et al. 2020). These soil microbes enhance the
plant growth, stimulate the nitrogen content through symbiosis process through the
interaction with flavonoids. These flavonoids act as a carbon source for the soil
microbes. Microbial activity produces dehydrogenase, protease, acid phosphatase,
urease, which correlate with the flavonoids and other secondary metabolites produc-
tion. Lupinus albus root excretes high amount of flavonoids in the soil which
increases the quorum sensing, induces nod gene, decreases the soil respiration and
inhibits the pathogenic activity. Flavonoids possess the antimicrobial property
related to plant defence which may be the essential component of rhizosphere. To
enhance the defence activity in the soil, biological metabolic engineering of the
flavonoid pathways is the main interest (Yechun Wang et al. 2011).

In plant, crop engineering relies on more production of flavonoids, whereas in
microbes, engineering is in the flavonoid biosynthesis pathway for producing more
flavonoid molecules. There are several enzymes participating in the synthesis of
flavonoids, as said in the above text; among them, key steps which have more impact
in the production, enhanced through other molecules such as stilbene synthase, have
similarity with chalcone synthase. Metabolic engineering in plant and microbes can
be done at structural gene over expression through the introduction of rate-limiting
enzymes, preferably for those enzymes which do not have feedback inhibition,
transcriptional/translational regulation with identification of metabolite-specific tran-
scription factor over expression, over expression of target genes or suppression of
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Table 8.2 Flavonoids in action: summary of different types of flavonoids identified from different
plant rhizosphere having important role for sustainable plant growth and development

S. No. Plant
Flavonoid
component Role/Action References

1 Psidium
guajava L.

Quercetin, quercetin-
3-O-arabinoside

Anti-quorum activity Vasavi
et al. (2014)

2 Allium cepa Quercetin aglycone
and quercetin 3-β-D-
glucoside

Anti-quorum activity Quecan
et al. (2019)

3 Several plant
sources

Fisetin, phloretin,
and curcumin

Antibiofilm and
Antivirulence effects

Raorane
et al. (2019)

4 Medicago
sativa

40-dihydroxyflavone
and naringenin

Shaping bacterial
community structure

Szoboszlay
et al. (2016)

5 Zea mays L. Genistein Enhancing nodulation and
N2 fixation

Li et al.
(2016)

6 Quercus ilex Acacetin Abiotic stress adaptation Gargallo-
Garriga
et al. (2018)

7 Sonchus
oleraceus

Flavonoid aglycones
and flavonoid
glycosides

Allelopathic effect Gomaa
et al. (2015)

8 Hordeum
vulgare L

Saponarin Allelopathic effect Bouhaouel
et al. (2019)

9 Ludwigia
hexapetala

Quercitrin, prunin,
myricitrin

Allelopathic effect Thiébaut
et al. (2018)

10 Echinochloa
crus-galli (L.)
Beauv

Flavonoids Allelopathic effect Zhang et al.
(2019)

11 Medicago
sativa

Naringenin Plant-microbe
communication

Del Valle
et al. (2020)

12 Temperate
forest tree
species

Flavanols Soil microbial respiration Zwetsloot
et al. (2018)

13 Sesbania
virgata

Flavonoids Myccorhizal association Coelho
et al. (2019)

14 Apple
seedlings

Phloretin-20-O-β-D-
glucoside

Host signalling Hofmann
et al. (2009)

15 Desmodium
uncinatum

Isoschaftoside, a
C-glycosylflavonoid

As allelochemical Hooper
et al. (2010)

16 Tomato Quercetin and
luteolin

Disease control Kirwa et al.
(2018)

17 Maize Flavonoids Favours association with
phytostimulant endophytic
Aspergillus fumigatus

Mehmood
et al. (2018)

18 Maize Naringenin H. seropedicae root
colonization

Tadra-Sfeir
et al. (2011)

19 Rice Naringenin Promotion of nitrogen
fixing association in the
form of a biofilm

Shamala
et al. (2018)

(continued)
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competitive metabolic pathways related to flux control and accumulation of product
in cell and sub-cell through transporter which assist in sequestration and in equilib-
rium without toxicity. Bacterial TAL (tyrosine ammonia lyase) gene over expression
in Arabidopsis, UGT72E2 and UGT72E3 gene over expression in Arabidopsis
enhanced the flavonoid accumulation. Generally, in microbes such as in bacteria,
heterologous production is used for more flavonoid production. Enzymes such as
PAL, CHS and a 4CL from Streptomyces coelicolor introduced in E. coli. Likewise,
cloned TAL, 4CL, CHS from Rhodobacter sphaeroides in E. coli. Several genes
such as accBG and dtsR1 for more malonyl-CoA, acetyl-CoA levels which directly
affect the flavonoids production, combination of malonyl-CoA synthetase (matB)
and malonate carrier protein (matC) increases the flavonoids production. Knockout
genes ackA, pta and adhE from competing pathway assist in more flavonoid
production; transcription factors such as Lc, C1, Cmyb, helix loop helix and
WD40 engaged in flavonoid production, modification can be done on the basic
skeleton enzyme of flavonoid pathways such as glycosyl transferases, methyl
transferases and acyl transferases and other structural genes involved in the modifi-
cation of flavonoid pathways for more production. High-throughput technologies
such as transcriptomics, genomics, proteomics and metabolomics assist in the
analysis of genetic-engineered pathways at the genome level for more improvement
(Yechun Wang et al. 2011). Biotechnology approaches are implemented to enhance
the production of flavonoids through callus and cell suspension culture, hairy root
culture for more production elicitors, and nanoparticle application. Elicitors are
capable of inducing the production of secondary metabolites like flavonoids and
nano particles act as novel elicitors which assist in the enhancement of flavonoids
production because nanoparticle has the capacity to increase the surface area and
total energy for stimulation (Amer 2018).

Table 8.2 (continued)

S. No. Plant
Flavonoid
component Role/Action References

20 Faba bean Genistein,
hesperetin, and
naringenin

Promotion of nodulation Liu et al.
(2019)

21 Abelmoschus
esculentus

Quercetin Chemoattractants of
endophytic Alcaligenes
faecalis

Ray et al.
(2018)

22 Zea mays L. Catechin and
quercetin

Amelioration of aluminium
toxicity

Kidd et al.
(2001)

23 Haplopappus
multifolius

Quercetin and
rhamnetin

Oxidative stress alleviation Torres et al.
(2006)

24 Maize and
Faba bean

Kaempferol,
luteolin, and
quercetin

Root growth stimulation Li et al.
(2012)

25 Myracrodruon
urundeuva

Quercetin
rhamnoside

Antihelminthic activity Soares et al.
(2018)
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The structure, quantity, and function of a flavonoid compound are analysed by
liquid chromatography and FTIR spectroscopy. These activities regarding
flavonoids assist in genetic engineering in the pathway molecules. Metabolite
profiling is another tool to analyse the engineered pathway of flavonoids in respect
to their composition and function. So, metabolomics tool provides us a more clear
view of the newly introduced genes for more flavonoids (Żuk et al. 2011).

8.5 Conclusions and Future Prospects

Plant–microbe associations are the key aspects in plant development and under-
standing its key features only can enable us for sustainable cropping system. Many
measures are taken to curtail the use of chemical pesticides and fertilizers, but they
have gone in vain due to the lack of significant knowledge about the rhizospheric
associations and association controlling biomolecule factors. Flavonoids are pres-
ently found to be the principal compound in these signals for establishing beneficial
relationships in rhizosphere and thus can be exploited for antimicrobial effects, as
allochemicals, biocontrol actions, improving soil texture, and nutrient availability.
Thus, its wide variety of action also proves its utility for rhizosphere engineering,
which is a new technique presenting the hope of economical, eco-friendly and
efficient (EEE) agriculture. However, more efforts are needed to simplify the
flavonoid biosynthesis and its signalling mechanisms undergoing in the rhizosphere
which support its industrial production and field applications.
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Augmenting the Abiotic Stress Tolerance
in Plants Through Microbial Association 9
Ankur Singh and Aryadeep Roychoudhury

Abstract

Recurring climate change due to irresponsible behaviour of human leads to
unfavourable climatic condition such as drought, salt stress, extreme temperature
and metal toxicity, which significantly decrease the quality and yield of various
plants. Several physiological, biochemical and molecular parameters are ham-
pered due to abiotic stress conditions. To enhance the fertility of soil, chemical
fertilizers are used which causes soil pollution. Hence, it is necessary to develop a
method which is safe and can increase the productivity of the plants by inducing
their tolerance capability against abiotic stress. Application of soil dwelling
microorganisms is a promising method which can be effectively applied in the
field as a bio-fertilizer to induce the crop yield and overcome other symptoms of
abiotic stress. Microbes enhance the tolerance mechanism in plants by increasing
the mobilization of major elements present in soil, thus facilitating their uptake by
plants. In addition, they also induce the formation of hormones, siderophores,
osmolytes and antioxidants, which can combat the effect of unfavourable
conditions. The interaction between plants and microbes is essential as it is a
biological process and in the near future, it can replace the conventional methods
of farming which decrease the fertility of lands. In this chapter, our aim is to
review various mechanisms adopted by the soil microbes to abrogate the negative
effects of abiotic stresses in plants for their better growth and productivity.
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9.1 Introduction

Adverse change in the climate due to human activities is the major cause for decline
in growth and productivity of plants (Grayson 2013). With growing population, the
demand for higher productive crops is continuously increasing, but factors such as
reducing areas of field for cultivation and unfavourable conditions decrease the yield
of the plants. Earlier, The Food and Agriculture Organization (FAO) of the United
Nations (2007) reported that only 3.5% of total land area is unaffected by any abiotic
stress condition. Major abiotic stress influencing the agricultural land and growth
and development of plants include water scarcity, variation in temperature, salinity,
light intensity, submergence and nutrition deficiency (Hirel et al. 2007; Agarwal and
Grover 2006). Of the agricultural land, 64% is affected by drought stress, whereas
13% of the land is affected by flood or excess water stress. Cold stress affects 57% of
the crops and salinity stress affects 6% of the land; 9% of the land shows lower
productivity of the crop due to mineral deficiency (Cramer et al. 2011; Mittler 2006).
Abiotic stress significantly affects the agricultural land which ultimately reduces the
quantity and quality of the crops, but it is not possible to accurately estimate the total
agricultural loss caused due to harsh and unpredictable environmental conditions
(Cramer et al. 2011).

Abiotic stress stimulates the initiation of various pathways which produce reac-
tive oxygen species (ROS). ROS damage the internal organelles and cause mem-
brane damage of cells. Along with this, due to their high reactive nature, they also
degrade essential biomolecules like lipids, proteins, carbohydrate and DNA
molecules (Toivonen 2005). Membrane damage caused due to ROS also produces
several toxic metabolites such as methylglyoxal and malondialdehyde (MDA)
(Sharma et al. 2012). Long-term exposure of the plants to stress condition may
cause cell death, which will affect the quality of the plants and reduce their yield. To
cope with this condition, plants have their internal protective machineries, which can
scavenge ROS and ultimately reduce the production of other toxic substances in the
cells. Reduced levels of ROS in cells also lower membrane damage and protect the
internal organelles of the cells (Singh et al. 2020; Banerjee and Roychoudhury
2018).

In addition to the internal protective machineries, the association between plants
and the microbiome inhabiting the surrounding soil also helps to decrease the burden
of abiotic stress on the plants (Ngumbi and Kloepper 2014). Microorganisms are the
microscopic living system found on the earth and they positively regulate the growth
and yield of the plants during unfavourable conditions. With the germination and
growth of the seeds, microorganisms continuously multiply and form a symbiotic
association on the surface of the plant tissues or endophytic interactions within the
plant tissues such as leaves, stems or roots (Turner et al. 2013). Major microbes
which help the plants to survive under abiotic stress include mycorrhizal fungi,
cyanobacteria which take part in nitrogen fixation and bacteria/rhizobacteria
involved in promotion of plant growth and actinomycetes (Elhindi et al. 2017;
Singh et al. 2013; Kaushal and Wani 2016; Grover et al. 2016). Along with the
abrogation of abiotic stress conditions, association of microbiome also enhances the
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production of hormones involved in maintaining the growth of the plants, production
of secondary metabolite, availability of minerals from the surrounding and their
uptake and protection of plants against diseases, pests or other parasites. Farrar et al.
(2014) reported that the association between plants and microbes greatly influences
the biochemical, molecular and physical response of the plants against abiotic stress.
Thus, the development of multi-omics technology has provided new ways for
dissecting and understanding one of the most dynamic and complex associations
between plants and the microbiome, which consequently helps the plant system to
overcome several harsh conditions of the environment, thereby maintaining their
growth, development and yield (Meena et al. 2017). Our aim in this chapter is to
overview the effects of abiotic stress on plants and response of the plants in terms of
molecular and biochemical processes during these stress conditions when they are
associated with different microorganisms. We begin this chapter by providing an
overview of different groups of beneficial microbes found in the environment
followed by the mechanism adopted by these microbes to enhance the tolerance
ability of the plants against various stresses. We will finally conclude this chapter by
providing a brief overview about microbial action under various stress conditions
such as salt, water deficiency, excess temperature, nutrition deficiency and metal
toxicity.

9.2 Types of Beneficial Microbes

Probiotic microbes are microorganisms which co-evolved with the plants and
benefited them by forming a free living or symbiotic association with them. Plants
produce organic carbons which are released from the roots as root exudates and form
a positive association between beneficial microbes, enhancing the growth of the
plants under abiotic stress (Gomez et al. 2012). In addition to positive interactions,
several root exudates also form a negative association between pathogenic microbes,
invertebrate herbivores and parasitic plants (Philippot et al. 2013). Soil microbes can
be of several types such as cyanobacteria involved in nitrogen fixation, disease-
suppressive microbes, rhizobacteria promoting the growth of plants, microorganisms
which detoxify soil toxicants and actinomycetes (Singh et al. 2011) (Fig. 9.1).

9.2.1 Rhizobacteria-Enhancing Growth of Plants

Rhizobacteria dwelling on the surface or around the root of the plants help in the
uptake of micro and macro elements from the soil and also enhance the level of plant
hormones. They reduce the negative effect of pathogens which hamper the physiol-
ogy of plants. Hayat et al. (2010) observed that rhizobacteria can efficiently solubi-
lize and transport the minerals from the soil to the plants. Rhizobacteria residing
between the space of root cortical cells or in the rhizospheres are regarded as
extracellular rhizobacteria which include microorganisms such as Pseudomonas,
Azospirillum, Caulobacter, Flavobacterium, Erwinia, Serratia, Agrobacterium,
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Bacillus, Arthrobacter, Azotobacter, etc. (Bhattacharyya and Jha 2012). Along with
this, another group of rhizobacteria resides within the root cells and promotes the
formation of nodules in roots; these microbes are known as intracellular
rhizobacteria, which include Mesorhizobium, Allorhizobium, Rhizobium,
Bradyrhizobium and Azorhizobium (Figueiredo et al. 2011). Association between
actinomycetes and rhizosphere microbes enhance the plant growth trait significantly
(Bhattacharyya and Jha 2012). Several groups of researchers have demonstrated the
action of various other traits of rhizobacteria such as degradation and enhanced
tolerance level against pesticides, detoxification of heavy metals, salt tolerance
capability and resistance to the growth of insects and phytopathogens during their
interaction with plants (Ahemad and Khan 2012a; Ma et al. 2011; Tank and Saraf
2009; Russo et al. 2008). Rhizobacteria also induce the growth of plants by
stimulating the action of phytohormones, increasing mineralization of phosphate
and production of ammonia by increasing nitrogenase activity (Ahemad and Khan
2012b; Glick 2012).

Fig. 9.1 The interaction between plants and microbes. Black dots represent beneficial microbes,
whereas brown dots represent pathogens. The numbers represent various types of interaction:
(1) positive interaction between plant root and beneficial microbes, (2) attack of pathogenic
microbes on plant roots, (3) negative interaction between pathogens and roots, (4) interaction
between beneficial and pathogenic microbes, (5) inter-plant interaction and (6) interaction between
roots and leaves of plants (Mhlongo et al. 2018)
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9.2.2 Vesicular-Arbuscular Mycorrhiza (VAM)

The interaction between fungi and plant roots is known as mycorrhiza. Fungi obtain
their nutrients from plant roots and in return provide elements such as calcium (Ca),
nitrogen (N), phosphorus (P), potassium (K), sulfur (S) and zinc (Zn) to the plants.
Vesicular-Arbuscular Mycorrhiza (VAM) is formed due to symbiotic interaction
between the roots of angiosperm and phycomycetous fungi. VAM is widely used as
a bio-fertilizer and it has wide and significant effects on the growth and yield of the
plants. Arbuscules and vesicles are noted on the mycelial network of the fungi,
which forms colonies within the root cortex. Vesicles act as a storage unit, whereas
arbuscules help the plants to absorb the nutrients from the soil (Benjamin 1979). All
the angiosperms and the roots of some aquatic plants are dwelled by the VAM fungi.
Fungi produce enzymes, which efficiently mineralize the nutrients from the soil and
they also retain soil water, which is absorbed by the plant roots, thus ensuring
superior growth and enhancement of tolerance capacity of plants under harsh
conditions (Sreenivasa and Bagyaraj 1989).

9.2.3 Other Soil-Dwelling Microbes

Various habitats are colonized by fungi and their interaction with plants controls the
plant health and the activities of pathogenic microorganisms (Smith and Read 2008).
Suppression of disease-forming pathogens is one of the major functions of
actinobacteria, firmicutes and proteobacteria. Competition for resources, enhancing
resistance level of plants and production of organic compounds such as antibiosis are
some of the mechanisms adopted by the microbes to inhibit formation of diseases in
host plants. Cyanobacteria in association with brown and red algae like Anabaena
sp. and Nostoc sp. can fix nitrogen from the atmosphere and thus can be used as a
potential bio-fertilizer in paddy fields (Blaak et al. 1993). Crawford et al. (1993)
showed that actinomycetes can grow by utilizing the exudates of roots and can act as
a strong inhibitor of fungal pathogenic infection. Streptomycetaceae and
Actinomycetaceae are important for agricultural industry for their promising effects
on plant growth and protection against pathogens.

9.3 Regulation of Tolerance Mechanism in Plants by Microbes

Association between microbes and plants leads to the activation of various signalling
cascades of the plants, which enhance the function of defence machineries of the
plants such as enhanced expression of genes involved in the synthesis of protective
metabolites or inducing certain traits, which controls several metabolic pathways
such as hormone, protein and carbohydrate metabolism (Singh 2014). Moreover, the
microbes can also change the root and shoot morphology, which stimulates the
adaptability of plants under abiotic stress conditions by increasing the absorption of
the nutrients, biosynthesis of osmoprotectants and enhanced activity of enzymes
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which are involved in reducing the content of ROS and altering the content of
various phytohormones of the plants (Van Oosten et al. 2017).

Phytohormones regulate the growth and development of the plants (Farooq et al.
2009). Contesto et al. (2010) reported that rhizobacteria associated with the growth
of the plant induces the development and structure of the root by enhancing the
endogenous content of indole acetic acid (IAA). Marulanda et al. (2009) observed
that the interaction between roots of the clover plant and rhizobacteria enhances the
relative water content of the plants via higher production of IAA. Application of
Pseudomonas spp. having 1-Aminocyclopropane-1-carboxylate (ACC) deaminase
which hydrolyses ACC to α-ketoglutaric acid and ammonia help to overcome water
deficit conditions in pea plants (Arshad et al. 2008). ACC is the precursor of
ethylene; thus, reducing the level of ACC in plants by ACC deaminase also
decreases the endogenous content of ethylene, which regulates the development of
plants (Siddikee et al. 2011). The endogenous content of abscisic acid (ABA) is also
controlled by the microbes during unfavourable environments. A higher ABA
content in Arabidopsis and lettuce was noted when they were treated by
rhizobacteria (Cohen et al. 2008; Arkhipova et al. 2007). Rhizobacteria regulate
the morphology of roots like root topology and increase the formation of lateral roots
and root hairs and induce the water and mineral uptake of the plants, which increase
the tolerance capacity of the plants under unfavourable conditions. This mechanism
of stress tolerance was reported in maize plants associated with several strains of
rhizobacteria, under water-deficit conditions (Naveed et al. 2014) (Fig. 9.2).

Maize plants when exposed to a water-deficit environment and inoculated with
Azospirillum brasilense BR11005 spp. showed higher water content due to the
stomatal closure induced by the bacterial ABA which increased the tolerance
capacity of the plants (Casanovas et al. 2002). Rhizobacteria also helps to scavenge
ROS produced during stress conditions by improving the activity of anti-oxidative
enzymes observed in several crops such as cucumber, wheat, lettuce and maize
(Wang et al. 2012, Kasim et al. 2013; Kohler et al. 2010; Sarma and Saikia 2014).
Treatment of several crops such as potato, mung bean and cucumber with
rhizobacteria also enhanced the level of proline, which acts as a major
osmoprotectant by reducing the level of ROS and regulates the activity of enzymes
(Gururani et al. 2013; Sarma and Saikia 2014; Wang et al. 2012)

9.4 Role of Microorganisms in Abrogating the Effects
of Abiotic Stresses

Plants require optimal conditions for their normal growth and yield. The deviations
from optimal conditions are sensed by the plants, which lead to the appropriate
response so that the plants can cope with the condition for better tolerance level
(Jiang et al. 2016). Several factors such as salinity, drought, excess temperature,
metal contamination and nutrient deficiency can negatively affect the growth of the
plants, which reduces the yield of the plants.
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9.4.1 Salt Stress

High salt level in agricultural soil is one of the most common problems faced by the
farmers. Salinity stress reduces the level of water in soil, which leads to osmotic
stress in plants due to reduced translocation of water and nutrients from the soil
(Shrivastava and Kumar 2015). Salt stress negatively affects nodulation in roots,
nitrogen fixation, seed germination, uptake of water and nutrient from the soil and
lower yield of the plants. The activity of nitrogenase enzymes is hampered due to
salinity stress, which reduces the nitrogen content of the soil by decreasing the
nitrogen fixation process (Tejera et al. 2004). During uptake of water from the soil,
salt is also transported through the roots of the plants, which is accumulated in the
cells and thus causes ionic toxicity within the cells. Ion toxicity and osmotic stress
mainly contribute to salinity stress in both plants and microbes.

Various groups of researchers have shown that salt stress can be mitigated by
rhizobacteria or endophytic microbes. Microbial activity reduces the symptoms of
salt stress in various economic crops such as chili pepper, lettuce and barley (Bacilio
et al. 2016; Barassi et al. 2006; Kasim et al. 2016). Hayat et al. (2010) observed that

Fig. 9.2 Synthesis of hormones such as abscisic acid (ABA), gibberellin (GA), indole acetic acid
(IAA), salicylic acid (SA) and cytokinin (CK) due to the association of microbes with the roots of
plants (represented by yellow dots) improves the tolerance mechanism of the plants by increasing
growth of plants, uptake of nutrition and production of protective metabolites which lower the
accumulation of toxic species such as ROS formed due to abiotic stress such as salinity, cold, heat,
drought and heavy metals (Egamberdieva et al. 2017)
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microbes reduce the toxicity of salt stress through the generation of siderophores,
nutrient transportation, production of phytohormones such as ethylene, auxin,
gibberellins and cytokinins and fixation of nitrogen in the soil, which ultimately
affects the morphology of the plants in ways such as enhanced root growth and
higher surface area of roots. Microbes can reduce the effect of salt stress in the host
plant cells by accumulating excess salt in their cytoplasm, which balances the
osmotic condition of cells. In addition to this, the exopolysaccharides secreted by
the microbes quench the cations formed during salt stress (Vardharajula et al. 2011).
Damodaran et al. (2013) isolated the two strains of rhizospheric bacteria, Bacillus
subtilis and Bacillus pumilus, from saline soil and showed that they contain traits
such as production of IAA, hydrogen cyanide and ammonia and can also solubilize
the phosphate of the soil, which helps in the mitigation of salt stress. Inoculation of
rice plants Bacillus pumilus and Pseudomonas pseudoalcaligenes induces the pro-
duction of glycine betaine, which reduces the effects of salt stress in plants (Jha et al.
2011). Bal et al. (2013) and Tank and Saraf (2010) isolated two rhizobacterial strains
P. stutzeri and P. fluorescens from the rhizosphere of tomato plants grown under
high salt concentrations and showed that these strains have the ability to produce
phytohormones and higher ACC deaminase activity for higher survival ability of the
host plant under salt-stressed environment. The hormones produced by the endo-
phytic bacteria also help to reduce the toxic effect of salt stress in plants. Shahzad
et al. (2017) reported that inoculation of rice plants with Bacillus amyloliquefaciens
reduces the symptoms of salt toxicity in plants by the production of auxin and ABA.
Microbes thus reduce the effects of salt stress in plants by the production of
phytohormones, antioxidants and osmolytes, which enhances the adaptability of
plants and increases their production capacity.

9.4.2 Drought Stress

The crisis of water is a serious concern for the developing countries. Most of the
water sources are either at the verge of extinction or are heavily contaminated with
pollutants. Water deficiency mostly results in drought, which severely retards the
growth and productivity of the plants. Drought stress mostly reduces the cell size,
hampers the integrity of membranes, leads to the formation of ROS, induces leaf
senescence and reduces the yield of the plants (Tiwari et al. 2016). The ROS
produced during drought stress negatively affects the function of lipid membranes,
changes the conformation of protein and leads to lipid peroxidation. Under severe
water-deficit conditions, the cells may even die. In addition, the photosynthetic
apparatus of the plants are damaged, which results in lower chlorophyll content
(Lata and Prasad 2011).

Various groups of microorganisms can effectively escape water-deficit
conditions. Several tolerance mechanisms such as formation of thick cell wall,
secretions of exopolysaccharides or osmolytes and entering into a dormant phase
are triggered by the microbes, which protects them from desiccation. Several direct
and indirect mechanisms such as formation of phytohormones, enhanced activity of
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ACC deaminase, secretion of exopolysaccharide and inducing the function of
internal machineries operate in plants due to their interaction with microbes, which
help the host plants to escape a water-deficit environment (Porcel et al. 2014; Farooq
et al. 2009). Goswami et al. (2015) reported that rhizobacteria have the ability to
synthesize plant hormones such as IAA, which stimulates formation of lateral and
adventitious roots, tissue differentiation and cell division, which stimulates the
growth of the shoot during unfavourable conditions. ABA is regarded as the main
hormone responsible for survival of the plants under drought stress. Inoculation of
Arabidopsis thaliana with Azospirillum brasilense reduces the symptoms of drought
stress by inducing a level of endogenous ABA (Cohen et al. 2015). Drought stress
reduces the chlorophyll content and hampers the photosynthesis of soybean plants,
which was shown to be alleviated by inoculating the plants with Pseudomonas
putida H-2-3 (Kang et al. 2014). Treatment of maize plants with three different
bacterial strains, Alcaligenes faecalis, Proteus penneri and Pseudomonas
aeruginosa, induced the formation of proline, which increased the water content of
plants along with higher production of other protective metabolites under water-
deficit conditions (Naseem and Bano 2014). During water shortage, bacteria secrete
exopolysaccharides, which make plants associated with such bacteria tolerant to
stress conditions (Sandhya et al. 2009). Synthesis of solutes such as trehalose,
proline and glycine betaine is also a protective mechanism adopted by bacteria,
which maintain the cellular structures, activity of major enzymes and permeability of
membrane, thus allowing survival under water-deficit environments (Chithrashree
et al. 2011).

9.4.3 Temperature Stress

An optimum temperature is required for maximum growth and productivity of
plants. Due to global warming, the climate is changing drastically, which negatively
affects the physiological and morphological conditions of the plants. Both high and
low temperatures significantly lower the yield of the plants. Temperature stress
mostly affects the fluidity of the cell membrane, reduces the water content by
enhancing the water loss through transpiration and hinders enzyme activity and
cell division. Tropical and sub-tropical regions are mostly affected by climate
change (Rodell et al. 2009). To protect themselves from heat stress, plants have
various internal machineries such as heat shock proteins and antioxidative enzymes,
which can scavenge ROS and osmolytes to maintain the osmotic balance of the cells
(Kotak et al. 2007; Qu et al. 2013). Several crops still fail to survive under harsh
temperature and thus various external protective measures are taken to induce the
survival ability of the plants.

The microbes effectively protect the cell membrane and nucleic acid by
expressing the enzymes which are resistant against temperature stress. Based on
the survival temperature, the microbes can be divided into psychrotrophic
microorganisms which can survive at or above 15 �C and psychrophilic
microorganisms, which show maximum growth below 15 �C. Induced expression
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of heat shock proteins and molecular chaperons is highly regulated in microbes
which protect them from heat stress. In addition, several metabolites such as
trehalose have been reported to be accumulated in the microorganisms when
exposed to heat or cold stress, which protect cells from injury (Li et al. 2009).
Meena et al. (2015) showed that rhizobacteria isolated from the root nodules of pea
plants can be effectively used as a bio-fertilizer in low-temperature zones. Javani
et al. (2015) observed that psychrophilic bacteria have antimicrobial activities.
Application of phosphate-dissolving thermotolerant microbes as a bio-fertilizer
enhances the phosphorus content of the plants by breaking the insoluble phosphorus
of the soil to the soluble form, which induces the tolerance of the plants under
temperature stress (Chang and Yang 2009).

9.4.4 Nutrition Deficiency

Availability of nutrients from the soil is an important factor which controls the yield
of the crops. Binding of a major element to the soil or inability of the plants to uptake
nutrients from soil are two major causes of nutrition stress in plants. Inorganic
phosphate, N and iron (Fe) are mostly essential for the growth of the plants. Plants
lacking adequate amounts of nutrition are reduced in size with lower grain quality
and quantity.

Microbes can efficiently mobilize the nutrient from the soil and supply them to
the host plants. Compant et al. (2005) reported that bacteria associated with plant
roots form siderophores which sequester ferric ions from the surrounding and
transport them to the host plants. In leguminous plants, nitrogen-fixing bacteria
form nodules, which later help in the fixation of nitrogen, which plants can absorb
from soil and utilize them further to form amino acids. Another important element in
the soil is phosphorus, which can be effectively solubilized by various genera of
bacteria and fungi. Rivas et al. (2006) reported the association between Cicer
arietinum and two phosphorus-solubilizing microbes Mesorhizobium
mediterraneum and Mesorhizobium ciceri. Uptake of Zn was enhanced in wheat
plants when a symbiotic association of roots with Azotobacter chroococcum and
Pseudomonas indica was established (Abadi and Sepehri 2016). Mycorrhiza
solubilizes and enhances the uptake of several major elements such as P, copper
(Cu), Zn, magnesium (Mg), N and K in the plants (Smith and Read 2008). Lehmann
and Rillig (2015) showed that inoculation of Miscanthus sacchariflorus with the
fungi Gigaspora margarita enhances the uptake of nutrients such as N, P, Fe, Cu,
Zn, K and Mg from the soil. Mycorrhiza secretes a glycoprotein known as glomalin,
which stabilizes the soil by forming an aggregate in between the soil particles, thus
controlling the soil characteristics (Gadkar and Rillig 2006).
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9.4.5 Heavy Metal Toxicity

With the growth of human civilization, the number of industries has increased due to
higher demand for products, which leads to an enhanced contamination of soil with
heavy metals. The soil quality is also deteriorated due to higher application of
chemical fertilizers, pesticides, insecticides and other chemical products, decreasing
the fertility of soil, which significantly affects the growth and yield of the plants
(Table 9.1).

Application of microbes in the agricultural field is an effective method to combat
the metal toxicity of soil. Several mechanisms such as chelation of heavy metals,
detoxification of absorbed metal through various enzymatic activities, reducing the
uptake of heavy metal and sequestering them in the exopolysaccharide layer are
adopted by the microorganisms to decrease the toxicity of heavy metals (Kumar and
Verma 2018). Microbes release chemicals which can chelate heavy metals such as
Fe, Zn and Cu, which thus reduce the uptake of these elements by the roots of the
host plants (Dimkpa et al. 2009). Pishchik et al. (2002) reported that barley plants
grown in soil contaminated with cadmium in association with Klebsiella mobilis
CIAM 880 showed better growth and lowered cadmium due to the release of
chemicals which chelated cadmium ions and thus reduced their availability to the
host plant. Hashem et al. (2016) reported that induced levels of MDA and hydrogen
peroxide in the Solanum lycopersicum were lowered when inoculated with fungi,
which reduced the effect of cadmium (Cd) toxicity in plants. Siderophores released
from the microbes associated with plants have higher affinity toward Fe3+ but can
also effectively chelate other heavy metals, which ultimately reduced the uptake and
toxicity of these metals (Saha et al. 2015). Złoch et al. (2016) reported that
rhizospheric bacteria are more effective in the production of siderophores as com-
pared to that of endophytic bacteria; thus, endophytic bacteria adapt different
mechanisms such as providing nutrients to the host plant and synthesis of enzymes
and compounds which are able to promote plant growth to reduce the toxic effects of
heavy metals. The synthesis of phytochelatins by some fungi also helps to sequester
heavy metals present in soil, thus decreasing their mobilization through the plant
transport system (Gadd 2010). Bolan et al. (2014) reported that methylation of heavy
metals such as lead (Pb), selenium (Se), mercury (Hg), tin (Sn) and arsenic (As) by
transferring a methyl group through bacterial activity also helps in mobilisation of
these metals. Endophytic bacteria reduce pathogenic infection and induce the resis-
tance of plants towards heavy metal stress (Ma et al. 2016). Thus, microbes reduce
the effects of metal toxicity by forming siderophores, biosurfactants and organic acid
or by various processes such as reduction or bio-methylation of heavy metals (Ullah
et al. 2015).
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Table 9.1 Interaction between plants and microbes leads to the development of various protective
mechanisms, which enhance the survival of plants against various heavy metal stress

Host plants Microbes
Metal
Stress

Mechanism of stress
amelioration References

Oryza sativa Bacillus
thuringiensis,
Paenibacillus
glucanolyticus

As Reduces the accumulation
of As in plant tissue,
enhances the activity of
enzymatic antioxidants,
phenolics and flavonoids
which scavenge the ROS

Banerjee
et al.
(2020)

Sorghum
bicolor

Bacillus cereus,
Providencia rettgeri,
Myroides
odoratimimus

Cr Reduces Cr6+ to Cr3+,
induces the production of
siderophores and IAA;
induces the activity of
antioxidative enzymes and
their gene expression

Bruno
et al.
(2020)

Triticum
aestivum

Bacillus subtilis Cr Enhances the content of
chlorophyll, ABA and
proteins, converts Cr6+ to
Cr3+ and also reduces the
uptake of Cr6+ by roots

Seleiman
et al.
(2020)

Zea mays Enterobacter
asburiae

Cd Decreased transpiration
rate; down-regulation of
iron transporter gene

Zhou et al.
(2019)

Zea mays Glomus intraradices Cd Increased translocation
of P, S and Cu,
up-regulation of
antioxidative genes and
plant hormones

Gu et al.
(2019)

Brassica napus Microbacterium
oxydans,
Burkholderia
cepacia,
Pseudomonas
thivervalensis

Cu Reduces the translocation
of Cu; enhances the
activity of enzymatic
antioxidants along with
higher production of
glutathione and ABA

Ren et al.
(2019)

Vigna radiata Acinetobacter lwoffii As Production of IAA,
exopolysaccharides and
siderophores, which helps
to maintain the growth of
plants and also reduces the
accumulation of As in plant
tissues

Das and
Sarkar
(2018)

Arabidopsis Bacillus subtilis,
Azospirillum
brasilense

Cd Increases the endogenous
content of ABA; reduces
the expression of iron-
regulated transporter 1 and
accumulation of Cd

Xu et al.
(2018)

Brassica juncea Brevibacterium
frigoritolerans,
Bacillus
paralicheniformis

Pb Decrease in metal uptake
by plants; increases the
biomass of plants, induces

Yahaghi
et al.
(2018)

(continued)

190 A. Singh and A. Roychoudhury



Table 9.1 (continued)

Host plants Microbes
Metal
Stress

Mechanism of stress
amelioration References

the production of IAA and
siderophores

Cicer arietinum Trichoderma sp. As More toxic inorganic As
species converted to less
toxic organic As; enhances
the nutrient content of
plants, reduces the
expression of gene
responsible for abiotic
stress

Tripathi
et al.
(2017)

Lens culinaris Providencia
vermicola

Cu Production of plant growth
hormone such as IAA,
siderophores, higher
activity of ACC
deaminase, solubilization
of P

Islam et al.
(2016)

Miscanthus
sinensis

Pseudomonas
koreensis

Pb Sequestration of heavy
metal on the outer surface
of bacteria, reduction in
ROS due to higher activity
of catalase and superoxide
dismutase, increases
biomass, chlorophyll and
protein content

Babu et al.
(2015)

Lens culinaris Pseudomonas sp.,
Rahnella aquatilis,
Agrobacterium
tumefaciens

Pb Higher production of IAA
and siderophores, induces
the activity of enzymatic
antioxidants such as
superoxide dismutase and
peroxidase

Jebara
et al.
(2015)

Glycine max Penicillium
funiculosum

Cu Synthesis of proline and
glutamate, higher
nutritional uptake to
maintain carbon, hydrogen
and nitrogen contents of
shoot

Khan and
Lee (2013)

Sedum
plumbizincicola

Phyllobacterium
myrsinacearum

Pb Synthesis of ACC
deaminase, IAA,
siderophores,
solubilization of phosphate
and higher uptake of
essential metals

Ma et al.
(2013)

Cicer arietinum Paenibacillus
lentimorbus

Cr Reduces the uptake of Cr
by roots

Khan et al.
(2012)

Commelina
communis

Bacillus sp.,
Acinetobacter sp.

Pb Higher ACC deaminase
activity and production of
IAA, increase in the dry
weight of plants and root
length

Zhang
et al.
(2011)
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9.5 Conclusion and Future Perspectives

Unfavourable environmental conditions such as water, salt, temperature stress, low
availability of minerals and contamination of soil with heavy metals hamper growth,
productivity and survival of plants. Abiotic stress mainly causes hormonal imbal-
ance, protein distortion, production of ROS and affects the cell organelles and cell
membranes, which may lead to plant death or can lower their yield and quality,
causing a serious problem for global food security. Application of chemical
fertilizers can increase the crop yield for short periods of time, but it accumulates
large amounts of toxic chemicals in the field, which later decrease the productivity of
land and also cause serious health-related problems due to accumulation of
chemicals in the grains. Thus, the only solution to this problem is the application
of microbes which are naturally present in soil and can induce quality without
causing any environmental issues. Various earlier researches have helped us to
understand that interaction between beneficial microbes and host plants have
enhanced the tolerance mechanism of the plants under various abiotic stresses.
Association between microbes and plants leads to the production of siderophores,
regulates the hormonal balance of plants, improves the uptake of nutrition from the
soil and enhances the defensive mechanism of the plants, thereby enhancing the
tolerance capability of plants along with their growth and yield. Based on these
potentialities, it can be concluded that application of microbial-assisted plant inter-
action in the agricultural field can bring a new revolution in the near future. In
coming times, more researches must be conducted to identify more potential yet
unidentified microbes which can play a major role in improving the quality and
quantity of yield of plants and implementing sound policies to realize their beneficial
effects in the agricultural sector.
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Abstract

The structural basis of effector protein disease promotion will open new insights
of how microbes modulate hosts for their own advantage providing new tools for
further research. Structural and functional studies of host resistance genes medi-
ate activation of HR and SAR host defence and provide knowledge that can be
used to engineer future crops which will be resistant to a broad range of
pathogens. These studies will focus on how effectors are recognized by plant
immune system. Research applied on model species demonstrates that the
interactions between plant defence and development under abiotic and biotic
stresses are mostly mediated by hormone cross-signalling. In this chapter, we
discuss briefly the signalling molecules including transcription factors, volatile
compounds and their role in plant defence response.
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10.1 Introduction

Scientific advancements; particularly in the field of plant molecular biology have
played a pivotal role in unravelling the complex process of plant–pathogen interac-
tion. Plants are surrounded by diverse pathogenic invaders and thus serve as a host
for several infectious diseases caused by a variety of bacteria, viruses, fungi and
nematodes leading to the impairment of plant developmental processes. Plants are
generally resistant to most pathogens; however, few successful pathogens are able to
cause disease because of their ability to evade recognition or suppression of the host
defence mechanism. Plant immune response depends on numerous basal events
happening inside the cell and has striking similarity with the vertebrate innate
immunity, but plants also have remarkable and expanded recognition ability to
compensate for their lack of mobility and an adaptive immune system (Ausubel
2005). Some of the plant defences, such as secondary metabolites, are constitutive
and restricted to specific cellular compartment (Bottger et al. 2018). However, more
specialized responses are generally pathogen-specific and are elicited upon recogni-
tion of molecular cues from the potential pathogens (Corwin and Kliebenstein 2017).
Exposure of plant to the virulent elicitors leads to a series of highly localized events
known as hypersensitive response, which prevents the progression of pathogen to
the adjoining healthy tissues (Balint-Kurti 2019; Camagna and Takemoto 2018).
The HR response not only restricts the pathogen spread, but also invokes the
systemic acquired resistance (SAR), which safeguards from the future invasions at
a site distant from the site of invasion (Klessig et al. 2018). The entire process of
signal perception to the defence response is highly specialized and extremely well-
coordinated. Emerging findings suggest plant phytohormones as the key player
modulating the plant defence responses. Although in the last two decades significant
insight is obtained into the complex process of plant immune response, the complete
mechanism of regulation of defence response is yet to be elucidated. Recent findings,
particularly the involvement of small RNA in the establishment of defence response,
have opened new avenues for understanding the process of defence signalling in
plants. In this chapter, we have tried to provide an overview of important
components of defence signalling in plants, highlighting the recent findings and
addressing the gaps in our understanding of these processes. We discuss briefly the
signalling molecules including transcription factors and volatile compounds with
their role in plant defence response.

10.2 The Plant Immune System

The innate immunity of plants is capable of recognizing potential pathogens and
preventing their progression by eliciting sophisticated defences through the naturally
occurring phytomolecules and specific structures. The outermost covering of plants,
the epidermis and the cuticle, are composed mainly of fatty acids and lipids, which
provide the first line of defence against invading pathogens (Xia et al. 2012).
Phytomolecules such as flavonoids, alkaloids, coumarins and antimicrobial proteins
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like defensins, phytoalexins, chitinase and peroxidises are categorically involved in
the antimicrobial activities (Savoia 2012). Microbes or pathogen produced elicitors
called as microbes/pathogen-associated molecular pattern (MAMP/PAMP) which
are recognized by the pattern recognition receptors (PRRs) present on the host
surfaces (Dangal and Jones 2001). Recognition of virulent elicitors leads to HR
categorized by the programmed cell death at the site of pathogen attack. Generally,
HR is effective to contain the biotrophic and hemibiotrophic pathogens and is less or
ineffective against the necrotrophs (Mayer et al. 2001). The HR response prepares
the plants for a more robust defence response to subsequent infection from specific
and nonspecific pathogens known as systemic acquired resistance (SAR). The
process involves rapid generation of signals at the primary site of infection, which
is further transported to the systemic parts of the plant presumably via the phloem
and lasts for days as shown in Fig. 10.1.

The SAR and HR-mediated responses are an outcome of incompatible interaction
between the resistance gene product (R gene) and the phytopathogens virulence gene
product (Avr gene) (Flor and Comstock 1971).

The protein encoded from different classes of R genes provides defence against
diverse biotrophic pathogens. These R genes consist of a nucleotide-binding
(NB) domain and a leucine-rich repeat (LRR) domain (Meyers et al. 2005).
R gene-encoded proteins or R proteins indirectly recognize the pathogen effectors

Fig. 10.1 Schematic representation of plant–pathogen interaction and its response

10 Role of Functional Defence Signalling Molecules in Plant–Microbe Interactions 201



by monitoring host cellular response against the virulent elicitors. Several R genes
have been cloned from different plant species. For example, in Solanum demissum,
20 R gene of CC–NB–LRR (discussed in detail in the next section) class has been
identified (Kim et al. 2012). Some bacteria have evolved several mechanisms to
exploit R gene strategy, as in case of Xanthomonas oryzae, which targets suscepti-
bility gene of the plant through TALEs (transcription activator-like effectors)
resulting in enhanced multiplication of bacterial colony. However, in such case,
plants also evolve the strategies to counteract the virulence by diversifying the TALE
binding element in the susceptibility gene resulting in recessive R genes. Therefore,
the plant immune system recognizes pathogen effectors either by direct physical
contact or indirectly through accessory proteins. Interaction between MAMP or
PAMP with their respective PRRs activates the downstream genes resulting in
nonspecific hypersensitive response called as PAMP-triggered immunity or PTI
sometimes referred as non-host resistance (Dodds and Rathjen 2010). The classical
example is of bacterial flagellin, which triggers defence responses in various plants.
Pathogen evading the host PTI responses is detected at next level by host intracellu-
lar receptors. This recognition induces effector-triggered immunity (ETI). However,
these relationships are not exclusive and depend on the elicitor molecules present in
each infection. Transcriptomics studies show that genes induced by the PTI and ETI
are substantially overlapped and similar classes of genes are activated during an
incompatible reaction; however, the magnitude of gene induction is different
suggesting the convergence of defence signalling in PTI and ETI (Peng et al. 2018).

10.3 Components of Plant Defence

Plants have evolved various strategies to combat the different kinds of pathogen
either through immediate encounter or through receptors that induce the process of
defence signalling. Several proteins, transcription factors and signalling molecules
play a pivotal role in the defence mechanism. A detailed discussion is provided in the
following sub-headings.

10.3.1 ROS and Plant Defence Signalling

It has been long established that reactive oxygen species (ROS) plays a central role
in plant immune responses. Reactive oxygen species are oxygen-containing
molecules showing higher chemical reactivity than O2. The major forms of ROS
in plants include singlet oxygen (1O2), superoxide anion (O2.-), hydrogen peroxide
(H2O2) and hydroxyl radicals (.OH) (Karuppanapandian et al. 2011). ROS plays an
important role in mediating defence signals activation; however, the regulatory role
of ROS occurs in conjunction with various plant signalling molecules, such as nitric
oxide and salicylic acid (Torres et al. 2006). During pathogen attack, the ROS is
produced in different cellular compartment including cell wall, plasma membrane,
chloroplast and peroxisomes/glyoxysomes. The plasma membrane-localized
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NADPH oxidase (also called as respiratory burst oxidase homologs, RBOHs) cell
wall peroxidases and amine oxidase catalyse the production of apoplastic ROS,
whereas the intracellular ROS is mainly produced in chloroplast and peroxisomes,
and to a lesser extent in mitochondria (Torres and Dangl 2005). ROS are toxic to
plant cell and therefore the production of ROS is effectively counterbalanced by
ROS scavenging enzymes including catalases, superoxide dismutase and ascorbate
peroxidases. Frequent alterations in redox balance and ROS homeostasis in the cell
are the initial symptoms of changes in environmental conditions. Recognition of
pathogen molecular pattern by plant cell increases the intracellular calcium level
which in turn leads to activation of RBOHs and generation of apoplastic ROS. This
pattern-triggered ROS production through RBOHDs regulates stomatal closure and
thus restricts the microbial invasion through stomata (Munemasa et al. 2015).
Moreover, the pattern-triggered ROS also known to regulate localized callose
deposition at the cell wall, which increases host resistance to fungal penetration
(Daudi et al. 2012). Our insight into ROS biogenesis during immunity has signifi-
cantly increased during the last decade; however, how the plant sense ROS signal is
yet to be deciphered. Emerging cues suggest the involvement of receptor-like
kinases in ROS signalling; however, it remains unknown whether they directly or
indirectly sense the ROS. A detailed insight into the signalling of ROS in plants will
shed new light on pattern-triggered immune responses in plants, and will undoubt-
edly equip us with genetic tools for engineering durable and sustainable resistance in
plants.

10.3.2 Resistance Gene (R Gene): Molecular Switch of Plant Defence

Plant defence against specific race of pathogens is governed by specific class of
genes called resistance genes (R genes). According to the Flor and Comstock (1971)
gene for gene hypothesis, ETI depends upon the interaction between dominant/semi-
dominant resistance gene product (R gene) found in the plant and phytopathogen
virulence dominant gene product (Avr gene). The resistance from pathogens
conferred only if both the R gene and corresponding Avr gene are present in the
same interaction (Balint-Kurti 2019). The R protein is expected to activate signalling
pathways coordinating with the initial plant defence actions to impair pathogen’s
further ingress. Several studies on the structure and function of R gene provide a
detailed understanding of their role in plant immune system. The breakthrough was
cloning and characterization of the Hm1 gene of maize revealed that it controls
disease resistance against Cochliobolus carbonum by encoding the NADPH-
dependent reductase which inactivates the fungus-produced toxic compounds
(Johal and Briggs 1992). Since then, several classes of R gene have been cloned
and characterized.

Structurally, there are several different classes of R gene; however, the major
class encodes proteins containing a nucleotide-binding site (NBS) and C-terminal
leucine-rich repeats (Meyers et al. 2005). The NBS domains contain conserved
motifs to bind and hydrolyse ATP and GTP, and the LRR motif is typically involved
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in protein–protein interactions. These NBS–LRR domain-containing proteins play
an important role in the recognition and resistance to diverse pathogens ranging from
viruses, bacteria, and fungi to insects and nematodes (Dangl and Jones 2001).
Depending upon the amino-terminal structure, the NBS–LRR proteins are classified
into two sub-categories: proteins having domain for intracellular signalling like
Drosophila and mammalian interleukin (IL)-1 receptors (Toll/interleukin receptor)
also known as TNL or TIR–NBS–LRR proteins and the proteins having coiled-coil
domain called as CNL or CC–NBS–LRR having varying sizes and location of coiled
coil (Ellis et al. 2000). Computational analysis reveals that R protein specificity
resided in LRRs. Pathogen effectors of various kingdoms are recognized by NBS–
LRR leading to the defence response in plants. For example, the NBS–LRR genes
encoded from diverse species like Arabidopsis RPS2 gene, the tobacco N gene,
tomato Cf9 gene and L6 gene of flax share identical mechanism for combating
diverse pathogens (Staskawicz 2001; Staskawicz et al. 1995). However, the
R gene-mediated resistance is often subjugated by the rapidly evolving virulent
effectors (Ellis et al. 2000). Therefore, R gene must rapidly evolve to resist microbial
isolates through a potent mechanism which requires rapid evolution creating diverse
classes of R gene. Recombination events, gene duplication, mutations and crossing
over are mainly responsible for the much-needed diversity of R genes in the land
plants (Meyers et al. 2005). Since NBS–LRR is the most important region of R gene-
encoded protein, the modification in the length of LRR region leads to an important
contributor in the diversification of R gene. For example, the diverse recognition
specificities of tomato resistance gene Cf4 and Cf9 are attributed to the presence of
Cf gene cluster varying for number of LRRs and amino acid substitution in the LRR
motifs (Dixon et al. 1998). Mutation in R gene also results in expansion and
diversification of LRR regions as studied in Arabidopsis (Parker et al. 1997). The
presence of enormous diversity in R gene has been exploited extensively by breeders
for breeding durable resistance in agronomically important crops.

Hence, the diverse role of R gene attracts the scientists to exploit its benefit by
applying in the area of agriculture through genetic engineering to combat disease
resistance. The recognition of resistant gene in agronomically important wild crops
and their introgression into commercial cultivars attracts the major focus of several
plant breeders for the development of engineered crops. Most resistance genes are
inherited as single genetic loci which allow plant biologists to assess genetic
strategies for cloning R genes. Thus, molecular mechanism exerted by disease
resistance gene possesses enough detail to predict about the genetically engineered
plants which can identify the pathogenic effector molecules to restrict pathogenicity
in important agricultural crops.

10.3.3 Hormonal Crosstalk in Defence Signalling

Phytohormones play crucial role in orchestrating the defence trade-off in plants.
Hormonal crosstalk enables the plant with a potent regulatory mechanism and allows
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it to alter its defence response against the pathogenic invaders (Kunkel and Brooks
2002). The salicylic acid (SA) and ethylene (ET)/jasmonic acid (JA)-mediated
defence signalling pathways are the backbone of plant immune responses against
biotrophic and necrotrophic invaders, respectively, whereas abscisic acid (ABA),
brassinosteroids, gibberellic acid (GA) and cytokinin (CK) are considered to be
involved in the plant defence response through modulating the SA and ET/JA
defence signalling pathways (Li and Wang 2020). Since the SA- and JA/ET-
mediated defence signalling pathways are extensively studied, we will restrict
ourselves discussing the hormonal crosstalk involving these pathways.

SA is synthesized from chorismite via two different enzymatic pathways, the
phenylalanine ammonia lyase (PAL) and the isochorismate synthase pathway.
Endogenous SA levels influence a number of physiological processes during the
plant immune response. Studies from plant immune responses clearly indicate that
SA plays a critical role in HR and cell death (Alvarez 2000). Another important role
attributed to SA is the establishment of systemic acquired resistance, which prime
the plant against any further infection at distant sites. Moreover, SA is not only
crucial for plant defence but is also a key player involved in maintaining the trade-off
between growth and immunity in plants (Rojo et al. 2003). The exogenous applica-
tion of SA also triggers immunity against necrotrophs.

The another phytohormone critical for plant defences, JA, is synthesized from
α-linolenic acid (α-LA) and is immediately converted to methyl jasmonate (MeJ)
(Pieterse et al. 2012). The plant hormones JA and MeJ and their derivative
compounds are synthesized from octadecanoid pathway and collectively called as
jasmonates (Avanci et al. 2010). These compounds are the member of plant’s crucial
metabolic processes including plant immunity, growth and secondary metabolism
(Arimura et al. 2005; Gfeller et al. 2006; Wasternack 2007). Our understanding
about the role of JA in defence signalling is largely derived from studies in model
eudicot Arabidopsis JA biosynthesis and signalling mutants. In Arabidopsis and
several other angiosperms, endogenous JA regulates resistance against necrotrophic
pathogen (Antico et al. 2012). In rice, overexpression of allene oxidases, an impor-
tant enzyme involved in JA biosynthesis, leads to enhanced resistance to pathogenic
fungi with an immediate induction of several pathogen-related genes, including PR3,
PR1a and PR5 (Mei et al. 2006). Although JA is reported to act antagonistically to
SA, the several emerging evidences from Arabidopsis and rice pathosystem indicate
that both JA and SA positively contribute to immunity against both hemibiotrophic
and necrotrophic pathogens (Tsuda et al. 2009). The third primary defence hormone,
ethylene, works in close coordination with JA, and regulates plant immunity
depending on the pathogen, environmental condition, and plant species (Hoffman
et al. 1999; Helliwell et al. 2013). Other phytohormones such as auxin, abscisic acid,
gibberellin, cytokinin, and brassinosteroids are also module defence responses either
alone or through interaction with the primary defence hormones (Robert-Seilaniantz
et al. 2011; Pieterse et al. 2012).

Crosstalk between the defence signalling pathways strongly influences the mag-
nitude and amplification of the defence response sensing an attempted invasion.
Since defence response is a costly investment plant needs to balance the potential
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benefits and the cost of the investment to fine tune its overall fitness (Cipollini et al.
2018). Although it is difficult to completely unravel the intricate hormonal crosstalk,
interesting insights have emerged from the scientific studies during the last two
decades. The JA and SA crosstalk are the most studied and are known to antagonize
each other. The enhanced resistance to biotrophs imparted by the increase in SA
levels is often correlated with compromised JA-dependent defences with increased
susceptibility to necrotrophs, and vice versa (Jonas and Dangl 2006). In Arabidopsis
thaliana, the increase in levels of SA leads to a steep decline in the expression of
JA-responsive genes. The protein NPR-1 plays a pivotal role in regulating the SA–
JA crosstalk. SA induces changes in the cellular redox potential which is sensed by
NPR-1 and acts as an important transducer of SA signal (Pieterse et al. 2012). NPR-1
also functions as an important transcriptional activator of the PR genes (Pieterse and
Van Loon 1999). The dual role of NPR1 is governed by its spatial localization in
cytosol and nucleus. The nuclear localization of NPR-1 is not required for
SA-mediated suppression of JA signalling, indicating the regulation of JA–SA
crosstalk by the novel function of cytosolic NPR-1 (Spoel et al. 2003; Yuan et al.
2007). Mitogen-activated protein kinase (MAPK), WRKY and TGA transcription
factors, and glutaredoxins (GRXs) are also important regulators affecting SA/JA
crosstalk. MAP kinase 4 acts early in the SA signalling pathways and regulates the
SA- and JA-dependent response via EDS1 (enhanced disease susceptibility 1) and
PAD4 (phytoalexin-deficient 4) proteins (Brodersen et al. 2006). Downstream to JA
perception by JAZ receptor, JA response pathway is regulated with two antagonistic
branches governed by MYC- and ERF-type transcription factors (Caarls et al. 2017).
The activation of JA/ET pathway antagonizes the SA response.

In Arabidopsis, activation of JA and ET pathways is required to regulate plant
defensin gene PDF1.2. Ethylene and jasmonate signalling pathways transcription-
ally activate the two members of apetala2/ethylene response factor (AP2/ERF)
superfamily: the ethylene response factor 1 (ERF1) and octadecanoid-responsive
Arabidopsis 59 (ORA59) that regulate the expression of pathogen-responsive genes,
thus preventing disease progression (Lorenzo et al. 2003). The transcription factor
MYC2 (like ERF1 and ORA59) also plays an important role in regulating
JA-responsive genes where it acts as a negative regulator of PDF1.2 gene which is
activated by ERFs. Therefore, MYC-responsive genes are activated in the absence of
ET signalling (Pieterse et al. 2009). Within the JA-responsive pathway, the MYC
and ERF branches are mutually antagonistic as shown in Fig. 10.2.

10.3.4 Small RNA and Plant Immunity

In the recent years, small RNAs have been identified as the master regulator of
different biological processes in most of the eukaryotes.

As we know, the first line of defence in plants comprises recognition of pathogen-
associated molecular patterns (PAMPs) leading to the activation of PAMP-triggered
immunity (PTI). However, PTI can be suppressed by the pathogen effector proteins.
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The resistant gene-encoded proteins having NB–LRR domains act as the second line
of defence as discussed in the above section. Recent evidence has shown that the
plant innate immune system has evolved the small RNA (sRNA)-mediated gene
silencing which is an inbred and evolved characteristic feature of plants against
pathogen attack and occurs at both transcriptional and post-transcriptional stages
(Ding and Voinnet 2007).

The eukaryotic genome is enriched with two types of endogenous small RNA; the
small interfering RNAs (siRNAs) having 20–24-nt double-stranded and the
microRNAs (miRNAs 20–22-nt long produced from primary miRNAs). The
processing of both siRNA and miRNA is performed inside the cell through RNase
III-like endonucleases called as Drosha/Dicer, bound to Argonaute (AGO) proteins
and inserted into RNA-induced silencing complex (RISC) (Carthew and Sontheimer
2009). Reports state that these small RNAs (sRNAs) including miRNA and siRNA
are transferred within tissues of individual organisms as well as across various
eukaryotic species, acting as a connection between the eukaryotes and prokaryotes
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Fig. 10.2 Schematic representation of crosstalk between salicylic acid (SA), jasmonic acid
(JA) and ethylene (ET) signalling pathways in plant defence upon pathogen attack. SA regulates
defence response against biotrophs, whereas jasmonic acid and ethylene pathways are mainly
responsible for activating defence signalling against the necrotrophs. T: negative effect; pink circle:
positive effect
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(Zeng et al. 2019). The novel communication type revealed that sRNA molecules are
transmitted between distantly correlated organisms called as cross-kingdom RNAi
(Knip et al. 2014). For example, upon infection with fungus Verticillium dahliae, the
cotton plant accumulates and exports miR159 and miR166 which target the fungal
encoded protein Clp-1 and HiC-15, respectively, essential for virulence. This
defence strategy of cotton plant by exporting the specific miRNA is called as
cross-kingdom gene silencing in fungal pathogen to prevent disease (Zhang et al.
2016). Thus, miRNA exerts cross-kingdom regulation of gene expression in host–
pathogen interactions in which plant-derived miRNA is transmitted to the pathogen
to downregulate the gene essential for virulence. Thus, plants might have adapted
RNA interference through cross-kingdom mechanisms to deliver immune responses
against pathogen infection (Bundo et al. 2020).

Besides this broad-spectrum immunity of plants, microbes evolve their own
strategy to exploit the host immunity and spread colonization. Some examples are
discussed here to understand the pathogen’s own defence strategy. As we know,
sRNAs can act as effectors through a mechanism which silences the host genes in
order to repress plant immunity and spread infection. The sRNAs accumulated by
B. cinerea hijack the RNAi machinery of plant by binding to the Arabidopsis AGO
proteins, which in response silence the host immunity gene (Weiberg et al. 2013a, b).
Therefore, the fungal pathogen delivers “virulent” sRNA as effectors molecule into
the host plant to suppress its immunity and spread infection demonstrating a
naturally occurring mechanism of cross-kingdom RNAi as an advanced process.
Thus, these findings implement that with the development of potent genomics and
sRNA sequencing technologies; other cross-kingdom sRNAs and their effector
molecules will be discovered to combat RNAi defence signalling.

Plant not only interacts with pathogenic bacteria but also shows symbiotic
association as in case of leguminous plants. The nitrogen fixating bacteria form
nodule in leguminous plants which require the suppression of host plant defence to
prevent immune responses against these bacteria. In a study, the subset of plant
miRNAs superfamily (miR482/2118, miR1507, miR2109) target the NB–LRR
genes and regulate plant immunity (Deng et al. 2018; Su et al. 2018; Zhai et al.
2011). These miRNAs repress NB–LRR expression and upregulated in the develop-
ing nodules of Medicago truncatula upon symbiotic interactions. These results
suggest that the repression of NB–LRR resistance genes in the emerging nodule
produces a favourable niche for nitrogen fixating bacterial colonization to synthesize
nodule (Sos-Hegedus et al. 2020).
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10.3.5 G Proteins Cascade

Heterotrimeric G proteins play as a connecting point in plant defence signalling
activated by multiple receptors to exert plant growth and stress signalling (Liu et al.
2013; Morillo and Tax 2006). G proteins are commonly known as guanine
nucleotide-binding proteins, a family of proteins that regulate the molecular
switches. Their activity is stimulated by the guanosine triphosphate (GTP).
Heterotrimeric G proteins are present in eukaryotes universally, it may be due to
their conserved nature throughout the evolution. In animals, Gproteins relay signals
from 7-transmembrane spanning G-protein-coupled receptors (GPCRs) to intracel-
lular downstream effectors; however, the existence of GPCRs in plants is controver-
sial. The heterotrimeric G protein complex contains Gα, β and γ subunits involved in
transducing extracellular signal received by the G-protein-coupled receptors. The
signal is transmitted through the GPCR with their cognate G proteins leading to the
release of GDP and subsequent binding of GTP to the Gα subunit (Temple and Jones
2007). This exchange of guanine nucleotide leads to the activation of Gα subunit and
get dissociated from the Gβ and Gγ dimer. These moieties further interact with
several downstream effector molecules to initiate unique intracellular signalling
responses (Tuteja and Sopory 2008). In plants, G proteins are mainly involved in
the plant defence mechanism. The main protein involved in the plant defence during
the pathogenic attack is called receptor-like kinases (RLKs) (Aranda-Sicilia
et al. 2015).

Various microbial strains cause pathogenicity in the plants. Plants respond to
these pathogens using the molecular signature known as pathogen-associated molec-
ular patterns (MAMPs/PAMPs), that are detected by cell-surface-localized receptor-
like kinases (RLKs) (Macho and Zipfel 2014). The N-terminal of the RLK consisted
of the ligand-binding site, whereas the C-terminal of these kinases occurring on the
internal side of the membrane. The ligand-binding site of the plant MAMPs
consisted of the leucine-rich repeats. This leucine-rich repeat showed affinity
towards the bacterial flagellin and with transcription factor such as EF-Tu (Zipfel
et al. 2006). In addition to this, these binding pockets can also bind to the cell
membrane component viz., chitin and peptidoglycan (Willmann et al. 2011). It was
noticed that plant genomes contain many sets of the RLK genes but only a few of
them have been characterized well (Sakamoto et al. 2012). Bacterial flagellin,
elongation factors and chitin receptor kinase have been characterized for the plant
defence mechanism (Macho and Zipfel 2014).

Gα subunit is an important component in initiating signalling response showed
highly reduce hypersensitivity response against rice blast disease due to the
impairments in the single copy of Gα protein subunit suggesting that this protein
is essential for resistance against blast disease (Suharsono et al. 2002). Arabidopsis
Ga subunit (GPA1) plays a key role in its immune signalling pathway activated
through bacterial flagellin epitope flg22 in which GPA1 interacts with NADPH
oxidase, RbohD to accelerate flg22-induced ROS burst solely of the central cyto-
plasmic kinase BIK (Xu et al. 2019). Besides GPCR, receptor-like kinases (RLKs)
initiate signal transduction at the cell surface. However, it is unclear how the RLK
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and G proteins physically interact, for which Aranda-Sicilia et al. (2015) have
demonstrated the physical interaction between the G protein subunits and the
defence-associated RD-type receptor-like kinases CERK1, BAK1 and BIR1,
which showed the signal transduction. However, no interaction was found with the
non-RD RLK-like FLS2 confirming that signal transduction proceeds downstream
of pathogenesis-associated RLKs. While performing the defence response, G
proteins function in various physiological responses and one of them is the closure
of stomata on pathogen attack. Genetic evidence states that the stomatal responses
triggered by PAMP are governed by similar PAMP receptors and the heterotrimeric
G proteins (Zhang et al. 2012; Liu et al. 2013; Yu et al. 2018). Silencing of G protein
subunits in N. benthamiana extensively impaired stomatal closure in guard cells
(Zhang et al. 2012). These results suggest that heterotrimeric G proteins play a
crucial role in regulating defence response through modulating stomatal aperture.

To date, G protein function has been investigated very less in plants especially
during plant–microbe interaction. Plant–microbe interaction can be negative with
pathogenic strains and positive with beneficial strains. So, we need to focus on the
specific roles of the plant G proteins with pathogenic microbial strains. More
research on this aspect will elucidate more about the control mechanisms of the
key molecular signature in pathogenicity.

10.3.6 Transcription Factor

Transcription factors (TFs) play a key role in controlling various plant development
processes and response against various external biotic and abiotic threats. They are
main component of plant defence signalling and adaptation mechanism. TF is a
protein that controls the rate of transcription by interacting at specific promoter
sequence on cis-regulatory DNA element of the genes having binding sites for TFs
and regulates the gene expression. Having a DNA-binding domain is a specific
feature of TFs which allows it to bind to a specific sequence of the DNA adjacent to
the target gene. On the basis of gene, they either activate or repress the expression of
target gene (Gordan et al. 2011). The function of TFs is to regulate turn on and off
the genes and change in TFs binding site causes variation in the level of gene
expression. Thus, the presence and availability of binding site and conservation of
binding domain affect the binding of TFs to its specific binding site (Dai and Dai
2011). In plants, TFs are encoded by different gene families like AREB, MYB,
WRKY, bZIP and ZFP based on their structure of their DNA-binding domain. Some
of them are discussed here.

Expression of defence gene and its regulation is conciliated by modulated activity
of TFs either by up- or downregulation. Likewise, upon Ustilago maydis infection,
the expression of bZIP TF is found to be increased in maize (Wei et al. 2012).

Zinc finger protein (ZFPs) TFs perform crucial role in plant stress tolerance,
apoptosis, transcriptional regulation and protein–protein interactions. In transgenic
tobacco plant overexpression of PF1 TFs, that is, CaPF1 interacts with promoter
cis-element of gene which enhanced immunity against pathogens. CaPF1 interacted
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with promoter cis-elements of gene and induced the expression of defence-related
genes, that is, PR-2, PR-3, PR-4 and PR-5 (Yi et al. 2004). The combination of
genomic data with the functional studies shows novel insights in regulating plant
defence mechanism especially for crops with improved resistance against pathogens.
The functions of ZFPs as positive or negative regulator arbitrate resistance to the
pathogens and make basis for understanding associated genes and TFs regulating
different pathways. Furthermore, these TFs may offer a complete transgenic tool for
developing disease resistance in plant genetics and breeding programs. Structural
analysis of R gene proteins was analysed in which zinc finger domain and nucleotide
binding domain have been elucidated (Gupta et al. 2012).

The WRKY family has highly conserved WRKY-DBD sequence of 60 amino
acids, which contains the almost unvaried sequence motif, that is, WRKYGQK, at
the N-terminal and a zinc-binding motif. Amongst the different classes of transcrip-
tion factor identified to modulate the expression of defence-related genes, WRKY
proteins that bind to W-box element are extensively studied primarily because of
their involvement in a variety of biotic and abiotic stress responses in plants (Jiang
et al. 2015). WRKY family of the TFs is one of the largest family of TFs in plants,
with at least 74 members in Arabidopsis and more than 100 members in rice,
soybean and popular (Dong et al. 2003).

In rice, the expression of WRKY genes is induced by pathogen attack.
OsWRKY70 has been reported to be involved in defence against biotic stress, as
its expression increases in the presence of SA/JA and also acts downstream of NPR1
which leads to the activation of PR genes involved in defence response (Pieterse
et al. 2012; Li et al. 2004). Rice line overexpressing OsWRKY71 is reported to have
enhanced resistance against bacterial pathogen Xanthomonasoryzae (Liu et al.
2007). Similarly, in Arabidopsis, the expression of AtWRKY6 is largely influenced
with the senescence or defence response trigger (Robatzek and Somssich 2001).

WERKY family explains the role of Paeonia lactiflora PlWRKY13 which had
been shown to be induced by four types of abiotic stress, heat stress,
low-temperature, water logging and salt stress. Its expression tended to first decrease
and then increase after infection with Alternaria tenuissima (Wang et al. 2019).
WRKY proteins are also involved in beneficial plant–microbe interactions, for
example, Trichoderma treatment enhances the positive regulators AtWRKY70 and
AtWRKY54 in salicylic acid pathway and (AtWRKY8, AtWRKY33, AtWRKY38,
AtWRKY42 and AtWRKY60) in jasmonic acid-mediated pathway (Sáenz-Mata
et al. 2014).

Plant structures cuticle, which is physiologically involved in defence response
against biotic and abiotic stresses, is made up of cuticular wax. It has been reported
that Wolly (WO) transcription factor in tomato involved in the expression of wax
transporter gene SlLTP and wax synthesizing genes SlKCR1, SlCER6 and SlPAS2
promoting cuticular wax accumulation (Xiong et al. 2020).

Other R2R3-MYB-type transcription factors govern the transcriptional regulation
of the stilbenes which is the key indicators of grapevine innate immunity and the
stilbene synthase promoters are activated by MYB14 and MYB15 (Chang et al.
2011; Holl et al. 2013). GATA-family transcription factors of fungus act as universal
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nitrogen regulators playing a crucial role in the utilization of host nitrogen resources
(Fernandez et al. 2014). Thus, these studies demonstrate that the involvement of
transcription factor by activating or repressing the target gene is essential for
regulation defence response in plants. Some transcription factors and their role are
listed in Table 10.1.

10.4 Plant–Pathogen Arms Race

Frequent co-evolution of plants and microbe occurs at different timescales. The rapid
evolution of interacting entities largely depends upon their environment and genome
pattern. The ability of pathogen to acquire a new host depends on the genetic
compatibility between the two groups. Pathogenic bacteria and fungi constantly
effort to adopt their evolved virulence mechanism and to sustain themselves in
various adverse conditions (Rodriguez-Melcon et al. 2018). The host–parasite inter-
action contributes to the horizontal gene transfer leading to the transfer of various
molecules as genetic material, proteins and metabolites showing a great impact on
the evolutionary changes in interacting species. Horizontal gene transfer also leads to
the transfer of transposable elements, for example, LINE-1 which is the most
frequently found transposable element occurs in mammalian and plant species
Crassostrea gigas and Fraxinus excelsior respectively (Ivancevic et al. 2018).
Therefore, the active transposable elements lead to genetic modifications and posi-
tive selection of the plant–host interaction (Faino et al. 2016). These transfers of
genetic material into the trans-kingdoms impart a driving force for host parasites’

Table 10.1 Transcription factors involved in plant defence

Transcription factor Function
Plant
species References

Teosinte branched1/
Cycloidea/proliferating cell
factor (TCP)

Regulation of cell growth and
proliferation

Potato Bao et al.
(2019)

AP/ERF and WRKY Regulation of the salicylic
acid

Arabidopsis
thaliana

Zhou et al.
(2018)

OsERF71 Expression of xylanase
inhibitor

Oryza sativa Zhan et al.
(2017)

Ethylene response factor
(ERF)

Stress signalling with the
activation of wound repair
mechanisms

Arabidopsis Heyman
et al. (2018)

WRKY18 and WRKY40 Negative regulators of flg22 Arabidopsis Birkenbihl
et al. (2017)

AP2/ERF, bHLH, MYB and
WRKY

Regulating plant secondary
metabolism

Arabidopsis Zhou and
Memelink
(2016)

SlSHINE3 Cuticle production tomato Buxdorf
et al. (2014)
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evolutionary arm races (Zhao and Guo 2019). For example, the trans-kingdom
approach is seen in cotton plants which exports its miRNAs into the V. dahlia to
inhibit the pathogenic genes and restricting fungal pathogenesis (Zhang et al. 2016).
Further interaction is based upon the protein level through which pathogen’s effector
protein (Avr-protein) encounters their host plant protein (R-protein) which have a
unique structure to recognize their respective effector proteins (Dangl and Jones
2001). These proteins can be the molecular player of plant–pathogen interaction and
evolution. Several pathogenic effector proteins from the primary pathogen including
their virulence activity, subcellular localization and PDB structure are identified in
their respective hosts (Mukhi et al. 2020). Every specific protein and/or molecule/
metabolites involved in plant growth and survival are being synthesized from
different biosynthetic pathways which are current evolving weapon for emerging
plant–pathogen interaction (Frantzeskakis et al. 2019). While microbial attack,
plants secrete antimicrobial compounds to combat the pathogen; however, the
pathogens are able to detoxify these compounds using various enzymes which are
specifically encoded by pathogens’ genome as, for example, a fungal pathogen
Fusarium pseudograminearum can degrade benzene derivative xazolinones (Kettle
et al. 2015). Moreover, the individual metabolic occurrence is restricted to individual
pathogens explaining the evolutionary concept of biosynthetic pathways as the
metabolic diversification may occur due to mutations or genetic rearrangements.
With these evolutionary changes, the microbes get benefited and can escape from the
plant defence while the plants have evolved more potent immune system to combat
other pathogens. The understanding of evolutionary ecology of host–pathogen
interactions in different contexts can improve novel epidemics and their hosts’
eventual efforts for biological control may provide various opportunities to increase
our understanding on the biology of plant–pathogen interactions (Parker and Gilbert
2004). An invariable theory of the never-ending molecular arms race between
microbes and their hosts is the ability to avoid or suppress the host defence pathways
(Pumplin and Voinnet 2013).

10.5 Conclusion

Since the last decade, tremendous progress has been done to unravel the molecular
basis of plant–microbe interactions. Several reports are available on the mechanisms
of the pathogenic infection of plants, which lead to either resistance or disease.
Significant advancement has suggested that plant–pathogen effector protein function
in the host cells. All plant pathogenic interactions lead to cross-kingdom communi-
cation in which plant defence mechanisms employ various strategies to bypass their
innate immunity. The co-evolution along with their hosts prompts microbes to
effectively respond to the modifications of host immunity temporally. The microbes
continuously adapt their niche of virulence strategies to keep their arms race
effective.
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Understanding Rhizosphere Through
Metatranscriptomic Approaches 11
Rajni Kant Thakur, Pramod Prasad, Siddanna Savadi, S. C. Bhardwaj,
O. P. Gangwar, and Subodh Kumar

Abstract

The rhizosphere is a closely proximate area where plant roots and PGPR live
together and produce various organic molecules, which boost plant growth and
immunity. Metatranscriptomics is the best technique to study unexplored or
unidentified microbes that help plants in terms of growth and also elicit induced
systemic resistance against various plant pathogens. Metatranscriptomics
provides direct access to the microbial community, which is not culturable on
growth media. We have provided a holistic view in this chapter about rhizo-
sphere, types of microbes which live in the rhizosphere, and how they affect plant
health. We have discussed techniques that are used to study metatranscriptomic
and bioinformatic tools to interpret the most valuable knowledge from
sequencing data.
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11.1 Introduction

In 1904, Lorenz Hiltner coined the term “rhizosphere” which means the word “root”
(Hiltner 1904; Hartmann et al. 2008), and related it to plant–root interaction. The
microbial population found in the rhizosphere is different from that found in the bulk
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soil. Root exudates provide a source of nutrients for microbial growth. Weller and
Thowshow (1994) proved that the rhizosphere area is rich in nutrients for bacteria,
fungi, and other microorganisms as compared to normal soil. Plant roots contain
10–100 times more microorganisms than the normal soil. The area around plant
roots is divided into three parts depending upon microorganisms’ community or
niche, that is, rhizosphere, phyllosphere, and endosphere. The rhizosphere is an area
of soil derivative, influenced by sedimentation of plant mucilage and root exudates
(Kent and Triplett 2002). Phyllosphere is a space or area which is relatively
nutritionally poor and faces a lot of extreme temperatures, radiation, and moisture.
Microorganisms found in the rhizosphere and phyllosphere are termed as epiphytes
while microbes within plant tissues are called endophytes. Microorganisms in these
niches can establish a beneficial, neutral, or detrimental relation with their host
plants. One of the best examples of this kind of association is rhizobium–legume
symbiosis, which paved the way for crop rotation system, that led to increased
agriculture output (Oldroyd et al. 2011). In this chapter, we mainly focus on the
metatranscriptomic approach which is used to study the rhizosphere microbial
diversity, plant–microbial interaction, scope, and limitation of this technology.

11.2 Plant–Microbial Community Interactions in Rhizosphere

Plant roots produce a diverse range of chemical compounds in the rhizosphere
(including enzymes, plant growth hormones, and secondary metabolites), which
are associated to cater microorganisms and form mutualistic association in the
rhizosphere. Plant roots and fungus form a relationship that results in exchanges of
exudates and nutrients. A large number of plant genes are identified which play a
vital role in facilitating arbuscular mycorrhizal fungi (AM fungi) interaction. Due to
lack of literature about the signaling process between symbionts, we do not have
correct information about pathways involved in symbiotic interactions resulting in
the exchange of nutrients between plant roots and fungi (Hirsch and Mauchline
2012). Symbiotic relation lacks host specificity, and the symbiotic relationship
between AM fungi and plants is one of the most common and the earliest plant
symbioses. Glomeromycotina, Ascomycotina, and Basidiomycotina include 6000
species in their family; however, there could be an expansion in this number with
advances in molecular biology techniques.

The mechanism of the signaling process between AM fungi and plants and the
pathways involved in nutrient exchange between the two partners are not very much
understood. However, it has been speculated that plant-derived signals or related
compounds, which are conserved throughout the plant kingdom, play a major role in
such interactions (Whipps et al. 2008). The most studied among these signals include
flavonoids and strigolactones produced by Lotus japonicus. Strigolactones have
been reported to encourage growth and branching in AM fungal hyphae, which
are needed for effective root colonization by AM fungi.
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11.2.1 Plant-Derived Compounds Affecting Rhizosphere Microbes

The production of plant-released exudates is dependent on numerous factors such as
plant types, climatic conditions, biological, physical, and chemical characteristics of
the neighboring soil. Plant root-released compounds that deposit in the surrounding
soil are termed as rhizodeposits (Rovira 1969). Rhizodeposits are composed of parts
of dead root caps, mucilage, and root exudates. The mucilage secreted by root caps
and epidermal cells contains polysaccharide-rich material, which protects roots from
desiccation and assist in nutrient gain and thus forming soil aggregates. It also
attracts useful microbes including AM fungi (Klironomos et al. 1993).

Scientific community lays emphasis on the effects of chemical compounds
released by plant roots on microbial diversity and on the nutrient acquisition of Fe
and P (i.e., allelopathy) or biochemical signs to attract beneficial microbes such as
AM fungi and rhizobia (chemotaxis) and encourage establishment of beneficial
(biocontrol) microbes including bacteria (Bacillus subtilis, Pseudomonas flores-
cence) and fungi (Trichoderma sp.) on the root surface. Chemicals in root exudates
abet plants for accessing nutrients by acidifying or altering redox conditions within
the rhizosphere. Malic acid and citric acid released by plant roots help in reducing
the pH of the soil within the rhizosphere and solubilizing phosphorus. Fe binds
strongly with phytosiderophores which is then absorbed by roots through diffusion.
Flavonoids, which are root exudates, modulate the interaction between plants and
plant growth-promoting rhizobacteria (PGPR), but clear-cut signaling molecules that
recruit specific bacterial species are hardly understood. PGPR require a definite
signal to colonize the host and initiate symbiotic interaction with their partner.

11.2.2 Rhizosphere Microbe-Derived Compounds Affecting Plant
Growth and Health

The rhizosphere is a place and contagion court for soil-borne disease-causing agents
and similarly in the field, here both flora and fauna relate to plant pathogens and
affect the result of diseases causing agent infection though numerous useful
microbes that exist in the rhizosphere region can constrain the development and
action of soil-inhabiting plant pathogens (Widder et al. 2016). The effect of interac-
tion of helpful rhizosphere fungi such as Trichoderma and Gliocladium and bacteria
such as Pseudomonas and Burkholderia on plant growth, development, and health
are well recognized. All PGPR have incidental beneficial ramifications on plant well-
being by hindering plant pathogens through rivalry and antibiosis. PGPR also
produce straight optimistic results on plant well-being by stimulating induced
systemic resistance (ISR), thereby protecting plants from devastating pathogen
outbursts or by revealing the plants to PGPR-synthesized chemicals such as
2,3-butanediol, pyoverdine, and lipopeptide disinfectants. Although some
experiments were conducted to find out the pathways underlying the interaction
between PGPR and plants, more studies are required to fully understand these
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interactions and to improve their use in agriculture with special reference to man-
agement of soil-borne plant diseases (Zimmerman and Vitousek 2012).

11.2.2.1 Arbuscular Mycorrhizal Fungi
Arbuscular mycorrhizal (AM) fungi are soil-stomached microorganisms that form a
mutualistic symbiotic association with maximum land plants. As obligate biotrophs,
these fungi are incapable of finishing life cycle in the absence of a host plant. The
Arbuscular mycorrhizal fungi association is characteristically beneficial. Being
obligate symbionts, AMF are primarily dependent on plants for carbon fixation
and the plant get benefited from such interactions in the form of improved growth
(Davies et al. 1993), abiotic and biotic resistance, improved nutrient uptake particu-
larly of immobile nutrients such as P and Zn over non-mycorrhizal controls, and
alteration of root morphology. The improved nutrient uptake results from the uptake
of nutrients by the extra-radical hyphae of the AMF that spread up to 8 cm outside
the root which mocks and functions as the extension of the root structure in obtaining
nutrients from the soil.

The AMF hyphae produce a glycoprotein termed glomalin (Wright et al. 1996;
Wright and Upadhyaya 1996), which helps plants by sustaining a steady water level
in the soil. Furthermore, AMF improves nutrient cycling and carbon flow, which
significantly controls soil microbial diversity (Linderman 1991). For instance, Glo-
mus mosseae have been reported to expand the diversity of rhizosphere bacteria.
Thus, AMF are a crucial part of agricultural ecosystems that could be good
substitutes for chemical fertilizers and could work as biocides for the management
of both abiotic and biotic stresses.

11.2.2.2 Plant Growth-Promoting Rhizobacteria and Fungi
Plant growth-promoting rhizobacteria (PGPR) are bacteria present in agricultural
ecosystems that act positively in plant development though alterative reproducibility
as well as the possible effects of inoculation upon plant root-related microbial groups
can be sources of concern. PGPR reside in the rhizosphere of diverse plant species
and produces useful effects, such as better plant growth and low vulnerability to
diseases produced by plant-pathogenic fungi, bacteria, viruses, and nematodes.
Usually, PGPR endorse plant growth and development by enabling nutrient acquisi-
tion (N2, P, and other vital minerals), modifying levels of plant growth hormones or
through biological control of plant diseases. Some PGPR are also sources of physical
or chemical alterations related to plant defense, a process stated as “induced systemic
resistance” (ISR) (Suryadi et al. 2019). ISR induced by PGPR has suppressed plant
diseases prompted by a range of pathogens through “induced systemic tolerance”
(IST) for PGPR-encouraged physical and chemical changes in plants that result in
enhanced tolerance to abiotic stress.

The characteristic features of PGPR include (1) inhabiting root surface; (2) living,
proliferating, and striving with microbiota present in the rhizosphere, and helping
plant growth promotion/defense actions; and (3) boosting plant growth (Kloepper
1994). PGPR could be extracellular PGPR (e-PGPR), which inhabit within the
rhizosphere, rhizoplane, or in the root cortex, and intracellular (i-PGPR), which
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live in root cells, predominantly in nodules (Figueiredo et al. 2011). Apart from
PGPR, many actinomycetes such as Micromonospora sp., Streptomyces spp.,
Streptosporangium sp., and Thermobifida sp., etc. are also known to interfere with
rhizosphere microbial groups and support plant growth, development, and other
useful traits such as abiotic and biotic stress tolerance. Like PGPR and plant growth-
promoting fungi (PGPF), actinomycetes have also offered huge biocontrol potential
for the management of diverse soil-borne plant pathogens (Tables 11.1 and 11.2).

PGPF belong to the group of nonpathogenic fungi that help plants by improving
plant growth, development, and stress tolerance. Several findings suggested that
PGPF have a wide range of hosts and are different to each for their systematics, the
environments they live in, functioning, and their interaction with plants and other
microbes in the rhizosphere. PGPF species are universal saprophytes and occupy the
soil near the plant roots. Despite the name PGPF, they may not always improve plant
growth and development, as their effect may not be the same for all the plant species.
For instance, one PGPF that encourages the growth and development of one plant
species may have a reverse effect on another plant species, or the effect may vary
between two different environments. Likewise, all the fungi encouraging plant
growth are not grouped under PGPF (Berg and Smalla 2009). For instance, AM
fungi, though enhance plant growth as discussed earlier, are not included
under PGPF.

Microorganisms recognized as PGPF have varied taxonomy. Majority of them
belong to the phylum Ascomycota and others to Zygomycota and Basidiomycota.

Table 11.1 List of PGPR and PGPF capable of plant growth promotion

Genera Species/strain Growth promotion in Reference

Alternaria Alternaria sp. Nicotiana tabacum Zhou et al. (2014)

Aspergillus Aspergillus spp. PPA1 Cucumis sativus Islam et al. (2014)

As. Fumigatus Oryza sativa Hamayun et al.
(2009)

Aspergillus niger Brassica chinensis
Linn.

Chuang et al. (2007)

Penicillium Penicillium citrinum Helianthus annuus Waqas et al. (2015)

Aspergillus Aspergillus terreus Helianthus annuus Waqas et al. (2015)

Trichoderma Trichoderma virens Pinus sylvestris var.
mongolica

Yedidia et al. (2001)

Trichoderma virens Arabidopsis thaliana Contreras-Cornejo
et al. (2011)

Achromobacter Achromobacter
xylosoxidans strain Ax10

Brassica juncea Ma et al. (2009)

Azospirillium Azospirillium lipoferum Hordeum vulgare Belimov et al. (2004)

Azospirillum brasilence Zea mays, glycine
max

Orlandini et al.
(2014)

Azotobacter Azotobacter chroococcum Brassica juncia Narozna et al. (2014)

Bradyrhizobium Bradyrhizobium japonicum Zea mays, glycine
max

Orlandini et al.
(2014)
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Some of the members of PGPF, for example, Colletotrichum sp., Pythium
oligandrum, Phytophthora cryptogea, Fusarium oxysporum, Alternaria sp. and
binucleate Rhizoctonia, are phylogenetically close to their counterpart plant
pathogens, but they lack virulence factors required to cause disease in plants. This
suggests that huge portions of rhizosphere microorganisms belong to PGPF.

11.3 Understanding Plant Microbiome

The plant microbiome bacteria are very important for plant health and fitness, and
thus contribute to the range and improvement of microbial taxa covering essential
functional genes for the benefit of the plant holobiont (Hugenholtz and Tyson 2008).
Molecular evidence suggests that plant–microbial interactions involving AM fungi,
PGPR, and PGPF were important for improvement in plant species for the past
700 million years. A noteworthy amount (nearly 5–20%) of the photosynthate is
produced mostly through plant roots. Furthermore, plants produce a significant
amount of methanol and isoprene, two of the important sources of carbon and energy
for microbes, into the atmosphere. Moreover, the management of plant microbiome
has got the interesting prospect of biological control, surge of agricultural produc-
tion, reduced use of chemicals, and cut down on greenhouse gas secretion for more
sustainable agricultural practices. Some of the promising approaches for understand-
ing plant microbiome are discussed in the coming sections.

11.3.1 DNA Fingerprinting

Microorganism ecology has observed a large variation in the last two decades with
regard to techniques utilized for the study of ecological communities. Paramount
focus changed from inoculation to interpretation of conserved biomolecules includ-
ing DNA-based techniques that are founded on cloning and sequencing of DNA
segment or largely based on previous amplification of precise sequences by use of
PCR. The mixture of PCR product yield could be cloned and sequenced or can be
exposed to a growing variety of genetic characterizing methods, through amplified
ribosomal DNA restriction analysis. DNA fingerprinting method was first reported
by Avaniss-Aghajani et al. (1994) and utilized for Mycobacterial identification. Ding
et al. (2013) applied terminal-restriction fragment-length polymorphism (T-RFLP)
to understand (1) the genetic changes that are present in the endophyte microbe
population surviving in diverse plant species and (2) the effect of bacterial and
fungal populations on the plethora and diversity of endophyte microbes. They
evaluated a collection of ten different maize varieties for the occurrence of different
endophytes by growing the endophytes in vitro, cloning them, and DNA fingerprint-
ing using 16S rDNA T-RFLP.
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11.3.2 Phylogenetics of rRNA and Other Genes

Molecular marker technology is one of the most preferred choices for characterizing
a variety of microbes including bacteria. Molecular markers have been utilized for
different kinds of studies including microbial taxonomy and evolution biology of
different organisms. Moreover, with the availability of whole-genome sequence
information of numerous fungi, bacteria, actinomycetes, etc., the identification of
orthologous families of genes in different organisms and understanding of the gene
function have progressively become easier and more cost-effective (Eisen 1998).

RNAs belonging to different groups of microorganisms have been recognized
through the phylogenomic approach that may be expected as new genes or
governing elements. Likewise, microbial molecular investigation offers substantial
evolutionary understandings when mapped onto rRNA phylogeny; meanwhile,
microbial rRNA phylogenetic studies have been revealed to be curiously reliable
(Siefert and Fox 1998). A phylogenomic investigation method that comprises
information about the purpose of genes, exaptation, and biochemistry in upcoming
time could be worthy in inter- and intra-genomic studies of microorganisms.

Studies confirming the arrangements of 16 rRNA genes are one more significant
milestone in the study of evolution and categorization of microorganisms. Earlier,
microorganisms were grouped based on the resemblances and changes in their
phenotypic traits, into prokaryotes and eukaryotes, which were further categorized
into different taxonomic ranks. However, taxonomic classification based on these
approaches could be tedious because differences in phenotypic features of different
organisms may not be too prominent. To overcome such limitations, nucleic acid-
based approaches were identified and developed. Phylogenetic analysis of 16S rRNA
gene sequence characterization from several bacterial species was first conducted by
Woese and George (1977). This approach has been exploited efficiently for
phylogenic and evolutionary studies in gold nanoparticle-producing bacteria
(Nangia et al. 2009). Rainey et al. (1997) described phylogenetic diversity among
five species of genus Deinococcus (D. radiopugnuns, D. proteolyticus,
D. rudioduruns, D. radiophilus, and D. erythromym) and Deinobacter grandis
using 16S rDNA sequence comparison. Bond et al. (2000) reported a phylogenetic
study of Leptospirillum sp. and Ferromicrobium acidophilus using 16S analysis.
Sourath and Subramanian (2014) investigated the molecular identification of Pseu-
domonas aeruginosa by 16S rRNA sequence-based method as per standard protocol.
Dehnad et al. (2015) described Arthrobacter nitroguajacolicus using 16S rRNA.
Similarly, Alam et al. (2016) reported a phylogenetic relation of Pseudomonas
putida strain MDH1 with other species of Pseudomonas using 16S rRNA gene.

11.3.3 Metagenomics

The genomics of diverse microbes by direct DNA extraction and cloning from the
direct soil sample is termed as metagenomics. Rhizosphere soil or marine samples
hold significantly high genetic information as these samples possess a highly diverse
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population of microorganisms. The literature on metagenomic studies characteristi-
cally include cloning of microbial DNA fragments, their sequencing, and functional
characterization.

Recent molecular biology techniques, which are being utilized for investigating
unknown ecological DNA samples, have unlocked a paradigm shift of thrilling
research discoveries. During the last few decades, numerous vital research
investigations devoted to metagenomics have occurred. Now, with the advancement
of sequencing technology, larger chromosome fragments have been cloned and
sequenced from the same genome to find out the structure and function of entire
unidentified or uncultured genomes from environmental samples. These kinds of
studies lead to the development of novel DNA isolation methods along with better
cloning systems. Metagenomic methods depict communities based on the compara-
tive abundance of genes, and the purpose of these studies is to deliver a complete,
all-inclusive opinion of these communities, though the emphasis is frequently on
only a fraction of the physiological functions represented.

11.3.4 Metatranscriptomics

Metatranscriptomics offers a valued understanding of the complete transcriptomic
analysis of all the microbes representing a specific ecosystem. It delivers the insight
into all the functional genes present in that ecosystem, their role in the ecosystem,
and how their expression change in response to prevailing ecological changes.
Metatranscriptomic findings are very useful in studying diverse ecosystems includ-
ing soil and aquatic ecosystems. It offers appropriate techniques to study and
elucidate the eukaryotic gene pool for the betterment of these ecosystems.
Metatranscriptomics is a vibrant tool in streamlining the new bioinformatic
approaches to analyze the data generated from metatranscriptomic analysis.

11.4 Metatranscriptomics: Background, Methodologies, Scope,
and Limitations

Metatranscriptomics provide information related to culturable and non-culturable
microbial species. It provides transcriptomic information through high-throughput
sequencing of transcripts from different bacterial or fungal communities in exact
environmental samples. Metatranscriptomic sequencing provides the opportunity to
randomly sequence mRNAs as a unit for insight into the complex pathways and
metabolites in microbial communities. The study of the metatranscriptome by the
NSG technique allows us to find gene expression profiles from whole microbial
inhabitants, providing new understandings of poorly known biological systems, and
reduce technical limitations connected to individual bacteria isolation.

There are very few metatranscriptomic studies that were done to investigate
rhizosphere ecosystem. Metatranscriptomics can produce comprehensive functional
outlines of rhizosphere microbial communities. It could be utilized to understand the
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mechanism of ISR in plants by a specific group of microbes including PGPR, PGPF,
actinomycetes, etc. (De Vleesschauwer and Hofte 2009). Metatranscriptomics of
bacterial RNA from the rhizospheres of test plants and plants applied with signaling
molecules such as salicylic acid, jasmonic acid, ethylene, etc. have been elucidated
to understand the mechanism of inducing defense responses (Anderson et al. 2004).

On the contrary, we can compare and correlate the microbial metatranscriptome
of the rhizospheres of wild-type plants with the defense pathways in mutant plants
such as npr1, etr1, eds5, coi1, jar1, jin1, pad4, cpr5, and ein2 (Jones and Dangl
2006). The availability of various advanced tools and techniques has helped the field
of metatranscriptomics including rhizosphere metatranscriptomics to reach great
heights (Fig. 11.1). Some of the techniques are discussed here.

11.4.1 Microarray

Microarray, a tool used to identify the expression of a large number of genes at the
same time, is an influential genomic tool, which has been used extensively to
investigate gene expression profiles under diverse cell growth conditions, sense
exact mutations in microbial DNA, and describe the microbial population in ecolog-
ical samples. Metatranscriptomic analysis-based microarrays are of three types.

Fig. 11.1 Diagrammatic representation of different approaches for studying metatranscriptomics
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11.4.2 Functional Gene Arrays (FGAs)

The functional gene array (FGA) is a very important tool for the characterization and
functional analysis of microbial diversity in different ecosystems. FAGs could be
constructed from oligos and DNA fragments after analysis of functional genes
similar to the microarray which are to examine gene expression (Wu et al. 2001).
Microarray hybridization consequences specified that genes owning 80–85%
sequence uniqueness could be distinguished under high-stringency hybridization
conditions (65.8 �C). The recognition perimeter for nirS (nitrite reductase genes) was
around 1 ng of pure genomic DNA and 25 ng of soil community DNA via the
enhanced protocol. Such a level of accuracy is considered to be adequate in
microbial ecology studies (Pinkel et al. 1998).

11.4.3 Community Genome Arrays (CGAs)

Very little is known about the genome sequence characteristics of many microbes
isolated from their native habitats. The big collection of pure cultures of diverse
microorganisms is a valuable resource for investigating microbial population
dynamics and structure in their natural habitat. CGAs are suitable for the identifica-
tion of diverse microbes up to the species/strain/race level. CGA is theoretically
similar to membrane-based reverse sample genome probing (RSGP) except that
arranging substrate and signal detection plans in RSGP is different. Moreover, a
nonporous surface is used for fabrication and fluorescence-based recognition in
CGA (Voordouw 1998). A strong association has been reported between sequence
similarity values and CGA hybridization ratios resulting from small subunit rRNA
and gyrB genes, DNA–DNA reassociation, or repetitive element-based and
BOX-PCR fingerprints (r2 ¼ 0.80–0.95) (Wu et al. 2001). Due to high capacity,
constructing CGAs containing bacterial and other related strains is much easier.
With CGAs, we could rapidly recognize unidentified bacterial strains, as long as an
appropriately related probe is on the array, through the hybridization of genomic
DNA from unidentified strains. A glass-based microarray, comprising 132 small
subunits of rRNA-targeted oligonucleotide probes and representing all documented
sulfate-reducing prokaryotes, was developed (Loy et al. 2002). This system could
perfectly differentiate among perfectly matched and mismatched probes under
similar hybridization conditions when 41 reference strains were used (Loy et al.
2002).

11.4.4 Whole-Genome Open Reading Frame (ORF) Microarray

The whole-genome open reading frame (ORF) microarray-based hybridization
method is in use for explaining variability in genomes and differences between
nearly identical organisms. This method was applied to assess the genomic
variability and similarity among several related metal-plummeting bacteria within
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the Shewanella genus (Murray et al. 2001). They identified both conserved and less
conserved genes among nine species of Shewanella studied and found that related
Shewanella sp. had more than 93% and 80% sequence similarities in SSU rRNA and
gyrB, respectively.

11.4.4.1 Quantitative Real-Time PCR (qRTPCR)
Quantitative real-time PCR (qRTPCR), chiefly used to quantify the amount of a
definite RNA, is attained by studying the extension reaction using fluorescence, a
method called real-time PCR or quantitative PCR (qPCR) (Lacava et al. 2006).
Besides SYBR green and Taqman chemistries, there are additional variants such as
Lux and Beacon probes available for qPCR. SYBR green and Taqman chemistries
were used to quantify bacterial species associated with plants (Zhang and Fang
2006). These approaches were also applied to know the bacterial pathogen Xylella
fastidiosa in the citrus specimen (Oliveira et al. 2002), and the endophytic bacterium
Methylobacterium mesophilicum in the model plant Catharanthus roseus (Ruppel
et al. 2006). Similarly, the population dynamics and distribution of PGPR
Enterobacter radicincitans outside and within the plant system were monitored
using qPCR in Brassica oleracea (Ruppel et al. 2006). Likewise, qPCR can be
used in studying the gene expression profiles of microorganisms.

11.4.4.2 Pyro Sequencing
Pyrosequencing has come up as a fascinating technology in the field of microbial
diversity that has limited the restriction of sequencing. Pyrosequencing can deliver
megabases of sequences in a few hours and permits a deep survey of microbial
species in any ecosystem (Edwards et al. 2006). Pyrosequencing is a bit different
from the Sanger methodology as the latter measures combination and additional
recognition of dideoxynucleotide triphosphate (ddNTP) that is fluorescently labeled
(Margulies et al. 2005).

During pyrosequencing, an enormously low quantity of reaction is required for
the up-scaling of the procedure. With the availability of advanced instruments,
pyrosequencing can yield about 3 lakh reads of around 200–400-bp size in 5 h.
Pyrosequencing has been exploited to study the diverse microbial populations in
various environments including the deep ocean biosphere and soil bacterial popula-
tion (Roesch et al. 2007; Sogin et al. 2006). These studies reported that the microbial
population was highly variable in deep ocean biosphere and rhizosphere. Although
they could obtain 30,000 sequences, the complete description of microbial species/
strain and their DNA sequences in both the ecosystems was not accomplished
(Roesch et al. 2007; Sogin et al. 2006). The microbial diversity linked with plants
appears mostly identical, mainly for endophytes. Therefore, the application of
pyrosequencing in revealing the population structure and dynamics in different
ecosystems including rhizosphere is promising.

11.4.4.3 Internal Transcribed Spacer (ITS) Sequencing
The internal transcribed spacer 1 (ITS1), the cistron region of the rRNA, is one of the
most commonly used molecular markers for the identification and characterization
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of diverse microbes including fungi and bacteria from ecologically diverse samples
such as water, plant, soil, etc. without culturing the microbes (Schoch et al. 2012).
ITS as a molecular marker has been used to identify several fungal endophytes
includingGibberella moniliformis, C. oxysporum, C. boninense, C. gloeosporioides,
Curvularia lunata, F. fujikuroi, C. lunata, Epicoccum sorghinum, Penicillium sp.,
Nemania sp., Rigidoporus vinctus, Scopulariopsis gracilis, and Sarocladium zeae
(Renuka and Ramanujam 2016). ITS was utilized to identify fungal species from
organic and nonorganic crop fields by Xia et al. (2019), who identified and
characterized 190 and 550 fungal species, respectively, from these fields. They
further classified these fungi into eight orders and 22 species, of which Trichoderma
sp. and Pichia guilliermondi were highly populated in both the samples (Xia et al.
2019).

11.4.4.4 Bioinformatics Tool
Storage and analysis of a huge amount of data is a challenging task in the post-
genomic era. There is a need to develop software, which can help us in drawing some
meaningful conclusions from simple DNA or RNA sequences and could support in
comparing the data generated by researchers across the globe (Yilmaz et al. 2011).
Numerous online software and tools have been developed to ease the analysis of
such data. Some of the software and tools being used to analyze metatranscriptome
data sequences include SAMSA, MetaModules, rRNAFilter, MetaTrans, IDBA-
MT, COMAN, etc. (Table 11.3).

The data analyzed using these tools are generated in different forms; some of
them can be downloaded, which allow user-defined data analysis as per the require-
ment of the experimental objectives. The data analysis using different tools involv-
ing different parameters and procedure generates different explanations for a similar
set of data within a given environment. Metagenome Analyzer (MEGAN) is a
convincing bioinformatic software for the study of metagenomic data for samples
collected from different habitats. MEGAN results in a small amount of false-positive
results, though with a limited number of underprediction. The advanced version of
MEGAN permits assessments among different metagenomic data groups, which
will be mostly beneficial for probing diverse rhizospheres and their comparisons.
This approach might be utilized to investigate metatranscriptomic information
similarly, by assigning mRNA reads to already known taxa. Thus, the field of
metatranscriptomics is expected to witness a fast growth with improvements in the

Table 11.3 List of online software for metatranscriptomic analysis

Tools Link

SAMSA http://creativecommons.org/licenses/by/4.0

MetaModules https://github.com/njsmith/metamodule

rRNAFilter http://hulab.ucf.edu/research/projects/rRNAFilter/rRNAFilter.html

MetaTrans http://www.metatrans.org

IDBA-MT http://i.cs.hku.hk/~alse/hkubrg/projects/idba_mt/index.html

COMAN http://sbb.hku.hk/COMAN/
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methodological challenges of rRNA extraction from a different array of samples, and
sequencing depth and price drops for these analyses. Even then the task of handling
huge data groups and biological queries relevant to metatranscriptome will keep on
increasing gradually with improvements in the understanding of other research
questions.

11.4.4.5 Scope and Limitations
Numerous scopes related by metatranscriptome investigation are worth stating. The
extraction of superior RNA specimens from few biological samples could be a
problem if not an intimidating job. Moreover, the possibility of host RNA contami-
nation in the sample can prove to be problematic. Additional subject to include is
mRNA has a petite half-life and therefore it can be difficult to notice rapid/short-
lived signals to ecological stimuli. Furthermore, the presence of mRNA is not
continuously identical with the occurrence of protein. By itself, pipelines
assimilating metagenomic, metatranscriptomic, metabolomic, and metaproteomic
datasets might firmly allow to improve the all-inclusive sight of microbiome arrange-
ment and function at numerous layers. Lastly, now, numerous metagenomic study
approaches may at times yield mutable results, even if matching databases are
applied in the investigation. Thus, calibration of RNA isolation, refining, sequenc-
ing, and an investigation are necessary to allow additional distribution of
metatranscriptomic approaches and their incorporation into microbiome research.

Usually, large-scale expression investigations using approaches, for example,
microarrays and serial analysis of gene expression, have been escorted by authenti-
cation of results by a sovereign technique, that is, qPCR, being measured as the gold
standard. Today, as the large-scale expression method has moved toward using NGS
approaches, explicitly RNA-seq, authentication of findings using this technology
with the use of qPCR must not be ignored which can deliver added value to the
experiential expression patterns.

11.5 Conclusion and Future Perspective

Metatranscriptomics is a promising approach to explore community-level metabolic
interactions among different individuals in a community and improve our under-
standing of the role of rhizosphere in diverse ecosystems. However, performing
metatranscriptomic analysis is a highly challenging task in the sense that extraction
of pure mRNA from different samples, in-depth sequencing, and cost of such
analysis are not that easier and convenient for every researcher. Besides, methodo-
logical challenges of finding representative mRNA and creating metatranscriptome
datasets are comparatively modest related to their investigation and understanding.
Our capability to understand solitary transcriptomes and metatranscriptomic infor-
mation is presently inadequate due to lack of accessibility to high-quality, exactly
interpreted, and phylogenetically various genomes. Good quality, precisely
interpreted standard genomes are vital for all metatranscriptome investigations so
that specific transcripts and specific genomes could be recognized. Such databases
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are being generated. Due importance is required to be given in the cell biology of
wider taxonomic groups of fungi to ease definite task of gene functions and describe
mechanisms of key metabolic pathways, particularly for the “hypothetical” genes.
Supplementing metatranscriptome investigations with improvements in mass
spectrometry-based metaproteome studies will help improve precision of functional
stint of transcribed genes and decrease our dependence on sequence homology-
based approaches.
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Rhizospheric Microbial Communities:
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Abstract

Plant–microbe interactions are crucial for many ecological processes. These
interactions majorly take place in the rhizosphere and are mediated by the
secretion of organic compounds by plant roots. These compounds act as signal-
ling molecules and also as carbon sources for microbes. Microbial community in
the rhizosphere is very diverse and consists of bacteria, archaebacteria, viruses,
fungi, actinomycetes, protozoans, arthropods, algae, and nematodes. The
rhizospheric microbes promote plant growth by different mechanisms such as
biocontrol activity, phytohormone secretion, siderophore production, mineral
solubilization, nitrogen fixation, and enzyme production. Since, a large propor-
tion of microbial diversity is still not cultured, the detection and phylogenetic
characterization of such un-/non-cultured microorganisms require advanced
molecular techniques viz. metagenomics, metabolomics, metatranscriptomics,
and metaproteomics. Several factors affect the rhizosphere microbial population,
including root exudates, type and age of the plant, status of plant health, and
application of fertilizers, pesticides, and amendments. Plant growth-promoting
microbes of the rhizosphere can be used as biofertilizers and biocontrol agents
and rhizosphere competence is an important factor that determines their success.
This chapter discusses all these aspects of rhizospheric microbial communities,
especially their occurrence, distribution, and functions.

V. Poria · S. Singh · J. K. Saini (*)
Department of Microbiology, Central University of Haryana, Mohindergarh, Haryana, India
e-mail: jitendrasaini@cuh.ac.in

L. Nain
Division of Microbiology, Indian Agricultural Research Institute, New Delhi, India

B. Singh
Department of Botany and Bio-Technology, Arya PG College, Panipat, Haryana, India

# The Author(s), under exclusive license to Springer Nature Singapore Pte
Ltd. 2021
M. Nath et al. (eds.), Microbial Metatranscriptomics Belowground,
https://doi.org/10.1007/978-981-15-9758-9_12

239

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-9758-9_12&domain=pdf
mailto:jitendrasaini@cuh.ac.in
https://doi.org/10.1007/978-981-15-9758-9_12#DOI


Keywords

Rhizosphere · Rhizosphere engineering · Metagenomics · Microbial
communities · PGPR · Rhizosphere competence

12.1 Introduction

The interplay between plants and microorganisms play a crucial role in ecosystem
processes, such as nutrient cycling. These interactions benefit both plants and
microbes. The beneficial impact of these interactions on plant includes increased
nutrient availability, protection against diseases, and increased tolerance to biotic
and abiotic stresses. The plant secretes different root exudates which act as signalling
molecules and also as substrates for many microbes. The rhizosphere is the zone
where all these interactions take place. About 10–60% of the carbon which is fixed
by the process of photosynthesis is released as root exudates from the plant as
soluble sugars, amino acids, or products of plant secondary metabolism for the
benefit of microbes (Prashar et al. 2014).

The rhizospheric microorganisms interact with the roots of the plants, soil, and
other microbes in many ways and are crucial for the growth and development of
plants. Plants can shape the microflora according to their needs by changing the
composition of the exudates secreted by their roots (Meena et al. 2017). The
rhizospheric microbial community is very diverse and the various groups present
in the rhizosphere include fungi, virus, bacteria, nematodes, etc. Various microbes
from the rhizosphere show beneficial activities in terms of the promotion of growth
and development of plants. Therefore, the use of these beneficial rhizospheric
microbes as biofertilizers can be a very important environment-friendly alternative
for sustainable crop production (Dubey et al. 2016).

Rhizospheric microbial communities are very complex and affect plant health,
and hence it is very important to study their interactions and exact role in the
rhizosphere. Many advanced molecular techniques including metagenomics,
metabolomics, metatranscriptomics, and metaproteomics are now employed rou-
tinely to gain information about the rhizospheric microbes interacting with the
plants.

12.2 The Rhizosphere: History and Scope

The term “rhizosphere” (meaning “root and environment of influence”) was first
defined by Hiltner (1904), as “the compartment of soil which is influenced by plant
roots” and is the site of interaction of roots, soil microbiota, and soil.

There are three separate zones in the rhizosphere: the endo- and ecto-rhizosphere
and the rhizoplane (Fig. 12.1). The ecto-rhizosphere consists of soil in close contact
with the roots of the plant, whereas the endorhizospheric zone majorly includes the
inner tissue as well as the endodermis and cortical layers of the root. The
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intermediate zone, i.e. the rhizoplane, includes the root surface and harbors most of
the microorganisms and includes the mucilage and epidermal layers as well as the
cortex. The physico-chemical soil characteristics are directly or indirectly affected
by the interaction between root, soil, and rhizospheric microbes which ultimately
change the rhizospheric microbial population (Huang et al. 2014; Shaikh et al.
2018).

The quantity of the microorganisms present in the rhizosphere is far greater than
that in the non-rhizospheric soil since different carbon sources as well as other
nutrients are present in higher quantities in the rhizosphere and the inhabiting
microbes utilize these as energy sources. These organic compounds are deposited
in the rhizosphere by plant roots. The rhizosphere is also the location of the
interaction of soil-borne pathogens and plant roots. These pathogens compete with
rhizospheric microbes for space and nutrients to cause infection the plants. In disease
suppressive soil, the growth of the pathogens is suppressed by the rhizosphere
microbes. Thus, the interaction between pathogens, rhizosphere microbes, and
plant roots are key elements in shaping plant protective microbiome (Chapelle
et al. 2016).

Fig. 12.1 The diagrammatic representation of the three separate zones in the rhizosphere
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12.3 Structure and Abundance of Microbial Groups
in the Rhizosphere

Rhizosphere harbors all types of microorganisms—bacteria, archaebacteria, viruses,
fungi, actinomycetes, protozoans, arthropods, algae, and nematodes. All types of
microbe–microbe and plant–microbe interactions occur in the rhizosphere.
Rhizospheric soil contains up to 1011 microbial cells/gram of root (White et al.
2017). The approximate number of bacteria in the rhizosphere is 1.2 � 108 per gram
of dry soil which is very high as compared to other groups of microbes. The number
(Ahmad and Baker 1988) of fungi, algae, and actinomycetes is 12 � 105, 5 � 105,
and 4.6 � 107, respectively (Shaikh et al. 2018). A summary of the most abundant
members of different groups of microorganisms is provided in Table 12.1.

12.3.1 Bacteria

Different bacterial species are found in the rhizosphere depending on the root zone,
plant health, and growth phase of the plant. Proteobacteria, Firmicutes,
Actinobacteria, Acidobacteria, and Bacteroidetes dominate in the rhizospheric
zones of different field crops, horticultural crops, and conifer plantations.
Proteobacteria constitute the most abundant group followed by Acidobacteria
(Lagos et al. 2015).

The high nutrient availability in the rhizosphere generally promotes bacterial
species, like Pseudomonas sp., which are a fast-growing and opportunistic species.
However, few studies have also shown that the Actinobacteria and Coryneform and
not the Pseudomonads are the dominating bacteria in the rhizosphere of different
plants belonging to family Gramineae (Miller et al. 1989, 1990).

Lee et al. (2015) determined the distribution of bacteria in general as well as some
specific bacteria, such as archaebacteria, methanotrophic-, and methanogenic bacte-
ria using pyrosequencing of 16S rRNA, in both the rhizospheric as well as bulk soil

Table 12.1 List of most abundant members of different groups of microorganisms in the
rhizosphere

S.
No. Groups Most abundant Genus/class/phylum

1. Bacteria Pseudomonas sp., Bacillus sp., Arthrobacter sp., Rhizobia sp.,
Agrobacterium sp., Alcaligenes sp., Azotobacter sp.,
Mycobacterium sp., Flavobacter sp., Cellulomonas sp. and
Micrococcus sp.

2. Actinobacteria Streptomyces sp., Micromonospora sp., and Nocardia sp.

3. Fungi Ascomycota and Basidiomycota

4. Arbuscular
mycorrhizal fungi

Glomus sp., Acaulospora sp., Gigaspora sp.

5. Virus Myoviridae, Podoviridae, and Siphoviridae

6. Archaebacteria Crenarchaeota, Euryarchaeota, Thaumarchaeota
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of paddy fields flooded with water. In the case of bacteria, major phyla at all depths
in both the soils included, Proteobacteria, Cyanobacteria, Chloroflexi,
Bacteroidetes, Acidobacteria, Actinobacteria, and Firmicutes. With the depth gra-
dient of both the soils, the relative abundance of Chloroflexi, Acidobacteria, and
Actinobacteria increased and that of Cyanobacteria and Bacteroides decreased.
Archaebacteria belonging to phylum Euryarchaeota were found predominantly in
both the soils at all depths.

Bacteria belonging to groups like Actinobacteria, Firmicutes, Acidobacteria,
Verrumicrobiaceae, and Chloroflexiwere isolated from Jatropha curcas rhizosphere
(Dubey et al. 2016). The analysis of the bacterial population of the rhizosphere of the
wild and domesticated barley using 16S rRNA pyrosequencing proved
Actinobacteria, Bacteroidetes, and Proteobacteria to be the dominating ones
(Bulgarelli et al. 2015). The rhizosphere and the non-rhizospheric soils of Morus
alba commonly had the species of Arthrobacter, Bacillus, Pseudomonas, Ensifer,
Flavobacterium, and Brevibacillus (Zhang et al. 2016). However, some bacteria
were specific to the rhizosphere soil of Morus alba. These bacteria include the
species of Stenotrophomonas, Burkholderia, Acinetobacter, Sphingobium, and
Variovorax. Bacteria such as Cupriavidus, Microbacterium, Sinomonas, and
Agrobacterium were only found in bulk soils.

Gaya Karunasinghe et al. (2020) isolated salt-tolerant Serratia marcescens,
Pseudomonas aeruginosa, and Alcaligenes faecalis from the rhizosphere soil of
tomato and checked their antagonism against Pythium aphanidermatum. Among
these isolates, Serratia marcescens showed the highest activity and suppressed the
disease by 68%.

Besides supporting the growth and development of associated plants, the
rhizospheric microorganisms also enhance the rate of phytoremediation of heavy
metals in the rhizospheric region by both direct and indirect pathways.
Phytoremediation through direct processes involves phytostabilization or
phytoextraction and through indirect promotion involves plant metal tolerance
conferred by microbes. Wang et al. (2020) have found that rhizosphere bacteria in
mining areas assist indigenous weeds as these can accumulate or exclude the heavy
metals. Among all the weeds (Cyperus difformis, C. iria, Digitaria sanguinalis,
Echinochloa crusgalli, Fimbristylis miliacea, and Ludwigia prostrata), the highest
accumulation of copper, lead, and zinc occurred in the leaves and stems of
L. prostrata. However, cadmium accumulation in the roots of Ludwigia prostrata
was found lower than that in D. sanguinalis and F. miliacea. Highest Cd accumula-
tion was recorded in D. sanguinalis. The bacterial diversity in the rhizosphere
followed the order C. difformis (highest diversity) > E. crusgalli > D.
sanguinalis > L. prostrata > C. iria > F. miliacea.

Cordero et al. (2019) isolated microbes from the rhizoplane and the rhizosphere
of lentil, wheat, field pea, and canola and reported that the rhizosphere bacterial
communities varied depending on the crops and sampling site location whereas root
interior bacterial communities varied with plant species only. Acidobacteria,
Firmicutes, and Gemmatimonadetes dominated the rhizosphere soil. The root inte-
rior of all crops was dominated by Acinetobacter sp., Arthrobacter sp., Rhizobium
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sp., Streptomyces sp., Variovorax sp., and Xanthomonas sp. Pseudomonas sp., and
Stenotrophomonas sp. were present in both the rhizosphere and interior of the root.
In another study, 15 rhizospheric bacteria from tomato were found to possess at least
one of the tested plant growth-promoting (PGP) activities, such as antibiotic resis-
tance, P-solubilization, amylase activity, IAA production, etc. (Sunera et al. 2020).
Two selected bacteria, Klebsiella variicola and Bacillus cereus increased the mineral
(K, Fe, Cu, Zn, etc.,) uptake after their application on tomato and mung bean plants.
Imriz et al. (2020) investigated the rhizosphere bacteria of wheat and barley for their
biocontrol activity against fungal pathogen Fusarium culmorum using dual culture
technique. From 463 isolates, only 31 showed the biocontrol activity against
F. culmorum. In another study, Rana et al. (2011) isolated 100 bacteria from the
rhizosphere of wheat and based on screening for different PGP attributes found that
the species of Bacillus, Providencia, and Brevundimonas were most efficient in
improving wheat growth under controlled conditions. Further, Rana et al. (2012)
also demonstrated that the use of Providencia sp. and Anabaena sp. could help save
half of the N-fertilizer and at the same time improving the protein content of wheat
by 18.6%.

12.3.2 Fungi

Diverse kinds of fungi, both beneficial and harmful, are present in the rhizosphere.
The diversity of the rhizospheric fungi depends on the type of plant, its health status,
the characteristics of root exudates, as well as the presence of antagonists. Mahamuni
et al. (2012) isolated Aspergillus niger, Aspergillus awamori, Aspergillus fumigatus,
Alternaria alternata, Curvularia pallescens, Penicillium oxalicum, Penicillium
rubrum, and Trichoderma viride from the rhizosphere of sugarcane and sugar
beet, which were capable of solubilizing phosphate from soil. Different fungi
belonging to Ascomycota and Basidiomycota were isolated from the rhizosphere
of soybean in a continuous cropping system (Bai et al. 2015). Sugiyama et al. (2014)
analyzed rhizospheric soil of soybean using pyrosequencing and reported that the
rhizospheric microflora changes with the growth stage of the plant. Ascomycota
group of fungi were dominant in all types of soil (Moshiri et al. 2019) followed by
Basidiomycota.

Gqozo et al. (2020) investigated the fungal diversity in the bulk and rhizosphere
soil of wheat using next-generation sequencing and found Ascomycota to be the
dominating phylum in the rhizosphere soil followed by Basidiomycota. Among
Ascomycota, members of classes Sordariomycetes, Dothideomycetes,
Eurotiomycetes, and Orbiliomycetes were found to be the dominating. The prevalent
genera were Fusarium, Aureobasidium, and Colletotrichum. Agaricomycetes and
Tremellomycetes belonging to class Basidiomycota.

Manici and Caputo (2020) investigated the effect of binucleate Rhizoctonia sp.,
which is the anamorphic stage of Ceratobasidium sp., on the growth of apple plants.
Binucleate Rhizoctonia after colonizing the rhizosphere increased the fresh and dry
shoot biomass and also helped the plant to mitigate water stress. Temperature or the
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season also influenced the fungal population. Ascomycota was found to dominate
during summer and Basidiomycota during winter in the rhizosphere soil of Coptis
chinensis fields which were not cropped for more than 3 years (Alami et al. 2020).

Gao et al. (2019) investigated how the continuous cropping of sweet potato
affected its rhizosphere fungal community and found a significant increase in the
diversity and richness of the fungi. Ascomycota dominated the rhizosphere soil
which decreased after continuous cropping. The number of pathogenic fungi belong-
ing to Verticillium, Colletotrichum, Fusarium, etc. increased whereas that of benefi-
cial fungi such as Chaetomium sp. decreased. The increased number of pathogenic
fungi led to decreased yield and quality of sweet potato.

Salinity also affects rhizospheric fungal communities. The effect of salinity was
investigated on the rhizospheric fungal population of the halophytic black man-
grove, Avicennia germinans, from a semi-arid mangrove. Samples were taken from
three different sites having different salinity (23.2%, 14.61%, and 2.8%). Aspergillus
sp., Saitozyma sp., Trichoderma sp., Podosphaera sp., and Cystofilobasidium
sp. were dominant in samples from high salt containing location (23.2%) while
Penicillium, Trichoderma, Cystobasidium, and Aspergillus dominated the samples
taken from lowest salinity conditions (2.8%). Genus Amorosia, Phaeoacremonium,
Aspergillus, Talaromyces, and Trichoderma were prevalent in the samples having
14.61% salinity. Aspergillus sp. was found to be present in all three levels of salinity
(Vanegas et al. 2019).

In another study, Kazerooni et al. (2017) compared the diversity of tomato
rhizosphere fungi under the conventional as well as desert farming systems. They
used two different techniques, pyrosequencing and culture-based technique for this
purpose. Culture-based techniques revealed that in both conventional and desert
farming systems, Ascomycota was found to be the most abundant phylum.
Zygomycota and Oomycota were found only in desert farming and conventional
farming, respectively. Aspergillus was the most abundant genera in both farming
systems. Pyrosequencing methods indicated that Microsporidia was the most abun-
dant taxa in the conventional farming system followed by Ascomycota,
Chytridiomycota, Basidiomycota, and Zygomycota. In the desert farming system,
Ascomycota was found to be the most abundant taxa. Zygomycota and
Chytridiomycota were absent in the desert farming system.

12.3.3 Arbuscular Mycorrhizal Fungi (AMF)

AMFs are present as symbionts of most of the higher plant roots, except the
members of Cruciferae, Chenopodiaceae, and Caryophyllaceae families, and cover
nearly about 80% of plant’s root. Plant roots provide photosynthetically fixed carbon
to AMF and obtain mineral nutrients in return. AMFs are divided into two major
groups: (a) ectomycorrhiza and (b) endomycorrhiza. Ectomycorrhiza have dense
mycelial sheath invading the root cortex and are limited to most temperate forest
trees; while endomycorrhiza form external hyphal networks in the soil and grow
extensively within the cells of the root cortex of most of the field crops. In addition to
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improving plant nutrition, AMF provides resistance to plant against soil-borne
pathogenic microorganisms and insects feeding on areal parts, drought, salinity,
and heavy metals as well as in improving soil aggregate stability (Tripaldi et al.
2017).

Various species of AMF have been reported from different plants with Glomus,
Acaulospora, Gigaspora being the most common one. Jefwa et al. (2012) isolated
22 AMFs from the rhizospheric zone of banana and plantain. These fungi belonged
to Acaulospora sp., Archaeospora sp., Glomus sp., Scutellospora sp., and
Gigaspora sp., and the highest abundance in the banana rhizosphere was of
Acaulospora scrobiculata. Whereas, the most abundant species of AMF in the
rhizosphere of soybean were Glomus fasciculatum and Glomus mosseae (Danesh
et al. 2006). In a study, Kumalawati et al. (2014) isolated different AMF from the
rhizospheric region of sugarcane belonging to the genus, Glomus, Acaulospora,
Gigaspora, and Sclerocystis. They also found that two genera, Glomus and
Gigaspora, have similar abundance and spore characteristics indicating their wide-
spread capability to associate with sugarcane.

AMF increases the plant efficiency for the absorption of phosphate from the soil
solution and also increase the growth of plants under salt stress. Phosphate
solubilizing rhizobacteria solubilize phosphate which is absorbed and transferred
by mycelium of external arbuscular mycorrhiza. In a study, seeds of Kosteletzkya
virginica were inoculated withGlomus mosseae andGlomus aggregatum, both from
saline soil and Mortierella sp. which was first grown on solid Martin culture media.
Co-inoculation of AMF and Mortierella sp. enhanced the root colonizing efficiency
under saline conditions (Zhang et al. 2011).

Hyphae and spores of AMF secrete glomalin protein in the soil from which it can
be estimated quantitatively as “glomalin-related soil protein (Wu et al. 2015a).” It
plays an important role in carbon storage, soil aggregation, carbon storage, and stress
tolerance. AMF is also a source of different soil enzymes (Wu et al. 2015a). Root
exudates and mycorrhiza act as sources of energy to the rhizosphere microbiota,
which secrete extracellular enzymes for degrading soil organic matter (Shahzad et al.
2015). Synergism of AMF and Bradyrhizobium with beneficial rhizospheric
microbes has also been found to increase nitrogen and phosphorous acquisition in
soybean and improve the rhizospheric environment (Meena et al. 2018).

The diversity of AMF is correlated with plant diversity rather than bacterial
diversity in soil. Bi et al. (2020) isolated AMF from the rhizosphere of Leymus
chinensis, Calamagrostis rigidula, Lespedeza hedysaroides, Vicia amoena, Carex
sp., and Artemisia sp. to check the specificity and diversity of AMF in the Sonnen
grassland of China. A total of 24 species belonging to six different genera
(Acaulospora sp., Glomus sp., Gigaspora sp., Pacispora sp., Racocetra sp., and
Rhizophagus sp.) were isolated, among which Glomus sp. and Acaulospora
sp. dominated. Glomus sp. also dominated in the rhizosphere of all plants except
Artemisia lavandulaefolia, in which Acaulospora laevis was the most dominating
species.

In an interesting experiment of tomato-potato onion intercropping, Gao et al.
(2020) found that the AMF abundance in the rhizosphere of tomato was increased by
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intercropping, whereas that in case of potato onion declined (Allium cepa var.
aggregatum). Phosphorus fertilization moderated these effects and was found to be
the key factor in driving the AMF communities. When phosphorous fertilizers are
applied in a higher amount, the AMF root colonization was negatively affected but
the moderate application of phosphorous stimulated the AMF root colonization.
AMF species namely Diversispora, Archaeospora, and Paraglomus were found in
soil where no phosphorous fertilization was done, while phosphorous fertilized soil
was dominated by Glomus.

AMF is also crucial for the nitrogen cycle as AMF competes with ammonia
oxidizers for ammonium ion (NH4

+). Wattenburger et al. (2020) examined the
abundance of ammonia-oxidizing bacteria and archaebacteria in the rhizosphere
and bulk soil of corn under conventional cultivation and diversified cultivation
systems and found it to be significantly affected by the cropping system and
rhizosphere, but not by AMF in nitrogen-enriched soil.

Jamiołkowska et al. (2019) concluded that when AMF Claroideoglomus
etunicatum was inoculated on tomato plants, it directly affected the rhizosphere
population of fungi and increased the number of saprotrophs. A total of 3086 fungal
colonies were isolated from the tomato rhizosphere during a 3-year mycological
analysis using Warcup’s method. These fungi belonged to 42 different genera
mainly dominated by Fusarium, Mucor, Penicillium, and Trichoderma.

Plant hormones strigolactones are released from roots which induce branching in
AMF. In a study, Carvalhais et al. (2019) reported that the fungal rhizosphere
community was affected by the release of strigolactones from the roots of
Arabidopsis thaliana. However, no effect on the bacterial rhizosphere community
was observed. Fungi attracted to the roots due to the release of strigolactones
comprise mainly, Epicoccum sp., Penicillium sp., Fibulochlamys sp.,
Herpotrichiellaceae sp., Mycosphaerella sp., and Mycosphaerellaceae sp.

12.3.4 Viruses

Viruses present in soil are of great ecological importance. Viruses can transfer genes
from host to host and potentially cause microbial mortality, which affects microbial
evolution in the rhizosphere. Rhizosphere has a high population of various kinds of
microorganisms is high compared to bulk soil which can be linked to high viral
diversity and abundance in the rhizosphere. The viral abundance of different soils
can be enumerated using plaque assay, epifluorescence microscopy (EFM), and
transmission electron microscopy (TEM) and it is reported that around 108 virus
particles are present per gram dry weight of soil (Williamson et al. 2003). The viral
particles are most abundant in forests and wetlands followed by cold deserts, fields,
and agricultural soils. The lowest abundance of viral particles is found in hot deserts.
In the soil systems, tailed phages belonging to Myoviridae, Podoviridae, and
Siphoviridae (Pratama et al. 2020) are more abundant. Swanson et al. (2009) took
different samples from the rhizosphere of Triticum aestivum and analyzed the
presence of different virus particles in the samples. The majority of tailed phages
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isolated belonged to family Podoviridae, whereas members of family Myoviridae
and Siphoviridae were almost equal in numbers. Different spherical viruses, fila-
mentous particles, rod-shaped type viruses, and bacilliform particles were also found
in the rhizospheric samples.

Similarly, Cubo Sánchez et al. (2020) studied the virulent phage diversity of
the Medicago marina rhizosphere, using seven different strains of bacteria
Sinorhizobium meliloti as a host for viruses. Eight new sinorhizobiophage lytic
phages were isolated from the rhizosphere. These viruses belonged to family
Myoviridae, Syphoviridae, Podoviridae, and Inoviridae. Berrios and Ely (2019)
isolated the Kronos virus from the rhizosphere of the dichotomous plant by using
Caulobacter wild type strain. Hence, the phage numbers and diversity depend on the
type of bacterial/fungal species present in the rhizosphere.

12.3.5 Archaebacteria

The diversity of archaebacteria in the rhizosphere is less known when compared to
bacteria due to a limited number of such studies. Archaebacteria can be crucial for
plant survival by transforming soil mercury by reduction, methylation, and demeth-
ylation (Ma et al. 2019). In the recent past, many studies have explored the archaeal
diversity of rhizosphere of many crops, such as Jatropha curcas (Dubey et al. 2016),
rice fields (Srivastva et al. 2018; Ma et al. 2019), rhizosphere of Suaeda nudiflora
and Banni grass (Yadav et al. 2019), and tomato rhizosphere (Taffner et al.
2020), etc.

The rhizosphere bacterial and archaebacterial diversity associated with J. curcas
was explored by employing terminal restriction fragment length (T-RFLP) and
targeted the 16S rDNA region. Bacterial indicative terminal restriction fragments
were Actinobacteria, Firmicutes, Acidobacteria, Verrumicrobiaceae, and
Chloroflexi while the archaeal terminal restriction fragments were majorly
crenarchaeota and euryarchaeota (Dubey et al. 2016). Ma et al. (2019) isolated
archaebacteria from the rhizosphere of the rice fields containing mercury gradient
and reported that Thaumarchaeota was prevalent in the rhizosphere as well as
non-rhizospheric soil of rice fields, followed by Crenarchaeota and Euryarchaeota.
Methanolobus tindarius, Methanomethylovorans hollandica, Methanospirillum
hungatei, Methanomassiliicoccus luminyensis, Methanocorpusculum bavaricum,
Methanofollis liminatans, Methanosphaerula palustris, and Methanocella
paludicola are the well-known archaebacteria which methylate mercury. These
are all known to possess the hgcAB gene cluster which is linked to mercury
methylation. In another study, archaebacterial diversity and abundance of nitrogen
fertilized rice fields were studied and it was reported that the Methanocellales,
Methanomicrobiaceae, Methanobacteriaceae, Methanisarcinaceae, and
Methanosaetaceae were found in all types of soils but their abundance varied with
the type of soil (Srivastva et al. 2018). Yadav et al. (2019) isolated archaebacteria
from different plant rhizospheres in Rann of Kutch and reported that the culturable
archaebacterial diversity associated with the rhizospheres of Suaeda nudiflora and
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Banni grass were maximum and minimum, respectively, with a seasonal fluctuation
in their number and genera. The amplification and sequencing of the16s rDNA
region showed that 16 different genera, majorly of halophilic archaea were found
during all the seasons. Taffner et al. (2020) isolated archaea from the tomato
rhizosphere and found Thaumarchaeota and Euryarchaeota as dominated
rhizospheric archaebacterial groups.

12.4 Plant Growth-Promoting (PGP) Rhizobacteria
and the Rhizosphere

Microbes that are present in the rhizosphere soil can secrete phytohormones (indole
acetic acid, gibberellins, siderophores), enzymes, and antibiotics, and solubilize
minerals, thereby, improving the growth and developments of plants. Different
plant beneficial rhizobacteria like Pseudomonas sp., Azospirillum sp., Azotobacter
sp., Bacillus sp., Burkholderia sp., Enterobacter sp., Rhizobium sp., Erwinia sp.,
Mycobacterium sp., Mesorhizobium sp., Flavobacterium sp., etc., have been
reported from the rhizosphere of different crop and wild plants (Table 12.2).

12.4.1 Antagonistic Plant Growth-Promoting (PGP) Rhizobacteria

Different mechanisms are employed by rhizospheric microbes to control the
phytopathogens including the production of antibiotic, bacteriocin, siderophore,
volatile and low molecular weight organic compounds, hydrolytic enzymes (e.g.,
chitinases and glucanases, etc.), phytoalexins (Sindhu et al. 2016) as well as induc-
tion of systemic response. Therefore, many microbes in the rhizosphere act as
antagonists of the pathogenic macro- and microorganisms and enhance crop
productivity.

Research by Zhao et al. (2018) showed that five bacterial strains, namely Bacillus
cereus, B. subtilis, Pseudomonas putida, P. fluorescens, and Serratia
proteamaculans, isolated from fields of cucumber, tomatoes, and other crops,
showed antagonistic activity against root-knot disease-causing nematode. Serratia
proteamaculans was the superior bacteria, causing more than 99% and 61% mortal-
ity in Meloidogyne incognita juveniles and eggs, respectively, resulting in the
highest root and shoot growth during pot experiment.

Biocontrol activity of bacteria Bacillus amyloliquefaciens Ba13 against yellow
leaf curl virus disease in tomato was reported by Guo et al. (2019). It was mediated
by the induction of systemic response against virus and also influenced the
rhizospheric microbial community, by decreasing the number of pathogenic Fusar-
ium solani, and F. oxysporium. Actinomycete Streptomyces pactum was also
reported for its biocontrol activity against the leaf curl virus by Li et al. (2019).
Figueroa-López et al. (2016) isolated bacteria viz. Bacillus, Pseudomonas,
Enterobacter, and Lysinibacillus from maize rhizosphere which exhibited biocontrol
activity against Fusarium verticillioides, the causative agent of rot in maize. Etesami
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and Alikhani (2018) tested the antagonism of rhizospheric and endorhizospheric
bacteria (majorly Bacillus sp.) of rice, clover, and rapeseed, grown under rotation,
against five different fungal pathogens belonging toMagnaporthe sp., and Fusarium
sp. The biocontrol activity of microbial agents, thus, depends upon the rhizospheric
microbial community also. In a similar study, Gómez-Lama Cabanás et al. (2018)

Table 12.2 Different PGPR isolated from different crops and their PGP attributes

S.
No. Crop PGPR PGPR attribute Reference

1. Tomato Bacillus sp.,
Pseudomonas sp.,

Biocontrol Zhao et al.
(2018)

2. Wheat Lysinibacillus sp. Salt tolerance, IAA production Damodaran
et al. (2019)

3. Salicornia
sp.

Staphylococcus sp. Salt tolerance, IAA, and
ACC-deaminase production,
phosphate solubilization

Razzaghi
Komaresofla
et al. (2019)

4. Wheat Pseudomonas sp. IAA production,
P-solubilization

Emami et al.
(2019)

5. Rice Brevibacterium
sediminis

Biocontrol, IAA and HCN
production, P-solubilization,
ammonia generation, chitinase
synthesis

Chopra et al.
(2020)

6. Maize Enterobacter cloacae IAA, and ACC deaminase, and
Siderophore production,
P-solubilization

Abedinzadeh
et al. (2019)

7. Wheat Pseudomonas sp. P-solubilization, auxin
production, HCN production,
siderophore production

Karimzadeh
et al. (2020)

8. Salicornia
bigelovii

Streptomyces sp. IAA synthesis, generation of
ACC deaminase

Mathew et al.
(2020)

9. Wheat B. pumilus,
Pseudomonas putida,
Stenotrophomonas
maltophilia

P-solubilization, HCN
production, Ammonia
production, Siderophore
production

Kumar et al.
(2019)

10. Maize Bacillus sp. Salt stress, ethylene metabolism,
IAA production

Misra and
Chauhan
(2020)

11. Tomato Bacillus sp. Biocontrol, ammonia
production, IAA production,
P-solubilization

Pathania et al.
(2020)

12. Soybean Streptomyces sp. IAA production,
P-solubilization

Wahyudi
et al. (2019)

13. Rice B. subtilis
P. fluorescens

Biocontrol siderophore
production, Chitinase
production

Karnwal and
Mannan
(2018)

14. Chilli Bacillus
amyloliquefaciens

Biocontrol, IAA synthesis,
Siderophore and ammonia
generation, Cellulose
production, P-solubilization

Passari et al.
(2018)
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have reported the biocontrol efficacy of olive rhizosphere inhabiting Pseudomonas
sp. against Verticillium wilt causing pathogen.

12.4.2 Mineral Solubilizers

Rhizospheric microbial population supports the growth and development of plants
by solubilizing different minerals in the rhizosphere. Different mineral-solubilizing
rhizospheric microbes help in increasing the solubility of macro- and micro-
nutrients, such as phosphate, potassium, zinc, silicon, aluminum, iron, etc. (Zhang
et al. 2016; Dhaked et al. 2017). Zhang et al. (2016) reported the presence of highly
efficient bacteria, capable of solubilizing zinc, silicon, aluminum, and iron, in the
rhizosphere soils ofMorus alba. These bacteria were dominated by Arthrobacter sp.,
Bacillus sp., and Stenotrophomonas sp., in contrast to Arthrobacter sp. and Pseudo-
monas sp. dominating in the bulk soil. Furthermore, Bacillus licheniformis isolated
from the rhizosphere of different crops showed the highest efficiency for solubilizing
phosphate and potassium from tri-calcium phosphate and waste muscovite, respec-
tively (Bahadur et al. 2017). Different fungi namely, Aspergillus sp., Trichoderma
sp., and Penicillium sp. have also been reported for their phosphate solubilizing
activity (Mahamuni et al. 2012).

Verma and Kaur (2015) isolated bacteria from the rhizosphere of apple, which
was found to solubilize the mineral phosphate. Pseudomonas sp. was the most
potential solubilizer with other plant growth supporting activities, such as the
production of HCN, IAA, siderophore, and ammonia apart from acting as a
biological control agent against pathogenic fungi, Dematophora nectarix, and
Phytophthora cactorum.

The mechanism of phosphate solubilization by these bacteria includes the pro-
duction of organic acids which convert the complex insoluble forms of phosphate
into soluble forms by chelating the cations bound to phosphorous (Zheng et al.
2018). Many different organic acids are produced by bacteria which include oxalic,
fumaric, malic, 2-ketoglutaric acid, malate, gluconate, citric, tartaric acid, etc.
(Babana et al. 2013; Illmer and Schinner 1992).

12.4.3 Nitrogen Fixation and Phytohormone Production

Many bacteria in the crop rhizosphere can fix atmospheric nitrogen (N). Some of the
predominating nitrogen-fixing bacteria are Azotobacter sp., Azospirillum sp.,
Herbaspirillum sp., Burkholderia sp., and Pseudomonas sp.

Li et al. (2017) isolated Pseudomonas from the sugarcane rhizosphere which
showed the ability to fix nitrogen as well as the production of IAA, ACC deaminase,
and antibiotics. Tam and Diep (2015) reported the presence of N-fixing Bacillus,
Proteobacteria, Acidobacteria, and Bacteroides, in the sugarcane rhizosphere. All
these have shown the ability to solubilize phosphate and IAA production. Similar
research by Majeed et al. (2015) reported seven out of nine isolates bacterial isolates
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for PGP activities, such as N-fixation, as well as abilities to produce IAA and
solubilize inorganic phosphate.

Phytohormones (IAA, auxin, etc.,) are secreted by the rhizospheric microbial
population which directly affects the growth and development of plants. For exam-
ple, Bahadur et al. (2017) isolated mineral solubilizers from the rhizosphere of
different crops grown in the Gangetic planes, exhibiting PGP activities through the
synthesis of IAA, ammonia, HCN, etc. The highest amount of IAA production was
shown by Brevibacillus formosus followed by Bacillus subtilis.

12.5 Advanced Techniques for Studying Rhizospheric Microbial
Communities

The major proportion of microbes, nearly 99% present in the rhizosphere are
un-culturable. These microbes cannot be isolated using simple techniques; therefore,
advanced biochemical and molecular techniques are used for their isolation and
studies. Various techniques, traditional as well as modern molecular techniques,
used to study the rhizospheric microbes have been discussed in detail in various
reviews (Nannipieri et al. 2017; Vitorino and Bessa 2018; Salmonová and Bunešová
2017; van Elsas and Boersma 2011). These different techniques with their
advantages and disadvantages are summarized in Table 12.3 and an overview of
some important advanced techniques is presented in the following discussion.

12.5.1 Fingerprinting Techniques

For the study of rhizosphere, microbiome fingerprinting techniques, T-RFLP,
denaturing gradient gel electrophoresis (DGGE), and single-strand conformation
polymorphism (SSCP) are generally used. Yang et al. (2001) employed a
PCR-DGGE 16S rDNA fingerprinting technique to study the difference in the
healthy and Phytophthora infected avocado root rhizosphere population. They
found different microbial communities dominated the healthy and infected plant
rhizosphere. However, the rhizospheric population of trees treated with antagonist
Pseudomonas fluorescens and nontreated healthy trees indicated the role of Pseudo-
monas in restoring the rhizospheric microbes in diseased plants. Kawasaki et al.
(2016) analyzed the rhizosphere microbiome of Brachypodium distachyon using the
T-RFLP technique (by targeting the 16S rDNA and ITS region of bacteria and fungi,
respectively, and root exudates using HPLC analysis. They reported the similarity
between the rhizosphere microbial communities and root exudates of Brachypodium
distachyon and wheat, in contrast to differences between those from B. distachyon
and Arabidopsis rhizosphere.

Zachow et al. (2014) carried out SSCP analysis to check the difference between
the rhizospheric microbiome of modern sugar beet and Beta vulgaris ssp. maritima.
They reported that Beta vulgaris spp.Maritima, which is an ancestor of all beet crops
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harbored a distinctive set of rhizospheric microflora than modern domesticated
sugar beet.

12.5.2 Quantitative PCR and Gene Expression

The quantitative PCR technique detects and quantifies specific genes and their
expression. Dudenhöffer et al. (2016) quantified the total and specific disease
suppressive bacteria using quantitative real-time PCR. Growth of disease suppres-
sive bacteria especially fluorescent pseudomonads was selectively enhanced by the
barley plant for biocontrol of pathogenic fungi, Fusarium graminearum.

Shrestha et al. (2010) used PCR for amplification of the pmoA gene and quantita-
tive RT-PCR to determine the copy number of pmoA gene to check the efficacy of
nitrogen fertilizers on the metabolism, microbial diversity, and gene expression in
methanotrophic bacteria present in the rhizosphere of rice. It was found that type-I
methanotrophic bacteria dominated during the whole season whether nitrogen fertil-
izer was applied or not, while the population of type-II methanotrophic bacteria
increased only under the more conducive conditions, like ammonium sulfate fertil-
izer application. Studies have also employed quantitative PCR analysis (Marques
et al. 2014) to determine the effect of resistance breeding on the microbial
communities of the common bean rhizosphere, by analyzing the bacterial gene
expression in rhizospheric and non-rhizospheric soil (Mendes et al. 2018). It was
found that the pseudomonads, bacilli, and members of solibacteraceae and
cytophagaceae dominated in the rhizospheric soil of the Fusarium oxysporium
(Mendes et al. 2018) resistant varieties than in susceptible ones. Microarrays and
real-time quantitative PCR are used for rhizospheric studies of microbial
communities. Despite being powerful techniques, these are not without limitations.
Using quantitative PCR only a few genes can be analyzed at once and for
microarrays analysis, previous knowledge about targeted sequences is generally
required (Carvalhais et al. 2013).

12.5.3 Meta-Omics Techniques

Apart from the techniques for studying the diversity and characteristics of
the culturable microorganisms, many methods have also been developed for
studying the microbial diversity and community structure of rhizospheric
and non-rhizoshperic soils, namely, metagenomics, metatranscriptomics,
metaproteomics, and metabolomics. These recent techniques based on the principles
and tools of molecular biology have shown that the abundance of microbes in the
rhizosphere and bulk soil is far more than predicted earlier (Lagos et al. 2015) using
culturable methods. Basic principles and applications of these techniques concerning
rhizosphere microbial diversity are discussed below.

The relative abundance and microbial types can be easily predicted using
metagenomics, as it focuses on the DNA (Carvalhais et al. 2013). Mukhtar et al.
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(2016) estimated the microbial diversity of the rhizosphere and rhizoplane, as well as
that of histoplane of para grass cultivated in the saline environment. Culturable
microbes were estimated and characterized by amplification and sequencing of 16S
rDNA region, and biochemical analysis. While non-culturable microbes were
characterized using 16S rRNA gene amplification from the metagenome. The most
probable numbers of microbes from the studied regions of para grass were
150 � 107, 47 � 107, and 130 � 107, respectively. Using 16S rRNA gene sequenc-
ing analysis, a total of 26 operational taxonomic units (OTUs) were obtained from
the rhizosphere. While for non-culturable microbes, a total of 48 16S rRNA clones,
grouped into 25 OTUs, were obtained from the rhizosphere.

In contrast to metagenomics, metatranscriptomics focuses on RNA and involves
the characterization of mRNA produced in the cells. This technique provides
information about genes that are transcribed by the microbes and thus, helps in
understanding the metabolism of the microbial population (Carvalhais et al. 2013;
Lagos et al. 2015; Verma et al. 2018). Bacterial metabolism and gene expression in
the rhizosphere before and after treatment with glyphosate has been analyzed using a
metatranscriptomic approach (Newman et al. 2016b). The rhizospheric bacteria were
reported to invest most of their energy in carbohydrate metabolism and transcription.
After treatment with glyphosate, expression of genes encoding ATP-synthase and
cytochrome c-553 increased significantly, denoting increased respiration after glyph-
osate treatment.

Metaproteomics provides information about the role of soil microbiota in differ-
ent biogeochemical processes, degradation, or bioremediation processes by measur-
ing the proteins present in the rhizospheric samples (Verma et al. 2018; Abiraami
et al. 2020). Bona et al. (2018) characterized the rhizosphere of the Vitis vinifera
using metaproteomics. They isolated protein from the soil, digested it with trypsin,
and analyzed using mass spectroscopy. More than 570 proteins from over a hundred
of bacterial genera were identified from bulk and rhizospheric soil, out of which
20 proteins were under constitutive expression due to their involvement in nutrient
transport. It was analyzed that 56 proteins were expressed by bulk soil specific
bacteria, 54 proteins were expressed by rhizosphere specific bacterial genera. Fur-
thermore, a total of 59 bacterial genera were common in both the soil types.

For root exudate analysis, different metabolomics techniques can be used.
Metabolomics can be used to analyze multiple compounds in one
go. Metabolomic techniques may be used to identify compounds present in root
exudate depends on the class of the compound. For example, in the case of volatile
root exudates, GC-MS can be used, while for analysis of phenolics, flavonoids, or
other water-soluble root exudates, liquid chromatography or nuclear magnetic reso-
nance techniques can be used. A combination of different techniques can be used
when there is insufficient knowledge about the types of molecules present in root
exudates that are needed to be analyzed. Metabolomics also provides information
about signalling networks present in the rhizosphere (van Dam and Bouwmeester
2016).
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12.6 Factors Affecting Rhizospheric Microbial Population

Various factors influence the rhizospheric microbial population qualitatively as well
as quantitatively (Fig. 12.2). The higher number of microbes in rhizospheric soil than
bulk soil is due to the rhizospheric effect. The rhizospheric effect is measured by
calculating R:S ratio (root:soil ratio) which is the proportion of the quantity of
microbes present in the rhizosphere and bulk soil (Hiltner 1904). Both biotic and
abiotic factors, directly as well indirectly affect the colonization of the microbial
population in the rhizosphere. Such factors include pH of the soil, temperature, root
exudates, competition, and inorganic nutrients, etc. and are summarized in
Table 12.4 and discussed below.

12.6.1 Root Exudates

Microbes present in soil compete for available nutrients and other resources, which
affect the growth of these microbes. Roots of plants influence the activity of these
microbes by secreting root exudates, which are the compounds that are released from
roots into the soil. The plant secretes these root exudates that promote specific
microbes for colonization in the rhizosphere (Doornbos et al. 2012). These
compounds include primary as well as secondary metabolites.

Various plant-related and external factors determine the quantitative as well as
qualitative characteristics of the root exudates. In soil, the roots are exposed to
different microbes which can be beneficial or pathogenic. Plants attract only specific
microbes and can alter the diversity and composition of the rhizospheric microbial

Fig. 12.2 Various factors influencing the rhizospheric microbial population

12 Rhizospheric Microbial Communities: Occurrence, Distribution, and Functions 257



population. Plant roots release different compounds in the form of organic-, fatty- or
amino acids, simple carbohydrates, sterols, growth factors, etc. The process of
release of these compounds is also known as rhizodeposition. These secreted
compounds from roots are grouped into two classes: (1) low molecular weight

Table 12.4 Factors affecting the rhizospheric population

S.
No. Factor Impact on microbial community Reference

1. Root exudates Specific microbes are attracted to
colonization and affect the rhizosphere
microbial population both qualitatively
and quantitatively

Doornbos et al. (2012)
and van Loon et al.
(1998)

2. Type of plant Rhizosphere microbial population varies
with plant genotype and cultivar

Pérez-Jaramillo et al.
(2016) and Weinert
et al. (2011)

3. Age of plant Rhizosphere microbial community
composition depends upon plant growth
stage

Marques et al. (2014)
and Sinegani and
Sharifi (2007)

4. Plant health
status

Rhizospheric microbial population
dynamics of healthy plant differs with that
of diseased plant.
Both rhizospheric bacteria and fungi are
abundant in healthy plant than diseased
plant

Wu et al. (2015b)

5. Application of
fertilizers

After N-fertilizers application number of
Azospirillum lipoferum and
Gluconacetobacter diazotrophicus in
rhizosphere is negatively affected,
Bacillales, Nitrosomonadales, and
Rhodocyclales become more dominating,
while Chloroflexales,
Gemmatimonadetes, and Phycisphaerae
become less abundant

Zhu et al. (2016)

6. Application of
pesticides

Glyphosate application increased the
number of pathogenic fungi (Fusarium) in
the rhizosphere and negatively affected
the fluorescent Pseudomonads.
The number of Acidobacteria decreased
after treatment with glyphosate and that of
proteobacteria increased

Newman et al. (2016a)
and Zobiole et al.
(2011)

7. Application of
biofertilizers and
compost

The number of beneficial microbial
populations increased and the number of
fungi decreased in the rhizosphere

Fu et al. (2017) and
Mickan et al. (2018)

8. Application of
vermicompost

The activity of pathogens, Pythium
aphanidermatum, Pythium ultimum, and
Rhizoctonia solani was suppressed, the
relative abundance of Ascomycota and
Chytridiomycota increased and that of
Glomeromycota and Zygomycota
decreased

You et al. (2019)

258 V. Poria et al.



compounds, like phenolics, sugars, amino acids, organic acids, etc. and (2) higher
molecular weight compounds viz., polysaccharides and proteins (Huang et al. 2014;
Prashar et al. 2014). Root exudates are also classified as active and passive,
depending upon the role and mode of secretion from roots. Active exudates have a
specific function and are released via open pores of the cell membrane while passive
exudates have an unknown function and constitute approximately 3–5% of total
photosynthetically fixed carbon. Passive root exudates are released from the roots
via diffusion. Further, exudates can be classified, based on their biological activity,
as signal molecules, phytoalexins, phytohormones, enzymes, or allelochemicals
(Prashar et al. 2014).

Limited plant nutrients also affect the root exudates and rhizospheric microbiome.
In a study, it was shown that limiting the amount of nitrogen negatively influenced
amino acid secretion in maize rhizosphere, which further suppressed the transcrip-
tion of genes affecting translation in the bacterium B. amyloliquefaciens (Carvalhais
et al. 2011).

12.6.2 Type and Age of the Plant

Rhizospheric microbial population is influenced by the plant characteristics (Pérez-
Jaramillo et al. 2016; Sinegani and Sharifi 2007). Each plant recruits a particular set
of the rhizospheric microbiome and rhizospheric microbial composition of plant
species also varies with the phylogenetic distance (Pérez-Jaramillo et al. 2016).
Rhizospheric microbial composition also varies with the genotypes of the same
species. In a study, the relation between rhizospheric microbial composition and
the growth of three cultivars of potato was analyzed using PhyloChips, which
detected 2432 operational taxonomic units. Further, the rhizospheric microbial
composition varied with cultivar, and varying microbial populations belonged
mainly to the Pseudomonadales, Actinomycetales, and Enterobacteriales (Weinert
et al. 2011). Marques et al. (2014) reported that age as well as the genotype
significantly affected the rhizospheric population of sweet potato.

In a study, Sinegani and Sharifi (2007) investigated the number of AMF spores in
14 rhizospheric soils of different crops. They found the abundance of AMF varied
based on the type of crop and vegetative stage of the crop. The rhizospheric AMF
spore counts were the highest for Zea mays and the lowest for Raphanus sativa,
during the mid-vegetative growth. After the vegetative growth culminated, the AMF
spore counts were the highest in the Allium cepa rhizosphere and lowest in Raphanus
sativa. During termination of the vegetative phase of development, the rhizosphere
of Triticum aestivum, Zea mays, Trifolium repens, Solanum tuberosum, Satureja
hortensis, and Allium cepa had the elevated counts of AMF spores.
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12.6.3 Status of Plant Health

The rhizospheric microbial communities associated with the diseased plants differ
significantly from the healthy plants of the same species. Wu et al. (2015b)
demonstrated this in their experiment on rhizosphere soils from roots of diseased
(root-rot disease) and healthy plants of Panax notoginseng. Microbial community of
rhizosphere soil of both diseased and healthy plants was analyzed using throughput
sequencing of the amplified bacterial 16S or fungal 18S rDNA region and higher
abundance of both bacteria and fungi in the rhizosphere of the healthy plants were
found. Many bacteria were found dominant in the rhizosphere of both healthy and
diseased plants, while some were specific to the rhizosphere of either healthy or
diseased plants. Comparative analysis using Paired-T tests showed that
Proteobacteria were more abundant while Acidobacteria, Cyanobacteria, Firmicutes,
Verrucomicrobia were low in abundance in the rhizosphere of diseased plants. The
rhizospheric fungi belonging to Ascomycota were more abundant while those
belonging to Glomeromycota were less abundant in diseased plants. Basidiomycota
and Zygomycota were the major phyla that were equally abundant in the rhizosphere
of both the plants.

12.6.4 Application of Fertilizers, Pesticides, and Amendments

Rhizospheric microbial communities are very important for plant growth. The
application of different amendments alters the rhizospheric microbial populations.
In different studies, the effect of pesticide application on the quantity and quality of
rhizospheric microbes has been established.

For example, glyphosate amendment the quantity of Fusarium in the rhizosphere,
simultaneously affecting the population of fluorescent Pseudomonads as well as
indole acetic acid-producing bacteria, and Mn-reducing bacteria (Zobiole et al.
2011). In another similar study, the initial rhizosphere population of soybean and
corn was dominated by Proteobacteria, Acidobacteria, and Actinobacteria but after
treatment with glyphosate, the number of Acidobacteria decreased in the rhizosphere
of both soybean and corn. These bacteria were primarily involved in the cellulose
biodegradation. The relative abundance of Proteobacteria increased after treatment
with glyphosate (Newman et al. 2016a).

Application of N-fertilizers in high amounts also negatively affects the number of
many bacteria, such as Azospirillum lipoferum, Gluconacetobacter diazotrophicus,
etc. in the rhizosphere. Zhu et al. (2016) concluded after GC-MS analysis of the
rhizospheric region that when N-fertilizers were amended, the amount of root
exudates also increased. They also analyzed the effect of increasing N-rates on
rhizospheric microbial population and found that Bacillales, Nitrosomonadales,
and Rhodocyclales capable of ammonia oxidation, were significantly abundant
relative to other groups of bacteria. Conversely, Chloroflexales, Gemmatimonadetes,
and Phycisphaerae got significantly reduced.
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In a study on banana rhizosphere, Bacillus amyloliquefaciens NJN-6, and
compost-based biofertilizer were found to enhance beneficial microbes and simulta-
neously decreased wilt causing Fusarium sp. in the rhizosphere (Fu et al. 2017).
Nevita et al. (2018) inoculated chopped rice straw residue with indigenously isolated
B. cereus, Stenotrophomonas maltophilia, and K. pneumonia (109 CFU/kg) individ-
ually for its application as bacterial probiotic compost to enhance the growth of rice.
The microbial communities and their numbers were significantly altered after the
application of probiotic compost. In the rhizosphere treated with B. cereus probiotic
bacterial compost, the relative abundance of Proteobacteria decreased while that of
Acidobacteria, Actinobacteria, and Firmicutes increased as compared to control
rhizosphere. In the case of S. maltophilia probiotic bacterial compost application,
the relative abundance of both Proteobacteria and Actinobacteria decreased and that
of Acidobacteria, Firmicutes, and Bacteroidetes increased in contrast to untreated
control. When treated with K. pneumonia probiotic bacterial compost Bacteroidetes
and Firmicutes increased, while Proteobacteria decreased. Mickan et al. (2018)
determined the correlation between the application of clay and compost and the
rhizosphere population of Trifolium subterraneum under water stress conditions.
Compost application decreased AMF colonization by 29.8%.

Underwater stress conditions, AMF colonization in unamended soil decreased in
contrast that in clay supplemented soil. Different treatments (clay, compost, and clay
+compost) had a large positive impact on microbial populations. Gram-negative
phyla Bacteroidetes, Gemmatimonadetes, and Proteobacteria dominated in clay
amended soil, Chloroflexi and Proteobacteria dominated in compost amended soil,
and Chloroflexi, Bacteroidetes, and Proteobacteria showed dominance in clay+com-
post amended soil (Mickan et al. 2018). However, Acidobacteria, Planctomycetes,
Firmicutes, Actinobacteria, and Verrucomicrobia had decreased abundance when
the soil was supplemented with clay. In compost amended soil, Verrucomicrobia,
Acidobacteria, Planctomycetes, and Firmicutes had decreased abundance, while in
clay+compost amended soil, Acidobacteria, Verrucomicrobia, Planctomycetes,
Firmicutes, and Actinobacteria had a low abundance. Underwater stress conditions,
the relative abundance of Actinobacteria decreased in compost amended soil and
increased in all other treatments (clay, clay+compost, and unamended). The relative
abundance of Proteobacteria decreased in clay+compost amended soil when there
was water scarcity.

You et al. (2019) reported that while applying vermicompost-bamboo powder
suppression of damping-off disease in cucumber occurred. The activity of
pathogens, Pythium aphanidermatum, Pythium ultimum, and Rhizoctonia solani
was suppressed by the use of vermicompost-bamboo powder. Zhao et al. (2017)
reported that Ascomycota and Chytridiomycota had elevated, while Glomeromycota
and Zygomycota had decreased abundance in cucumber rhizosphere after the treat-
ment of soil with vermicompost and inorganic fertilizer mixture as compared to
unamended soil. When treated with the mixture of both fertilizers (Zheng et al.
2018), Glomeromycota and Zygomycota decreased. However, an increase in abun-
dance of Chytridiomycota and a decrease in that of Glomeromycota and
Zygomycota occurred when the treatment of soil with inorganic fertilizer was
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done. In all the three treatments (vermicompost and inorganic fertilizer mixture,
inorganic and organic fertilizer mixture, and inorganic fertilizer), the relative abun-
dance of Basidiomycota decreased.

12.7 Rhizosphere Competence and PGPR Development

The microbes applied as PGPR first need to multiply and colonize in the rhizosphere
in the presence of other microbial populations. Rhizosphere competence defines the
growth and functional capacity of the microbes in the plant rhizosphere by compet-
ing with other resident microbes present there for nutrition and space on the root
surface of plants (Monfil and Casas-Flores 2014). The multiplication and coloniza-
tion of PGPR inoculants are affected by different factors including soil type,
presence of grazers, moisture content of the soil, edaphic factors like soil pH,
competition from native microbes, availability of nutrients, and suitable host plant
root. Several rhizosphere competence traits help in colonization and multiplication
of applied inoculants. These traits include the formation of biofilm, the production of
siderophores, motility, antagonistic activity, protease activity, and the ability to
utilize root exudates (Kaur et al. 2017).

Microbes present in the rhizosphere interact with plant roots, soil, and other
microbes in several distinct ways. These interactions in the rhizosphere can be
beneficial, harmful, or neutral. Beneficial interactions that promote plant growth
and improve soil quality include biocontrol, bioremediation, phytostimulation, and
bio fertilization (de Weert and Bloemberg 2006).

Bach et al. (2016) studied the rhizospheric competence and biological control
activity of three biocontrol bacteria Bacillus mycoides, Burkholderia cepacia, and
Paenibacillus riograndensis and reported that these bacteria enhance their growth
and survive under high competition in the rhizosphere. These bacteria have shown
the proteolytic activity, production of hydrolytic enzymes, and catalase activity.
Antagonistic activity of these bacteria was checked against filamentous fungi and all
of them inhibited the growth of filamentous fungi.

The efficacy of PGPR generally decreases when used at the field scale. For a
successful biocontrol activity, the biocontrol agent must have high rhizosphere
competence so that it can easily compete with the rhizospheric population for
nutrition and space, and can perform its function (Schreiter et al. 2018). Similarly,
Pseudomonas sp. has been found to grow in potato and lettuce rhizosphere grown
under three types of soils (Schreiter et al. 2018) was investigated to observe the
biocontrol ability against fungal pathogen Rhizoctonia solani and rhizospheric
competence. The population of Pseudomonas remained unaffected in both the
rhizospheres under each soil type and the presence of Rhizoctonia solani (Schreiter
et al. 2018).
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12.8 Rhizosphere Engineering for Better Plant and Soil Health

Plant health and productivity can be improved by manipulating the rhizosphere by
various methods. To alleviate the different environmental stresses, plants use differ-
ent strategies to modify the rhizosphere. Rhizosphere engineering can enhance plant
stress tolerance ability under several harsh environments. Rhizosphere engineering
can be done for improving the overall plant health and growth. It is generally carried
out by amending the soil, plant engineering, engineering the microbial partners, and
engineering the plant–microbe interactions (Dessaux et al. 2016). It can also be done
in several other ways, including transcriptome engineering which can be used to
overexpress genes encoding enzymes related to the accumulation of osmolytes and
proteins. These osmolytes and proteins improve abiotic stress tolerance ability by
ion transporting ions and scavenging the reactive oxygen species. Another strategy is
the isolation and identification of stress-tolerant microbes from the rhizosphere of
different plants and inoculating them in the rhizosphere of different plants to reduce
abiotic stress (Ahkami et al. 2017).

12.9 Conclusions

The rhizosphere of the plants constitutes an interesting environment, where several
types of interactions interplay between plant, soil, and microorganisms. Many plant
beneficial microorganisms are found in this region, which is in the vicinity of the
plant roots. These microorganisms include bacteria, archaebacteria, viruses, fungi,
actinomycetes, protozoans, arthropods, algae, and nematodes. The bacteria generally
outnumber other microbes in the rhizosphere. All types of microbe–microbe and
plant–microbe interactions occur in the rhizosphere, which may be positive or
negative, and beneficial or detrimental to plant growth and crop productivity.
Many different methods and techniques are applied to study the rhizospheric micro-
bial communities. Both culturable and non-culturable microorganisms and their
influence can be studied and predicted in the plant rhizosphere. The modern
techniques include fingerprinting techniques such as terminal restriction fragment
length polymorphism, denaturing gradient gel electrophoresis, and single-strand
conformation polymorphism quantitative PCR based gene expression analysis and
meta-omics-based techniques (namely, metagenomics, metatranscriptomics,
metaproteomics, and metabolomics). These recent techniques based on the
principles and tools of molecular biology have shown great capabilities in studying
the details of the rhizospheric microbial populations in lesser time.

Many different plant-associated, as well as external environment associated
factors, affect the population of rhizospheric microorganisms. Further, the dominant
rhizospheric microbes are found to possess rhizospheric competence, i.e. their ability
to survive the close competition with other microorganisms for nutrition and space.
The rhizospheric microbial communities are not constant and can dynamically
change, depending upon the different amendments, such as organic or inorganic
fertilizers, biofertilizers, pesticides, compost, biocontrol agents, etc. All the
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principles of rhizosphere–microbe interactions can be made use of, in enhancing the
overall crop productivity and disease management by engineering the rhizosphere. It
is generally carried out by amending the soil, plant engineering, engineering the
microbial partners, and engineering the plant–microbe interactions. It can also be
done in several other ways, including transcriptome engineering or bioprospecting
followed by the application of stress-tolerant microbes. In conclusion, rhizosphere
engineering is one of the practical solutions to achieve the goals of enhanced
productivity and lead to sustainable agriculture.
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Psychrotrophic Microbes: Biodiversity,
Adaptation, and Implications 13
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Abstract

Extreme cold environments harbor novel psychrotrophic microbes bestowed with
the characteristic to grow in diverse cold habitats worldwide ranging from
permanently ice-covered lakes, glaciers, snow, ice cap cores of deep oceans,
cloud droplets, and Antarctica. To study the survival mechanism under low
temperature, diverse psychrotrophic microbes act as model organisms. These
microbes have potentially important and multiple commercial utilities as
enzymes, peptides, biodetergents, antibiotics, and bioactive compounds in differ-
ent areas of industries, agriculture, and pharmaceutics along with multifunctional
plant growth-promoting traits. In addition, it also provides an environment-
friendly and economically captivating means for improving nutrition acquisition,
plant hormone production, and release of siderophores to trigger crop growth
under cold stress. Such psychrotrophic microbes are of immense potential for
high-altitude and psychrotrophic agroecosystems due to their unique climatic
adaptations. Hence, it is of utmost importance to isolate, characterize, and
conserve these economically important microbes to reveal their functional
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characteristics under cold temperature. The present chapter provides insights into
the biodiversity of psychrotrophic microbes, their adaptation strategies, and their
potential applications in agriculture, medicine, industry, food, and allied sectors.

Keywords

Adaptation · Biodiversity · Cryoconite · Diversity · Implications · Plant growth
promotion · Psychrophiles · Psychrotolerant · Psychrotrophic

13.1 Introduction

Temperature plays an essential role in the ecology of microbial communities that are
known globally as the most efficient colonizers (Mishra et al. 2020). The
microbiome of cold habitat is of particular importance as about two third of the
global terrestrial and aquatic ecosystem is affected by sub-zero temperatures, while
three fourth area remains below 5�C either permanently or seasonally (Awasthi et al.
2019; Margesin and Collins 2019). Psychrotolerant microbes grow near sub-zero
temperatures with optimum growth above 30�C and thus are termed as cold-tolerant
mesophiles (Mishra et al. 2020). Similarly, the optimum temperature for
psychrophiles is below 15�C, while psychrotrophic microbes show optimum growth
above 15�C (Srivastava et al. 2013; Kushwaha et al. 2020). Several researchers have
isolated, identified, characterized, and sequenced a wide diversity of psychrotrophic
microbiomes from different cold habitats worldwide such as snow, Antarctic lakes,
Arctic glaciers, permafrost soils, cloud droplets, ice cap cores, cold desert of
mountains, subalpine regions, deep-sea permafrost, subglacial lakes, and plants
growing at low-temperature conditions (Du et al. 2015; Shen et al. 2015; Verma
et al. 2015; Yadav et al. 2015a, b, 2019a, b; Dhar et al. 2016; Margesin et al. 2016;
Saxena et al. 2016; Singh et al. 2016; Cai et al. 2017; Zachariah et al. 2017; Jiang
et al. 2018; Zhou et al. 2018; Zhang et al. 2018; Kumar et al. 2020; Thakur et al.
2020). In addition, a whole genome analysis of various potential and novel
psychrotrophic microbes has been performed (Singh et al. 2016). This diversity of
psychrotrophic microbes will serve as a database for selection and utilization of plant
growth-promoting (PGP) bio-inoculants for crop improvement at high altitudes
(Yadav et al. 2017a, b, 2018).

Psychrophilic/psychrotolerant microorganisms have recently gained our focus
because of their vast biotechnological applicability in various industrial, agricultural,
and allied sectors (Verma et al. 2015; Yadav et al. 2017a, 2019a). These microbes
produce innumerable enzymes, peptides, antifreezing compounds, and antibiotics,
besides their multiple plant growth-promoting attributes (Yadav et al. 2017a). In
addition, it was also reported that psychrotrophic microbes play a prominent role in
enhancing plant stress tolerance against factors such as cold stress (Kushwaha et al.
2020), besides understanding other biotechnological prospects and primitive
analogues during primitive earth environments (Yadav et al. 2017a, b). Psychro-
philic microbes are even utilized for biodegradation of agro-waste and production of
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antifreezing compounds used in cryosurgery and cryopreservation and antifreezing
proteins to improve food industry (Yadav et al. 2018). Despite this fact, few reports
are available on these psychrotrophic microbes due to their slow growth rate and
complicated in vitro culturing (Mishra et al. 2020). This chapter presents the
biodiversity, adaptations, and implications of psychrotolerant microbes in different
perspectives for future endeavors.

13.2 Biodiversity

Cold environment dominates a major area of earth’s biosphere ranging from high
altitudes to deep seas at below 15�C temperature (Singh et al. 2020). The average
temperature of most of the ocean’s portion ranges between�1 and +5�C, while 25%
of the global terrestrial area is either alpine or polar region (Yadav et al. 2018). These
harsh natural ecosystems are the prosperous hot spots of psychrophilic and
psychrotrophic microbiomes with their ability to grow well with reduced metabolic
activity below 0�C temperature (Kumar et al. 2019). Extensive studies have
demonstrated that commonly found soil microbes, even in the Antarctic region,
are either psychrotrophic or psychrotolerant strains of mesophilic species and true
psychrophiles are relatively uncommon (Cowan et al. 2011). Among the 14 different
phyla of psychrotrophic microbes present in the dry valley of Antarctica are
dominated by aerobic groups such as Acidobacteria, Actinobacteria, and
Bacteroidetes, but few anaerobic species also occur prominently such as
Arthrobacter, Brevibacterium, and Corynebacterium along with few archaeal
phylotypes and Proteobacteria (Aislabie et al. 2008; Khan 2008; Niederberger
et al. 2008; Cary et al. 2010).

Globally several psychropiezophilic microbes have been reported from the sea
primarily from three domains eukarya, bacteria, and archaea which include Vibrio,
Polaribacter, Psychroflexus, Psychrobacter, Polaromonas, Pseudomonas,
Pseudoalteromonas, Moritella, Moraxella, Micrococcus, Flavobacterium, Bacillus,
and Arthrobacter and belonging to 17 different phyla such as Verrucomicrobia,
Thaumarchaeota, Spirochaetes, Proteobacteria, Planctomycetes, Nitrospirae,
Mucoromycota, Gemmatimonadetes, Firmicutes, Euryarchaeota, Cyanobacteria,
Chloroflexi, Chlamydiae, Basidiomycota, Bacteroidetes, Ascomycota, and
Actinobacteria. The members belonging to Proteobacteria are the most dominant
followed by Firmicutes, Actinobacteria, Bacteroidetes, and Basidiomycota (Yadav
et al. 2019a; Kushwaha et al. 2020), while a least number of microbes were isolated
from Mucoromycota followed by Gemmatimonadetes, Nitrospirae, and
Thaumarchaeota. After examining different cold habitats, it was concluded that
out of 120 genera of psychrophilic microbes, only Sphingobacterium,
Psychrobacter, Pseudomonas, Exiguobacterium, and Bacillus are found ubiqui-
tously (Yadav et al. 2018).

Over the past several years, researchers have reported various psychrotolerant
microbes from diverse environments of Alaska and Tennessee such as Trichoderma
(Johnson et al. 1987); Canadian soils such as Mesorhizobium sp. and Rhizobium
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leguminosarum (Prevost et al. 1999); cave soil of Russia such as
Pseudochrobactrum kiredjianiae (Qin et al. 2017); Trans-Himalayan region such
as Pseudomonas strains with plant growth-promoting activity (Negi et al. 2005;
Vyas et al. 2010); subalpine regions of central Himalayas such as phosphate-
solubilizing P. putida (Pandey et al. 2006); Himalayan cold desert, i.e.,
Acinetobacter rhizosphaerae (Gulati et al. 2009); North Western Himalayas, i.e.,
biocontrol strain of Exiguobacterium acetylicum (Selvakumar et al. 2009); potato
fields of the Himalayas such as Pseudomonas, Penicillium, and Bacillus and along
with yeasts and actinomycetes (Sati et al. 2013); low-temperature-adapted nodules of
alfalfa, i.e., Sinorhizobium meliloti (Prevost et al. 2003); wheat seedlings from
northern Himalayas such as Arthrobacter, Acinetobacter, Bacillus, Bordetella,
Providencia, Pseudomonas, and Stenotrophomonas (Verma et al. 2015); rhizo-
sphere of Podophyllum hexandrum such as Virgibacillus arenosi PH15 (Gautam
et al. 2019); Cucurbita pepo such as plant growth-promoting Serratia marcescens
(Selvakumar et al. 2008a, b); Gangotri soil ecosystem such as Pseudomonas
helmanticensis, Pseudomonas mandelii, Brevibacillus invocatus, and Arthrobacter
humicola (Kumar et al. 2019); and cold desert of Arunachal Pradesh such as
Pseudomonas koreensis P2 (Awasthi et al. 2019). In addition, various novel micro-
bial species were also isolated from cold deserts of the Himalayas (Yadav et al.
2015a, b, 2016). Diverse genotypes of fungi were also reported from the Himalayan
region such as Aspergillus, Cladosporium, Epicoccum, Fusarium, Gangronella,
Myrothecium, Paecilomyces, Penicillium, and Trichoderma (Kushwaha et al.
2020). Few ectomycorrhizal fungal genera were also reported in the Himalayan
region such as Amanita, Boletus, Hygrophorus, Lactarius, Russula, and Suillus from
temperate forest (Wang et al. 2015); T. viride, T. koningii, and T. harzianum from
soil (Ghildiyal and Pandey 2008); Streptomyces strains from glaciers (Malviya et al.
2009); and phosphate-solubilizing fungus, i.e., Paecilomyces hepiali, from rock soil
(Rinu and Pandey 2011).

13.3 Adaptations of Psychrotrophic Microbes

Low temperature adversely affects the microbes by numerous means such as varia-
tion in nutritional requirements and decrease in cell number and growth rate, solute
solubility, nutrient distribution, cell composition, cell density, and osmotic adjust-
ment of the membrane (Singh et al. 2020). Psychrotrophic microbes tend to remain
in the thermal equilibrium with their environments; thus all structural and functional
properties of these microorganisms are adapted for low temperature existence
(Casanueva et al. 2010). These adaptation strategies include various modifications
in structure and physiological, biochemical, and molecular architecture (Ramana
et al. 2000). Survival strategies of microbes at low temperatures aggravate a scien-
tific interest because it is useful in unraveling the machinery of life under extreme
climatic conditions (Yadav et al. 2019a). In molecular phylogenetics, high-
throughput whole genome sequencing has broadened the sensitivity and resolution
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of microbial ecology. However, intraregional transfers of organisms due to anthro-
pogenic activities still remain a concern (Cowan et al. 2011).

13.3.1 Cell Membrane-Associated Changes

The cell membrane regulates cellular homeostasis by regulating the transport, ion
permeability, and signaling processes. A major metabolic adaptation of psychro-
philic microorganisms affecting photosynthesis and growth at cryo-temperatures is
the regulation of membrane fluidity and ion permeability (Morgan-Kiss et al. 2006;
Casanueva et al. 2010). Lipid unsaturation is thoroughly investigated for cold
adaptation (Cossins et al. 2002) in psychrotrophic microbes, and synthesis of
polyunsaturated fatty acids is imperative in their chemotaxonomic classification
(Morgan-Kiss et al. 2006). With the decrease in temperature, fatty acid unsaturation,
methyl branching of cyclic fatty acids, and the ratio of anteiso- to iso-branching
increase, while membrane fluidity, ion permeability, membrane phase separation,
and average chain length decrease (Singh et al. 2020). Higher polyunsaturated fatty
acid content helps psychrotrophic microbes including sea ice diatoms,
dinoflagellates, and green algae to absorb nutrients under low-temperature
conditions (Cao-Hoang et al. 2010; Wei et al. 2019). It was reported earlier that
fatty acid desaturase enzyme, regulated by sensory DesK kinase, causes unsaturation
of fatty acids in membrane phospholipids of Bacillus subtilis (Singh et al. 2020). In
addition, P. fluorescens causes structural changes in the outer membrane protein and
reduces the pore size of the ion channel at cryo-temperatures (Wei et al. 2019).
Similarly, M. burtonii produces a high proportion of unsaturated lipids through a
distinct pathway reported in other bacteria and eukaryotes (Morgan-Kiss et al. 2006).
Fluidity of the chloroplast membrane is directly linked with photosynthesis under
low temperatures, which is linked with complex multisubunit membrane-associated
proteins of electron transport chain. Membrane fluidity (fatty acyl content of the
photosynthetic membranes) is also essential for electron transport to plastoquinone,
gaseous diffusion, resistance to photoinhibitory damage, and photosystem II repair
cycle and D1 assembly (Morgan-Kiss et al. 2006). The microorganisms transduce
cold stress signal through a two-component system machinery, where the signal is
received by sensors and transduced to the response regulator, leading to upregulation
of genes associated with membrane fluidity (Singh et al. 2020).

13.3.2 Role of Cryoprotectants

Cryoprotectants, such as monosaccharides (glucose, fructose), disaccharides
(sucrose, trehalose, etc.), polyamines, polyols (glycerol and sorbitol), and amino
acids (glycine, alanine, proline), are chaperones that provide cold stress tolerance
(Kawahara et al. 2008). Microorganisms such as Lactobacillus, Pseudomonas, and
Pantoea accumulate compatible solutes specially mannitol, glycerol, glycine beta-
ine, and trehalose for protection against freezing, desiccation, and hyperosmolality.

13 Psychrotrophic Microbes: Biodiversity, Adaptation, and Implications 277



These compounds are secreted outside the cell or are located intracellularly. These
polyhydroxylated compounds reduce the freezing point of the cytoplasmic aqueous
phase, increase total internal solute concentrations, aggregate cellular proteins,
stabilize cytoplasmic macromolecules such as enzymes, and modulate osmotic
pressure (Chattopadhyay 2002; Bouvet and Ben 2003; Casanueva et al. 2010).
Exopolysaccharides (EPS) produced by psychrophiles under cryo-temperatures
have polyhydroxyls that inhibit ice nucleation of water, enzyme denaturation, and
cell lysis (Feng et al. 2014). Similarly, ergosterol is a fungal sterol which increases
the rigidity of lipid membranes and decreases its permeability, hence ergosterol
deficiency in membrane susceptibility to cold stress (Singh et al. 2020).

13.3.3 Cold-Shock Proteins and Cold Acclimation Proteins

A sudden decline in temperature causes a “cold-shock response” in psychrotrophic
microbes, resulting in differential regulation of various genes (Casanueva et al.
2010). Psychrophiles release ~20 cold acclimation proteins with a gradual decrease
in temperature (Phadtare 2004) and nucleic acid-binding cold-shock proteins
(65–75 aa in length) during a sudden decline in temperature (Lee et al. 2013; Czapski
and Trun 2014) which help them to adapt under cold environment. Cold-shock
proteins (CSPs) are a group of highly conserved small proteins that occur ubiqui-
tously and bind to single-stranded nucleic acids via nucleic acid binding motif
termed as cold-shock domain (CSD) (Casanueva et al. 2010; Yadav et al. 2019a).
At low temperature, RNA structure stabilizes and becomes non-dynamic to induce
early termination of transcription and translation, resulting in protein misfolding and
functional hindrance in the ribosome. In mesophiles, RNA chaperone CspAs are
reported as CSPs which help in the binding of ribosomes with target mRNA (Singh
et al. 2020). In addition, CSPs also maintained the single-stranded state of RNA,
reduce the housekeeping gene expression (Barria et al. 2013), and maintain chromo-
some folding (Chaikam and Karlson 2010).

13.3.4 Ice Nucleators and Antifreeze Proteins

Ice-binding proteins (IBPs) and antifreeze proteins (AFPs) bind to ice and inhibit
their crystallization and growth by irreversibly binding to their surface and by
inducing high thermal hysteresis activity (Gilbert et al. 2005). Several AFPs were
reported from different genera such as Ascomycetes, Basidiomycetes, andOomycetes
which modulate extracellular freezing and mycelial growth at cryo-temperatures
(Hoshino et al. 2009). Antifreeze and ice-nucleating activities of AFP are reported
in mold Typhula ishikariensis (Cheng et al. 2016), Arctic rhizobacterium Pseudo-
monas putidaGR12-2 (Muryoi et al. 2004), andMarinomonas primoryensis from an
Antarctic lake (Gilbert et al. 2005; Singh et al. 2020). Further, Moraxella, isolated
from Antarctica, was the first AFP-synthesizing bacteria (Yamashita et al. 2002). Ice
nucleators or ice-nucleating proteins are present in the outer bacterial wall and
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induce ice crystallization near to the melting point to avoid supercooling of water,
thereby regulating ice crystal surface arrangement and energy required for ice
formation (Casanueva et al. 2010). Bacteria, such as Erwinia herbicola, that have
the potential of ice crystallization at cryo-temperatures are termed as “ice plus”
(Singh et al. 2020).

13.3.5 Cold-Adapted Enzymes: Proteomic and Metagenomic
Analysis

Under cryo-temperatures, due to inadequate kinetic energy, the enzymatic reactions
become slow, which inhibited microbial growth rate (Wei et al. 2019). It was
reported that with the reduction in temperature from 37�C to 0�C, the enzymatic
activity of mesophiles gets reduced by 80-fold. In contrast, the growth rate of
psychrophilic bacteria gets increased as psychrophilic enzymes (or cold-adapted
enzymes) require reduced temperature to decrease activation energy and increase
flexibility (Siddiqui et al. 2005; Collins et al. 2008) and increase specific activity
(Morgan-Kiss et al. 2006). Further, it involves molecular dynamic simulations of
discrete stabilizing interactions at the enzyme active site (Siddiqui and Cavicchioli
2006), besides broadening the cavities for H2O molecules and/or ligands (Giordano
et al. 2015). These enzymes include phytases, peroxidases, catalases, keratinases,
pectinases, xylanases, amylases, proteases, lipases, and cellulases (Kuddus et al.
2011; Singh et al. 2020). Thus, the regulation of appropriate metabolic processes of
essential enzyme-catalyzed reactions is the major challenge of cold-adapted
microorganisms. One energetically inefficient strategy is to increase enzyme
concentrations (Morgan-Kiss et al. 2006), while another strategy is to stabilize the
enzyme/substrate complex by reducing the activation energy (Ernst et al. 2018).
Further, elevated ATP and total adenylate pools governed by F1 ATPase or AMP
phosphatase/deaminase compensate for lower rates of biochemical reactions at cryo-
temperatures. However, reaction rates (kcat) of psychrophilic enzymes are highly
temperature independent (Singh et al. 2020).

Amylases are primarily occurring and the most studied cold-adapted enzyme in
microorganisms (Siddiqui and Cavicchioli 2006). However, improved content of
pectinases, cellulases, and xylanases was also reported in Aspergillus awamori
found in the Himalayan region (Anuradha et al. 2010). Another enzyme desaturase
introduces a double bond postsynthetically into the fatty acyl chain via an energy-
dependent aerobic desaturation pathway (Morgan-Kiss et al. 2006). Proteomic
analyses have demonstrated differential regulation of several genes, cold-inducible
proteins, cell surface proteins, and nucleic acid-interacting proteins at sub-zero
temperatures, suggesting a remodeling of translation, transcription, protein folding,
metabolic pathway, energy production, and transport processes for cold adaptation
(Morgan-Kiss et al. 2006; Casanueva et al. 2010). Similarly, comparative
metagenomics analysis showed psychrophilic amino acid modulations in the
genome fragments of Antarctic marine bacteria (Grzymski et al. 2006) resulting in
decreased hydrophobic content, proline content, and salt-bridge formations involved
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in conformational entropy. Thus, metagenomics sequence data can delineate the
adaptation mechanisms and is a rich source for delineating psychrophilic adaptations
from psychrotrophic microbes (Casanueva et al. 2010). The structural conservation
and metabolic diversity of prokaryotic microorganisms represent adaptive strategies
for survival in cold environments.

13.3.6 RNA Degradosomes in Psychrotrophic Microbes

The RNA content within the cell is temporarily regulated and is degraded and reused
further for nucleic acid synthesis (Singh et al. 2020). Numerous enzymes were
reported for debasing RNA, such as RNA-restricting proteins, 50-end topping and
decapping catalysts, 30-end nucleotidyltransferases, helicases, and ribonucleases.
Psychrophilic microbes consist of a degradosome (multiprotein complex), which
causes debasement of delivery moiety RNA and handles ribosomal RNA which is
targeted through noncoding RNA. The degradosome consists of enzymes such as
RNase E, polynucleotide phosphorylase, and RNA helicase B (Cho 2017; Singh
et al. 2020) or exoribonuclease and ribonuclease R (Carpousis et al. 2009; Hardwick
et al. 2010). RNases modulate the regulatory protein expression and protein-coding
RNA by maturation and degradation. The chaperon activity of CSPs also stabilizes
the mRNA under cold conditions. CspA maintains a single-stranded structure,
necessary for degradation, while CspE checks RNA degradation (Khemici et al.
2008).

13.3.7 Photosynthetic Electron Transport and Energy Balance

Balancing the energy flow between photochemical and photophysical processes
through photosynthesis is called photostasis. When the rate of energy absorbed
through PSII and electron transport rate exceeds the metabolic electron sink capac-
ity, an imbalance occurs. Photosynthetically active cyanobacteria are key producers
of organic carbon and nitrogen sources under low-temperature conditions such as
ponds and dry valleys of Arctic and Antarctic regions (Priscu et al. 2005).
Chromophytes are oxygenic phototrophs, preferentially found in cryo-temperatures,
such as diatom algae which predominate under sea ice and marine habitats (Morgan-
Kiss et al. 2006). Green algae play various roles in low-temperature environments,
which are often more likely to be dominated by prokaryotic photosynthetic
microorganisms. In cyanobacteria, light-harvesting complex or phycobilisome is
an extrinsic pigment-protein complex, bound to the outer cytoplasmic surface of
the thylakoids (Morgan-Kiss et al. 2006). In addition, their photosynthetic electron
transport chain components are shared with the respiratory chain. It was
demonstrated earlier that Antarctic cyanobacterium P. murrayi increases the carot-
enoid/chlorophyll a ratio under cryo-temperatures, similar to the green alga Chlo-
rella vulgaris under mesophilic conditions. This concluded that mesophilic
organisms and psychrotrophic photoautotrophs sense and respond in the same
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manner. However, the Antarctic grass Deschampsia antarctica acclimates under
high light intensity and cold by enhancing photochemical efficiency (Perez-Torres
et al. 2004) along with photosynthetic rates, rather than nonphotochemical
quenching (Xiong et al. 1999).

13.4 Implications

Psychrotrophic microbes are commercially and ecologically important because of
their wide applications in various areas (Soror et al. 2007; Mishra et al. 2020). At
present, commercialization and exploitation of psychrotrophic microbes in biotech-
nology, agriculture, and industrial sector are of profound interest. A few examples of
the commercial applications of these psychrotrophic microbes are discussed below.

13.4.1 Plant Growth-Promoting Bioinoculants

Low temperature significantly reduces the global agricultural productivity (Joshi
et al. 2018). However, psychrotrophic microbes are very useful in sustainable
agricultural and horticultural productivity by retaining their activity even at cryo-
temperature range (Mishra et al. 2020). In addition, microbial plant growth
promoters provide an improved strategy for conventional agricultural practices by
invigorating plant growth and development either directly or indirectly (Yadav et al.
2018; Singh et al. 2020). These rhizospheric strains are termed as plant growth-
promoting bacteria (PGPB). Psychrotrophic PGPB solubilizes and mineralizes the
less available essential complex macronutrient complexes to their simpler forms
(Mishra et al. 2020). Various psychrotrophic species causing improvement in differ-
ent plant growth parameters were isolated from PGPB such as P. lurida (Selvakumar
et al. 2011), P. fragi (Selvakumar et al. 2009), and P. putida (Pandey et al. 2006).
Similarly, out of 247 morphotypes of psychrotrophic bacilli isolated from soil and
water samples of northwestern Himalayas, Bacillus licheniformis, B. muralis,
Desemzia incerta, Paenibacillus tylopili, and Sporosarcina globispora were
reported to be potent candidates for multiple PGP traits at low temperature (Yadav
et al. 2016). Previous studies have also reported bioformulations of the
psychrotrophic PGPB which increases nutrient availability in plants (Verma et al.
2017). Further, the bioformulation enriched with organic manure of biocidal value
can be utilized as biocontrol agents for pest management (Mishra et al. 2020).

13.4.1.1 Phytohormone Production
Plant-associated microbes typically produce plant growth hormones such as
cytokinins, auxins, and gibberellins. Seed priming with these bacterial strains con-
siderably increased seed germination, shoot length, root growth, biomass, and
nutrient uptake in wheat seedling under cold stress (Sahu and Ray 2008; Bahuguna
et al. 2012; Singh et al. 2020). Auxin production in microscopic organisms is
regulated by proline-dependent pentose phosphate pathway (Sahay et al. 2017).
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Indole-3-acetic acid (IAA) is an auxin which exerts positive effect on plant growth
(Selvakumar et al. 2008a) and is a marker tool for identification of IAA-secreting
psychrophilic microorganisms (Singh et al. 2020). Psychrotolerant Pseudomonas
jesenii was reported to enhance plant development in Cajanus cajan, Cicer
arietinum, Eleusine coracana, Vigna mungo, and Vigna radiate by producing IAA
(Kumar et al. 2014). Further, 1-aminocyclopropane-1-carboxylate (ACC) deaminase
was reported to improve plant development at low temperatures and high osmotic
pressure (Singh et al. 2020) by diminishing ethylene during virus infections (Mishra
et al. 2020). Twenty-five cold-tolerant bacterial strains producing ACC deaminase
were reported earlier (Verma et al. 2015).

13.4.1.2 Nitrogen Fixation
Several free-living or symbiotic bacterial strains provide an alternative source
for environment-friendly biological nitrogen fertilization by atmospheric nitrogen
fixation to improve plant nutrition and growth for sustainable agriculture (Singh
et al. 2020). Several genera of nitrogen-fixing psychrotrophic bacteria were
isolated earlier such as Azospirillum, Enterobacter, Klebsiella, Pseudomonas,
Gluconacetobacter, Serratia, Bacillus, Azoarcus, Arthrobacter, and Azotobacter
(Verma et al. 2016; Yadav et al. 2018). On the other hand, nitrogen fixation in the
deep Atlantic or Arctic Ocean and freshwater available at high altitudes is the only
available source of nitrogen (Díez et al. 2012; Popova et al. 2012). Because of
marine nitrogen fixers, nitrogen productivity in the Arctic region increases during the
ice melting season with an increase in temperature (Arrigo et al. 2012). It was
demonstrated earlier that in cold regions of North America, rhizobia associated
with soybean root nodules produce more nodules and show higher nitrogen fixation
as compared to warmer southern regions (Zhang et al. 2003).

13.4.1.3 Phosphate Solubilization
Phosphorus is the most abundant macronutrient found in all soil types, but due to its
unavailability to plants, it is a major limiting factor for plant growth (Joshi et al.
2009, 2010; Singh et al. 2020). The phosphorus-solubilizing microorganisms release
organic metabolites, which chelate the cations bound to inorganic phosphate to make
it soluble and readily available to plant roots (Rodriduez and Fraga 1999; Yadav
et al. 2018). Only a few reports are available for the psychrotrophic P-solubilizing
microorganisms (Vassilev et al. 2006). Glucose dehydrogenase is a membrane-
bound enzyme that causes Pi solubilization and oxidation of glucose to gluconic
acid and then to 2-ketogluconic acid, which effectively solubilizes P. Similarly,
phytase causes organic P mineralization and phosphorus production from organic
materials, to be stored as phytate in soil (Yi et al. 2008). Phosphate-solubilizing,
fluorescent pseudomonads were isolated from the cold desert of Lahaul and Trans-
Himalayan region (Gulati et al. 2008). These isolates solubilize North Carolina
rock phosphate much efficiently in comparison to Udaipur rock phosphate and
Mussoorie rock phosphate. Similarly, organic and inorganic phosphate-solubilizing
psychrotrophic bacteria with multiple plant growth-promoting activities were
isolated from Hippophae rhamnoides rhizosphere (Vyas et al. 2010).
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13.4.1.4 Biofertilizers
Global crop production primarily relies upon chemical fertilizers used for nutrient
supplement, which negatively affects the environment, soil, and human health. Thus
for the sustainable benefits of agriculture and to improve crop productivity and soil
fertility, biofertilizers are an alternative biopotential resource to synthetic fertilizers.
Biofertilizers also termed PGP microbes are microorganisms that colonize the roots
and enrich the soil nutrients by enhancing the nutrient availability to the crops
(Yadav et al. 2018).

13.4.1.5 Production of Siderophores
Microbes indirectly promote plant growth by producing inhibitory substances to
prevent the detrimental effects of pathogens or by increasing the natural resistance of
the host (Yadav et al. 2018). The pathogenic microorganisms are regulated by
releasing siderophores such as chitinases and β-1,3-glucanase (Yadav et al.
2015a, b; Verma et al. 2013, 2015). Further, siderophores help in iron assimilation
at low temperatures (Yadav et al. 2018), which predominantly exists in ferric state
(Fe3+) in the form of insoluble hydroxides and oxyhydroxides that are unavailable to
plants.

13.4.2 Enzyme Production

Psychrotrophic microorganisms synthesize cold-active enzymes by degrading
various polymorphic substances such as amylases, cellulases, pectinases,
β-galactosidase, oxidases, protease, and lipase (Singh et al. 2020). These
psychrozymes possess a high specific activity at low temperatures that prevents
time, saves volatile compounds, and prevents contamination and energy loss and
have wide applicability in different sectors (Zeng et al. 2003; Margesin et al. 2005;
Mishra et al. 2020; Singh et al. 2020). These psychrozymes are the best alternative to
bioremediation of wastewaters, marine waters, and solids polluted by lipids, oils, and
hydrocarbons under low temperature (Violot et al. 2005). Previous studies have
shown that psychrotolerant yeasts of Phialophora, Cladosporium, Penicillium and
Aspergillus are novel candidates for the production of psychrozymes like esterase,
cellulase, amylase, protease, lipase, and pectinase (Carrasco et al. 2016; Dhakar and
Pandey 2016). Similarly, the quality of the whey is improved by application of
casein-coagulating enzymes obtained from psychrotrophic microorganisms. In
developed countries, microbial rennet is commercially available as Moelilase,
Rennilase 50TL, and Marzyme® (DuPont, USA). Psychrozyme protease with a
brand name Eutrase, obtained from Bacillus subtilis, improves the flavor by reducing
the ripening period (Kumar and Bhalla 2005). In addition, psychrozymes also
facilitate in beer treatment, meat tenderization, and bakeries (Mishra et al. 2020).
Through genetic engineering or through random mutagenesis, strains need to be
improved for large-scale quantitative as well as qualitative property enhancement
(Twardowski and Małyska 2015; Mishra et al. 2020). Ectopic expression of genes
from Shewanella (psychrotolerant strain Ac10) encoding serine alkaline protease
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(SapSh) to E. coli enhanced the enzyme production up to five times (Kulakova et al.
1999). The construction of a host-vector system in psychrophilic bacteria for gene
transformation prevents the formation of inclusion bodies and protects heat-sensitive
gene products even at low temperatures (Singh et al. 2020). Recombinant enzymes
with enhanced catalytic activity and stability are also used under cryo-temperatures
(Mishra et al. 2020).

13.4.2.1 In Food Industry
To meet the daily requirement of the burgeoning population is to ensure perishable
food safety by preventing microorganism growth during storage of food (Wei et al.
2019). Several psychrophilic microorganisms such as bacteria, fungi, and yeast,
growing actively under low temperatures, are primarily involved in the refrigerated
foods such as meat (Cavill et al. 2011; Valerie et al. 2011), milk (Ercolini et al.
2009), and seafood (Kämpfer et al. 2012). A commonly found gram-positive
psychrotrophic bacterium in dairy and meat products is Listeria monocytogenes
(Dhama et al. 2013), while gram-positive strains in raw milk are Aerococcus
urinaeequi, Serratia ureilytica, and Enterobacter kobei (Ribeiro Júnior et al.
2018). In contrast, psychrotrophic Brochothrix thermosphacta and Clostridium
estertheticum cause spoilage of meat (Pennacchia et al. 2009) and cold storage
foods (Dainty et al. 1989), respectively. It is necessary to develop rapid detection
and regulation methodologies for psychrotrophic microorganisms to ensure the
quality and safety of refrigerated food products. However, various food industries
treat their products with psychrozymes for maintaining the quality of food during
their transportation and storage. Further, proteases are useful for the removal of fish
skin and cellulases/pectinases in clarification of fruit juices (Singh et al. 2020).

13.4.2.2 In Bioremediation
Psychrotolerant microorganisms can also degrade several compounds at cryo-
temperatures (Mishra et al. 2020) and are used to remove pollutants such as toluene,
naphthalene, hexadecane, and dodecane (Banerjee et al. 2016). Cold-adapted
proteases are used for wastewater treatment and environmental bioremediation at
low temperatures (Kasana 2010). In addition, Rhodococcus is reported to be useful
in degradation of small chain alkanes and diesel under cold environments. A cold-
adapted fungus from Pindari Glacier, Penicillium pinophilum, simultaneously
produces lipase and lignolytic enzymes that are beneficial for biodegradation
under cold environments (Dhakar and Pandey 2016).

13.4.2.3 Detergent, Textile, and Fine Chemical Synthesis
Biodetergents have better cleaning properties than synthetic detergents and require
low energy input under cold environments (Kuddus and Ramteke 2011).
Psychrotrophs are ideal candidates for enzyme production as enzymes active at
low temperature and stable under alkaline condition, in presence of oxidants and
detergents, are in huge demand as laundry additive and in textile industries (Kasana
2010). Flavobacterium balustinum synthesizes cold-active serine protease (CP70)
enzyme having an optimum temperature of 20�C less than the conventional
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detergent protease like Savinase and efficiently removes proteinaceous stains at
cryo-temperatures (Kuddus and Ramteke 2009, 2011). Enzymes such as subtilisin,
glycosidases, and lipases are poorly active at room temperature and can thus be
substituted by psychrotolerant enzymes (Feller and Gerday 2003). Psychrotolerant
microbes produce polyhydroxyalkanoate (PHA) compounds from the polyester
group, which serve as intracellular energy and carbon reserves (Mishra et al.
2020). Due to their elastomeric and thermoplastic properties, these compounds are
a preferred source for fine chemical synthesis in industries. Further esterases and
lipases exhibit more stereospecificity during fine chemical synthesis (Methé et al.
2005). Various psychrozymes showed better utility in production and finishing of
fabrics (Mishra et al. 2020) such as cellulases for denim finishing, laccases for textile
bleaching, and amylases for desizing of clothes (Araujo et al. 2008). Similarly,
proteases provide varied finishing to silk and wool fabrics (Najafi et al. 2005).

13.4.3 Stress Tolerance

Plant-associated extremophilic microorganisms, also help in the promotion and
adaptation of plants under extreme environmental conditions, such as high tempera-
ture, salt, pH, and drought stress (Singh et al. 2020). Plant growth-promoting
bacteria show hyperparasitic activity against pathogenic fungi by excreting cell
wall hydrolases such as proteases, phosphatases, lipases, β-glucanase, dehydroge-
nase, and chitinases. Thus, these bacteria play a significant role in plant growth
promotion by protecting them from biotic stress (Yadav et al. 2017b, 2018). Ethyl-
ene acts both as a plant growth regulator and stress hormone. However, under abiotic
and biotic stresses, endogenous ethylene levels increase significantly which nega-
tively affects plant growth and development. Few bacteria reduce the ethylene levels
either by cleaving its precursor, i.e., 1-aminocyclopropane-1-carboxylate (ACC), or
by producing the enzyme ACC deaminase to prevent inhibition of plant. Previous
researchers characterized 247 psychrotrophic bacteria from wheat from the Indian
Himalayas which exhibited multifunctional PGP attributes. Among them, 15 strains
showed ACC deaminase activity under cryo-temperatures (Verma et al. 2015).

13.5 Conclusion

Cold ecosystems mark up the largest biospheres globally. Psychrotrophic microbes
widely occur in the agroecosystem and are involved in multitudes of growth-
promoting activities associated with cold tolerance among different agricultural
crops. Recent advancements in inter-valley comparative studies demonstrate that
interaction between different trophic levels and abiotic factors is the key driving
force in their diversity and survival under these extreme habitats. However, high-
throughput analysis will provide new insight into our understanding of microbial
diversity, colonizing capability, and screening of potential microbes that retain
various functional traits in the field under cryo-temperatures. In addition, their
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potential to grow under a wide range of temperatures makes them multi-utility
organisms for agricultural, industrial, and allied sectors. These psychrotrophic
microbes with myriads of plant growth-promoting mechanisms could have immense
direct and indirect potential to improve high-altitude agricultural systems. Therefore,
targeted research activities are required to identify and functional cataloguing of
psychrotrophic microbe interaction with plant and the extreme environmental
conditions such as cold stress, heavy metal toxicity, and agro-waste decomposition.
Global strategies are required for field application of these microorganisms to widen
their applicability in newer areas of agriculture and industries and easily accessible
resource for poor farmers in high altitudes. The potentially beneficial psychrotrophic
microbes have varied applications in industrial, agricultural, and allied sectors.
Detailed genomic and metagenomics studies linked with expression profiling of
these psychrotrophic microbes are required for identification of new photosynthetic
models, evolution pattern, diversity, and survival mechanism under low
temperatures conditions.
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Significance of Belowground
Microbial-Rhizosphere Interactions 14
C. M. Mehta and Kanak Sirari

Abstract

Soil is considered as a reservoir for microorganisms. A small fraction of soil
consists millions of microbes, and microbial activity is referred as maximum near
the root zone simply referred as rhizosphere zone. The rhizosphere is defined as
the soil zone that exists near the plant roots. Due to plant roots and soil interac-
tion, microbial activity is found maximum in the area. As they are referred as the
most active, microbes play a defined role in soil and plant health. This chapter
aimed to focus on microbial diversity in the rhizosphere zone and its significance
to the crop and soil. A diverse population of microbes associated with different
activities in the rhizosphere zone is discussed in detail in this chapter.

Keywords

Soil · Rhizosphere · Microorganisms · Functional diversity · Plant roots

14.1 Introduction

The word “rhizosphere” was coined by Hiltner in the year 1904 to explain the
particular relation among bacteria and legume roots. Since then there have been
different approaches to define the term. According to Hinsinger et al. (2005) owing
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to a variety of biological, biochemical, chemical, and physical methods that take
place as a result of root growth, water and nutrient uptake, respiration, and
rhizodeposition, the rhizosphere is unlike to the bulk soil. Darrah (1993) defined
rhizosphere as a “zone of soil surrounding the root.” Rhizosphere size varies
spatially and temporally depending on the cause regarded as follows: for microbial
populations and immobile nutrients, it is a portion of a millimeter; for mobile
nutrients and water, it is tens of millimeters; and for volatile compounds and gases
released from roots, it is numerous tens of millimeters.

In the rhizosphere there is a coexistence of broad variety of organisms including
bacteria, fungi, actinomycetes, virus, algae, protozoa, nematodes, and arthropods
that have a diversity of connections among themselves as well as with the plant.
Plants and most of the microbes are in symbiotic association. Rhizodeposits (root
exudates containing lysates, mucilages) are a food source for microorganisms, and in
turn microbes help the plants by secreting organic acids, growth-promoting
hormones, and siderophores that improve the availability and uptake of nutrients
by plants. Rhizosphere microflora have a significant impact on plant growth by
several mechanisms including atmospheric nitrogen fixation by diverse classes of
proteobacteria, existence of endophytic microbes for improved biotic and abiotic
stress tolerance, and presence of plant growth-promoting rhizobacteria.

A complex system of microbial interactions that involves both root-infecting and
free-living microbes and associated food webs of microbial grazers is stimulated by
the roots of living plants. These microbes are influenced by plant growth, and they
affect plant growth. A huge fraction of photosynthetically synthesized carbon of
plants is provided to root-infecting symbionts (Lynch and Whipps 1990), for
example, mycorrhizal fungi and small fraction are freed as exudates largely to
free-living rhizobacteria. Rhizobacteria are robustly synchronized by microfaunal
grazers, chiefly protozoa, and mainly the protozoan grazers determine the effect of
rhizobacteria on root architecture.

14.2 Rhizosphere

The region of soil that surrounds plant roots and one of the most diverse habitats on
earth is rhizosphere (van der Heijden et al. 1998; Torsvik and Øvreås 2002; Jones
and Hinsinger 2008). It is a thin zone (1–2 mm thick) that grasps a huge soil volume,
differing with the plant, soil, root structure, and mainly the technique employed to
establish it since it does not have a definite boundary (Hinsinger et al. 2005). In the
rhizosphere microbes affect the host plants in different manners that are either useful
consequences like enhancement of plant health and growth or injurious outcomes,
i.e., pathogenic behavior. Ahead of making use of the rhizosphere microflora for
sustainable agricultural methods, we have to know the composition, ecology,
dynamics, and behavior of rhizospheric microbial communities. Rhizosphere is a
Greek word (“rhiza”¼root and “sphere”¼field of influence), originally given by
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German scientist Hiltner (1904) and defined as “the zone of soil immediately
adjacent to legume roots that supports high levels of bacterial activity.” It has been
redefined several times to comprise the volume of soil affected by the root and root
tissue parts and the soil adjacent to the root in which physical, chemical, and
biological properties have been changed by root growth and activity (Pinton 2001).

The rhizosphere is classified into three zones (Clark 1949; Lynch 1987; Pinton
2001):

1. Endorhizosphere: It is the root tissue containing the endodermis and cortical
layers.

2. Rhizoplane: Soil particles and microbes stick on this root surface. It is made up of
the epidermis, cortex, and mucilaginous polysaccharide layer.

3. Ectorhizosphere: It is made up of soil adjoining the root.

In plants having mycorrhizal relationship, there is an additional zone,
mycorrhizosphere (Linderman 1988), and in a few plants an intense layer,
rhizosheath, is present that comprises root hairs, mucoid material, microorganisms,
and soil particles (Curl and Truelove 1986). Since endophytic microbes inhabit the
inner root tissues, the root is also a component of the rhizosphere (Bowen and Rovira
1999). Bulk soil is the volume of the soil that is included in the rhizosphere but not
affected by the root (Gobat et al. 2004). Through rhizospheric action the dead root is
converted into soil, but it is unlike the bulk soil.

14.3 Diversity of Organisms in the Rhizosphere

The rhizosphere holds a huge diversity of organisms specifically bacteria, fungi,
oomycetes, actinomycetes, algae, viruses, protozoa, nematodes, archaea, and
arthropods. While comparing to genome size of organisms, plants hold the maxi-
mum genome size followed by nematodes, fungi, protozoa, arthropods, algae,
bacteria, archaea, and viruses. However, while comparing populations of organisms
in similar fraction of soil, bacteria are most abundant in soil followed by viruses,
fungi, archaea, algae, protozoa, nematode, and arthropods. Rhizosphere diversity of
organisms plays an important role to maintain soil fertility, crop health, and other
factors. These organisms are directly involved in manipulating soil’s physical,
chemical, and biological properties. Rhizosphere soil has an abundance of both
beneficial and harmful microorganisms. These can be categorized in beneficial
microorganisms, plant pathogens, and human pathogens. A fraction of these
microorganisms decides the soil health. In healthy soil, the major fraction of the
rhizosphere is covered by beneficial microorganisms followed by a small fraction of
plant and human pathogens. When soil is sick, the status of these organisms become
vice versa, i.e., the population of pathogens increases tremendously as compared to
that of beneficial microorganisms (Figs. 14.1, 14.2 and 14.3).
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Fig. 14.1 Average number of genes in the genomes of representative species of each group of
organisms existing in the rhizosphere (highly modified from Mendes et al. 2013)

Fig. 14.2 Abundance (population in similar fraction of soil) of organisms in the rhizosphere
(highly modified from Mendes et al. 2013)
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14.4 Significance of Rhizosphere Microorganisms

14.4.1 Decomposition of Organic Matter

In soil, organic matter is mainly present as the uppermost layer of soil profile.
Organic matter present up to 20–30 cm of soil depth, and this is also the active
zone for rhizosphere microorganisms. Organic matter is a major source of carbon,
and microorganisms rely on carbon source for their food. When crop residue
returned to the soil, various organic compounds undergo degradation/decomposi-
tion. This decomposition is mainly facilitated by soil microorganisms. It is a
biological process that includes physical breakdown and biochemical transformation
of organic molecules into simpler organic or inorganic molecules. A continuous
deposition of biological residue to the soil surface adds a huge amount of organic
matter on the upper surface of soil. The major microflora involved in degradation of
biological residue, i.e., mainly crop and plant residue (leaf litter), are bacteria, fungi,
and actinomyces. These microbes depend on carbon source for their food. Cellulose
and polysaccharides are the major constituents of plant litter, and microbes growing
on the surface of this litter produce enzymes that degrade this complex molecule to
simpler molecules. Due to huge availability of litter, a rapid increase in microbial
population occurs at the initial phase. This microbial population mainly belongs to
the mesophilic category (Mehta et al. 2012, 2016), and a rapid increase in the
population of these microbes occurs due to rapid multiplication. The major microbial
population specifically includes Pseudomonas, Bacillus, Flavobacterium, and Clos-
tridium. It is reported by many authors including the author of this chapter that there
is clear incidence of microbial succession from mesophilic to thermophilic phase.
During thermophilic phase, temperature is one of the most important factors for the
succession of composting microorganisms.

Fig. 14.3 Types of
microorganisms and their
abundance in the rhizosphere
(highly modified from
Mendes et al. 2013)
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Enzymes deteriorating structural polysaccharides (like cellulose) that leads to
softening of leaf structure and boost in food worth for shredders are produced by
fungi and bacteria growing on the leaf surface and inside the mesophyll tissue
(Kaushik 1971). After 1 or 2 weeks of immersing in temperate streams, there is an
increase in fungal biomass and reproduction (Gessner and Chauvet 1994). Similarly
in tropical streams like 10–20 days in Columbia (Mathuriau and Chauvet 2002), or
in less time like within 7 days in Costa Rica (Stallcup et al. 2006) has been reported.
Comminution and consumption of the litter and linked microbes are completed by
invertebrate shredders and huge benthic omnivores (decapods, crabs, and fish), and
these invertebrates decrease the leaf particles to minute fragments and fibers with the
help of physical degradation by the water current. In several tropical headwaters,
most of the coarse litter remains usually elevated (Mathooko 1995; Morara et al.
2003), but all through spates and high-flow actions, a big quantity of leaf matter and
fine remains of organic matter are transported to the lesser route and floodplains. In
the deposition zone of rivers, this organic substance creates a huge buildup fre-
quently covered as sandy-loamy coating inside “sand/debris dunes” (Fittkau 1982;
Wantzen et al. 2005).

In the soil exterior to the biological activity and the carbon cycling, there is
addition of the recurring accumulation of decomposing plant deposits. To these
courses there is further addition of collapse of soil organic substance and root growth
and decomposition. Among the plants, soil, and the atmosphere, there is nonstop
conversion of organic and inorganic carbon compounds through plants and micro-
and macroorganisms, and this process is carbon cycling. A naturally ongoing
biological process is organic matter decomposition. The pace of organic matter
decomposition is controlled by soil organisms, the physical environment, and the
quality of the organic matter (Brussaard 1994). Carbon dioxide (CO2), energy,
water, plant nutrients, and resynthesized organic carbon compounds are produced
throughout this decomposition. A further intricate organic matter known as humus is
produced due to consecutive disintegration of dead material and modified organic
matter (Juma 1998). Soil characteristics are influenced by humus like soil becomes
darker in color, raise in soil aggregation and aggregate stability, and augmentation of
the capability to draw and keep hold of the supply of N, P, and other nutrients,
because of slow decomposition of humus.

14.4.2 Nutrient Cycling

The rhizospheric microorganisms, both mutualistic symbionts and saprophytic ones,
are known to have a crucial role in the cycling of nutrients and their availability to
plants. Arbuscular mycorrhizal (AM) fungi are the important mutualistic symbionts
present in the soil that increase plant nutrient uptake after creating the AM symbiosis
with the majority of plant species. Saprophytic microbes are known to increase
nitrogen (N) fixation and/or phosphorus (P) mobilization. After formation of mycor-
rhiza, the biological and physicochemical properties of the rhizosphere are altered
that leads to mycorrhizosphere creation that is crucial in mycorrhizosphere of
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legume plants as it too includes the symbiosis with N2-fixing nodulating rhizobial
bacteria.

14.4.2.1 Nitrogen-Fixing Bacteria
As plants are not capable to utilize nitrogen, thus this form of N has to be changed
into an available form to plants, i.e., ammonia, through the process called nitrogen
fixation. Only a group of prokaryotes (bacteria and archaea) are able to do this
nitrogen fixation as they contain the enzyme nitrogenase (Olivares et al. 2013; De
Bruijn 2015).

Nitrogen-fixing bacteria include free-living, associative, and symbiotic bacteria
(Olivares et al. 2013). Studies show that different free-living bacterial genera can fix
nitrogen but with small direct N transport to the plant. On the other hand, mutualistic
symbiotic bacteria forming root nodules with the plants can transport the fixation
derived ammonium to them. The word “rhizobia” is used for bacterial genera that are
able to fix nitrogen in mutualistic symbiosis with legume plants, whereas the
bacterial genus Frankia (Actinomycetes) makes nitrogen-fixing nodules on the
actinorhizal plant species roots. The associative bacteria are known to colonize
plant root surfaces and can also penetrate intercellular tissues, but no specialized
nitrogen-fixing structure formation takes place (Olivares et al. 2013). Azospirillum, a
free-living nitrogen-fixing rhizobacteria residing most intimately with plant roots as
compared to all other free-living bacteria, can make diazotrophic rhizocenosis.
Azospirillum increases plant’s N supply by enhanced N uptake potential of their
roots but not as nitrogen-fixing bacteria (Dobbelaere et al. 2001). The most signifi-
cant and proficient nitrogen-fixing system certainly is the rhizobial legume
symbiosis.

14.4.2.2 Phosphate-Mobilizing Microorganisms
In several arable soils throughout the world, P availability is the main restraining
issue for crop yield. Hence, plant P nutrition can be facilitated by a few microbes that
can mobilize P from scantily accessible resources (Barea and Richardson 2015).
Microbial activities improve the discharge of available P from scarcely available soil
P forms via two mechanisms, i.e., inorganic (solubilization) and organic
(mineralization).

Phosphate Solubilization
In vitro inorganic phosphate resources that are present in an insoluble form (beneath
the form of calcium, aluminum, or iron salts) can be proficiently solubilized by the
soil bacterial isolates like Bacillus, Enterobacter, Rhizobium, Bradyrhizobium,
Pantoea, Erwinia, and Pseudomonas, and fungal isolates such as Aspergillus,
Trichoderma, and Penicillium (Marschner 2008). Mechanisms of solubilization are
chiefly dependent on the proton release and medium acidification but also on the
chelation method in the scarcely soluble calcium phosphate forms. While in the case
of iron or aluminum phosphates, solubilization involves the chelating organic acid
formation. Successful chelation procedure leads to the sequestration of calcium, iron,
or aluminum, with the consequent P discharge to the soil solution. Citrate, oxalate,
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lactate, succinate, gluconate, and 2-ketogluconate chelating organic acids are from
the microbial C metabolism. Studies have shown that the solubilization of Fe
phosphates also includes siderophore production (Marschner 2008).

Phosphate Mineralization
Through the method called mineralization of organic P that discharges orthophos-
phate into the soil solution, bacterial and fungal soil isolates are capable to hydrolyze
organic P substrates (Richardson et al. 2009). P-mineralizing microbes include
bacteria (which are chiefly Bacillus and Pseudomonas) and fungi (which are mainly
Aspergillus and Penicillium) (Marschner 2008). Brought by the action of phospha-
tase enzymes, organic P mineralization is essentially a solubilization or hydrolytic
procedure. P-mineralizing microbes are known to make a varied kind of nonspecific
enzymes like acid and alkaline phosphatases or the specific ones like phytases that
are recognized to discharge orthophosphate from phytate and further inositol
phosphates (Jorquera et al. 2008).

14.4.2.3 Arbuscular Mycorrhizal Fungi
These fungi whose origin and divergence are over 500 million years are omnipresent
soilborne fungi (Bonfante and Genre 2008; Honrubia 2009; Schüßler and Walker
2011; Barea and Azcón-Aguilar 2013). They are classified under phylum
Glomeromycota of true fungi (Schüßler et al. 2001). AM fungal associations are
known to be present in most of the terrestrial agroecosystems globally and in all soil
types and biomes (Brundrett 2009). AM fungi have an obligate symbiotic associa-
tion with their host plants. They provide mineral nutrients (mainly P) to the host
plant roots that their mycelia absorb from the soil solution, and in exchange they get
the C compounds required for their growth and metabolism (Kiers et al. 2011).

AM mycelium can be believed as an expansion of the root system as they uptake
P from the identical pool of soluble ions than roots (Azcón-Aguilar and Barea 2015).
The majority of the P taken by mycorrhizal plants was through the fungal associate
as shown by isotopic studies (Smith and Smith 2012). AM fungus can possibly
utilize different P sources in soil through enzymatic activities because various
research findings specify that phosphatase enzyme activity is higher in soil
associated to AM-colonized roots.

AM fungi can be capable of plant N nutrition by taking it up from the soil as
findings suggest (Barea et al. 2005; Veresoglou et al. 2012). AM symbiosis was also
found to increase the ammonium uptake under all conditions as well as nitrate uptake
under drought stress situations through the isotopic studies (Tobar et al. 1994a, b).
The uptake of other nutrients like that of K, Ca, Zn, Cu, or Fe can also be increased
by AM fungi (Liu et al. 2000). The capability of the AM mycelium to make
proficient use of huge soil volume and the existence of nutrient transporters precise
of the AM symbiosis are the factors that define the AM fungal ability to uptake these
nutrients from the soil solution (Gianinazzi-Pearson et al. 2012).
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14.4.3 Altering the Availability of Nutrients to Plants

The important function of nutrient cycling is played by soil rhizospheric
microorganisms that are beneficial for plants (Kumar et al. 2017a; Verma et al.
2017). For processes such as nutrient solubilization, mobilization, mineralization,
and nutrient uptake, these microorganisms are vital (Verma et al. 2015; Meena et al.
2015; Nath et al. 2017).

Up to 65–95% of the total nitrogen (N) supply of legume crops is through
beneficial nitrogen-fixing microbes (Rakshit et al. 2015; Kumar et al. 2017a).
There are a variety of these beneficial nitrogen-fixing microorganisms like
Azospirillum, Alcaligenes, Arthrobacter, Acinetobacter, Bacillus, Burkholderia,
Enterobacter, Erwinia, Flavobacterium, Pseudomonas, Rhizobium, and Serratia.
Due to the enhanced N supply to legumes by these beneficial nitrogen fixers, when in
a temperate area legumes are used as cover crops, there was about 28% increase in
the growth and development of trees as compared to the trees grown in monospecies
planted forests (Kumar et al. 2017b).

The main prevailing P-solubilizing bacteria are Pseudomonas, Bacillus, Rhizo-
bium, and Enterobacter and fungi are Penicillium and Aspergillus (Verma et al.
2014a, b). The phosphate rocks are also known to be solubilized by a nematode
fungus Arthrobotrys oligospora (Cordero et al. 2012; Verma et al. 2014a, b).
Rhizobium (Verma et al. 2017) and Azotobacter are also able of P-solubilization
(Kumar et al. 2017b). During both pot experiments and field conditions, an enhance-
ment in plant P availability has been found by inoculation of P-solubilizing microbes
(Zaidi et al. 2009; Kumar et al. 2014; Meena et al. 2014).

Potassium (K)-solubilizing bacteria can repress pathogens and enhance soil
nutrients and structure, thus offering better plant growth (Pattanayak et al. 2017).
Some bacteria are capable to liberate potassium, silicon, and aluminum and produce
bioactive substances to improve plant growth through weathering silicate minerals,
and therefore these bacteria act as biological K fertilizers and also have a role in
biological leaching (Lian et al. 2006; Zhang and Kong 2014; Ma et al. 2016; Nath
et al. 2017; Sarkar et al. 2017).

Zinc (Zn) is chiefly absorbed by plants in Zn2+ form, whereas in calcareous and
high pH soils, it is known to be taken up in ZnOH+ form (Gontia-Mishra et al.
2016b). In contrast to chemical fertilizers, Zn solubilization by beneficial microbes is
superior. Studies suggest that rhizobacteria bring about the solubilization of insolu-
ble Zn compounds like ZnO, ZnCO3, and Zn3 (PO4)2 (Sarathambal et al. 2010;
Rokhbakhsh-Zamin et al. 2011; Kumar et al. 2012; Sharma et al. 2011; Krithika and
Balachandar 2016; Gontia-Mishra et al. 2016a). By assisting in solubilization of the
insoluble form of Zn and augmenting the Zn uptake, the zinc-solubilizing bacteria
result in Zn enrichment of grains (Barbagelata and Mallarino 2013).

Plants discharge phytosiderophores to improve their Fe uptake, but these
phytosiderophores have a lesser affinity for iron as compared to microbial
siderophores (Li et al. 2016a). Consequently adequate quantity of iron is not taken
up by these plants. In plant tissues heavy metal buildup can alter different essential
growth functions and also hinder their iron nutrition. Siderophore-producing
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rhizosphere bacteria that are able to chelate with Fe3+ make Fe accessible to plant
roots during these conditions (Rajkumar et al. 2010).

14.4.4 Support Plant Growth Under Biotic and Abiotic Stress

Abiotic and biotic stresses cause a significant decline in global agriculture produc-
tion (Shinwari et al. 1998). Exposure of plants to abiotic stresses (like water scarcity,
high/low temperature, heavy metal toxicity, soil salinity) as well as biotic stresses
(insects, pests, or pathogens) can lead to the development of tolerant or resistant
plants and also may trigger plant defense mechanisms because of the useful
characters of microorganisms (Gómez-Merino and Trejo-Téllez 2018).

14.4.4.1 Biotic Stress
Bacterial species, fungal species, oomycetes, viruses, nematodes, and parasitic
plants are known to cause plant diseases (Berg et al. 2017). Employment of
microorganisms in the form of biological control tools is well-recognized, and
they are able to manage plant diseases and other stress factors as well as encourage
plant growth (Dodd and Pérez-Alfocea 2012; Egamberdieva et al. 2013). Biological
control agents repress plant disease development by means of methods classified as
indirect and direct antagonism, for example, production of antifungal metabolites,
proteolytic enzyme formation for plant cell wall biodegradation, induced host
resistance, and competition for habitat and nutrients (Li et al. 2016b). Host plant
systemic resistance towards pathogens can be influenced by bacterial or fungal plant
pathogens through subsequent colonization and entrance into the host plant, causing
plant morphology and physiology modification, or by stimulation of the bioactive
component production (Melnick et al. 2008).

Direct antagonism methods include the inhibition of injurious plant pathogens
through their direct physical contact with the biocontrol bacteria (Pundir and Jain
2015). This can be accomplished by the biocontrol microorganisms through produc-
tion of extracellular enzymes like β-1,3-glucanase, proteases, and chitinase, as well
as antibiotics, siderophores, and hydrogen cyanide (HCN) (Bhatia et al. 2005; Dutta
and Khurana 2015). In addition, these microorganisms might as well compete for
nutrient attainment and root colonization with the plant pathogens (Haas and Défago
2005). Antibiosis, competition, and hyperparasitism are the mechanisms deployed
by the biocontrol microorganisms (Laatsch 2010).

Measures that are not concerned with pathogen recognition through the biological
control microbes come under indirect antagonism (Pundir and Jain 2015). Improve-
ment of host plant defense system by a nonpathogenic biological control agent is an
example of indirect antagonism leading to mechanisms of stimulation and effort for
host plant resistance (Pal and Gardener 2006). Induced systemic resistance (ISR) and
systemic acquired resistance (SAR) are the two mechanisms of antagonism. These
two mechanisms through the means of inducers and monitoring of pathogens
interpret host plant mechanisms of chemical or physical resistance (Singh and
Pathak 2015).
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14.4.4.2 Abiotic Stress
Temperature, water, salts, nutrients, and pH are the fundamental abiotic or nonliving
stress factors affecting plant growth in agriculture (Enebe and Babalola 2018). To
deal with abiotic stresses, microorganisms from diverse ecosystems possess huge
possibilities (Meena et al. 2017). From stress-tolerant wild plants, plant growth-
promoting bacterial strains have been procured that act as successful inoculants for
the agricultural crops (Coleman-Derr and Tringe 2014).

Through maintenance of plant antioxidant enzyme concentration, plant growth-
promoting bacteria (PGPB) assist in providing plant tolerance against abiotic
stresses (Ghosh et al. 2018). Improvement of drought situation is carried by plant
growth-promoting rhizobacteria through modification of host plant’s biochemical
and physiological processes like regulation of phytohormones and antioxidant,
production of exopolysaccharides and identical organic solutes (amino acids, sugars,
and polyamines), and production of volatile organic compounds (dehydrins) and
heat shock protein (Kaushal and Wani 2016a).

Salinity stress has been shown to be lessened by plant growth-promoting bacteria
(PGPB). Manufacture of phytohormones and siderophores and uptake of nutrients
and nitrogen fixation are some of the direct mechanisms engaged in reducing salinity
stress by PGPB. Through induced systemic tolerance (IST), plant growth-promoting
rhizobacteria (PGPR) are known to enhance plant tolerance against salinity stress
(Kaushal and Wani 2016b; Kumar and Verma 2018).

Particular enzymes assist microorganisms to acclimatize to altering temperature
and therefore to sustain their membrane integrity and enzyme stability. In such
conditions there is overexpression of heat and cold shock proteins (Alam et al.
2017; Kumar and Verma 2018). Cold-adapted microorganisms can aid plants to
survive in difficult climatic conditions in high altitude. In an Indian Himalayan cold
desert region, psychrophilic and psychrotolerant bacteria like Pseudomonas, Bacil-
lus, Arthrobacter, Staphylococcus, Burkholderia, Brevundimonas,
Methylobacterium, Pantoea, Plantibacter, Variovorax, Rhodococcus, and others
have been found to have plant growth-stimulating characters (Yadav et al. 2015).
Likewise at elevated temperature, wheat-isolated heat-tolerant plant-associated bac-
teria (Arthrobacter, Alcaligenes, Bacillus, Methylobacterium, Delftia, and several
pseudomonads) have been found to have plant growth- and development-promoting
qualities (Verma et al. 2019).

For improvement of high-pH stress conditions, an attractive substitute is the
application of bioinoculants. Through enhancement of nitrogenase enzyme action
(for efficient nitrogen fixation), augmentation in nodule formation in plants via plant
growth-promoting bacteria (PGPB) has been found (Abd-Alla et al. 2014).

14.5 Conclusion

There is a huge importance to understand rhizosphere biology and its significance to
the soil and plant health. It is a very diverse and broad area of research to understand
the significance of different microbes living in the rhizosphere. A rapid change in the
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rhizosphere is always reported depending on the environmental and ecological
factors, and several researchers have also reported crop-specific rhizosphere diver-
sity. Therefore, it is further needed to explore this area since soil microorganisms
have a huge potential and significant importance in crop and soil health that may lead
to sustainable agriculture practices.
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Functional Niche Under Abiotic Stress 15
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Abstract

The ecosystem functioning of any functional niche is largely dependent on the
structure and organization of the inhabiting microbial communities. The micro-
bial communities often display dynamic organization which is under constant
exposure to diverse abiotic stress conditions. Such stress conditions play a major
role in shaping and influencing the microbial community organization and its
diversity. Microorganisms, which represent the earliest life forms, have
undergone the longest evolutionary period resulting in the acquisition and devel-
opment of capabilities to withstand extreme stress conditions. Besides their
resilience nature against various abiotic stress conditions, microbes also display
adaptability by rapid mutation to counter the stress conditions. As different
microbes have different capabilities to tolerate any stress condition, the stress
condition often favors the enrichment of microbes which display tolerance to the
exposed condition. In this chapter, we summarized various abiotic stress
conditions, including temperature, salt, drought, waterlogging, and metal toxicity
stress, and how they influence the structure and diversity of the inhabiting
microbial community structure and diversity. Various mechanisms employed
by microorganisms to withstand these abiotic stress conditions are also described
in the chapter.
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15.1 Introduction

Niche is the position or role of a species within a given community or the distribu-
tional relation of a species to a range of environments and communities. The three
metrics were employed for describing the pattern of functional niche occupation and
infer the processes of community assembly (Li et al. 2018a). Environmental
gradients including stress and disturbances potentially cause changes in both species
richness and trait variations (Loranger et al. 2016; Le Bagousse-Pinguet et al. 2014).

Abiotic stresses include low or high temperature, deficient or excessive water,
high salinity, heavy metals, and exposure to radiations, adversely affecting the
microbial diversity and growth. Different abiotic stresses can provoke common
cellular disorder and secondary stresses, including membrane injury, reactive oxy-
gen species (ROS) damage, protein denaturation, and osmotic stress, and further
they all are interrelated with each other. Microbes exhibit a large number of adapta-
tion mechanisms through which they can alleviate the abiotic stresses and success-
fully thrive in these stress conditions. Microbes when exposed to abiotic stresses
undergo rapid metabolic, physicochemical, as well as adaptive changes. Sudden
onset of abiotic stress can damage microbial richness of the habitat while chronic
exposure of abiotic stressor induces resilience in the individuals of the native
microbial community. Microorganisms growing in presence of abiotic stresses
actively induce the synthesis and increase in the levels of antioxidant enzymes,
accumulation of osmolytes, and expression of different stress-responsive genes.
Microbes even show interaction with plants and also enhance germination and
establishment of juvenile seedlings under abiotic stress conditions.

In this chapter, we will discuss in detail abiotic stresses and their types and impact
on microbial community structure as well as function and adaptive mechanisms
shown by the microbes to mitigate the abiotic stresses.

15.2 Functional Niche Under Temperature Stress

The extreme diversity of the soil microbial communities (Tringe et al. 2005) is
considered as the dominant driving force of biogeochemical cycles in terrestrial
ecosystems (Fierer et al. 2012). The critical roles of microbial communities in
regulating the cycling of micro- and macronutrients are the basis of soil fertility,
plant health, and the maintenance of macroscopic life (Fierer et al. 2012;
Mandakovic et al. 2018). Although microbial communities are highly adaptable
and resilience in nature, their structure and co-occurrence are primarily dependent
upon various abiotic stress conditions and environmental factors such as temperature
(Stomeo et al. 2012), pH of soil (Fierer and Jackson 2006; Lauber et al. 2009),
humidity (Angel et al. 2010; Neilson et al. 2017), presence of toxic compounds,
salinity, etc. This section will cover the influence of the temperature on the func-
tional niche of microbial communities.
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15.2.1 The Temperature Stress

The temperature stress in the microbial communities can be defined as an alteration
in the thermal state of the community as a result of a transient or prolonged exposure
to elevated or low-temperature conditions. The uncontrolled and ever-increasing
anthropogenic activities releasing the greenhouse gases are leading to the variation
in rainfall patterns, climate change, and global warming. The global increase in
temperature is a serious concern among the scientific communities, and therefore, it
is crucial to understand how diversity, abundance, and the structure of the soil
microbial community are influenced by the temperature stress.

15.2.2 Influence of Temperature on the Abundance of Microbial
Community

The temperature has long been known as an important factor influencing the
physiological activity in the soil such as respiration of soil microbes, the plant
roots, and rhizosphere (Lundegårdh 1927) and the growth of microorganisms
(Ratkowsky et al. 1982). The temperature can influence soil microbial communities
by direct or indirect pathways (Shaver et al. 2000), where direct effects are the
consequence due to change in temperature and indirect effect is a complicated
cascade of effects as a result of interactions among various processes influenced
by the direct effect.

Warming has been shown to have a season-dependent impact on the microbial
community. The experimental warming of the ecosystem of tallgrass prairie in
winter and spring seasons resulted in the increase in the microbial biomass along
with an alteration in the efficiency of C and N usage by microbes suggesting a
possible shift to a fungi-predominant microbial population, which could favor soil C
storage (Belay-Tedla et al. 2009). The warming in summer and early fall, however,
displayed a negative effect on the bacterial biomass (Liu et al. 2009).

Besides direct effect, the high temperature also influences soil microbial commu-
nity indirectly (Shaver et al. 2000; Wan et al. 2005, 2007; Norby and Luo 2016)
suggesting that different abiotic factors often work in combination to influence the
functional niche of soil microbes. The negative effect on microbial community
through the water stress stimulated by the warming condition in the summer was
found to be stronger than any positive effects of elevated temperature (Liu et al.
2009). Similarly, in a study on the effects of temperature (15–35�C) and elevation
(600–1800 m) on the microbial communities in bamboo plantation soils in Taiwan,
an increase in the soil respiration was observed. However, the relative abundance of
Acidobacteria and α-Proteobacteria decreased upon prolonged exposure of
112 days at 35�C, indicating a decrease in bacterial diversity due to the prolonged
exposure at 35�C. In contrast to α-Proteobacteria, the relative abundance of
γ-Proteobacteria collected from the elevation of 600–1200 m increased after
prolonged incubation at 35�C, while samples collected from 1800 m elevation
displayed overall decreases in the abundance (Lin et al. 2017). Phospholipid fatty
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acid profiles (PLFA) analysis, which is used for analyzing the relative abundance of
Gram-negative, Gram-positive, actinobacteria, and fungi, suggests that the compo-
sition of the bacterial community in grassland soil is resilient to the combined effect
of water and temperature changes (Balser and Firestone 2005).

The low temperature appears to have a negative effect on the microbial commu-
nity. In a study on three zonal forests with distinguished climatic conditions includ-
ing a subtropical, a warm, and a cool temperate forest in China, the temperature
among all the treatment factors displayed the most profound effect on C mineraliza-
tion, which decreased with the drop in temperature from 25�C to 5�C (Tang et al.
2018). In the temperate forest ecosystem, with annual mean temperature and mean
precipitation 15.1 mm and 900 mm, respectively (Luan et al. 2011), the soil water
and the temperature were identified as the predominant factors in shaping soil
microbial community structure (You et al. 2014). The soil water was found to
positively influence the abundance of Gram-negative bacterial community, while
the soil temperature was found to increase the relative abundance of the saprophytic
fungal community and decreased the abundance of the bacterial communities (You
et al. 2014).

A metagenome study on the impact of decade-long warming stress on soil
microbial community in grassland soil ecosystem revealed that the Actinobacteria,
Acidobacteria, Bacteroidetes, Planctomycetes, and Proteobacteria are the most
abundant bacterial phyla, whereas the most dominant fungal phyla—Ascomycota
and Basidiomycota—exhibited decreased abundance under the warming conditions
(Luo et al. 2014). In a similar study on the microbial community of the Arctic soils,
the long-term warming resulted in the notable decrease and significant increase in the
evenness of bacterial communities and fungal communities, respectively (Deslippe
et al. 2012). The microbial communities in the low-Arctic tundra soils are usually
quite stable; however, long-term warming-induced changes in the nutrient cycling
consequently result in the change in the dominance level of the microbial
communities. Among bacterial composition, the slog-growing Gram +ve
Actinobacteria displayed a considerable increase in their abundance, while the
dominance of Gemmatimonadaceae and the Proteobacteria decreased significantly.
In contrast to the bacterial species, the fungal community exhibited a significant
increase in the abundance of Russula spp., ectomycorrhizal fungi, Cortinarius spp.,
and Helotiales (Deslippe et al. 2012).

15.2.3 Influence of Temperature on Genomic Adaptation

The abiotic factors not only shape the complex structure and assembly of the
microbial communities but also trigger their genomic adaptation against the stress
conditions such as elevated temperature and carbon dioxide (Heimann and
Reichstein 2008; Bond-Lamberty and Thomson 2010; He et al. 2010; Deng et al.
2012). A decade of soil warming of grassland soil in the Midwestern USA displayed
a significant increase in the G+C content of microbial community indicating a
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selection pressure in favor of genome stability under temperature stress (Luo et al.
2014).

15.2.4 Influence of Temperature on Metabolic Pathways
of Microbial Community

Moreover, temperature stress was also found to influence the overall changes in the
metabolic pathways. The 2�C warming for 10 years displayed enrichment in the
metabolic pathways involved in respiratory pathways, sporulation-related pathways,
denitrification, and labile carbon source metabolism including cellulose degradation,
glycerate metabolism, and β-glucuronide utilization. In contrast, the fermentation
pathways and metabolic pathways for recalcitrant carbon sources such as chitin and
lignin are less abundant under warming stress conditions (Luo et al. 2014). Such
shifts in the abundance of metabolic pathways indicate that warming promotes
higher primary production, higher microbial respiration rates, higher sporulation,
and decreased inorganic nitrogen content (Luo et al. 2014). The overall effect of
temperature on the functional niche of microorganisms has been summarized in
Table 15.1.

15.3 Functional Niche Under Heavy Metal Toxicity Stress

In the early 1980s and 1990s, a series of laboratory-based studies on soil microbes
(McGrath et al. 1988; Chaudri et al. 1992; Smith and Giller 1992; Smith 1997)
established a new line of research on “effects of heavy metals on soil microorgan-
ism.”Although heavy metals are naturally produced on the earth’s surface by natural
activities such as geothermal and volcanic eruptions (Pirrone et al. 2010), the
anthropogenic activities such as the uncontrolled use of pesticides and fertilizers,
improper and illegal release of industrial wastes, and chemical manufacturing have
increased its level tremendously (Nwuche and Ugoji 2008; Selin 2009; Gómez-
Sagasti et al. 2012). The problem of heavy metal pollution is rapidly growing and
has affected various parts of the world (Imperato et al. 2003; Morton-Bermea et al.
2009; Su 2014; Kou et al. 2018; Tang et al. 2019).

15.3.1 Heavy Metal Toxicity Stress

Heavy metals in trace amounts are vital for living organisms, including microbes, as
they are involved in biologically important redox reactions and also serve as metallic
cofactors for a wide range of enzymes (Silver and Phung 2005). However, their
accumulation in excess leads to the condition known as metal toxicity, which is life-
threatening to the living organisms. The heavy metal stress conditions are caused by
the excessive accumulation of a variety of heavy metals such as arsenic (Ar),
mercury (Hg), cadmium (Cd), chromium (Cr), lead (Pb), vanadium (V), etc. in
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Table 15.1 Effect of temperature on the functional niche of microbes

Abiotic
factor Niche

Species, phyla,
metagenome,
pathways Effect References

Warming in
winter and
spring
seasons

Tallgrass prairie Fungi Increase in
abundance

Belay-
Tedla et al.
(2009)

Warming in
summer

Terrestrial ecosystem Bacterial community Decrease in
abundance

Liu et al.
(2009)

Elevated
temperature
(35�C)

Bamboo plantation
soil at 600 m
elevation

Acidobacteria, and
α-Proteobacteria

Decrease in
the abundance

Lin et al.
(2017)

γ-Proteobacteria Increase in
abundance

Bamboo plantation
soil at 1200 m
elevation

Acidobacteria, and
α-Proteobacteria

Decrease in
the abundance

γ-Proteobacteria Increase in
abundance

Bamboo plantation
soil at 1800 m
elevation

Acidobacteria, and
α-Proteobacteria, and
γ-Proteobacteria

Decrease in
the abundance

Drop in
temperature
from 25�C to
5�C

Three zonal forests
with distinguished
climatic conditions
including a
subtropical, a warm,
and a cool temperate
forest

Carbon mineralization Decrease in
carbon
mineralization

Tang et al.
(2018)

Annual
mean
temperature
of 15�C

Temperate forest Gram-negative
bacterial community

Increase in the
abundance

You et al.
(2014)

Annual
mean
precipitation
of 900 mm

Saprophytic fungal
community

Increase in the
abundance

Bacterial community Decrease in
the abundance

Decade long
temperature
stress
(ambient
+2�C)

Grassland soil in the
Midwestern USA

Actinobacteria,
Acidobacteria,
Bacteroidetes,
Planctomycetes, and
Proteobacteria

Increase in
abundance

Luo et al.
(2014)

Ascomycota and
Basidiomycota

Decrease in
abundance

Metagenome of all
microbial
communities in the
sample

Increase in G
+C content

(continued)
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soils and other ecological niches. Being recalcitrant and nonbiodegradable, heavy
metals can persist for many years affecting soil health and the ecological environ-
ment (Khan et al. 2007; Yang et al. 2016; Xiao et al. 2017).

The heavy metal toxicity has been shown to cause protein dysfunction and
damage to cell membrane integrity (Leita et al. 1995), damage to the DNA structure
(McEntee et al. 1986; Mergeay 1991), and replacement of biologically important
elements from cells (Göhre and Paszkowski 2006). Therefore, heavy metal stress is
known to shape the structure and diversities of the microbial communities particu-
larly bacteria and fungi (Frey and Rieder 2013; Frossard et al. 2017).

15.3.2 Microbial Mechanism to Deal with Heavy Metal Toxicity
Stress

The microbial mechanisms to deal with metal toxicity have a strong evolutionary
connection. It is evident that life originated in an anoxic environment rich in toxic
metals; therefore, it is plausible that the evolution of early life forms including
archean ancestors must have evolved the mechanisms to deal with prevalent toxic
heavy metals such as Hg, Ar, Cd, etc. The metal resistance in bacterial system
evolved way earlier than the emergence of antibiotic resistance (Hughes and Datta
1983), and therefore it is a misconception that anthropogenic activity causing
excessive release of the heavy metals has caused the evolution of heavy metal
resistance system. The theory that these toxic metal resistance systems were evolved
billions of years ago with the early life forms is further reaffirmed by the abundance
of such systems in a wide range of microorganisms irrespective of their place of
isolation ranging from heavily polluted sites to the pristine nature (Rodríguez-Rojas
et al. 2016; Wang et al. 2016). Moreover evolutionary analysis of microbial genes
involved in the detoxification of heavy metals suggests the ancient origin of such
genes (Mukhopadhyay et al. 2002; Lebrun et al. 2003; Bhattacharjee and Rosen
2007). However, a prolonged exposure to the heavy metal toxicity would reduce the
population of sensitive microbial species, while enriching the resistant species. With
time microorganisms have evolved and developed several strategies including

Table 15.1 (continued)

Abiotic
factor Niche

Species, phyla,
metagenome,
pathways Effect References

Long-term
warming

Low-Arctic tundra
soils

Actinobacteria Increase in the
abundance

Deslippe
et al.
(2012)Gemmatimonadaceae

and Proteobacteria
Decrease in
the abundance

Russula spp.,
ectomycorrhizal
fungi, Cortinarius
spp. and Helotiales

Increase in the
abundance
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sequestration, active export, enzymatic detoxification, and extracellular
precipitation.

15.3.2.1 Extracellular Sequestration
A wide range of microorganisms often use extracellular sequestration as a mecha-
nism to combat metal toxicity. For extracellular sequestration, microbes use different
extracellular structures including siderophores (Schalk et al. 2011), glutathione
(Lima et al. 2006), bio-surfactants (Banat et al. 2000), ionic functional groups on
bacterial cell wall (Naik and Dubey 2013), and extracellular polymeric substances
(EPS) (Gupta and Diwan 2017). Siderophores secreted by bacteria and fungi have
the ability to bind to several heavy metals including zinc, nickel, copper, manganese,
cobalt, mercury, and iron and protect them from heavy metal toxicity by sequestra-
tion (Chaturvedi et al. 2012; Yin et al. 2014, 2016; Sharma et al. 2018; Patel et al.
2018). Some microbes such as Rhizobium leguminosarum secrete glutathione which
has been shown to sequester cadmium (Lima et al. 2006). Microbial surfactants, such
as fatty acids, glycolipids, lipopeptides, and phospholipids, are surface-active
metabolites, which possess both the hydrophilic moieties (such as amino acids,
peptides, carbohydrates, and ions) and the hydrophobic moieties (such as fatty
acids) (Ayangbenro and Babalola 2018). The amphiphilic nature of these
compounds enables them to form micelles and thereby reducing the interfacial
surface tension between fluids of different polarities (Mazaheri Assadi and
Tabatabaee 2010). Strains of Pseudomonas aeruginosa produces rhamnolipid
biosurfactant, which preferentially forms a complex with toxic cationic metal ions
such as Cd, Pb, and Zn than with normal cations such as Ca and Mg (Torrens et al.
1998; Herman et al. 2002; Singh and Cameotra 2004). The cell wall of some
microbes carries a variety of cationic and anionic functional groups including
hydroxyl, carboxyl, amine, and phosphate, which sequester metallic ions and pre-
vent them from entering the cell (Naik and Dubey 2013). EPS offers another means
of extracellular sequestration in heavy metal resistant microbes (Table 15.2).

15.3.2.2 Extracellular Precipitation
Sulfate-reducing bacteria such as Desulfovibrio desulfuricans have evolved an
interesting mechanism to counter the heavy metal toxicity. It produces and secretes
hydrogen sulfide in the extracellular environment, which causes precipitation of
metallic ions such as Cd, Ni, and Cr, thereby protecting the living cell from heavy
metals (Voordouw 1995; Kieu et al. 2011; Joo et al. 2015).

15.3.2.3 Intracellular Sequestration
The mechanism of intracellular sequestration of heavy metal helps microbes prevent
the exposure of intracellular components to toxic heavy metals. Some microbes have
devised a way to detoxify heavy metal ions by transforming them with the help of
sulfides (De Freitas Lima et al. 2011) and cytosolic polyphosphates (De Freitas Lima
et al. 2011). The fungus Trichoderma harzianum and thermoacidophilic archaeon
Sulfolobus metallicus have been shown to utilize their polyphosphates to sequester
cadmium (De Freitas Lima et al. 2011) and copper (Remonsellez et al. 2006),
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respectively. Biomineralization—the natural process of forming minerals by
microorganisms—offers an efficient way to sequester toxic heavy metals (Li et al.
2013, 2018b). Cysteine-rich protein metallothioneins function as a sink for toxic
metals, and their expression elevates during the metal stress (Blindauer et al. 2008).

Table 15.2 Microbial mechanisms for detoxification of heavy metals

SN Mechanism
Heavy
metals Species or genus References

1 Extracellular
sequestration by
siderophores

Zn, Ni, Cu,
Mn, Co,
Hg, Fe, Al,
Pb, Sn

Pseudomonades Pattus and Abdallah (2000),
Braud et al. (2009),
Chaturvedi et al. (2012), Yin
et al. (2014, 2016), Sharma
et al. (2018), Patel et al.
(2018)

2 Extracellular
sequestration by
glutathione

Cd Rhizobium
leguminosarum

Lima et al. (2006)

3 Extracellular
sequestration by
microbial
surfactants

Cd, Pb, and
Zn

Pseudomonas
aeruginosa

Torrens et al. (1998), Herman
et al. (2002), Singh and
Cameotra (2004)

4 Extracellular
sequestration by
EPS

Cu, Pb Methylobacterium
organophilum

Kim et al. (1996)

As Herminiimonas
arsenicoxydans

Marchal et al. (2010)

Thiomonas sp. Marchal et al. (2011)

5 Extracellular
precipitation of
heavy metals by
hydrogen sulfide

Cd, Ni, and
Cr

Desulfovibrio
desulfuricans

Voordouw (1995), Kieu et al.
(2011), Joo et al. (2015)

6 Intracellular
sequestration
using
metallothionein

Cd, Zn Synechococcus sp. Blindauer et al. (2008)

7 Intracellular
sequestration by
biomineralization

Cd Bacillus cereus Li et al. (2018b)

Ni, Cu, Pb,
Co, Zn,
and Cd

Urease-producing
bacteria

Li et al. (2013), Khadim et al.
(2019)

8 Intracellular
sequestration by
polyphosphates

Cd Trichoderma
harzianum

De Freitas Lima et al. (2011)

Cu Sulfolobus
metallicus

Remonsellez et al. (2006)

9 Efflux pumps Cd S. aureus Smith and Novick (1972),
Nies (1992)

10 Enzymatic
detoxification

Hg Bacillus sp. Noroozi et al. (2017)

As Micrococcus sp.,
Acinetobacter sp.

Nagvenkar and Ramaiah
(2010)
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15.3.2.4 Enzymatic Redox Reactions and Export Pumps
Enzymatic redox reactions and export pumps are widely used mechanisms by Hg-
and As-resistant bacteria. The toxicity of Hg is attributed to its high affinity for the
sulfhydryl ligands (-SH group) in the amino acids causing structural changes in the
protein often leading to the loss of functions (Nies 2003). The microbial response to
the Hg(II) is extensively studied in the last three decades. A wide range of Gram-
negative and Gram-positive bacterial isolates from environmental, industrial, and
clinical isolates harbor mercury resistance mer operon, which encodes for proteins
involved in detoxification of mercury (Silver and Phung 2005; Dash and Das 2012).
These genes may be located either on chromosomal DNA as in Bacillus isolates or
on extrachromosomal plasmid DNA (Narita et al. 2003; Silver and Phung 2005;
Dash and Das 2012), and also the number of genes in the “mer operon” and the
identity of genes vary from species to species (Wilson et al. 2000).

The components of mer operon includes MerA, MerB, MerC (or MerT or MerF),
MerD, MerP, and MerR. The bacteria first bring the toxic mercury compound from
outside to its cytoplasm, where cytoplasmic enzymes can detoxify it. In the first step,
the periplasmic protein MerP acts as a mercuric ion scavenging protein. The Cys-X-
X-Cys motif of MerP protein first binds to the Hg(II) in the periplasmic space in a
linear S-Hg-S manner (Steele and Opella 1997; Ballou and Miller 1999). The MerP
protein then transfers the Hg(II) to the inner membrane protein MerT, which drives
the transport of mercuric ion into the cytoplasm via membrane potential. In addition
to MerT, bacterial species may possess other divergent mercuric ion transporters
including MerC, MerF, and MerE. Among these mercuric ion transporters, MerC
appeared as the most efficient Hg(II) transporter compared to MerT, MerE, and
MerF. These mercuric ion transporters are broad-spectrum mercury transporters and
are capable of transporting Hg(II) and phenylmercury (C6H5Hg(I)) (Sone et al.
2013a, b). As all these three membrane proteins are mercuric ion transporters, it is
conceivable that they share some similarities despite their different structures and
divergent sequences. A pair of cysteine residues is present on the inner membrane,
while another pair of cysteine residues is located on the cytoplasmic face of these ion
transporters. Moreover, these proteins also display similarity in the presence of a
proline residue and one charged residue in the second helix (Wilson et al. 2000). The
mercuric ion transporter transfers the Hg (II) to the MerA protein, which is a large
homodimer of mercuric reductase, which is a flavoprotein containing FAD as the
cofactor. The electron transfer from the FAD cofactor at the active site of MerA
reduces the Hg(II) to volatile, relatively inert, monoatomic Hg(0) vapor (Schiering
et al. 1991; Engst and Miller 1999; Barkay et al. 2003).

The mer operon is regulated by a metal responsive regulatory protein MerR. In
the absence of metal, the apo MerR acts as a repressor protein and binds to
the promoter/operator region of the mer operon. However, the binding of Hg(II) to
the MerR protein results in the conformational transition causing the activation of the
mer operon (Chang et al. 2015). Many mer operons also encodes for MerB protein
that is involved in detoxification of organomercurials by protonolysis (Barkay et al.
2003). MerB is a monomeric lyase that cleaves the Hg-C covalent bond. The
resultant Hg(II) then can be reduced by MerA protein (Silver and Phung 2005).
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Arsenic is primarily found in four different oxidation states including arsenate
(As(V)), arsenite (As(III), elemental arsenic (As(0)), and arsenide (As(-III)).
Microorganisms have developed different strategies to deal with As toxicity. Micro-
bial enzymes As(III) oxidase and methyltransferase can oxidize and methylate As
(III), respectively. As can also be utilized by microorganisms as a terminal electron
acceptor or an electron donor in As(V) respiration and in chemoautotrophic As(III)
oxidation, respectively (Wang et al. 2016). However, the ars operon system is by far
the most extensively characterized and most widely found As-resistance mechanism
(Oremland and Stolz 2003).

A wide range of Gram-negative and Gram-positive bacteria harbor ars operon to
detoxify both arsenite and arsenate (Carlin et al. 1995; Bhattacharjee and Rosen
2007). The ars operon is comprised of at least three genes including arsR (encodes
for the repressor protein), arsB (encodes for membrane efflux pump), and arsC
(encodes for arsenate reductase). In some Gram-negative bacteria, two additional
genes arsA and arsD are also found, which encode for an intracellular ATPase and a
corepressor, respectively (Tisa and Rosen 1990; Li et al. 2002). The membrane
efflux pump, ArsB can independently work as anion efflux channel. Moreover, it
provides a membrane-binding site for ArsA, which then can convert the energy
coupling of ArsB from membrane potential to ATP (Tisa and Rosen 1990). The
efflux pumps are also used by microbes to export Cd, Cu, and Zn (Smith and Novick
1972; Nies 1992; Maynaud et al. 2014).Mesorhizobium metallidurans isolated from
a zinc-rich mining soil uses P-type efflux ATPase to export Zn and Cd (Maynaud
et al. 2014).

15.3.3 Microbial Diversity on Heavy Metal-Contaminated Niche

The abundance and type of heavy metal in the soil influence the soil ecosystem and
the microbial diversity. A metagenomic study of different soils with varying
concentrations of Pb and Zn contamination identified Solirubrobacter, Geobacter,
Edaphobacter, Pseudomonas, Gemmatimonas, Nitrosomonas, Xanthobacter,
Sphingomonas, Pedobacter, and Ktedonobacter, as the 10 most abundant bacteria
in all the samples. With the increased concentration of Zn and Pb, the abundance of
resistant species increased (Hemmat-Jou et al. 2018). Comparative study of the
microbial communities on the pristine and contaminated mangrove forests identified
that the contaminated samples had reduced microbial metabolism including
nitrogen-fixing capability, with an increase in metal resistance encoding genes
indicating enrichment of heavy metal-resistant species (Li et al. 2019). In a similar
study on the bacterial and fungal community structure on long-term metal exposure
from six different sites in Canada, Ascomycota and Basidiomycota fungi were found
to have the highest relative abundance in the metal-contaminated and reference soils,
respectively. Among the bacterial genera, the metal-contaminated soils were
enriched with Geobacillus and Thioalkalispira (Narendrula-Kotha and Nkongolo
2017). The species from the genus Geobacillus are known to detoxify heavy metals,
and moreover, they denitrify nitrate to nitrogen (Chatterjee et al. 2010). The majority
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of bacterial families (around 62%) and fungal families (around 58%) were common
to the contaminated and the reference sites (Narendrula-Kotha and Nkongolo 2017).

15.4 Functional Niche Under Salt Stress

A soil with electrical conductivity of a saturated paste extract equal to more than
4 decisiemens per meter (dS/m) is considered as saline soil by the United States
Department of Agriculture. Cations like Na+ (Sodium), Ca2+ (Calcium), and K+

(Potassium) as well as anions such as Cl� (Chloride) and No3� (Nitrate) contribute
to salinity by increasing the electrical conductivity of soils (Sairam et al. 2016). A
natural activity like low precipitation as well as human activities such as high surface
irrigation and poor agricultural management contributes towards soil salinization,
which further suppresses growth and linearly decreases microbial species diversity
mainly through osmotic effect and ion toxicity (Kumar and Verma 2018).

15.4.1 Microbial Community Under Salt Stress

Halophiles include microbes of all three domains of archaea, bacteria, and
eukarya and possess the ability to thrive and multiply in ecological niches
with high concentration of salts (Todhar et al. 2012). A common habitat for
halophilic microbes includes saline soil, saline ocean water, salt lakes, soda
lakes, salterns, salt foods, etc. Salinity niche preference has been exhibited
by microbial phylotypes belonging to Nitriliruptoria, Alphaproteobacteria,
Halobacteria, Gammaproteobacteria, Actinobacteria, Thermoleophilia, Bacilli,
and Acidimicrobiia (Zhang et al. 2019). Halobacterium, Rhodothermaeota,
Balneolaeota, Nanohaloarchaeota, and Bacteroidetes were found to be the domi-
nant prokaryotic groups in soil samples from salt marshes (Vera-Gargallo and
Ventosa 2018). Niche in rhizosphere soils with high saline condition mainly com-
prise of taxonomic groups Alphaproteobacteria and Gammaproteobacteria and
especially deltaproteobacterial which are close relatives to Myxobacteria, together
with Actinobacteria, Firmicutes, Bacteroidetes, and Gemmatimonadetes (Philippot
et al. 2013). Arbuscular mycorrhizal fungi belonging to the order Glomerales
(Carvalho et al. 2003; Bencherif et al. 2015), Archeosporales (Wilde et al. 2009),
and Diversisporales (Sonjak et al. 2009) are reported to exist in natural saline soils
(Evelin et al. 2009; Bencherif et al. 2015). Five halotolerant endophytic fungi
Aspergillus terreus, Acremonium sclerotigenum strain CCTU1171, Paecilomyces
formosus, Monosporascus ibericus, and Microascus pyramidus were isolated from
halotolerant plants, and they exhibited survival on 3.5 M NaCl concentration (Jalili
et al. 2020).
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15.4.2 Mechanisms for Tolerance of Salt Stress

Saline stress significantly reduces activities of various beneficial microbes present in
soil niche and rhizosphere and also decreases organic matter accumulation and can
result in low crop productivity (Waskiewicz et al. 2013). Salt stress can upset the
balance between different cellular processes, leading to generation of reactive
oxygen species which can further cause oxidative damage to proteins, DNA, and
lipids (Miller et al. 2010).

Microorganisms adapt to variations in osmolarity or salt via mechanisms which
include—by accruing low molecular weight organic compatible solutes (Shamseldin
et al. 2006; Hagemann 2011)—exclusion of Na+ ion from cells through the action of
a Na+/H+ antiporter and Na+-ATPase (Waditee et al. 2002), alteration in the compo-
sition of membrane via changes in fatty acid saturation or phospholipid composition
to better manage with the changed turgor pressure (Romantsov et al. 2009), scav-
enging of reactive oxygen species in order to prevent the oxidative degradation of
lipids (Waditee et al. 2002), employing molecular chaperons for the restoration of
the native folding of proteins (Brígido et al. 2012), exopolysaccharide production
(Sandhya et al. 2009), expressions of salt-responsive genes (Diby et al. 2005), and
differentially expressed stress-related proteins (Paul and Lade 2014).

Microbial cell survival during salt stress is dependent over maintenance of correct
fluidity of the bilayer in the membrane. Compatible solutes comprise a restricted
range of highly water-soluble, osmotically active, low molecular weight amino acids
like proline, serine, and glutamate (TeChien et al. 1992) and their derivatives, sugars
such as trehalose or sugar alcohols, other alcohols (Ventosa et al. 1998) and
inorganic cations such as K+ (Smith and Smith 1989), and quaternary ammonium
compounds such as glycine betaine and proline betaine (Tsuzuki et al. 2011),
polyamines, and organic solutes (TeChien et al. 1992). Compatible solutes are
amassed in the cytoplasm by the halophiles to maintain osmotic pressure, and their
accumulation does not affect normal metabolism and neither cellular processes of the
organism (Pastor et al. 2010). Till date many halotolerant genes and their products in
the form of proteins as well as enzymes play a vital role in the survival of microbes in
salt stress niche (Table 15.3). A functional metagenomic strategy was utilized to
retrieve novel salt-resistant genes like endonuclease III, proton pumps, glycerol
transporters, and DNA/RNA helicases in rhizospheric microorganisms present in
both hyper and moderately saline environments (Mirete et al. 2015).

15.5 Functional Niche Under Waterlogging Stress

Agriculture around the world is constantly challenged by different environmental
changes as a consequence of global warming. The environmental changes that alter
water availability include mainly two conditions, flood (waterlogging) and drought.
This section describes the functional niche under the waterlogging condition; the
functional niche under the drought conditions is covered in Sect. 15.6.
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Flooding is generally caused by intensive and/or extensive rainfall over a period
of time (Fukao et al. 2019). Flooding produces an important type of abiotic stress
like soil waterlogging. Flooding can be classified as waterlogging or as submergence
(Sasidharan et al. 2017). When soil is covered with an excess amount of water which
limits the rate of gas diffusion especially of oxygen in soil, it is known as
waterlogging soil. This soil remains covered with water for a longer time duration,
so it is fully saturated with water. The oxygen diffusion rate in waterlogged soil is
approximately 320,000 times less than the unsaturated soil (Nishiuchi et al. 2012;
Colmer and Flowers 2008). So, waterlogging interferes the O2 movement in soil and
creates hypoxia (sub-optimal O2) and anoxia (absence of O2) condition and favors
anaerobic microbial community. In waterlogging condition, a number of physical,
chemical, and biological changes may occur in soil like soil fertility due to changes
in soil physicochemical and microbiological properties (Sahrawat 2005). The main

Table 15.3 Various mechanisms in microbes to tolerate salt stress

S.
N. Mechanism Microbial species/genus References

1. Compatible solutes
1.1 Ecotin Ectothiorhodospira

halochloris
Galinski et al. (1985)

1.2 Hydroxyecotin Halomonas elongata Margesin and Schinner (2001)

1.3 Trehalose Rhizobium etli Reina et al. (2012)

1.4 Proline Halobacillus halophilus Saum and Müller (2007)

1.5 Glycine betaine Tistlia consotensis Rubiano et al. (2015)

1.6 Glycine betaine Methanosacrina Roessler et al. (2002)

1.7 Glomalin Rhizophagus irregularis Giri and Varma (2019), Estrada
et al. (2013)

2. Halotolerant genes
2.1 betS Sinorhizobium meliloti Boscari et al. (2002)

2.2 katE Escherichia coli K12 Islam et al. (2013)

2.3 proH, proJ, and proA Halobacillus halophilus Saum and Müller (2007)

2.4 codA Arthrobacter globiformis Goel et al. (2011)

2.5 ostA/ostB, mpgS/mpgP Thermus thermophilus Alarico et al. (2005)

2.6 HAL1 Saccharomyces
cerevisiae

Serrano and Gaxiola (1994)

3. Enzymes
3.1 Alkaline proteases Bacillus halodurans

CAS6
Annamalai et al. (2013)

3.2 Haloalkaline proteases Bacillus horikoshii Joo and Choi (2012)

3.3 Halophilic extracellular
protease

Halobacillus karajensis Karbalaei-Heidari et al. (2009)

3.4 Halotolerant alpha-
amylase

Bacillus licheniformis
shahed-07

Rasooli et al. (2008)

3.5 Halotolerant alpha-
amylase

Bacillus
amyloliquefaciens IIB-14

Zar et al. (2013)

3.6 Choline sulfatases Cyclobacterium qasimii Cregut et al. (2014)
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driving force for such changes is primarily a decrease in redox potential (Olmedo
et al. 2015). When soil becomes anoxic, remineralization rate decreases, and organic
matter accumulate in the soil. Due to differences in O2 availability, pH, and
availability of different ions like Fe and Mn in unsaturated normal and waterlogged
soil, the types of microorganisms are also varying in both types.

In waterlogging soils, which are generally anoxic, O2 usually diffuses from the
surface into the soil and creates a thin (1–5 mm deep) oxic soil layer which becomes
a habitat for aerobic bacteria which use oxygen as a terminal electron acceptor.
When all the available oxygen in the soil has been utilized in respiration by aerobic
bacteria, anaerobic bacteria, which live in oxygen-free environment inside the soil
aggregates, respire by using other compounds like NO3

�, Mn+4, Fe+3, SO4
�2, and

CO2 as alternative electron acceptors and transformed them into various reduced
toxic compounds like Fe+2, H2S, CH4, etc. (Hamilton 1979). An anaerobic bacte-
rium decomposes the organic matter and releases CO2. The sequence of reduction
would be O2, NO3

�, Mn+4, Fe+3, SO4
�2, CO2, and H+, and their reduced

counterparts H2O, N2, Mn+2, Fe+2, H2S, CH4, and H2 are produced, respectively
(Bhaduri et al. 2017). Sometimes, facultative and obligate anaerobes use the dissim-
ilation products of carbohydrates and proteins as electron acceptors in their
respiration.

Oxygen is depleted as the depth increase in soil, and as a result the redox potential
(Eh) of the soil declines gradually which creates redox stratification (Drew and
Lynch 1980). This stratification theoretically creates relatively well-defined habitats
for the different groups of microorganisms according to which terminal electron
acceptor used by microorganisms. The different redoxzones are characterized by the
dominance of the electron acceptors O2, NO3

�, Mn4+, Fe3+, SO4
2, and CO2

(Fig. 15.1). At the few centimeters depth, no other electron accepters are available
except for CO2 and H+. Therefore, this zone is dominated by fermentation and
methanogenesis. Methanogens used most of the H2 as an electron donor for the
production of CH4, which is produced during the fermentation. H2 is also utilized by
sulfate reducers, iron reducers, and denitrifiers in their metabolism in decreasing
order, respectively, and the remaining H2 is released in the atmosphere (Achtnich
et al. 1995).

15.5.1 Microbial Community Involved in Waterlogging Stress

The functional niche under waterlogging conditions comprises various
microorganisms which can be broadly grouped as denitrifying bacteria, manganese
reducers, iron reducers, sulfate reducers, and methanogenic bacteria.

15.5.1.1 Denitrifying Bacteria
As soon as O2 is depleted in the soil, nitrate (NO3

�) is used by soil microorganisms
as a terminal electron acceptor. The transformation of other nitrogen compounds
including ammonium (NH4

+) and nitrite (NO2
�) through the process of nitrification

can result in the formation of nitrate (NO3
�). NO3

� is reduced to NH4
+, or stepwise
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NO3
� is reduced to nitrite (NO2

�) and then the gases, nitric oxide (NO), nitrous
oxide (N2O), and dinitrogen (N2) (NO3

� ! NO2
� ! NO ! N2O ! N2), by

denitrification. This process is mediated by several facultative bacteria, such as
Pseudomonas, Achromobacter, Bacillus,Micrococcus, Agrobacterium, Alcaligenes,
and Paracoccus. Denitrification may cause significant N loss from the soil and
emission of the potent greenhouse gas NO and N2O which are responsible for global
warming and ozone depletion (Hamont et al. 2012; Ravishankara et al. 2009). But
the flux of NO and N2O into the atmosphere is comparatively low, because most of
the produced NO and N2O are further reduced to N2. Other bacteria like Thiobacillus
denitrificans also reduce nitrate to nitrogen using sulfur or thiosulfate as a source of
energy. The process of nitrification in waterlogged soil is inhibited because anoxic
environments inhibit the activity of nitrifying communities, resulting in depletion of
soil N availability (Nguyen et al. 2018).

15.5.1.2 Manganese Reducers
Manganese (Mn4+) oxide (MnO2) which is reduced to Mn2+ ions is the second most
energy-releasing electron acceptor following nitrate. The Mn2+ forms of manganese
are very insoluble in water and deposit in soils. This process is carried out by several
anaerobic microorganisms like Metallogenium, Bacillus, Geobacter, Pseudomonas,
and Shewanella. Interestingly, manganese reducers are also capable of reducing iron
(Bhaduri et al. 2017). During waterlogging, the reduction of Mn oxides (MnO2)
occurs faster at a higher temperature like 20�C and 30�C than at 10�C or 4�C, which

Fig. 15.1 Schematic diagram of distribution of different groups of microorganisms according to
redox reactions in a waterlogged soil
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suggests that manganese reducers are mesophilic organisms (Sparrow and Uren
2014).

15.5.1.3 Iron Reducers
Microorganisms use ferric iron ions (Fe3+) as electron acceptor which is further
reduced to ferrous iron ion (Fe2+), following utilization of Mn4+(Gotoh and Patrick
1974). Fe3+ ions sources in soil include metal deposits and minerals present in the
soil. Gleying (a process in which waterlogged soils appears bluish-gray due as a
result of reduction of iron and manganese due to low oxygen conditions) is a result of
accumulation of ferrous iron (Fe2+). This reduction is mediated by different anaero-
bic microbes, such as Clostridium, Desulfovibrio, Pseudomonas, Geothrix,
Shewanella, and Thiobacillus. The elevated concentration of Mn2+ and Fe2+ is
toxic in the soil. The dominant forms of iron waterlogged soil are goethite, hematite,
ferrihydrite, etc. (Annisa and Nursyamsi 2016).

15.5.1.4 Sulfate Reducer
Further decrease in the redox potential results in the reduction of SO4

2� to H2S,
which is also potentially toxic. This reaction is carried out generally by sulfate
reducers (obligate anaerobes) such as Desulfovibrio, Desulfobacter, Desulfococcus,
Desulfosarcina, and Desulfosporosinus. H2S is susceptible and reacts with Fe2+ to
form iron sulfide (FeS) which causes corrosion in underground iron pipes. Soil
flooding leads to the emergence of hydrogen sulfide which is also known as
“swamp gas” (Conrad 1996).

15.5.1.5 Methanogenic Bacteria
As SO4

2� is exhausted, soil microorganisms use CO2 in their respiration.
Methanogenesis is a process of formation of methane (CH4) by utilizing carbon
dioxide (CO2) as a terminal electron acceptor. Methane is the end product of the
microbial metabolism in anaerobic conditions, and waterlogged soil is the largest
natural source of atmospheric CH4, an important contributor to global warming
(Kotsyurbenko et al. 2019). The lower reduction potential of CO2 is attributed to be
the foremost reason for methanogenesis which is occurring in waterlogged soils.
Methanogens generally exhibit a slow growth rate as they use CO2 as an electron
acceptor in respiration, and this produces lower energy when compared with the
reactions where NO3

�, Mn+4, Fe+3, and SO4
�2 act as electron acceptors.

Methanogens, which perform methanogenesis, include Methanobacterium,
Methanosarcina, Methanobrevibacter, Methanoculleus, Methanogenium,
Methanosaeta, and Methanospirillum and also a group of anaerobic archaea
(Bhaduri et al. 2017). Methanogenesis is the dominant pathway for the decomposi-
tion of organic matter in waterlogged soil. Methanogens also produced CH4 by
acetate (CH3COOH) fermentations.
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15.6 Functional Niche Under Drought Stress

Water and life are inseparable, and yet, mainly due to drought and related calamities,
about 20% of soil is presently estimated to be severely degraded with a decline in
productivity (United Nations Convention to Combat Desertification 2017). Many
soil regions globally are threatened severely due to drought, in both natural and
agricultural settings, acutely getting affected as documented regularly. Soils possess
a diversity of microorganisms which play a vital role in their function (Vries et al.
2018). The microbial communities present in the soil differ greatly due to climate,
plant community, and chemical nature of the soil at different geographic locations of
the world. The taxonomic diversity may get perturbed due to stress posed by water-
related issues with both reduction and increase of diversity. The soil microbial
community and drought have variation in natural and experimental environments
due to the duration of the event or treatment or on the timings (Hoover and Rogers
2016; Mengtian et al. 2018), the amount of change in available water, historical
precipitation regime, and the legacy effects (Preece et al. 2019). The effect elicited
by drought may or not follow a straight curve (Knapp et al. 2017). It is very difficult
to draw a conclusion due to all these variable factors about the impact of drought on
microbial community present in the soil (Preece et al. 2019). To keep the overall
ecosystem intact especially in terms of ensuring food security, continuation of
nutrient cycle, and production of timber along with regulation of climate, the
knowledge of diversity and structure of microbes by drought will help develop
strategies to maintain healthy soils because soil forms a core part for various
ecosystems.

15.6.1 Impact of Drought on Microbial Community Composition

Investigations into the drought effects on various microbial communities suggest a
varied response, with both fungal and bacterial communities showing very different
susceptibility for drought. The soil fungi are generally more resistant, but less
resilient, than bacteria (Vries et al. 2018). The observations have suggested that
microbial biomass decreases as a result of drought (Bastida et al. 2017) with only a
little fraction of soil microbes showing adaptation to drought-like situations
(Kaisermann et al. 2017). Moreover, the duration of drought had a notable effect
on the fungal/bacterial ratio which enlarges with intense drought (Preece et al. 2019).
There are contrasting findings indicating that drought stress may not always be
tolerated by fungal species but it can respond sensitively or opportunistically the
same as bacteria (Meisner et al. 2018). The changes in the soil moisture can be
reported by some fungal species as they are sensitive bioindicators for moisture
changes (Kaisermann et al. 2015). Therefore, composition of fungal communities
may differ between drought and irrigation (Barnes et al. 2018), and in dry and wet
conditions, their biomass may remain unaffected, increase, or decrease (Hartmann
et al. 2017). Responding fungal OTUs as observed in Ascomycota, particularly,
Sordariomycetes and Dothideomycetes appeared to be the major answerers to
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drought history (Meisner et al. 2018). Some fungal species can be affected by very
little change in the moisture content of the soil because they can use an opportunistic
strategy, thereby changing the composition of the fungal community (Kaisermann
et al. 2015). Increased resistance of fungal networks to environmental fluctuations is
likely attributable to the chitinous cell walls of fungi, and their extended and
exploratory hyphal structures allow them to cross the small areas of dry soil (Bapiri
et al. 2010; De Vries et al. 2012; Barnard et al. 2013). Some findings report that
among fungi, yeasts may have a high tolerance to drought as they have adapted to
extreme environmental conditions and also have the ability to reproduce by budding,
which is generally a more stress tolerant strategy of reproduction (Treseder and
Lennon 2015).

Recent findings suggest that droughts have a much stronger impact on bacterial
than on fungal networks and bacterial communities might not be as resilient as
previously thought (Vries et al. 2018). The external environment is tolerated by the
bacterial community by employing several physiological changes such as produc-
tion of exopolysaccharides, sporulation, and balancing internal water potential.
Bacteria develop this adaptation as they assemble low molecular weight
osmoregulators within their cytoplasm and release them as soil moisture increases
(Hueso et al. 2012). There is also an important association between the drought-
induced shifts in a plant community’s composition and bacterial communities, the
latter being affected lastingly due to vegetation changes (Vries et al. 2018).

The composition of bacterial community is clearly affected as drought reduces the
proportion of bacterial biomass more compared to fungi (Preece et al. 2019). The
Gram-negative lineages are more susceptible to drought compared to Gram-positive
bacterial lineages, possibly due to their thinner cell walls (Schimel et al. 2007). The
character, however, may be correlated to the increase in root exudation during
prolonged drought (Preece et al. 2019) because Gram-positive bacteria generally
consume more recalcitrant carbon sources (Naylor and Coleman-Derr 2017) com-
pared to Gram-negative bacteria that, on the other hand, consume labile carbon
source. Some bacterial communities are known to have a higher abundance in areas
which had history of drought. The group of Archaea and Thaumarchaeota found in
extreme environments shows an increase in the relative abundance in soil with a
drought history (Stieglmeier et al. 2014). These species could be more present in the
desert soil (Shi et al. 2016). The Alpha-, Beta-, and Gammaproteobacteria, which
are basically operational taxonomic units, are studied as copiotrophs with more
growth rates (Meisner et al. 2018). They have shown an increase in relative richness
in the soil with a drought past by having an opportunistic strategy. They are the quick
responders as they showed their presence in more amounts after rewetting (Placella
et al. 2012; Meisner et al. 2018). Cyanobacteria are very susceptible to drought and
have shown decreased abundance in the soil during drought conditions and also
show a low recovery rate on rewetting of soils (Hagemann et al. 2017). Moreover,
Cyanobacteria and Acidobacteria may have responded via the microbial facilitation
mechanisms which means during the drought conditions, they can synthesize extra-
cellular polysaccharides and can create micro-niches which benefit other bacteria
(Kielak et al. 2016). The endophytic Actinomycetes are widely known for their
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outstanding ability to survive in unfavorable environments (Chukwuneme et al.
2020). Actinobacteria abundance relatively increased during drought as suggested
in previous reports that similar phenomenon is observed in different soil types and
also in many species of plants including rhizosphere and endosphere (Naylor and
Coleman-Derr 2017; Preece et al. 2019). These results may be observed due to
formation of spores by Actinobacteria, which enables them to be in a dormant state
during the extreme stress conditions of the environment such as drought (Naylor and
Coleman-Derr 2017; Preece et al. 2019).

Bacteria adapt to drought also by secreting exopolysaccharide (EPS), a structural
component of the extracellular matrix in high quantities (Susilowati et al. 2018).
Microbial EPS possesses unique water retention and cementing properties, which
protect bacteria against desiccation. EPS also helps bacteria in absorption of water
and nutrients and to help them colonize plant roots by attaching on roots via a
network of fibrillar materials that permanently connects bacteria to the surface and
prevents removal from the site (Niu et al. 2018). Moreover in sandy soils, EPS can
protect plants from stress and lack of water and contribute to the formation of soil
aggregates (Susilowati et al. 2018). Certain bacterial species like Pseudomonas sp.,
Bacillus sp., Bacillus licheniformis, Bacillus megaterium, and Bacillus pumilus are
found to increase the production of EPS during the dry season (Susilowati et al.
2018). The increase in EPS production was deemed responsible for protection under
extreme desiccation conditions in A. brasilense Sp245 (Konnova et al. 2001). The
high tolerance of the four Rhizobacteria, Pseudomonas, Fluorescens, Enterobacter
hormaechei, and Pseudomonas migulae to drought stress could be explained by
production of EPS. Production of EPS enables them to grow at a minimum water
potential and appears to enhance their ability to increase the growth of plants
possibly by improving soil structure and colonization (Niu et al. 2018). The
siderophore production is checked for drought resistance ability. Siderophores not
only forage iron from the surroundings to create mineral which is very important and
accessible to the microbes, but they also form complexes with other metals like
molybdenum, manganese, cobalt, and nickel in the environment and enhance avail-
ability to microbial cells (Pahari et al. 2017). They also play an important role in the
biological control against certain phytopathogens (Patel et al. 2018).

The growth of mycorrhiza in roots and soils are strongly affected by the stress
imposed by drought. Three AMF Glomus species, G. macrocarpum, G. clarum, and
G. etunicatum, exhibited substantial endurance to drying of soil. Glomalin, an
immunoreactive glycoprotein, is a soil protein released exclusively by mycorrhizal
hyphae and spores of AMF and improves soil structure (Wu and Zou 2017); GRSP
causes a reduction in water loss in the soil aggregated because it generally coats on
fungal hyphae forming hydrophobic layers and hence regulating water relations of
plant/soil. Drought tolerance of host plants is also improved by AMF using physio-
logical mechanisms of nutrient uptake and biochemical mechanisms regarding
hormones, osmotic adjustment, and antioxidant systems (Wu and Zou 2017).

Some rare biosphere members may be very active in contributing in various soil
phenomena in spite of them having low-ranked abundance (Pedros-Alio 2012).
Moreover, a growth rate is almost similar in low- and high-abundant microbes
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(Kurm et al. 2017). This results in changed microbial community composition as
rare members of the community exhibit their effects without apparent consequences
on the total uniformity indices (Meisner et al. 2018).

15.6.2 Impact of Drought on Microbial Community Diversity

The more diversity in microbial communities, especially those with diversity in the
function, may be more tolerant to drought (and to different stress conditions) albeit
with the fact that is type of tolerance is in strong conjunction with soil biotic and
abiotic elements (Griffiths and Philippot 2013).

The studies conducted earlier suggest that drought results in a negative effect on
bacterial community alpha diversity (Bouskill et al. 2013), although diversity gener-
ally remains similar (Tóth et al. 2017; Preece et al. 2019).

Compared to control the low and high-level of drought treatment on various
fungus showed positive effect on all over growth of the fungus. High fungal
diversity has also been reported previously subjecting drought conditions (Schmidt
et al. 2018) indicating even if bacteria are negatively affected, they can thrive
themselves as these organisms have higher tolerance to drought. The findings
reported that drought affects both fungal and bacterial diversity (Bouskill et al.
2013; Preece et al. 2019). Moreover, the presence of plants could have positive
effects on bacterial diversity mostly due to the existence of microbes on the roots
(Hortal et al. 2015; Preece et al. 2019).

Microbial community-level physiological profile (CLPP) which is based on the
checking of the strength of soil microbial communities to metabolize different
organic carbon substrates that vary in structural complexity was used for the
assessment of site-specific differences in bacteria of soil and the evaluation of the
relationship between biodiversity and site conditions. The microbial community’s
physiology was more acutely affected due to water stress than due to its structure
(Hueso et al. 2012). The investigation suggests that highly active component of the
microbes will not able to survive in drought stress as drought exhibits a deleterious
effect on the size and activity of the microbial community. The microbial community
present in the natural samples were unable to recover as prolonged drought might
have inhibited the growth of active population (Griffiths et al. 2003; Braun et al.
2010). The gradient in substrate utilization rate during various treatments shows the
soil microbial communities have diverse metabolic capabilities (Chakraborty et al.
2011).
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Functional Diversity in Rhizosphere
Microbial Community: Concept
to Applications

16

Nafisa Patel, Naresh Butani, and Piyush Desai

Abstract

The microbial diversity attains different level of complexity with microorganisms
interacting with the soil as well as with the plants. It is the cumulated interactive
multilateral relationship which leads to the establishment of rhizosphere. The soil
type or the plant type leads to the formation of different microhabitats varying at
micrometer level. Microbial diversity can be studied in terms of species diversity,
genetic diversity, and ecological diversity. The microbial activity affects and
modifies the exudates and the subsequent rhizodeposition which becomes deci-
sive in establishing the microbial community in the root rhizosphere. The func-
tional behavior of the microbial communities which may include a group of
species trait represented as an individual or species leads to the functional
diversity in the rhizosphere. Functional diversity influences ecosystem dynamics,
stability, productivity, nutrient balance, and other aspects of ecosystem function-
ing. Rhizospheric microbes are directly or indirectly associated with enhance-
ment of plant growth or plant protection by secreting biomolecules. Thus,
functionally these can be categorized as PGPR which directly promotes plant
growth or those inhibiting the pathogens which are generally termed as BCA
(biological control agents) and indirectly enhancing the plant growth. These
functionally diverse microbial types are successfully applied to maintain
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sustainability of the ecosystem as are now available as biofertilizers,
bioprotectants, and biostimulants. It is either a co-operative or competitive
relation with the other existing microbial populations leading to the establishment
of microbial habitat whereupon the functional attributes of theirs which fulfils the
ecological need. The ecological dependencies on each other lead to the develop-
ment of stable microbial communities in the rhizosphere.

Keywords

Niche · Microhabitat · Diversity · Functional diversity · Interactions · PGPR (Plant
growth promoting rhizobia) · BCA (Biological control agents)

16.1 Introduction

Microbial community structure is mainly dependent on the complex interaction of
microbial population with the type of plant and soil. The determinative force which
establishes the community can be either the type of soil or the plant, dominated by
either of the one depending on the selective force exhibited or the existing ecosystem
sustainability. The formation of soil structure is due to the biochemical activities
such as biogeochemical cycling, decomposition, and degradation of organic
substances. Soils are source of nutrients and water which enables crop and plant
growth. The size, shape, and arrangement of the soil constituents such as gravel,
sand, silt, clay, and organic matter makes up the soil texture which has a huge impact
on the water holding capacity, water conducting ability, and chemical properties of
soil. Soil structure development is influenced by the amount and type of clay,
exchangeable ions, water, amount and type of organic matter, cementing agents
such as iron, aluminum oxides, polysaccharides, binding between organic and
inorganic compounds, plants and the microbial population. All soil components
constituting the soil structure differ in the abiotic conditions and the nutrition
availability causing the formation of different microhabitats varying at micrometer
level. Each microhabitat represents a stable environment where the microbial popu-
lation has found its niche and established itself. A wide phenotypic and genotypic
diversity prevails due to the heterogenous and versatile metabolic capacities of the
microorganisms. Moreover, the change in the environmental conditions as well as
the man made activities tends to cause a change in the existing conditions and hence
it becomes difficult to define the microbial community.

The rhizosphere constitutes the quantity of soil associated with the plant root and
root tissue and the surrounding soil around the root which is affected physically,
chemically, and biologically due to the varied microbial activities in it. The presence
of the endophytes in the internal tissues of the root makes root a part of the
rhizosphere while the soil not associated with the root is termed as the bulk soil.
Rhizospheric soil is differentiated into three regions, viz. the endorhizospheric zone
which includes root tissue, endodermic and cortical layers, rhizoplane zone is the
root surface comprising of mucilaginous and epidermic layers and cortex, and the
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ectorhizospheric zone which consists of soil adhering to the roots. Apart from these
defined zones in a rhizosphere there exist some specialized zones at times like
the mycorrhizospheric zone in which the plant root is associated with fungi, the
rhizosheath which is a condensed layer made of root hairs, soil particles, mucous
substances, and the microorganisms (Lynch and Whipps 1990). The rhizosphere has
a very high concentration of easily degradable carbon sources due to rhizodeposition
which results into a much higher microbial activity as compared to the bulk soil
(Berendsen et al. 2012). It is a myriad of interactions at a different level of
complexity between microorganisms and the soil as well as between microorganisms
and plants rather it is the multilateral relationships between the plant, soil, and
microbial population which makes up the rhizosphere.

16.2 Diversity

Rhizosphere is a hub of a microbial community in terms of quantity as well as
quality resulting into a complex network of macro as well as microorganisms which
includes versatile range of bacteria, fungi, protozoa, algae as well nematodes and
microarthropods which may exist as saprophytes, epiphytes, endophytes, pathogens,
and functionally important microorganisms (Jeffery et al. 2010). Thus in terms of
microbial diversity, rhizosphere is a richest dwelling microorganism with its ecolog-
ical niche depending on the soil composition, root exudates, and the environmental
conditions. The microbial activity affects and modifies the exudates and the
subsequent rhizodeposition which becomes decisive in establishing the microbial
community in the root rhizosphere. A triad of microbial community-soil type-plant
type determines the microbial diversity (Fig. 16.1). The establishment of microbial
community structures is affected by the type of soil and distribution of the soil

Fig. 16.1 Determinative
forces of microbial diversity
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particles, the type of plant species and its age, rotation of crops, and the soil
management practices.

16.3 Functional Microbial Diversity

Diversity can be at various levels, viz. morphology, phenotypic characteristics,
physiology and metabolism, habitat, ecology, genotype. Henceforth, biodiversity
is often defined and studied in totality as species diversity, genetic diversity, and
ecological diversity. The establishment of microbial community in each ecological
niche is attributed to the functional capability and the versatile metabolism of these
organisms. The functional behavior of the microbial communities which may
include a group of species trait represented as an individual or species leads to the
functional diversity in the rhizosphere. The occurrence of such functionally diverse
microbial population in the rhizosphere carries out all such functions which directly
or indirectly enhances plant growth and increases crop productivity (Tilak et al.
2005). Functional diversity is the measurement of microbial distribution and the
varied functions performed by the group of microbial population or individual
organism among the existing microbial communities and ecosystem (Dı az and
Cabido 2001). Thus, functional diversity involves the study of the existing microbial
population at multiple levels exhibiting specific species trait and each trait may
represent species or individual manifesting that function which are associated with
plant growth and development whereby differentiating the redundant population in
the rhizosphere. Functional diversity influences ecosystem dynamics, stability, pro-
ductivity, nutrient balance, and other aspects of ecosystem functioning (Trivedi et al.
2012). All such functionally important rhizobacteria are termed as the PGPR. These
PGPRs are associated with the plant root either extracellular (ePGPR) or intracellular
(iPGPR) and many times in the same ecological niche (Martínez-Viveros et al.
2010).

The functional diversity leads to the increase of soil nutritional quality and crop
production and hence these can be functionally categorized as those promoting the
plant growth (PGPR) or those inhibiting the pathogens (BCA) and indirectly
enhancing the plant growth. The PGPR can be further categorized as biofertilizers,
bioprotectants, and biostimulants (Martínez-Viveros et al. 2010). Biofertilizers are
PGPR strains which improve nutrient uptake and seed germination and hence termed
as N2 fixers, phosphate solubilizers, and organic acid producers. Bioprotectant
enhances plant resistance against pathogens and hence may act as antifungal,
antibacterial, antiviral as well as renders protection against insects and nematodes.
Biostimulants are phytohormone producers and are secondary metabolite producers,
viz. auxins, IAA, cytokinins, riboflavin, and vitamins (Fig. 16.2).

The plant rhizosphere is extensively researched to observe diversity of the
microbial population in terms of the varied functions exhibited by them. Accord-
ingly, nitrogen fixation in legumes showed by diverse microbial genera, viz.
Allorhizobium, Azorhizobium, Bradyrhizobium, Mesorhizobium, and Rhizobium
(Harman and Uphoff 2019; Kumawat et al. 2019; Wang and Martinez-Romero
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2000), while diversity in the PGPR traits was exhibited by Agrobacterium,
Flavobacterium, Serratia, Pseudomonas, Providencia, Alcaligenes, and
Cellulomonas (Chauhan et al. 2015; Disi et al. 2019; Duy et al. 2016; Gray and
Smith 2005; Hossain et al. 2015) while Pantoea, Exiguobacteium,
Methylobacterium, Paenibacillus, and Azoarcus exhibited all the characteristic of
PGPR as well as other important metabolites. Diversity in functionally active
microorganisms as BCA is a range of Streptomyces, Streptosporangium,
Thermobifida, Micromonospora (Franco-Correa et al. 2010) while Lee and Hwang
(2002) studied diverse genera such as Actinomadura, Streptosporangium,
Dactylosporangium, Micromonospora, and Streptomyces which functioned as anti-
fungal agent against fungal plant pathogens.

16.4 Nitrogen Fixers

Nitrogen is an essential element in all the living forms but is extremely unreactive.
Plants are incapable to utilize the atmospheric nitrogen in spite of its importance in
the metabolism and growth of the plants. Biological nitrogen fixation is an important
microbial process producing approximately 200 million tons of nitrogen annually,
contributing to almost 50% of the total nitrogen in crop. These microbial populations

Fig. 16.2 Functional diversity exhibited by rhizospheric microbes. Abbreviation: PGPR plant
growth promoting rhizobia
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which may be symbiotic or free living establish in the vicinity of the roots wherein
the exudates released by the plants help in its establishment and henceforth have a
higher nitrogen fixation by the resident microbial flora (Egamberdieva and
Kucharova 2008). The capacity of nitrogen fixation depends on the moisture,
oxygen concentration, and availability of organic C substrates (Church et al.
2008). Rhizobia residing in nodulated legumes constitute 65% of the total nitrogen
fixed every year microbiologically. 70% of all nitrogen fixed per year is mediated
through the biological nitrogen fixation (Vitousek et al. 2002). Nitrogen fixation is
mediated by symbiosis between bacteria and vascular plants, symbiosis between
cyanobacteria and fungi, free living heterotrophic or autotrophic bacteria, and abiotic
reactions without microbes (Crews 1999). The nitrogen fixers occur in rhizosphere
as free living which includes majorly the aerobic Azotobacter, anaerobic Clostridia
or in symbiosis with the higher plants as rhizobia with legumes, Azolla with
anabaena, Azollae with azolla. The symbiotic associations may be loosely associated
with the plants or may be intercellular symbiosis. Azospirillum, Azotobacter,
Enterobacter species are evidenced to occur in rhizosphere of different plants such
as sugarcane, maize, rice, grasses, etc. (Affourtit et al. 2001).

Rhizobium-legume association is the most efficient fixing systems fixing approx-
imately 100–300 kg nitrogen per hectare per year (Nghia and Gyurjan 1987). Apart
from the N2 fixing ability, bacteria such as Azotobacter, Azospirillum, Rhizobium,
Mesorhizobium, Sinorhizobium also secrete phytohormones to improve plant devel-
opment. Azospirillum is facultative endophytic diazotroph which increases the root
and shoot development by increasing the water and mineral uptake. Azotobacter is
obligate aerobe, widespread in tropical, subtropical, and temperate regions, these are
found in close association with roots of wild and agricultural plants (Doroshenko
et al. 2007). Azolla spp. are important source of nitrogen for wetland rice, which
occurs in symbiosis with blue green algae—nostoc, anabaena. Cyanobacter are
global nitrogen fixers which are most widespread and important on earth. They are
diverse groups forming complex association with bacteria and green algae in
structures called as cyanobacterial mats (Rodrigo and Eberto 2007). Trichodesmium
spp. is considered as cosmopolitan cyanobacterium found in tropical, subtropical,
marine ecosystems. Gluconacetobacter diazotrophicus is a nitrogen fixing acetic
acid bacterium first isolated form sugarcane. Currently, many are added which
include Acetobacter nitrogenifigens, Gluconacetobacter kombuchae,
Gluconacetobacter johannae, Gluconacetobacter azotocaptans, Gluconacetobacter
diazotrophicus, Swaminathania salitolerans, Acetobacter peroxydans (Saravanan
et al. 2008).

The functional diversity among the nitrogen fixers has been studied immensely to
find variation among the types of microorganisms, type of crop, type of soil, type of
climatic habitat. Microorganisms colonize different crops and stimulate plant growth
either directly or indirectly as in Table 16.1.
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16.5 Phosphate Solubilizers

Phosphorus (P) is important in most of the life processes wherein it is directly
involved with plant growth and high productivity. Its role is in all the activities in
plants like photosynthesis, cell division, and development of healthy root system and
utilization of carbohydrate (Kannaiyan et al. 2004). Phosphorous plays a fundamen-
tal role in plant metabolism and is important for the function of key enzymes in
regulatory metabolic pathways (Theodorou and Plaxton 1993). The presence of
phosphorus in the soil humus can be in the form of organic and inorganic P
compounds often associated with the cellular components and henceforth the avail-
ability of soluble form of phosphorus is very less (Xiao et al. 2011). There exists

Table 16.1 Microbial diversity colonizing different plant roots to stimulate plant growth

Microbial diversity Plant type Reference

Azotobacter vinelandii Rice Sahoo et al. (2014)

Bacillus brevis, B. cereus, B. circulans, B. firmus,
B. licheniformis, B. megaterium, B. pumilus, and
B. subtilis

Rice Xie et al. (1998)

Azospirillum brasilense, Azospirillum zeae,
Pseudomonas stutzeri

Wheat Venieraki et al. (2011)

Achromobacter insolitus Wheat da Silveira et al.
(2016)

Bacillus megaterium Maize,
rice

Liu et al. (2006)

Bacillus rhizosphaerae Sugarcane Madhaiyan et al.
(2011)

Burkholderia tropica Maize Reis et al. (2004)

Burkholderia silvatlantica Sugarcane Perin et al. (2006)

Delftia tsuruhatensis Rice Han et al. (2005)

Enterobacter sacchari Sugarcane Zhu et al. (2013)

Gluconacetobacter diazotrophicus Sugarcane Vargas et al. (2014)

Stenotrophomonas maltophilia Sugarcane Xing et al. (2016)

Pseudomonas koreensis and P. entomophila Sugarcane Li et al. (2017)

Acetobacter diazotrophicus Sugarcane Boddey et al. (1995)

Burkholderia caballeronis Tomato Martínez-Aguilar et al.
(2013)

Paenibacillus borealis Spruce
forest

Elo et al. (2001)

Paenibacillus graminis, Paenibacillus odorifer Plant
roots

Berge et al. (2002)

Paenibacillus brasilensis Maize von der Weid et al.
(2002)

B. amyloliquefaciens, B. aryabhattai, B. safensis,
B. aerophilus, B. subtilis

Sugarcane Kruasuwan and
Thamchaipenet (2016)

Lysinibacillus fusiformis Chickpea Singh et al. (2013)
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microorganism which can solubilize the insoluble phosphates and converts them into
soluble and readily usable form in soil and makes it available to the crops (Kang et al.
2017; Pradhan and Sukla 2006). The rhizospheric soil microorganism plays a key
role to increase P dynamics and the subsequent availability of phosphate to the
plants (Mohammadi and Sohrabi 2012). An extensive variety of rhizospheric
microorganisms are enabled to solubilize the insoluble phosphate compounds by
either producing organic acids and/or phosphatase enzymes. The conversion of
insoluble form of phosphorous to soluble forms by phosphate solubilizing bacteria
(PSB) is undertaken by different mechanisms making it available for plants uptake
and its growth promotion (Chandler et al. 2008). Gyaneshwar et al. (1999) identified
unknown organic acids, viz. oxalic acid, citric acid, lactic acid, etc. from the
microbial extracts using TLC and HPLC. Some of the organic acids directly
dissolved the mineral phosphate by exchanging it with an acid anion, or aluminum
ions or by chelating it with iron. In some cases, phosphate solubilization is induced
by phosphate starvation. These organic acids released by the PSBs in the
rhizospheric soil solubilized the insoluble phosphate by the lowering of pH, chela-
tion of cations, and competing with phosphate for adsorption sites in soil (Nahas
1996). PSBs release some organic acid which acts as chelators of divalent cations of
Ca2+ subsequently releasing phosphates from the insoluble phosphatic compounds.
Kucey (1988) during their study showed equivalent solubilizing effect by Penicil-
lium bilaii as with the addition of 0.05 M EDTA in the medium while Halder and
Chakrabartty (1993) in their study confirmed the role of 2-ketogluconic acid in
phosphate solubilizing activities of Rhizobium. Among the PSBs dwelling in the
rhizosphere the most powerful P solubilizers belong to the bacterial genera Pseudo-
monas, Bacillus, Enterobacter, and Rhizobium and the fungal strains like Penicil-
lium and Aspergillus. The common examples belong to species of Pseudomonas,
Bacillus, Micrococcus, Aspergillus, Flavobacterium, Fusarium, Penicillium, Scle-
rotium, etc. (Whitelaw 1999). The functional diversity among the phosphate
solubilizing bacteria is also attributed to the physical and chemical type of soil
(Kim et al. 1997). Phosphate solubilizing bacteria among the PGPRs have capacity
to solubilize the inorganic and organic phosphorous in soil. PSBs are found every-
where and it differs in shape and population in the different soil. The genus Bacillus
and Pseudomonas are most powerful and active phosphate solubilizing bacteria
(Krishnaraj and Goldstein 2001). The insoluble mineral phosphates are solubilized
by different various phosphate solubilizing bacteria such as producing organic acids
like fumaric, glycolic, lactic, succinic acids, malonic acid, etc. (Vazquez et al. 2000).

Among the bacterial species are Oligospora, Alcaligenes sp, Pseudomonas,
Bacillus, Burkholderia, and Rhizobium are most important phosphate solubilizers
in soil. Although all fungi are not phosphate solubilizers but some species of
Aspergillus and Penicillium were identified to have more phosphate solubilizing
effectiveness (Sagervanshi et al. 2012). The reported fungal strains functioning as
phosphate solubilizers are Aspergillus niger, A. awamori, A. terreus, A. nidulans,
A. flavus, A. foetidus, A. wentii and P. digitatum, P. lilacinum, P. balaji,
P. funicolosum. Fungal strains solubilize phosphorous to a great level than bacterial
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strain. Aspergillus and Penicillium are representative genera of phosphate
solubilizers among the filamentous fungi. Rhizocotonia and Trichoderma are also
reported as phosphorous solubilizers (Yasser et al. 2014). Fungi are higher producers
of organic acids and hence they comparatively show more P-solubilizing activity
compared to bacteria (Venkateswarlu et al. 1984).

16.6 Phytohormone Producers

Soil is the habitat of diverse organisms, including bacteria, archaea, many protist,
fungi, etc. Plant roots, inhabiting the soil, interact with these microbes and also
produce root exudates. The rhizosphere is nutrient rich ecological niche containing
various growth enhancing molecules like vitamins, amino acids, carbohydrates
(sugars), fatty acids as well as other organic compounds that attracts microbes.
The tripartite role among plant root, soil, and microbes enhances the plant growth
by various mechanisms which include microbially synthesized biologically active
organic molecules, one of them is known as phytohormones. These molecules
regulate various plant processes of cell division and differentiation, reproduction,
germination and development of seeds, development of leaves and stem, flowering
and signaling in plants (Bhatt et al. 2020). Auxins, cytokinins, gibberellins, and
ethylene are popularly known as classical plant hormones whereas abscisic acid,
brassinosteroids, jasmonic acid, salicylic acid (SA), strigolactones, polyamines, and
nitric oxide are recently discovered phytohormones (Spaepen 2015). Diverse range
of root associated microbes belonging to different genera and species are reported to
producing phytohormones (Sgroy et al. 2009).

A natural auxin, indole acetic acid (IAA), plays key roles in growth regulation in
plants, like vascular tissue differentiation and development, root and stem elonga-
tion, fruit setting, gravitropism, phototropism, and apical dominance. It is also
assumed that over 80% of the rhizospheric bacteria exhibits IAA synthesis capacity
(Khalid et al. 2005). A large scale detailed genomic analysis revealed that root
associated rhizobacteria possess stronger IAA synthesis abilities as compared to
bacteria inhabiting the other environment (Zhang et al. 2019). IAA is mainly
synthesized from the aromatic amino acid tryptophan or chemicals similar to it
via various pathways by microbes. Phytopathogenic microbes like Agrobacterium
tumefaciens, Pseudomonas syringae as well as symbiotic nitrogen fixers like species
belonging to Rhizobium and Bradyrhizobium are reported to produce IAA via
indole-3-acetamide (IAM) pathway. Indole-3-pyruvate (IPA) pathway, the major
pathway for IAA production in plant, is also reported in phytopathogens and plant
beneficial bacteria. Plant pathogen like Pantoea agglomerans and plant growth
enhancers such as Azospirillum brasilense, Azospirillum lipoferum, Bacillus spp.,
Bradyrhizobium spp., Enterobacter cloacae, Paenibacillus spp., Pseudomonas spp.,
and Rhizobium spp. are producing IAA via IPA pathway. The tryptamine (TAM or
TRM) pathway, involving the activity of tryptophan decarboxylase, for synthesis of
IAA is reported in Bacillus cereus and Burkholderia pyrrocinia (Liu et al. 2019).
Some microbes like Agrobacterium, Rhizobium spp., Variovorax boronicumulans
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produce IAA via the indole-3-acetonitrile (IAN) pathway, the pathway mainly
reported in plants (Sun et al. 2018). A unique pathway, tryptophan side-chain
oxidase (TSO) pathway, has been only reported in Pseudomonas fluorescens
CHA0 (Oberhänsli et al. 1991). The tryptophan independent pathway has been
also exhibited for synthesis of IAA by Cyanobacteria and Azospirilla (Prasanna
et al. 2010; Prinsen et al. 1993). Furthermore, metagenomic data analysis of
rhizobacterial genomes also revealed that the main pathways used for IAA synthesis
by rhizobacteria are indole-3-acetamide (IAM) and tryptamine (TMP) pathways
(Zhang et al. 2019). The varied amount of IAA production by different strains is
owing to different pathway of IAA synthesis, different gene location and gene
regulation mechanism, different enzyme actions as well as environmental conditions
(Kochar et al. 2013).

Cytokinins are involved in plant developmental and physiological processes like
enhancement of cell division, enhancement of root development and root hair
formation, chloroplast biogenesis, leaf expansion, stomatal openings, retarding
senescence, and enhancement in photosynthesis (Bollag 2017). Various microbes
exhibit cytokinins production capacities including Flavobacterium, Citricoccus
zhacaiensis, Bacillus amyloliquefaciens, Acinetobacter, Arthrobacter, Azospirillum,
Paenibacillus polymyxa, Azospirillum, Bradyrhizobium japonicum, etc. (Kapoor
and Kaur 2016; Selvakumar et al. 2018; Sturtevant and Taller 1989; Timmusk
et al. 1999). Evidences for role of bacteria in biocontrol of plant diseases or by
strengthening the host by production of antimicrobial compounds are well
documented, but the novel role of cytokinin has been identified as key determinant
for biocontrol of Pseudomonas syringae infection in plant model Arabidopsis.
Cytokinin produced by Pseudomonas fluorescens G20-18 form a strong basis of
plant strategies to defend disease and also combat abiotic stress (Grobkinsky et al.
2016). Recently, role of cytokinin produced by Bacillus aryabhattai strain SRB02 in
oxidative and nitrosative stress tolerance has been studied in soybean (Park et al.
2017).

Gibberellins (GAs), a broad group of more than 100 compounds, are crucial
phytohormones involved in plant growth and developmental processes like seed
dormancy, expansion of leaves and flowering, stem proliferation, and lateral shoot
growth (Bottini et al. 2004). GA1, GA3, GA4, and GA7 are usually considered as
bioactive GAs which are crucial for growth and development of plants, as well as
plant–microbe interaction. Other GAs are involved in species specific bioactivities
(Nett et al. 2017). Historically, gibberellins were first reported in culture Gibberella
fujikuroi. Bacteria and many fungi also produce gibberellins, including Rhizobium
meliloti, Azospirillum lipoferum, Azospirillum brasilense, Bacillus cereus,
Herbaspirillum seropedicae, Paecilomyces formosus, Sphingomonas spp., Aspergil-
lus fumigatus, Fusarium proliferatum, Leifsonia xyli, etc. (Bilal et al. 2018a, 2018b;
Desai 2017; Kang et al. 2017; Pandya et al. 2011). Role of microbial gibberellins in
plant growth promotion and various biosynthetic pathways has been deeply
reviewed by various researchers (Bottini et al. 2004; Rodrigues et al. 2012).
Gibberellins are used widely due to its plant promotion activities and its commercial
production is mainly carried out by Fusarium fujikuroi and other related species.
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Annual production of GA3 is estimated around 100 tons but due to lower yield of
Fusarium, its price is varied between 150 and 500 U.S. dollars per kilogram, so its
application is restricted (Camara et al. 2018). Recently, CRISPR/Cas9-based
genome editing experiments had been carried out in filamentous fungus Fusarium
fujikuroi in order to increase the production of GAs (Shi et al. 2019).

Abscisic acid (ABA) is a vital plant hormone which plays important roles in
regulation of stomatal closure, leaf senescence, fruit ripening, and morphogenesis of
embryo. It also holds a critical role in regulating abiotic environmental stress
responses in plants like in drought, salt stress, and metal toxicity (Bhatt et al.
2020). The role of ABA produced by endophytic bacteria (Bacillus
amyloliquefaciens RWL-1) in salinity stress tolerance in plant (Oryza sativa) by
establishment of active symbiosis of RWL-1 with plant roots has been deciphered
(Shahzad et al. 2017). Various microbes, like Achromobacter xylosoxidans, Bacillus
pumilus, Azospirillum brasilense, and Herbaspirillum seropedicae, have been
reported to increase abiotic stress tolerance in plants by producing ABA (Curá
et al. 2017; Forchetti et al. 2007). Microbial ABA also helps the plants to fight
with toxic metals, like cadmium, by reducing uptake and accumulation of toxic
metals. Inoculation of PGPR like Bacillus subtilis or Azospirillum brasilense to
cadmium contaminated soils reduces plant capacity to accumulate cadmium from
soil via ABA mediated mechanism (Xu et al. 2018).

Many complex roles are played by phytohormones produced by microbes inside
or outside the plant. Researchers are currently focusing on exploration of these
microbial phytohormones to increase the plant productivity and enhancement of
disease resistance in plant in order to enhance agricultural production.

16.7 VOCs Producers

Rhizosphere, a dynamic region of soil, is governed by complex interaction of plant
roots and root associated microbes. Various rhizobacteria can stimulate the growth
of plants, directly or indirectly, by secreting various molecules. A wide range of
rhizobacteria, ranging from bacteria to fungi, produce volatile metabolites as result
of primary or secondary metabolism, popularly known as microbial volatile organic
compounds (mVOCs/MVOCs) (Korpi et al. 2009). Its physical and chemical
properties make it very suitable as signal molecules to regulate various plant–
microbe interactions, like low molecular weight, high vapor pressure, easy evapora-
tion at room temperature, lipophilic moiety, and low boiling point. From its point of
origin, MVOCs can travel a far in porous soils as well as in liquids make them ideal
info-chemicals. MVOCs play significant ecological and biological roles like
mediating intra and interspecies relationships (antagonism, mutualism, etc.),
regulating plant growth, stress resistance, and plant defense (Reddy and Hindumathi
2017). The stimulated effect of bacterial volatiles (2,3-butanediol and acetoin) in
Arabidopsis growth promotion was first reported by Ryu et al. (2003).

Bacterial volatile compounds also help in maintenance of soil health and
protection of plants from pathogen attack. Strains of Pseudomonas fluorescens, a
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well-recognized PGPR, had been reported to improve soil health and plant growth
via VOCs mediated mechanisms (Hol et al. 2013; Park et al. 2015). Volatiles from
bacteria, viz. Stenotrophomonas maltophilia, Stenotrophomonas rhizophila,
Serratia plymuthica, Serratia odorifera, Pseudomonas trivialis, Pseudomonas
fluorescens, Bacillus subtilis, and Burkholderia cepacia, inhibit the mycelial growth
of Rhizoctonia solani (Kai et al. 2007). Spores or mycelium of Fusarium oxysporum
are inhibited by volatiles produced by Bacillus amyloliquefaciens, Burkholderia
gladioli, and Pseudomonas fluorescens (Elshafie et al. 2012; Guevara-Avendaño
et al. 2020; Yuan et al. 2012). Recently, the role of mVOCs, produced by Bacillus
amyloliquefaciens GB03, in plant salt stress tolerance has been reported (Cappellari
and Banchio 2020).

Not only bacteria, fungi also produce wide range of volatile compounds mainly
play roles in plant growth promotion and plant pathogen inhibition. A diverse range
of volatile compounds are emitted by fungi like alcohols, aldehydes, alkenes, acids,
benzenoids, terpenoids, esters and ketones, etc. The first fungal VOC mediated plant
growth promotion by plant growth promoting fungi (PGPF), Talaromyces
wortmannii, was reported by Yamagiwa et al. (2011). Similarly, Cladosporium
cladosporioides CL-1, PGPF isolated from rhizosphere of red pepper, produced
VOCs significantly increase growth of the seedling of tobacco and their root
development (Paul and Park 2013). Another important role of fungi VOCs in
pathogen inhibition is demonstrated by Trichoderma, the well-recognized biocontrol
fungus, by Paul and Park (2013). Volatile compounds from Trichoderma
demonstrated to play an important role in mycoparasitism as well as interaction
with plants (Vinale et al. 2008). VOCs from fungi can also be used for
mycofumigation, i.e. the use of antimicrobial volatiles produced by fungi for the
control of pathogens. For instance, Oxyporus latemarginatus EF069 produce a
volatile compound, 5-pentyl-2-furaldehyde, applied as a biofumigant for the control
of fungal plant diseases (Lee et al. 2009). Pathogenic and non-pathogenic fungal
volatiles can modulate plant growth promotion and susceptibility to insect (Moisan
et al. 2019).

16.8 Antimicrobial Compounds Producers

Rhizobacteria produce wide array of antimicrobial compounds which play crucial
role in antagonism and mediate local population dynamics. These compounds,
produced by antagonist microorganisms, include versatile range of antimicrobial
secondary metabolites like bacteriocins (ribosomally produced antimicrobial
peptides), metabolic by-products (2,4-diacetylphloroglucinol (DAPG), pyrrolnitrin,
phenazines, cyclic lipopeptides, pyoluteorin), broad-spectrum non-ribosomally
synthesized antibiotics (bacillomycin D, fengycin, polyketides, and bacilysin), pro-
teinaceous exotoxins, and lytic enzymes (Hou and Kolodkin-Gal 2020; Kraemer
et al. 2017; Nihorimbere et al. 2009; Subramanian and Smith 2015).

Fluorescent pseudomonads, usually known by its notable feature of producing
fluorescent pigment, are a large group of species recognized as potential PGPR and
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biocontrol agent (BCA) as producing various antimicrobial compounds. These
compounds exhibit antibacterial, antitumor, antifungal, antiviral, and anti-nematode
properties. Pseudomonas corrugata and P. mediterranea were reported to produce
hydrogen cyanide (HCN) which involved in inhibition of germination of phytopath-
ogenic fungal spores (Strano et al. 2017). HCN production was also reported in
various strains like Pseudomonas spp. P76 and P124, Pseudomonas CF1 and CF5,
P. aeruginosa P4, P. putida R32, and P. chlororaphis R47 (Anand et al. 2020; Gupta
et al. 2020; Priyanka et al. 2017; Reetha et al. 2014). Pseudomonads, like
P. aeruginosa, P. fluorescens, P. chlororaphis, P. cepacia, P. aurantiaca,
P. brassicacearum, are deeply reviewed for their antimicrobial production by Mishra
and Arora (2018).

Bacteriocins, diverse group of ribosomally synthesized bioactive peptides or
proteins, are produced by bacteria to inhibit or kill microbial competitors. They
exhibit a narrow spectrum activity by inhibiting taxonomically closely related
bacteria or a broad spectrum activity by inhibiting a wide range of bacteria (Silva
et al. 2018). Various commonly-found Gram positive soil bacteria of genus Bacillus
(Bacillus cereus, B. thuringiensis, B. clausii, B. subtilis, B. amyloliquefaciens,
B. stearothermophilus, B. megaterium, B. licheniformis, etc.) are well known for
their bacteriocins production. They produce different types of bacteriocins like
cerein7, subtilin, Cerein 8A, bac-GM17, amylocyclicin, BL8, thuricin, tochicin,
morricin, kenyacin, etc. (Subramanian and Smith 2015). Some other stains like
Lysinibacillus jx416856, Erwinia carotovora, Clavibacter michiganensis, and Rhi-
zobium lupine are also reported to produce bacteriocins. Lactic acid bacteria are
widely reported for bacteriocins production. 119 different lactic acid bacteria were
isolated from the rhizosphere of olive trees and desert truffles were showing good
antibacterial and antifungal activity; this activity may be due to bacteriocins produc-
tion (Fhoula et al. 2013).

Extracellular hydrolytic enzyme production is commonly found in the
rhizospheric antagonistic microbes (Adesina et al. 2007). These enzymes play the
role in displaying antifungal activity against different plant pathogenic fungi.
Lysobacter enzymogenes produces extracellular lytic enzyme, β-1,3-glucanases,
capable of inhibiting fungal growth by degrading its cell wall (Palumbo et al.
2005). Serratia liquefaciens, S. plymuthica, and S. rubidaea were isolated from
rhizosphere of oilseed rape, found to produce lytic enzymes (like chitinases and
β-1,3 glucanases), probably involved in fungal growth inhibition (Kalbe et al. 1996).
Chitinase degrades chitin of the fungal cell wall. As a strategy to screen potential
PGPR, the trait of chitinase production is widely selected by many researchers.
Chitinase producing rhizospheric bacteria, Pseudomonas putida B E2,
P. chlororaphis K15, Serratia plymuthica R12, Pseudomonas spp. NS-1, and
Bacillus spp. NS-22, displayed efficient PGPR action in addition to inhibit fungal
phytopathogens (Berg et al. 2001; Dukare et al. 2020). Other hydrolytic enzymes
like cellulase, protease, polygalacturonase, and glucanase are also involved in lysis
of fungal cell wall. Paenibacillus spp. 300 and Streptomyces spp. 385 were reported
to produce chitinase and β-1,3-glucanase and involved in inhibition of Fusarium wilt
(Singh et al. 1999). PGPR strain of Pseudomonas aeruginosa also produces protease
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to exhibit the antifungal activity (Illakkiam et al. 2013). Bacillus amyloliquefaciens
and Bacillus subtilis are expressing glucanolytic enzymes and inhibiting sugarcane
fungal pathogens by degrading its cell wall (Zia et al. 2019).

Certain non-ribosomally synthesized antibiotics, bacillomycin D, fengycin,
polyketides, and bacilysin, are exhibiting antimicrobial properties (Gu et al. 2017).
The aerobic spore forming Gram positive bacterium, Bacillus amyloliquefaciens
FZB42, is producing these type of antibiotics with other secondary metabolites.
Bacillomycin D and fengycin show antifungal activity while polyketides and
bacilysin show antibacterial effect. These unique properties make Bacillus
amyloliquefaciens FZB42, a potential candidate to be used as biocontrol agent.
Inhibition mechanism of antibiotics and other secondary metabolites are deeply
discussed by Chowdhury et al. (2015). Lantibiotics (lanthionine-containing
antibiotics) and non-ribosomally synthesized antibiotics are also produced by Bacil-
lus subtilis (Stein 2005).

16.9 Siderophore Producers

The forth most abundant and another important constituent for the plant growth and
development is iron which acts as cofactor in several enzymatic reactions as well as
in other non-enzymatic reactions. Although of its abundance occurrence the bio-
availability is very less due to the formation of insoluble ferric complexes at neutral
to alkaline pH. In the rhizospheric soil, a distinct functionally divergent group of
organisms plays a role of iron chelation and making it available to the plants by
producing low molecular weight secondary metabolites referred as Siderophores.
More than 500 such siderophore molecules are identified produced by different
rhizospheric microbes (Challis 2005; Visca et al. 2007) whereupon its production
is dependent on the iron content of the soil as well as the ecology of the soil with
respect to the pH and the presence of other metal ions. A functional diversity exists
in the microbial population as per the pH status and the iron deficiency. Fungi and
Streptomyces formed a stable population in acidic soils by producing hydroxamate
types of siderophores at low pH, while the hydroxamate and catecholate
siderophores were seen in neutral to alkaline soils. Hydroxamate siderophores
were produced by the fungus Hymenoscyphus ericae a pH range of 3.5 and 5.5
(Federspiel et al. 1991). An interesting phenomenon was exhibited by the
Escherichia coli strain Nissle 1917 which produced aerobactin at pH 5.6 while
salmochelin and yersiniabactin at pH 7.0 or more (Valdebenito et al. 2005). Besides
Vibrio spp. produced aerobactin and vibrioferrin; enterochelin produced by E. coli,
B. cenocepacia produced ornibactin and pyochelin (Sathe et al. 2019). Different pH
range became an ecological niche for specific organism resulting into a diversed
form of microbial community functional in siderophore formation. The occurrence
of the functional diversity is further complicated by the co-evolutionary race battling
for iron between the siderophore producers and non-producers in the existing diverse
microbial community. Therefore, the rhizospheric microbes niches exhibit multiple
types of siderophores. Vibrio anguillarum produces anguibactin and vanchrobactin

356 N. Patel et al.



(Lemos et al. 2010), P. aeruginosa produces pyoverdine and pyochelin (Dumas et al.
2013), and B. cenocepacia produces ornibactin and pyochelin (Tyrrell et al. 2015).
The prevailing siderophore producing microbial community may develop either a
co-operative or competitive relation with the other microbial populations which
results into co-evolutionary race between species. Their ecological dependencies
on each other lead to the development of stable microbial communities (Kramer et al.
2020).

16.10 Plant-Parasitic Nematodes (PPN) Controller

A significant damage to several agricultural crops is reported every year by plant-
parasitic nematodes (PPN) which are primarily inhabitant of soil. Mainly chemical
pesticide, like methyl bromide, based strategies were applied to control PPN but
nowadays biocontrol strategies are applied by considering nematocidal potential of
various microbes in order to reduce environmental pollution. There are two main
groups of rhizobacterial compounds, namely enzymes and secondary metabolites,
involved in nematicidal activity which affects the external structural compounds of
the nematodes or nematode organs. Lytic enzymes are produced by Lysobacter
capsici, Streptomyces cacaoi GY525, Bacillus megaterium PSB2, Brevibacillus
laterosporus, Bacillus firmus DS-1, Brevibacterium frigoritolerans, etc. (Aballay
et al. 2017; El-Hadad et al. 2010; Lee et al. 2014; Yoon et al. 2012). Other secondary
metabolites like, 2,4-diacetylphloroglucinol (DAPG) produced by P. fluorescens,
H2S produced by Tsukamurella paurometabola C-924 (Marin et al. 2010), HCN
produced by Pseudomonas chlororaphis PA23 (Nandi et al. 2015), are playing an
important role in control of plant-parasitic nematodes.

16.11 Conclusion

The plant microbial interactions in the rhizospheric soil have been studied in
different capacities and at different levels ultimately resulting into the plant growth
enhancements or plant protection and establishing systemic resistance against
pathogens. The functionalities of these diverse heterogenous microbial populations
have led to its development and applications as biofertilizers, bioenhancers,
bioinoculants, biocontrols, biofilms, or as a bioprocess. The rich functional diversity
of the microorganisms is a cumulative effect by the inherent capability of these
versatile microorganisms as an individual or as a group, the plant exudates rich in
organic substances, and the soil type determined by its physical and chemical
characteristics.
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Abstract

Microbes residing on the surface of roots are termed as root epiphytic microbes.
They contribute majorly in biogeochemical mechanisms of soil. There are various
approaches for deciphering root epiphytes which are either culture dependent or
culture independent methods. Plants play a decisive role in selecting root epi-
phytic community which is driven by factors such as nature of soil, host plant, and
root exudates. Root surface harbors both prokaryotic and eukaryotic microbes.
Proteobacteria and Actinobacteria are major phyla present as root epiphytes.
Alphaproteobacteria and Gammaproteobacteria predominate among bacteria.
Pseudomonas, Burkholderia, Erwinia, Acinetobacter, and Sphingomonas are
the major genera isolated from different plant root surfaces. Few other genera
such as Bacillus, Agrobacterium, Streptomyces, Klebsiella, Nocardia, etc. are
also found on some of the root surfaces. Fungi of class Ascomycota represents
eukaryotic root epiphytic community. Epiphytes play a significant role in plant
metabolism. Many epiphytic microbes produce phytohormones such as auxin,
gibberellins as well as other growth promoting substances that contribute in plant
growth. Root epiphytes involve in root defense via mechanisms such as biofilm
formation, releasing antimicrobial substances, or competing for space and
nutrients with pathogens. Epiphytic microbes play a role in framing root mor-
phology and root structure thereby molding shape of roots.
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17.1 Introduction

Soil popularly known as BLACK BOX among the science fraternity is known to
be the most significantly diverse uppermost layer of the earth’s crust in the litho-
sphere ecosystem. Because of its composition consisting of organic matter, minerals,
water, and gases, this layer is the home for vast diversity of microorganisms. As a
matter of fact, soil acts as the greatest reservoir of biodiversity of microorganisms in
the world. Soil is also a layer that has roots of vegetation embedded in it. Rhizoplane
is a part of the plant that is shielded from sunlight and open air by the bulky layer of
soil; however, it shows lesser variations in other conditions, namely humidity and
temperature. It is a home to the diverse form of microorganisms. Studies suggest that
about 1011 microbial cells involving more than 30,000 species of prokaryotes resides
per gram of roots and rhizosphere soil (Berendsen et al. 2012). To be more precise,
below ground ecological niches can be categorized as the bulky layer of soil,
rhizosphere, rhizoplane, epiphytes, and finally endophytes (Rout 2014). However,
the microflora of epiphytes and endophytes differs greatly from that of the bulk soil
suggesting that plants have evolved in selecting the microbial community in their
environment (Zamioudis et al. 2013). Among this vast world of microbes, a small
but significant portion involves members of rhizoplane of the plants better known as
Root epiphytes. They are the organisms that adhere to and reside on the surface of
roots of the plant. However, as there is a significant amount of soil particles which
adheres to the root surfaces, the confusion and dispute regarding the precise defini-
tion largely prevail among the researchers. Furthermore, root adhering microbes are
those genera that are preferentially stimulated from the members present in the
surrounding rhizosphere. Because of this, most of the studies related with root
associated microbes extends its lay out to rhizosphere. Reinhold-Hurek et al.
(2015) have given a more confined term of the original rhizosphere. They classified
the rhizosphere into ectorhizosphere and endorhizosphere. Ectorhizosphere
comprises of the soil attached to and on the root surface where the bacteria reside,
while endorhizosphere covers the free spaces present in inner root tissues such as
cortex and endodermis in which microbes can reside. Because of their existence at
the interface of vegetation and external environment, the members of
ectorhizosphere have a very little but significant share in the ecological niche.
These minute residents of roots are teaming with the plants causing significant
impact on the plant growth and metabolism. However, the architecture of the
diversity of microbes is highly sensitive towards the continuously altering biogeo-
chemical conditions on and around the root surface. As a result, they may vary in
numbers and types based on the availability of nutrients as well as other environ-
mental conditions. Microbes of these microecological niches show varying degree of
beneficial, neutral, or damaging interactions with their host plants. As a result, they
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have a role to play in the dynamics of root ecosystem and plant trait expression (Rout
2014). Even though some of the plant–microbiome interactions are studied largely,
mostly they are focused on rhizobium species or mycorrhizal interactions. There is
not much information available regarding their diversity and significance of root
epiphytic members in the literature in spite of their contributions in biogeochemical
mechanisms of rhizoplane. Henceforth, we have made an attempt to provide an
insight into the diverse and compact world of root surface associated microbes.
However, due to dispute and confusion regarding the precise boundary of the
rhizoplane, looking to the broader outline, we have integrated reports of rhizosphere
in some of the discussion in this chapter.

17.2 Diversity of Root Epiphytes

17.2.1 Approaches for Studying Root Epiphytic Microbiome

Complexity of the environment has a deep correlation with the biodiversity of that
particular habitat. As a storehouse of minerals and organic materials, plant rhizo-
sphere is likely to provide accommodation and nutrition to the members of various
domains of life. There are number of methods available to study the microbial
members present in rhizoplane (Mendes et al. 2013; Turner et al. 2013). Most of
the methods with simpler approach involve culturing and studying the
microorganisms in the laboratory (Tsavkelova et al. 2007; Castillo et al. 2015).
However, it fails to provide the total picture of members of those genera which are
unculturable but still the residents of the rhizoplane. Recently, techniques involving
genome-based analysis such as PCR amplification, rRNA genome sequencing, next
generation sequencing, metagenomics, metabolomics, metatranscriptomics,
metaproteomics, etc. have been largely employed in biodiversity studies (Turner
et al. 2013). Culture independent techniques have uncovered the fact that the
microorganisms detected via culturing constitute merely 5% of the total microbial
community and a significant proportion of the phyla detected using high end culture
independent technologies does not have a single culturable member (Mendes et al.
2013). These methods have unearthed the secrets of underground microbial world
along with root harboring microbes, not obtained through culture techniques.
Metagenomics is the study of metagenome, referred as a complete set of total
genomic DNA in any particular sample. The samples used for such studies mostly
comprise the environmental samples. Metagenomics involves the isolation of total
DNA of the samples, its amplification followed by its sequencing. The sequence is
shot against the pool of enormous database and the members of various genera are
designated. Similarly, metatranscriptomics study is performed by isolation of total
RNA and its sequencing. Successively, data analysis via comparison of DNA/RNA
sequences, with the vast array of databases is performed as per the requirement and
taxonomic ranks of the isolates are designated. Recently, science of metabolomics
has been employed for diversity studies of plants. Metabolomics involves overall
study of small molecules of either substrates or products of metabolism, better
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known as metabolites. This approach can provide a deep insight towards the
microbial diversity as a function of biochemical changes related with various
developmental alterations during plant growth. The area of metaproteomics deals
with the protein content present in the environmental samples. As proteins are the
direct products of gene expression, in addition to the diversity studies, they can also
reflect the genetic regulation of the total microbiome communities of rhizoplane
under specific environmental conditions. These methodologies have been frequently
employed in the diversity studies of root epiphytic microflora. War Nongkhlaw and
Joshi (2014) have isolated biofilm forming epiphytic microbes from various
ethnomedicinal plants of North East India and identified them using the concept of
PCR amplification and 16 s rRNA sequencing. Flores-Núñez et al. (2020) have
performed diversity analysis of epiphytic prokaryotic microbes on agave and cacti
species through metagenomic studies. Turner et al. (2013) have followed the RNA
based metatranscriptomics approach for determining total community structure and
diversity of microorganisms residing in pea, oats, and wheat rhizosphere. They
isolated total RNA from the bulk soil and rhizosphere and roots of the sample plants
and performed multiplex and sequencing analysis. From 19 independent samples,
1,674,231 reads were generated and were analyzed further using UNSEARCH with
SSU rRNA database. Full length rRNA transcripts were used to derive rRNA
sequences to which the taxonomic ranks were assigned using the Lowest Common
Ancestor Algorithm (by MEGAN package). This conservative algorithm removed
the possibility of false assignment of conservative sequences to low taxonomic ranks
as a result, most of the reads were assigned high taxonomic ranks mainly,
prokaryotes, eukaryotes, phylum, and genus level. However, few reads were also
analyzed up to species and strain level. The sample collections from rhizoplane for
all the genomic studies mostly involves a common protocol of initial steps that
comprised of washing the roots, separation of rhizoplane microbes using mechanical
methods such as aberration with glass beads or pebbles or through ultrasonication,
followed by centrifugation and collection of supernatants for further processing.
However, it has been found that mechanical separation does not provide complete
detachment of rhizoplane microbes from the root surface and nearly equal amount of
the microbes still remains attach to the root surface after the procedure (Reinhold-
Hurek et al. 2015).

Along with genome-based studies, rhizoplane microbes are also observed micro-
scopically to get an idea of their morphological characteristics. However, this do not
have direct contribution to the diversity studies.

17.2.2 Factors Affecting Diversity of Root Epiphytes

In the rhizosphere, plant roots have to compete with the nearby roots and
microorganisms for space, water, and nutrients (Phillips et al. 2004). Root commu-
nity structure largely depends on number of factors that directly or indirectly affects
the microbial load as well as diversity. This majorly includes the nature of soil
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surrounding the roots (rhizosphere), environmental factors, type of vegetation, and
root exudates.

17.2.2.1 Type of Soil
Types of microbes residing in particular rhizosphere are largely dependent on the
soil covering the root surfaces. Soil composition and structure take shape based on
the edaphic and environmental factors as well as the history of vegetation in that soil.
As root epiphytes are to be recruited from the microbes present in this rhizosphere
soil, it has a significant effect on the root epiphytes. Besides, rhizosphere zones are
considered as “hot spots” for the microbial diversity. The microflora of naïve soil
differs from that of the processed soil. Agricultural soil communities have great
impact of pesticides, fertilizers, growth enhancers, and soil sterilizing methods,
while naïve soil communities do not have such impact. Roots of healthy plants are
inhabited by soil-derived fungi, bacteria, oomycetes, and other microorganisms that
have evolved independently in distinct kingdoms of life (Durán et al. 2018). Along
with that there is also a significant difference in the community of bulk and soil and
rhizosphere soil. As we travel from rhizosphere towards the inner core,
i.e. rhizoplane, microbial diversity decreases while specificity, affinity, and avidity
of microbes towards the plant roots increase (Sare et al. 2020). Lundberg et al.
(2012) have claimed that soil type has a strong effect on bacterial community of bulk
soil, rhizosphere as well as endophytic compartments of the plant. Reinhold-Hurek
et al. (2015) stated the microbial diversity of the bulk soil compared with the
rhizosphere soil of oats, pea, and wheat. They compared the studies performed by
various researchers using two approaches that involved 16s rRNA gene amplifica-
tion and deep sequencing as well as metatranscriptome studies for determining the
diversity of bulk soil and rhizosphere but surprisingly deciphered difference in the
results of both studies. Their analysis suggested no significant difference in diversity
of bulk soil and rhizosphere soil when determined through 16 s rRNA gene amplifi-
cation, on the contrary, metatranscriptome analysis revealed differences in the bulk
soil and rhizosphere soil. The difference may be because the rRNA transcripts
represent the active members in contrast to just the mere all the members represented
by DNA sequencing.

Nowadays, as the concern for environmental sustainability has observed a sharp
rise, agricultural communities have also conducted multiple attempts on the way of
finding alternatives of chemical fertilizers, pesticides, and other growth promoting
chemical substances. Recently, microbial amendments that contain plant growth
promoting microorganisms along with the metabolically fermented products of that
microorganisms are supplied to the agricultural crops. One of the types of such
commercial microbial amendment is VESTA. It is a fermented liquid that consists of
fermented products, organic acids, and broad range of microorganisms that are
involved either directly or indirectly in plant growth promotion. This product is
commercially produced and supplied by SOBEC Corp. Fowler, CA. Deng et al.
(2019) have investigated the effect of soil amendment VESTA on the soil properties,
bacterial communities, diversity and composition, and growth of strawberry plant.
They employed 16srRNA gene amplicon-based illumina sequencing analysis for
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depicting the bacterial community structure of the naïve soil (without amendment)
and that supplied with amendment in strawberry rhizosphere. Their study revealed
that there was not only the difference in the physicochemical properties of the soil
and root growth but also substantial changes in microbial flora in the areas that were
under the effect of amendment; however, it was found that microbes present in the
amendment did not replace the rhizosphere community, instead they played a
significant role in modulation of bacterial community of strawberry rhizosphere.
Also, the investigations indicated that diversity of control soil was greater than
bacterial diversity of amendment supplied soil. When the treatment was correlated
with change in different taxonomic level, they found significant rise in the number of
Gram negative, aerobic or facultative aerobic Betaproteobacteria with wide range of
metabolic capabilities along with the nitrogen fixing capacity. There was a parallel
decrease in Actinobacteria in the treated soil. When the soil undergoes such
treatments, it demonstrates subsequent alterations in water stress on the plant
roots, microbial exudates, and biogeochemical cycles. This has a great impact on
the naïve communities which may also produce antagonistic exudates for other
microbes.

Soil properties also differ with the geographical locations. Soil in higher altitudes
is found to bare more harsh conditions with coarser texture, low nutrient availability,
and less water holding capacity. The root microflora composition tends to be affected
by such environmental stress factors (Castillo et al. 2015). Additionally, the changes
in temperature and pH of the soil are also reflected on the diversity of microbial flora
in the soil as well as the rhizosphere. It is evident that pH and temperature affect the
enzyme activity, membrane functioning, and ionic compositions of the microbes
hence their growth and metabolism. Also, at higher altitudes, temperature drop
downs below sub-zero level at which water is hardly in its liquid state making its
availability difficult for the microbial cells. Similarly, roots facing anoxic conditions,
for e.g. lake sediments, will be colonized with facultative or obligate anaerobes.
Praeg et al. (2019) have analyzed the microbial diversity in the rhizosphere of
Ranunculus gracilis along the high alpine altitudinal gradient located on
Mt. Schrankogel, Central Alps, Austria. Their study revealed the fact that 47% of
prokaryotic diversity and 37.4% fungal variations depend on pH and temperature of
particular soil.

17.2.2.2 Type of Host Plant and its Roots
For the terrestrial plants, root surface is the major site of interaction with soil
microorganisms and even if soil type plays a key role in designing root community
structure, plant genotype is the driving force of root microbiome diversity for
identical soil types. Nevertheless, plant genome acts as a filter for selection of root
epiphytic microbes. There are studies claiming that plants modulate their rhizosphere
community by selectively benefiting the proliferation of microorganisms with posi-
tive traits for plant growth (Mendes et al. 2013). It can be assumed that different
plant species release different root exudates which attract specific microbial species
according to their metabolic framework. Microbes apply mechanisms such as
chemotaxis, motility, adhesins, etc. and adhere to the root surface leading to biofilm
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formation. The nature of root surface sets the stage for the establishment of the
microbial community. The root exudates excreted by the plants act as nutrients for
the microorganisms, hence there is more amount of microbial activity around the
roots compared to bulk soil. Furthermore, these microbes release biomolecules in
their vicinity based on which the plant immune system shows tendency to differen-
tiate between pathogenic and non-pathogenic microbes and acts accordingly. This
phenomenon affects the colonization of microbes on root surface thereby avoiding
the pathogenic microorganisms. Studies indicate that when grown under the same
soil types, different plant species showed difference in root community (Hashidoko
2005; Reinhold-Hurek et al. 2015). Hashidoko (2005) investigated rhizoplane
microflora of a chlorogenic acid rich plant, Aegopodium podagraria of the family
Umbelliferae and a hydrolysable, tannin rich plant of Geranaceae, Geranium
robertianum and concluded that the bacterial communities of both the rhizoplane
were totally different even after sharing the same bulk soil. Other factors such as root
age, root length, and diameter, etc. are related with the microbial load present on any
of the root surface. Castillo et al. (2015) suggested that there is difference in the
epiphytic bacterial load in the roots of paddy with respect to the age of plant. It is
obvious that aging process decreases the functional capacity of the roots (Liu et al.
2019). Younger roots are metabolically active and can produce more amount of root
exudates attracting higher numbers of microbes in contrast to the aged roots which
shows lesser nutrient uptake and sugar release capacity that reflects not only on the
total microbes present on its surface but also on the load and diversity of the root
residential microbes. Statistical dimensions of root decide its surface area that is
available to provide “housing” to the epiphytic microbes. More the surface area,
higher the harboring of microbes.

In addition to the terrestrial land plants, a major portion of the vegetation also falls
under the aquatic category which makes it necessary to consider the roots of aquatic
plants for its effect of epiphytic community. It has been observed that aquatic roots,
even though submerged in water, interact with microbes related to the mechanisms
of plant growth promotion, biogeochemical cycles such as nitrification, denitrifica-
tion, and also for bioremediation of water contaminants (Tanaka et al. 2009).
However, compared to the terrestrial roots, aquatic roots tend to have lesser micro-
bial load as they are under the effect of water currents. Furthermore, the water
immersed roots also face variety of surrounding conditions based on the aquatic
body in which it is immersed which also acts as one of the contributing factors in the
diversity of the root epiphytes. For example, freshwater roots have microbes which
are either non-halophilic or maximally, halotolerant, on the contrary, most of the
fresh water microbes cannot survive on the marine root surface. Marine roots are the
home to mostly halophilic or halotolerant microbes. In fresh water bodies, root
community depends on the properties of water such as pH, oxygen availability,
electrical conductivity, salt concentration, presence of organic matter, and toxicants
(Srivastava et al. 2017).

Tanaka et al. (2009) have analyzed bacterial community harbored by aquatic
roots of reed (Phragmites australis) and Japanese loosestrife (Lythrum anceps) from
a floating treatment wetland pond. They found taxonomical difference in the
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bacterial communities of both the roots suggesting plant species specificity with
respect to its epiphytic community. Reed roots were predominated by
Betaproteobacteria, while Japanese loosestrife harbored Alphaproteobacteria.
Also compared to pond water, plant roots microorganisms were more diverse. This
may be because of the nutrients supplied by the roots in form of root exudates. Their
studies claimed the presence of higher number of novel phylogenetic species on the
roots of these plants. Another major study was carried out by Crump and Koch
(2008), on four species of aquatic angiosperms, namely Vallisneria americana (Wild
celery), Potamogeton perfoliatus (Red head grass), Stuckenia pectinata (Saga pond
weed), and Zostera marina (Eel grass), respectively from fresh water, brackish
water, and marine water of Chesapeake Bay. They analyzed that all the four plant
roots had difference in diversity of microorganisms on their surface supporting the
idea of species specificity in terms of root–microbe interrelations.

As this section discusses diversity of root epiphytes based on the type of roots,
another root type which can be considered for mention in this section is aerial roots.
They are the roots present above ground and are mostly adventitious in nature. They
are present on the epiphytic plants such as orchids. Studies (Tsavkelova et al. 2007)
revealed that in epiphytic orchid which consist of aerial roots, microbial community
not only differed than those present on the roots of terrestrial orchid but also was
more abundant compared to its terrestrial counterpart. It has been stated that the
presence of velamen which is a spongy hygroscopic tissue on the aerial roots may be
responsible for the presence of higher number of microbes on the aerial roots.
Furthermore, epiphytic aerial roots were allowed the harboring of gram-negative
Pseudomonas and Flavobacterium, while gram positive strains of Streptomyces and
Bacillus dominated the rhizoplane of terrestrial roots. These studies also claimed that
orchid bacterial communities depend on the species and root types mainly depending
on the composition of root exudates.

17.2.2.3 Root Exudates
Root exudates are defined as smaller, low molecular weight compounds comprising
of sugars, amino acids, organic acids, and secondary metabolites (Phillips et al.
2004). Damaged root surface cells, secretions, lysates, and mucilage are other
organic materials that can be utilized by rhizosphere flora (Andrews and Harris
2000). There are number of studies that claim dependence of root microflora
communities on the type of exudates (Tsavkelova et al. 2007; Srivastava et al.
2017). There are strong evidences demonstrating the interdependence of microbial
diversity and the root exudates (Mendes et al. 2013; Canarini et al. 2019). But the
knowledge of mechanisms and level of such interactions are still in its infancy. Roots
are known to release variety of exudates depending on the plant species and the
factors discussed in the above two sections. Those compounds, mainly amino acids,
phytoalexins, phenolics, etc., act as a sort of “biochemical magnets” to attract
specific groups of microbes. However, their profile seems to be interdependent in
a way that microbes surrounding the roots release certain metabolites that stimulate
secretion of primary root metabolites such as amino acids (Phillips et al. 2004) and
there happens to be a cross talk between plant roots and the surrounding microbial
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members through these chemotactic molecules that plays a crucial role in deciding
the root epiphytic community. Additionally, microbes utilize those molecules there
by affecting the concentration gradient of those metabolites. Roots tend to release
primary metabolites as diffusion process which acts along the concentration gradient
releasing more exudates subsequently. Generally due to the presence of these root
exudates, that comprises of both primary and secondary metabolites, rhizoplane
appears to be a nutrient rich niche which is directly responsible for higher diversity
compared to the bulk soil in which the microbes face oligotrophic conditions most of
the times. However, reports also claim that nutrient poor rhizosphere leads to
increase in biodiversity because of the synergistic interactions among various spe-
cies as an approach for increasing the bioavailability of required elements. Addi-
tionally, metabolic properties of root surface microbes largely depend on the
polyphenolic profile of the plant species (Hashidoko 2005). These secondary
metabolites also play a role in the phytopathogenic mechanisms of the plant as
well as in framing the root architecture (Canarini et al. 2019).

The relationship of root exudates with the root community has been studied using
the mutant version of the plant blocking the expression of specific secondary
metabolite, sequentially analyzing its effect on the root community structure. It has
been stated that under or over expression of certain biometabolites like indole
glucosinolates, ABC transporter, certain transcription factors, tyrosine derived
metabolites, etc. reflected the changes in the bacterial communities as well as its
abundance in the vicinity of roots of A. thaliana (Reinhold-Hurek et al. 2015). There
are recent studies (Mendes et al. 2013) on genomic profiling to analyze release of
root exudates on gene expression of community microbial strains using number of
methods such as “one gene at a time” approach, whole genome transcriptome
profiling, stable isotope probing (SIP), and other “Omics” related approaches.
Mark et al. (2005) have evaluated the effect of sugar beet root exudates on the
gene expression of Pseudomonas aeruginosa using whole genome transcriptome
profiling approach. They deciphered alterations in expression level of around
104 gene in the bacteria with response to the exudate released from the roots.
Orchids release various phenolics, phytoalexins, and tryptophan. Phytoalexins and
phenolics have a tendency to suppress various microorganisms, while tryptophan
that acts as a precursor for Indol Acetic Acid (IAA) attracts the strains such as
Bacillus sp., that are capable of converting IAA into Auxin (Tsavkelova et al. 2007).
Significant amount of isoflavones and saponins are released as secondary
metabolites from soybean (Glycine max) roots for biochemical interaction with
rhizosphere bacteria (Sugiyama 2019). The story of root exudates does not hold
much significance when we talk about aquatic roots. Terrestrial plant roots attract
microorganisms by releasing array of root exudates while aquatic roots release
organic nutrients mainly carbon and oxygen and invite microbes by providing
these so-called offerings to them (Srivastava et al. 2017).
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17.2.3 Prokaryotic Microbes

A major portion of rhizoplane community consists of prokaryotic microbes,
members of certain bacterial genera to be present as highest in number against
other domains. Furthermore, as root exudates contributes about 25% of the organic
matter, the bacterial load is about 10-fold to 100-fold more in the rhizosphere area
compared to the bulk soil (Andrews and Harris 2000). Microbial communities in the
root vicinity can be classified as either PGPB (Plant growth promoting bacteria) or
ISR (Induce systemic resistance) (Rout 2014).

Bacteria are the most abundant microbial candidates present in rhizosphere,
rhizoplane as well as on the root surfaces. They cover the root surface through
biofilm formation. Most of the studies suggest that Proteobacteria is the
predominating phyla in the root community along with few members of
Actinobacteria (Bodenhausen et al. 2013; Reinhold-Hurek et al. 2015; Deng et al.
2019; Dong et al. 2019). The two classes of Proteobacteria, Gammaproteobacteria
(25%), and Alphaproteobacteria (38%) dominated the root surfaces (Reinhold-
Hurek et al. 2015). However, strawberry roots treated with microbial amendments
showed increased number of Betaproteobacteria and decrease in Actinobacteria
demonstrating that treatments performed in soil rhizosphere can likely change the
root community structure (Deng et al. 2019). Root microbiota are enriched with the
members of Acidobacteria, Verrucomicrobia, Bacteroidetes, and Planctomycetes in
addition to Proteobacteria and Actinobacteria, derived from surrounding soil and
can be transferred horizontally (Compant et al. 2019). Different plant roots have
certain common bacterial inhabitants while many of the genera are also plant specific
(Table 17.1).

The quantitative load of the root associated bacteria also differs slightly in
different plant species. The number of bacteria were found to be around 106 to
107 CFU/g in paddy (Castillo et al. 2015) and between the range of 2.5 to
4.5 � 105 CFU/g in lettuce roots depending upon the type of protocol and number
of washing steps applied for the sample processing (Sare et al. 2020).

Bodenhausen et al. (2013) have compared the root epiphytic community of
Arabidopsis thaliana with its endophytic counterpart. Their studies suggested the
presence of higher number of bacteria on root surface compared to the endophytic
portion. Proteobacteria, Actinobacteria, and Bacteroides were the predominant phyla
present along with small portion of Firmicutes. They deciphered more than 4000
sequences and found high abundance of certain OTUs (Operational Taxonomic
Units) denoting the presence of Pseudomonas representing the class
Gammaproteobacteria, Actinomycetales, and Actinoplanes as members of
Actinobacteria and genus Chitinophagaceae representing Bacteroides. High number
of Arthrobacter sp., Flavobacterium sp., and Sphingomonas sp. were also associated
with the A. thaliana roots. Two non-corelated free-living nitrogen fixing members of
α proteobacteria, facultative anaerobic bacterial strain of Klebsiella pneumoniae
IFO3318 and a strain of aerobic nitrogen fixing free-living bacteria Beijeirinkia
indica subsp. Indica IFO3744, were isolated from the rhizoplane of stressed soil
tolerant plants (Hashidoko 2005). High phosphate solubilizing bacterial strain of
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Pantoea eucalypti and IAA (Indol Acetic Acid) producers Raoultella ornithinolytica
are epiphytes of ethanomedicinal plants (War Nongkhlaw and Joshi 2014).

Bacterial community differs in the rhizoplane of Brachypodium distachyon
(wheat) in nodal roots and seminal roots along their root tips and root bases.
Oxalobacteraceae of Betaproteobacteria dominated in seminal root tips while
Comamonadaceae (Betaproteobacteria) was strongly associated with nodal roots
(Kawasaki et al. 2016).

In addition to bacteria, there are certain members of archaea that colonizes
specific microbial niche in the root communities. This may be due to the ubiquitous
presence of archaea. Archaea interact with plants as well as members of microbial
world present in the rhizosphere. Methanogenic archaea are closely associated with
rice roots and contribute to the release of large portion of methane from the crop
(Deng et al. 2019). In arugula plants that are widely used in salads, archaeal phylum
Thaumarchaeota (73.4%) dominated the rhizosphere followed by Euryarchaeota
(20.9%), Woesearchaeota (3%), and Bathyarchaeota (0.2%)(Taffner et al. 2019).
Agave and cacti episphere consist of archaeal members of classes Nitrosospira,
Halobacteria, and Methanomicrobia (Flores-Núñez et al. 2020).

Table 17.1 Root epiphytic bacterial members

No. Plant Root epiphytic bacteria Reference

1 Tomato Pseudomonas, Acinetobacter Dong et al.
(2019)

2 Paddy Erwinia, Pantoea, Klebsiella, Enterobacter,
Aeromonas, Acinetobacter, Pseudomonas.

Castillo et al.
(2015)

3 Terrestrial orchid
(Paphiopedilum
appletonianum)

Streptomyces, Bacillus, Pseudomonas,
Erwinia, Burkholderia, Nocardia

Tsavkelova
et al. (2007)

4 Epiphytic orchid
(Pholidota articulata)

Pseudomonas, Flavobacterium,
Stenotrophomonas, Pantoea,
Chryseobacterium, Bacillus,
Agrobacterium, Erwinia, Burkholderia,
Paracoccus

Tsavkelova
et al. (2007)

5 Lettuce Burkholderia, Sphingobium,
Blastopirellula, Luteolibacter,
Methylophilus, Nitrospira,
Hydrogenophaga, etc.

Sare et al.
(2020)

6 Arabidopsis thaliana Proteobacteria, Actinobacteria,
Bacteroides

Bodenhausen
et al. (2013)

7 Rice from acid sulfate
soil paddocks

Sphingomonas sp. Hashidoko
(2005)

8 Xyris complanata Fracteuria sp. Hashidoko
(2005)

9 Strawberry Betaproteobacteria Deng et al.
(2019)

10 Wheat Burkholderiales, Sphingobacteriales,
Xanthomonadales

Kawasaki
et al. (2016)
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17.2.4 Eukaryotic Microbes

As the rhizosphere consists of the members from all the domains of life, fungi
represent the eukaryotic category in majority of the epiphytic community. They
co-exist with the prokaryotic microflora in the rhizoplane and perform interkingdom
interactions. However, the number of eukaryotic members is very less compared to
the prokaryotes.

Fungi mainly of phylum Ascomycota dominate the root communities of various
plants (Kawasaki et al. 2016; Sugiyama 2019). In wheat plants, Kawasaki et al.
(2016) studied and compared the microbial communities of tightly bound soil
portion of the roots, loosely bound fractions as well as bulk soil and depicted that
dominant fungal communities remain nearly same in the tightly attached fraction
(which majorly consist of root epiphytes) and loosely attached soil in the rhizo-
sphere. Emericellopsis mirabilis of Ascomycota was dominant OTU found in the
tightly bound soil samples attached on the root surfaces.

Salazar-Cerezo et al. (2018) performed study of culturable fungal diversity on
Stanhopea tigrina (Mexican orchid) and isolated nearly 140 fungi from the roots.
The epiphytic fungi consisted majority of Trichoderma sp. and Penicillium sp. of
Ascomycota, followed by Fusarium, Scedosporium, etc.

17.3 Significance

17.3.1 Growth of Plants

Epiphytic microbes play an important ecological role in the growth of plants by
producing various molecules like phytohormones and bacterial volatile organic
compounds (VOCs). These microbes are inhabiting in the surroundings of the
roots so these molecules serve as signaling molecules between plant and microbes.
These plant–microbe interactions have significant effect on the growth of the plants,
nutrient uptake by the plant, soil health, and soil fertility.

Physiological process of plants is influenced by small organic molecules or
substances at very low concentration known as phytohormones or plant hormones.
These chemical messengers are able to coordinate cellular activities of plants. Total
nine categories are reported, out of which auxins, cytokinins (CKs), and gibberellins
(GAs), a gaseous hormone ethylene (ET) are known as classical plant hormones and
whereas abscisic acid (ABA), brassinosteroids (BRs), jasmonic acid (JA), salicylic
acid (SA), and strigolactones (SLs) are categorized as class of new phytohormones.
Classical hormones play major role in plant growth and development, whereas
others are having prominent role in plant defense as well as in mitigation of biotic
and abiotic stress (Bhatt et al. 2020).

Apart from plants, phytohormone production capacity has been also detected in
many plants associated bacteria and fungi. Microbial production of phytohormones
plays a role in plant growth promotion and root architecture but the degree of proof
for their contribution is varying a lot depending as per the phytohormone producing
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microbial strain. Only presence of phytohormone in the supernatant of microbial
culture is insufficient to ascertain their role in plant growth but experiments with
mutant, incapable to produce phytohormone, can directly demonstrate their function
role in plant growth (Spaepen 2015). The postulation that hormones induce plant
growth is not always correct, because some hormones also show opposite effect.

Auxins are involved in several plant growth and developmental events like cell
division, cell elongation, and differentiation. Indole-3-acetic acid (IAA) is
synthesized from its chemically similar compound tryptophan and its production is
reported in microbes. As per a rough estimation, over 80% of the rhizospheric
bacteria are assumed to capable of producing IAA (Khalid et al. 2005). IAA
production by microbes has been linked with promotion of plant growth because
when these microbes were inoculated experimentally, it resulted in increase in root
and shoot biomass (Spaepen 2015). Based on several genetic and biochemical
methods, at least five different pathways for synthesis of IAA have been described,
which include the indole-3-acetamide (IAM), the indole-3-acetonitrile (IAN), the
indole-3-pyruvate (IPyA), the tryptophan side-chain oxidase (TSO), and the trypt-
amine (TAM) pathways (Kunkel and Harper 2018). Certain recent evidences suggest
that, apart from plant promotion, elevated IAA levels or enhanced auxin signaling
involved in disease development in some plant pathogen interaction. The role of
pathogen producing IAA has been investigated on Arabidopsis thaliana. The IAA
produced by plant pathogen Pseudomonas syringae strain DC3000 contributes to its
virulence and also suppresses salicylic acid (SA) mediated defense mechanism in
Arabidopsis thaliana (McClerklin et al. 2018).

Cytokines (CKs) are involved in cell division and differentiation of root and shoot
meristematic tissues, organ formation, root and root hair development, as well as
prevention of senescence. Relatively less species and strains are reported, may be
due to problems associated with cytokinin assay, as compared to that of auxins.
Increased root and shoot biomass has been resulted when plant rhizosphere is
inoculated with cytokine producing bacteria (Arkhipova et al. 2006). In rhizosphere,
microbially produced CKs are interacting with other plant hormone signaling
pathways as similar as to plant derived CKs. Thus, microbially produced CKs play
similar role in protection against pathogens by exogenously providing CKs or
overexpressing the CK biosynthetic genes. Its role can be expanded in abiotic and
biotic stress resiliency. Epiphytes, capable of producing CKs can be effectively
applied for biocontrol agent as a part of integrated crop management (Akhtar et al.
2020).

The class of gibberellins (GAs), tetracyclic diterpenoid acids, is a broad group
comprising more than 100 compounds. Gibberellins are involved in plant develop-
mental and physiological processes like cell division, leaf and stem growth, seed
germination, seedling emergence, floral induction, and flower and fruit growth. GAs
are also playing the role in promotion of root growth, root hair abundance, inhibition
of floral bud differentiation (Bottini et al. 2004). Endophytic fungi are major
producers of GAs, but in free-living microbes GAs production has been widely
reported and studied. Gibberellins produced by free living rhizospheric bacteria play
various roles like it can increase the 15N uptake in wheat roots, promote the root
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growth in maize (Fulchieri et al. 1993), promote growth of both roots and shoots
under drought (Cohen et al. 2001), help plants to mitigate metal induced stress (Kang
et al. 2017), increase soil salinity resistance (Kim et al. 2017). Nowadays, interest in
searching the free-living microbes with GAs production capacity has been observed
as these organisms can be effectively used as PGPR.

Abscisic acid holds a critical role in stomatal closure, morphogenesis of embryo,
fruit ripening, leaf senescence, and inhibition of seed germination. It is also involved
in synthesis of stored proteins and lipids, as well as shows protective response
against abiotic stress like drought, low temperature, metal toxicity, and salinity
(Bhatt et al. 2020). ABA is well recognized as a central regulator in adaptation of
plants to abiotic stress and a key molecule in plant response to microbes. However,
some plant pathogens produce ABA and induce ABA accumulation in the infected
plant, resulting in progression of infection. Bacillus megaterium, B. cereus,
Escherichia coli, Klebsiella pneumoniae, Proteus mirabilis, P. vulgaris are reported
to produce ABA (Karadeniz et al. 2006).

Ethylene, the simplest unsaturated hydrocarbon, is gaseous phytohormone, also
produced by rhizospheric microbes. It is also known as fruit ripening hormone and
involved in plant senescence, seed germination, cell expansion. Ethylene plays a
defensive role against plant pathogen by showing synergistic effect with jasmonate
dependent defense response. Under abiotic stress, elevated ethylene level may lead
to inhibitory effects on the plants. Various microbes including bacteria,
actinomycetes, yeast, molds, and algae are deeply discussed in the review by
Fukuda et al. (1993). On the other hand, microbes can also reduce the level of
ethylene by producing enzyme ACC deaminase. This enzyme degrades ACC
(1-aminocyclopropane-1-carboxylic acid), an important intermediate of ethylene
production pathway, in order to reduce the effect of ethylene (Ravanbakhsh et al.
2018). Recently, an interesting trait of some angiosperm plants is reported as an
array to combat with drought, called formation of rhizosheath. Rhizosheath, the soil
which remains strongly attached to root upon excavation, is a protective layer that
enhance nutrient and water uptake by maintenance of direct contact between soil and
the root. Formation of rhizosheath is affected by various factors like formation of
root hairs, root and microbial mucilage, and the surrounding microflora (Hartman
2020). By an unclear mechanism, under draught conditions, rhizosheath is produced
(Brown et al. 2017). Ethylene reduces the growth of the primary root but promotes
root hair promotion, necessary to form rhizosheath under moderate draught stress.
The evidences from the transcriptomics experiments on rhizosheath formation rice
(Oryza sativa) by Zhang et al. (2020) also support these phenomena and also unravel
ethylene signaling. Plant growth promoting Enterobacteriaceae rhizobacteria was
found upon bacterial community analysis of rhizosheath soil, many of which showed
high ACC deaminase activity, as a result plant growth is promoted.

Many soil epiphytes produce VOCs, though these VOCs are produced from a
distance but have potential role to improve plant growth. The first report of VOCs in
plant growth promotion was the production of VOCs (2,3- butanediol and acetoin)
by Bacillus subtilis GB03 (Ryu et al. 2003). After that, many reporters have
documented various VOCs for plant growth promotion like VOCs from
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Pseudomonas fluorescens SS101 enhance the growth of Nicotiana tabacum (Park
et al. 2015), VOCs from Pseudomonas simiae AU increased growth of soybean
seedlings (Vaishnav et al. 2015), soil bacterium Streptomyces coelicolor promote
growth of Arabidopsis thaliana (Dotson et al. 2020). Interaction between VOCs and
plants is deeply discussed by Raza and Shen (2020).

17.3.2 Plant Defense

Plant, as a rich source of nutrients, eventually attacked by many plant pathogens like
bacteria, fungi, protists, insects, and vertebrates. During the process of evolution,
plant has developed many successful defense mechanisms against plant pathogens.
Some of these mechanisms involved role of microbiome near to roots. Epiphytes, as
an integrated part of root rhizosphere, interact with roots to provide protection
against pathogen to the plants. One of the mechanisms involved formation of
biofilms surrounds the roots for protection from plant pathogens. The production
of antimicrobial compounds and VOCs also protects plants from pathogens. Com-
petition between pathogen and non-pathogenic organism can also help plants by
inhibiting colonization of pathogenic organisms.

A biofilm is defined as an assemblage of microorganisms that are irreversibly
associated (cannot be removed by gentle rinsing) with a surface and encased in a
matrix of primarily polysaccharide material. Usually non-cellular materials like
mineral crystals, blood components, corrosion particles, clay or silt particles,
depending on the surrounding environment in/on which the biofilm has developed,
may also be found in the biofilm matrix. Biofilms may form on various surfaces,
including living tissues, ship hull, indwelling medical devices, industrial settings,
water system piping, or natural aquatic systems (Donlan 2002).

Biofilms on plant surfaces have been described as surface attached, structured
microbial communities, normally observed as various assemblages like aggregates,
microcolonies, and symplasmata (Morris and Monier 2003). They form microniches
of conditions which are markedly different from its ambient environment.

A protective and antibacterial biofilm of B. subtilis, on root surfaces, was
evidently reported for biocontrol of P. syringae root infection in model plant
Arabidopsis. Interaction between a root pathogenic P. syringae and Arabidopsis
root was studied to elucidate the mechanism of infection inhibition. Wild type
B. subtilis 6051 was used in the experiment because of its biocontrol activity in a
variety of plants, seed protectant, and antifungal activity as well as its biofilm
forming capacity on root surfaces in vitro (Kinsinger et al. 2003; Bais et al. 2004).
The control of root infection by B. subtilis 6051 was directly proportional to its
ability to colonize and formation of biofilms on plant root surfaces and mediated by
the secretion of antimicrobial a lipopeptide antibiotic, surfactin at the root surface.
B. subtilis is known to produce surfactin and iturin in vitro (Peypoux et al. 1999), but
surfactin is found stable for prolong period in rhizosphere (Asaka and Shoda 1996).
The exact role of surfactin in biocontrol was proved by using a surfactin-minus
mutant of B. subtilis which did not effectively control P. syringae pathogenicity and
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exhibited poor biofilm formation on plant roots (Bais et al. 2004). Surfactin damage
membrane barrier properties cause structural fluctuations in membrane and act
rapidly on membrane integrity rather than other cellular vital process (Carrillo
et al. 2003). This study suggests the good evidence of role of epiphytic bacterial
biofilm in control of plant pathogen infection on root.

Gram positive, endospore former, aerobic rhizobacteria Bacillus
amyloliquefaciens subsp. plantarum are known for their capacity to enhance yield
of crop plants and their efficient role in biocontrol of bacterial and fungal plant
pathogens. FZB42, the type strain of this subspecies is commercially used as
biofertilizer and biocontrol agent in agriculture. The epiphytic Bacillus
amyloliquefaciens FZB42 has been reported to form biofilm on the root surface of
Zea mays, Arabidopsis thaliana, Lemna minor, tomato, and lettuce. Their ability to
form biofilm was confirmed by green fluorescent protein expression based assay and
confocal laser scanning microscopy by using genetically engineered Bacillus
amyloliquefaciens FZB42 (Fan et al. 2011).

The soil-borne fungus Rhizoctonia solani is necrotrophic plant pathogen of
economically important crops such as rice, maize, eggplant, sugar beet, soybean,
potato, pepper, cabbage, lettuce, cauliflower, and tomato. 14 distinct anastomosis
groups (AGs) of R. solani species have been described, some of them are subdivided
into additional subgroups which can be differentiated based on genotypic
characteristics and ecological criteria, such as specific host range. Bottom rot of
lettuce is caused by members of the subgroup AG1-IB, very difficult to control,
occurs wherever lettuce grows and resulted in high economical losses (Verwaaijen
et al. 2017). The initial establishment of infection by R. solani can be delayed by
addition of FZB42 to the soil. FZB42 produces non-ribosomally synthesized sec-
ondary metabolites like surfactin, fengycin, and bacillomycin D in the lettuce
rhizosphere which exhibit direct antagonism and at the same time also enhancing
the plant defense responses by mediating plant defense gene expression towards
fungal pathogen (Chowdhury et al. 2015b).

Significant yield losses have been observed due to root-knot nematode (RKN),
Meloidogyne incognita. It attacks on the roots of various trees, shrubs, and herba-
ceous plants including tomatoes and cotton. The infected roots develop rounded or
irregular galls of 1 to 20 mm in size and become distorted leads to stunted growth
and poor crop yield. The nematodes also exasperate the deleterious effects of
pathogenic bacteria and fungi. Application of FZB42 has been significantly reduce
nematode eggs in roots, juvenile worms in soil, and plant galls on tomato. Moderate
nematicidal activity is exhibited by FZB42 due to the production of plantazolicin by
a gene within the pzn gene cluster (Liu et al. 2013). Various mechanism of diseases
suppression by FZB42 is deeply reviewed by Chowdhury et al. 2015a, including the
stimulation of plant ISR by various bacterial secondary metabolites like surfactin
and volatile organic compounds (VOCs).

Every year reports of life-threatening outbreaks due to food borne pathogen,
Escherichia coli O157: H7, contamination to various plant parts indicates compul-
sion to search new control strategies. Escherichia coli O157: H7 can cause hemor-
rhagic colitis and, in very severe cases, hemolytic uremic syndrome. Two of the
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widespread Arabidopsis epiphytes, Enterobacter asburiae, and Wautersia paucula
studied for demonstration of competition with Escherichia coli O157: H7 in order to
suppress contamination on lettuce. When applied in experimental soils,
Enterobacter asburiae effectively compete and control Escherichia coli O157:H7
contamination (Cooley et al. 2006).

Microbial volatile organic compounds (VOCs) exhibit their potential in inhibiting
the growth of phytopathogens. Small VOCs produced by bacterial antagonist
reported to inhibit the mycelial growth of soil-borne phytopathogen Rhizoctonia
solani Kühn (Kai et al. 2007). Bacillus weihenstephanensis, B. simplex, B. subtilis,
Serratia marcescens demonstrate nematocidal activities by producing VOCs against
Panagrellus redivivus—a free-living nematode (Gu et al. 2007). Many bacterial and
fungal species producing VOCs are summarized and discussed by Campos et al.
2010 and de Boer et al. 2019.

17.3.3 Root Morphology and Architecture

Root morphology simply denotes the surface features of the root and all the subparts
like root hairs, root diameter, root patterns, etc. Root architecture refers to the
temporal and spatial configuration of entire root system in the heterogeneous matrix
of the soil which determines the ability of plant roots to obtain mobile and immobile
nutrients (Lynch 1995). Apart from nutrients uptakes, roots are essential anchoring
and mechanical support to the plants. In order to improve crop yield and growth,
knowledge of root system architecture is an essential part.

By the experiments involving gnotobiotic condition, the role of epiphytes has
been elucidated in root development. In a model dicot Arabidopsis thaliana, root
development was monitored in the terms of hair elongation, length of the primary
root, branching patterns, and light dark cycle in the presence or absence (gnotobi-
otic) of epiphytic microbial strains and found that root development was governed
by the inoculated epiphytic microbes (Klikno and Kutschera 2017).

Regulation of root system architecture involves endogenous signals from plant
itself and some outer stimuli like signals generated by microbes like plant growth
promoting rhizobacteria (PGPR) and environmental stimuli, like the availability of
water and nutrients. Involvement of PGPR in root system architecture was evidently
studied in rice seedling and PGPR strain, Bacillus altitudinis (strain FD48) by
comparative experiments involving gnotobiotic conditions. Role of PGPR in phyto-
hormone modulation was proved by studying expression of auxin responsive genes
(Ambreetha et al. 2018). Bacillus megaterium, a rhizospheric bacteria and PGPR,
can effectively modulate root architecture by involving auxin- and-ethylene inde-
pendent mechanisms.

Bacterial cross talk (quorum sensing) signals, N-acyl-homoserine lactones
(AHLs), are also responded by plants and it alter post-embryonic root development.
AHLs able to regulate primary root growth, lateral root formation, and root hair
development (Ortíz-castro et al. 2008). Root colonization by the Pseudomonas
putida and P. fluorescens can modulate root architecture by modulating auxin-
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responsive gene expression with the involvement of bacterial cyclodipeptides (Ortiz-
Castro et al. 2020). These evidences strongly suggest the role of bacterial molecules
in the root system architecture which involves the role of epiphytes in ecology of
root system.

17.4 Future Aspects

Diversity and functional properties of epiphytic microbes can be exploited in order
to enhance the plant growth by production of phyto-stimulating molecules. Epi-
phytic diversity can be used in production of commercial biocontrol agents for many
plant diseases. The role of microbes in root development is established. Scientific
communities are nowadays focusing on developing the crop varieties which are
more efficient in acquisition of nutrients and water under limiting conditions by
understanding root system architecture and its remodeling. Still, there is a great need
to understand interactions of plant behavior modifying compounds with plants, in
order to understand their role in root system architecture.
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Abstract

Belowground plant root–soil interface is a dynamic region, where numerous
biogeochemical changes take place and are determined by the physical and
chemical activities. A vast number of microbes including bacteria and fungi are
associated with soil and plants. Roots carry out several functions like attachment
and absorbance of nutrients, water and microorganisms necessary for plant
growth. Plants have evolved with a wide range of microorganisms within
(endophytes) or surrounding (epiphytes) and play a significant role in plant
growth and health. Environmental factors, soil condition, impact of plant geno-
type, rhizosphere and root exudates have an impact on plant endophytes and their
mechanism. Therefore, this chapter reviews the plant root associated endophytes,
factors affecting, functionalities and understanding the interaction between
microbiome associated within plant root.
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18.1 Introduction

A large number of beneficial microorganisms are associated with surrounding or
within plants and play a major role in enhancing plant health and development.
Those microbial communities associated with plant cells are known as endophytes.
The endophytes belong to a vast group of microorganisms that have their life cycle
partly or entirely inside the plant and are located in intra- and inter-cellular spaces or
in the vascular tissue. It can be found in aerial or root parts of plant. The entire or
partial life cycle of these microorganisms takes place within the different parts of the
host without triggering any disease. They are omnipresent in nature and show
multifaceted interactions with hosts like antagonism, mutualism and sometimes
parasitism (Nair and Padmavathy 2014). It acts as reservoirs for microbial secondary
metabolites such as phenolic acids, terpenoids, alkaloids, quinones, tannins, steroids
and saponins and has potential properties like anti-insect, antimicrobial and antican-
cer (Gouda et al. 2016). Due to this reason endophytic microbes also scrutinize for
novel drug discovery. Furthermore, various endophytic microorganisms that have
been characterized as plant growth-promoting bacteria (PGPB) improve the plant
capacity to withstand various environmental stresses.

The plant roots endophytes can differ significantly as compared to rhizosphere
microbiome due to plant inner environment (Germida et al. 1998; Gottel et al. 2011).
Diverse bioproducts such as biofertilizers and biofungicides or to modify and/or
introduce beneficial bacteria into the phytomicrobiome for agricultural purposes are
being developed (Souza et al. 2015; Mitter et al. 2017).

For better understanding, we must see insight on how these microorganisms live
in soil and plants. Plant endophytes interactions are extremely multi-layered involv-
ing community assembly and its functioning. Therefore, this chapter aims to com-
prehend the plant root associated endophytes, interaction between plant root
endophytes–soil microbiome and cross-talk between different endophytes
(Fig. 18.1).

18.2 Plant Root Associated Endophytes

Bary (1866) introduced the term endophyte, well-defined microorganisms (fungal or
bacterial) that raises within plant tissues and relationships with the host plant is
obligate or facultative type (Petrini 1991; Cabral et al. 1993; Hallmann and Berg
2006; Rosenblueth and Martínez-Romero 2006).

Obligate endophytes are those which depend on the metabolism of plants for
survival, being spread among plants by the activity of different types of vectors or by
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vertical transmission (Hardoim et al. 2008). Whereas, the facultative endophytes are
residing on the exterior of the plant body up to a certain lifespan and association
depend upon soil and atmospheric environment (Abreu-Tarazi et al. 2010). A large
number of plant species provide shelter to a diverse range of endophytes (Mundt and
Hinkle 1976; Hallmann and Berg 2006). The microbial community of endophyte
within plants depends on two factors: (1) plant resources (biotic and abiotic) and
(2) ability to colonize. Endophytes especially one living inside roots often colonize
and penetrate the epidermis from different sites such as root hair zone, root emer-
gence and root cracks (Dong et al. 2003; Compant et al. 2005; Zakria et al. 2007).
Successfully endophytes are colonized in plant both intra- and intercellularly (Zakria
et al. 2007). Several microbial endophytes can locomote to peripheral regions of
plant through vascular tissues and spreading systemically after initial colonization
(Compant et al. 2005; Zakria et al. 2007). This movement was observed by
Johnston-Monje and Raizada (2011). They observed that the transport of endophytes
(labeled with a green-fluorescent-protein) moves from seeds into plant roots and
tissues, while endophytes injected into stems moved into the roots and rhizosphere,
and continuing movement of organisms throughout the root microbiome.

Fig. 18.1 Overview of dynamic microbiome interactions within plant roots
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18.2.1 Biotic and Abiotic Factors Influencing Plant Microbiota

Microbial composition in any portion of plant is influenced by a variety of abiotic/
biotic factors. Various factors below- and aboveground affect plant microbiome such
as soil properties including soil type, salinity, pH, structure, moisture, organic
matter, soil–plant exudates (Fierer 2017) and environmental conditions like agricul-
tural practices, pathogen presence and climate (Hardoim et al. 2015). Apart from soil
environment recruitment of plant microbiota depends upon plant species, genotype,
age, developmental stage, health, root morphology, exudates and rhizodepositions
(Hartmann et al. 2009; Ladygina and Hedlund 2010; Reinhold-Hurek et al. 2015).
Even, it was found that plant species growing in same soil conditions have signifi-
cantly different microbial communities in root compartments and rhizosphere
(Reinhold-Hurek et al. 2015; Hacquard 2016; Samad et al. 2017). Plant roots excrete
several organic compounds that promote microbial growth that affects the overall
structure of microbial rhizosphere community (Grayston et al. 1998; Miethling et al.
2000). Nowadays researchers’ efforts have been directed towards the understanding
of the composition of rhizosphere microbiome, its signalling and determining the
impact on plant growth and health (Mendes et al. 2011; Straub et al. 2013; Berg et al.
2016).

18.2.2 Types of Microorganism Associated Within Plant Root

Plant root endophytes in form of bacteria or fungi are associated with plant or
colonized inside plant tissues. From 16 phyla, more than 200 genera of bacterial
species have been reported as endophytes and most of them found to be species
belonging to the phyla firmicutes proteobacteria and actinobacteria (Golinska et al.
2015).

The diverse range of gram-positive to gram-negative endophytic bacterial species
include Bacillus, Agrobacterium, Microbacterium. Achromobacter, Xanthomonas,
Brevibacterium, Pseudomonas, Acinetobacter, etc. (Sun et al. 2013). The endophyte
community structure of a particular plant depends on several factors such as host
progression stage, inoculum density, host species and environmental factors (Dudeja
and Giri 2014; Khare et al. 2018). A list of some plant specific root endophytes is
shown in Table 18.1.

18.2.3 Function and Application of Root Endophytes

Endophytic microbes are important components of plants, and they function in the
following ways:

1. nutrient uptake by plants (White et al. 2012; Prieto et al. 2017),
2. protect plants from pathogens and insects (Soares et al. 2016; Verma et al.

2018a, b),
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Table 18.1 Several plant specific root inhabiting microorganisms

Sr.
No. Root endophytes Plant References

1 Rhizoscyphus ericae Calluna vulgaris
Erica andevalensis
Cephaloziella varians
Vaccinium
macrocarpon
Colobanthus quitensis

Vrålstad et al. (2002)
Upson et al. (2007)
Turnau et al. (2007)
Upson et al. (2009)

2 Chloridium paucisporum Pinus resinosa
Picea rubens
Betula alleghaniensis

Wang and Wilcox (1985)

3 Acephala applanata P. sylvestris
Picea abies

Grunig and Sieber (2005)

4 Phialophora finlandia P. resinosa
P. silvestres
Betula alleghaniensis

Wang and Wilcox (1985)

5 Phialocephala fortinii Salix glauca
Abies alba
Rhododendron sp.
P. resinosa
Alnus rubra

Wang and Wilcox (1985)

6 Mollisia sp. P. abies
Deschampsia
antarctica

Menkis et al. (2005)
Upson et al. (2009)

7 Leptodontidium orchidicola Platanthera
hyperborean

Grunig and Sieber (2005)

8 Bionectria rossmaniae S. lycopersicum L. Andrade-Linares et al.
(2011)

9 Doratomyces sp. Arabidopsis thaliana Junker et al. (2012)

10 Trichoderma sp. S. lycopersicum L. Andrade-Linares et al.
(2011)

11 Periconia macrospinosa Andropogon gerardii Mandyam et al. (2010)

12 Phoma sp. A. thaliana Junker et al. (2012)

13 Rhizopycnis vagum Pinus halepensis
Rosmarinus officinalis
Dioscorea
zingiberensis
S. lycopersicum L.

Girlanda et al. (2002)
Xu et al. (2008)
Andrade-Linares et al.
(2011)

14 Plectosphaerella cucumerina A. thaliana
S. lycopersicum L.

Junker et al. (2012)
Andrade-Linares et al.
(2011)

15 Microdochium sp. Andropogon gerardii Mandyam et al. (2010)

16 Piriformospora indica Glomus mosseae Verma et al. (1998)

17 Piriformospora williamsii
sp. nov.

Glomus fasciculatum Williams (1985)
Basiewicz et al. (2012)

18 Sebacina vermifera Terrestrial orchids
Acianthus reniformis
Caladenia sp.
Eriochilus sp.

Warcup (1988)

19 Xylaria sp. Dendrobium sp. Chen et al. (2013)
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3. increase stress tolerance in plants (Redman et al. 2002; Irizarry and White 2018),
4. modulate plant development (Irizarry and White 2018; Verma et al. 2018a, b) and
5. suppress weed growth (White et al. 2018).

Function varied depending upon the type of microorganisms and plant species.
As we know endophytes are beneficial to their host cells and so its application is
observed in every aspect of life. The agricultural domain chiefly depends on stable
climate conditions and fertile soil. Increasing environmental pollution has a major
impact on the quality of water, soil, and ecological balance and preservation of
biological diversity. Moreover, it also affects directly or indirectly economic frame-
work conditions in the agricultural sector (Sturz et al. 2000; Yadav 2017). We have
briefly reviewed the potential application of root endophytes in various sectors such
as plant growth-promoting endophytes, biocontrol agent, beneficial to their host by
producing a range of natural products and its potential use in the field of medicine,
agriculture or industry and alternative to conventional methods. Furthermore, it has
been reported that application of endophytes on pollutants sites eliminate
contaminants from soil using phytoremediation technique by enhancing nitrogen
fixation and phosphate solubilization leading to soil fertility improvement. Recently
research is more focusing towards the potential biotechnological applications of
endophytes for improving phytoremediation and the sustainable biofuel and biomass
production from non-food crops (Ryan et al. 2008).

18.3 Cross-Talk Between Different Endophytes

Significant information is available on cross-talk between plant–microbes. The
interesting aspect of dynamic microbiome ecology is to understand how microbe–
microbe plays a role within plant root for successive establishment. Generally, root
colonization is the prime requirement for potent endophytes to reach the root surface
via the chemotactic mechanism. In the process, endophytes have to outcompete
other microbial species for successful insertion on to plant root surface. For invasion
in root tissue, endophytes stimulate specific plant gene expression in a very well-
coordinated way to their successful accommodation with resisting plant immune
responses (Bais et al. 2006; Rosenblueth and Martínez-Romero 2006; Compant et al.
2010).

18.3.1 Microbe–Microbe Signalling in Plant Root

Synchronized incursion by microorganisms on root surface comprises numerous
signalling pathways and shared signalling between plants and endophytes (Morris
and Monier 2003; Rudrappa et al. 2008). Quorum sensing (QS) is a well-understood
microbe–microbe signalling mechanism. QS decides the fate of microbial behaviour
through well-coordinated cell density-dependent regulator (Teplitski et al. 2000).
Quorum sensing system operates through low molecular weight autoinducers, which
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influx and outflux between communicating bacterial cells (Chernin 2011). The
quorum sensing system allows each microorganism to involve in harmonization to
achieve signal threshold and endurance of the microbial community because all
involved microbes express genes together to achieve colonization potential (Elasri
et al. 2001). N-acyl homoserine lactones (AHLs) have been found to be the most
common QS signals in gram-negative bacteria. Bacterial community uses diverse
biomolecules to communicate/interact between and within species (Steidle et al.
2001; Chen et al. 2002). It is most appropriate for the microbial species sharing the
same niche.

18.3.2 Microbial Shifts Within the Root Microbiome

The microbial communities inhabiting in plant roots were reported to be showing
spatiotemporal shifts in a range of plant species. Even the root endophyte
microbiome structure changes with the ageing of plant (Monteiro et al. 2011).
Researchers have observed declination in the abundance of actinobacteria and
Pseudomonas microbial communities in potato roots upon ageing (van Overbeek
and van Elsas 2008). In Chrysopogon zizanioides, endophyte community structure
more noticeably changes during initial growth stages (Monteiro et al. 2011). With
change in endophyte community structure could directly affect hormonal changes
and physiology in plant system with ageing (Taiz and Zeiger 1998). Some random
probability patterns of endophyte colonization have been observed in terms of
influencing the plant system for allowing endophytes for pre- and post-root infiltra-
tion (Hardoim et al. 2008). These consequences lead to diverse plant species
growing on the same soil to have distinct structure of endophytes community
(Weber et al. 1999). Endophytes community structure can establish in soil over the
course of time, which is remarkable in agriculture systems as to the establishment of
endophytes from one crop to the following crop due to rotation of crop as a common
agricultural practice (Sturz et al. 1998).

18.3.3 Role of Technological Advancement in Understanding
Microbial Community

Research in the field of endophyte interaction has reached to new heights due to
continued efforts and technological advancement. An array of next generation tools
are leveraged to understand very complex microbial dynamics inhabiting plant root
system. Exploration of Meta-genomics, proteomics, and transcriptomics in the field
of plant endophytes and their interaction is a recent trend. This multifaceted
approach has made discovery and characterization of many very low molecular
weight autoinducers achievable. Recent advancement in microarray multiplex tech-
nology can elucidate microbial diversity and gene expression patterns from very
multi-layered microenvironments (Gao and Tao 2012). Various tools such as high
throughput sequencing, metagenomic analysis, phylogenetic characterization,
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proteomic analysis, 2D gel electrophoresis clubbed with mass spectrometry,
transcriptome analysis and nucleic acid-based stable isotope probing (SIP-DNA
and SIP-rRNA methods) have been summarized with its significant outcome in the
field of endophyte dynamics in Table 18.2.

Table 18.2 Next generation technologies and their outcome to probe complex endophytes inter-
action and community structure

Technology platform used Outcome of research References

High throughput sequencing
(454-pyrosequencing)

Extracts from potato root examined in
which 5 out of the 10 genera had not
been reported previously as potato root
endophytes

Manter et al. (2010)

Metagenomic analysis Well-characterized, adaptations,
metabolic processes and PGPR
characteristics in rice

Sessitsch et al.
(2012)

Reported broad range of novel
endophyte phylogenetic lineages

Sun et al. (2013)

Study on potential protein having
colonization ability and plant growth
promotion was characterized

Barret et al. (2011)
Sessitsch et al.
(2012)

Gene expression related to protein
secretion systems, motility and
detoxification of reactive oxygen
species was demonstrated

Hérouart et al.
(2002)
Cheng et al. (2010)

Phylogenetic characterization Understanding of the community
composition

Korf (2004)

Proteomic analysis Changes in plant protein expression
pattern under influence of endophyte
and changes in endophyte protein
expression due to the influence of plant

Cheng et al. (2010)

2D gel electrophoresis
clubbed with mass
spectrometry

Plant protein expression related to
defence response and hormone
production

Pradet-Balade et al.
(2001); Cheng et al.
(2010)

Identified plant defence-related proteins
in rice treated with Sinorhizobium
meliloti using mass spectrometry-based
technique

Chi et al. (2010)

Transcriptome analysis Identification of gene expression in
endophyte Azoarcus sp. BH72,
mandatory for effective establishment
of plant surfaces and within roots

Hauberg-Lotte
et al. (2012)

Nucleic acid-based isotope
probing (SIP-DNA and
SIP-rRNA methods)

Determined nitrogen fixation by
Klebsiella pneumoniae in wheat plant
by using isotopes

Radajewski et al.
(2000)

Explored both rhizosphere and stem
endophytes

Rasche et al. (2009)
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18.4 Interaction Between Plant Root Endophytes and Soil
Microbiome

Soil microbiome can greatly influence endophytes community structure apart from
various physical conditions such as latitude, elevation, temperature and precipita-
tion. Increasing literature emphasize on the regulation of bacterial community
structure within the plant roots, called as the root microbiome or root-endophytic
microbial community. Despite the strong curiosity in the finding of origins and
significances of plant–soil feedbacks, there is a significant gap in understanding the
mechanism of root-endophytic bacterial communities influence on microbial
communities residing in the rhizosphere of soil (Wagg et al. 2014).

18.4.1 Interspecies and Intergenus Interactions

In complex ecosystems, microorganisms simultaneously cross-talk with their own
species as well as other genus and even with candidates of another kingdom. QS
signal molecules are well discussed in terms of the communications within members
of single species. N-acyl-homoserine lactones (AHLs) produced among bacteria of
the same type were also observed in diverse genera (Arora et al. 2010). Soil
microbiome candidates such as Aeromonas hydrophila, Serratia liquefaciens and
Pseudomonas aeruginosa were reported to produce analogous N-butanoyl
homoserine lactone (C4-HSL) (Eberl 1999; Swift et al. 1997). Different rhizobia
involve in legume nodulation produced diverse signal molecules of different
categories. Among rhizobial species Rhizobium leguminosarum bv. viciae,
bv. Phaseoli, Rhizobium fredii, and Trifolii, Sinorhizobium meliloti communicate
through 3-oxo-C8-HSL similar to AHL. This communication within the microbiome
community is either competitive or synergistic nature and plays a typical function in
dynamics (Marketon and González 2002).

Both gram-positive and gram-negative bacteria harbour genes for autoinducer
type 2 (AI-2) signalling biomolecules. Interestingly, certain zoosporic pathogens
were found to produce autoinducer type 2, which acts as a mutual bridge of
interaction with other nearby microorganisms (Kong et al. 2010). This makes
pathogen able to exist in soil along with a wide range of microorganisms.

Diffusible signal factors (DSF) were reported as interspecies communicating
signals. cis-2-dodecenoic acid (BDSF) produced by Burkholderia cenocepacia,
categorized as DSF, is a structural analog of cis-11-methyl2-dodecenoic acid
found in Xanthomonas campestris. The biofilm production was found to be restored
by BDSF in X. campestris DSF-deficient mutants (Boon et al. 2008). BDSF was also
observed to restrict the growth of Candida albicans (Boon et al. 2008). Shank and
Kolter (2009) have reported the presence of cis-2-decenoic acid in Pseudomonas
aeruginosa which is chemically same as BDSF and DSF (Shank and Kolter 2009).
The cis-2-decenoic acid was found to have an inhibitory effect of biofilm formation
in various types of microorganisms including Bacillus subtilis, Candida albicans,
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P. aeruginosa, Escherichia coli and Streptococcus pyogenes (Shank and Kolter
2009; Dow 2017).

18.4.2 Root Endophytes Inhibiting Phytopathogens

The plant growth promotion through protection against disease caused by
phytopathogens is known as biocontrol mechanism. Several phytopathogen species
habituating in soil adversely affect overall plant health. Certain endophytes synthe-
size antibiotics and siderophores which counteract against such pathogens.
Siderophores competing with phytopathogens for obtaining trace metals for essential
growth. Some siderophores such as salicylic acid and pyochelin act as iron chelator
inhibiting the disease-causing microbial communities. Certain antimicrobial
metabolites such as 2,4-diacetylphloroglucinol (DAPG) produced by endophytic
isolates were found to reduce 70% of wilt in eggplant (Ramesh et al. 2009).

18.5 Conclusion

The role of omnipresence beneficial microbial endophytes in plant root system is
undeniable. The complexity of plant physiological factors, cross communications
between plant–microbe, microbe–microbe interaction shapes dynamic ecology.
Endophytes definitely express different strategies for plant growth promotion in
both single species and multiplex microbial community scenario. In a similar
context, external factors may also affect strategies of endophytes such as microbial
community interaction with the host plant, type of soil, and phytopathogen manage-
ment. These affect altogether structure and function of the root endophytes. The
endophytic relationship is multiplex and affected by several biotic and abiotic factors
interaction that materializes at many temporal and spatial ranges. The dynamics of
endophyte interaction endure as a significant research domain. Investigators now
have technologically advanced tools to decode the very much complex interactions
affected by abiotic and biotic aspects that have a great influence on microbial
communities followed by plant health.
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Abstract

The soil microbial community hugely affects the growth and development of the
plants through direct or indirect interactions. The rhizospheric microbial commu-
nity dwelling in the soil are major drivers of this phenomenon. Manipulation of
soil microbial population and community through various treatments of an array
of beneficial microbes such as plant growth-promoting rhizobacteria, plant
growth-promoting fungi, endophytic bacteria, biocontrol agents, etc. helps in
alleviating various abiotic and biotic stresses of the plants. This, in turn, leads
to the achievement of the yield which is close to the potential yield of the crop.
Apart from increasing the yield of the crop, some of the beneficial microbes also
enhance the nutrient content in the soil and availability of certain minerals to the
plants eventually leading to conservation of soil health. Thus, manipulation of
plant–soil microbiome paves the way for sustainable and green agriculture
without imparting excessive monetary expenses, thereby creating increased
crop production and embellishment of soil health. This chapter will so focus on
the strategies and methods that are adopted to manipulate the plant–soil
microbiome interactions, various mechanisms that are involved in the
interactions, and the impact of this technology on the plant and soil.
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19.1 Introduction

The agricultural ecosystems are experiencing an enormous pressure of providing the
food to the growing population along with maintaining environmental sustainability.
The agricultural lands are constantly degrading because of the faulty farming
packages, changing climate, invasion of foreign species, accumulation of pollutants
and chemicals, and many other reasons. Since the soil is at the receiving end of this
cycle, the organisms which thrive on it are also very gravely affected as it is the most
complex and diverse habitat. The crops permanently require a soil system to grow as
it provides the base and required nutrients to them, with exception to hydroponics
and aeroponics. The microorganisms which dwell in the soil are also at risk which is
also a reason to worry as they are the critical players of various functions and
services provided by the agricultural ecosystem (Jiao et al. 2019). Soil microbiome
can be defined as the total count of microorganisms inhabiting the soil which
co-exist together in the rhizospheric as well as the non-rhizospheric zones and are
able to perform various functions either individually or together that ultimately
changes the properties of soil and health of plants grown on them. These microbes
include bacteria, fungi, protozoa, algae, and actinomycetes. These microbes are
diverse in nature and range from beneficial ones to harmful ones. The beneficial
ones support plant growth and development either directly and/or indirectly by
providing the nutrients, stimulating plant growth, and acting as antagonists to
phytopathogenic microbes. The major component of soil microbiome is fungi,
bacteria, and archaea groups, which altogether makes more than 99% of soil
microbial biomass (Fierer 2017). Additionally, various saprophytic, mutualistic,
and phytopathogenic microbes also constitute the soil microbiome which also has
important roles to play (Peay et al. 2016). The effects of soil microbiome on plants
and soil are now very much evident and it is now a proven fact that a right microbial
composition is essential for the betterment of both.

The relationship between soil, plants, and soil microbiome is now deciphered
day-by-day, and now a new tier of connection is also added to it which is animals
(Attwood et al. 2019). This new connection is very well evident from the proof that
different ecto-endophytic plant microbes which pass onto plants from soil
microbiome also enter the rumen of animals and aid in digestion (Kingston-Smith
et al. 2008). The interactions between plants and the soil microbiome are also highly
coordinated and dependent on various factors such as biotic or abiotic stresses,
microbial population, climatic condition, soil, host plant, root exudates, and micro-
bial secretions (Bais et al. 2006; Lakshmanan et al. 2014). This along with various
other functions is carried out by the soil microbiome that is essential for the vitality
of earth. It is so grievous that the soil microbiome is under threat due to urbanization,
industralization, climate change, land degradation, changing rainfall pattern,

406 M. M. Rashid et al.



malformed agricultural practices, and poor land management practices (Amundson
et al. 2015). Additionally, the pressure of feeding the population has adjured farmers
to increase the agricultural production by adopting intensive agriculture which in
turn has led to detrimental effects on soil physical and chemical properties and also
loss of soil microbial diversity. The consequence of all these factors and their impact
on soil microbiome is still poorly understood and needs more focus in order to make
a sustainable agricultural blueprint (Köhl et al. 2014; Kumar et al. 2015). Hence, in
recent times the scientific farming community is having enhanced interest and
attention manoeuvring soil microbiome as a means for increasing crop production
and/or productivity, soil restoration, and ecological balance (Calderón et al. 2017).

The habitat of soil-derived plant microbiome ranges from the whole plant to
specific organs to the zone of interactions between plant and soil, i.e. rhizosphere and
plant and atmosphere, i.e. phyllosphere (Rout and Southworth 2013). The
rhizospheric region of the soil is dynamic in nature and is constantly remodelled
by the influences of growing plants through exudation/secretion/deposition of vari-
ous molecules and compounds (Bais et al. 2006; Badri and Vivanco 2009; Hinsinger
et al. 2009; Shi et al. 2011; Moe 2013). The plants thereby through these influences
bring changes in inhabiting microbiome. Reciprocally, the microbiome also brings
changes in plants through production of different regulatory compounds which can
have a positive or negative impact on the growth and fitness of the former (Carney
et al. 2007; Mendes et al. 2011; Lebeis 2015). The soil microbiome thus behaves as
an immensely evolved exterior force which possesses excellent potential of making
changes in the cultivating crop plants (Philippot et al. 2013; Turner et al. 2013;
Spence et al. 2014; Vaishnav et al. 2019); therefore, it is also aptly called as plant’s
second genome (Berendsen et al. 2012). Higher buffering capacity and reproduction
potential of microbes have led to advanced genetic evolution in them which enables
them to adapt to different environmental conditions. The stability of microbes under
wavering soil conditions is also because of their abundance, physiological tolerance,
molecular flexibility, widespread dispersal, and horizontal gene transfer (Allison and
Martiny 2008; Fuhrman et al. 2015). The three main mechanisms which function
behind their stability are resilience, resistance, and functional redundancy (Allison
and Martiny 2008). The mechanism of resilience can be described as the ability of
microbes to recover very readily to its stable state after the changes brought by any of
the disturbances (Griffiths and Philippot 2013; Hodgson et al. 2015). Resistance in
microbes is the ability to exhibit a significant magnitude of tolerance against any
disturbances. The microbial functional redundancy is described as the phenomenon
where the disturbed microbial ecosystem possesses the same traits to that of original
one even though the community is significantly modified without recover (Allison
and Martiny 2008).

The manoeuvring of plant’s soil microbiome is one of the best alternatives which
can ease of the dual pressure of increasing the agricultural production but with
eco-friendly and sustainable agriculture, without imparting excessive monetary
expenses. A particular strain of microbe or a consortium of many compatible
microbe scans be thereby used for increasing agricultural production and enrichment
of soil health (Yadav et al. 2019; Mukherjee et al. 2020; Patel et al. 2020). There are
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many commercial microbial formulations present in the market which are even
utilized by the farmers successfully as biofertilizers and seed inoculants (Patel
et al. 2019; Prabha et al. 2019). Since both soil and plants are meta-organism, our
knowledge and understanding about the precise mechanisms and processes which
are involved during their interactions with the microbial community and their
outcome are still insufficient. In this chapter, we will mainly focus on knowledge
of the importance of soil microbiome, its composition, their interactions with host
plant and their outcome, their effects on soil health, and the role of soil microbiome
in achieving sustainable agriculture along with increased production and
productivity.

19.2 Composition of Soil Microbial Community and Population

Soil and the microbes inhabiting in them together make the base of food webs
carrying out functions like maintenance of terrestrial life, nutrients recycling, and
elemental cycling pathways of production and degradation (Wilpiszeski et al. 2019).
Microbes are known to form communities that are complex in nature, having varying
structure, interactions, and functions. They are the most diversified form of life and
have an indispensable role to play in different ecological functions and biogeochem-
ical cycles. The soil microbial community lives in close association with the soil
particles in the form of a single cell or as matrix embedded biofilms (Maier et al.
2009; Kamal et al. 2010). The diversity of soil microbes and their composition in
different communities are the major indicators of soil fertility and productivity
(Wang et al. 2019). The soil microbial community constitutes of bacterial species,
archaeal species, and species from eukaryotic taxa (Curtis et al. 2002). The bacterial
and archaeal species are the most ancient microbial life-forms and are thus found in
more diverse environmental conditions. Among the eukaryotic taxa, fungal species
are more prominent ones which are comparatively more modern microbial life-form
in their appearance and are evolved in close association with the plants (Maier et al.
2009; Kamal et al. 2010). The total life from an estimate in the soil varies diversely,
among which the bacterial species solely range from over thousands to millions in
one gram of soil (Curtis et al. 2002; Torsvik and Øvreås 2002; Schloss and
Handelsman 2006). These soil microbes are either the supporter or inhibitor of the
plant’s growth and development through direct and indirect means. The supporters
are known as the beneficial microbes which function as symbionts, mutualists, or
endophytes. The inhibitors are known as the phytopathogens and negatively affect
plants through tissue damage and the production of toxins (Roper and Gupta 1995;
Mukherjee et al. 2020). In addition to bacteria and fungi, the soil microbial popula-
tion also has viruses and protozoan species (Jansson and Hofmockel 2019). The
abundance level of soil microbial population is so much so that it constitutes about
60% of the earth’s biomass (Bar-On et al. 2018).

The microbial population in the soil is majorly categorized into three groups. The
first group comprises beneficial microorganisms like nitrogen-fixing bacteria, plant
growth-promoting rhizobacteria, mineral solubilizing bacteria, mycoparasitic fungi,
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mycorrhizal fungi, biocontrol agents, etc. which is the most studied one. The second
group comprises phytopathogenic microorganisms which are deleterious to plant
and the third group comprises human-pathogenic microorganisms which are delete-
rious to human health (Teplitski et al. 2011; Kaestli et al. 2012). The plant growth-
promoting rhizobacteria (PGPR) are free-living bacterial species which are found in
the rhizospheric region of the soil and expend beneficial effects on plants through
direct and indirect means. They provide nutrients to plants by nutrient acquisition,
help in signal transduction and growth by phytohormones production, and form a
channel of cross-talk with other microbes in soil and plants (Backer et al. 2018; Patel
et al. 2020). The nitrogen-fixing bacteria are the symbiotic bacterial species which
fixes atmospheric nitrogen in the soil and is majorly found associated with legume
crops with some exceptions to non-leguminous crops (Mahmud et al. 2020). The
mineral solubilizing bacteria are yet another group of bacterial species which aids in
mineralization of nutrients that are present in fixed states in the soil (Mukherjee et al.
2019). The mycoparasitic fungi and the biocontrol agents are the species of microbes
which are parasitic to pathogenic fungi and microbes, respectively. The mycorrhizal
fungi is another group of fungi that lives in a symbiotic association with plants
performing the functions of nutrients mineralization and activation of defence genes
in plants against phytopathogens (Maharshi et al. 2019).

There are now many modern and efficient methods of estimating the soil micro-
bial population but the classical ones are still more reliable. The classical method of
estimation of soil microbial population is serial dilution along with isolation and
culturing on different mediums (Lakshmanan et al. 2014). The population is calcu-
lated by counting the number of colonies of microbes formed at a specific dilution
level of the soil. The only drawback of this method is that we do not get the exact
population level as the unculturable microbes are not counted. Once the microbes are
in pure culture form, then they can be identified through PCR methods and also
evaluated for their potentiality as plant growth promotion microbes, biocontrol
agent, and others (Forchetti et al. 2007; Beneduzi et al. 2008; Taulé et al. 2012).
The exact estimation of soil microbial population is also dependent on sampling and
sequencing techniques. In modern times, the soil microbiome population and diver-
sity are calculated through the high-throughput sequencing methods, DNA/RNA SIP
method, and DNA arrays (Mendes et al. 2011; Uhlik et al. 2013; Nkongolo and
Narendrula-Kotha 2020). The sequencing methods also provide only a partial
coverage as it is estimated that one gram of soil contains up to 1000 Gbps of
metagenomic DNA (Frisli et al. 2013). The structure and function of soil microbial
population are controlled by different factors which are host-dependent and host-
independent. The host-dependent factors include host-plant species, host-plant
genotype, host-plant signalling pathways, secretions from host-plants root, etc.
The host-independent factors include soil type, temperature, soil pH, moisture, soil
porosity, etc. (Lakshmanan et al. 2014). The taxonomic diversity of microbes found
in the rhizosphere of different plants is given in Table 19.1.
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Table 19.1 Composition of soil microbes in rhizosphere of different plants

Host Main rhizospheric microbiome References

Erica andevalensis Actinobacteria, followed by the acidobacteria,
and proteobacteria. Archaea: community was
composed of crenarchaeota

Mirete et al.
(2007)

Zea mays Azospirillum, bradyrhizobium, and ideonella Roesch et al.
(2007)

Avena sativa Proteobacteria, firmicutes, actinobacteria,
verrucomicrobia, and nitrospira

De Angelis
et al. (2009)

Deschampsia antarctica and
Colobanthus quitensis

Firmicutes, few acidobacteria
Bifidobacterium (phylum actinobacteria),
Arcobacter (phylum proteobacteria), and
Faecalibacterium (phylum firmicutes)

Teixeira
et al. (2010)

Oak Proteobacteria, acidobacteria, and
actinobacteria.

Uroz et al.
(2010)

Beta vulgaris Proteobacteria, firmicutes, and actinobacteria.
Gamma- and betaproteobacteria and
firmicutes

Mendes
et al. (2011)

Solanum tuberosum Proteobacteria, firmicutes, actinobacteria,
bacteroidetes, and acidobacteria. Bacterial
families streptomycetaceae,
micromonosporaceae, and
pseudomonadaceae

Weinert
et al. (2011)

Rhizophora mangle and
Laguncularia racemosa

Halobacteria, methanobacteria,
methanomicrobia, and thermoprotei

Pires et al.
(2012)

Mammillaria carnea Acidobacteria, actinobacteria, proteobacteria,
and bacteroidetes

Torres-
Cortés et al.
(2012)

Arabidopsis thaliana Acidobacteria, proteobacteria,
planctomycetes, and actinobacteria

Bulgarelli
et al. (2012)

Glycine max Proteobacteria Vaishnav
et al. (2018)

Vitis vinifera Proteobacteria, actinobacteria, acidobacteria,
bacteroidetes, ascomycota, basidiomycota,
and zygomycota

Berlanas
et al. (2019)

Glycine max Proteobacteria, acidobacteria, actinobacteria,
bacteroidetes, firmicutes, verrucomicrobia,
and planctomycetes

Liu et al.
(2019)

Adenium obesum, Aloe
dhufarensis, and Cleome
austroarabica

Actinobacteria, proteobacteria, bacteroidetes,
planctomycetes, acidobacteria,
verrucomicrobia, ascomycota, basidiomycota,
and mucoromycota (only in A. obesum and
A. dhufarensis)

Khan et al.
(2020)

Panax ginseng Proteobacteria, actinobacteria, acidobacteria,
bacteroidetes, chloroflexi, firmicutes,
gemmatimonadetes, plactomycetes,
nitrospirae, latescibacteria, mucoromycota,
ascomycota, and basidiomycota

Wei et al.
(2020)
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19.3 Effects of Soil Microbiome on Plants

As stated earlier, there is a massive count of microbes which colonize plant roots and
offer distinct valuable assistance to them. These microbes can work independently or
in interaction with each other also. In a recent study, it was shown that the
arbuscular-mycorrhizal parasites and the plant growth-promoting rhizobacteria
could live as symbionts in a model grassland system and supplement each other
for better acquirement of nutrients. Thus, consequently, it was deduced that
symbionts possessing diverse functions could supplement the root microbiome
which would help in mitigation of nutrients constraint (Van Der Heijden et al.
2015; Vyas et al. 2018). From the evolution of life-forms from amphibian to
terrestrial habitat, plants got exposed to a considerable array of microbes constituting
of bacteria, fungi, and protists (Kenrick and Crane 1997). This exposition of land
plants to microbes led to the establishment of different interactions between them
and making up of a flawless soil microbiome which became a trademark character-
istic of plants in adapting to a new habitat. Evidences from the fossil remains showed
that the plants which were engaged in advantageous interactions with the arbuscular-
mycorrhizal fungi and other microbes, were well equipped with improved nutrient
uptake from the soil and came into being 400 million years ago (Lambers et al.
2009). The phyletic examinations also support the hypothesis that developmental
advancement of land plants in solitary mode happened only 100 million years ago
which is later than mutualistic mode as mentioned. This was concluded by studying
the ability of angiospermic plants to create a specific positive association with the
nitrogen fixers (Werner et al. 2014). The modern researches aided with computa-
tional techniques have enabled scientist to declassify microbial diversity and their
possible interactions with plants (Lebeis et al. 2012). The researches have shown that
plants have dynamic and conglomerated microbial communities consisting of fun-
gal, bacterial species working in a consortium as mutualist, commensals, and
parasites (Schlaeppi and Bulgarelli 2015).

Advanced disclosures from the experiments have proved that the immune system
of a plant is an outcome of its interactions with the soil microbial community. As, for
example, in Arabidopsis thaliana, a complete defence system is established by a
consortium of non-pathogenic endophytes, and root microbes (Lebeis et al. 2015;
Hiruma et al. 2016). This perception is also supported with the revelations that soil
microbial partners are also equipped with different machineries which tune the
defence system of plants, for example, the T3SS (type III secretion system) in
bacterial species (Guttman et al. 2014). The soil microbes which can have beneficial
effects on the plants essentially have two kinds of mechanisms. First category is
made of the mechanisms which have a direct effect on plants growth and develop-
ment. It includes protections from phytopathogens (Lugtenberg and Kamilova
2009), improved nutrient acquizition (Pii et al. 2015; Terrazas et al. 2016), and
regulation of phytohormones (Glick 2012). The second category is made of the
mechanisms which have indirect effects on plants growth and development. These
include activation of induced systemic response (ISR), inducing the production of
stress-related molecules (Parray et al. 2016; Vaishnav et al. 2014), and all the
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different activities which indirectly shield plants from phytopathogens (Lugtenberg
and Kamilova 2009) as given in Fig. 19.1.

1. Direct effects: The major mechanisms of soil microbiome which have a direct
effect on the plants are improvement in the availability of nutrients, production of
phytohormones, and inciting of plant diseases. Nutrients bioavailability in the
rhizospheric region is most important for the plants as its development and
profitability firmly rely on them. Some of the primary mechanisms involved in
minerals bioavailability for plants are nitrogen fixation, phosphorus solubiliza-
tion, and siderophore production (Pii et al. 2015; Terrazas et al. 2016). The
phytopathogenic microbes also have a direct impact on the plant through the
production of phytotoxins and incitation of plant diseases. Additionally, the
beneficial soil microbes also help plants to survive under different abiotic stresses
such as drought conditions through direct mechanisms, i.e. through the produc-
tion of extracellular polysaccharides (EPS) (Lakshmanan et al. 2017; Naylor and
Coleman-Derr 2018). There is also a massive surge in the researches where the
soil microbes can be used as inoculants to support plants against the changing
environment (Compant et al. 2010). The osmotic stress in plants is also alleviated
by rhizospheric microbes through the production of specific metabolites and

Fig. 19.1 The effects which come out after interactions between plant–soil microbes. PPM
phytopathogenic microbes, BSM beneficial soil microbes
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inducing aquaporins in plants (Casanovas et al. 2002; Pereyra et al. 2012;
Quiroga et al. 2017; Kapilan et al. 2018).
a. Biological nitrogen fixation (BNF) and nitrate availability: This is one of the

most studied direct mechanisms of beneficial microbes on plants as well as
soil. Many of the commercial formulations of microbes are available in the
market, which is used for nitrogen fixation in crop plants (Yadav et al. 2019). It
is also one of the functions of soil microbes which is applied to a large scale in
the agricultural sector. Biological nitrogen fixation is the process in which
atmospheric nitrogen (N2) is converted into nitrate forms which can be taken
up by plants, by different microbes with the help of nitrogenase enzyme (Kim
and Rees 1994). These microbes are symbiotic nitrogen-fixing bacteria like
Rhizobium and Frankia and also free-living bacteria like Azotobacter,
Azospirillum, Azoarcus (Bhattacharyya and Jha 2012; Bhat et al. 2015;
Yadav et al. 2019; Vaishnav et al. 2017). Among the two, free-living bacterial
species can only provide a limited quantity of atmospheric nitrogen fixation,
while the symbiotic ones are more productive (Jones et al. 2007); nevertheless,
both are equally important as symbiotic ones can be only used with legumes
with a few exceptions (Yadav et al. 2019). Arbuscular-mycorrhizal fungi are
also known for making nitrogen available to plants. They utilize the ammonia
present in soil and reduce the production of nitrous oxide (Jansson and
Hofmockel 2018).

b. Phosphorus solubilization: Soil contains an enormous quantity of phosphorus
(P) in both organic and inorganic state but, unfortunately, less than 1% is
available for uptake by plants (Bhattacharyya and Jha 2012; Alegria Terrazas
et al. 2016). It is an essential nutrient for the plants which is required in macro-
quantity. The immobilized form of phosphorus in inorganic forms is
mineralised by different acids like formic acid, shikimic acid, gluconic acid,
and 2-ketogluconic acid produced by different microbes like Bacillus, Asper-
gillus, Trichoderma, Pseudomonas, Klebsiella, Lactobacillus, and
Enterobacter (Hinsinger et al. 2009; Sharma et al. 2013; Hunter et al. 2014;
Azeem et al. 2015).

c. Iron chelation: Iron is one of the essential micronutrients for the plants which
is found in two states, viz: Fe2+ and Fe3+ of which the latter one is the
non-available form of iron to plants and microbes (Colombo et al. 2014;
Mimmo et al. 2014). Many soil microbes produce a low molecular weight
iron-chelating compounds that have a high affinity to Fe3+ ions and aid in the
absorption of iron across different membranes (Neilands 1981; Guerinot 1994;
Lemanceau et al. 2009; Hider and Kong 2010). The chelated Fe3+ ions by the
microbial siderophores are also taken up by the plants (Crowley et al. 1988;
Walter et al. 1994; Jin et al. 2006; Robin et al. 2008).

d. Phytohormone modulation: Phytohormones are known to play various key
roles in developmental processes of a plant (Taiz and Zeiger 2006; Glick et al.
2007). The activity and movement of phytohormones in plants are dependent
on the versatility of the root system which responds according to nutrients
availability (Kloepper et al. 2007). Phytohormones like auxins, cytokinins,
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and gibberellins are produced by many PGPRs which affect the plant’s root
system (Vacheron et al. 2013). The cytokinins and gibberellins produced also
have a profound effect on the plant growth and development; however, the
exact underlying mechanism is still not precise (Glick 2012). Auxins are also
produced by different microbes that are discharged to the external environ-
ment (Scagliola et al. 2016) which modulate cell division, cell differentiation,
development of vascular bundles, and many other processes in plants
(Sachdev et al. 2009; Overvoorde et al. 2010). They also lead to an increased
root growth in a plant which alternately provides better access to nutrients and
water which relives plants from water stress also (Xie et al. 1996; Mayak et al.
1999; Armada et al. 2015; Lakshmanan et al. 2017). Indole acetic acid (IAA)
is one of the auxin molecules which is produced by microbes that are known to
act as a signalling molecule and induce different gene expressions in plants
and microbes itself (Spaepen and Vanderleyden 2011). PGPRs also produce
an enzyme, 1-aminocyclopropane-1-carboxylate (ACC) deaminase which
catalyses ACC, a precursor of ethylene (Arshad et al. 2007) and thus
facilitating plant growth through ethylene modulation (Glick 2014). Ethylene
is believed as the stress-hormone (Abeles et al. 2012) and thus its modulation
leads to induction of defence responses during stress conditions as well as
detrimental responses such as chlorosis, senescence, abscission during
prolonged stress condition (Glick 2014). The phytohormone modulation also
helps plants to overcome drought stress through accumulation of osmolytes
and scavenging of reactive oxygen species (ROS) (Lakshmanan et al. 2017;
Vurukonda et al. 2016; Vaishnav et al. 2019).

e. Disease induction: Contradictory to the beneficial soil microbes, there are
certain other species of microbes which are known for inhibition of plant
growth and hampering of plant health, thus, are accordingly called as phyto-
pathogenic microbes or phytopathogens. They are a threat to global food
security. The soil-borne phytopathogenic microbes are known to survive in
the bulk soil, and the rhizospheric region is also an important niche for them
where they live as parasites either on the root surface or inside the roots of
plants. The exudates from plant roots activate and attract its pathogenic
microbes present in soil towards itself (Agrios 2005). The bacterial
phytopathogens are known to enter a plant through natural opening and
wounds leading to disease development. Some of them colonize in the
xylem vessels and caused wilt in plants like Ralstonia spp. (Genin and
Boucher 2004), while some of them transmit their nucleic acid into the plant’s
cells and cause irregular growth of cells as in the case of Agrobacterium
tumefaciens (Nester et al. 2005). Fungal phytopathogens are more advanced
and used different mechanisms for penetrating the root cells and inciting
diseases. Most of the soil-borne phytopathogenic fungi are necrotrophic but
some of them are biotrophic like Plasmopara spp. and Plasmodiophora spp.
(Friskop et al. 2009) They penetrate the root surface by germ tubes and by
infecting the epidermal cells. This is achieved either by cell wall degrading
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enzymes or by the action of hydrostatic force. Additionally, both bacterial and
fungal phytopathogens produce phytotoxins which are harmful to plants.

2. Indirect effects: The major mechanisms of soil microbial complex, which alter-
natively has indirect effects on the plants, are competition, induced systemic
resistance, antibiotics production, and production of lytic enzymes. There has
been a very strong agreement among the farm scientific community to utilize
these mechanisms in mainstream management practices for controlling
phytopathogens instead of chemical pesticides.
a. Competition: It is a type of negative interaction between the soil microbes

where they compete for the nutrients and space at intra-specific and inter-
specific level. Competition leads to the evolution of superior microbial
phenotypes which are able to outcompete and remove incompetent ones.
The competition is generally higher during the first encounter between the
soil microbes and reduces over time due to partitioning of niche or spatial
separation or competitive exclusion; thus, they are able to coexist stably
(Ghoul and Mitri 2016). During the competition, different microbes compete
for niches or nutrients or both. PGPRs are known to compete for the
phytopathogens in the rhizospheric region of soil and thus reduce the incidence
and severity of diseases. PGPRs also produce siderophores in higher quantities
than the phytopathogens. The siderophores solubilize different micronutrients
like iron, making them unavailable for the phytopathogens. This ultimately leads
to hampered capacity of phytopathogens to multiply and provide an indirect
benefit to plants (Schippers et al. 1987; Lugtenberg and Kamilova 2009).

b. Induced systemic resistance (ISR): Many of the non-pathogen soil microbes
are known to activate a defence response system in plants which enables them
to protect themselves from phytopathogens by acting sooner (van Loon et al.
1998). ISR activates plant’s innate defence barriers, thereby enhancing the
defence response. This upgradation of the defence system is not just activated
at the site of infection but is systemically throughout the plant by jasmonic
acid or ethylene signalling pathways (Verhagen et al. 2004; Jain et al. 2017).
The different bacterial products which are known to induce ISR are chitin,
flagellar proteins, glucans, and surfactants (Annapurna et al. 2013).

c. Antibiotics and lytic enzymes production: Another mechanism of soil microbes
which has an indirect effect on plants is the production of certain metabolite
that can inhibit the growth and multiplication of other microbes. The phenom-
enon is known as antibiosis and the metabolites are known as antibiotics
(Waksman 1947; Selwyn 1981). Lytic enzymes are sub-group of antibiotics
which have the ability to hydrolyse the peptidoglycan layer of microbial cell
wall (Fischetti 2010). Lytic enzymes are also known as lysozymes and are
majorly produced by bacteriophages and bacteria (Ohbuchi et al. 2001;
Loessner 2005; Lortal and Chapot-Chartier 2005; Salazar and Asenjo 2007;
Fischetti 2010; Oliveira et al. 2012). The focus on lysozyme production by the
filamentous fungi is given very less attention (da Silva et al. 2014). Cellulases,
chitinases, proteases, glucanases, and lipases are different lytic enzymes which
are produced by soil microbes which have an adverse effect on
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phytopathogenic microbes. Many of the antibiotics such as tensin, phenazine,
xanthobaccin, pyrrolnitrin, and zwittermicin A are produced by PGPRs which
enable them to function as a biocontrol agent, thus providing indirect benefit to
plant (Whipps 2001; Haas and Keel 2003; Compant et al. 2005; Mazurier et al.
2009).

19.4 Effects of Soil Microbiome on Soil

Soil health is a very important point which is always addressed in any of the
discussion pertaining to sustainable agriculture. Management of soil is fundamen-
tally essential for agricultural systems, but mining activities, climate change, land
degradation, growing industrialization and urbanization, etc. are causing a detrimen-
tal effect on soil health and thus threatening the sustainable agriculture. Soil
microbiome plays an important role in the restoration of soil health and productivity,
as shown in Fig. 19.1. Soil plays as a diverse role in sustenance and functioning of
the ecosystem such as providing the base for the biogeochemical cycle of various
elements that also enriches its health (Aislabie et al. 2013). There are many beneficial
soil microbes that have been identified which are utilized for improvement of soil
health in addition to plant growth. However, unfortunately, only less than 10% of
such soil microbes have been described yet (Callaway 2016). As the global food
demand is going to be doubled by 2050, it is thus necessary to deploy these microbes
for increasing the resistance to various stresses caused by biotic factors present in
soil (Vorholt et al. 2017; Zavala-Gonzalez et al. 2017). These microbes not only
provide help in providing resistance to plant and playing a role in various biogeo-
chemical cycles but also enhances the nutrient uptake in a plant by making it in
available form.

The microbes enhance soil health by making the various nutrients in available
form, orchestrating various biogeochemical cycle of elements, increasing water
holding capacity, improving soil structure, carbon storage, and root growth and
also by favouring the growth of various flora (Nannipieri et al. 2017). There are
certain beneficial microbes that have an antagonistic effect on various soil-borne
pathogens, hence increase the crop productivity by providing protection against pest
and disease outbreaks as described earlier (Bonanomi et al. 2018). They enhance the
growth of the plant by improving the uptake of various macro- and micronutrients by
bringing changes in characteristics of soil through degrading the organic matter,
mineralization, solubilization, and weathering of rocks (Van Der Heijden et al.
2008). There is a huge number of soil microbes which are found in plants rhizo-
sphere that can act as symbionts, enhancing the growth and production of plants by
complementing each other with limiting nutrients (Vyas et al. 2018). Earth’s crust is
a huge reservoir of organic matter and various minerals where different biological
phenomenon by soil microbial complex regulates the store and release of carbon and
various minerals (Amundson et al. 2015). The soil microbiome decides the physical
property of soil and hence often regarded as bioindicator for soil health (Liu et al.
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2019). Arbuscular-mycorrhizal fungi have the capacity to reduce leaching of plant
nutrients from the soil as well as phosphorus scavenging, thereby ultimately
embellishing the nutrient-use efficiency of soil (Cavagnaro et al. 2015; Kumar
et al. 2015).

The soil microbes also help in restoration of soil health by carrying out bioreme-
diation and biodegradation processes. The process of remediation is divided into
three groups on the basis of the biological entity involved, namely phytoremediation
(carried out by plants), micro-remediation (carried out by microbes), and
rhizomediation (carried out by plants in association with rhizospheric microbes).
There are many genera of arbuscular-mycorrhizal fungi whose potential has been
described for degradation of soil contaminants and toxic materials which are leftover
as residues like Gigaspora spp., Glomus spp., and Acaulospora spp. (Khan et al.
2014). Additionally, these fungi also have a role to play as bio-surfactants for
removing metal ion contaminations in soil and bring them down below threshold
level (Thavasi et al. 2011). As stated earlier also, soil microbes also perform the
process of biodegradation in soil and convert the complex organic materials into
their monomeric forms, accompanied by the release of carbon dioxide and water
(Ramana and Singh 2000). The process of biodegradation is done by various
chemical and physical mechanisms of various soil microbes (von Wirén-Lehr et al.
2002). Many soil-borne fungi have been reported to decompose compounds such as
hydrocarbons, nitrilases, nitro-reductases, radionuclides, polyaromatic
hydrocarbons, polychlorinated biphenyls, and even the chemical pesticide
dichloro-diphenyl-trichloro-ethane (DDT) (Patil et al. 1970; Chaudhry et al. 2005;
Glick 2010).

There are a majority of soil-borne beneficial microbes which have been well-
studied for their positive effects on soil but their application is only limited to disease
management. Since these microbes are native to the soil, they are major drivers of
soil organic matter and nutrients apart from providing resistance to pest and diseases
in plants (Dubey et al. 2019). As we all are aware that the overdependence of the
farming community on various inorganic fertilizers and chemical pesticides has
hampered the environment and soil health. So, its high time for moving towards
the green and sustainable agriculture for which we must have to explore more and
more soil microbes and deploy them for achieving sustainability. The utilization of
various modern biotechnological tools and its application on microbes has enormous
potential to enhance the quality of soil, environment, and sustainable agriculture
(Peng et al. 2016). There are some important microbes like arbuscular-mycorrhizal
fungi that contain multinucleated genetic system which cannot be engineered. For
such microbes, classical method of isolation, selection, and culture should be applied
in order to make them operational for soil amelioration (Muleta 2017; Charubin and
Papoutsakis 2019).
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19.5 Methods of Soil Microbiome Management

With our increasing knowledge about the role of soil microbiome on plants and soil
itself, different management practices have been devised for utilisation of such
microbiome for beneficial effects. These management practices of manoeuvring
soil microbiome form under two categories, namely: direct and indirect manipulation
of soil microbiome by bringing changes in agricultural practices. Some of the
methods for management of soil microbiome are explained as below:

1. Organic farming: The organic farm management practices lead towards achieve-
ment of more diverse and stable soil microbiome which has a beneficial effect on
both plants and soil and is strictly advised for barren agricultural lands (Chaparro
et al. 2012). This type of farming is based on principles of minimising the
off-farm inputs which aids in restoring, maintenance, and enhancement of eco-
logical harmony (Gold 2007). Since the use of chemical fertilisers and synthetic
pesticides is not done during cultivation of land and growing of the crop, their
harmful effect of soil microbial evenness and diversity reduction is completely
alleviated (Liu et al. 2007; Crowder et al. 2010; Sugiyama et al. 2010; Krauss
et al. 2011). On the contrary, organic farming promotes the use of microbial
diversity for providing nutrients to plants and controlling plants diseases and
pests (Sugiyama et al. 2010). Soil microbial complexity and richness are also
affected by land use pattern, degree of stress and disturbance which are least in
organic farming and thus further adding to the benefits (Degens et al. 2000, 2001).

2. Beneficial microbes as inoculants: The beneficial soil microbes which can inhabit
the rhizospheric region and help plants in counteracting stresses can be used as
seed inoculants or as supplement to standing crop in either solid or liquid
formulations (Prabha et al. 2019). Seeds or planting materials are the base
material which develops into plants, and therefore the application of beneficial
microbes on themselves provides plants with an edge over the upcoming stresses.
This is also a straightforward method of managing the soil microbiome as we do
not have to physically manipulate it during advanced stages of plants. The
classical example for this is the use of Rhizobium spp., as a seed treatment in
leguminous crops for enhanced nitrogen fixation. In present time in addition to
Rhizobium spp., various other beneficial soil microbes are available in market in
different formulations which can be used as biofertilizers and biopesticides in
various crops as seed inoculants (Yadav et al. 2019). Various PGPRs are also
available in the form of commercial formulations which alleviate plants from
drought stress (Kumar et al. 2017).

3. Carbon sequestration: Carbon sequestration is a process of reducing the atmo-
spheric carbon levels by converting it into stable and non-gaseous forms by
different abiotic and/or biotic processes. Plants are the dominant biological
organism which performs most of the carbon sequestration, but there are also
certain soil microbes which are autotrophic and perform the function of carbon
assimilation (Jansson and Hofmockel 2019). Carbon compounds which are
deposited by plants and other organisms are known to stimulate free-living and
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symbiotic soil microbes. Soil microbial community is regulated by the carbon
compounds as it passes through different microbes in bioavailable forms and
lastly taking the unavailable forms. The carbon sequestration ability of soil is
dependent on the soil microbial diversity with quantity and form of carbon
alternatively regulating the diversity (Lal 2004). A particular soil microbe or
consortium of different ones who carry out the reactions of carbon sequestration
can be used for making more stable carbon products (Hicks et al. 2017). In a
complementary fashion, soil microbiomes can also be manoeuvred through the
addition of amendments which embellishes their capacity to consume and store
carbon (Jansson and Hofmockel 2019). Root exudates of plants also affect the
dynamics and makeup of soil microbes of which mostly are carbon compounds.
Hence, the crop plants can be genetically engineered to produce exudates which
can incite the beneficial soil microbes having the ability to trap this carbon
exudates (Wallenstein 2017; Jansson et al. 2018) and also leading to more
microbial diversity.

4. Crop cover: It is an age-old agricultural practice to cover the croplands with
different crops known as cover crops during the season or time when they are not
cultivated. This practice of covering agricultural land with cover crops has now
attained a major role in sustainable agricultural practices (Schipanski et al. 2014;
Groff 2015). The main reason behind the use of cover crops was to control the
growth of weeds either by the mechanism of competition and/or allelopathy
(Weston 1996; Brust et al. 2014; Cordeau et al. 2015). Additionally, they also
prevent soil erosion, nutrient loss, and modify different properties of soil (Kuo
and Sainju 1998; Hubbard et al. 2013). Since it is known already that the plants
are major drivers of soil microbial complex, cover can thus be used for
modulating the microbial communities in the soil to derive beneficial effects
(Bardgett and van der Putten 2014; Schlatter et al. 2015; Vukicevich et al.
2016; Romdhane et al. 2019). Deployment of cover crops over a more extended
period can lead to an enhanced nutrients availability in soil and thereby
stimulating diversity and abundance of soil microbes (Schmidt et al. 2018;
Castellano-Hinojosa and Strauss 2020). Cover cropping with multiple species
of plants constituting of at least two legumes or non-legumes has shown to
increase soil microbial diversity along with the abundance of many beneficial
rhizospheric bacteria like Pseudomonas spp., Azotobacter spp., Azospirillum
spp., and Bacillus spp. and beneficial mycorrhizal fungus such as Gigaspora
spp., Acaulospora spp., Scutellospora spp., and Archaeospora spp. (Hamel et al.
2005; Mazzola and Manici 2012; Wortman et al. 2012; Bever et al. 2015). The
outcome of increased soil microbial diversity is obvious due to application of
multiple cover crop as there is a positive correlation between plant biodiversity
and soil microbial diversity (Garbeva et al. 2004; Maron et al. 2011; Fanin et al.
2014; Civitello et al. 2015). Furthermore, removal of cover crop through herbi-
cide application leads to more loss of soil bacterial diversity than through other
means of removal (Moreno et al. 2009), therefore, during the cultivation period
the cover crops should be terminated using any other means than herbicides.
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19.6 Challenges in Shaping Plant–Soil Microbiome Interactions

From the recent microbiome research, the perception about the diverse microbial
community and its impact on soil physical structure has been changed. However, we
are just at the starting point of understanding the diverse microbial community and
their interactions with plant and soil. With increasing need to develop alternate
methods for soil health restoration and plant improvement, scientists are looking at
insights to understand the dynamic role of soil microbiome and their interactions
with plant and soil (Goodrich et al. 2017). As unique microbiome is present in the
rhizosphere of every plant, we have to move towards the personalization of
microbiome according to the host for taking the advantages from beneficial ones
(Lundberg et al. 2012). Hence, for deployment of the potential soil microbiome,
firstly, there is a need to develop different approaches to comprehend the diverse
functions of that particular soil microbiome (Bashiardes et al. 2018). As it is an
established fact that soil microbiomes are a key determiner for better crop growth
and production, there is a challenge of how to apply this knowledge from lab to field
(Sergaki et al. 2018) and persuade farmers for use of this technology.

Before defining the shape of plant–soil microbiome under any environment, we
have a challenging task to assign a specific function to that particular microbiome
group. The diverse lifestyle of the microbiome at genus or even at species level
makes the task further tougher. Additionally, their nature keeps changing due to
change in their genetic makeup either due to mutation or due to horizontal transfer of
particular functional gene(s) (Qiu et al. 2009; Hiruma et al. 2016). This can variably
bring drastic changes from the desired phenotype of soil microbiome (Lidbury et al.
2016). Although, with the advancement of various technologies like computational
or modelling methods, transition from metagenomics to metamorphic and
metaproteomic enables us to comprehend the critical function performed by the
certain specific responsible taxa (Prosser 2015; Ofaim et al. 2017). However, there
are several limitations to these, as these methods require a sufficiently high starting
material, correctly assigned peptides or proteins, and appropriate computational
power.

When the task of assigning the function of soil microbiome is over, next chal-
lenge forward is to specify the application of these soil microbes with assigned
functions to different crops and in different soils for obtaining an interaction which
should be useful to agriculturists. In order to overcome this challenge, we have to
carry out a considerable number of experiments in order to find the perfect combi-
nation of soil microbiome, plant type, and soil type, which should additionally also
be feasible for the farmers to adopt. Since we are working with more than soil
microbes if we are taking in consideration of the microbiome, then we also have to
study the interactions between the different microbes as well. For a successful
achievement of soil microbiome which can benefit the plant growth and production,
the consortium of microbes should have synergism between themselves and should
have antagonism between them and the abiotic or biotic stresses. For achieving such
elaborative information, a lot of combinational studies is required which is quite
laborious and tiresome. After overcoming all these challenges, there is also a tedious
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task of making the microbial in the form of a formulation which should have longer
shelf-life, more comfortable to apply, compatible with other sustainable agricultural
inputs, and should be of spreading characteristic for higher reach in after soil
application. Lastly, the adoption of this technique by the farmers is also an area of
concern as mostly they tend to adopt a technique which gives immediate results. As
the technique of soil microbiome manipulation is based on the medium of soil and
microbial manipulation is a comparatively slow process, showing results over a
longer time, there would be a low adoption rate by the farmers. Nevertheless, it can
also be overpowered by educating the farmers about the benefits of soil microbiome
manipulation in the long run and motivating them for adopting this technology.

19.7 Social and Economic Impacts of Soil Microbiome
Management

For genuineness and successful implementation of technology, it is essential it
should be socially and economically beneficial for humankind and world. There-
fore, it is always important to analyse the social and economic impact of all the
scientific technologies which are developed. The soil microbial community
provides a consequential amount of economic and social insistence to the society
and global economy on an annual basis through their role in the regulation of
diverse processes and functions of the ecosystem (Sandhu et al. 2010). The global
economic growth was predicted to about 3.5% in 2019 and 3.6% in 2020, which
would mean that there is going to be high-income growth and therefore lead to
more consumption of food. For meeting the increased consumption and food
demand of the growing population, adequate measure for improvement and main-
tenance of soil health is essential (Lal 2009). Soil is the base for most of the
ecosystems globally which provides support for both plants and animals and
therefore, the soil and its services are essential too. Considering soil and its
services, 90% of the soil processes are carried out by the soil microbiome
(Coleman et al. 2004), making them a major player of the global agricultural
economy. The ecological services which are provided by the soil microbiome are
estimated to be approximately about US $1.5 trillion year�1 globally, in economic
terms (Pimentel et al. 1997). The biological nitrogen fixation process which is
carried out by the soil microbes is solely responsible to generate an economic value
of US $50–70 billion year�1 globally (Sandhu et al. 2010). Nitrogen fertilizers are
the synthetic source which is applied by the farmers to meet the nitrogen demands
of plants which comes at a high cost. The world consumption of three primary
fertilizer nutrients, namely: nitrogen (N), phosphorus (P), and potassium (K) was
estimated to be about 186.67 million tons in 2016 with an annual growth of 1.5%,
2.2%, and 2.4%, respectively, from 2015 to 2020 (FAO 2017). The manipulation
of soil microbiome along with application of nitrogen fixers and phosphorus
solubilizers could decrease the dependence on fertilizer and also provide economic
benefit to the farmers together with sustainable agriculture (Altieri 1999). The
microbial inoculant industry would also get a boost and provide a new domain of
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employment and entrepreneurship for the youth globally. The nutrient cycling
value of soil microbes was calculated to be about US $165.62 ha�1 year�1 in
organic farming system and US $142.0 ha�1 year�1 (Sandhu et al. 2008, 2010).

Many of human communities have been surviving on the natural resources from
centuries. Despite huge enhancement in agricultural production during green revo-
lution, many of the small and marginal farmers were unable to procure the seeds and
other agricultural inputs due to monetary issues. To this lack of information and
technical capabilities, these farmers were not able to ripe the benefits and suffered
from impaired productivity. The microbial inoculants come at a relatively cheaper
cost which is affordable for these types of farmers. The manipulation of soil
microbial complex is a sustainable approach; there is no need for microbial augmen-
tation after a beneficial microbial complex is established. Majority of the farmers in
South Asia, Africa, and many developing countries are poor who do not realize the
importance of managing soil constraints. Since there is an inevitable linkage of
human livelihood and their social well-being with soil health, the social
sustainability of these farmers could be achieved by soil health maintenance (Lal
2009; Sandhu et al. 2010). Use of microbial formulation instead of pesticides will
undoubtedly help in the alleviation of ill-effects that are caused by the residues of
latter, thus ensuring a safer environment and human health. The increased agricul-
tural production, reduced use of machinery, reduced use of synthetic input, reduction
of soil erosion, etc. are some of the major benefits which are obtained from soil
microbiome management which will help farmers in both social and economic
aspects.

19.8 Conclusion

For succeeding in the long-term, it is essential to shift from conventional practices
towards sustainable agriculture in order to maintain the soil health and meet the
demands of the growing population. A complete insight about the structure and
function of soil microbiome would undoubtedly help in increasing the crop produc-
tion and productivity simultaneously with restoration of soil health. The rhizospheric
region of soil is a hotspot for microbial functionality; therefore, isolation, characteri-
zation, and use of beneficial microbes from this region will help in the stimulation of
plant growth and also protect them from various abiotic and biotic stresses. The
knowledge of interactions between plant, soil, and microbes will undisputedly play
an important role in achieving sustainable development goals. The manipulation of
soil microbiome is a resilient technology which is here to stay, since microbes are
insistent and stubborn to climatic vagaries. Some more advanced researches in this
area would enable us to understand the interactive functions of soil microbiome and
plants which will be pivotal for the utilisation of specific microbes against specific
problems. The manipulation of soil microbiome is the most simple and effective
method of planning future ecological functions and therefore is a key for ensuring a
sustainable planet.
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Abstract

The mangrove cover of the Indian Sundarbans has reduced drastically by over
40% from the year 1776 to 2020. This has led various true mangrove species such
as Sonneratia griffithii Kurz to become critically endangered, Heritiera fomes
Buch. Ham. to be classified as endangered and Ceriops decandra Ding Hou,
Aegialitis rotundifolia Roxb. and Phoenix paludosa Roxb. to be classified as near
threatened. The factors affecting vegetation are both ecological and anthropo-
genic. From the ecological point of view, the tilting of the Bengal basin tectoni-
cally has resulted in the accumulation of excess saltwater in the Indian
Sundarbans while most of the freshwater is being received in the Bangladesh
side of the mangrove belt. As a result major stenohaline species are depleting.
From the anthropogenic standpoint, forests are not only being cleared for dwell-
ing but also for agricultural land use. Replantation programs over the years have
not been sustainable as the nature of natural succession has not been maintained
while planting of the seeds and seedlings in the tidal inundation zones, and as a
result even the pioneering species have not been able to survive. We have
identified core microbiomes from rhizospheric assemblages of several mangrove
plants of which data from few ferns and two true mangroves are discussed here.
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Results of our analysis indicate that core microbiomes are plant specific and do
not depend on sites of collection. Even core microbiomes are discernible for
environmental soil niches as well. These data suggest that future replantation
schemes require the microbiome niche to be maintained if successful restoration
is to be achieved either in the form of suitable site-specific plantations or
microbial consortium-based supplementations.

Keywords

Mangrove · Indian Sundarbans · Core microbiome · Consortium · Restoration

20.1 Introduction

The Sundarbans are the world’s largest mangrove forest belt formed in the Ganga-
Brahmaputra Delta on the Indian side and the Meghna Delta in Bangladesh. Closed
and open mangrove forests interspersed with habitats and agricultural lands along
with mudflats are the essential features of the Indian Sundarbans. The Sundarbans
has four protected areas which have been recognized as UNESCO World Heritage
Site, namely, Sundarbans National Park, Sundarbans East Wildlife Sanctuaries,
Sundarbans South and Sundarbans West (Giri et al. 2007). The total area covered
by the Sundarbans mangrove forest is about 10,000 km2 (3900 sq. mi). Bangladesh’s
Sundarbans part extends over Khulna Division over a stretch of 6017 km2 (2323 sq.
mi). The Indian Sundarbans cover around 4260 km2 (1640 sq. mi) spanning over
districts of the North 24 Parganas and South 24 Parganas of West Bengal (Pani et al.
2013). The zone possesses sundari (Heritiera fomes) and gewa (Excoecaria
agallocha) as the most abundant tree species. The forests is habitat to a total of
453 macro- and micro-wildlife fauna, which includes 290 avian, 120 piscian,
42 mammalian, 35 reptilian and 8 amphibian species altogether (Iftekhar and
Islam 2004). It was designated as a UNESCO world heritage site in the year 1987.
Water bodies such as river, canals and creeks occupy about 1700 km2 (660 sq. mi).
The creeks may vary from a few metres to several kilometres in their width). The
landscape of the Sundarbans is a complex network of tidal creeks, mudflats and
small islands which harbour the salt-tolerant mangrove forests. This is why it
requires an expert navigator to reach the corners of the delta.

The Sundarbans is a rete mirabile of tidal waterways, small forested islands and
mudflats, with varying degrees of salt tolerance. The delta is highly rich in fertile
soil, and its intensive use by humans can be traced back to a few centuries. As a
result of the intensive agricultural practice, the ecoregion now has few forest patches
remaining. These remaining forests, along with the Sundarbans mangroves, are the
important habitat for world’s one of the most charismatic megafauna—the
endangered royal Bengal tiger. To add to it, the Sundarbans serves a vital function
as a natural protective barrier around Khulna and Mongla for the millions of
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inhabitants against the floods that result from the cyclones. The Sundarbans man-
grove is the world’s largest mangrove and a Ramsar site (designated on February1,
2019). The seaward fringe of the delta is formed by the ecoregion (IM 1406) on the
coast and with total geographical area coverage of 20,400 km2 (7900 sq. mi) has
been inscribed as UNESCO World Heritage Site under category (ix) and (x) in the
year 1987. The ecoregion has its name coined from the local name of the dominant
mangrove species Heritiera fomes (Bengali: sundri or sundari).

Mangrove forests do not exhibit a great floral variety. Prain (1903) recorded a
total 245 genera and 334 plant species. These forests have a thick canopy, and the
undergrowth comprises mostly of mangrove seedlings. Besides the sundari, other
tree species in the forest include Nypa fruticans, Bruguiera gymnorhiza, Avicennia,
Xylocarpus granatum, Sonneratia apetala, Xylocarpus mekongensis, Aegiceras
corniculatum, Ceriops decandra and Rhizophora mucronata. Of the world’s
50 broad mangrove species, 26 show better relative abundance in the Sundarbans.
The commonly identifiable vegetation types in the dense Sundarbans mangrove
forests are mangrove scrub, brackish water mixed forest, saltwater mixed forest,,
littoral forest, wet alluvial grass forests and wet forest. The mangroves of
Sundarbans are dominated by the Malvaceae and Euphorbiaceae, whereas most of
the mangroves around the world are characterized by members of the
Rhizophoraceae, Avicenneaceae or Combretaceae (Chaudhuri et al. 1994). The
Sundarbans flora exhibits prominent abundance of sundari (Heritiera fomes),
keora (Sonneratia apetala), gewa (Excoecaria agallocha) and goran (Ceriops
decandra) of which most exhibit profuse growth. Sundari (Heritiera sp.) is the
characteristic tree of the forest, from which the name of the forest had probably
been derived. The hard wood yielded by the tree is used for building houses and
making boats, furniture and other goods. Newly formed forest regions and tidal
forests often show floral community domination by keora (Sonneratia apetala).
Thus it may be a bio-indicator species for newly formed mudbanks and is vital to
various species of wildlife, especially herbivores such as the spotted deer (Axis axis).
Kankra (Bruguiera gymnorhiza) and dhundul or passur (Xylocarpus granatum) are
abundant but with discontinuous distribution. Among palms, golpata (Nypa
fruticans), and grasses such as Porteresia coarctata and khagra (Phragmites
karka) and spear grass (Imperata cylindrica) are distributed well.

A number of factors contribute towards the physical development processes along
the coast. These are micro- and macro-tidal cycles, wave motions and long shore
currents and are characteristics of a coastal ecosystem. The mangrove vegetation is a
remarkable equilibration agent to the variations in these climactic factors and is also
responsible for acting as a barrier to cyclonic storms.

The Zoological Society of London in a study conducted in 2012 recorded a loss of
coastline by up to 220 m in a year. From their data it was also clear that extensive
deforestation [17,179 ha of mangroves within three decades (1975–2010)] has been
carried out due to anthropogenic encroachment for agriculture and habitat establish-
ment. Shrimp cultivation is attributed to have destroyed another 7554 ha (18,670
acres). The annual rise in sea level has been estimated to be 8 mm (0.31 in) in 2010,
as per reports of research from the School of Oceanographic Studies, Jadavpur
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University. It has increased twofold from 3.14 mm (0.124 in) as per records reported
in 2000. As a result of the rising sea levels, habitat loss and erosion of the island
coasts have led to destruction of natural vegetation of around 7500 ha. Added to the
extensive deforestation leading to loss of canopy cover, increased levels of salinity
and a 1.5 �C (2.7 �F) rise in surface water temperatures have posed serious problem
towards the survivability of the indigenous flora and fauna. An anthropometric and
ethnographic assessment in the year 2015 by a group of German researchers revealed
that the lack of livelihood options had resulted in the migration of human population
from the region by up to 13% in a decade (Foundation, Thomson 2015a, b). As
mangrove ecosystems produce resources which have widespread human utilization,
these areas are threatened globally.

In the Asia-Pacific region, there is a drastic reduction of these resource bases at a
very alarming rate, which is brought into action due to overexploitation of resources,
unplanned and non-sustainable utilization, and conversion of forest cover to other
land uses such as fish ponds and hatcheries, land acquisition for human settlements,
infrastructure development as well as paddy cultivation are the major problems faced
(Umali et al. 1987). Sustainable management of the mangrove ecosystem in the
Indian Sundarbans is hindered primarily by land acquisition by reclamation for
expansion of agriculture and human settlement, which is a direct result of population
explosion. This further results into other indirect anthropogenic disturbances.

Five of the 24 true mangrove species in Sundarbans have global conservation
importance (Barik and Chowdhury 2014). While Heritiera fomes Buch. Ham. is
considered endangered, Sonneratia griffithii Kurz has been declared critically
endangered. The remaining three species, viz. Ceriops decandra Ding Hou, Phoenix
paludosa Roxb. and Aegialitis rotundifolia Roxb., are near threatened. However,
Sonneratia caseolaris Engler has not yet been enlisted in the IUCN Red List.

20.2 Contributions of Mangroves Apart from Serving As
Ecological Barrier

For centuries using mangrove plant extracts for treating several health disorders has
been a popular method. Owing to their versatile applications, these plant-derived
substances have drawn quite a lot of attraction. Mangroves have unique biochemis-
try and produce a wide array of novel natural products. Biologically active antiviral,
antibacterial and antifungal compounds are often synthesized by mangrove and
mangrove associates. Few studies in the area of pharmacology reported about
mangrove extracts and their effects on some microorganisms like Pseudomonas
sp., Shigella sp. and Staphylococcus sp. (Abeysinghe et al. 2012). Also different
extraction protocols with various types of solvents including ethanol, chloroform
and ethyl acetate have been reported (Ravikumar et al. 2010).

Based on their nutrient potential, mangrove forests play crucial role as to serve as
food source for marine organisms as well as for human consumption. In traditional
medicine numerous mangrove plants are consumed as medicinal plants for many
years (Bandaranayake 2002). Some recent studies threw light on and the medicinal
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properties in some mangrove plants, which were consumed in folklore medicine,
have been confirmed, for example, in an in vitro cytotoxic assay a compound
30,40,5,7-tetrahydroxyflavone isolated from Sonneratia caseolaris showed
promising inhibition activity against SMMC-7721 human hepatoma cell prolifera-
tion (Tian et al. 2009).

Antibacterial and antifungal properties along with various other pharmaceutical
potential of mangrove plants have also been reported. As per reports of Abeysinghe
and Wanigatunge (Abeysinghe et al. 2012), ethyl acetate extract of Avicennia
marina mature leaves shows promising antimicrobial activity with methanolic
extract of Excoecaria agallocha leaves and shoots showing the antimicrobial poten-
tial (Chandrasekaran et al. 2009; Premanathan et al. 1999). Methanol extract from
trunks of Excoecaria agallocha and Bruguiera gymnorhiza has been reported to
show antifungal activity (Kazuhiko 2002; Premanathan et al. 1999). Antiviral,
antibacterial and anti-ulcer properties of mangrove plants have also been reported
(Perera et al. 2001; Chandrasekaran et al. 2006; Marrero et al. 2006).

Recent research evidenced presence of antibacterial (Chandrasekaran et al. 2009)
and antifungal (Bose and Bose 2008) properties in Indian mangroves. Until now,
over 200 bioactive metabolites have been isolated from true mangroves of tropical
and semitropical populations (Marrero et al. 2006). Most of the isolated compounds,
as exhibited by their chemical structure, belong to triterpenes, saponins, alkaloids,
flavonoids, tannins, steroids and phenolics that have a broad spectrum of therapeutic
possibilities (Bandaranayake 1998).

Extracts of tender leaves, mature leaves and bark of Bruguiera sexangula,
Avicennia officinalis and Avicennia marina have been reported to have antibacterial
activity (Wu et al. 2008). Screening of antibacterial activity against pathogenic
bacteria species of Escherichia coli, Proteus sp., Staphylococcus sp., Pseudomonas
sp. and Shigella sp. was performed by using agar diffusion technique. When tested
for growth inhibition, against the bacterial strains under study, extracts of
A. officinalis, A. marina and B. sexangula exhibited varying degree of inhibition.

20.2.1 Significance of Rhizospheric Metagenomics Study

Over the years numerous studies have made an effort to understand the causes
behind the depletion of the mangrove cover along the coastal lines. However, very
less emphasis has been given to the microbial population and the alterations in the
metapopulation dynamics of the microbial communities prevalent along the man-
grove forest areas. Rhizosphere has been characterized as the region of occurrence of
various important life processes for more than over 100 years. In contrast with
non-rooted mass soil, the soil compartment specifically around plant roots and
their close vicinity, which defines the rhizosphere, is highly populated by
microorganisms. The rhizosphere serves as a zone of active interchange between
soil bacteria and plants. Organic carbon is released by plants in high amount. Plants
regulate processes as quorum sensing, motility, conjugation, biofilm formation,
symbiosis, virulence and various mechanisms involving antibiotic production to
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influence the rhizosphere microbiome and also recruit function-specific
microbiomes.

Several hypotheses have been raised regarding microbial community assembly,
in which the ‘niche theory’ is very essential to understand the microbial consortium
in root rhizosphere (Dumbrell et al. 2010). The niche-based theory predicts that the
changes in the community composition are related to environmental variables and
that effect the survival aspect of the plant is associated to it directly (Jongman 1995).
Various studies about microbial rhizosphere communities have revealed the plant
species play a key role in shaping the microbial community assemblage in the
rhizosphere which includes Arabidopsis (Bulgarelli et al. 2012), tobacco (Robin
et al. 2006), Norway spruce (Calvaruso et al. 2009), rice (Knief et al. 2012), potato
(Rasche et al. 2006), soybean (Xu et al. 2009), oak (Uroz et al. 2010), wild oats
(DeAngelis et al. 2009), etc.

The rhizosphere is a chemical signalling hotspot as it is placed in the proximity of
the plant roots. Plant and microbial exudates are a plenty, and it is considered as a
hotspot of community dynamics (Philippot et al. 2013). The unique but complex
food web prevalent in the rhizosphere utilizes the nutrients released by the plant
(e.g. exudates, border cells, mucilage, etc.), which are major regulators of microbial
diversity and activity in the immediate vicinity of plant roots (Mendes et al. 2013).
The accumulation of organic carbon around the rhizosphere as a result of the
secretions of the host plant contributes towards the species richness in the rhizo-
sphere, and so factors that bring about changes in the bulk soil communities, for
example, anthropogenic effect, pollution, climate change etc., will have an effect on
the assembly and the final composition of rhizosphere communities.

20.3 Materials and Method

20.3.1 Rhizospheric Soil Collection and Metagenomic Sequencing

The 16s rRNA gene that comprises conserved regions interspersed by nine hyper-
variable regions has played a key role in studying and characterizing the bacterial
community of an environmental sample. The present study targets the V3–V4 region
and exploits the high variability of these regions to distinguish bacteria subtypes and
thus microbial community structure identification.

20.3.2 Sample Preparation

Genomic DNA from rhizospheric soil sample was extracted using an in-house
standardized protocol. DNA quality was assessed by NanoDrop and on agarose
gel, and quantitative assessment was carried using QUBIT. The library was prepared
using Illumina standardized V3–V4 regions of the16S rRNA library protocol. The
enriched library then was quantified, and validation was carried out using qPCR and
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Agilent Bioanalyzer (DNA 1000 chip). The library that generated V3–V4 amplicons
was then sequenced using Illumina MiSeq (300 � 2 PE chemistry).

20.3.3 Bioinformatic Analysis

Using the FASTQC toolkit (http://www.bioinformatics.babraham.ac.uk/projects/
fastqc), quality control of raw reads was carried out. QIIME software (qiime.org)
was used to cluster the quality processed paired end reads into OTUs (operational
taxonomic units) to identify the microbial communities. The identified OTUs were
used for taxonomic assignment (Greengenes database), phylogenetic and diversity
analysis. Further QIIME (Quantitative Insights into Microbial Ecology) was used to
assemble the processed reads into contigs during initial bioinformatics analysis.
Following this, PICRUSt and Venny were used to predict the biological pathways
and create Venn diagrams to reveal common and unique microbes. The flowchart of
the analysis are summarized in Fig. 20.1a, b.

Fig. 20.1 Flowchart of analysis. (a) Analysis pipeline for rhizospheric metagenomic study; (b)
processing pipeline of sequenced data; (c) in situ images of collected samples; (d) herbarium
collection of collected samples
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20.4 Sites of Study

The sites of study of were Rangabelia, Sudhanshupur, Kumirmari (Fig. 20.2a) and
Burirdabri islands (Fig. 20.3a) of the Indian Sundarbans. Some field images are also
provided to give an idea regarding the sites of collection along with the herbarium
specimens (Figs. 20.1b, c, 20.2b, c, d, e, f; and 20.3 b, c, d, e).

20.5 Insights into the Rhizosphere Microbial Communities

The common bacterial members identified in this study can be directly correlated to
the soil chemical profile as well as the overall habitat dynamics of the region under
study. The majority of the sequences analysed by all three methods belonged to the
phylum Proteobacteria, which includes a number of pathogens, such as Escherichia,
Yersinia, Helicobacter, Salmonella, Vibrio and many others. There are also
non-parasitic bacteria, and many of them aid to the nitrogen fixation process. Most
abundant class of Proteobacteria in the sample turns out to be Alphaproteobacteria
by analysis of both QIIME and KRAKEN, which include agriculturally important
bacteria which induce nitrogen fixation in symbiosis with plants. The rhizosphere
soil depicted the high abundance of nitrogen-fixing bacteria. Heliobacterium

Fig. 20.2 Collection sites of fern samples. (a) Google map locations; (b) Microsorum; (c)
Ceratopteris; (d) Marsilea; (e) Drynaria and Pyrrosia; (f) Acrostichum
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modesticaldum Ice1 was the most abundant of all the microbial community
according to MEGAN analysis which is a well-known nitrogen-fixing bacterium.
For other rhizospheres analysis suggested the richness of Firmicutes (such as
Clostridiales, Lactobacillales, Bacillales and Thermoanaerobacterales) and
Proteobacteria (such as Enterobacteriales, Legionellales, Rhizobiales,
Rhodospirillales and Burkholderiales) in the sample. Many nitrogen-fixing
phototrophic bacteria that can grow either photoheterotrophically or
chemotrophically were identified. The classification suggested 99% of the sequences
belonged to Bacteria, while 0.4% belonged to Archaea. In bacterial sequences, the
major three groups were Proteobacteria (44%), Terrabacteria (27%) and PVC
(12%) (Planctomycetes, Verrucomicrobia and Chlamydiae) superphyla. The major
superphyla Proteobacteria, comprised of Delta/Epsilonproteobacteria (17%),
Alphaproteobacteria (12%), Gammaproteobacteria (7%) and Betaproteobacteria
(6%) in that order of abundance, which were found to be rhizosphere specific,
provides us with the necessary insights towards the development of an effective
microbial consortium which can be used towards habitat restoration and effective
design of mangrove management systems through effective replantation (reforesta-
tion) strategies.

Fig. 20.3 Collection sites of Nypa and Heritiera samples. (a) Google map location; (b) Heritiera
sampling; (c) Collection of juvenile sample of Heritiera; (d) Burirdabri island coast with abundance
of Nypa (e). Profuse abundance of Nypa along the Burirdabri sea coast
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20.6 Identification of the Core Microbiome

For terrestrial ferns the core microbiome was limited to Gemmatimonas and Bacillus
(Fig. 20.4a, b, c), while for epiphytic ferns there was more complexity in the core
microbiome present in the rhizospheric assemblages (Fig. 20.5a, b, c) with
Escherichia, Burkholderia, Paenibacillus, Pseudomonas and Ilumatobacter making
up the key members.

20.6.1 Functional Characterization

As most abundant bacteria are known for their nitrogen fixation activity, OTU
contributions for KEGG ortholog K02585, which is nitrogen fixation protein NifB,
were done and are summarized in Table 20.1. Apart from bacterial pathways such as
streptomycin biosynthesis, vancomycin biosynthesis and beta lactamase biosynthe-
sis, pathways were also predicted from the microbial abundance data which indicates
a vibrant rhizosphere assemblage capable of stimulating plant growth as well as
initiate chemical sensing and preventive pathways (Fig. 20.6).

For Nypa fruticansWurmb., the analysis revealed a total of 626 microbial genera
that are associated with the rhizospheric zone [publicly available at NCBI with the
following accession number: SRX5993499]. The profile shows Woeseia (6.31%),
Pseudomonas (2.26%), Thioalkalivibrio (2.11%), Nitrospira (1.89%),

Fig. 20.4 Core microbiome of rhizospheric Microbiome of terrestrial ferns; (a) Venn diagram
depicting the unique and common members; (b) Common members across the rhizospheric
assemblages and their abundances; (c) Network of overrepresented microbes
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Erythrobacter (1.85%) and Desulfuromonas (1.79%) to be the most abundant
assemblages of microbial community related of the Nypa fruticans Wurmb. rhizo-
sphere, which shows high relative abundance of the species among the other islands.
The species is moderately salt tolerant, and the population exhibits a declining trend
in the Indian Sundarbans (Alzubaidy et al. 2016; Ellison et al. 2010; Gopal and
Chauhan 2006; Ragavan and Mandal 2018; Theerawitaya et al. 2014).

For Heritiera fomes Buch. Ham., the profile revealed a total of 442 microbial
genera of which the most abundant microbial community assemblages associated
with the rhizosphere happen to be Sphingobium (6.05%), Vicinamibacter (3.17%),
Dechloromonas (2.88%), Bacillus (2.75%), Thiobacter (2.73%), Clostridium
(2.32%), Ramlibacter (2.16%) and Sphingomonas (2.10%). Heritiera fomes Buch.
Ham. is a stenoecious species and grows in low salinity and high field capacity.
Thus, the plant species serves as a bio-indicator for rising salinity (Banerjee et al.
2017; Hoque et al. 2006; Karim 1988). At present the species is threatened by
changes in floristic composition and local extinction as well as by factors such as

Table 20.1 Diversity of KEGG (Kyoto Encyclopedia of Genes and Genomes) database resource
reported for various pathways genes with accession number

KEGG Pathways genes

Transporters 7031568

General function prediction only 4516899

ABC transporters 4177049

DNA repair and recombination proteins 2896197

Two-component system 2752492

Purine metabolism 2395112

Secretion system 2298549

Ribosome 2178602

Bacterial motility proteins 2143882

Function unknown 2084832

Peptidases 1978469

Oxidative phosphorylation 1914943

Transcription factors 1899089

Pyrimidine metabolism 1637766

Arginine and proline metabolism 1597341

Amino acid-related enzymes 1572511

Chromosome 1509604

Carbon fixation pathways in prokaryotes 1434044

Pyruvate metabolism 1422486

Amino sugar and nucleotide sugar metabolism 1406874

Glycolysis/gluconeogenesis 1381641

Butanoate metabolism 1360717

Methane metabolism 1346254

Ribosome biogenesis 1307395

Other ion-coupled transporters 1274641
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hydrology, ocean currents, geomorphology, natural calamities, anthropogenic
disturbances and low genetic diversity (Ragavan and Mandal 2018).

The results of comparison of Nypa and Heritiera are summarized in Fig. 20.7,
while the functional characterization reveals a large number of bacterial metabolic
pathways abundant such as lipopolysaccharide biosynthesis, recombination and
repair pathways, sulphur metabolism, amino acid metabolism, pentose phosphate
pathway as well as streptomycin biosynthesis, vancomycin resistance and bacterial
chemotaxis pathways (Fig. 20.6). However, none of these pathways were predicted
to be abundant in Heritiera fomes rhizosphere, which may be due to the lower
abundance of the bacterial members in the rhizosphere of the plant under study.

An interesting facet to note is that Bacillus represents the only genus that is
common to all the plant rhizospheres under study, indicating the essentiality of
nitrogen fixation in the soil environment as well as the region as a whole and further
establishing the fact that all the plants under study possess a rhizosphere-specific
microbial consortium.

Over the years there have been several reports on the soil characters of the
Sundarbans area both from the chemical and from the microbial content. This is as
a result of the fact that the Sundarbans delta presents a unique transitional zone
which also harbours anthropogenic influences. Due to the gradual erosion of the
banks of the islands and landmasses of the Indian Sundarbans, more and more
deforestation has taken place as the settlers have gradually moved inwards and

Fig. 20.6 Predicted Networks of enriched microbes prevalent in the rhizospheric assembledges
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have cut down large areas of the forest cover. This represents two significant
ecological pressures: first since these mangrove forests offer the first barrier for
tsunamis and other cyclones, their erosion has resulted in the loss of more and more
property. Second, the habitat of important fauna is also lost as a result of the
illegitimate felling of trees. Following the declaration of the Indian Sundarbans as
the world heritage site, there have been concerted efforts from both the government
and local dwellers towards afforestation by planting of true mangroves. Unfortu-
nately the expected success rate has not been achieved as majority of the saplings
have died at the initial stages. Numerous workers (Nandy et al. 2009) have attributed
this observation to the lack of acclimatization of these newly planted saplings to the
environment. However, current ideas regarding the plant rhizosphere associations
indicate that each plant possesses a core microbiome which is constant for a
particular plant. Thus, it is important that these core microbiomes be identified and
used as possible standardized supplements wherever that plant is being replanted
(Mendes et al. 2013; Toju et al. 2018). We can further observe that some of the
rhizospheric bacteria present in these regions can serve as reservoirs of biologically
active compounds which can be explored further in culture-based experiments.
Microbial members with reported active nitrogen fixing ability was found to be
abundant in the assemblage which is in conformation with the data of rhizospheric
soil abundances reported by Ganguli et al. (2017). Generally mangrove species are
characterized by the monopoly of pneumatophores or breathing roots (negative

Fig. 20.7 Predicted enriched biological pathways in the rhizospheric assembledges
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geotropic root), knee roots, stilt roots, xerophilous leaves, viviparous germination
and salt excretory glands (Tomlinson 1986). However, several mangrove workers
like Tomlinson (1986) have described mangroves prioritizing their ecophysiological
attributes (Barik and Chowdhury 2014). During daily high and low tides, they are
generally inundated and exposed, respectively, and are nurtured by coastal marine
waters mixed with freshwater from rains and land drainage system. Mangrove
ecosystems and their widespread resources are constantly threatened by the overuti-
lization for anthropogenic habitat settlements. In the Asia-Pacific region,
non-sustainable utilization, overexploitation of resources and forest cover clearing
for various human uses have caused drastic decline in the mangrove populations
(Umali et al. 1987; Basak et al. 2015). As we have earlier stated, that Heritiera fomes
Buch. Ham. is considered endangered in the Indian Sundarbans, Sonneratia griffithii
Kurz has been declared critically endangered, while the remaining three species, viz.
Ceriops decandra Ding Hou, Phoenix paludosa Roxb. and Aegialitis rotundifolia
Roxb., are near threatened. The microbial population and their associated functions
are enriched due to the release of large quantities of organic carbon by plant roots in
the rhizospheric zone.

20.7 Conclusion

Global research along with our findings clearly indicates that plants have a specific
role in the control of rhizospheric function as reports have demonstrated that
processes such as quorum sensing, various mechanisms involving antibiotic produc-
tion, biofilm formation, conjugation, motility, symbiosis and virulence are
maintained by the recruitment and persistence of specific microbial members. The
question that remains is whether these bacterial communities also influence plant
function as a whole. The presence of core microbiomes associated with individual
plant rhizosphere niches probably is an early indication towards this mutualistic
control and crosstalk cycle between plants and microbes which is an evidence of the
soil-plant continuum. Apart from the changes in the microbial dynamics of the
region, till date no study exists which evaluates the alterations in the soundscape
of the area and how it changes as a result of anthropogenic and ecotourism activities,
since numerous ecological workers in the recent years have attributed the alterations
in soundscape to influence the community structure of plants and other species.

We believe that the identification of core microbiomes is an essential prerequisite
for understanding of the physiological stability of a particular mangrove species. Our
data clearly reveal that mangrove plants independent of their taxonomic position and
hierarchy possess a set of core microbiomes, and thus when replantation efforts are
undertaken, suitable habitat identification needs to be performed using this set of key
microbes or supplementation using these core microbial taxa should be attempted for
establishment and proliferation of the saplings.
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Abstract

New-era genomic tools have proved themselves a big boon in showing a path to
get an insight to microbial evolution, taxonomic profiling, active members of a
community and the genes involved in many metabolic pathways. Shotgun
metagenomics helps in random sequencing of genome of the studied microbiome;
however, it does not show the exact number of active genes or the functionally
active genomic members. This lacuna calls for the role of metatranscriptomics
which studies the differential gene expression and has tremendously participated
in the unearthing the multifariousness of active genes, quantification of their
expression levels and their response to different environmental and biological
conditions. This chapter linchpins the various tools and techniques used in
metatranscriptomic analysis of any microbial community. We focus on the
major headways in this exponentially proliferating field, comparing the various
options used in computational bioinformatic analysis of data and the challenges
associated with them.
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21.1 Introduction

Microbiomes are widespread and are found in the soil, the ocean and in/on other
living organisms. Alteration in the microbiome can influence the health of the
environmental habitat in which they dwell. Shortly, after the decoding of human
genome, focus has shifted to the huge genomic gene pool of prokaryotes present in
the human body that is much beyond that of the eukaryotic human genome, yet its
share to human physiology persists ambiguous. Thus, to know more regarding these
communities, various attempts on the basis of data taken from many omics have
been explored. Both metatranscriptomic and metagenomic sequencing methods are
commonly used to associate microbiota with ecological changes and important
diseases. Various evaluation methods have also been used to check the functional
and taxonomic forms of microbiota throughout individuals or their surroundings.
Metatranscriptomic analysis helps provide important understanding of genes
activities by analysing gene expression levels and often regulatory mechanisms of
microbiota. The initial years of microbiome investigation were greatly determined
by use of DNA sequencing depending upon shotgun metagenome sequencing and
16S rDNA, permitting for the clear analysis of genome structure and microbial
composition. Although 16S studies solely identify the precise taxonomic form of a
microbiota, it is a low-cost alternative to completely captivate biodiversity (calculat-
ing the maximum effective gamut of relative exuberance) of various samples
utilising minimum sequencing. Figure 21.1 shows the process of metagenomics in
a flowchart. A major disadvantage of shotgun metagenomics is its ability of not
being able to differentiate between the agile and inactive components of a
microbiome and therefore cannot assist in differentiating those that are aiding to

Cloning and Metagenomic 
library preparation

Direct Sequencing

DNA Purification and selection on basis 
of size

Screening based on 
sequence

Screening on basis of 
function

Analysis of sequence

DNA extraction (Direct/Indirect method)

Fig. 21.1 Steps for metagenomics analysis of a sample
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observed ecosystem behaviour from the ones that are just present, apparently waiting
for other favourable conditions. Whereas the past few years have seen notable
improvements in sequencing techniques that have transformed the way of
performing biological experiments, especially in the case of study of complex
microbiomes.

The application of NGS in metatranscriptomics is to create big datasets having
large degree of complexity that requires to be analysed properly to translate the
noninterpretable fresh and naive sequencing reads to biological understandings, in
the form of figures and data tables. The onset of RNA-seq and massive parallel
sequencing has granted advanced and appealing opportunities in the field of
transcriptome analysis, supporting insight and vigorous range that were earlier
unimaginable. Technological progress in RNA-seq has lately supplied us with the
capability to introspect into the genes that are vigorously expressed in composite
bacterial communities, helping in the explanation of the functional variations that
edict the microbiome functions at given time and its synergy with the host. Fig-
ure 21.2 gives an overall view of the working of metatranscriptomics in a pictorial
diagram.

21.2 Experimental Basics of Wet Lab Workflow

Transcriptomics refers to all the RNA molecules present in a cell, whereas
metatransriptomics assess the functional genes in any given environment. Initially
all the omics technology (Fig. 21.1 metagenomics) started to study the environmen-
tal genomes with the help of tools like NGS and whole genome shotgun
metagenomics which dealt with both active and inactive genes. To nullify the
inactive gene count, metatranscriptomics (Fig. 21.2) and metaproteomics came
into light, which study the expression and translation of environmental genes.
Microarray chips and EST have played a major role in exploring genome-wide
expression though they are very expensive and laborious techniques.

Metatranscriptomics

Wet Lab Analysis

1. Isolation of microbiome RNA
2. Preprocessing of RNA
3. RNA purification 
4. Metatranscriptomic Library 

preparation
5. RNA seq and filtering reads
6. Transcriptome analysis

Bioinformatic analysis

1. Filtering reads
2. Aligning the reads to reference 
3. De novo assembly
4. Assign transcript taxonomy
5. Functional Annotation and 

differential expression analysis
6. Statistical analysis

Fig. 21.2 Overview of the different steps in metatranscriptomics
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Metatranscriptomics has played a pivotal role in identifying novel genes related to
metagenomic functions with zero necessary prior whereabouts avoiding the need to
design any probe or primer.

The qualitative approach of metatranscriptomics is used to explore community
structure and identify and sort the metabolically active members, whereas the
quantitative approach is used to study the functional annotations of a single organ-
ism. The presence of a reference metagenome helps us to correlate the gene
abundance and its expression levels. The 16s rRNA databases act as repositories
for the tools like multiple alignments and phylogenetic distance methods which
identify homology sequence reads. Tools like Greengenes are used to classify the
overall active members. The quantitative approach helps us to study the real-time
gene expression corresponding to dynamic environment and gives an insight to
differential gene expression (DGE) which depends on factors like the number of
biological replica, read length, etc. Tools like tophat, bowtie and BWA can be used
to map NGS sequencing data against references and align single nucleotide poly-
morphism for each transcript.

Although these factors can be planned accordingly if the reference genome is
known, equal sequence coverage should be given to each replica if the reference is
unknown. Therefore it is advisable to dedicate a sequence lane to each replica while
using tools like Illumina HiSeq2500. A good experimental design brainstorms on
factors like the number of replicas to be used and the sequencing depth. NGS
assemblers like Celera and Velvet can be used for assembling the reads, and
Glimmer and MetaGeneMark tools come handy for ORF predictions.

21.3 Advances and Challenges in Various Steps of Wet Lab

21.3.1 Isolation and Pre-processing of Microbiome mRNA

The isolation of raw material for transcriptomic analysis involves collecting of total
RNA from the desired environment. The environmental RNA comprise of both
prokaryotic and eukaryotic RNA. Most of the isolated RNA corresponds to ribo-
somal RNA in environmental NGS metatranscriptomics. Ribosomal RNA has its
benefit of helping in determining the whole structure of any community as PCR
gives an unbiased insight of the functional taxonomic variability, but it plays the role
of a nuisance when it comes to de novo transcript assembly.

Eukaryotic mRNA can be sorted out by manufacturing cDNA using oligo-dT
primers as the mRNA has a poly A tail; however, this type of selection is not possible
with prokaryotic mRNA which comprises of only 1–5% of total RNA species.
Unwanted rRNA can be removed using specific probes attached with magnetic
beads wherein the probes anneal to the target rRNA sequences and henceforth
removed with the bead. All the methods involved in RNA manipulation have a
massive challenge of curbing degradation by contaminating ribonucleases. In com-
parison to the stable proteins in external environments, mRNA spontaneously gives
response to the cellular conditions which keep on changing every nanosecond.
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21.3.2 RNA Purification and Metatranscriptomic Library Preparation

The rRNAs are mostly removed in the methods depicted in Fig. 21.3 before
sequencing as they usually create upward of major chunk of entire data if not
eradicated and do not add to most downstream analyses, like identifying pathways
or differentially expressed genes. The major strategies for mRNA enrichment as
discussed in the above figure are rRNA separation by means of hybridisation with
16S and 23S rRNA probes or depletion of rRNAs by means of a 5-exonuclease. One
of the most challenging steps is mRNA enrichment. rRNA hybridisation based on
magnetic microbeads and oligo mixtures which hybridise with 16S and 23S does not
require RNA integrity, is sequence specific and does not eliminate all bacteria rRNA.
Another shortcoming comes in the form of oligos which sometimes hybridise with
some mRNA. Besides it requires very pure RNA as impurities inhibit the
exonucleases. Smaller RNA can be agarose gel purified using biotinylated primers
eliminating the chances of binding to non-specific sequences.

Besides, rhizosphere niches from where the maximum soil samples are taken pose
major hurdles related to plant host-derived RNA with the presence of humic
substances. The humic acids can be removed with the help of size separation using
Sephadex spin columns or precipitation of nucleic acids using polyethylene glycol
so that an enriched population of mRNAs is extracted. These transcriptionally active
RNAs are fractioned to synthesize cDNA which is then used to create a library to be
amplified and sequenced. Sequence reads are aligned to reference genomes, and the
functional genes are identified based on the sequence reads covering these regions.
Library making involves the process of RNA fragmentation, synthesis of first and
second strand, coupling with adapters and finally validation.

Removal 
of 

ribosomal 
RNA

rRNA 
Hybridisation

Antibody 
capture

Exonuclease 
degradation

Use of poly A 
polymerase

Fig. 21.3 Methods to
remove ribosomal RNA
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Optimisation of sequencing requires cDNA of a certain size, and enzymes,
metals, heat or sonication are used for fragmentation. To maintain the integrity of
each sample, the incubation time for fragmentation should also be optimised. The
first cDNA strand is synthesised by reverse transcriptase using random hexamer
primers. DNA polymerase is then used to synthesise the second strand. The sequenc-
ing adapters play a role in providing support for binding and a platform for primer
hybridisation. Sometimes they act as markers when linked to a barcode for samples
during multiplexing.

Metatranscriptomics pinpointedly focuses on expressed functional genes in the
entire microbiome and inherently sheds light on the active functional contour of the
microbial community. The roadmap of any standard metatranscriptomic analysis
relies either on reading a reference genome as in alignment based methods or
converting the reads into transcript contigs by de novo assembly. The first strategy
totally relies on the number of database of reference genomes, whereas the second
strategy reckons on the potential of the software programmes to assemble contigs
correctly from raw reads. As a matter of fact maximum, a number of analysis
pipelines were a makeshift or build impromptu to study the functional expression.
The tools are categorised on the aforementioned strategy they follow. Those which
follow the path of read mapping generally align the metatranscriptomic reads to
specialised databases using alignment tools like BLAST, BWA, etc. The outcome is
then annotated using software like SWISS PROT and KEGG; thereafter this
annotated data is processed further by different downstream analysis for varied
desired results.

Many tools conveniently work on bioinformatic data which speed up the pace of
metatranscriptomic studies. Efficient Web servers and metatranscriptomic pipelines
have been developed for analysis of in silico data to study the dynamic expressions
of the microbiome in the past few years. Organism-specific functional profiling for
almost all biota, namely, virus, archaea, prokaryotes and eukaryotes, has been
facilitated at fast speed with MetaPhlAn2 and ChocoPhlAn pangenome database.
MG-RAST, a tool that extracts numerous characteristics for users to determine
quality of sequence minimising the impure adapter sequence reads, fakes duplicate
reads, thus curbing the error rates up to a high extent. Similarly, HUMAnN2 is a
pipeline used in both metagenomics and metatranscriptomics which has simple user
interface. It helps in studying community function profiles, expanded database and
mapping accelerated reads (Buchfink et al. 2015).

The sequencing platform is chosen which fits in the parameters of cost effective-
ness, read length and the sequencing depth. The main players in the field are MiSeq,
Life Technologies (PGM, Proton), Illumina’s HiSeq (X, 3000/4000, NexSeq, High-
Output) and the former 454. The sequence read length ranges from 50 bp in Illumina
to 1.5 kb in PacBio. The cost per Mb may vary from USD$ 0.06 (Illumina) to
USD$8.72 (454). Similarly the output yield goes from 40 Mb (PacBio) to 300 Gb
(Illumina).

To check the quality of short reads originated from Illumina sequencers, various
QC tools, viz. FaQCs (Leung et al. 2014a), FastQC (Andrews 2010), Trimmomatic
(Bolger et al. 2014) and fastp (Chen et al. 2018), can be used. rRNAs can be analysed
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for elimination from downstream analyses by use of tools like barrnap (Seemann
2014) and SortMeRNA (Kopylova et al. 2012) after the sequencing.

Leimena et al. (2013) developed another metatranscriptome analysis pipeline that
helps in the study of symbiotic interactions within prokaryotic ecosystems, designed
for mapping and function assignment on the basis of provided RNA-seq data. The
working of the pipeline has been assessed using data from human small intestine
microbiota. Core algorithm/tools used are SortMeRNA, BLASTN (Johnson et al.
2008), MegaBLAST and KAAS (Moriya et al. 2007).

MetaTrans, an open-source pipeline, works with incorporating rRNA removal,
quality control and mapping of reads by use of multi-threading computers to
stimulate the gene expression and taxonomic assessment of active microbiota
(Martinez et al. 2016). Core algorithm/tools like Kraken quoted by Wood and
Salzberg in 2014, SortMeRNA (Kopylova et al. 2012), UCLUST (Edgar 2010)
and SOAP2 help immensely in the study protocol. The Simple Annotation of
Metatranscriptomes by Sequence Analysis (SAMSA) is a broad pipeline for analysis
of metatranscriptome operating in conjunction with MG-RAST annotation server,
granting an ability to completely determine the expression activity in microbiota.
The various phases on which it works are preprocessing which deals with the raw
material, annotation, aggregation and lastly the analysis of the data worked upon.
This has been used to study gut microbiome by Westreich et al. (2016).

The high-throughput metatranscriptomic data has been worked upon using Com-
prehensive Metatranscriptomics Analysis (COMAN) which is a very competent
Web-based tool. Functional identification and simultaneously its comprehensive
analysis converting basic reads to functional assignments are the key feature of
this tool. The assignments are then used to compare and analyse the statistical data
and co-expressed network data, and conclusions can be drawn considering the
functional variations and parameters. COMAN is very user friendly when used
with easy-to-handle interfaces and is popular with experimentalists as it can be
used without programming instructions and the inconvenience of altering tools/
working environments for resolving their biologically permissible questions. Fur-
ther, more software can be integrated in the pipeline to work on the vital data which
is also supplied in form of table (Ni et al. 2016).

21.3.3 RNA-Seq and Filtering Reads

A common metatranscriptome dataset consists of plenty of sequenced mRNA
molecules, named RNA-seq reads, and there is a dire need to get an insight of the
biological interpretation from these datasets to narrow down the sample size and
increase the efficiency (Gosalbes et al. 2011; Korf 2013). Analysis suites like
MG-RAST52 and HUMAnN51 have been designed recently to give an end-to-end
solution to filter the reads (Glass et al. 2010; Abubucker et al. 2012). These are used
by combining specific in silico tools (e.g. GEM54 and BOWTIE53 for mapping,
CuffDuff56 for differential gene expression and Trimmomatic55 for quality filter-
ing) to attain the similar overall objective of concluding the levels of gene expression
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and alterations in it, from the raw sequenced mRNA reads (Langmead and Salzberg
2012; Marco-Sola et al. 2012; Bolger et al. 2014; Ghosh and Chan 2016). Few
analytical steps are important in this process and thus exist invariably in all
metatranscriptome analysis which comprise of the separation of non-mRNA reads
along with the host reads, filtering and trimming of low-quality nucleotides and
reads, open reading frame analysis, mapping of the contigs reads to a known
reference database finally normalisation and estimations of the gene expression
levels along with other summarising statistics (Wang et al. 2009). However, one
of the avoidable analytic steps which is not mandatory is the assembly of the reads
into contigs and can be performed later. If performed, the assembly step is succeeded
by mapping the contigs to reference genomes, when these are present. This step is
computationally difficult to perform as it needs high-quality experimental sequenc-
ing data and helps in unravelling the information related to the gene expressions like
the relation between start and stop sites and the adjacent genes. Experimentally, to
facilitate the assembly, deeper sequencing is needed, and, thus, usually only highly
abundant regions can be assembled from a larger set of reads (Morgan and
Huttenhower 2014).

Another major challenge in the analysis and interpretation of biological facts by
using metatranscriptomics data is integrating the analysis of both RNA-seq data and
whole DNA data. It is highly recommended to evaluate these two data types at the
same time for a sample to have a comparative study between the absolute expressed
genes vs the possibly existing genes. Irrespective of the presence of the assembly
step, at the termination of the RNA-seq analysis and the postnormalisation process,
an outline of the data is changed into relative gene expression values and can later be
analysed further like the statistical analyses observed in 16S and metagenomic
sequencing.

21.4 Advances and Challenges in Bioinformatic Analysis

Bioinformatics complement the wet lab analysis in minimising and sorting the data
to be processed in wet lab. Omics technology, be it related with genomics, proteo-
mics or bolomics, cannot be successful with in silico analysis. Bioinformatic analy-
sis during metatranscriptomics involves the following pathway:

(a) Filtering reads (QC and rRNA)
(b) Aligning reads to a reference (known gene)
(c) De novo assembly (unknown gene)
(d) Assigning transcript taxonomy
(e) Functional analysis or annotation
(f) Differential expression analysis
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21.4.1 Statistical Analysis

(a) Filtering reads (QC and rRNA): The library is split into individual files based
on the barcode sequence, and the process is called de-multiplexing. The adapters
are then removed, and sequence trimming is done. Each sequence base has its
own quality value called the Phred score. The overall quality of the sequence is
visualised via boxplots. Finally the rRNA is sorted out with rRNA database and
MegaBLAST. Interpolated models like SSU-align come in handy at this stage.
The FASTA files can be used as input for quality control and plot qualities by
Fast_toolx. Similarly, Galaxy servers can be used to perform all the above said
functions in one go.

(b) Aligning reads to a reference: Tools like Bowtie and BWA are used to map the
reads to a reference sequence. Galaxy under NGS mapping can also be used
with the libraries Rsamtools, summarizeOverlaps, and featureCounts of
BioConductor for downstream analysis

(c) De novo Assembly: If the reference sequences are not known for the
metatranscriptomic reads, then one has to go for de novo assembly. High-
quality preprocessed reads can be put together into supposed transcripts using
de novo assemblers. As the majority of the microbial communities are usually
not characterised with reference genomes, de novo assemblers play a major role
in supplying a reference scaffold exhibiting longer, expressed genome segments
which can contribute a reference set of genes. This helps to easily identify the
homologs and build a taxonomic origin which helps as a reference for mapping
to aid expression analysis. Some metagenomic assemblers, viz. IDBA-UD,
MEGAHIT and metaSPAdes, have proved their mettle in handling complex
metagenome possessing some sequence similarity within highly conserved
regions. These regions may however vary in terms of relative abundance in
that microbiome affecting the strain level population variation (Peng et al. 2012;
Li et al. 2015; Nurk et al. 2017). The responsibility of using metagenomic
assemblers on metatranscriptomic datasets falls on the shoulders of the user as
the parameters like distinct isoforms, presence of introns/exons and shorter
non-coding RNAs (ncRNA) influence the efficacy of these assemblers
immensely. People are using specific metatranscriptomic de novo assemblers
like IDBA-MT, IDBA-MTP and Transcript Assembly Graph (TAG) (Leung
et al. 2013, 2014b; Ye and Tang 2016). All these assemblers have been designed
to consider the exclusive characteristics of both transcripts and the intricate
nature of microbiome. IDBA-MT assembler is fabricated upon IDBA-UD to
minimise the rate of mis-assemblies by employing many k-values simulta-
neously in a de Bruijn graph during accounting for characteristic features linked
with mRNAs like common repeat patterns and uneven sequencing depth. IDBA-
MT was further improvised in the form of IDBA-MTP to gather lowly expressed
mRNAs. It applies the valuable information of recognised and identified protein
sequences to lead the assembly by initiating with smaller k-values to form
mRNA sequences that are then included depending on their homology and
similarity with an identified protein set. TAG is a relatively new assembler
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that also uses a de Bruijn graph, however, to assemble the corresponding
metagenome that is further utilised as a reference to map the transcriptome
reads and recreate mRNA sequences by spanning the metagenome assembly
graph along with mapped transcriptome reads. As it considers genes are contig-
uous (without splicing), this specific tool is inefficient to be used in microbiomes
that also include eukaryotes. There is a dire need to come up with more effective
de novo assemblers for metatranscriptomic datasets. Currently very few tools
are available which are created exclusively for metatranscriptomics, and their
efficacy on diverse datasets has also not been tested thoroughly. The
experimentalists still face a challenge to establish their worth in terms of
exploring community complexities and their memory to cope with hardware
and data volume.

(d) Assigning transcript taxonomy: After de novo assemblage of the transcript,
one has to recognise the taxonomic profiling of the reads or contigs. Tools which
help in taxonomic profiling of shotgun metagenomic data can be used to identify
the members which are actively expressing RNA. Some tools can sort such
members focusing exclusively on ribosomal RNA; however, during the process
of preprocessing and purifying RNA, major chunk of rRNA is removed. Some
tools focus on short reads and rely on nucleotide matches. GOTTCHA, Kraken
and MetaPhlan2 are some read-based taxonomy classification tools whose
potency is limited to the microbial communities having nearby neighbours in
existing sequence databases (Wood and Salzberg 2014; Freitas et al. 2015;
Truong et al. 2015; Neves et al. 2017). Kraken2 and centrifuge are useful in
dealing with longer contigs and full-length transcripts which help in unravelling
bigger members of any community (Wood and Salzberg, 2014; Kim et al.
2016). However these tools lack the efficacy in terms of processing the huge
volumes of data and somehow are better with short sequences. Therefore, many
tools can work only with a subset of accessible genomes like prokaryotes and
cannot focus on eukaryotic database. More and more efforts have been put in to
incorporate eukaryotic genomes that pose much complexity within their
databases, viz. kaiju (Truong et al. 2015) and MetaPhlan2 (Menzel et al.
2016), but their potency in characterising eukaryotes has not been tested fully.
Moreover, it is usually difficult to anticipate and sort out low abundance hits
from prevailing false-positive hits, which is an inherent issue with microbiome
studies. Our common lack of knowledge on complete microbiome and in any
biological system being studied can also prevent the applicability of taxonomy
classification tools.

(e) Functional Expression or Annotation: The advantage of metatranscriptomics
over metagenomics lies in determining the functional activity of a microbiome.
The tool came into picture to correlate the expressed transcript and the real
phenotype taking into account the function of the transcript. Annotation of
assembled transcripts progresses in a similar way to the annotation of genomes
and metagenomes. The assembled reads or contigs are functionally annotated by
read-based functional profilers like HMM-GRASPx, MetaCLADE and UProC
(Meinicke 2015; Zhong et al. 2016; Ugarte et al. 2018). These profilers feed
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upon tool-specific databases in the form of predicted ORFs which are provided
by tools like FragGeneScan (Rho et al. 2010). One of the efficient tools is
MetaCLADE that takes into account database containing a majestic number of
two million probabilistic models from 15,000 Pfam domains; hence it works on
hundreds of models depicting any single domain, to encircle the diversity of
every domain across the tree of life. A search performed against this database
appears in large numbers of hits per read which are later filtered on the basis of
probability, redundancy and bit scores (Ugarte et al. 2018). Starting with genes,
the initiation is done by programmes like FragGeneScan and Prodigal (Rho et al.
2010; Hyatt et al. 2010) which helps in finding genes; thereafter, functional
assignment is given depending on similarity searches where tools like DIA-
MOND (Buchfink et al. 2015) come as a boon to search against functional
databases like NCBI RefSeq, KEGG, UniProt (Kanehisa and Goto 2000;
O’leary et al. 2016; UniProt Consortium 2019), etc. Additional pipelines,
platforms and tools include a range of bioinformatics utilities (including anno-
tation and gene finding) such as EDGE Bioinformatics described by Li et al. in
2017, Prokka by Seemann in 2014 and MG-RAST byWilke et al. (2016), which
integrate a number of similarity searches across various databases or can also
couple assembly, annotation and gene calling via similarity searches. Once
annotations are completed, enzymatic functions may also be mapped to deter-
mine metabolic pathways, with the help tools like iPath (Yamada et al. 2011) or
MinPath (Ye and Doak 2009).

(f) Differential Expression Analysis: The benefits of metatranscriptomics do not
end with finding the active members of any community, but the science also
deals in exploring the gene expression in relation to time and their effect on each
other which helps to explore community dynamics over time. Some tools are
specially designed to focus on single genome and its differential gene expres-
sion. They take ample amount of data per gene (transcript) and per sample
taking into account the expression under a unit condition at a unit time.
Amplification or number of data is achieved by including few forms of read
alignments a reference genome/gene set/assembly. DeSeq2 (Robinson et al.
2010), EdgeR and limma (Love et al. 2014) are some popularly used R packages
which use the abundance information, to determine and identify genes that are
significantly statistically differentially expressed with respect to condition and
time among a number of samples (Ritchie et al. 2015). According to Luo et al.
(2009), tools like Generally Applicable Gene-Set/Pathway Analysis (GAGE)
may be used to recognise metabolic pathways which show clear upregulation in
any specific condition over another. Complications such as shared genes amidst
closely related organisms and alterations in the taxonomic composition of
transcripts can lead to inaccurate determination of gene expression profiles
which makes transcriptomic analysis quite challenging (Tarazona et al. 2015).
To reduce the effect of taxonomic diversity in the sample, some people have
tried normalisations in terms of count data based on taxonomic compositions but
that is also not unbiased (Klingenberg and Meinicke 2017).
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(g) Statistical Analysis: For statistical analysis a count matrix needs to be build
which is done by counting the occurrence of aligned reads in each sample/
experiment. The count matrix is transformed using tools like regularised-
logarithm transformation (rlog). This helps to normalise the data between
experiments, samples, and replicas, diminishing the importance and dependence
of mean values with the help of further downstream process software like R’s
Bioconductor package DESeq2 and its function RNAseqGene (Love et al.
2014). Heatmap packages are used to assess sample similarity and dissimilarity
and calculate the distance on the r log transformed data. Statistical analysis is
done using null hypothesis, and p value is calculated. MetagenomeSeq which is
available as part of Bioconductor and a standalone Web server (metastats) can
be used to calculate FDR and corrected p-values. The most abundant features are
connected to its annotation. The known and annotated genes are made sense for
their gene expression under tested circumstances. Thus the whole dataset of
significant genes can be divided into genes with known functions and genes with
unknown functions. Most of the functional analysis is done on known annotated
genes as they are easy to work upon, but the unknown transcripts are the most
suitable candidates to discover newer members or members showing newer
functions, viz. mutants or heterologous expression. The process of gene function
data mining for the genes with known functions is done with starting points like
the Protein Data Bank, UniProt, KEGG, EcoCyc and STRING which gives an
overall knowledge about the protein. More benefits can be gained if the crystal
structure and phylogenetic distribution are also known. Omics technology
related to transcript shows us the functions of all the genomic sequences and
its applications in varied fields, be it healthcare, agriculture or environment.
Figure 21.4 depicts the different areas where metatranscriptomics has played a
revolutionary role in exploring new depths and helping the mankind to fight
adversities.

21.5 Conclusion

Every technique grows to cover up its loopholes. Although contemporary
metatranscriptomic techniques are propitious, it is not free of its challenges and
limitations which hold them back to serve on a larger scale and horizons. The NGS
revolution was started while keeping metagenome in mind though its arms were
extended to study the gene expression of the transcript. However, the various goals
don’t attain full success owing to the lack of proper reference genomes. These
known genomes are the guiding lights to characterise the functions of the genes.
The procedure of metatranscriptomics is full of hurdles starting with harvesting of
RNA as the raw material. The total RNA comprises of mRNA and rRNA. Studies
suggest that most of the garnered RNA comes from ribosomal RNA, and its
overshadowing amount in the raw material can dramatically reduce the availability
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of mRNA which actually plays a pivotal role in metatranscriptomic studies.
Although some attempts have been made scrupulously to remove the rRNA from
the collected RNA pool, it somehow happens to be a failure as mRNA is
tremendously unstable which leads to suspicion of integrity of the raw sample
even before sequencing. This creates another challenge to differentiate between
the host and microbial RNA. The problem has been dealt either with the use of
enrichment kits available commercially or through in silico tools only if a reference
genome is accessible as this is also one big challenge as the transcriptome reference
databases are very limited in their range.

The half-life of mRNA is very short; therefore, the samples should be stored at
very low temperature to give better results and maintained in an RNA preservation
solution. During the isolation process of RNA from soil or other environment, most
of the time humic acids and fulvic acids get co-precipitated. Therfor it is practised to
use calcium chloride or calcium carbonate for the pretreatment of the soil to remove
humic acids and fulvic acids. However, the enrichment methods comprising of size
separation using gel electrophoresis, use of exonucleases, bacterial mRNA enrich-
ment kits or subtractive hybridisation come very handy to solve the problem up to
some extent.

Another problem which limits the pace of metatranscriptomics is the fact that the
transcription and translation take place simultaneously in prokaryotes. This means
that the transcripts which we work on may be partial. To overcome this loophole an
amplification step may be performed which may lead to the enhancement of the
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Fig. 21.4 Applications of metatranscriptomics
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quantity of RNA. Moreover direct RNA sequencing can help to curb the issue of
error generation during reverse transcription to make cDNA. Only the expression of
RNA at a given time which is one of the major limitation of RT PCR and microarray.
Besides both the methods have a prerequisite for sequence of the desired gene in
order to design matching probes or primers. The efficacy of the system is hampered
by the paucity of proper reference genomes that can lead to a suboptimal portion of
reads from several datasets from being taxonomically or functionally characterised.

Although the new-generation sequencing insurgence came into being to facilitate
the study of cultured and uncultured genomes, it got seasoned to the functional
studies and helped in understanding the depth of the dynamics of intricate biological
systems.

The lack of concomitant availability of samples and experimental metadata to
study the complex datasets is a big drawback in doing the global meta-analysis of
various essential pathways.

According to Yilmaz et al. (2011), minimum information regarding any sequence
or MIxS is essential to a set of standards for inclusion of adequately structured
metadata when depositing metatranscriptomic (or any omics) datasets which would
permit such all-inclusive analyses.

A large number of reads or data points are required to explore the wide dynamic
range of members present in any community and the functional expression of any
gene in any organism at a given time. The high-throughput short read technology has
an edge over the long read ones; however, the latter one is promising in analysing
taxonomy determination, resolving polycistronic operons and studying transcript
isoforms with high similarity.

In this chapter, we have tried to highlight the advances and challenges related to
some popular ways of analysing metatranscriptomics data and the specific bioinfor-
matics tools used during the process. The intricacy of real microbiomes and the
inadequate knowledge of the metagenomes have always played a devil’s role in
performing crucial benchmark experiments. Apart from the previous ad hoc metrics
to check performance using sequencing data and real samples, there is a dire need to
develop user-friendly and efficient tools that are actually able to imitate real
sequencing datasets. A generally agreed framework for benchmarking new tools
would benefit the field progress and perhaps unite towards appropriate and accurate
workflows. Despite facing some very big challenges, the science of
metatranscriptomics is ceaselessly developing accessed with new algorithms and
tools for the analysis of the complex data and shows great potential in improving our
outlook of the biologically active part of microbiomes and the appropriate pathways
involved.
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Metatranscriptomics: A Promising Tool
to Depict Dynamics of Microbial
Community Structure and Function

22

Nancy, Jaspreet Kaur Boparai, and Pushpender Kumar Sharma

Abstract

High-throughput sequencing of metatranscriptomes from various environments
has enabled researchers in accessing information about both the known and
unknown transcripts expressing in natural communities. Metatranscriptomics
allows investigator to retrieve information about whole microbial community,
with main emphasis on active functional genes. It investigates entire RNA of
microbial community, holding potential to deliver an innovative and new
approach to community-specific functional genes and pathways.
Metatranscriptome has enabled researchers to probe the active and dynamic
microbial populations from different environments such as marine, soil, water,
human gut, etc. This chapter will discuss concepts, tools and techniques used to
investigate metatranscriptome and will further highlight its application in under-
standing the microbial structure and function.
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22.1 Introduction

Our understanding about microorganisms in natural environments is limited, and
thus examining microbial community structure and function in natural environment
is important to understand their structure and functioning. From literature, it
becomes evident that a gram of soil or residue may comprise 1010 bacteria (Torsvik
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et al. 1990; Gans et al. 2005). There are numerous microorganisms which have
adapted to almost all the environments. There are microbes that are capable of
decomposing all the chemical constituents made by active organisms (Fakruddin
and Mannan 2013). Important questions that need to be addressed while studying
bacteria under natural environments include how do microbial communities func-
tion? How do the environmental changes impact the qualitative distinction in
community composition? (Torsvik and Øvreås 2002). Studying microbial
metatranscriptome offers the prospective to understand microbial communities
structure and function in their native ecological surroundings. It also helps in
accessing ample source of genes with biotechnological concern (Bailly et al. 2007).

Meta-analysis of structural and functional genomics has led to huge expansion
and understanding of microbial communities. This is result of advances in high-
throughput sequencing of DNA, which has enabled investigators to better analyse
the microbial population structure and function through high-resolution and culture-
independent method (Franzosa et al. 2015). Metatranscriptomics is a quite new
technical advancement but has freshly been applied in characterizing functions of
a range of microbial communities (Leininger et al. 2006; Frias-Lopez et al. 2008; Shi
et al. 2009; Poretsky et al. 2009; Vila-Costa et al. 2010; Ettwig et al. 2010; Helbling
et al. 2012). Environmental transcriptomics is a vital method to explore functional
gene expression in natural microbial communities. It hold potential to deliver an
innovative and new approach to find community-specific functional genes (Poretsky
et al. 2005). Meta-sequencing and analysis of genes from an ecosystem
(metatranscriptome) can yield information about response of microorganisms
under varying environmental conditions. It is one of the important “omics”
approaches as shown in Fig. 22.1. Until recently, expression of genes could be
measured either by microarray technology or random cloning methodologies. Intro-
duction of high-throughput sequencing technology has enabled researchers in
accessing both the known and unknown transcripts from their natural communities

Fig. 22.1 Various strategies
of “meta-omics” approaches
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(Gilbert et al. 2008). Recently, metatranscriptomics has allowed investigators to
depict functional profile of different microbial communities (Kuske et al. 2015;
Bashiardes et al. 2016) and to recognize RNA viruses in a variety of animal samples
(Shi et al. 2016, 2017; Zhang et al. 2018; Wille et al. 2018). It could also lead in
understanding mycorrhizal communities (Liao et al. 2014; Gonzalez et al. 2018) and
in probing several other communities (Marcelino et al. 2019a, b).

22.2 Concepts and Methods

Metatranscriptomics allows investigator to retrieve information about whole micro-
bial community, with main emphasis on active functional genes.
Metatranscriptomics studies target entire RNA from microbial community. Further-
more, since mRNAs outnumber bacterial rRNAs in microbial RNA pool, it is
essential to enhance microbial mRNAs by reducing rRNA before sequencing
(Giannoukos et al. 2012). Process involves conversion of mRNA into cDNA using
reverse transcriptase, followed by sequencing by typical methods. Next to sequenc-
ing comes the correct barcoding of DNA and cDNA samples. The
metatranscriptome sequencing is done in tandem, so that RNA sequencing can be
employed as a natural extension for surveys related to microbial community
(Franzosa et al. 2015). The workflow for metatranscriptomics studies is presented
in Fig. 22.2. Working with mRNAs has always been difficult as it causes hindrance
to relate environmental transcriptomics to biogeochemical activity of
microorganisms (Liang and Pardee 1992). Various studies have shown that mRNA
gets degraded very quickly as it has very short half-life, as short as 30 s (Selinger
et al. 2013; Andersson et al. 2006).

Lastly, as pointed above, since rRNA molecules outnumber the mRNA in total
RNA extracts, this results in suppression of mRNA signal in the background.
Therefore to analyse fractional transcriptomes from environment, researchers have
developed certain protocols to analyze mRNA. One such protocol was developed by
Poretsky et al. (2005) who developed the following procedure. Firstly, collection of
total RNA from the environment, subtractive hybridization to remove rRNA for
mRNA enrichment, cDNA synthesis using randomly primed reverse transcription
(RT) and generation of cDNA clone libraries by amplifying the templates using
PCR. Using the above developed protocol, the author reported analysis of nearly
400 environmental gene transcripts recovered directly from bacterioplankton
communities of Sapelo Island, GA, and Mono Lake, CA (Poretsky et al. 2005).
Most of the procedures follow the same basic structure while studying
metatranscriptome. Targeting genes which are transcribed in different environmental
settings reduces resources required by the researcher and explains why considerable
efforts are being carried out to develop these strategies. Direct extraction of DNA
and RNA from microbes has been reported in a number of studies (Poretsky et al.
2005; Bailly et al. 2007). In these studies, complementary DNA libraries of RNA
extracted from environment were prepared followed by sequencing of clones.
Interestingly, maximum retrieved sequences compared with the publically accessible
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protein databases did not display sequence similarity with protein as reported in the
databases. Thus, these studies demonstrate the potential of discovering novel
proteins through metatranscriptomics (Warnecke et al. 2009).

Microbial Community

Total RNA Extraction

mRNA enrichmet
(subtractive hybridization of

rRNA)

cDNA synthesis using RT

High-throughput sequencing

Structural Analysis Functional Analysis

Metatranscriptome

Fig. 22.2 Workflow of metatranscriptomic analysis of microbial communities using high-
throughput sequencing
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Owing to the complication in metatranscriptomic data, widespread analysis is
required. The initial raw data consists of millions of discrete reads per sample
(Franzosa et al. 2014). Simplifying this data need a software and a keen
bioinformatician for accomplishing the complex data analysis. Existing in-house
approaches or pipelines need computing command or use of numerous different
tools, a number of them were not initially designed for analysis of metatranscriptome
(Embree et al. 2014; Gosalbes et al. 2011), and the investigators who perform
metatranscriptomic analysis, however, may not have sufficient technical knowledge
of bioinformatics. To cope with such problems, many bioinformatics pipelines and
data assemblers were developed as described in Table 22.1 to make the
metatranscriptomic analysis easy and fast.

22.2.1 Bioinformatic Pipelines Used to Investigate
Metatranscriptomic Data

Below, we will provide detailed information about the pipelines used in analysing
metatranscriptomics in an easy way.

Leimena Tool
Leimena et al. (2013) developed a reliable and effective pipeline for processing
metatranscriptome data generated by Illumina-RNA sequencing by combining
sequencing reads with different reference gene databases. It links sequence reads
with its predicted functions and phylogeny origin. The data gathered after the
processing of information might be used to attain complete biological discernments
within biome’s activity patterns. This pipeline was used in understanding the activity
profiles of the microbiome in the human small intestine. SortMeRNA software was
used to remove rRNA/tRNA reads from the distinctive Illumina reads. After removal
step, the unique Illumina reads are checked for similarity in ribosomal databases at
NCBI and SILVA using BLASTN alignment. Prokaryote genomes available in
NCBI are assigned mRNA reads by MegaBLAST followed by BLASTN. After
assigning to prokaryote genomes, mRNA reads are classified based on alignment bit
scores. The minimum bit score for phylogenetic origin prediction at family and
genus level corresponds to 148 and 110, respectively. After that, the reads assigned
to the genome are categorized into coding or non-coding protein reads. This is
followed by functional annotation by COG, KEGG and metabolic mapping. Further
functional assignments are executed for assessment needs by allocating 10% of
arbitrarily chosen unassigned reads that have bit score �74, to the NCBI protein
database and then by MetaHIT and SI metagenome databases employing
BLASTX tool.

MetaTrans
MetaTrans is a proficient, open-source, downloadable pipeline developed to assess
the structural and functional aspects of active microbial populations. It uses powerful
computers that support multithreaded applications. This pipeline is basically made to
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Table 22.1 Various metatranscriptome analysis pipelines and data assemblers

S. No.
Bioinformatic
analysis pipeline Main features References

1. Leimena
Bioinformatic
Pipeline

Efficient exclusion of rRNA resultant
sequences, assertive assignment of the
anticipated function and taxonomy origin of
the mRNA reads, functional for bacterial
metatranscriptome study in any selected
environment

Leimena et al.
(2013)

2. MetaTrans A proficient open-source tool to investigate the
structure and function of dynamic microbial
populations
It executes quality control evaluation, rRNA
exclusion, mapping of reads, handles
differential gene expression analysis

Martinez et al.
(2016)

3. SAMSA Eliminate reads having low-quality bases,
remove adapter contamination, sequence
quality control check, sorting of unique
annotations, to test differential expression

Westreich et al.
(2016)

4. COMAN Controls quality of raw reads, elimination of
reads obtained from non-coding RNA,
functional annotation of relative statistical
analysis, pathway enhancement analysis,
analysis of co-expression network, great
quality visualization

Ni et al. (2016)

5. SAMSA2 Stand-alone use on a supercomputing cluster,
faster, more flexible and reproducible than
SAMSA, availability of illustration input and
yield files beside illustrations of master scripts

Westreich et al.
(2018)

6. IMP (Integrated
Meta-omic
Pipeline)

Reproducible and modular pipeline, large-
scale standardized integrated study of joined
metagenomic and metatranscriptomic
information, integrates vigorous read
preprocessing, examines microbial community
structure and function, analyses of genomic
signature-based visualizations

Narayanasamy
et al. (2016)

7. IDBA-MT Made for collecting reads from
metatranscriptomic information, yields much
less chimeric contigs, resolve merged mRNAs
using the k-mer multiplicity (local support) at
each vertex and paired-end information,
produce longer contigs for data with uneven
sequencing depth

Leung et al.
(2013)

8. Trans-ABySS A de novo short-read transcriptome assembly
and analysis pipeline, addresses variation in
local read densities by assembling read
substrings, merges the resulting contigs before
analysis

Robertson et al.
(2010)

9. Trinity A novel method for the efficient and robust de
novo reconstruction of transcriptomes from
RNA-seq data, combines three independent

Haas et al.
(2013)

(continued)

476 Nancy et al.



accomplish dual analysis of paired-end RNA-Seq: 16S rRNA taxonomic analysis
and gene expression analysis. It employs the following steps: quality control of
reads, elimination of rRNA, mapping reads to various functional databases and
performing analysis of differential gene expression. MetaTrans involves many
tools such as FastQC tool, Kraken pipeline, SortMeRNA, SOAP2, FragGeneScan
and many more; each of them performs different functions. Its effectiveness was
validated by studying and examining different data of synthetic pseudo-
communities, data from a past study and information produced from 12 human
faecal samples (Manichanh et al. 2014). When compared with current Web server,
MetaTrans exhibits more proficiency in runtime. It takes about 2 h per million of
transcripts. In this way, MetaTrans presents a modified tool to compare gene
expression levels. Though the pipeline is tested using human gut microbiome
dataset, it also offers a choice to utilize a general database so as to analyze additional
environments (Martinez et al. 2016).

SAMSA
Westreich et al. created SAMSA (Simple Analysis of Metatranscriptome Sequence
Annotations) pipeline (Westreich et al. 2016), which was designed to entirely
evaluate and investigate bacterial metatranscriptome, demonstrating comparative
levels of transcription in organism and functional grouping. Overall it has four
stages, and every stage involves various tools such as MGRAST for analysis of
data. The first phase is the preprocessing phase that involves trimming and

Table 22.1 (continued)

S. No.
Bioinformatic
analysis pipeline Main features References

software modules, Inchworm, Chrysalis and
Butterfly; partitions the sequence data into
many individual de Bruijn graphs; represents
the transcriptional complexity at a given gene
or locus

10. Oases Designed to heuristically assemble RNA-seq
reads in the absence of a reference genome,
uses an array of hash lengths, a dynamic
filtering of noise, a robust resolution of
alternative splicing events, tested on human
and mouse RNA-seq data

Schulz et al.
(2012)

11. IDBA-tran Use a probabilistic progressive approach to
iteratively remove erroneous, vertices/edges
with local thresholds, able to assemble both
high-expressed and low-expressed transcripts

Peng et al.
(2013)

12. Rockhopper Reference-based transcript assembly, de novo
transcript assembly, normalizing data from
different experiments, quantifying transcript
abundance, testing for differential gene
expression, characterizing operon structures,
visualizing results in a genome browser

Tjaden (2015)
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combining of reads so that they can be used as input for the annotation phase. The
second phase is the annotation which offers annotation for every single read. The
third phase is the aggregation in which organism and functional data from all reads is
collected. The fourth and last phase is the analysis part which delivers visualizations
and statistical analysis. The SAMSA pipeline is shown in Fig. 22.3.

Fig. 22.3 The SAMSA
pipeline
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COMAN
The application of new-generation sequencing (NGS) in metatranscriptomics
produces massive and complex data which has to be evaluated efficiently for
translation of non-explicable raw sequence reads to biological discernments, in the
form of data tables and figures. Many relevant techniques or pipelines have been
suggested for handling RNA-Seq data as mentioned above. The complete analysis
method for this high-throughput information generally consists of several discrete
steps, and it needs setting up and execution of extensive sort of software tools, wide
computational sources and proficiency in program design and NGS bioinformatics
information processing. Leimena et al. (2013) pipeline has talked about providing a
well-defined pipeline for analysing metatranscriptomic RNA-seq data of Illumina;
however, its implementation as a software system or Web-based server was not
successful. MetaTrans software and SAMSA need appropriate setup on a powerful
computer and deliver limited functional analysis. Hence, as metatranscriptomic
information is nowadays regularly produced, it is difficult for wet lab investigators
to evaluate such huge data and create biologically significant data. To eliminate these
limitations, COMAN, which is a Web-based server, was designed for functional
description and complete exploration of high-throughput metatranscriptomic data. It
automatically processes the uploaded raw reads and eventually accomplishes func-
tional assignments. These are then utilized to execute relative statistical analysis,
path enhancement and co-expression linkage analysis, to link and compare taxon-
omy with functional distinctions and to envisage the results. COMAN provides easy
user interface and detailed guidelines and can be used by researchers lacking
software design experience and eliminating the difficulty of altering tools or
operating settings for countering the biologically significant queries. Also the crucial
data are given in tabular layout, so users with bioinformatics proficiency might
execute further analysis and integration with other different software (Ni et al.
2016). The metatranscriptome analysis pipeline in COMAN is shown in Fig. 22.4.

SAMSA2
The initial studies describing metatranscriptomics analysis represented as workflows
failed to offer code or a software platform (Leimena et al. 2013; Davids et al. 2016).
MGRAST (Meyer et al. 2008) or COMAN allows operators to analyse
metatranscriptome information; however, the level of analysis is limited. Though
the above-mentioned approaches enable analysis without the necessity for local
computing systems, both COMAN and MGRAST are reliant on a service that
might become slow because of oversubscribed and that they do not provide mapping
to conventional and standard reference databases (Ni et al. 2016). MetaTrans relies
on rRNA for the identification of organism, requiring the absence of biological
ribodepletion and therefore decreasing the amount of obtained functional informa-
tion from mRNA. On the other hand SAMSA2 is completely separate and is meant
for group computing. In this, software and databases are totally packed for repro-
ducibility. It uses DIAMOND (Buchfink et al. 2015) to align sequences that signifi-
cantly escalate its speed in comparison to BLAST tool or other open-source services.
It supports end-to-end metatranscriptome analysis by controlling the quality of reads
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via publication-ready depictions. It also comes with sample information and docu-
mentation (Westreich et al. 2018).

INPUT

(Illumina paired-end sequencing
reads in FASTQ format)

Quality Control
(Remove adapter regions and low

quality reads)

QC-passed reads mapped using
BLASTN to filter out the reads

designed from non-coding RNA

Mapping of high quality reads to
reference genome database using

DIAMOND

Functional annotation of genes &
reads Tools used: COG (RPS-

BLAST), KO (DIAMOND & 
KOBAS 2.0), ECs (PRIAM) 

Comparative
Statistical
Analysis

Taxonomy
associated

functional analysis

Co-Expression
network
analysis

Multi-
dimensional

scaling

Metadata Life
(Specifying the sample conditions
for comparative statistical analysis)

Fig. 22.4 COMAN pipeline
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22.3 Insights About Active and Dynamic Microbial Community

Initially metatranscriptome studies reported transcripts from Archaea and Bacteria
related to carbon, sulphur and nitrogen cycle from bacterioplankton communities of
oceanic and freshwater communities (Poretsky et al. 2005; Cardenas and Tiedje
2008). Poretsky et al. (2005) observed expression of genes from communities of
bacterioplankton present in marine and freshwater. Environmental mRNA was
enriched using subtractive hybridization approach and was then reverse transcribed
using reverse transcriptase. The cDNA obtained was amplified using random
primers and cloned, nearly 400 clones were examined, out of which >80% clones
explicitly were mRNA derived. The sequences obtained were of varied taxonomic
clusters, including both Bacteria and Archaea. Several transcripts identified were
associated with environmentally essential processes like sulphur oxidation (soxA),
C1 compounds assimilation ( fdh1B) and polyamine degradation (aphA) (Poretsky
et al. 2005). Bailly et al. (2007) employed metatranscriptomics approach to investi-
gate eukaryotic microbial communities in soil using an experimental approach
involving cDNA library construction and its screening via polyadenylated mRNA.
The library obtained was evaluated by sequencing its 18S rDNA gene. The genes
were either amplified using reverse-transcribed (RT) RNA or DNA from soil. More
than 70% of the total sequences identified belong to either fungi or unicellular
eukaryotes (protists); interestingly most characterized class identified belong to
metazoa. Calculations based on richness approximation revealed that there might
be more than 180 species inhabiting these soil samples. cDNA sequencing of
119 cDNA clones showed that the identified genes have no homology in databases.
It also identified genes that code for proteins that are related with various diverse
cellular and biochemical processes. RNA-centred metatranscriptomic approach can
also be applied to gain simultaneous information about both structure and function of
a soil community. Urich et al. (2008) used entire community RNA and cDNA
without the need of any polymerase chain reaction (PCR) or cloning. Using
pyrosequencing, a huge number of cDNA rRNA tags were yielded and were
taxonomically described using MEGAN and two precisely assembled rRNA refer-
ence databases encompassing small and large subunit sequences of rRNA. It also
generates mRNA tags which resulted in this quantifiable data about the comparative
richness of organisms belonging to all three domains of life and covered diverse
trophic levels attained in a single experiment. Additionally, in situ activity could be
confirmed by presence of mRNA tags specific for enzymes associated with ammonia
oxidation and CO2 fixation. A comparative investigation of microbiota from Arctic
peat soil using metatranscriptomics by Tveit et al. (2014) revealed that the number of
transcripts encoding cellulose degrading enzyme declined with depth, whereas the
number of transcripts encoding debranching of hemicellulose increased with depth.
This indicated that the composition of polysaccharides present in the peat was
dissimilar in deep and old layers. The annotation of taxonomy revealed dominance
of polysaccharide decomposers named as Actinobacteria and Bacteroidetes. The
study further documented that both 16S rRNA and mRNA transcripts of
methanogenic Archaea increase significantly if one goes deeper into layers. In a
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nutshell, linear amplification and sequencing of whole RNA are ideal and important
to facilitate high taxonomic resolution and functional analyses of the dynamic
microbiota found in soil of Arctic peat. Zhu et al. (2019) reported metabolic
characteristics of mycobacterial community found in biofilm of water metre via
metagenomics and metatranscriptomics approach. Even though mycobacteria are
among the frequently occurring bacterial communities in water metre biofilm, its in
situ metabolic patterns are typically unexplored. Coupled metagenomic/
metatranscriptomic approach unveiled the metabolic aspects of mycobacteria
hence showing its propitious application. Microbial communities structure, function
and dynamics were investigated in thermophilic composting, to identify new ther-
mophilic bacteria (Federici et al. 2011; Jurado et al. 2014; Yang et al. 2013) and
novel thermostable enzymes, predominantly those associated with biomass degra-
dation offers several advantages for industrial applications (Allgaier et al. 2010;
Gladden et al. 2011; Dougherty et al. 2012; D’haeseleer et al. 2013; Habbeche et al.
2014; Mhuantong et al. 2015). Though, several studies have been performed to
explore thermophilic composting ecosystems, using culture-dependent (Dees and
Ghiorse 2001; López-González et al. 2015) and culture-independent techniques
(Partanen et al. 2010; Neher et al. 2013; De Gannes et al. 2013; Martins et al.
2013; D’haeseleer et al. 2013; Tkachuk et al. 2014), there has only a few evidence
regarding functional characteristics of related microbiota. Metatranscriptomics how-
ever is a valuable tool to identify range of biodegrading microbes and metabolically
functionality during thermophilic composting. Martinez et al. (2016) revealed that
the São Paulo Zoo harbours considerable microbial diversity, and exploiting this
finding they extended the previous work. The key novelty of the study was the
combination of three important factors that is time-based sampling through shotgun
DNA, amplification of 16S rRNA gene and metatranscriptome sequencing using
high-throughput techniques, facilitating first-time comprehensive outlook of micro-
bial population structure, dynamics and function in this ecology (Antunes et al.
2016).

In addition, human gut is the natural habitat for a huge active bacterial community
that significantly impacts the human health. Though metagenomics has increased our
understanding about gene content and functional and genetic diversity, little is
known regarding functional dynamics of bacteria in the gastrointestinal system. A
metatranscriptomic study performed in ten healthy volunteers revealed presence of
active microbial community of Lachnospiraceae, Bacteroidaceae,
Ruminococcaceae, Prevotellaceae, and Rickenellaceae. The description of
mRNAs revealed an even functional pattern in individuals, and key functions
identified belong to metabolism of carbohydrate, production of energy and cellular
components’ synthesis. On the contrary, housekeeping events, for example, lipid and
amino acid metabolism, were diminished in the metatranscriptome. These findings
offer new insights related to the functioning of the complex microbiota of gut in
healthy individuals (Gosalbes et al. 2011). Further, Marcelino et al. (2019a, b)
investigated antibiotic resistance pool in birds using metatranscriptome-based
approach. In general most of the studies carried out on birds are culture based;
therefore, advances in the culture-independent sequencing methods have markedly
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extended the understanding of the ecological pool of resistance genes (Zhu et al.
2013; Bengtsson-Palme et al. 2017; Su et al. 2017; Crofts et al. 2017; Surette and
Wright 2017; Zhu et al. 2017; Zhao et al. 2018; Munk et al. 2018). Among these
methods, sequencing of whole set of transcribed genes through
“metatranscriptomics” has infrequently been utilized in exploring antibiotic resis-
tance. In contrast, the DNA-based metagenomics and other high-throughput
techniques are not able to differentiate resistance genes that are recently deactivated
from their functional lineages. Metatranscriptomics was used to delineate the identi-
fication of taxonomy in fungi from a well-defined mock population with high rate of
success, while only a few were detected false positives. These results indicate that
from metatranscriptome data, it is very likely to achieve precise species- and strain-
level identifications in fungi (Marcelino et al. 2019a, b). The above-mentioned
studies suggest metatranscriptomics as a promising technique to depict dynamics
of microbial community structure and function in different environments.

22.4 Novel Insights About Functional Dynamics of Microbe
in Different Environment Niches

Metatranscriptomic methods were first used to assess marine and freshwater micro-
bial communities. These investigations validated that RNA can possibly be utilized
to profile structure, function and diversity of community. It further offers opportu-
nity to identify RNA viruses. A metatranscriptome study conducted from marine
environment identified large section of the transcripts with novel origin, representing
the vast metabolic variety in the oceans (Frias-Lopez et al. 2008). Cardenas and
Tiedje in 2008 carried out a soil transcriptome study and found that a large number
of transcripts identified code for housekeeping proteins and genes related to various
soil processes, while 32% of eukaryotic transcripts retrieved harbour novel genes,
and this highlights the presence of unidentified, hypothetical protein (Cardenas and
Tiedje 2008).

In addition, a study conducted in the forest revealed the presence of several
enzymes from soil fungal communities involved in decomposition of cellulosic
biomass. In this study, pyrosequencing of the cDNAs from Avicel and wheat
grown in modified soil resulted in 56,084 recognized protein-coding sequence
(CDS) of eukaryotic origin and depicts 99% of the total number of recognized
CDSs. The function of 9449 eukaryotic CDSs was depicted. Roughly 40% putative
CDSs belong to metabolism-linked genes, comprising genes related to carbohydrate,
AA and energy metabolism. Among carbohydrate metabolism, 129 sequences
encoding glycoside hydrolase enzymes were identified, out of which 47 were
found to be putative cellulases belonging to 13 GH families. The study demonstrated
that metatranscriptomic sequencing data reported for the fungal communities
adapted to Avicel and wheat decomposition can be used as reference to identify
novel genes (Takasaki et al. 2013).

Another revelation was made by combined metatranscriptomic and metagenomic
sequencing regarding human gut microbial community study. It revealed that there is
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underexpression of biosynthesis of molecules like tryptophan and other amino acids
which means DNA level is comparatively more than the corresponding RNA. This is
caused by bacteria present in this environment as these molecules are easily accessi-
ble from the host, and as a result their production by microbes would be dynamically
unfavourable (Franzosa et al. 2014).

Franzosa et al. (2015) investigated gut metatranscriptome of healthy individual
and found high level of transcriptional activity related to methanogenesis in two
genes, i.e. tetA, which is responsible for antibiotic-resistance, and groEL, which is a
chaperone protein. Remarkably, the transcriptional pattern of groEL and other genes
coding bacterial ribosomal proteins are very much variable across individuals, and
this is consistent with a pattern of subject-specific transcriptional regulation. A
summary of recent metatranscriptomic studies is shown in Table 22.2. There have
been only few metatranscriptomics studies reported which have explored it towards
occurrence of functionally active resistance genes found in natural environments in
human and ecological samples (Versluis et al. 2015). This can be further explored
using metatranscriptomics. The research carried out by Gilbert et al. (2008) provided
additional evidence regarding metatranscriptomic studies. According to the research,
study of microbial communities found in natural environments is not only realistic,
but, when combined with metagenomic databases, it offers a unique opportunity to
discover both structural and functional aspects of microbial communities. The
exploration can be enhanced if we are capable to overcome the problems of
interpreting the functions of a large number of never-seen-before gene families.

22.5 Future Prospects

Environmental transcriptomics hold considerable potential in identifying novel
microbial processes. Tremendously parallel analysis of different “meta-omics”
approaches, metagenomics, metatranscriptomics and metaproteomics will permit
us to explore deeper aspects of the microbial variety, together with genes having
unique or vital functions. The above-stated approaches have the potential to extend
the application of metagenomics and provide the chance to examine explicit clusters
that were earlier unidentified and uncharacterized. One can at present question about
new complicated queries e.g. what is the share of less abundant microbes? can one
assess the entire range of the group and estimate its significance. Most importantly,
how one can utilize this information to well describe, characterize and produce even
better functional diversity? These tools further allow us to identify various functional
pathways and genes in complex biotic samples such as seawater. Over all while
writing the book chapter, we have concluded that huge fraction of cDNA and DNA
sequences were not reported in existing databases as well as in GOS database
indicating plethora of unexplored genomes and transcriptomes.
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Table 22.2 Some recent studies that employed metatranscriptomics approach

S. No. Title Conclusion References

1. Metatranscriptomics as a tool to
identify fungal species and
subspecies in mixed
communities

The taxonomy identification of
fungi in well-defined mock
population is highly successful
while eliminating the false
positives

Marcelino
et al.
(2019a, b)

2. Nitrogen-phosphorus-associated
metabolic activities during the
development of a cyanobacterial
bloom revealed by
metatranscriptomics

This study found that nitrogen
and phosphorus metabolisms
were the top two categories to
increase their gene expressions
prior to and during a toxic algal
bloom

Lu et al.
(2019)

3. Metatranscriptomic exploration
of microbial functioning in
clouds

Gave many insights into the
functioning of microbial cells
within cloud droplets, their
physiological traits and potential
impacts. This specified
biological functions of interest,
and this should help identifying
specific target genes for future
investigations

Amato et al.
(2019)

4. Metatranscriptomics reveals a
diverse antibiotic resistance gene
pool in avian microbiomes

Metatranscriptome study
suggested that human generated
waste, even after treatment,
might be responsible for spread
of antibiotic resistance genes
into the wild type
Revealed the complex factors
explaining the distribution of
resistance genes and their
exchange routes between
humans and wildlife

Marcelino
et al.
(2019a, b)

5. Metatranscriptomics of the Hu
sheep rumen microbiome reveals
novel cellulases

It stated metatranscriptomics as
an efficient technique to discover
unique and novel cellulases
which can be good for
biotechnological use and found
that rumen microbiome of Hu
sheep encodes a range of novel
cellulose-degrading enzymes

He et al.
(2019)

6. Novel insights into freshwater
hydrocarbon-rich sediments
using metatranscriptomics:
opening the black box

Results provide insight into the
microbial communities
responsible for hydrocarbon
degradation in syntrophic
association with methane,
sulphate and nitrate reduction
within several Athabasca River
tributaries

Reid et al.
(2018)

(continued)
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Table 22.2 (continued)

S. No. Title Conclusion References

7. Metatranscriptomics analysis of
mangrove habitats around
Mauritius

Samples showed predominance
by Proteobacteria,
Bacteroidetes and Firmicutes,
with high abundance of sulphate
reducers, nitrogen reducers and
methanogens. Significant
difference was, however, noted
at both taxonomic and functional
levels among the mangrove
species

Rampadarath
et al. (2018)

8. Metatranscriptome sequencing
reveals insights into the gene
expression and functional
potential of rumen wall bacteria

Provided the first insights into
the functional potential of rumen
wall microbial communities in
situ
Also provide evidence for
nitrogen fixation and sulphate
reduction by bacterial
communities of the rumen wall
and show the presence of
archaea and fungi on the rumen
wall

Mann et al.
(2018)

9. Metatranscriptome sequencing
and analysis of agriculture soil
provided significant insights
about the microbial community
structure and function

Examination of different
metabolism discovered that
bacteria in soil ecosystem are
reliant on organosulfonated
composites for their
development and growth.
Moreover, more richness of
transcripts associated with
transportation of phosphate
occurring in this soil might be
related with the phosphate
ravenous situation in this
atmosphere

Sharma and
Sharma
(2018)

10. Metatranscriptomics reveals the
functions and enzyme profiles of
the microbial community in
Chinese nong-flavour liquor
starter

Results demonstrated that fungi
were the most abundant active
community members during the
liquor starter production process

Huang et al.
(2017)

11. Metatranscriptomic analysis of
diverse microbial communities
reveals core metabolic pathways
and microbiome-specific
functionality

It depicted that complete
annotation of metatranscriptome
is impacted by microbiome
complexity and accessibility of
reference genomes
Integration of taxonomic and
functional annotations in a novel
visualization frame exposed the
involvement of various taxa in
metabolic processes, permitting
the recognition of taxa which is
responsible for unique functions

Jiang et al.
(2016)
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Abstract

The contamination of the environment is taking place at a very fast pace.
Industrial pollutants, hospital effluents, domestic and household wastes as well
as direct environmental processes such as melting of ice caps around the globe
with increase in mean temperature as a result of global warming are contributing
towards the continuous alterations in environmental balance. The threats of
natural calamities such as cyclones and earthquakes have also challenged the
habitability of many areas. As a result pandemics such as COVID-19, Ebola, and
at a lesser scale dengue and malaria are affecting a large global population. It is
thus important for epidemiologist and public health sectors to come up with
suitable prediction models of the pathogenic load of a particular area so as to
design and implement suitable mitigation measures. In this work we propose a
metagenomics assisted pipeline for estimation of pathogenic load in the
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environment with case studies from rhizospheric soil microbiome, effluent and
wastewater microbiome, and human gut microbiome, where we perform a
microbiome wide association study with known disease causing microbial
datasets and predict the potential pathogenic microorganisms that are prevalent
in a particular area or ecological niche. Our pipeline was able to predict the
potential pathogenic load of the niche areas under study, which leads us to believe
that metagenomics can be utilized at a diagnostic scale and using the dataset
obtained we may then predict the pathogenic load of that particular area. This
approach has the potential to be utilized for fast prediction of potential disease
threats under public health emergencies and should enable proper resource
partitioning from suitable stakeholders.

Keywords

Metagenomics · Rhizosphere · Wastewater · Effluent · Gut Microbiome

23.1 Introduction

We are currently in the era of microbes. Permafrost is melting, thus releasing high
volumes of unknown microbes into the environment which were trapped into the
sub-zero temperatures. We are currently facing an international pandemic with the
severity which the world witnesses every 100 years and yet we are doing very little
to establish and fast pace diagnostics and monitoring pipeline for pathogenic load
that is being released in to the environment. A few repositories have been established
by synchronizing the diversity which include the Human Microbiome Project
(Micah et al. 2007), the Tara Ocean Project (Karsenti et al. 2011), and the Earth
Microbiome Project (Gilbert et al. 2014). Metagenomics have also shown its merit in
helping to predict the ancient past from an organisms fossilized DNA (like bones,
teeth). While many studies related to ancient DNA focus on the investigations of
human endogenous DNA isolated from specimens of ancient ages (Haak et al. 2015,
Mallick et al. 2016, Orlando et al. 2013, Schlebusch et al. 2012, Skoglund et al.
2017), associated environmental reconstructions can also be made which throws light
on the microbial abundance of the past and also increase our understanding towards
the evolution of infectious diseases (Warinner et al. 2017; Key et al. 2017). We know
next-generation sequencing is a traditional method to analyze metagenomes, either
through amplicon or shotgun sequencing. There are specifically three benefits of
using 16S ribosomal RNA amplicon sequencing when compared to shotgun
sequencing methodology. Using 16S ribosomal RNA amplicon sequencing is profit-
able, secondly, data can be analyzed by pre-established bioinformatics channels and
the referral databases which are relatively comprehensive (Ranjan et al. 2016; Sedlar
et al. 2017). On the other hand, two drawbacks of 16S rRNA amplicon sequencing
are, it spots richness of a lower species; and classifies at phylum level, fairly, genus
level. Comparatively, shotgun sequencing detects every position of strands of lower
species level, and, identifies bacterial species more significantly, by recognizing
greater diversity organisms of other kingdoms (Ranjan et al. 2016).
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Diagnostics is an emerging area where metagenomics is applied and emphasized.
As defined by Pallen, diagnostic metagenomics (Pallen 2014) recognizes and
characterizes pathogens using shotgun metagenomic data. In a way, diagnostic
metagenomics possess generic potential to ideally and swiftly trace all microbial
(includes bacterial, viral, and parasitic) pathogens as well as infections caused due to
respective microbes through many samples of feces, urine, meat, blood, etc. The
advantage of diagnostic metagenomics is that, it reduces the time consumed from
sampling to result to less than 24 h, instead of cultivation of pathogens for several
days. There is also an excellent alternative method, i.e., polymerase chain reaction
(PCR) enriched with pathogen specificity, but, it requires splitted PCR setup for
every targeted pathogen. The features like vulnerability, specificness, capability of
quick identification (also quantification in few cases) of pathogens allow
metagenomics to play a key role in diagnostics. However, there is still more to
explore about complete potential of diagnostic metagenomics at its experimental
stages. Considerably, data analysis is an important part of metagenomic studies
which is difficult as well as time consuming. The metagenomic sequences which
either interpret or assemble are categorized on the basis of taxonomy dependent and
taxonomy independent. The first classification, taxonomy dependent is based upon a
referral database with sequenced data or only marker genes (Mande et al. 2012;
Sedlar et al. 2017; Lindgreen et al. 2016; Menzel et al. 2016). In 2014, Wood and
co-authors described the approach of taxonomy dependent used in different
classifiers (Wood and Salzberg 2014). In 2015, Ounit et al., used the classifier
CLARK (CLAssifier based on Reduced K-mers) (Ounit et al. 2015), simultaneously,
in 2017, the usage of metagenomic mapper (MGmapper) was published in 2017
(Petersen et al. 2017). The metagenomic phylogenetic analysis (MetaPhlAn) is an
example of a reference-based tool which only emphasize on a defined set of strain-
specific marker genes (Segata et al. 2012). Meanwhile, all these taxonomy-
dependent classifiers likely provide fewer details concerning the sequences, and
the search against the database becomes much faster (Segata et al. 2013). Naccache
et al., reported a resolute pipeline of bioinformatics for diagnostic metagenomics,
named as, Sequence-based Ultra-rapid Pathogen Identification (SURPI) which is a
reference-based pipeline and uses the National Center for Biotechnology Informa-
tion (NCBI) nucleotide database and the RefSeq non-redundant proteins database in
its comprehensive mode (Naccache et al. 2014). The methods classified under
taxonomy-dependent metagenomic sequences are frequently used in diagnostic
metagenomics because the integrated databases can rapidly detect the causative
pathogen which is useful for further treatment of a patient. Presently, the majority
of the accessible databases are inadequate and/or distorted to incorporate additional
number of human pathogens and model organisms (Segata et al. 2013). Now, these
unclassified sequences, raises the risk of false positive results, where non-pathogen
with sequences similar to pathogens are detected and finally categorized as
pathogens because of incorrect references (Ranjan et al. 2016; Sedlar et al. 2017).
Many defined databases and networks are in the process of development by the
U.S. Food and Drug Administration (for example, GenomeTrakr) (Allard et al.
2016) and to add to it are European Commission funded collaborative management
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platforms (such as, COMPARE project) (Aarestrup and Koopmans 2016) for spot-
ting and analytical studies of re-emerging food borne outbreaks. The second classi-
fication of metagenomics sequence is taxonomy independent which is also known as
binning, only depends on the sequence composition based data (Sedlar et al. 2017;
Sangwan et al. 2016). The approach of taxonomy-independent classification in
metagenomic studies was used as compiler, for example, CONCOCT (Clustering
Contigs with Coverage and Composition) (Albertsen et al. 2013; Nielsen et al. 2014;
Cleary et al. 2015; Alneberg et al. 2014). However, it was reviewed that these studies
and programs cannot be applied for diagnostic purposes (Sangwan et al. 2016). The
classification of metagenomic sequences are made more precise and correct
pre-processing of the shotgun data for quality control include trimming, masking,
and assembly. However, assembling reads into contigs makes the analysis better,
but, from bioinformatics point of view, it is usually a difficult task (Ranjan et al.
2016; Sedlar et al. 2017; Sangwan et al. 2016). Generally, it is suggested to examine
the exposure of the metagenomic data set because higher exposure is helpful to
assemble and detect distinctly abundant genes in a more systematic way (Rodriguez-
r and Konstantinidis 2014). It was reviewed that many tools are available for end-to-
end metagenomic data analysis together with pre-processing (Segata et al. 2013).
Yun and Yun, in 2014 reported the comparison of the two pre-processing methods
trimming and masking. It was observed that the method of masking is more
commendable than trimming, because masking was better in analyzing the rate of
false positive data of single nucleotide polymorphism, and, bases of low quality
present in the sequence are replaced with “N” which are not detected. On contrary,
trimming process is frequently used due to efficient removal of low quality bases
(repeated only at the ends of a read) results into a shorter read (Yun and Yun 2014).
Andersen et al., in 2017a, b focused on the importance of pointing out the loop holes
of the software used for analysis. In a case study, fecal samples of ten-fold dilutions
showed data spiked with Campylobacter jejuni which were detected by two taxo-
nomic classifiers Kraken and CLARK. It was observed that both classifiers identified
false positive reads from negative samples with scarcely present Campylobacter
jejuni of quantitative polymerase chain reaction (qPCR). It was developed that
sorting of Kraken hits can eliminate false positives reads. While sorting of Kraken
hits, firstly, the sequences are sorted by assigning each hit a score, then, hits for
phage and plasmid DNA are removed using the Kraken and Basic Local Alignment
Search Tool (BLAST) among the high scoring hits (Andersen et al. 2017a, b). The
study also represented a non-linear correlation between the rising levels and the hits
read from metagenomic data.

23.2 General Analysis Pipeline

The pipeline involves the use of advanced next generation sequencing techniques,
though traditional methods are also in use, while Table 23.1 summarises the general
approaches for pathogen detection from samples.
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Once the abundance data is obtained then the comparative metagenomics
predictions are initiated using tools such as Venny and Comparator. These provide
us with a set of unique and common dataset for each of the comparative datasets that
are being evaluated. Following the identification of the subset the metagenome-wide
association studies are initiated which is mainly focused on taxonomic enrichment
analysis. Metagenome-wide association studies have already found strong associa-
tion of microbes with host health and disease. It also identifies a large number of
microbes differentially regulated in various conditions. However, computational
methods for analyzing such differentially regulated microbes from microbiome
study are limited. TSEA or Taxon Set Enrichment Analysis is a way to identify
biologically or ecologically meaningful patterns by analyzing them with context to
pre-defined taxon set (microbes sharing some common trait) from a given list of
significant features or microbes. These microbes undergo certain significance levels
and the obtained results are combined to observe discerned meaningful patterns. In
contrast, TSEA directly examines a set of functionally related microbes without any
preselected compounds based on arbitrary cutoff threshold. TSEA has potential to
identify subtle but consistent changes among a group of related microbes, which
may go undetected with conventional approaches.

23.3 TSEA Overview

Taxon set enrichment analysis comprises 4 steps of data assembly—input,
processing, analysis, and compilation of results. Microbiome Analyst Different
taxon sets are selected on the basis of different input types and supported by three
types of taxon sets which are based on the taxonomic resolution of microbes to be
analyzed. The taxon name mapping to higher taxonomic level of variety of microbes
by using major database identifiers can be performed by users. TSEA offers three
algorithms for enrichment analysis with three different data inputs required for
following three approaches:

1. A list of microbes are characterized at any possible taxonomic level—entered as a
one column data (Mixed-level taxa);

2. A list of microbes are characterized at any species level taxa and enlisted in one
column (Species level taxa).

3. A list of microbes names (Binomial Nomenclature Name/GOLD ID/NCBI Tax-
onomy ID) characterized at any strain level—entered as a one column data
(Strain-level taxa)).

23.4 Selection of Taxon Set Library

Our entire list was analysed using a mixed level taxon set. Mixed-level taxon sets
associated with Human diseases were used for improved analysis. Over Representa-
tion Analysis (ORA) is done by enlisting taxa or microbes found to be abundant in
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the individual data sets and common to all. The list of microbes can also be obtained
through differential abundance testing, or from biomarker analysis or from clustering
of algorithm to examine a few biologically meaningful patterns, if present. ORA was
implemented using hyper-geometric test to calculate whether a particular taxon set is
represented more than expected by chance within the given list. One-tailed p values
are generated after adjusting multiple tests. Figure 23.1 summarizes the proposed
pipeline for identification of pathogenic load.

23.5 Case Reports

There are numerous microbiome analysis reported on the applications of
metagenomics. The following section will focus on a few existing data.

23.5.1 Case Study 1

One of the case studies reported in recent past showed the use of metagenomics in
diagnosis of clinical fecal samples. The sampling was done from individuals of two
categories, the patients with illness and the patients recovered after 3 months. The
data was analyzed by Nucleotide Basic Local Alignment search tool (BLAST)
against a reference database. C. jejuni was identified as the pathogen from the
samples collected from patients suffering from illness because the reads of the
analysis aligned to C. jejuni. However, the pathogen was detected through

Fig. 23.1 Proposed pipeline for detection of pathogenic load in a an environmental niche
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metagenomic data and diagnosed, the study was very limited to the dependency of
the samples collected from the patients after 3 months recovery and the method was
inapplicable to real-time surveillance situations (Nakamura et al. 2008). Loman
et al., performed an experiment with 45 human fecal samples while a breakout in
Germany in 2011of Shiga-toxigenic Escherichia coli O104:H4. Among 45 samples
considered for the study, 40 were observed to have pathogen. 45 samples were
paired end to end and sequenced with 151 bp to yield total 180 giga base pairs using
HiSeq (Illumina). It was likely to retrieve a draft of genome of strains obtained from
27 human fecal samples collected during the outbreak. In addition, genes of
Escherichia coli O104:H4 were identified from 27 human fecal samples (Loman
et al. 2013).

23.5.2 Case Study 2

In 2016, Schneeberger et al., using shotgun sequencing demonstrated a proof of
application of diagnostic metagenomics. For the experiment, 4 fecal samples were
collected from patients suffering with persistent diarrhea. The patients were from
areas of high occurrence of gastrointestinal infections with asymptomatic carriers
and co-infections. The samples were observed to have bacterial, parasitic, and viral
infections. The comparison analysis of data was carried out by BLASTn against
three reference reads from NCBI databases: nucleotide, genome-specific markers
(GSMer), and inclusive antibiotic resistance database (CARD). Each patient with
8–11 different pathogens was detected to be positive, which was more than if
diagnosed with conventional methods like, microscopy, cultivation, and multiplex
PCR (Schneeberger et al. 2016). The result imposed question on how many infec-
tious pathogens and asymptomatic carriers were detected, and, how many pathogens
were detected with false positive hits. Nevertheless, the study showed the potential
of taxonomy-dependent method which used the entire genome sequence, markers
and Antibiotic Resistance Genes(ARGs) to detect pathogens and co- infections from
multiple classes of kingdoms.

23.5.3 Case Study 3

The plant microbiome group has been extensively studied the microbial composition
of rhizospheric soils of several plants from the Indian Sunderbans. Indian
Sunderbans represent the deltaic region of the rivers Ganga and Brahmaputra
(India) and Meghna (Bangladesh). These are uniquely characterized as they are
under continuous tidal inundation and agricultural practices are very limited to
local landraces of rice and a few leafy vegetables due to the high salt content of
the soil. The region is also plagued with geographical challenges and unorganized
healthcare facilities. Due to the prevalent high humidity conditions, flu, dengue, as
well as other diarrheal diseases are very common. The rhizopsheric microbial
abundance was used as the starting data and pathogenic load around human habitats
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were predicted as described in the material and method segment. We found that
several pathogenic microbes were identified having reported pathogenesis in Colitis
and malaria (Ganguli et al. 2017, Rahaman et al. 2019). Apart from that several
antibiotic resistance pathways were also found to be upregulated such as beta lactam
resistance, vancomycin resistance, and neomycin resistance (Fig. 23.2).

Disease network analysis (Fig. 23.3) revealed the interactions of the causative
pathogens and the diseases that share the pathogen as causal agents. However, as it
can be observed that complex disease networks are not very prevalent in the analysis
which indicates that the pathogenic load of the area under study is moderate.

23.5.4 Case Study 4

The evolution of new strains with antibiotic resistivity is gradually affecting public
health with implications on economic and social throughout the world. The
infections like pneumonia, typhoid fever, etc., are caused by Streptococcus, which
are community acquired infections. The infections caused due to methicillin (antibi-
otic) resistance of Staphylococcus aureus, vancomycin resistance of Enterococci,
and various other Gram-negative bacteria producing beta-lactamase enzyme produc-
ing Gram-negative bacteria, are known to be hospital acquired infections. These
infections direct additional diseases to patients with their longer stay at hospitals
which may cause pressure ulcers (bedsore) and economic burden on the community.
The common organisms identified during pressure ulcers are Staphylococcus aureus,
Proteus mirabilis, Pseudomonas aeruginosa, and Enterococcus faecalis. The emer-
gence of pathogenic bacteria showing resistivity towards most of the currently
available antimicrobial agents has really become a critical problem in area of modern
medicine, particularly because of the increase in immune suppressed patients. In
June 2000, WHO (World Health Organization) warned regarding the increase in the
level of resistivity of drugs towards treating common infectious diseases is slowly
reaching a crisis point. There are resistant and multi-resistant pathogenic bacteria
detected in wastewater, sewage treatment plants as well as in other environment
sectors (Singh et al. 2019). Furthermore, in arid regions, wastewater containing
antibiotic resistant bacteria is used for irrigation, and sewage sludge serves as
fertilizers. Thus, this allows antibiotic resistant bacteria to enter the food chain
directly (Singh et al. 2019). Hospital wastewater can be hazardous to public health
and ecological balance. Many studies have demonstrated that wastewater from
hospitals contribute to high rates of resistant bacteria that are being discharged in
the natural environment. Waste effluent from hospitals contains adequate concentra-
tion of numerous resistant bacteria and antibiotic residues which inhibit the growth
of susceptible bacteria. Hence, as a result, waste effluent of hospitals can also
increase the numbers of resistant bacteria in the recipient sewers. In this work we
analyzed the microbial composition of urban and rural wastewater which carries
hospital waste (Singh et al. 2019) and found that severe disease causing pathogens
are abundantly present having a number of antibiotic resistance pathways being
overexpressed (Fig. 23.4). When enriched analyses were performed with the
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common microbes it was found that a complex disease network was prevalent in the
area based on predictions (Fig. 23.5). This leads us to conclude that the variety of
pathogenic organisms is much higher in both rural and urban wastewater samples,
which are direct runoffs of hospital effluents thus increasing the inherent pathogenic
load of the area.

23.5.5 Case Study 5

There are trillions of diverse bacteria which inhabit in human gastrointestinal tract
and vary among individuals within and between communities. The initial inoculum
of bacterium is acquired maternally during birth or inside womb. Subsequently,
colonization of bacteria inside human gut depends upon several factors including
diet, age, and diseases. The bacterial communities isolated from gastrointestinal
exert phenotypic traits of the host by a complex network of interactions among
them. Many of such interactions arising from modified gut bacterial profiles (GBP)
have been observed to cause diseases in human. Moreover, modern lifestyle of the
western countries makes people more prone to inflammatory disorders with altered
GBP. The GBP of several population of the world, both with modern and traditional
lifestyles have been studied from America, Europe, Africa, Korea, and China. The

Fig. 23.3 Prediction of disease networks from rhizospheric microbial abundance
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Fig. 23.4 Enriched genera and corresponding enriched pathways in the wastewater niche under
study

Fig. 23.5 Prediction of disease networks from microbial abundance dative the wastewater niche
under study
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large tribal population of India offers a unique scenario for studies on gut bacterial
profiles, because India consist of diverse communities who still depend on hunting,
agriculture, and fishing along with their own culture, tradition, dietary habits,
language, and genetic adaptability (Ganguli et al. 2019).

In this work fecal samples were collected from a tribal family belonging to the
Dhrupka Bhutia tribal community and were subsequently sequenced using
OXFORD Nanopore Minion sequencing platform for better elucidation of the
bacterial members. Results obtained showed heterogenous abundance profiles of
the bacterial members with the highest in case of male being Lactobacillus, for
female: Enterobacteria and Rothia and for their male kid: Leuconostoc and
Fusobacterium. Interesting observation was no antibiotic resistance pathway was
identified in the pathway enrichment analysis (Fig. 23.6) which can be justified by
the fact these tribal communities are not exposed to the over the counter medicines

Fig. 23.6 Enriched genera and corresponding enriched pathways in the gut microbiomes under
study
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due to their remote habitat and extreme environmental conditions. Thus, their gut is
still not exposed to antibiotic resistant bacteria, however, the presence of Exiguo
bacterium in the gut is a clear warning to the threats of microplastics in the diet.
Yang et al., have reported the ability of this bacterial strain to utilize plastics (Yang
et al. 2014). It is thus alarming that this particular member has established itself as an
important member of the gut of even tribal people whose gut is thought to be
unadulterated and pristine. The disease network analysis revealed that irritable
bowel syndrome and liver cirrhosis were important nodes (Fig. 23.7) which may
be attributed to the inclination of these tribal members in having a regular dose of
alcohol in their diet.

If we observe closely then all the predictions have their unique pathways which
support the inter disease network analysis. While rhizospheric niche possesses
microbes for food allergies as there may be several plant associations and exudates
in the rhizosphere, hospital wastewater presents a complex biological niche laden
with antimicrobial resistance pathways as well as behavioral disease pathways for
diabetes, COPD, and vaginitis. The gut microbial datasets from remote tribes also
exhibit characteristics features of no resistance pathways and lesser communicable
disease pathways. These data further indicate the robustness of the pipeline in
successful prediction of pathogenic load and possible disease prevalence in the

Fig. 23.7 Prediction of disease networks from microbial abundance data of the gut microbiomes
under study
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areas under study also providing a background insight on diet practices and medicine
usage.

23.6 Conclusion

The above case studies indicate that culture-independent mechanism of
metagenomics can be utilized properly for predicting the pathogenic load from a
variety of samples from different environmental and disease associated niches. The
DNA extraction mechanisms are vigorously standardized worldwide in equipped
laboratories, where 21 DNA extraction protocols have been evaluated and reported
recently. These protocols have contributed to comparison of microbial community
and organization of DNA purification steps, with a conclusion that shows the largest
outcome of preferably raw sequenced data and associated metadata, which is the
ultimate focus for diagnostics. Following the abundance mapping and enrichment
analyses steps a clear picture can be predicted which provides us with the necessary
information on what pathogenic microbes may be present, what are the enriched
biological pathways that are prevalent in the consortium and finally what disease
associations can be prevalent. Once all technical and ethical barriers are overcome,
we believe that metagenomic guided environment impact assessment, will be the
next big area of research in the near future having the potential to alter the
policymakers perspective on climate change and associated healthcare.
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High-Throughput Analysis to Decipher
Bacterial Diversity and their Functional
Properties in Freshwater Bodies

24

Madhumita Barooah, Gunajit Goswami, Dibya Jyoti Hazarika, and
Rajiv Kangabam

Abstract

Freshwater ecosystem encompasses varied and rich diversity of habitat conditions
and is home to diverse microbial community. Each of these diverse microbial
community plays a specific function that contributes to the importance of such an
ecosystem in the global carbon cycle through consumption and emission of
carbon dioxide and thereby in the regulation of the global climate. However,
unlike their counterpart of other ecosystem, viz., terrestrial, the microbial diver-
sity studies of freshwater ecosystem have been comparatively scanty mainly
because many of the methods suitable for their identification were only developed
recently. The conventional methods of studying microbes that relied on cultiva-
tion of the organism for identification in laboratories left out many that were
uncultivable under laboratory conditions. Recently, several tools and techniques
including both traditional and high-throughput state-of-the-art technologies have
been explored to decipher the microbial diversities of freshwater ecosystem.
Advancement in tools and techniques related to microbial diversity studies has
provided new insights into microbial diversity and their functioning in freshwater
ecosystem. In this chapter we discuss the different traditional methods followed
by molecular biology techniques that are used to decipher microbial diversity of
both cultivable and non-cultivable microbes of freshwater ecosystem. We discuss
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in detail about the cutting-edge high-throughput technologies, viz.,
metagenomics, metatranscriptomics, and metaproteomics that are aiding in
increasing our understanding of the freshwater microbial diversity as well as
their functioning.

Keywords

Belowground microbes · Metagenomics · Metatranscriptomics · Metaproteomics ·
NGS

24.1 Introduction

It is estimated that above 96% of the free water on earth is found in the ocean while
the remaining 4% is available as freshwater bodies in the form of lakes, rivers,
glaciers, stagnant water bodies, etc. (Durack 2015). Although a very small propor-
tion of free water is available as fresh water, these are reservoirs of biodiversity.
Freshwater bodies are considered as one of the most important life-support systems
on this planet (Young and Steffen 2009). The freshwater bodies are rich in nutrients,
organic sediments, and minerals and supplies diversified flora, fauna, and
microorganisms. Not only aquatic organisms, but countless of terrestrial organisms
are also linked to the freshwater ecosystems through their food web. Starting from
the producers to the decomposers, all individuals of food chains are part of these
ecosystems and thus, these ecosystems have been important contributors to the
process of evolution since the origin of life.

The energy recycling process is very important for maintenance and alteration of
the vegetation in an ecosystem. The decomposers are crucial players of an ecosys-
tem, which recycles the energy by breakdown of complex organics into simpler
forms. Microorganisms including bacteria and fungi function as prime units of
decomposition of the dead remains and unutilized complex organic matters into
usable forms such as phosphorus (in the form of phosphate) and nitrogen (in the form
of ammonium) for producers, thereby recycling the ecosystem’s energy (Stockner
and Porter 1988). Bacterial communities of freshwater ecosystems are exclusively
diverse due to the existence of unexpectedly heterogeneous microhabitats differing
in size, complexity, and temporal–spatial dynamics. These microhabitats can be
classified into diffusion-controlled water phase (DifP), colloidal phase including the
nanogels and microgels (ColP), particles such as exudates and aggregates (Par), and
the living biosphere including algae, zooplankton, phytoplankton, and fish (Bio)
(Zoccarato and Grossart 2019). For each microhabitat, microbial diversity and
functionality differ within a particular ecosystem. Likewise, bacterial diversity and
functionality also vary among different types of freshwater bodies depending upon
geographical location, external environmental factors (such as temperature, soil pH),
types of biotic population linked to that ecosystem, and age of the ecosystem
(Hartman et al. 2008; Stanish et al. 2016; Shafi et al. 2017). In this chapter, we
provide a brief overview of the taxonomic and functional diversity of bacteria

512 M. Barooah et al.



deciphered using various conventional methods as well as high-throughput
approaches such as “omics” technology. We also discuss how the bacterial diversity
and functionality vary in different freshwater ecosystems to influence the productiv-
ity of these water bodies as well as their surrounding terrestrial environments. The
chapter also introduces the readers briefly to the emerging technologies for
estimating bacterial diversity in any environment.

24.2 Bacterial Diversity in Freshwater Ecosystems and their
Functional Attributes

Bacterial diversity in different freshwater ecosystems varies depending on the
physical, compositional, and biochemical properties of the freshwater bodies. For
example, the bacterial community compositions in a lake differ from those in a river
or in agricultural wetlands. More specifically, different lake ecosystems host differ-
ent bacterial community compositions depending upon the type, structure, and
geographical location. Freshwater bacteria have been extensively examined using
culture-independent methods, such as metagenomics (Abia et al. 2018; Shen et al.
2019; Samson et al. 2019), fluorescence in situ hybridization (FISH) (Sekar et al.
2003; Lindström et al. 2005), quantitative polymerase chain reaction (qPCR), and
terminal restriction fragment length polymorphism (T-RFLP) (Eiler and Bertilsson
2004, 2007; Hu et al. 2016). It is not possible to discuss all of the studies that analyze
bacterial diversity in different freshwater ecosystems. However, a detailed list of
published literatures regarding analysis of bacterial diversity in different freshwater
bodies is mentioned in Table 24.1.

Bacterial communities of aquatic ecosystems play a crucial role in accumulation,
transformation, and migration of nutrients and other organic matters leading to
energy conversion and recycling of materials (Fenchel and Jørgensen 1977; Cotner
and Biddanda 2002; Newton et al. 2011). Apart from the compositional variability,
bacterial communities also show high degrees of functional variability (Newton et al.
2011). These variations serve as valuable ecological marker for the study of bacterial
community assembly and functions of the ecosystem. Previous studies suggested
that specific fundamental attributes can be shared by some distinct taxa, while
closely related bacterial species can also show distinctive functional properties
(Allison and Martiny 2008; Fierer et al. 2012; Dopheide et al. 2015).

The microbial diversity and functionality are dependent upon the type of
microhabitats they occupy in an aquatic ecosystem. The functional properties of
bacterial communities vary in each microhabitat. The diffusion-controlled water
phase (DifP) associated bacteria rely on the physical and chemical changes of the
water phase (Zoccarato and Grossart 2019). Few bacteria are able to recognize the
spatial and temporal distribution of dissolved organic compounds through chemo-
taxis, while other non-motile bacteria are found to be distributed randomly in the
water phase and consume those compounds available in the vicinity (Stocker 2012).
The consumption of organic matters from water phase by these bacteria is through
enzymatic breakdown and concomitant release of inorganic compounds (e.g., N and
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Table 24.1 Bacterial diversities in different freshwater ecosystems

Sl.
no.

Type of
ecosystem Dominant bacterial taxa Approach Reference

1. River
ecosystem;
Mississippi
River

Proteobacteria,
Actinobacteria,
Bacteroidetes,
Cyanobacteria, and
Verrucomicrobia

16S rRNA
amplicon
sequencing: Next
gen Illumina

(Staley et al.
2013; Payne
et al. 2017)

2. Arctic river
ecosystem:
Yenisei River

Actinobacteria,
Proteobacteria

16S rRNA
amplicon
sequencing: Next
gen Illumina

(Kolmakova
et al. 2014)

3. River
ecosystem:
Danube river

Actinobacteria,
Proteobacteria,
Bacteroidetes,
Verrucomicrobia

16S rRNA
amplicon
sequencing: Next
gen Illumina

(Savio et al.
2015a)

4. River
ecosystem:
River Thames

Bacteroidetes in the
headwaters;
Actinobacteria-dominated
downstream

16S rRNA gene
pyrosequencing

(Read et al.
2015)

5. River
ecosystem:
River
Mandakini
Alaknanda and
their confluence

Pseudomonas
extremoriental, Bacillus
licheniformis,
Paenibacillus
glucanolyticus, Bacillus
badius, Pseudomas fulva,
Pseudomonas
azotoforman,
Paenibacillus
thiaminolyticus

MADI-ToF-MS (Kumar et al.
2018)

6. River
ecosystem:
River Yamuna
and its
confluence on
River Ganga

Proteobacteria,
Bacteroidetes, and
Firmicutes

Whole metagenome
sequencing using
MinION (Oxford
Nanopore
Technologies,
Oxford, UK)

(Samson et al.
2019)

Polluted river
ecosystem:
Apatlaco River

Thiomonas, Polaromonas,
Pedobacter, Myroides,
Pseudomonas,
Acinetobacter, Aeromonas,
and Tavera

Whole metagenome
sequencing using
NextSeq500
(Illumina, Inc., San
Diego, CA, USA)

(Breton-deval
et al. 2020)

7. Himalayan
Lake
ecosystem:
Pangong Lake

Proteobacteria,
Bacteroidetes

Metagenome
shotgun
sequencing:
Illumina

(Rathour et al.
2017)

8. Sediments of
urban lakes

Chloroflexi,
Proteobacteria, and
Acidobacteria;
Bacteroidetes and
Proteobacteria

T-RFLP analysis (Zhao et al.
2012)

(continued)
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Table 24.1 (continued)

Sl.
no.

Type of
ecosystem Dominant bacterial taxa Approach Reference

9. Freshwater
Lake
ecosystem:
Baikal Lake

Anaerolineaceae
(Chloroflexi),
Flavobacteriaceae,
Cytophagaceae
(Bacteroidetes),
Coriobacteriaceae
(Actinobacteria), and
Nitriliruptoraceae
(Actinobacteria)

16S rRNA
amplicon
pyrosequencing

(Kurilkina
et al. 2016)

10 Freshwater
lakes on
Yun-Gui
plateau

Cyanobacteria in the
eutrophic ecosystems;
Actinobacteria,
Proteobacteria (alpha-,
Beta-, and Gamma-
proteobacteria),
Verrucomicrobia and
Planctomycetes in meso-
oligotrophic system

Metagenome
shotgun
sequencing:
Illumina platform
(Illumina, Inc., San
Diego, CA, USA)

(Shen et al.
2019)

11. Reshi and
Yumthang hot
spring lake
ecosystems

Proteobacteria,
Actinobacteria, Firmicutes
and Bacteroidetes

Metagenome
shotgun sequencing

(Najar et al.
2020)

12. Freshwater
glacier lake
Yukidori-Ike

Proteobacteria Alpha-
proteobacteria, Beta-
proteobacteria,
Deltaproteobacteria, and
Gamma-proteobacteria,
cyanobacteria, Firmicutes

16S rRNA
amplicon
sequencing

(Chaya et al.
2019)

13. Recreational
freshwaters
(east fork Lake,
Delaware Lake,
and Madison
Lake)

Actinobacteria,
Cyanobacteria, Firmicutes,
and
Proteobacteria

Bacterial
tag-encoded
pyrosequencing

(Noble et al.
2016)

14. Arsenic
contaminated
groundwater of
Assam

Proteobacteria followed by
Bacteroidetes,
Planctomycetes,
Verrucomicrobia

Metagenome
shotgun
sequencing:
Illumina

(Das et al.
2017)

15. Agricultural
pond ecosystem

Actinobacteria in all time
points; Chloroflexi,
Firmicutes, Cyanobacteria,
and Proteobacteria with
seasonal occurrence

16S rRNA
amplicon
sequencing

(Chopyk et al.
2018)

16. Municipal
drinking waters
in the Ohio
River basin

Mycobacterium spp.
(Actinobacteria),
MLE1–12 (phylum
cyanobacteria),
Methylobacterium spp.,
and Sphingomonads

16S amplicon
sequencing:
Illumina (Illumina,
Inc., USA)

(Stanish et al.
2016)

(continued)
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Table 24.1 (continued)

Sl.
no.

Type of
ecosystem Dominant bacterial taxa Approach Reference

17. Wetland
ecosystem

Proteobacteria,
Chloroflexi, Bacteroidetes,
and Euryarchaeota

16S amplicon
sequencing:
Illumina (Illumina,
Inc., USA)

(He et al. 2015)

18. Wastewater
treatment plants

Proteobacteria,
Actinobacteria, Firmicutes,
and Chloroflexi

16S rRNA
amplicon
sequencing

(Osunmakinde
et al. 2019)

19. Constructed
wetland

Proteobacteria (50% of all
taxa in soil, 65% in water)

Whole metagenome
sequencing using
Illumina
HiSeq2500,
(Illumina, Inc.,
USA)

(Bai et al.
2014)

20. Acidic
peatlands

Members of Acidobacteria
and Actinobacteria were
most active candidates
Members of Acidobacteria
and Actinobacteria were
most active candidates

Metatranscriptomic
analysis using
Illumina
HiSeq2000,
(Illumina, Inc.,
USA)

(Ivanova et al.
2016)

21. Wetland
sediments in the
US geological
survey
managed
Cottonwood
Lake

Proteobacteria,
Acidobacteria, Chloroflexi,
Planctomycetes,
Ignavibacteriae,
Thaumarchaeota, and the
candidate divisions KSB1
and Rokubacteria

Whole metagenome
sequencing using
Illumina
HiSeq2500,
(Illumina, Inc.,
USA)

(Martins et al.
2019)

22. Freshwater
wetland soils

Members of
Methanomassiliicoccaceae
were the most active group

16S rRNA
amplicon
sequencing using
miSeq platform
(Illumina, Inc.,
USA)

(Narrowe et al.
2019)

23. Mudflat
sediments

Chloroflexi, Acidobacteria,
and Bacteroidetes and the
classes Delta- and Gamma-
proteobacteria, along with
the archaeal lineages
phylum Bathyarchaeota
and the order
Thermoplasmatales

16S rRNA gene
amplicon
sequencing and
metatranscriptome
sequencing using
Illumina MiSeq
platform (Illumina,
Inc., USA)

(Yan et al.
2018)

24. Subarctic
wetland in
Russia

Acidobacteria, Alpha-
proteobacteria, Gamma-
proteobacteria,
Actinobacteria,
Planctomycetes,
Verrucomicrobia, and
Candidatus Methylospira
mobilis

Amplicon
sequencing using
Illumina MiSeq
platform (Illumina,
Inc., USA)

(Danilova et al.
2016)

(continued)
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P). This process of bacterial conversion is called mineralization of the organic
matter.

In aquatic systems, the dissolved organic matter (DOM) often undergoes self-
assembly to form nanogels and eventually aggregates as microgels of approximately
3–5 mm (Chin et al. 1998a). These microgels, also termed as particulate organic
matter (POM), are often found in the marine aquatic systems; however, DOM-POM
conversion is also found in freshwater environments such as lakes and rivers (Chin
et al. 1998b; Kerner et al. 2003; Pace et al. 2012). The prime source of DOM
includes algal exudates, sloppy grazing carried out by zooplankton, and cellular
decomposition often performed by bacteria through degradation of phytoplankton,
zooplankton, or other bacteria (Carlson 2002). Degradation of phytoplankton, zoo-
plankton or other bacteria may change the composition and concentration of the
DOM pool present in an aquatic system. Bacteria has the ability to metabolize the
components of DOM pool such as carbohydrates, lipids, proteins, and organic acids
and convert them into a simpler form (Kirchman 2003).

24.2.1 Bacterial Community Compositions in Lakes

Lakes may vary in nutrient status, some of which being oligotrophic, while the
others being eutrophic. Lakes that are poor in nutrients remain oxic throughout the
year, and distinct oxygen stratification usually does not occur due to seasonal
temperature variations. In contrast, sedimentation of organic matters in the bottom
parts occurs in case of eutrophic lakes. The epilimnion (warmer, upper layer) of a
thermally stratified lake is oxic, while the hypolimnion (colder, bottom layer) is
usually anoxic (particularly when the lake is rich in nutrients). There is a thermocline
separating the epilimnion and hypolimnion, which prevents the mixing of the two
layers. Therefore, waters in the bottom layer may become anoxic. This situation is
permanent for tropical eutrophic lakes and occurs in the summer in eutrophic lakes
of temperate regions (Sharma et al. 2019).

Till a few decades, the diversity analysis of bacterial communities inhabiting the
terrestrial and aquatic habitats was quite similar and dependent upon traditional
culture-based cultivation techniques (Jones and Rheinheimer 1986). But the emer-
gence of modern tools and techniques such as next-generation sequencing provided

Table 24.1 (continued)

Sl.
no.

Type of
ecosystem Dominant bacterial taxa Approach Reference

25. Wetlands on the
Qinghai-
Tibetan plateau
revealed

Proteobacteria,
Actinobacteria and
Bacteroidetes, Chloroflexi,
Acidobacteria,
Verrucomicrobia,
Firmicutes, and
Planctomycetes

16S rRNA
pyrosequencing

(Deng et al.
2014)
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unprecedented access to the community composition and diversity of bacterial
species in these distinct habitats (Lozupone and Knight 2007). Llirós et al. (2014)
analyzed bacterial community composition (BCC) in three freshwater reservoirs
with varying physical and chemical properties and distinctive trophic status through
16S rRNA gene amplicon 454 pyrosequencing. Those reservoirs had BCC similar to
that of natural freshwater lakes. The dominant bacterial groups in those reservoirs
were Actinobacteria, Alphaproteobacteria, Betaproteobacteria, Cytophaga–
Flavobacteria–Bacteroidetes (CFB), and Verrucomicrobia (Llirós et al. 2014). In
an independent study, previously reported 689 bacterial 16S rRNA gene sequences
from 11 freshwater lakes were analyzed to decode their phylogeny, and identified ten
freshwater phyla with 34 supposed clusters (monophyletic branches of a phyloge-
netic tree) freshwater bacteria. Among those, at least two sequences (with �95%
gene identity among them) were linked to more than one freshwater environment
(Zwart et al. 2002).

In a recent study, Shen et al. (2019) employed a metagenomics approach to assess
the correlations between trophic status and planktonic microbiota in the freshwater
lakes of Yun-Gui Plateau, China. Distinct community structures and metabolic
potential were recorded among the eutrophic and mesotrophic-oligotrophic lake
ecosystems. Cyanobacterial species were found to be dominant in the eutrophic
ecosystems, whereas Actinobacteria, Proteobacteria (Alpha-, Beta-, and Gamma-
Proteobacteria, Verrucomicrobia, and Planctomycetes were dominant communities
in the mesotrophic-oligotrophic ecosystems (Shen et al. 2019). The bacterial diver-
sity in the deepest freshwater lake Baikal was assessed using next-generation
pyrosequencing. The 16S rRNA based metagenomic sequencing identified 1693
operational taxonomic units (OTUs) belonging to different phyla, viz.,
Proteobacteria, Actinobacteria, Bacteroidetes, Chloroflexi, Acidobacteria
Firmicutes, and Cyanobacteria (Kurilkina et al. 2016).

24.2.2 Bacterial Community Compositions in Rivers

The physical and biological properties of a river ecosystem are somewhat different
than a lake ecosystem. Unlike the lakes, the river water achieves a fluid motion and
thus physical properties change from upstream to downstream. Such fluid ecosystem
may display changes in the composition of microbiome from one region to another
along the flow path (Crump et al. 2007; Savio et al. 2015b). Fluid ecosystem such as
rivers that are major confluences of rapid running waters and long stretches of slow,
gradual change between these interfaces are potential sites for analyzing the micro-
bial diversity. Such analysis may provide a better understanding of how abrupt
supplementated distinct and external microbiomes adapt in comparison to adaptation
of microbiomes selected gradually across the moving river. The 16S rRNA-gene
amplicon sequencing based analysis of bacterial diversity revealed the dominance of
Actinobacteria and Proteobacteria in Upper Mississippi River (USA) (Staley et al.
2013), the Yenisei River (Russia) (Kolmakova et al. 2014), the River Thames
(UK) (Read et al. 2015), and the Danube River (Europe) (Savio et al. 2015b). Staley

518 M. Barooah et al.



and colleagues (Staley et al. 2013) first reported the occurrence of a persistent and
ubiquitous “core bacterial community” throughout a river stretch. The variation
pattern in diversity of the microbiome in Mississippi river was also examined by
Payne et al. (2017). Their study revealed distinct and dominant bacterial phyla
composition and proportional abundance in free-living and particle-associated cells
along the entire river, except for substantial but transient disturbance near the city of
Memphis, Tennessee. Samples collected from free-living samples along the
Mississippi River contained higher abundance of Actinobacteria while in particle-
associated samples, Proteobacteria were dominant (Payne et al. 2017).

A high-throughput metagenomic study was conducted to decipher the BCC of
Ganga River, India and the transient influence of Yamuna River on it (Samson et al.
2019). Whole metagenome sequencing of the metagenomic DNA from the sediment
samples revealed differences in their relative abundance across the confluence. It
was reported that the site in the Yamuna River (G15Y) and at immediate down-
stream of confluence of Ganges (G15DS) had higher abundance of Proteobacteria
and lower abundance of Bacteroidetes and Firmicutes compared to the upstream,
confluence, and distant downstream of confluence (Samson et al. 2019).

24.2.3 Bacterial Community Compositions in Wetlands

Wetlands, comprising of about 5–8% of the earth’s land surface (Mitsch et al. 2013)
and nearly 45% of the total natural ecosystems globally (Costanza et al. 1997), are
considered as one of the most essential aquatic cum terrestrial ecosystems and
distributed throughout the world. The bacterial communities mediate crucial role
in the functional characteristics of the wetland ecosystems. Microbes inhabiting the
rhizosphere of wetland plants are important for nutrient cycling, carbon sequestra-
tion, contaminant elimination, and ecosystem functioning. Terminal restriction
fragment length polymorphism technique was adopted to determine the BCC in
the rhizosphere of three wetland plants, viz., Acorus calamus, Typha latifolia, and
Phragmites karka (Singh and Singh 2018). Firmicutes were reported to be most
dominant phylum in the rhizosphere of these plants, which was followed by
Proteobacteria and Actinobacteria. The bacterial groups Chloroflexi, Acidobacteria,
Deferribacteres, and Thermotogae also reported from the rhizosphere of P. karka
and T. latifolia but were not detected in A. calamus (Singh and Singh 2018).

Specific bacterial taxa may perform important functions in different wetland
ecosystems. Loktak Lake in Manipur, India is a freshwater wetland known for its
floating natural vegetations known as floating islands or Phumdi. Salkar and his
coworkers reported that the bacterium Enterobacter tabaci isolated from the Phumdi
of Loktak Lake possesses multiple PGP traits like IAA production, siderophore
production, HCN production, ammonia production, phosphate solubilization, and
nitrogen fixation (Salkar et al. 2018). Recent study using metagenomics approach
has detected the presence of several plant growth promoting bacterial taxonomic
units in the soil samples collected from Loktak Lake. Like the wetland ecosystems,
bacterial isolates from rivers and other ecosystems were also reported to show plant
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growth promoting properties. In a recent study, Chryseobacterium salivictor sp. nov.
with plant growth promoting properties has been characterized (Kim and Yu 2020a).
Genomic data suggested the ability of that bacterial isolate to encode several PGP
enzymes (Kim and Yu 2020b).

24.3 Determination of Microbial Diversity

Microbial diversity in a particular ecosystem can be addressed through the genetic
diversity within species, the species diversity, and the ecological diversity of the
community (Harpole 2010). The innate ability of microorganisms to not only adapt
and survive in different niches but also to maintain the balance in ecosystems is a
very important feature and thus it is relevant to study their diversity as it exists. The
inability to visualize them with the unaided eye made effective classification a
difficult task in the past. However, with the advent of modern tools and techniques
classifications of microorganisms have become much efficient and accurate. Using
various tools and techniques microorganisms could be classified into various taxo-
nomical units and the classification is growing based on the availability of new tools
and data. In the following sections, we discuss on the types of microbial diversity
and the techniques being used to determine the microbial diversity.

24.4 Taxonomic Diversity and Functional Diversity

Diversity is the variation among the microorganisms at the taxonomic level that
accounts for species composition and abundance or at the functional level which
accounts for the ecological traits of species. Taxonomy is the theory and practice of
classifying groups of biological organisms on the basis of common characteristics
into subspecies, species, genera, families, and higher orders (Ohl 2015). Taxonomic
diversity refers to the numbers of different taxonomic groups present in an ecosys-
tem. Functional diversity refers to a range of functional traits of microorganisms
prevailing in an ecosystem, i.e., how they affect and interact with each other in a
native environment and under changing environmental conditions (Petchey and
Gaston 2006; Laureto et al. 2015).

24.5 Techniques to Evaluate Bacterial Taxonomic
and Functional Diversity

The different techniques used for evaluating bacterial diversity (Taxonomic and
Functional) are based on the fact that all bacteria are not culturable. Therefore, the
techniques used to decipher the diversity of cultivable bacteria would vary from
those which are uncultivable. Culture-dependent methods of determining bacterial
diversity rely on the pure cultures of organisms present in an environmental sample
followed by determination of their taxonomic and functional characteristics through
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the application of conventional/biochemical methods as well as modern molecular
tools. The conventional/biochemical methods of microbial diversity assessment are
straightforward in revealing taxonomic and functional diversity and involve plating
of environmental samples on appropriate nutrient media, followed by analysis of the
colonies formed. Although this method is rapid and economical, it requires the
knowledge of suitable growth media, optimum growth conditions, and other
parameters (Trevors 1998; Tabacchioni et al. 2000). Other methods include
BIOLOG based carbon source utilization profile and community level physiological
profile (CLPP). These methods provide the initial idea of the physiological profile
such as the nutritional profile and the nature of the products produced by the
organism. This information also gives an idea about the functions of a particular
group of bacteria in that habitat from where it was isolated. However, methods based
on the biochemical analysis sometime fail to give the actual taxonomic identity of
bacteria.

Therefore, the polyphasic system of taxonomy has been adopted to verify the
taxonomic diversity of cultivable bacteria (Vandamme et al. 1996). Polyphasic
taxonomy groups bacteria based on the information obtained at phenotypic, genetic,
and phylogenetic level (Colwell 1970). Phenotypic information include various data
such as cell wall composition, cellular fatty acid composition, isoprenoid quinones,
polyamines, etc., and other expressed characters whereas the genotypic
characteristics are based on the data obtained from nucleic acids (DNA and RNA)
such as the sequences of 16S rDNA, %GC content, and DNA–DNA relatedness, etc.
(Vandamme et al. 1996). These techniques help identify bacteria up to genus or
species level (Vandamme et al. 1996). In addition, different genetic fingerprinting
techniques, serological typing, ribotyping, phage typing, have been used to identify
bacteria up to species and strain levels (Vandamme et al. 1996; Prakash et al. 2007).
Some advanced techniques such as Fourier transform infrared spectroscopy, pyroly-
sis mass spectrometry, and UV resonance Raman spectroscopy have also used to
assess cell wall composition of bacteria (Magee 1993; Vandamme et al. 1996;
Prakash et al. 2007). The phylogenetic approach uses the evolutionary data to
group uncharacterized bacteria based on the established data obtained from known
bacteria. Basically this approach relies on obtaining partial or complete DNA
sequence information of unknown bacterial species followed by comparing the
unknown sequences with the partial/total DNA sequences of similar known member
of the bacterial community (Srivastava et al. 2019). The 16S rDNA-based phyloge-
netic studies have been routinely applied by researchers to classify or group bacteria
isolated from different environment (Parveen et al. 2016; Goswami et al. 2017a, b;
Fatima et al. 2018; Chowdhury et al. 2018; Deka et al. 2019; Hazarika et al. 2019,
2020). However, the difficulties in culturing approximately 99% of bacteria present
in the natural habitats is the biggest bottleneck of these techniques (Hugenholtz
2002). Therefore, it is important to develop culture techniques which can cultivate
bacteria which are previously uncultivable to get better insight into their physiologi-
cal processes which may be beneficial in developing different biotechnological
products (Giovannoni and Stingl 2005).
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24.6 Culture-Independent Methods to Determine Taxonomic
and Functional Diversity of Bacteria

It is estimated that approximately 5� 105 microbes inhabit the earth, but only 1% of
the total microbes that exist in the environment are cultivable (Amann et al. 1995;
Rappé and Giovannoni 2003). Due to this most of the microbes inhabiting the
environment have not been studied or described. So, there is a great probability
that the unknown and uncultivable bacteria have the potential to become warehouse
of novel industrial enzymes, natural compounds to produce novel bioprocesses and
technology for diagnosis and medicine and agriculturally important resources
(Kimura 2018). To explore the taxonomic diversity as well as functional
characteristics of bioresources, culture-independent technologies such as phospho-
lipid and fatty acid analysis (PLFA) (Cotter et al. 2000; Buyer and Sasser 2012;
Mrozik et al. 2014), DNA microarrays (Wagner et al. 2007), fluorescence in situ
hybridization (FISH) (Ivanov et al. 2003), quantitative real-time polymerase chain
reaction (qRT-PCR) (Fierer et al. 2005), different genetic fingerprinting techniques,
viz., denaturing-gradient gel electrophoresis or temperature-gradient gel electropho-
resis (DGGE/TGGE) (Muyzer et al. 1993), single-strand conformation polymor-
phism (SSCP) (Schwieger and Tebbe 1998), amplified ribosomal DNA restriction
analysis (ARDRA) (Uchiyama et al. 2002; Lagacé et al. 2004), terminal restriction
fragment length polymorphism (T-RFLP) (Liu et al. 1997), and ribosomal intergenic
spacer analysis (RISA) (Fisher and Triplett 1999; Fechner et al. 2010). However
these techniques are not described as these are not in the scope of this chapter.

The rapid advances in molecular techniques have aided the development of
cutting-edge technology such as metagenomics, metatranscriptomics, and
metaproteomics which have enabled rapid analysis of large number of samples,
profiling of multiple communities, deciphering genetic diversity, and functional
characteristics (Daniel 2005; Gilbert et al. 2008; Shi et al. 2009; Langille et al.
2013; Kolmeder et al. 2015; Abia et al. 2018; Hayden et al. 2018; Russo et al. 2019;
Samson et al. 2019). The techniques are discussed in the following sections.

24.7 Metagenomics

The term metagenomics was coined in 1998 (Handelsman et al. 1998). Metagenomic
analysis is generally used to explore complex microbial communities of different
environment directly without the need of culturing or isolating any organism from
the environmental samples and allows researchers to assess the species present in the
community and also provides insights into the metabolic and functional activities of
the microbes/bacteria in the environmental sample (Langille et al. 2013).
Metagenomic approaches answer fundamental questions such as which and how
many types of organisms are present in a particular environmental sample (taxo-
nomic diversity) and what are the roles the different organisms perform (functional
metagenomics) (Vieites et al. 2009). The two most commonly used high-throughput
methods to decipher bacterial diversity are amplicon sequencing method which
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includes sequencing of 16S ribosomal RNA gene or other specific bacterial genes
and whole metagenomic shotgun sequencing (Ghosh et al. 2019).

The amplicon based method is based on the PCR amplification of a target gene
from the metagenomic DNA and the resulting amplicons are sequenced using any
sequencing platform. In case of bacterial taxonomy profiling sequencing of the
whole 16S rRNA gene or its different variable regions (V1-V9) are widely used.
However the target gene may vary based on the aim of the experiment. If the aim is
to identify a particular group of organism with special metabolic activity, then genes
related to metabolism of such activities are selected (e.g., celB, for organisms having
cellulose degrading activity (Štursová et al. 2012)), dxnA, dfdA for analysis of
communities with aromatic hydrocarbons degrading ability (Penton et al. 2013),
nifH, amoA, nirS, or nirK for organisms involved in nitrogen cycling (reviewed in
Levy-Booth et al. 2014). The16S rRNA gene sequencing has been widely used to
analyze microbial diversity of various environmental samples. The limitation of this
method is that organisms with same16S rRNA gene sequence may be classified as
the same species in a 16S analysis, even if they are from different species. Thus 16S
rRNA based analysis is not always accurate to distinguish between the closely
related species and strains. The 16S rRNA based sequence analysis groups the
identical sequence (>97%) into OTUs which are analyzed at each taxonomic
level, but defining at species level is not precise (Ranjan et al. 2016).

Shotgun metagenomic sequencing is a method of sequencing the total DNA
present in a given environmental sample. Shotgun metagenomic approach is used
for complete genome sequencing of microbes present in an environmental sample
and has the ability to identify the majority of the organisms present in the environ-
mental sample (Sharpton 2014). Shotgun metagenomic sequencing with the help of
next-generation sequencing (NGS) platform, many samples can be sequenced in a
single sequencing run with high sequence coverage per sample and eventually it will
help detect very low abundance members of the microbial community (Ghosh et al.
2019). Shotgun metagenomic studies can be performed through two approaches:
(1) Sequence-based screens that give idea of the microbial diversity and genomes
present in as a particular environmental sample and (2) functional screens that
identify the functional gene products do not reveal the bacterial species that express
the functional gene products (Madhavan et al. 2017). The bacterial diversity and
relative abundance of species in environmental samples vary tremendously based on
the type of the samples. Therefore, it is very important to have rough probable
bacterial diversity and relative abundance of species in an environmental sample
before initiating whole metagenomic study as it will help determine the required
sequencing depth and data generation for proper coverage. Higher sequencing depth
provides better detection of rare taxa (Sharpton 2014).
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24.8 Metagenomics Workflow

The metagenomic workflow depends on the sequencing platform being used to
sequence the metagenomic DNA library. Metagenomic analysis is a well-designed
process that involves series of steps. The first step is the sampling process which is
very essential for the downstream applications. After that total DNA was extracted
from the samples under investigation using a suitable DNA extraction protocol. The
choice of DNA extraction depends on the physicochemical properties of each
sample. For example, soils encompass many components (such as humic and fulvic
acids) that are also extracted with the genomic DNA and reported to create problems
during downstream experiments (Young et al. 2014). Therefore, the DNA extraction
methods have to be optimized for each type of environmental samples to get good
quality total DNA (Finley et al. 2016; Lim et al. 2016; Gupta et al. 2017). Nowadays
various commercial metagenomic DNA extraction kits are available that take care of
the probable inhibitors and allow the extraction of almost pure metagenomic DNA.
After that metagenomic DNA library is prepared by fragmenting the DNA into
different sizes (for easy cloning into suitable vector) followed by attaching specific
adaptors to the DNA fragments (van Dijk et al. 2014). There are two different
approaches of library construction, viz., meta-pair library consisting of long frag-
ment insert and the paired-end libraries that are characterized by short fragment
insert (Simon and Daniel 2017). The DNA fragments obtained are cloned into the
proper cloning vector. For small DNA fragments plasmid vectors are usually used,
whereas up to 40 kb fragments may be cloned into cosmid or fosmid vectors. When
the fragments size exceeds 40 kb, cloning is performed using bacterial artificial
chromosome (BAC) vectors (Simon and Daniel 2017). The libraries are sequenced
using appropriate sequencing platform. As the sequencing technologies are improv-
ing day by day, the procedure for library preparation has also been modified to match
the technology requirements. For example, sequencing of metagenomic DNA in a
next-generation sequencer doesn’t require vector-based cloning procedure; instead,
the library can be prepared directly from the metagenomic DNA and hence reduces
the chance of DNA cross-contamination (Mardis 2008). In addition, each next-
generation sequencing technology/platform uses different procedure to prepare
library and their subsequent sequencing.

24.9 Sequencing Platforms

The first-generation sequencing techniques, viz., chain termination (Sanger and
Coulson 1975), and chemical sequencing approaches (Maxam and Gilbert 1977)
were developed during the 1970s. But, only the Sanger sequencing method has got
immense applications and is sustaining till date because of its simplicity and having
options to scale up (Schadt et al. 2010). Although the Sanger sequencing has been
used widely by researchers, this approach still has some limitations such as high cost
and low throughput (Metzker 2010). Because of certain shortcomings of Sanger
sequencing technique, the next-generation sequencing techniques have emerged in
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2005 (Varshney et al. 2009) which improved the metagenomic sequencing process
many fold. Microbial diversity and their functional relationships to other microbial
communities can be understood through metagenomic approaches using NGS plat-
form. The next-generation sequencing has paved the way for identifying organisms
directly from the environments without any further preparation (Sogin et al. 2006).
The NGS technology has made possible to generate large sequencing reads in
parallel bypassing the conventional steps that involve vector-based cloning proce-
dure. This method decreases the probability of the DNA getting contaminated with
other organisms (Mardis 2008). The numerous advantages of next-generation
sequencing platforms have led to the development of several platforms including
Roche 454, Illumina®, Applied Biosystems SOLiD sequencer, and Ion Torrent.
These next-generation sequencing platforms utilize optical sensors or
semiconductors that detect luminescent/fluorescent signal produced when a new
base is incorporated during the new strand synthesis (Garrido-Cardenas et al.
2017). The basic workflow of metagenomic analysis using NGS includes DNA
extraction, library construction, and automated sequence analysis (Vincent et al.
2017). However, NGS is limited by several issues including short-read length, PCR
biasness that is introduced by clonal amplification and detection issues of the
fluorescent-based signaling (Schadt et al. 2010). The advent of third-generation
sequencing (TGS) or single-molecule-sequencing technologies (SMS) has
eliminated many of these limitations by omitting the PCR before sequencing and
generation and capturing of the signal in real time by monitoring the enzymatic
reaction (Schadt et al. 2010; Korlach et al. 2010). The different TGS platforms
include Helicos biosciences (HeliScope) PacBio technology/SMRT sequencer, and
Oxford Nanopore technology (Shuikan et al. 2020).

24.10 Metagenomic Data Analysis

A number of bioinformatics tools are currently available to analyze the metagenomic
data. However the choice of tools varied depending on the type of analysis required.
Some of the common tools used for bioinformatics analysis of metagenome data are
discussed here. Microbial taxonomy and phylogeny continue to be analyzed with the
most common approach of using 16S rRNA gene sequence strategy (amplicon
sequencing). Several bioinformatics tools are available for the analysis of 16S
rRNA gene sequences, viz., QIIME, MOTHUR, DADA2, UPARSE, and minimum
entropy decomposition (MED) (Niu et al. 2018). The QIIME software is designed
for the analysis of data obtained from Illumina or other NGS platforms. It analyzes
NGS data using graphics and statistics. The steps include demultiplexing and quality
filtering of raw data, OUT picking, taxonomic assignment, and phylogenetic recon-
struction, and diversity analysis and visualization (Schloss et al. 2009; Caporaso
et al. 2010). Generation of operational taxonomic units (OTUs) from the NGS data
can be done using the UPARSE tool (Edgar 2013). The UPARSE software filters the
low quality reads and trims reads into equal lengths, removes singleton reads, and
then clusters the remaining high quality reads (Edgar 2013). Analysis of community
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sequence data can be achieved through a flexible and comprehensive software
package called MOTHUR. Several metagenomic data analysis software are avail-
able including MetaPhlAn2 (Truong et al. 2015), Kraken (Wood and Salzberg
2014), CLARK (Ounit et al. 2015), FOCUS (Silva et al. 2014), SUPERFOCUS
(Silva et al. 2016), and MG-RAST (Aziz et al. 2008; Meyer et al. 2008) to analyze
the metagenomic data to species-level. These software are programmed to profile
organisms in environmental samples and to determine their abundance.

The metagenomic approach not only provides detailed knowledge of the uncul-
tured microorganism but also allows gene profiling along with the microbiome
membership (Shakya et al. 2019). These approaches have provided a greater insights
into diverse world of microbiome by providing information about the presence of
different organisms or genes but failed to provide information on the active members
of the microbiome (Shakya et al. 2019). To get a better insights into how a microbial
community interacts with their varying environmental conditions at different time
point, what roles they play in a particular ecosystem, and more specifically, their
interactions with biotic and abiotic environmental factors, scientists have adopted
other “omics” strategies, viz., metatranscriptomics and metaproteomics
(Rechenberger et al. 2019; Sujun et al. 2019; Li et al. 2019; Salazar et al. 2019;
Amato et al. 2019; Wang et al. 2020). A combination of these meta “omics” tools
can provide information on the complex microbial communities (Gude 2015). These
two “omics” techniques are discussed briefly in the following sections.

24.11 Metatranscriptomics

Metatranscriptomics is the study of the complete set of transcripts in terms of their
expression and function in environmental samples under certain conditions.
Metatranscriptomic sequencing provides direct access to culturable and
non-culturable microbial transcriptome information by large-scale, high-throughput
sequencing of transcripts from all microbial communities in specific environmental
samples (Li et al. 2019). It offers an opportunity to understand the regulation of
complex processes in microbial communities and provide new insights into poorly
known biological systems (Shakya et al. 2019).

24.12 Workflow of Metatranscriptomic Sequencing

In simple terms metatranscriptome sequencing consists of the following steps: total
RNA extraction from the sample, removal of rRNA, quality testing, fragmentation,
library preparation and its quality testing. The qualified library is sequenced using
NGS platform (mostly Illumina sequencing platform). The raw data obtained by
sequencing is analyzed using appropriate bioinformatics tools (Peimbert and Alcaraz
2016).

Due to the highly complex nature of the microbial communities of different
environment, the metatranscriptomic studies require high-throughput sequencing
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data and most preferably short sequence reads (e.g., generated from Illumina
sequencing technology) with proper sequencing depth to produce quality results
(Peimbert and Alcaraz 2016). However, to decide the right parameters such as depth
of sequencing for metatranscriptomics is highly difficult as the most of the informa-
tion about the sample including microbial composition, relative abundance of
different microbial community, size of genomes, and relative expression of the
genes of diverse microbial communities are unknown (Shakya et al. 2019). The
advantage of long read sequencing technique is the ability to generate full-length or
almost full-length mRNAs which may be used to select the different gene isoforms.
However, till date the various long read sequences are basically used as supporting
reads for metatranscriptome studies or other genomics studies (Pollard et al. 2018).

The analysis of NGS data starts with quality control (QC). Quality control of
NGS data means removal or trimming of low quality reads in order to reduce errors
in the later downstream analysis. For this purpose different tools, viz., FastQC
(Andrews 2010), FaQCs (Lo and Chain 2014), fastp (Chen et al. 2018), and
Trimmomatic (Bolger et al. 2014) are mostly employed. As stated earlier, almost
90% of the extracted total RNA is occupied by rRNA, it is therefore necessary to
remove these rRNA prior to library preparation. However, if not removed during
library preparation, the rRNA sequences can also be removed after sequencing by
applying tools like SortMeRNA (Kopylova et al. 2012) and barrnap (Seemann
2014).

The preprocessed, high-quality reads may be assembled using de novo
assemblers into putative transcripts and can provide a reference set of genes of
microbial communities that are inadequately characterized based on reference
genomes. This also allows direct detection of homologous genes, determines taxo-
nomic origin, and also helps in expression analysis by providing the reference
sequence. A number of assemblers such as MEGAHIT (Li et al. 2015), IDBA-UD
(Peng et al. 2012), and metaSPAdes (Nurk et al. 2017) have been developed and are
being used to assemble complex metagenomes. However, the effectiveness of these
assemblers in reconstructing transcripts has yet to be reported (Shakya et al. 2019).
Some assemblers such as Trinity (Grabherr et al. 2011), Oases (Schulz et al. 2012),
Metavelvet (Namiki et al. 2012), which were actually developed to assemble
transcripts from a single organism have also been used to assemble
metatranscriptome sequence data (Celaj et al. 2014; Shakya et al. 2019). Some
examples of de novo assemblers that are designed precisely to assemble
metatranscriptome sequence data include IDBA-MT (Leung et al. 2013), IDBA-
MTP (Leung et al. 2014), and Transcript Assembly Graph (Ye and Tang 2016).
These tools consider the complex nature of microbial communities as well as the
unique features of transcripts (Shakya et al. 2019). To assemble mRNAs with very
low expression, IDBA-MTP tool can be used (Leung et al. 2014).

At present, the de novo assembly for metatranscriptomic data sets is under
developmental stage and only few tools have been dedicatedly developed for
metatranscriptomics data analysis. Their efficacy on various datasets, hardware
requirements, or memory depending on the community complexities and data
volume has yet to be established (Shakya et al. 2019). The assembled data is then
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used to get taxonomic profile, functional annotation, and differential gene expression
(Peimbert and Alcaraz 2016).

The tools that are used for the taxonomic profiling of shotgun metagenomic data
can also be used to perform taxonomic assignments of the metatranscriptomics data.
Taxonomic profiling metatranscriptomes data with short reads or contigs may be
performed using certain tools (Neves et al. 2017) such as Kraken (Wood and
Salzberg 2014), GOTTCHA (Freitas et al. 2015), and MetaPhlan2 (Truong et al.
2015). Tools like Centrifuge (Kim et al. 2016a) and Kraken2 (Wood et al. 2019) can
be applied to get taxonomic profile of long reads or full-length transcripts. To
evaluate the functional activity of the microbes present in the environmental samples
is one of the principal objectives of metatranscriptomics as the expressed transcripts
display a mirror image of the actual phenotype (Shakya et al. 2019). Functional
annotation of the assembled transcripts is done using functional profilers such as
MetaCLADE (Ugarte et al. 2018), HMMGRASPx (Zhong et al. 2016), and UProC
(Meinicke 2015). But these software demand predicted open reading frames as input
which are obtained using tools like FragGeneScan (Rho et al. 2010). These profilers
then perform functional assignment of the input reads using tools such as DIA-
MOND (Buchfink et al. 2014) which carries out similarity searches against func-
tional databases like KEGG (Kanehisa and Goto 2000), NCBI RefSeq (O’Leary
et al. 2016), UniProt (The UniProt Consortium 2019), etc. Other software tools or
integrated platforms such as Prokka (Seemann 2014), EDGE Bioinformatics
(Li et al. 2017; Philipson et al. 2017), and MG-RAST (Wilke et al. 2016) can be
used to do the same. These integrated tools have the capacity to perform a number of
similarity searches against different databases, carry out assembly, gene calling, and
also annotation (Shakya et al. 2019). Once annotations are completed, tools like
MinPath (Ye and Doak 2009) or iPath (Yamada et al. 2011) may be used to map
enzymatic functions to known metabolic pathways.

Besides providing taxonomic and functional description of the microbial com-
munity metatranscriptome studies can tell us about the genes that are being
expressed at a particular time point under differing conditions and environmental
parameters. Several bioinformatics tools that were originally developed to analyze
single genomes can be used to perform metatranscriptomic differential gene expres-
sion studies. A number of R packages such as EdgeR (Robinson et al. 2010), DeSeq2
(Love et al. 2014), and limma (Ritchie et al. 2015) can also be used to identify genes
which are significantly differentially expressed among a number of samples
(conditions/time points). Pathways enriched in one condition over another can be
determined with the aid of tools such as Gene-Set/Pathway Analysis (GAGE) (Luo
et al. 2009).

Bioinformatics analyses discussed above can be done by using some workflow
packages that aim to streamline the complex analysis by linking various individual
tools into a workflow that can deal with raw sequencing reads, perform taxonomic
assignments, functional annotations, as well as differential gene expression analysis
(Shakya et al. 2019). Examples of such packages include MetaTrans (Martinez et al.
2016), COMAN (Ni et al. 2016), FMAP (Kim et al. 2016b), SAMSA2 (Westreich
et al. 2018), HUMAnN2 (Franzosa et al. 2018), SqueezeMeta (Tamames and
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Puente-Sánchez 2019), IMP (Narayanasamy et al. 2016), and MOSCA (Sequeira
et al. 2019) (reviewed in Shakya et al. 2019).

24.13 Metaproteomics

Metaproteomics is the characterization of all the proteins expressed at a given time
within an ecosystem (Wilmes and Bond 2004) and is considered as an important tool
for determination of microbial functionality. The technique has been successfully
employed to understand microbial function in diverse environments (Benndorf et al.
2007; Rudney et al. 2010; Williams et al. 2010; Jehmlich et al. 2010; Bruneel et al.
2011; Habicht et al. 2011; Rooijers et al. 2011; Burnum et al. 2011; Wang et al.
2011; Lauro et al. 2011; Sowell et al. 2011).

The metaproteomic approaches typically involve the following basic steps: Col-
lection of sample from the target environment, recovery of the desired fraction of the
sample, extraction of protein, separation and/or fractionation of the extracted protein,
mass spectrometric analysis of the peptide fractions, searching the peptide sequences
against databases, and interpretation of the data. The expressed proteins and
pathways identified are then used to obtain information about how the microbes
function under a certain environment (Wilmes and Bond 2006; VerBerkmoes et al.
2009). The extreme diversity of sampling environments renders it difficult to have a
standard protocol for protein extraction, purification, quantification, and processing,
therefore optimization of the whole procedure for every environmental sample is
crucial to get proper results of the metaproteomic study (Russo et al. 2019).

After sample collection and recovery of the desired fraction of the sample,
proteins are extracted from the recovered fraction using a standard, reproducible,
and mass spectrometry (MS)-compatible protocol that gives high yield and sufficient
purity (Leary et al. 2012). Protocols for cell disruption may differ depending on the
presence of cell types in the sample. Both physical and chemical methods are used
for protein extraction. Physical methods (e.g., bead beating) are frequently used
because of its high efficiency and free from chemicals that may interfere with the
downstream workflow. Extraction buffers are used to maintain pH in combination
with protease inhibitors (to protect the protein part) and nucleases (to degrade the
DNA and RNA). The extracted protein mixture is then cleaned through precipitation
with trichloroacetic acid, acetone, or ethanol to remove any compounds that may
interfere with the enzymatic digestion, fractionation, and/or MS analysis. The clean
protein extracts are then subjected to either gel electrophoresis separation [2-D
polyacrylamide gel electrophoresis (2-D PAGE)] or in-solution digestion (Russo
et al. 2019). Due to the laborious nature and artifact (e.g., co-migration of proteins)
associated with 2-D PAGE (Schneider and Riedel 2010) in-solution digestion
followed by multidimensional LC-MS has been routinely used (Motoyama and
Yates 2008). In-solution digestion is performed to reduce disulfide bonds, alkyl-
ation, and enzymatic digestion (mostly trypsin) of the sample protein present in the
solution. The peptide mixture is then fractionated and subjected to MS analysis
(Russo et al. 2019).
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To resolve the individual peptide from the peptide mixture, multidimensional
protein identification technology (MudPIT) has been utilized (Motoyama and Yates
2008) which separates complex peptide mixtures by employing two- or multidimen-
sional chromatography. An usual two-dimensional approach fractionated the peptide
mixture first through offline liquid chromatography (LC) and then the fractions are
further separated by online LC connected to MS (Bereszczak and Brancia 2009).
Once the peptides are fractionated using LC, the peptides are ionized and analyzed
by MS (most commonly through time of flight (TOF) and ion trap. The most
frequently used ionization techniques are matrix assisted laser desorption/ionization
(MALDI) and electrospray ionization (ESI). However, tandem MS is recommended
if high mass accuracy and high resolution are required (Yates et al. 2009). The MS
provides the results as spectra and to interpret the MS spectra a number of bioinfor-
matics tools are used which use algorithms for protein identification (Muth et al.
2013). The most common algorithms used to interpret MS spectra are available in
commercial platforms such as MASCOT (Perkins et al. 1999); however, a number of
free and open-source tools are also available for the same purpose (Craig and Beavis
2004). But without an appropriate database and search parameters these algorithms
cannot produce meaningful results. Thus selecting the appropriate database and
search parameters is highly important. Once the appropriate databases and search
parameters are fixed, the algorithms give the search output a list of proteins and
taxonomic assignments. The search results in the form of a list of proteins and
taxonomic assignments need to be validated statistically and quantified using
platforms such as MASCOT or Trans-Proteomic Pipeline. Finally, proteins and
taxonomic assignments are functionally annotated using a combination of publicly
available databases, viz., UniProt knowledgebase (The UniProt Consortium 2019),
Cluster of Orthologous Groups database (Tatusov et al. 2003), the Gene Ontology
project (Ashburner et al. 2000), the Kyoto Encyclopedia of Genes and Genomes
(Kanehisa and Goto 2000), etc. The data obtained from the annotations are then
further studied to understand the biochemical composition and significance of the
target environment (Russo et al. 2019).

24.14 Conclusions

During the recent decades, rapid strides have been made in isolating and
characterizing number of prokaryotic from different ecological niches including
freshwater ecosystem. However, current estimates indicate that <1% of one million
species of prokaryotes has been identified. It is estimated that an approximately
250,000 cubic kilometers of freshwater on this planet resides in the forms of rivers,
lakes, and streams which potentially harbor diverse microbial communities.
Microbes are major contributors to the transformation of complex organic
compounds and minerals in freshwater ecosystem. The freshwater ecosystem that
acts as sinks for various organic pollutants, the microbes present in such ecosystems
act as natural scavengers. The microbes are a warehouse of beneficial resources and
also a potential source of products of industrial importance and novel enzymes. As
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such microbial communities and their functional activity are pivotal to the environ-
ment and its functioning. Given their importance, study of microbial diversity and
their functioning has been a subject of much interest. The classical methods of
isolation and characterization of microbes were limited in their methodology by
age-old techniques. However, the recent improvements in molecular methods and
techniques have helped expand our knowledge of microbial world not only from
phylogenetic and taxonomic perspectives but also from an ecological aspect. The
advent of high-throughput DNA and protein sequencing technologies has had a
profound effect on the approaches adopted for microbiological studies. The NGS
techniques have helped elucidate not only the diverse microbial community along
with deciphering their function alone or as a community in an ecological niche but
also provided a facet of the evolutionary and ecological relationships among diverse
species. The advent of new tools is also aiding in identification of novel genes and
biosynthetic pathways and may provide opportunities to develop useful products
from the microbes that remain uncultivable.
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Abstract

Plants live in a complex environment where they interact with a number of
microbial pathogens with varying lifestyles and infection strategies. Numerous
morphological, biochemical, and molecular mechanisms exist to cope with the
effects of pathogen infection. Some mechanisms are preexisting and others
induced upon infection of pathogens or attack of herbivores. Phytohormones
have been shown to play key role in plant defense, and they mediate defense
signaling cascades in plants. Phytohormones such as salicylic acid, jasmonic acid,
and ethylene have been shown to play crucial role in the regulation of defense
signaling. Understanding of function of complex defense signaling network is
important. The present chapter is aimed to study about the role of phytohormones
in induction of defense mechanism in plants. Moreover, this study covers the
defense mechanisms (existing/induced) in the plants against the phytopathogens.
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25.1 Introduction

Every living organism has a self-defense mechanism against any kind of alarming
condition. This defense response can be readily seen in animal system as compared
to plants. Plants are immovable and have developed complex defense mechanisms
those different from animals. Plants encounter the effect of external signals such as
light, temperature, minerals, water, atmospheric gases and wounding, etc. Moreover,
they are exposed with several internal signals such as signals from growth regulators,
sugars, peptides, and cell wall fragments (Swamy 1999). Moreover, plants are also
exposed with many pathogenic agents. Because of mobile nature of animals, they are
able to escape themselves from predators, while plants are fixed in soil and without
difficulty attacked by pathogens. In order to protect themselves from the attack of
microbial pathogens and herbivorous insects, plants are armed with various defense
mechanisms. These defense mechanisms may be preexisting or may be activated
upon pathogen or insect invasion. Fitness cost is involved in induced defense
responses. Plants have regulatory mechanisms that control activation of attacker-
specific defenses so that the optimal resistance is maintained and fitness cost is
minimized (Pieterse and Dicke 2007). Defense signaling in plants is the major focus
of research so as to explore the mechanism of action by which alters their responses
to various attackers and to examine how plants confront multiple consistent
interactions with attackers (Koornneef and Corne 2008).

For survival, plants have to sense attacks by pathogenic organisms and respond
quickly by stimulating suitable defense mechanisms. Primary immune response
recognizes some common features of the attacking organism and to convert this
recognition into a defense response against encountered attacker (Jones and Dangl
2006). Induced resistance acts systemically and is effective against a wide range of
attackers (Walters et al. 2007). Depending on the attacking organism, plants can
activate various induced resistance.

Phytohormones play an important role in regulating these induced defenses, and
their roles are well studied. Salicylic acid, jasmonic acid, and ethylene are
documented as crucial factor in regulation of signaling pathways of plant self-
defenses (Howe 2004; Pozo et al. 2004; Lorenzo and Solano 2005; Grant and
Lamb 2006; Van Loon et al. 2006; Von Dahl and Baldwin 2007). Further, the role
of other plant hormones such as abscisic acid, brassinosteroids, and auxin has also
been implicated in plant defense, but they are not well explored. In this chapter, an
attempt has been made to analyze various defense mechanisms in plants and the role
of phytohormones in regulation of signaling pathways involved in plant self-
defenses.

25.2 Functional Defense Mechanisms in Plants

In plants, disease may be caused by biotic/abiotic factors. Biotic factors include
living agents such as virus, bacteria, and fungi. Abiotic factors include, for instance,
nutrient deficiency, drought, dearth of oxygen, high temperature, and pollution
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(Fig. 25.1). In plant cell walls, waxy epidermal cuticle and bark are constitutive
defenses. Besides barriers, all living plant cells have capacity to identify attacking
pathogens and tendency to give response with inducible defenses encompassing
making of toxic chemicals, pathogen-degrading enzymes, and cell suicide. Basal
resistance could be activated when plant cells identify microbe-associated molecular
patterns (MAMPs) comprising particular lipopolysaccharides, proteins, and cell wall
present in pathogens.

In order to protect themselves from different attackers, plants have developed
advanced tactics to recognize the attack and to convert this perception into an
efficacious immune response (Gimenez-Ibanez and Solano 2013). Defense mecha-
nism may be structural/anatomical and biochemical (Fig. 25.2). Structural
mechanisms include preexisting and post-inflectional or induced structural. Bio-
chemical mechanisms include preexisting biochemical and post-inflectional or
induced biochemical mechanisms.

Disease in Plants

Biotic factors
Living agents such as virus, 

bacteria and fungi

Abiotic factors
Nutrient deficiency, drought, dearth of 

oxygen, pollution and high temperature

Fig. 25.1 Contribution of biotic and abiotic factors in disease

Defense mechanism in Plants

Structural/ anatomical Biochemical

Pre-existing Induced/post 
infectional

Pre-existingInduced/post 
infectional

Fig. 25.2 Defense mechanism in plants
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25.2.1 Structural Mechanisms

Preexisting structural mechanisms include various events such as quantity and
quality of wax and cuticle, shapes, size, and sites of natural openings (stomata and
lenticels). Existence of thick cell wall in tissues of plant hinders development of
pathogen. Induced structural includes cellular defense structure and hyphal sheath-
ing. Preexisting biochemical comprises inhibitors, released by plants and phenolic
compounds, tannins, glucanases, and chitinase. Postinfection response includes
hypersensitivity response (HR) and release of phytoalexins.

25.2.2 Biochemical Defense Mechanism

It includes preexisting biochemical defense mechanisms and postinfection or
induced biochemical defense mechanisms. This mechanism consists of inhibitors
released by the plants in the environments and phenolics such as tannins, glucanases,
and chitinase. Hypersensitivity response and production of antimicrobial response
such as phytoalexins and plantibodies are the part of induced chemical defense.
Plants have primary and secondary metabolite. Secondary metabolite includes
terpenoids, phenolics, and alkaloids (Fig. 25.3).

25.2.2.1 Proteins and Enzymes
Several plants and seeds comprise proteins that inhibit pathogen and pest enzymes
through the formation of complexes resulting in either blockage of active sites or
alteration of enzyme conformations. As a result, the normal function of enzyme is
reduced.

25.2.2.2 Defensins
Small cysteine-rich proteins named as defensins display antimicrobial activities.
Defensins have been first isolated from endosperm of barley and wheat.

Primary metabolite Secondary metabolite

Plant chemicals

Terpenoids, phenolics, 
and alkaloids

Fig. 25.3 Secondary
metabolite such as terpenoids,
phenolics, and alkaloids in
plant defense
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25.2.2.3 Protease Inhibitors
Protease inhibitors inhibit the protease activity of phytopathogens, and they are
characteristically expressed in response to herbivore and phytopathogen attack.
They are found to inhibit digestive enzymes including trypsin and chymotrypsin.
Recently, it has been suggested that protease inhibitors reduce nutrient availability,
which diminishes pathogen growth and may lead to the death of the pathogen
(Rodríguez-Sifuentes et al. 2020).

25.2.2.4 Hypersensitive Response (HR)
Hypersensitive response when a pathogen has capability of defeating basal defense,
plants might reply with alternative line of defense called as hypersensitive response.
This response is characterized by intentional plant cell suicide at the site of infection.
In addition to hypersensitive response, plants have an array of mechanisms compris-
ing RNA silencing to protect themselves against attackers such as viruses.

25.3 Functional Defense Signals

Plants encounter infinite number of phytopathogens with distinct modes of attack,
during their entire life span. Plants have another line of self-defense known as
induced resistance. Systemic acquired resistance is an example of induced resis-
tance, activated by microbial pathogens that cause limited infection such as hyper-
sensitive necrosis (Durrant and Dong 2004). Colonization of roots by selected
nonpathogenic rhizobacteria activates rhizobacteria-induced systemic resistance
(Van Loon et al. 1998) and wound-induced resistance which is activated upon tissue
damage (due to insect feeding) (Kessler and Baldwin 2002; Howe 2004).

25.3.1 Phytohormones in Regulation of Defense Network

Phytohormones govern the plant defense network that converts pathogen-induced
early signaling actions into the stimulation of specific defense reactions (Pieterse
et al. 2012). The phytohormones are small signaling molecules that are present in
low concentrations and are required for regulating a number of processes like
growth, reproduction, and survival of plants under various biotic and abiotic stresses
(Robert-Seilaniantz et al. 2011). Upon pathogen attack, level, composition, and
timing of the phytohormone released by plant differ within plant species. Mostly,
it is governed by lifestyle and infection strategy of attacking agents (De Vos et al.
2005a, b).

Important phytohormones include auxins, cytokinins (CKs), abscisic acid (ABA),
ethylene (ET), and gibberellins (GAs); however, brassinosteroids (BRs), jasmonates
(JAs), and salicylic acid (SA) are also considered as phytohormones (Pieterse et al.
2012). Plants have established advanced tactics to recognize the attack and to
convert this observation into productive immune response (Gimenez-Ibanez and
Solano 2013). Salicylic acid, jasmonic acid, and ethylene are the important players
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that regulate the signaling pathways. Phytohormones, abscisic acid (Mauch-Mani
and Mauch 2005), brassinosteroids (Nakashita et al. 2003), and auxin (Navarro et al.
2006) have also shown their role in plant defense, but their importance is less
understood.

25.3.2 Phytohormones in Signaling

A number of studies suggest that plant hormones like jasmonates, ethylene, and
salicylic acid are indulged in a complex signaling network in which various
pathways affect each other via positive and negative regulations (Kunkel and Brooks
2002).

Salicylic acid plays a key role in plant defense against microbial pathogens. Upon
pathogen infection, salicylic acid (SA) level increases, and exogenous application of
SA provides resistance against broad range of pathogens. Combination of positive
and negative regulation assures regulation of SA synthesis and plant defense
response. On insect or pathogen invasion, plants produce some alarm signals such
as JA, SA, and ethylene of varying composition and quantity. It is believed that the
signal is specific to induced defense response of plants (De Vos et al. 2006). The
signaling pathways, triggered by these signals, are activated which regulate defense
responses that have been found effective against different classes of attackers.
Genomic and molecular tools are being used to reveal the complexity of the
signaling mechanism involved in defense (Pieterse and Dicke 2007). Interaction
between JA and SA response pathway is the best known example of defense related
crosstalk (Bostock 2005; Beckers and Spoel 2006).

Microbe-associated molecular pattern (MAMP)-triggered immunity is activated
when highly conserved microbe-associated molecular patterns (MAMPs) is
recognized by transmembrane protein of host cell which acts as pattern recognition
receptors (Jones and Dangl 2006). The defense system activated is sufficient enough
to confront nonpathogenic microbes and some other pathogens as well. In order to
overcome these lines of defenses, the microbial pathogens have developed capability
to present virulence effector proteins in plant cells to stimulate susceptibility of
plants (Jones and Dangl 2006).

Other branch identifies microbial effectors in plant cell via nucleotide binding site
leucine-rich repeat (NB-LRR) resistance (R) proteins. It activates effector triggered
immunity (ETI) and has shown association with programmed cell death. This is
termed as hypersensitive response. Hypersensitive response is a type of defense that
inhibits microbial spread by killing infected cells. The result relies upon counterbal-
ance between the pathogen capacity to suppress plant immune system and tendency
of the plants to recognize the pathogen and to trigger specific defense mechanisms
against the pathogen.
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25.4 Pathogen Defense Response Pathways

Immunity of plant depends on two hormones, i.e., JA and SA, which are antagonistic
to each other (Glazebrook 2005). JA and SA control various types of microbes, and
they coordinate in such a complex transcriptional programming leading to resistance
of plants. Receptors for these hormones have been identified recently which are
helpful in understanding their role in plant immunity. Depending upon the encoun-
tered pathogen, the crosstalk among defense signaling pathway assists in determin-
ing which defense approach is to be followed. Attackers manipulate plants for their
own advantage by either inhibiting defense mechanisms or by modifying them
(Pieterse and Dicke 2007). For example, herbivorous nymphs of silver leaf whitefly
(Bemisia tabaci) activate SA signaling pathway as a deceiving tactic since
JA-dependent defense pathways are inhibited that give rise to increased performance
of insect (Zarate et al. 2007). Egg-derived elicitors from Pieris rapae and huge
cabbage white Pieris brassicae destroy JA-dependent defenses through SA/JA
crosstalk to provide advantage to hatching larvae (Little et al. 2007). Pathogens
manipulate plant’s signaling mechanism either by producing phytohormones or by
functionally mimicking them so as to make plant to activate inappropriate defenses
(Robert-Seilaniantz et al. 2007). For example, virulent bacteria Pseudomonas
syringae give rise coronatine that mimics the action of jasmonic acid- isoleucine
(JA-Ile) signaling (Nomura et al. 2005).

25.4.1 Nonexpressor of Pathogenesis-Related Genes1
(NPR1)-Dependent SA Signaling

Nonexpressor of pathogenesis-related genes1 (NPR1) is a master regulator,
regulating multiple immune responses including systemic acquired resistance. It is
the main node in signaling downstream from SA (Dong 2004; Durrant and Dong
2004). SA is sensed by two types of receptors, namely, NPR1 and NPR3/4;
nevertheless they have opposite actions in transcriptional regulation of defense-
related genes. NPR1 activates SA-induced defense gene expression and pathogen
resistance (Ana Radojicic et al. 2018).

NPR1 consists of an ankyrin repeat motif and a broad complex, tramtrack, and
bric a brac/poxvirus and zinc finger (BTB/POZ) domain (Maier et al. 2011). The
NPR1 gene’s promoter region consists of W-box sequences that act as interaction
sites of WRKY family protein. With the absence of microbial pathogen challenge or
SA, NPR1 is present in cytoplasm as an oligomer. On induction, NPR1 monomer is
released that enters nucleus and activates transcription of defense gene (Mao et al.
2007). SA influences NPR1 action at two stages:

1. Triggers NPR1 gene expression
2. Stimulates translocation of NPR1 into nucleus
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Salicylic acid-mediated immune defense is moved to nucleus upon endoplasmic
reticulum (ER) stress-induced reduction of the cytosolic redox potential, which is
usually induced by SA (Ya-Shiuan Lai et al. 2018). SA-induced alteration in cellular
redox state causes reduction of two cysteine residues (Cys82 and Cys216) by
TRX-H5 and/or TRX-H3 (Mao et al. 2007). Variations in cellular redox state can
be detected by NPR1 in plants. Oligomeric form of NPR1 which remains inactive is
transformed to active monomer through redox modification of Cys residues which is
catalyzed by thioredoxins. This NPR1 moves in nucleus and triggers NPR1-
associated genes (Fig. 25.4). Binding of SA makes NPR1 stimulation and controls
nuclear levels of NPR1 by proteasome-mediated degradation. NO-mediated
S-nitrosylation supports formation of NPR1 oligomers (Gonzalez-Bosch 2018).

Hormone signaling pathway starts with the interaction between the hormone
ligand and the respective receptor which leads to amplification of the signal, thereby
leading to some alterations in expression of genes in nucleus (Lumba et al. 2010).
Phytohormones such as ABA, SA, CK, and ET start signaling in cytoplasm and then
propagate from cytoplasm to nucleus (Santner and Estelle 2009; Fu et al. 2012;
Pieterse et al. 2012). Plant nuclear receptors do not belong to transcriptional factors,
but they work on directly or just upstream of transcriptional regulators (Chini et al.

Absence of 
pathogens or SA

Pathogenic challenge

NPR1 and SA 
signaling

Formation of monomer 
NPR1 through 
reduction of Cys

NPR1 exists as oligomer

Active form of NPR1 
translocates in nucleus

Oligomer form is 
inactive and located in 
cytoplasm

Activates expression of 
NPR1 responsive genes

Fig. 25.4 NPR1-dependent SA signaling (Gonzalez-Bosch 2018)
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2009; Fonseca et al. 2009). This pathway is a direct regulator of gene expression,
directly responsive to ligand concentration leading to speedy stimulation of defense-
associated genes that decide the nature and efficacy of immune response activated by
pathogen.

25.4.2 NPR1-Independent SA Signaling

Few characteristics of defense are governed by SA-dependent, NPR1-independent
signaling pathway(s) (Shah et al. 2001; Murray et al. 2002). Study suggested that
NPR1-independent pathways can too trigger PR expression and disease resistance
(Kachroo et al. 2001). Involvement of NPR1-independent SA signaling in plant
defense has been suggested (Takahashi et al. 2002).

25.4.3 Jasmonic Acid-Dependent Defenses

Jasmonic acid, a fatty-acid-derived molecule, has role in pollen and seed develop-
ment, and it also provides defense against wounding, insect pests, ozone, and
microbial pathogens. Jasmonate originated from alpha-linolenic acid in membrane
of plastid (Schaller and Stintzi 2009). JA has a crucial role in harmonizing various
physiological processes. It has played role in activation of immune responses to most
insect herbivores and necrotrophic microorganisms (Glazebrook 2005). The active
form of hormone found in nature is (+)-7-iso-JA-L-Ile.

25.4.4 Antagonistic Crosstalk Between Jasmonic Acid
and Salicylic Acid

Plant defense activation denotes allocation and ecological costs. For instance,
allotment of defense assets against pathogens may suppress competence of plant to
respond to different invaders (Pieterse et al. 2012). So there is an antagonistic
relationship between SA and JA which optimize immune response against particular
attackers. Biotrophic pathogens frequently need SA signaling, while necrotrophic
pathogens mostly trigger jasmonate/ethylene (JA/ET)-dependent pathway. Crosstalk
between these two independent signaling may cause synergistic or antagonistic
behavior (Silvia Proietti et al. 2013). SA inducing biotrophic pathogen-infected
plants suppresses JA-dependent defense (Spoel et al. 2007).

Jasmonic acid and salicylic acid are important as they act as primary signals in
regulating plant immune response (Robert-Seilaniantz et al. 2011; Pieterse et al.
2012). Increased resistance against necrotrophs is associated with elevated predis-
position to biotrophs and vice versa (Grant and Lamb 2006). Auxins, ABA, BRs,
CKs, ET, GAs, and oxylipins work as modulators of immune signaling network and
calibrate hormonal balances so as to become resistant to attacker that invades plant
(Robert-Seilaniantz et al. 2011). Cooperative involvement of the hormones
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throughout plant and microbial pathogen interactions is vital for accomplishment of
interaction.

25.4.5 Ethylene-Dependent Responses

Ethylene gives resistance in some interactions but stimulates disease production in
others. Ethylene works with JA to regulate defense against necrotrophic pathogens.
The phytohormone ethylene is recognized by many membrane-located receptor
proteins named as ETR1 (ethylene response 1), ETR2 (ethylene response 2),
ERS1 (ethylene response sensor 1), ERS2 (ethylene response sensor 2), and EIN4
(ethylene insensitive 4) (Hua and Meyerowitz 1998).

25.4.6 Auxin, Abscisic Acid, and Gibberellic Acid

Phytohormone auxin has been shown to affect almost all aspects of plant growth and
development. It has been suggested that numerous plant pathogens can either form
auxin themselves or alter the biosynthesis of host to hinder normal development
processes of host (Chen et al. 2006; Robert-Seilaniantz et al. 2007). Abscisic acid
has been shown to play important role in the adaptation to abiotic stress. Its role in
biotic stress responses is not recognized very well. ABA showed negative regulatory
effect in disease resistance (Bari and Jones 2009; Ton et al. 2009). It has been shown
that exogenous application of ABA blocks SA accumulation and suppresses resis-
tance to P. syringae in Arabidopsis (Mohr and Cahill 2003). The role of gibberellic
acid, a growth-promoting phytohormone, in defense response is less explored. Rice
dwarf virus inhibits production of ent-kaurene oxidase, a GA biosynthetic enzyme.
This leads to decrease of GA levels and a dwarf phenotype which is alike to
GA-deficient symptoms (Zhu et al. 2005).

25.5 Reactive Oxygen Species Are Key Signals That Mediate
Defense Gene Activation

The generation of reactive oxygen species (ROS) via oxygen consumption is the
initial cellular response on pathogen recognition. Apoplastic production of superox-
ide (O2

�), or hydrogen peroxide (H2O2), has been recorded on recognition of various
microbial pathogens (Auh and Murphy 1995). In plants, ROS strengthens host cell
wall through glycoprotein cross-linking (Lamb and Dixon 1997) or lipid peroxida-
tion and membrane damage. ROS are key signals that mediate defense gene activa-
tion. ROS plays a regulatory function in defense in conjugation with SA and nitric
oxide. Various enzymes are involved in apoplastic ROS generation on pathogen
recognition. The NADPH oxidase, also named as respiratory burst oxidase, has been
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primarily explored in mammalian neutrophils as a multicomponent complex
enabling microbial killing (Lambeth 2004).

25.6 Transcription Factors in Defense Against Pathogens

Transcription factors play various roles in plants like defense against pathogens. Five
TF families play important role in plant defense mechanisms: WRKY, APETALA2/
ethylene responsive factor (AP2/ERF), basic helix-loop-helix (bHLH), basic-domain
leucine-zipper (bZIP), and NAM/ATAF/CUC (NAC) (Choi 2015). Transcription
factor expression is induced or suppressed upon pathogen attack, and expression is
monitored using transcriptome analysis. Suppression and activation of plant defense
genes are regulated by WRKY family transcription factors. Suppression of the
multiple defense signaling mechanisms by CaWRKY70 promotes susceptibility in
chickpea under Fusarium oxysporum stress condition (Chakraborty et al. 2020).

25.7 Conclusion

Various morphological, biochemical, and molecular mechanisms exist in plants to
protect them against pathogens and herbivores. Induced resistance mechanism is
found effective against the disease causing agents. Phytohormones regulate induced
defenses and mediate defense signaling cascades. This study highlighted the under-
standing of complex defense signaling in plants. It would be helpful to uncover
mechanism of regulation of induced defense in plants.
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Abstract

In this terrestrial ecosystem, plant is the major creator. With the help of composite
root system, they use soil resources. Here the role of rhizosphere comes into
consideration which keeps intact the varied microbial communities which even-
tually affects biogeochemical cycling, plant health and nutrition. But the minutes
of mechanisms of plant–microbe interaction is still not explored properly. Thus, it
is required to advance new experimental approach adapted to these
microorganisms to unveil functional diversity of microbes and the actions they
perform in situ in the soil because of various ecological limitations. One of the
recent approaches developed for microorganisms is metatranscriptomics. It helps
in characterization of genome in community and also explores gene expression
patterns. This approach is thus helpful to develop another comprehension on the
components that administer plant–organism communications in the rhizosphere.
This chapter comprises review on different metatranscriptomics approaches to
explore microbial community transcriptomes.
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26.1 Introduction

The chief manufacturer in this earthly planet is plants which utilize their intricate
root structures to retrieve mineral and nutrition from the soils. The communities of
microbes are nourished by rhizosphere which eventually influences nutrient avail-
ability and, thus, the plant strength. However, due to lack of proper methods which
help in complete profiling of actions done by several groups of microbes present in
rhizosphere, different mechanisms governing plant–microbe relation between
microorganism and plant host are not well stated (de Weert et al. 2006; Simons
et al. 1997; Walker et al. 2003). Metatranscriptomics enable characterization of gene
expression patterns at community level. This effective technology assures to clarify
the mechanisms governing relations between plant and microorganism. The empha-
sis of metatranscriptomics is on RNA which explains about specific genes tran-
scribed from living group. As only a small percentage of the genetic diversity
existing in earth is available in the database which is publicly accessible, the study
of metatranscriptomics combined with metagenomics is much more efficient. During
metatranscriptomics study, consideration of experiment design is crucial to explore
molecular signals linked with plant–microbe interactions within data. A disadvan-
tage of this method is that it is tough to know which among different studied
variables correlated with transcriptional patterns is really affecting the transcription.
Another way is to take control experiments along with different treatments which
could help in documentation of differentially expressed genes and various pathways.
Time (Carvalhais et al. 2013).

RNA sequencing (RNASeq) offers nearer view of living members in a commu-
nity by documenting transcripts which are expressed in a microbiome at a particular
time period exposed to a group of environmental circumstances. RNASeq could be
helpful to less expressed genes as it gives huge data which comprises the whole
metatranscriptome that consists non-coding RNAs. These non-coding RNAs could
be spotted, explained and plotted to various metabolic pathways. Next-generation
sequencing technology has potential to estimate identified targets of transcript.
Directly from the data of sequences, NGS also unveils new transcripts and transcript
variants which were previously unidentified. Study of microbial communities using
metatranscriptomics has multiplied appreciably in a short span since it was initially
introduced. Regarding capacities, the procedure has been utilized to describe life
forms in a network (Bashiardes et al. 2016), find new microbial collaborations (Bikel
et al. 2015), identify governing antisense RNA (Bao et al. 2015) and detect gene
expressions and also distinguish the relationship among pathogen and their host
(Moniruzzaman et al. 2017). Thus, in this chapter, the role of metatranscriptomics to
explore and to understand the minutes of the rhizosphere is focused, and its present
and future aspects are also emphasized.
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26.2 Basic Procedure of Metatranscriptomics Analysis

Elementary method includes sampling of soil is done, i.e. procuring rhizospheric soil
from definite area which is followed by isolation of RNA from the soil sample and
preparation of cDNA with reverse transcription followed by high-throughput
sequencing. In isolated RNA, 95–99% is rRNA due to presence of consortium. In
every cellular organism, such molecule is available and utilized widely as phyloge-
netic markers. These markers have specific conserved and variable regions which
help in the study of diverse range of similarity. In prokaryotes and eukaryotes, the
commonly used genetic markers are 16S rRNA and 18S rRNA genes, respectively.
Sequencing has led to knowing the existing taxa of organism, and also in exploring
the new one via comparing with known database of rRNA to isolate RNA from soil,
there are several approaches with few benefits and some disadvantages. The main
focus is to eliminate lignin and humic acid which could interfere with further
molecular processes (Turner et al. 2013). Different sequencing technique is used
like processing directly by Illumina technology. For the analysis of soil sample
which include different communities, read lengths approximately 120–160 base pair
along with huge sequencing depth are required. Next to sequencing, the major issue
is analysis of data which requires complete computational power for data storing and
processing. Next to it is the role of bioinformatic to decipher valuable outcome from
nucleotide sequences (Yilmaz et al. 2011; de Bruijn 2011). Examples of such
bioinformatic tools are the basic local alignment search tool (BLAST), HMMER,
USEARCH and MEGAN (Turner et al. 2013) (Fig. 26.1 and Table 26.1).

26.3 Role of Metatranscriptomics in Rhizosphere

26.3.1 Understanding the Functional Diversity Existing
in Rhizosphere

Soil is a hotspot for diverse group of microbial entity forming a very complex
environment. It is encompassing thousands of different species of bacteria in 1 g
of soil sample, where a larger portion of these population are unknown and unculti-
vable on standard microbiological media (Rappe and Giovannoni 2003). Hence, to
analyse the functional diversity existing in soil microorganisms, metatranscriptomic
assay is used. For example, from a forest soil, cDNA library is constructed using
extracted polyadenylated mRNA. This cDNA library consists of diverse expressed
genes present in different organisms of the soil microbiome, which serve as its
metatranscriptome. Furthermore, to evaluate diversity of the organisms conferred to
the library, sequencing of a portion of 18S rDNA gene is done, which is either
amplified from soil DNA or reverse transcribed from extracted polyadenylated
mRNA. The output sequencing shows that most of the sequences are contributed
by fungi and unicellular eukaryotes (protists), i.e. about more than 70%, and the rest
30% mostly constitute metazoa. In the soil samples, more than 180 species could be
found as per calculation of richness estimators. There is no homology found in the
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databases (32%) as well as for genes coding proteins needed for different cellular
and biochemical processes, when sequencing of 119 cDNA from identified genes
was done. With a marked under-representation of the protists, there is on
overlapping observed between the taxonomic distribution of the18S rDNA genes
and the cDNA. From such an environmental cDNA library, a specific gene could be
isolated by using Saccharomyces cerevisiae, a heterologous microbial host. This is
explained by the functional complementation of histidine auxotrophic yeast mutant
by two cDNA derived probably from a basidiomycete and an ascomycete fungal
group. To reveal the adaptations to local environmental conditions by the whole
microbial communities, metatranscriptome studies are potentially used, which open
an access to abundant genes source of biotechnological interest (Bailly et al. 2007).
Furthermore, for kingdom level changes in the rhizosphere microbiome of plants,
comparative metatranscriptomics studies are more useful. To maintain the plant
health and productivity and biogeochemical cycling, rhizospheric plant–microbe
interactions playing important roles, this is not yet understood properly. From soil
and rhizospheres of different crops, the global active microbiomes could be analysed
using RNA-based metatranscriptomics. For example, wheat, oat, pea and an oat
mutant (sad1) deficient in production of antifungal avenacins were used in an

Table 26.1 Software and tools utilized in metatranscriptomics

Software
name Function Reference

SortMeRNA It is a core algorithm tool used for filtering and
mapping of reads

https://bioinfo.lifl.fr/RNA/
sortmerna/

BLASTN It is a core algorithm used for searching an
unknown nucleotide sequence in NCBI database

http://nebc.nox.ac.uk/
bioinformatics/docs/blastn.
html

KAAS With help of BLAST, it gives functional
annotation of genes through comparing it with
KEGG GENES database

https://www.genome.jp/
kegg/kaas/

MG-RAST This analyses the quality of sequence and with
nominal input automatically annotation is done by
comparing with respect to various reference
databases

Keegan et al. (2016)

COMAN This tool provides functional annotation, study of
co-expression network relative statistical study

Ni et al. (2016)

MLST This provide analysis of genetic diversity https://pubmlst.org/
general.shtml

Diamond It is a software which provides crystal structure
and assembles the functions

https://www.crystalimpact.
com/diamond/

MEGAN This gives analysis of huge sequencing data and
provides taxonomical and functional information

https://omictools.com/
megan-tool

HMMER This tool is used in the alignment of sequence and
preparation of homologs of sequence

http://hmmer.org/

Bowtie2 It is a quick and effective tool for alignment of
sequence reads to lengthy reference sequences

http://bowtiebio.
sourceforge.net/bowtie2/
index.shtml
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experiment and studied. According to the plant species used and bulk soil taken, the
rhizosphere microbiomes were differed. Therefore, a dramatically different rhizo-
sphere community was observed as wheat and oat (cereals) had a much weaker effect
on the rhizosphere than pea (a legume). The pea rhizosphere was tremendously
enriched in fungi, whereas all other rhizospheres were more enriched with
nematodes and bacterivorous protozoa. H2 oxidation (pea), cellulose degradation
(cereals) and methylotrophy (all plants) were also included, when selection of
metabolic capabilities of rhizosphere colonization was done. Anacins have a broader
role than protecting from the plant fungal pathogens, as in the sad1 mutant the
eukaryotic community was greatly altered, whereas in oat, it had a little effect on the
prokaryotic community. To avoid biasness of polymerase chain reaction,
metatranscriptomics profiling of microbial communities allows comparison of rela-
tive abundance across all domains of life and from multiple samples. Between
plants, particularly at the kingdom level, profound differences in the rhizosphere
microbiome can be revealed by metatranscriptomics studies (Turner et al. 2013).

26.3.2 Plant-Derived Compounds in the Rhizosphere

Carbon-containing substances liberated from plant roots are called rhizodeposits. It
also includes root exudates, volatile compounds and sloughed off cells/tissues. A
large proportion of non-volatile rhizodeposits is contributed by root exudates
released from at root apices (Dennis et al. 2010), i.e. composed of organic acids,
amino acids, carbohydrates and secondary metabolites which help in attracting
beneficial motile bacteria towards roots (Shi et al. 2011). This is also done by
released border cells of roots, which later compete with attracted foreign pathogenic
microbes for nutrients, space and energy, thereby preventing the disease to occur.
Modification in the bacterial attachment and nematodes immobilization also ensue
due to some compound released from active border cells (Hawes et al. 2000; Vicre
et al. 2005). It is also reported with strong evidence that rhizosphere microbial
communities are being influenced by carbon-containing components present in
root exudates and in other pools of rhizodeposits (Dennis et al. 2010). Root exudate
profiles are also influenced by variety of factors such as developmental stage of crop
(Gransee and Wittenmayer 2000), crop species (Lesuffleur et al. 2007), nutrient
status of soil (Carvalhais et al. 2011) and soil type (Berg and Smalla 2009).
However, in some instance, the substances involved in plant–microbe interactions
may be released from the microorganisms themselves (Dennis et al. 2010). There-
fore, it is uncertain how much extent the plant is controlling the rhizosphere
microbial communities, while the mechanisms of interspecies relationships are of
even greater concern, in terms of knowledge gap. To address this problem,
metatranscriptomics could be used as a powerful approach to elucidate the level of
microbial gene expression profiles being influenced by the exudates. For assessing a
particular trait, mutants of plant can be used, which may be helpful in improving
plant health and productivity. In Arabidopsis thaliana, a single mutation on the ABC
transporter gene abcg30 may alter the chemical profile of root exudates, thereby
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affecting the soil microbial community profiles (Badri et al. 2009). So correlation
can be made between changes in root exudate profiles and abundances of microbial
transcripts. This would be helpful in highlighting the components of rhizodeposits
that probably influence the structure and activity of specific rhizosphere microbial
populations. After validating the correlation, rhizodeposition patterns could be
changed accordingly to increase (e.g. PGPR) or decrease (e.g. pathogens) the
abundance of specific targeted rhizosphere population (Carvalhais et al. 2013).

26.3.3 Exploring Climate Change Impact on Microbiomes
of Rhizosphere

On plant growth, the effect of elevated level of atmospheric CO2 is well established,
while its consequences on the activity and structure of below-ground biota remain
ambiguous. It can be explored with the help of transcriptomic. In an experiment
which was carried out in grassland microbiomes for 2 years, i.e.in 2015 and 2017,
where effects of elevated CO2 on its composition and activity were well observed in
2015, i.e. in elevated atmospheric eCO2 plots, the amount of eukaryotic mRNA and
rRNA isolated from rhizospheric soil was reduced in comparison to bacteria. No
such effects were found in 2017 as temperature of summer in 2017 was quite long.
Increased production of plant secondary metabolites was also recorded by functional
analysis of root mRNA (Bei et al. 2019).

26.4 Present Status of Rhizospheric Metatranscriptomics
and Its Forthcoming Prospects

In recent past, research based on rhizosphere metatranscriptomics are less, but now
its count is increasing. The reason behind its lacking may be its procedural
challenges especially when it comes to studying huge population of soil microbes
and also the nature of soil. Wide array of queries related to novel investigation could
be established through utilizing metatranscriptomics tools, i.e. by comprehensive
functional profiling of rhizospheric microbial communities. Some of the areas
related to rhizosphere which has been explored and benefitted with
metatranscriptomics are study of host ISR (induced systemic resistance), stimulated
rhizospheric microorganism, evaluation of rhizospheric gene expression profiles of
bacteria and its interaction with signalling molecules like salicylic acid, jasmonic
acid, etc. (Carvalhais et al. 2013). Moreover, initiation of next-generation sequenc-
ing has led to an upheaval, thus enhancing metatranscriptomic projects in which
maximum are study of differential gene expression studies that aims to gain a
complete vision of microbiome like total microbes, functions of genes and their
pathways. But this aim is still restricted due to absence of sufficient reference
genomes that causes poor-quality reads by datasets; thus, there is huge need to
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make efforts to gather metatranscriptomic data along with metagenomic data. Sub-
mission of metatranscriptomic information into public repositories permits large
analysis in our upcoming future and unearthing significant genes, diverse organisms,
their interactions and pathways. To exploit complete potential of metatranscriptomic
data, metadata is also submitted along with it. Submission of satisfactory metadata
should establish as a major concern of forthcoming days. For including adequate and
thorough metadata along with metatranscriptomics, several crucial approaches have
to be taken by scientific groups like MIxS (Minimum Information about any
Sequence) (Yilmaz et al. 2011). Metatranscriptomics needs massive numbers of
reads as there is abundance of microbiome membership. Thus, this field is dominated
by high-throughput short-read technologies, whereas with improvement of through-
put, the growth of long-read technologies holds great future ahead. Every aspects of
analysis like functional analysis or determination of taxonomy will be analysed with
the help of longer reads. Moreover, it will also deliver dissimilar genes with high
likeness, better transcript isoform’s resolution and polycistronic operons. The pres-
ent researches are basically achieved via a solitary short-read technology like
Illumina, and a huge number of investigative apparatuses are available to explore
every aspect of data (Shakya et al. 2019).

26.5 Conclusion

Metatranscriptomics utilization in exploring microbiome of rhizosphere assists in
reframing and raising familiarity with the known and known microbes, knowledge
about their communities and interactions within them. It also provides the molecular
explanation about restricting pathogenic attack by rhizospheric microbes on the host
and advancement of metabolic pathways productive of managing with ecological
contaminant (Kothari et al. 2017). Further, metatranscriptomics data can easily be
linked coupled with numerous acknowledged microbial metabolic pathways, partic-
ularly for gene sequences that encode enzymes, regardless of their taxonomic
assembly. Additionally, numerous metagenome scale models could be built using
genome-scale models of completely sequenced microorganisms which would delin-
eate biochemical processes in an extensive way and may perhaps permit to measure
biochemical exercises of microbial network. Thus we observed that
metatranscriptomics encourages all-encompassing evaluation of community-level
reactions of multi-territory communications by expression of genes under trial
circumstances (Carvalhais et al. 2013). This technology could be likewise extended
to understand symbiotic nature of microbes developing novel consideration towards
the intricate rhizosphere and making easy for further studies on plant–microbe
interactions (Kothari et al. 2017) and thus to develop new tactics to use rhizospheric
microbes in different fields especially in agriculture.
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Abstract

To discover the novel functions and pathways in microorganisms for various
reactions, a metatranscriptomics is a suitable tool. The use of culture-based
techniques leads to the limited information of microbial communities regarding
their composition and utilities. Identification of uncultured organisms can be done
by molecular-based techniques in a culture-free manner. Metatranscriptomics is
the study of the function and activity of the complete set of transcripts (RNA
sequences) of microbiome from environmental samples. The functional study of
microbial communities can be done by next-generation sequencing (NGS)
techniques. This will provide the whole metatranscriptomics data including
biogeochemical cycles, pathogenic processes, metabolism, and development.
The advancement of high-performance bioinformatics tools helps to improve
our understanding regarding microbial communities. In this present study, a
review is given on microbial community transcriptomes using computational
metatranscriptomics approaches. The different available bioinformatics tools
will also be discussed here for computational analysis of the data to study the
evolutionary processes in a specified pool of microorganisms.

N. P. Singh (*)
Department of Commercial Biotechnology, Sardar Vallabhbhai Patel University of Agriculture and
Technology, Meerut, India

Vaishali · V. Burman · V. Sharma
Department of Agricultural Biotechnology, Sardar Vallabhbhai Patel University of Agriculture and
Technology, Meerut, India

M. K. Bharti
Department of Veterinary Physiology and Biochemistry, Sardar Vallabhbhai Patel University of
Agriculture and Technology, Meerut, India

# The Author(s), under exclusive license to Springer Nature Singapore Pte
Ltd. 2021
M. Nath et al. (eds.), Microbial Metatranscriptomics Belowground,
https://doi.org/10.1007/978-981-15-9758-9_27

567

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-9758-9_27&domain=pdf
https://doi.org/10.1007/978-981-15-9758-9_27#DOI


Keywords

Metatranscriptomics · Bioinformatics tools · Computational analysis · NGS

27.1 Introduction

Over the past few decades, explosive growth in the biological information generated
had been noted by the scientific community. Modern technologies have pushed the
study of plant biology to a higher level than before as its significant role not only for
humans but also for other living organisms. Rapid technological development helps
in the analysis of biomolecules. The advent of next-generation sequencing methods
enabled the analysis of complex transcriptome, proteome, and metabolome data
(Baldrian and López-Mondéjar 2014). At the level of transcription,
metatranscriptomics means the cataloguing of all species of transcripts and their
annotation. It also analyzes the transcriptional structure of genes, splicing patterns,
and other maturation processes along with quantifying the change in expression
level of each transcript under environmental variations. They depend on technical
advancement in DNA fragment arraying as well as next-generation sequencing for
RNA transcriptomics or “RNA-seq.” It is an extremely powerful tool to unravel
genetic expression of complete genomes. For this, suitable bioinformatics software
and statistical tools were developed to analyze huge quantity of raw new type of
data. Using RNA sequencing, the expressed transcripts can be documented within a
microbiome. In certain environmental conditions, it will provide a closer gaze of
active genes. Current advancements of mass spectrometry for proteomics also offer
information of proteins which are actively expressed under such condition. Rela-
tively low expressed genes and their entire metatranscriptome can be detected by
RNA sequencing. Further, it can be annotated as well as mapped to different
metabolic pathways.

Microarray technologies were frequently explored to analyze the expression
levels of known transcripts before the development of high-throughput sequencing
(Parro et al. 2007). The advancement of next-generation sequencing technologies for
RNA makes it possible to analyze known transcript targets. This technique can also
discover the transcripts which were previously unknown. Several platforms like
Illumina, ion semiconductor, and nanopore sequencing are available now, but all
utilize nanotechnology. Every system has its own strengths as well as weaknesses,
such as different sequence read lengths and error rates (Loman et al. 2012). But each
one has been put a step to investigate the gene workings of the microbial genome.
These will bring manifold improvements in microbiome analysis techniques
(Bokulich and Mills 2012).

The current sequencing tools directly depend on the analysis of DNA. First of all
the marker-genes are amplified from mixed genomic DNA, and amplicon is directly
sequenced. Similar process can also be useful in case of RNA (reverse transcribed to
cDNA) to profile the actively transcribing genes. The amplicon sequencing provides
the taxonomic information of lower resolution as compared to metagenome
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sequencing. The current technology discussed whose results are more satisfactory
for more exploration of miocrobial genome.

Metagenome sequencing is the tool, also known as shotgun metagenome
sequencing, in which a pure DNA was taken from an entire microbial community
subjected to develop a sequencing library for complete sequencing. This will result
in reconstruction of individual genome fragments for analysis and comparison.
Metagenomics sequencing provides the functional potential of microbiome. Addi-
tionally metagenomic analysis has also been utilized for identifying novel
microorganisms and their enzymatic functions with related genes that may be useful
for bioremediation (Russell et al. 2011; Lovley 2003). It is also helpful in identifying
the host-pathogens interactions (Vazquez-Castellanos et al. 2014) and exploration of
new therapeutic strategies for various diseases in human being (Suez et al. 2014).
However, metagenomics approaches have limited role in identifying microbial
activity as compared to gene expression.

The shotgun method of RNA sequencing for metatranscriptomic gives the access
to the metatranscriptome of the microbial genome. This will allow the profiling of
complete genome of the microbiome under different conditions. Further, the
metatranscriptome sequencing will aid to identify the RNA-based regulation and
expressions of human microbiome (He et al. 2010). The result obtained is a mixed
expression profile of a given sample. This characterizes the expression behavior
entire communities under variable conditions. Metatranscriptomics deals with those
sets of genes which transcribe and exhibit activity to a given environment at a given
time (Moran 2009; Chao-Rong and Zhang 2011). Hence, the functional
metatranscriptomic is a powerful approach that characterized the genes expressed
by diverse microorganisms. This method has a significant application in biotechnol-
ogy to explore new genes of interest for bioremediation and other bio-industries.
This technique can play a significant role in the degradation of organic matter and
also make it convenient to characterize the novel genes adapted under various stress
conditions. Functional analysis of metatranscriptomics can be utilized for the analy-
sis of mRNA. That can provide regulation and expression profiles information of the
entire microbiome. The cDNA of these mRNAs can be cloned in appropriate
expression vectors and permit expression of the cloned genes particularly in
eukaryotes (Yadav et al. 2014). In this chapter, both novel findings and shortcomings
are discussed. Several available tools and workflows (Fig. 27.1) specifically
designed to analyze metatranscriptomic datasets are given below.

27.2 Process of Metatranscripomtic Analysis

The metatranscriptomic analysis involves the isolation of the total RNA including
mRNA, microRNA, and lincRNA, from the microbiome which is to be sequenced.
The RNA is then fragmented to smaller pieces and subjected to cDNA synthesis
using random hexamers or oligo (dT) primers and reverse transcriptase enzyme.
Thus a metagenomic library was constructed from that. The 50 and/or 30 ends of the
cDNA are repaired, and adapters are ligated, followed by library cleanup,
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amplification, and quantification. Finally the library is sequenced. The produced
cDNA provide the biases for transcripts quantification (Liu and Graber 2006). Semi-
direct method of RNA sequencing has been created and studied without the synthe-
sis of cDNA (Ozsolak and Milos 2011; Ozsolak et al. 2009: Hickman et al. 2013).
Still the large-scale applications of metatranscriptomics have some technical issues:

1. Collection as well as preservation methods of the RNA of the given sample.
2. Sufficient quantity of high-quality RNA isolation is one of the major limitations.
3. Average shelf life of mRNA is one of the major limitations in the analysis of

quick responses for limited time toward to environmental variables.
4. The insufficient transcriptome database is another limitation.
5. Currently available rRNA purification methods are not efficient to remove host

RNA contamination.
6. The poly-A RNA selection kits are not feasible to capture the mRNA population

in prokaryotes.

27.2.1 Role of Bioinformatics in Metatranscriptomics

The application of bioinformatic tools in metatranscriptomics analysis facilitated the
visualization of host-microbiome interactions, with the focus on primary metabolites
(Kurtz et al. 2016; Purroy and Wu 2018). NGS coupled with numerous bioinformat-
ics tools generates a spectacular technological progress in metagenomics and
metatranscriptomics. These techniques are giving insight into taxonomic profiles

RNA 
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reference 

Library Preparation

RNA -seq

Filtering reads

De novo assembly 

Annotation

Statistical analysis 

-Bulid  and transform the matrix.

-Establish samples similarity.

-Analyse differential expression.
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-Remove sequencing adapters.
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Uploded raw FASTQ file to
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Fig. 27.1 Workflow of metatranscriptomic sequencing with bioinformatics
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and genomic components of microbial communities. KEGG orthology and enzyme
codes on the iPath 3 platform are used to derive identifiers for the visualization of the
shared enzymatic modules (Darzi et al. 2018). At this platform, EC and KO identify
overlapping metabolic functions of host and microbiome using metabolic maps of
general metabolic pathways, secondary metabolism, and bacterial metabolism.
Metatranscriptomic studies shows that microorganisms are able to develop complex
tropic networks for communication through chemical signals known as quorum
sensing (Estrada-Pena et al. 2016; Ezenwa et al. 2012). However, this process is
not only shown by microorganisms, but other organisms also exhibit such signaling
(Killian et al. 2016; Valle-Gough et al. 2018; Frias-López et al. 2010).

The workflow designed for metatranscriptomic analysis has these steps:

1. Preprocess
2. Extract and analyze the community structure (taxonomic information)
3. Extract and analyze the community functions (functional information)
4. Combine taxonomic and functional information to offer insights into taxonomic

contribution to a function or functions expressed by a particular taxonomy

27.2.1.1 Preprocess
The data obtained and analyzed using typical bioinformatics software for
metatranscriptomic experiment is almost similar to that in metagenomics. There
are two strategies for this: (1) mapping sequences in reference to genes and genomes
(2) de novo assembly of new transcriptomes. Mapping sequence strategy facilitated
the RNA sequences of diverse genomes, or pathways make it easy to identify the
taxonomical classification of expressed genes of microbiome, and their function
such as mapping of metatranscriptomic sequences to KEGG database (Kanehisa and
Goto 2000), the pathways of the expressed genes during healthy, and diseased
conditions are obtained in the microbiome (Jorth et al. 2014). Bioinformatic
programs used in metagenomics are ABySS (Birol et al. 2009), SOAPdenovo
(Li et al. 2009), and Velvet-Oases (Schulz et al. 2012). These are effectively applied
for the metatranscriptome assembly of microbiomes (Shi et al. 2011; Robertson et al.
2010; Garg et al. 2010; Ness et al. 2011). However, the Trinity program is efficient in
recovering full-length transcripts and their isoforms especially for de novo
transcriptome assembly. Nowadays, this bioinformatics tool is frequently used for
de novo transcriptome analysis (Grabherr et al. 2011; Ghaffari et al. 2014; Luria
et al. 2014).

27.2.1.2 Transcript Taxonomy
Taxonomic profiling coupled with metagenomic data will lead to the use of similar
tools to understand actively expressing RNA in organisms. Read-based taxonomy
classification tools include KRAKEN (Wood and Salzberg 2014), MetaPhlan2
(Truong et al. 2015), GOTTCHA (Freitas et al. 2015), etc. These all are successfully
utilized and explored in the metatranscriptomics study (Neves et al. 2017). All these
tools work on nucleotide matches of short reads. But their application is restricted to
closely related members of microbiomes in existing sequence databases.
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27.2.1.3 Functional Annotation
The main goal of metatranscriptomics is to assess the functional activity of a
microbiome. The characterization of expressed transcripts explains the function of
transcripts which is a proxy of actual phenotype. Functional annotation of genes can
be conducted using contigs or reads, whereas functional profilers based on reads are
UProC (Meinicke 2015), HMM-GRASPx (Zhong et al. 2016), and MetaCLADE
(Ugarte et al. 2018). They require very specific databases and accepted predicted
open reading frames as input, obtained from FragGeneScan (Rho et al. 2010).
Annotation is similar for assembled transcripts of genomes and metagenomes.
Prodigal (Hyatt et al. 2010) and FragGeneScan (Rho et al. 2010) can be used to
identify genes followed by functional analysis. For this, similarity searching tools
DIAMOND (Buchfink et al. 2015) can be used which help to search functional
databases such as KEGG (Kanehisa and Goto 2000), NCBI RefSeq (O’leary et al.
2016), UniProt (Uniprot 2019), etc. Other bioinformatics software for gene finding
and annotation are Prokka (Seemann 2014), MG-RAST (Wilke et al. 2016), and
EDGE Bioinformatics (Li et al. 2017). They all can combine a similarity search
against different databases and can perform couple assembly, gene calling, and
annotation.

27.2.1.4 Differential Expression Analyses
Downstream analysis can solve numerous questions, viz., the detection of differen-
tially expressed genes, splice isoforms, and identification of up- and downregulated
pathways or single nucleotide variant (SNV) enrichments. Differential gene expres-
sion analysis tools work as per gene read counts from different RNA sequence
samples. A number of different tools were developed like EdgeR (Robinson et al.
2010), DeSeq2 (Love et al. 2014), and limma (Ritchie et al. 2015) that are frequently
used for differential gene expression studies of metatranscriptomics. These tools are
very informative and can identify genes which are differentially expressed statisti-
cally in various samples. Similar tools such as Generally Applicable Gene-Set/
Pathway Analysis (GAGE) can also be utilized to reveal various pathways (Luo
et al. 2009).

27.3 Workflow Pipelines for Metatranscriptomic Analysis

Today, metagenomic analysis will provide the access of microbial community
profiling. The analysis of metatranscriptomic can predict the profiling of gene
expression and regulatory mechanisms that will contribute extensively in drug
discovery for human fitness (Bashiardes et al. 2016). In the past few years, several
efficient Web servers have been developed for metatranscriptomic analysis (Meyer
et al. 2008; Martinez et al. 2016; Westreich et al. 2018; Abubucker et al. 2012;
Leimena et al. 2013).

Bioinformatic workflows can couple together multiple individual tools which
take raw sequencing reads. The process output results can be used for characterizing
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functional genes or differentially expressed transcripts. There are four bioinformatics
tools, i.e., MetaTrans, HUMAnN2, Leimena-2013, and SAMSA.

27.3.1 MetaTrans

It is developed to analyze the RNA sequence for taxonomic and gene expression
with quality assessment. It can also be helpful in sorting of RNA into mRNA/non-
mRNA. It is also associated with database of differential gene expression (Martinez
et al. 2016).

27.3.2 HUMAnN2

This pipeline is equipped with functional profile of community and can be used for
mapping of microbial pathways profiling. It is developed to study the metagenomics
along with metatranscriptomics. The databases like MetaPhlAn2, ChocoPhl
Anpangenome database, and DIAMOND can accelerate the functional profiling
and translated searches (Buchfink et al. 2015).

27.3.3 Leimena-2013

This tool is developed for functional annotation and mapping based on RNA
sequence data in reference to human small intestine macrobiotic data. Leimena-
2013 uses SortMeRNA and BLASTN for removal and alignment of reads in tRNA,
whereas it uses MegaBLAST for reads in mRNA for assignment as well as to predict
the phylogenetic origin (Leimena et al. 2013).

27.3.4 Annotation of Metatranscriptomes by Sequence Analysis
(SAMSA)

SAMSA is a comprehensive pipeline for metatranscriptomics analysis. It includes
four phases for gut microbiome data analysis, i.e., preprocessing phase, annotation
phase, aggregation phase, and analysis phase (Westreich et al. 2018). When SAMSA
works with MG-RAST together, it will help in analyzing the expression activity
within microbial communities.

27 Advances in Biotechnological Tools and Techniques for Metatranscriptomics 573



27.4 Metaservers for Metagenomic and Metatranscriptomics
Analysis

The bioinformatics tools discussed here can be complicated to start up any bioinfor-
matic analysis. Therefore, other open-source options can be used such as the
metaservers to analyze the data in a graphical pattern. Metaservers include a series
of programs and applications of Web service providers (Table 27.1). Mostly used
metaservers are TRUFA, Galaxy, and MG-RAST (Komobis et al. 2015; Keegan
et al. 2016; Afgan et al. 2018).

Galaxy The Galaxy project is an advanced bioinformatics tool which is easily
accessible without prior training. Galaxy makes the data-intensive research more
accessible, transparent, and reproducible. The user can do computational analyses
and track all the details for reuse (Afgan et al. 2018). This is a mutual approach that
provides a number of bioinformatic tools and software. Some of their examples are
sequence editors, FASTQC sequences, sequence mapping tool (Bowtie), data group-
ing and assembly (Trinity), metagenomic analysis programs (Kraken), and transcript
quantification. Galaxy itself contains the series of servers which offers different
programs for prediction of functional metagenome by PICRUST (Huttentowe and
Langille Lab) and for functional annotation of transcriptomes ( ANASTASIA )
(Grüning et al. 2017).

CHIPSTER It is a high-throughput customer-friendly data analysis software
(contains more than 360 tools). Its graphical interpretation enables biologists to
access a powerful collection of data analysis to visualize data interactively. Users

Table 27.1 Some websites and resources of metaservers

S. no Name Web address

1 Galaxy https://usegalaxy.org

2 Galaxy-RNA-
Workbench

https://github.com/bgruening/galaxy-rna-workbench

3 FastQC http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/

4 Bowtie2 http://bowtie-bio.sourceforge.net/bowtie2/index.shtml

5 Salmon https://combine-lab.github.io/salmon/

6 Kallisto https://pachterlab.github.io/kallisto/

7 Kraken package https://ccb.jhu.edu/software/kraken/

8 Chipster http://chipster.csc.fi/

9 Cutadapt https://github.com/marcelm/cutadapt

10 SILVA https://www.arb-silva.de/

11 Leimena-2013 https://www.ncbi.nlm.nih.gov/pubmed/23915218

12 MetaTrans http://www.metatrans.org/

13 SAMSA https://github.com/transcript/SAMSA

14 HUMAnN2 http://huttenhower.sph.harvard.edu/humann2
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can collaborate by sharing analysis and workflows for better results (Kallio et al.
2011).

TRUFA TRUFA is an easy transcriptome analysis program developed by the
Institute of Physics, Cantabria (Komobis et al. 2015). It contains several sets of
programs solely for metatranscriptomic analysis. The range of programs are assem-
bly of sequences (Trinity), quality control (FASTQC and PRINSEQ), sequences edit
(CutAdapt), transcripts quantification (RSEM and eXpress), and functional annota-
tion (BLAST2GO and HMMER).

KNIME Konstanz Information Miner enables easy visual assembly and interactive
execution of a data pipeline. It is designed to easily teach, research, and create
collaborative platform. The property of this tool enables simple integration of new
algorithms and tools, as well as data manipulation or visualization methods in the
form of new modules or nodes (De la Garza et al. 2016).

MG-RAST Metagenomic Rapid Annotation based on Subsystems Technology is
an open platform which can analyze sequences obtained from next-generation
sequencing systems (Keegan et al. 2016). MG-RAST works on the basis of quality
control of the sequences, transcript isoform detection, and functional assignment.
The results of the function such as KEEG, SEED, COG, NOG, and taxonomy
including ITS, RDP, SILVA, and Greengenes can be analyzed by this server
database. The MG-RAST tools can export data in the form of table, in FASTA
format, or in BIOM-type matrix.

BLAST2GO It is a sequence annotator and works on BLAST algorithms. It
performs its all searches through NCBI open assess network. It can accelerate the
annotation by using taxonomic filters. It allows searches of inter protein domains
(InterProScan), classification of proteins based on gene orthology database, function
enrichment analysis (Fisher’s exact test), analysis of the metabolic modules
(KEGG), etc. CLOUD-BLAST of BLAST2GO PRO version can perform several
annotations at the same time. It can also perform differential expression of transcripts
(Conesa et al. 2005).

27.5 Conclusion

High-throughput transcriptomics techniques have demonstrated their impressive
analytical potential for gene expression studies. Recently, there is the need of
more evidences to fully understand the mechanisms behind microbial communities.
More sophisticated analyses are required which include whole metabolite and
metaproteomic data analysis. This will help to understand the various biological
processes involved in the microbiome. The present chapter has the brief explanation
of various metatranscriptomics approaches and methods were discussed which can
help to study functional genomics of microbes. Various bioinformatics tools are used
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to study functional diversity and identification of novel genes which are involved in
various biological processes of the microbiome.
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Abstract

In the last few decades increased population and climatic changes are the most
severe challenge to our farmers that demands more crop productivity. To meet
this challenge, they are using limitless inorganic fertilizers and chemicals in their
field to enhance their crop production and stress management that caused a big
threat to soil degradation and also puts our fertile soils and lives of humans in
danger as these chemicals are very harmful to soil and animal health. Recently,
researchers have found plant growth-promoting bacteria (PGPB) as one of the
most promising ways to meet the needs of increasing population in an effective
manner with increased crop growth and productivity with no harmful impact on
soil, plants, and animals. Rhizospheric microbes not only help in increased crop
production but it also enhances soil fertility as well as helps the plant in mitigating
the various biotic and abiotic stresses. Thereby, exploring the beneficial
properties of these microorganisms we may improve crop growth and productiv-
ity in a sustainable way.
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28.1 Introduction

Soil is the most significant constituent for maintaining ecosystem equilibrium on the
earth. It is a crucial non-renewable reserve and is formed by chemical and biological
weathering of underlying rocks. The growing population demands advanced food
production, for which the use of chemical inputs has become mandatory. Haphazard
and non-judicious application of chemicals is harmful to animals as well as soil
health. The use of environment-friendly and potentially cost-effective microbial
bio-fertilizer could be an improved solution (Rathore et al. 2018a, b). The relation
of soil fertility and microorganisms for expression of better crop health, production,
and excellence is well known. Therefore, soil health and its protection in agricultural
production is important. According to Doran et al. (1994), soil quality (health) is the
capability of a soil to task within ecosystem and land-use boundaries, to maximize
biological productivity, maintain environmental quality, and promote plant and
animal well-being. In agriculture, preservation of ecosystem equilibrium is based
upon the dynamics of microorganisms. In soil, these microorganisms live in rhizo-
sphere and comprise a multifaceted organization of endophytes, saprophytes, and
actinomycetes, both harmful and beneficial ones. In agricultural ecosystem,
connections between plant and microbes are important areas of attention and form
the foundation for all ecosystems (Bélanger and Avis 2002). In natural system, soil is
the home of abundant microbes, comprising of beneficial and harmful ones. Micro-
flora present in soil (especially, in rhizosphere) proved their potential in the control
of soil-borne diseases by the procedure of biocontrol and microbes engaged in this
technique are referred as bioagents or biocontrol agents. Rhizobacteria also play a
crucial role to improve soil configuration and in the production of phosphatase,
â-gluconase, dehydrogenase and antibiotics, solubilization of mineral phosphates
and additional nutrients, as well as stabilization of soil aggregates (Miller and
Jastrow 2000). This actuality being known since long (Mitchell 1973) has been
incorporated with novel technologies and management systems of various pests as
“integrated pest management” (Antoun and Prévost 2005).

28.2 Soil and Crop Growth

A plant cannot complete its life cycle in the absence of certain mineral elements
which are called as essential mineral elements (Arnon and Stout 1939), and soil acts
as a source for these essential mineral elements needed by plants for their growth and
development. These essential mineral elements are classified on the basis of amount
of requirement by the plants as presented in Table 28.1. Plants get carbon, hydrogen,
and oxygen from atmosphere and take up rest all mineral elements from soil.
Nitrogen (N), phosphorus (P), and potassium (K) together they can be called as
trio as NPK along with this they also require calcium, magnesium, and sulfur in large
quantities and they all are called as macronutrients or major nutrients. Plants also
require some minerals in minute quantities and they are called as micronutrients such
as iron, manganese, zinc, copper, etc. (Table 28.1). However, the source of these
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essential mineral elements is soil and availability of these mineral elements in soil is
influenced by the microbiota present in the rhizospheric region. Therefore, to
enhance crop growth and productivity it is of prime importance to study about
rhizospheric microbiota.

28.3 Rhizosphere and Its Microbiota

Rhizosphere and its microbiota have been a striking area of research, wherein
rhizospheric microbes exist in the surrounding region of the plant roots of a variety
of crops has been center of importance. The gained curiosity towards these microbes
is not only for its latent to mineralize nutrients for plants, other than this they also
produce plant growth hormones and augment the soil with nitrogen content, thus are
being recommended as biofertilizers. Beneficial effects on growth, yield, and bio-
mass of plants have been reported for several bacterial and fungal species and strains
isolated from rhizosphere and phyllosphere. Endophytic bacteria capable of
colonizing tissues have also been detected for promotion of growth of host plant.
Rhizobium, Azotobacter, Acetobacter, Bacillus, Azospirillum, Enterobacter,
Gluconacetobacter, Paenibacillus, Pseudomonas, and various blue-green algae are
representatives of plant growth-promoting rhizobacteria (PGPR). As these bacterial
isolates are from plants’ natural habitat, thus application of such PGPRs is desirable
alternative to chemical fertilizers that ultimately impede the environment from
unwanted chemical moieties resulting in healthy soil with abundant beneficial
biomass.

Besides growth promotion certain microbes are probable biocontrol agents
skilled at antagonizing several phytopathogens and inducing systemic resistance in
crop plants (Amaresan et al. 2020). Biocontrol through microbial agents is generally
the determined exploitation of resident living organisms or introduced microbial
formulations. Quite a few strains of bacteria and fungal genera counting Pseudomo-
nas, Bacillus, Streptomyces, Agrobacterium, Beauveria Serratia, Trichoderma,
Metarrhizium, and non-pathogenic Fusarium, respectively, have proven their poten-
tial as biocontrol agents. Maintaining soil health must be a principal aim to attain, as
it acts as the first line of defense. Various activities take place in the rhizosphere and
its surroundings; unboxing and understanding these mechanisms can provide a clear
picture that how these interactions affect the plant and the pathogens.

Single strain of growth-promoting bacteria or fungi may not have a desirable
outcome at field level, merging different growth-promoting strains of potential
rhizobacteria bacteria with antagonistic properties might have a noteworthy change
in the preceding scenario.

However, the effectiveness of the action of plant growth-promoting bacteria and
other advantageous microbes depends on plant species, circumstances of their
expansion, and other factors. Clear understandings of the nature of microbes in the
formulation might reduce labor inputs in selection of bacterial species, development
of effective technologies and their application in combinations with several micro-
bial genera, species, and strains.
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28.4 Soil Microorganisms and Their Types

Microflora (bacteria, fungi, actinomycetes, etc.) comprise up to 75–90% of the soil-
living biomass and are the primary decomposers of organic matter. Two major
components of microbial biota in soil are as follows:

1. Disease-inducing microbes: These fungi or bacteria can cause disease to plants or
disgrace the soil quality by interfering with favorable microorganism(s), thereby
upsetting plant health. These soil-borne pathogens can survive in soil for count-
less years. Detection and diagnosis of soil-borne diseases or pathogens are quite
complex due to miscellaneous forms of microbes present in soil environment.
Fungal pathogens like Fusarium, Rhizoctonia, Verticillium, Phytophthora,
Pythium, and Sclerotinia and bacterial pathogens like Ralstonia solanacearum
(wilt), Erwinia sp. (soft rot), and Streptomyces scabies (potato scab) cause a great
extent of damage to crops.

2. Biocontrol agents inhabiting in soil: Soil residing microorganisms (bacteria/
fungi) are used productively for controlling diseases. Disease control and
improved crop health can be attained through a mixture of activities performed
by these soil microbes like siderophores production, hydrocyanic acid (HCN)
production, nitrogen assimilation, antibiotic production, hydrolytic enzyme
(lipase, chitinase, etc.) production, induced systemic resistance, and systemic
acquired resistance. Bacillus spp. and Pseudomonas spp. serve as exceptional
examples of biocontrol agents having important PGPR (plant growth-promoting
rhizobacteria) behavior and disease lessening ability.

However, we can also classify the soil microorganisms on the basis of their
microbial function which is as follows:

1. Decomposers: Those soil microorganisms that breaks down dead or decaying
organisms, carry out decomposition, are considered to be the decomposers and
can function in the following two ways:
(a) Microbial putrefaction (harmful fermentation): It is the procedure by which

facultative heterotrophic microorganisms decay proteins anaerobically, lead-
ing to some extent oxidized metabolites with a terrible odor (e.g.,
mercaptans, indole, and ammonia). These metabolites are usually toxic to
plants and animals. For example, Clostridium sp.

(b) Microbial fermentation: It is an anaerobic progression by which facultative
microorganisms transform complex organic molecules (e.g., carbohydrates)
into simple organic compounds that frequently can be absorbed directly by
plants. For example, Saccharomyces sp.

2. Fixers: Those microorganisms which have the ability of “fixing” atmospheric
nitrogen and/or carbon dioxide in which biosynthetic potential of a number of
microorganisms is exploited to obtain metabolic energy are considered in this
group. For example, Azotobacter.
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Classification of Soils
1. On the basis of microbial activity occurring in them

Since all these activities of soil microbes take place in the soil, soils can also be
classified on the basis of the microbial activity occurring in them which are as
follows:

(a) Disease-inducing soil: These soils are disease causing soil which means that in
this soil pathogenic microbes consist of 5%–20% of whole soil microflora.
When fresh organic matter is applied in this sort of soil, incomplete oxidized
harvest is released, which is hazardous to plants and in turn is with no nuisance
attacked by pathogens or insects. Such soils can be amended into diseases
suppressive soils by accumulation of inoculum of efficient microorganisms
(Parr et al. 1994).

(b) Disease suppressive soil: In this type, soil population encompasses microbes
that suppress the activity or growth of phytopathogens devoid of any chemical
usage (Timmusk 2003). This skill is naturally borne by the soil, which is specific
functional position (antagonistic activity) for favorable microbes (Weller et al.
2002). Antagonistic microbes like Trichoderma, Penicillium, actinomycetes,
etc. are the inhabitants of such soils generating sufficient amount of antibiotics,
which confine soil-borne pathogens like Fusarium, Pythium, etc. Plants
cultivated in such soils are healthy and seldom infected with diseases or attacked
by insects. According to Baker and Cook (1974), the suppressive soils are those
“soils in which disease severity or occurrence remains low, in spite of the
occurrence of a pathogen and a susceptible host plant”.

2. On the Basis of Abundance of Processes that Occur in It
Soils can also be classified as zymogenic or synthetic soil based on the abundance of
processes that occur in it.

(a) Zymogenic soils: These are the soils in which fermentation/zymosis like process
takes place (breakdown of complex substances into simpler ones). Microbes in
such soil come up from organic materials like crop residues, animal manures,
green manures, and community wastes as well as composts.

(b) Synthetic soils: These soils comprise nitrogen and carbon fixers so that they can
adapt complex organic matter and change them into carbohydrate, proteins, and
amino acid. Photosynthetic bacteria, phycomycetes, and blue-green algae are
distinctive examples of such soil microflora.

Soil Microbes and Their Importance
Microorganisms that exist in rhizosphere of soil and participate in active plant
growth by inducing root exudation, enhancing the accessibility of nutrients to
plant, and releasing growth regulators and assist in soil-borne infection control are
referred as rhizospheric microbes. Beneficial rhizospheric microorganisms are
broadly classified into two groups (on the basis of their major effects):
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(a) Biocontrol agents: They circuitously assist with plant productivity all the way
by inhibiting the plant pathogen activity. For example, Trichoderma spp.,
Pseudomonas spp.

(b) Plant growth-promoting microorganisms (PGPM): They apply direct effect on
plant growth promotion, e.g., Rhizobium and Glomus spp. Bacteria which have
the propensity to colonize roots vigorously (Schroth and Hancock 1982) are
called as PGPR. In order to enhance microbial population in soil of these
capable microbes, they are applied as inoculants which brought to the forefront
a new promising technology in the formulation of biocontrol agents. Soil
strength and crop form the foundation for the population of rhizobacteria in
soil and it fluctuates from species to species (Tilak et al. 2005). For soil-borne
pathogens or disease management, rhizospheric microbes come out as a
biological weapon that triggers the mechanism of disease reduction through
systemic acquired resistance (SAR) and induced systemic resistance (ISR).
Favorable microbes or disease suppressive soil microbes are those which are
constructive for plant growth and advancement by improving the soil health and
quality and providing necessary nutrients and minerals from soils which are
normally not available to the plant. For example, Bacillus, Trichoderma, Pseu-
domonas, Rhizobium, etc. Plant growth promotion engrosses siderophore pro-
duction, antibiosis, phytohormones like indole acetic acid (IAA), solubilization
of phosphate, inhibition of plant ethylene synthesis, production of volatile
compounds such as HCN, and induction of plant systemic resistance to
pathogens (Richardson et al. 2009).

1. Importance of disease suppressive soil in plant health: A soil is considered
disease suppressive, when in spite of existence of favorable conditions for
disease, a pathogen either cannot become established or even if it establishes is
unable to produce any disease symptoms or establishes and produces disease for a
short time and then declines. The methods by which disease organisms are
concealed in these soils including: induced resistance, direct parasitism (one
organism consuming another), nutrient competition, and direct inhibition by
beneficial organisms.
(a) Certain suppressive soils while pasteurized (by wet heat at 60 �C for 30 min)

drop their suppressiveness. Similarly, additional harsh antimicrobial
treatments (gamma radiation or autoclaving) have the same consequence
(Stutz et al. 1986).

(b) An inoculum of 0.1%–10% of a suppressive soil introduced into a conducive
soil can establish disease suppression. Incompatible results about transfer-
ability have also been reported where the compassion to antimicrobial
treatments and transferability tip out that disease control results from the
behavior of soil microorganisms that act as antagonists against pathogen
(Weller et al. 2002).

(c) When the pH of a Fusarium wilt suppressive soil was lowered from 8 to 6 by
the addition of sulfuric acid, carnations were less protected from wilting
(Scher and Baker 1980). This hammering of suppressive was caused by a
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simple pH change, illustrating the significance of soil environment in disease
expansion and control.

(d) Several years of monoculture can persuade disease suppression in some soils.
The best studied instance takes all decline of wheat (Gaeumannomyces
graminis) which has been experiential in soils in the Northwestern United
States, the Netherlands, and Australia (Weller et al. 2002).

2. Characteristic features of soil-inhabiting PGPR: As depicted in Fig. 28.1 about
the role of PGPR in sustainable crop production here are some of the characteris-
tic features of soil-inhabiting PGPR which influence crop growth and production
in normal as well as in stressed conditions:
(a) Siderophore production:
Pathogen suppression through siderophore is possible through various reasons:
(i) Pathogens are not able to produce their own siderophores.
(ii) Siderophores produced by the antagonists or by other microorganisms are

not utilized by pathogens in their immediate environment.
(iii) They construct few siderophores than PGPR or the latter create siderophore

that has a higher resemblance for iron than those produced by fungal
pathogens.

(iv) They are incapable to utilize antagonist’s siderophore, but their siderophores
can be used by the antagonist (Bashan and De-Bashan 2005).

(b) Antibiotic production: Rhizobacteria contributes to disease control with anti-
biotic production. There are six classes of antibiotic compounds that are
associated with the biocontrol of root diseases, viz. pyrrolnitrin, phenazines,

Fig. 28.1 Flow chart representation of role of plant growth-promoting Rhizobacteria in sustain-
able crop production
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pyoluteorin, phloroglucinols, cyclic lipopeptides (all of which are diffusible),
and HCN (Haas and Défago 2005).

(c) Hormone production: Phytohormones which play a very crucial role in plant
growth were also produced by PGPR. The most common phytohormone
produced by PGPR is indole-3-acetic acid and gibberellins.

(d) Phosphate solubilization: Phosphorus holds second significant role after
nitrogen in a variety of necessary processes of plant growth and development
including cell division, photosynthesis, breakdown of sugar, energy, and
nutrient transfer in crop plant. Plants employ phosphate ion in the form of
phosphate anions, but phosphate anions are tremendously reactive and get
powerless through precipitation with cations present in soil such as Ca2+,
Mg2+, Fe3+, and Al3+. Rhizobacteria assist in decomposition of organic
compounds and build phosphorus accessible by the action of minerals and
acids released by soil bacteria. Phosphorus mineralization is really affected
by microbial community, and phosphate solubilizing bacteria such as species
of Bacillus and Paenibacillus have been applied to soils to especially boost
the phosphorus status of plants. Pseudomonas, Bacillus, and Rhizobium are
the most influential phosphate solubilizers in cropping system (Rodriguez
and Fraga 1999).

(e) Nitrogen fixation: Soil often has low nitrogen content although it is a vital
nutrient for crop growth and expansion. Soil microorganisms are proficient in
nitrogen fixing and help plants to get adequate nitrogen by converting
atmospheric essential dinitrogen (N2) into ammonia (Shiferaw 2004).

(f) Induced systemic resistance: Induced systemic resistance (ISR) was clarified
and reported incarnation plant in which Pseudomonas strain was found
efficient against F. oxysporum sp. dianthi (Van Peer et al. 1991). Induced
resistance is the ability of plants to develop and enhance defensive ability
when appropriately stimulated (Van Loon 1997). Some pathogenesis-related
proteins (PRs) like 1,3-glucanases and chitinases are proficient in hydrolyzing
fungal cell walls and insects (Singh et al. 2015a, b). Pseudomonas and
Bacillus spp. are the most accepted rhizobacteria surrounding ISR (Van
Wees et al. 2008).

(g) Root colonization: The main characteristic of biocontrol is the colonization of
rhizosphere soil or external/internal root region by microbes, particularly
bacteria (Bahme and Schroth 1987). When it is there or set up in soil as
inoculums, it gets disseminated in natural soil, propagates, and stays alive for
several days (Scher et al. 1984). In biocontrol method, root colonization is
completed in two phases: Firstly, bacteria get attached to rhizosphere and are
then transported on the elongating root tip. Secondly, bacteria extend locally,
propagate to the limitations of niche by opposing other native
microorganisms, and survive. Although root colonization is essential for
rhizobacterial activity, sometimes inadequate colonization leads to decreased
plant growth-promoting activities (Schippers et al. 1987). It is noteworthy for
baseline of capable biocontrol strategies that root colonization engrosses
recognition of pathogens by potential antagonists (Barak and Chet 1990).
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3. Sustainable crop production through rhizospheric soil microbes
As we discussed above that soil microbes play an important role in maintaining
soil health and provide adequate amount of mineral nutrients to the plants which
enhances crop growth and productivity and also helps the crop plants to survive
under stressful conditions, thereby enhancing crop growth and productivity.
Some important functions of soil microbes are as follows:
(a) Soil microbes and nitrogen fixation: For most advantageous pulse’s produc-

tivity, N is a crucial plant nutrient (Dudeja et al. 2011). Since it is broadly
consumed by the majority of plants, the majority of the soils are deficient in
it. Moreover, soil N is also vanished due to leakage and volatilization
(Brahmaprakash and Sahu 2012). Although air contains 78.09% N, plants
cannot make use of it as such. As represented in Fig. 28.2 microorganisms
play an important role in nitrogen fixation. The N-fixing bacteria synony-
mously called diazotrophs are a special type of microorganisms which can
reduce atmospheric N into ammonia in the presence of nitrogenase enzyme.
Microorganisms and plants assimilate N in their body parts in ammonical
form for growth and development. On the basis of their mode of N-fixation,
these bacteria are classified into three physiological groups, i.e., symbiotic,
associative symbiotic, and free living. In most of the agricultural systems, N
is often the most limiting nutrient that dictates crop production. Despite its
occurrence in huge quantities in the atmosphere, plants cannot exploit N
since it is in an inert form (Brahmaprakash and Sahu 2012). N is made
available in the form of fertilizers which are chemical fixation of atmospheric

Fig. 28.2 Diagrammatic representation of nitrogen fixation
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N through the Haber–Bosch process (Motsara et al. 1995). Dinitrogen is the
most stable diatomic molecule known, and two atoms are joined by a very
stable triple bond. Very high amount of energy (945 kJ) is required to break
this triple bond and therein rests one of the major challenges of dinitrogen
fixation (Herridge et al. 2008). The magnitude of BNF in the biosphere is not
easy to determine, but approximately it amounts to ~107 Mt/year compared
to ~160 Mt/year of man-made N-fixation which is 1.5 times higher than the
natural fixation (Galloway et al. 2008). BNF supplies 65% of N consumption
in agriculture (Burris and Roberts 1993). All the bacteria fixing atmospheric
N catalyze the reaction through nitrogenase enzyme. The nitrogenase
enzyme has two components: Mo-Fe protein, called dinitrogenase, and Fe
protein, called dinitrogenase reductase. First Mo-Fe protein takes part in
reducing dinitrogen to ammonia, and second Fe protein assists Mo-Fe protein
by providing electrons for reduction of dinitrogen. The mechanism of
N-fixation is the same in all N-fixing bacteria; the reduction of one molecule
of dinitrogen requires 16 ATP in in vitro condition and 20–30 ATP under
field conditions, as it is less efficient symbiotic nitrogen fixation. Legume–
rhizobium symbiosis is an important aspect of symbiotic nitrogen fixation
(SNF) which is optimally exploited to benefit agriculture for sustainability.
Over a century ago, German scientists, Hellriegel and Wilfarth, experimen-
tally demonstrated the N-fixation in legume nodule by nodule-inducing
ferment (Rhizobium): the stage was set for the popularity of the rhizobium
inoculation technology world over. In this symbiosis, macro-symbiont is the
legume plant, and micro-symbiont is the prokaryotic bacteria (rhizobium).

(b) Beneficial microbes for pulse production: Rhizosphere, the narrow zone of
soil surrounding plant roots, contains ~1011 microbial cells per gram of root
and >30,000 prokaryotic species that in general improve plant growth and
productivity (Egamberdieva et al. 2008; Mendes et al. 2013). The collective
genome of rhizosphere microbial community is larger as compared to that of
plants and is referred to as microbiome (Bulgarelli et al. 2013) whose
interactions determine crop health in natural agroecosystem through numer-
ous services being provided to crop plants, viz. nutrient acquisition, OM
decomposition, nutrient recycling, water absorption, and pest control (Berg
et al. 2013). Rhizosphere microbial communities as an option for synthetic
fertilizers have become a subject of importance in sustainable agriculture and
biosafety program. The agriculturally helpful microbial populations include
plant growth-promoting rhizobacteria (PGPR), mycorrhiza, N-fixing
cyanobacteria, plant disease controlling beneficial bacteria, stress-tolerant
endophytes, and biodegrading microbes. The term PGPR is currently func-
tional to a wide spectrum of strains that have, in common, the ability to
promote plant growth following inoculation onto seeds and subterranean
plant parts (Kloepper et al. 1988; Bhowmik and Singh 2004).
Several other examples which prove that rhizospheric microbes enhance
sustainable crop production are mentioned in Table 28.2 and depicted in
Fig. 28.3.
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Table 28.2 Sustainable crop production through rhizospheric microbes

Bacterial strain Crop Influence of inoculation on crops References

Bacillus subtilis and
Bacillus
licheniformis

Soybean
(Glycine max L.)

Improved photosynthetic
parameters and radiation use
efficiency during drought stress,
thereby increasing crop growth
and yield

Mondani
et al. (2019)

Endophytes fungus
Paecilomyces
formosus LHL 10
Bacteria
Sphingomonas
sp. LK11

Soybean
(Glycine max L.)

Improved physiological and
photosynthetic parameters and
macronutrient uptake as well as
modulates the gene expression
levels to increase gibberellins
levels

Bilal et al.
(2018)

Sphingomonas spp.
LK11

Soybean
(Glycine max L.)

Enhance the synthesis of
phytohormones and trehalose
and thereby improving crop
growth and yield under drought
stress

Asaf et al.
(2017)

Pseudomonas
fluorescens

Turmeric
(Curcuma longa)

Improves the growth and
curcumin content in turmeric

Kumar et al.
(2016)

Pseudomonas
fluorescens

Blackberries
(Rubus
fruticosus)

Improves fruit quality in
blackberries

García-Seco
et al. (2013)

Pseudomonas
putida,
Pseudomonas
fluorescens

Black henbane
(Hyoscyamus
niger)

Improved alkaloid content and
yield

Ghorbanpour
et al. (2013)

Pseudomonas sp.,
Erwinia sp., Pantoea
sp., and Rhizobium
sp.

Lotus (Lotus
tenuis)

Enhanced growth in lotus Angus et al.
(2013)

Pseudomonas
fluorescens,
Azospirillum
brasilense

Marigold
(Tagetes)

Increases shoot fresh weight, root
dry weight, leaf number, and
node number

del Rosario
Cappellari
et al. (2013)

Mesorhizobium sp.
Pseudomonas
aeruginosa

Chickpea (Cicer
arietinum)

Enhanced grain and straw yield
by increasing root shoot dry
weight with the increased uptake
of N and P

Verma et al.
(2013)

Bacillus sp. Cotton
(Gossypium
hirsutum)

Increase in plant height, number
of bolls per plant, and boll weight
and soil available phosphorus.

Qureshi et al.
(2012)

Rhizobium and
Pseudomonas sp.

Mothbean (Vigna
aconitifolia)

Increase in root, shoot length Sharma et al.
(2013a, b)

P. putida,
P. fluorescens

Spinach
(Spinacia
oleracea),
pepper (Piper
nigrum)

Increases plant heights Hou and
Oluranti
(2013)

(continued)
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Table 28.2 (continued)

Bacterial strain Crop Influence of inoculation on crops References

Pseudomonas
putida,
Pseudomonas
fluorescens

Rice (Oryza
sativa)

Enhanced iron content in grains Sharma et al.
(2013a, b)

Pantoea
agglomerans,
Burkholderia
anthina

Tomato
(Solanum
lycopersicum)

Increased plant height, root
length, shoot and root dry
weight, phosphorus uptake, and
available phosphorus content

Walpola and
Yoon (2013)

Pseudomonas
sp. strain PAC and
Serratia sp. strain
CMR165

Rice (Oryza
sativa)

Promoted plant growth and
uptake of phosphate by
increasing phosphate
solubilization and could be used
as biofertilizers to optimize
phosphate fertilization

Nico et al.
(2012)

Pseudomonas putida Tomato
(Solanum
lycopersicum)

Increases plant growth and yield Shen et al.
(2012)

Pseudomonas sp. Maize (Zea
mays)

Increases plant height and dry
weight

Jarak et al.
(2012)

Pseudomonas
aeruginosa

Tomato
(Solanum
lycopersicum)

Improves fruit yield Dashti et al.
(2012)

PGPR Soybean
(Glycine max L.)

Enhances soybean productivity Salama et al.
(2011)

Pseudomonas putida Maize (Zea
mays)

Increases grain yield Dadnia and
Moaveni
(2011)

Pseudomonas
fluorescens

Mustard
(Brassica sp.)

Increases growth and yield
attributes

Aeron et al.
(2011)

Pseudomonas putida Cherry trees
(Prunus sp.)

Enhances fruit setting as well as
vegetative growth of plants

Karakurt et al.
(2011)

Bacillus sp. Sunflower
(Helianthus
annuus)

Increase in growth, yield, and
quality of plant, oil yield

Ekin (2010)

Gluconacetobacter
sp. and Burkholderia
sp.

Cowpea (Vigna
unguiculata)

Improved nodulation, root and
shoot biomass, straw and grain
yield as well as nitrogen and
phosphorus uptake

Linu et al.
(2009)

Pseudomonas
fluorescens

Wheat (Triticum
aestivum)

Improves seed yield and shoot
dry mass

Behn (2008)

PGPR Cucumber
(Cucumis
sativus)

Enhances root growth Bae et al.
(2007)

Pseudomonas
fluorescens, Bacillus
megaterium

Chickpea (Cicer
arietinum)

Increase in plumule and radicle
length

Sharma et al.
(2007)

(continued)
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(c) Microbe-mediated biotic stress tolerance: Soil microflora assist uptake of
nutrients from soil which results in enhanced yield as well as disease
reduction or suppression. As given in Table 28.3 there are several examples
of soil rhizobacteria which assist in disease inhibition. Bacillus subtilis has
the potential for disease reduction, and more than 20 antibiotics are produced
by them as depicted in Fig. 28.3. Efficacy of Bacillus spp. has been reported
in different crop plants like tomato, chilli, brinjal, etc. to control different
pathogens like Colletotrichum acutatum, C. capsici, C. gloeosporioides,
Pythium aphanidermatum, and R. solani (Abdul et al. 2007). Pseudomonas
spp. exhibit antifungal activity against Pyricularia oryzae, R. solani,
Xanthomonas oryzae pv. oryzae, and F. oxysporum f. sp. udum under
in vitro and in in vivo as well (Vidhyasekaran et al. 2001). Several soil-
borne antagonists including Trichoderma spp. are reported to control fungal
wilt of tomato caused by F. oxysporum f. sp. lycopersici (Singh et al.
2015a, b).

(d) Microbe-mediated abiotic stress tolerance: Abiotic stress is also one of the
limiting factors that affects agricultural productivity. Crop plants function to
mitigate the adverse effect of external pressure caused by edaphic or envi-
ronmental condition by altering some physiological and biochemical changes

Table 28.2 (continued)

Bacterial strain Crop Influence of inoculation on crops References

Pseudomonas sp.,
Burkholderia
caryophylli

Wheat (Triticum
aestivum)

Improved growth and yield of
wheat

Shaharoona
et al. (2007)

Pseudomonas
corrugate

Maize (Zea
mays)

Increased grain yield in maize Kumar et al.
(2007)

Fig. 28.3 Soil microbes in sustainable crop production
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Table 28.3 Microbe-mediated biotic stress tolerance in crops

Disease causing
agents Crop Biocontrol agents References

Pseudomonas
syringae
Xanthomonas
fragariae
Xanthomonas
arboricola
Xanthomonas
campestris
Xanthomonas
axonopodi spv.
vignicola

Chickpea (Cicer
arietinum)
Cowpea (Vigna
unguiculata)

Pseudomonas
aeruginosa
Pseudomonas
fluorescens
Lactobacillus
plantarum

Kanthaiah and Velu
(2019), Daranas et al.
(2019), Corrêa et al.
(2014)

Pseudomonas
syringae
pv. Lachrymans
Pseudocercospora
griseola

Common bean
(Phaseolus
vulgaris L.)
Cucumber
(Cucumis
sativus L.)

Ochrobactrum
pseudintermedium
Pantoea agglomerans

Akbaba and Ozaktan
(2018)

Alternaria alternata Chickpea (Cicer
arietinum)
Lentil (Lens
culinaris)
Pea (Pisum
sativum)
Faba bean (Vicia
faba L.)

Trichoderma viride
Trichoderma
harzianum

Surekha et al. (2013)
and Kayim et al. (2018)

Fusarium oxysporum
f. sp. pisi
Fusarium oxysporum
f. sp. lentis
Fusarium oxysporum
f. sp. ciceris

Pea (Pisum
sativum)
Lentil (Lens
culinaris)
Chickpea (Cicer
arietinum)

Bacillus cereus
Streptomyces spp.

Corrêa et al. (2014) and
Anusha et al. (2019)

Sclerotinia
sclerotiorum,
Sclerotinia
trifoliorum,
Sclerotinia minor

Common bean
(Phaseolus
vulgaris L.)

Bacillus subtilis
Pseudomonas
fluorescens

Khater (2010), Sabaté
et al. (2018), and
Zhang and Xue (2010)

Sclerotium rolfsii Lentil (Lens
culinaris)

Trichoderma viride,
Trichoderma virens,
and Trichoderma
harzianum

Kushwaha et al. (2018)

Erysiphe flexuosa Cowpea (Vigna
unguiculata)

Glomus versiforme and
Trichoderma
harzianum

Omomowo et al.
(2018)

Fusarium oxysporum
f. sp. lentis

Lentil (Lens
culinaris
Medikus subsp.
Culinaris L.)

Trichoderma viride,
Trichoderma koningi,
and Trichoderma
harzianum

Tiwari et al. (2018)

(continued)
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in them failing which limits the crop growth and productivity. Certain
microorganisms were known that have the capabilities to neutralize the
harmful effect caused due to such abiotic stresses. They can modulate the
various physiological and biochemical process in the plants and thereby
allowing the plants to cope up with the harmful effect of these conditions.
Some of the examples of microbe-mediated abiotic stress tolerance are given
in Table 28.4 and depicted in Fig. 28.3.

(e) Role of BSMs in sustainable agriculture: Biofertilizers are those materials
that contain living microorganisms that colonize the rhizosphere of the plants
and raise the supply or convenience of principal nutrients and/or growth
stimulus to the target crop (Bhattacharjee and Dey 2014). They are applied in
the agricultural fields as replacement for conventional fertilizers.
Biofertilizers are gaining impetus due to the maintenance of soil health,
minimizing environmental pollution and cut down on the use of chemicals
in the agriculture (Saeed et al. 2015). Various beneficial microbes have been
used as biofertilizers for different crops to enhance their growth and produc-
tivity (Table 28.2). PGPRs, mainly N2 fixing, phosphate and potassium
solubilizers are observed as a sustainable way out to advance plant-nutrient
uptake and crop production (Bhattacharjee and Dey 2014) (Fig. 28.3).
According to an estimate, farmers usually need to apply at least 100 kg of
N2 per hectare (Deaker et al. 2004), whereas the use efficiency is generally
below 40%, meaning that most applied fertilizer either washes out or is lost to
the atmosphere. According to an estimate, cyanobacteria in symbiotic

Table 28.3 (continued)

Disease causing
agents Crop Biocontrol agents References

Fusarium oxysporum
f. sp. ciceri

Chickpea (Cicer
arietinum L.)

Trichoderma
harzianum

Nirmalkar et al. (2017)

Myrothecium,
Anthracnose, and
Rhizoctonia

Soybean
(Glycine max L.)

Trichoderma viride Kuchlan et al. (2017)

Fusarium oxysporum
f. sp. ciceri

Chickpea (Cicer
arietinum)

Trichoderma viride and
Trichoderma
harzianum

Patole et al. (2017)

Fusarium solani Faba bean (Vicia
faba L.)

Trichoderma
harzianum

Habtegebriel and
Boydom (2016)

Ascochyta rabiei
Ascochyta lentis

Chickpea (Cicer
arietinum L.)
Lentil (Lens
culinaris)

Pantoea agglomerans
Bacillus sp.

Liu et al. (2016)

Rhizoctonia solani Bean (Phaseolus
vulgaris L.)

T. harzianum T019 Mayo et al. (2015)

Stemphylium
botryosum

Lentil (Lens
culinaris)

Trichoderma viride,
Trichoderma
harzianum

Subedi et al. (2015)
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association contribute 7–80 kg N2 /ha/year, free living 15 kg N2 /ha/year, and
associative (endophytic) bacteria 36 kg N2/ha/year (Elkan 1992). It has been
experiential that cereal crops may gain up to 30% of their N2 from BNF when
fertilized with high percentage of phosphorus and potassium as well as with
microelements (Pedraza 2008; Mmbaga et al. 2014). In some studies, rhizo-
bium inoculation also showed the biocontrol potential against soil-borne
phytopathogenic fungi. Among non-symbiotic N2-fixing bacteria, the most
extensively studied genus is Azospirillum. In addition to escalating plant
nitrogen content, it also improves plant growth by production of
phytohormones such as auxins, cytokinins, and gibberellins (Steenhoudt
and Vanderleyden 2000). Recently, legumes and their association with
rhizobia and AMF have also been recognized for better nitrogen and phos-
phate uptake by plants and gaining importance in agroecosystems (Kaschuk
et al. 2011). This tripartite association was not only effective in nodule
formation, AM colonization, nitrogen fixation but also supported the faba
bean plants growth under alkalinity stress (Abd-Alla et al. 2014). PSB and
AMF are reported since long to solubilize insoluble phosphates and help in
increasing yield of several crops (Fernández et al. 2007; Shahab et al. 2009).
Studies designate that use of rock phosphate in combination with PSB could
decrease 50% cost of accumulation of chemical fertilizers. There are several
publications demonstrating that PSB-based inoculation increases P content of
sugarcane, mung bean (Vikram and Hamzehzarghani 2008), maize (Oliveira
et al. 2009), rice (Sarkar et al. 2012), and wheat (Sarker et al. 2014). PGPRs
are known to have the capability of iron uptake in low-iron condition and
enhance plant productivity (Saha et al. 2016). In plants, zinc is observed as a
necessary micronutrient (Sauchelli 1969) but only very little amount remains
available to plant, due to its transformation to different chemical forms
(Mandal and Mandal 1987). Various studies have indicated that the release
of insoluble and fixed forms of Zn by zinc solubilizing bacteria is an
important aspect of increasing soil. Zn availability through the production
and excretion of organic acids was studied by Singh et al. 2005. PGPFs have
been extensively studied for solubilization of insoluble zinc compounds both
in vitro and in vivo conditions. However, some genera of PGPRs such as
Acinetobacter, Bacillus, Gluconacetobacter, and Pseudomonas have been
reported to solubilize insoluble zinc. About 40% of the potential global crop
yield is destroyed by pests (invertebrates, plant pathogens, and weeds) before
it is harvested and another 20% is destroyed post-harvest (Chandler et al.
2010). However, for sustainable agriculture, use of chemical-based pesticides
should be surrendered because of their unenthusiastic shock on the environ-
ment. Workers around the world are now using biopesticides and trying to
minimize the use of conventional chemical pesticides. Biopesticides are
pesticides originated from naturally present materials such as animals, plants,
bacteria, and minerals. Worldwide, approximately 1400 biopesticide
products are being sold (Marrone 2009) and their number is increasing day
by day. For the universal position of biopesticide use and guideline as well as
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ease of use, one can see review by Mishra et al. (2015) and Arora et al.
(2016). BCAs can be grouped into three broad categories, namely bacterial,
fungal, and viral. Among the most widely used bacterial pesticides are the
strains of Bacillus thuringiensis (Bt), accounting for approximately 90% of
the biopesticide market in the USA (Chattopadhyay et al. 2004), several
species of Pseudomonas showed biocontrol potential against phytopathogens
(Lugtenberg and Kamilova 2009). For example, biopesticides containing
Pseudomonas fluorescence and Pseudomonas syringae have been used at
large scale now. Fungal biopesticides include Trichoderma harzianum, used
against plant pathogens, which is an antagonist of several soil-borne fungi
such as Rhizoctonia, Pythium, Fusarium, and other phytopathogens
(Hartmann et al. 2009). Beauveria bassiana and Metarhizium anisopliae
are in nature occurring entomopathogenic fungi measured as good BCA
and infect-sucking pests as well as Nezara viridula L. (green vegetable
bug) and Creontiades sp. (green and brown mirids) (Sosa-Gómez and
Moscardi 1998). Currently, most usually used microbial biopesticides are
of biofungicides (Bacillus, Trichoderma, and Pseudomonas) bioherbicides
(Phytophthora), and bioinsecticides (Bt) (Gupta and Dikshit 2010). Data
point towards that among the biopesticide promoted for all crop types,
bacterial biopesticides assert about 74%, fungal biopesticides about 10%,
viral biopesticides about 5%, predator biopesticides about 8%, and “other”
biopesticides about 3% (Thakore 2006).

28.5 Challenges and Future Prospects

The excessive use of chemical fertilizers and pesticides and various other anthropo-
genic activities is deliberately destroying agroecosystems and the balance of our
planet. As a result, loss of soil fertility and crop productivity has generated aware-
ness among agriculturists, and their consent of using BSMs in agroecosystems has
gained thrust for enhancing plant productivity and soil eminence in its inhabitant
form. Soil microbes are gifted with a variety of means to work as capable candidates
in the field of sustainable agriculture and environment management. It has been
analyzed that in properly managed-agriculture systems, BSMs can act as
biofertilizers, biocontrol agents, and soil improvers. BSMs containing inoculum
may replace synthetic chemicals, which result in environmental hazards and pose a
serious toxicological threat to the ecosystem. Beneficial microbes used in biocontrol
tend to have high-target specificity and are environment-friendly. The role of BSMs
in environmental sustainability can be expanded if we get success in finding some
unrevealed concepts related to their ecology, population dynamics, and functionality
over a range of environments. As in near future, the global human population will
increase further and, in this situation, agricultural sector would be dependent even
more on BSMs to increase agricultural production in an eco-friendly manner.
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28.6 Conclusion

Use of effective microbes can increase the soil quality for disease suppression by
rendering the soil-borne diseases suppressive. To make sure the long-term outcome
and adjustment of microbes in sustaining soil well-being by farmers and suggestion
at viable level, more research is requisite. Improved knowledge of microbe-based
symbiosis in plants can supply possible ways of developing sustainable agriculture
in order to make certain human and animal food production with minimal risk to the
environment.

Use of BSMs in sustainable agriculture and environment management proposes
innumerable paybacks. Their exploitation in the form of biofertilizers and
biopesticides is flattering and providing significant aid to the agroecosystems.
Their potential to survive in callous environmental conditions makes them capable
candidates in different types of stress management, whereas their catabolic miscel-
lany can be used in the elimination of intractable pollutants. Our perception of the
BSMs response in agroecosystems is increasing, and their potentially momentous
effects on environment reinstallation are also strengthening and cooperatively help-
ing to obtain the goal of sustainable development. Impact of climate change specifi-
cally in agriculture sector may also be done by the application of BSMs. However,
with climate change outlook, efficient use of BSMs necessitates more exploration
and it has been realized that clarification of mechanisms involved in their communi-
cation with plants in extreme conditions may endow with an enhanced chance of
their enormous application in environmental sustainability.
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Molecular Mechanisms Deciphering
Cross-Talk Between Quorum Sensing Genes
and Major Iron Regulons in Rhizospheric
Communities

29

Srishti S. Satyal, Manoj Nath, Megha D. Bhatt, Takhatsinh Gohil, and
Deepesh Bhatt

Abstract

Growth and development of plants are mostly attributed with beneficial
rhizospheric microbial communities colonizing in their roots which can effi-
ciently alter the overall root morphology, modulate plant growth, and enhance
the uptake of several valuable minerals. Plant growth-promoting rhizobacteria
(PGPRs), an important habitant of rhizosphere, are recognized as one of the major
contributor for promoting plant health. Colonization of these PGPRs at the root
interface is facilitated by means of quorum sensing, a density dependent gene
regulation system present in bacteria. This was initially witnessed in biolumines-
cence process displayed by Vibrio harveyi which was attributed as a density
dependent process that first time revealed the association of quorum sensing
networks in microbial systems. The components of these quorum sensing
networks are wired in series or in parallel circuits as represented by Pseudomonas
aeruginosa and Vibrio harveyi, respectively, to give a final architecture for
bacterial dialogues. There are various quorum sensing regulatory systems such
as LuxIR in Vibrio harveyi, PQS and Las/Rhl systems in Pseudomonas spp.
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These QS systems work in synchronicity with other systems due to the
overlapping regulons and common regulators such as fur that regulates collabo-
ration of iron acquisition with quorum sensing. Ferric uptake regulator (Fur)
functions in a density dependent manner for iron homeostasis in bacteria by
sensing their intracellular iron levels. Moreover, PQS, a signalling molecule for
bacterial communication is also associated with the synthesis of siderophore
pyoverdine establishing a link between quorum sensing and iron acquisition.
Biofilm formation and synthesis of virulence factors seen in Vibrio vulnificus are
some other examples of quorum sensing. However, further studies are required to
explore about the detailed molecular chemistry employed for bacterial conversa-
tion and its involvement with other cellular processes.

Keywords

Quorum sensing · Rhizosphere · Biofilm · Siderophore synthesis · Iron
sequestration

29.1 Introduction

Ecosystem constitutes “Bubble of Life”, representing interactions between living
and non-living components, allowing all possible communications among diverse
organisms and their surroundings. This bubble of life signifies a distinct microbial
community where the survival as an individual is somehow reliant upon a group of
varied organisms, which implies the formation of microbial consortium. In order to
maintain and regulate the growth of the consortium, a wired molecular network is
required for communication among inter as well as the intra species. In bacteria this
co-ordinated behaviour of population structuring is achieved by collectively
synchronizing specific set of genes in a density dependent manner, termed as
“Quorum sensing” (QS). Bacteria possess an attribute of quorum sensing that allows
them to make a transit from unicellular to multicellular state by synchronizing and
coordinating their activities in response to change in cell density and species
composition of surrounding microbial consortia (Papenfort and Bassler 2016).
Molecular mechanism underlying the process of quorum sensing involves produc-
tion of small diffusible chemical signalling molecules called autoinducers. In
response to increasing bacterial population density, these signalling molecules are
secreted extracellularly and accumulated to reach a threshold where they are detected
in order to initiate signal transduction cascade, resulting in synchronized gene
expression and co-ordinated change in behaviour of the population (Rehman and
Leiknes 2018; Schauder et al. 2001). There are several QS systems identified
namely, LuxI-LuxR in Vibrio fischeri, LasI-LasR and RhlI-RhlR QS in Pseudomo-
nas aeruginosa, TraI-TraR QS in Agrobacterium tumefaciens, which have been
vastly deciphered till date (Hawver et al. 2016). Plant growth-promoting
rhizobacteria (PGPR) are known to be an inevitable component of rhizosphere
exerting positive effects on plant growth by directly fixing the problems related to

616 S. S. Satyal et al.



nutrient solubilization, nitrogen fixation, and synthesis of growth regulators. How-
ever, they are also reported to employ indirect mechanisms to promote plant growth
by inducing growth of mycorrhizae; eliminating toxins and pathogens from the niche
of their host plant (Bhattacharyya and Jha 2012).

Notably, quorum sensing also provides the command over colonization, for plant
growth stimulation and biocontrol, an important aspect of these PGPRs. However,
this co-operative behaviour also proves helpful in nutrient acquisition where some-
times iron becomes a limiting factor. This iron limitation can be conferred to the
formation of insoluble oxides under aerobic conditions; chelation by host plants to
avoid infection or its sequestration by competing microbes (Sexton and Schuster
2017). Quorum sensing is a key to regulate ecological behaviour of environmental
bacteria as they play an important role in iron uptake and biofilm formation (Zhang
et al. 2018).

In PGPRs, this is evident by the production of CDPs (cyclodipeptides) and
siderophores, high affinity iron chelator molecules required for acquisition of insol-
uble iron forms, which corroborates an inter connection between quorum sensing
and iron acquisition. Further bioinformatics analysis also confirms the presence of
highly homologous protein sequences between non-ribosomal protein synthases
coding for CDP and PvdD, a synthase coding for pyoverdine siderophore. PvdD
synthesis is thought to be under the control of LasR AHL (N-acylhomoserine
lactone) QS system. LasR is the component of LasI-LasR QS system where it acts
as cognate response regulator for LasI that functions to regulate the synthesis of
AHL autoinducers (Steindler et al. 2009). These findings suggest a strong link
between cell–cell communication and iron acquisition (Rosier et al. 2018). Here in
this chapter we will decipher the molecular networks connecting quorum sensing
and iron acquisition in case of rhizosphere associated bacteria.

29.2 Bacterial Distribution in Rhizospheric Zone

Soil ecosystem comprises a diverse range of microorganisms that establishes a
variety of interactions with plants. Rhizosphere, a major constituent of the soil
ecosystem is an interface representative of interaction between plant roots, soil,
and inhabiting microflora. Rhizosphere perfectly demonstrates the microbial diver-
sity with a density of 1011 cells per gram of soil (Wu et al. 2018). The interactions
found in rhizosphere are either positive as in the case of plant growth-promoting
bacteria (PGPR), nitrogen-fixing bacteria, or mycorrhiza that displays a symbiotic
relationship with plants or they are negative where pathogenic microorganisms are
said to cause crop damage and loss of yield. These plant–microbe interactions are
accomplished by a set of biochemical molecules secreted by both plants and
microorganisms. Plants secrete certain organic compounds to attract and sustain
microorganisms while microorganisms secrete signalling molecules to communicate
with plants as well as other bacteria in surroundings (Sharma et al. 2003). Plant
growth-promoting bacteria (PGPR) are mostly reported to have agronomic signifi-
cance because of their beneficial interactions with plants. These bacteria are either
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found in close association with roots, rhizosphere or they may interact as an
endophyte. PGPR influence plant growth in two different ways. It is either by
providing them with the compounds such as phytohormones and facilitating the
uptake of nutrients or by waving off the deleterious effects of pathogens surrounding
the plants. PGPRs play an essential role either as biocontrol agent or they may also
exhibit role as microbial antagonists. This antagonistic behaviour includes synthesis
of antibiotics, bacteriocins, and mostly siderophores (Beneduzi et al. 2012).
Siderophore production plays a significant role in improving the plant health by
increasing their iron uptake where plants are known to recognize the microbial
siderophores. Also, these siderophores have tendency to fight back the pathogens.
As described by Kloepper et al. (1980), P. putida B10 strain can suppress the growth
of Fusarium oxysporum in iron deficit conditions via siderophore mediated signal-
ling which suggests a versatile role of siderophore in enhancing plant growth
(Kloepper et al. 1980). However, to specifically establish these beneficial effects,
PGPRs need to colonize themselves around plants in a precise and co-ordinated
manner, which is done by employing quorum sensing networks. Quorum sensing
was initially described in Vibrio fischeri and Vibrio harveyi where it was thought to
play an important role in regulation of bioluminescence.

29.3 Quorum Sensing: Cross-Talk Among Rhizobacteria

Rhizospheric bacteria possess density dependent quorum sensing systems in order to
captivate their niche around the plants. These quorum sensing systems team up with
other regulatory networks to establish a hold in rhizosphere adapting to its microen-
vironment. This can be exemplified with an example of Pseudomonas aeruginosa,
an important member of rhizosphere community possesses three different types of
QS systems, namely Rhl, Las, quinolone-based QS systems. Las and Rhl are AHL
mediated QS systems where LasR, a transcriptional regulator works in collaboration
with its corresponding AHL signal N-(3-oxododecanoyl)-L-homoserine lactone
(3-oxo-C12-HSL) synthesized by LasI. Rhl QS system comprises the components
same as Las system, RhlR and RhlI with AHL signal N-Butyryl-L-homoserine
lactone (C4-HSL). Apart from these AHL signals, there is a chemically distinct
signal produced by Pseudomonas spp. which is quinolone based. The quinolone-
based QS system acts via Pseudomonas quinolone signal (PQS) which is chemically
described as 2-heptyl-3-hydroxy-4(1H )-quinolone. The QS systems mentioned
above are interlinked to each other with PQS serving as a connecting link between
Las and Rhl systems. Let us consider PQS as subject of study in order to understand
these overlapping regulatory networks of quorum sensing (McGrath et al. 2004).
PQS, an alkylquinolone is synthesized from its precursor HHQ (2-Heptyl-4-Quino-
lone). The unique characteristic of HHQ is that it can induce its own expression.
Biosynthesis of PQS initiates under the control of cluster of genes such as
pqsABCDE, phnAB, and pqsH. Here PqsA functions for the first step of PQS
synthesis where it is responsible for the production of anthraniloyl-coenzyme A,
using anthranilate as substrate. PqsD synthesizes 2-aminobenzoylacetate (2-ABA)
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from anthraniloyl-coenzyme A and malonyl-coenzyme. PqsE is crucial for the
synthesis of 2-ABA as it catalyses the hydrolysis of
2-hydroxylaminobenzoylacetate. Finally, PqsBC catalyses the reaction where
octanoyl-coenzyme A and (2-ABA) undergo condensation to give HHQ, a precursor
for PQS. Once the PQS is synthesized, it binds to pqsR, a protein that acts as a
transcriptional regulator for pqsABCDE operon. PqsR is linked to Las and Rhl
systems where Las positively regulates PqsR expression and Rhl regulates the
same negatively (Baker et al. 2017; Lin et al. 2018). Albeit, PQS is an important
signalling molecule for quorum sensing, it also plays a significant role in iron
acquisition. PQS acts as an iron trap as it binds to the extracellular Fe+3 in a
non-deliverable manner to the cells mimicking the condition of iron scarcity
prompting the expression of siderophore synthesis genes such as that of pyoverdine
and pyochelin in case of Pseudomonas aeruginosa. In an experiment, four lux gene
reporter fusions were constructed to confirm the contribution of PQS in iron acqui-
sition. Here the reporter was fused to the PQS regulated genes pvdE and pvdS, these
genes are required for synthesis and regulation of pyoverdine. The fusions were also
made using pqsA gene, first gene in the pqsABCDE operon and to the lecA gene that
plays an important role in biofilm formation and is believed to be dependent on
quorum sensing. These fusions were then introduced in the pqsA mutants to analyse
control of PQS over all four fusions. When the iron-sufficient LB medium was
provided, all four fusions were strongly prompted by PQS suggesting the stimulation
of biofilm formation and virulence by the co-ordinated efforts of PQS and iron. Also,
the quantitative real time PCR based study supports the findings that application of
PQS upregulates the expression of pvdA and pchE genes required for siderophore
synthesis. This suggests that PQS holds a significant role in the regulation and
synthesis of pyoverdine as well as pyochelin (Diggle et al. 2007). Moreover,
mutations in pqsR gene show downregulation of genes coding for pyocyanin,
elastase, exoproteins, and lectins that are required for virulence and biofilm forma-
tion; it hinders pqsABCDE, phnAB expression, and also AQ synthesis (Lin et al.
2018). This explains how the density dependent population control has their inter-
regulatory networks linked to the process of iron acquisition and virulence.

Another interesting example includes inter-generic behaviour of density depen-
dent siderophore production. Enterochelin, a siderophore produced by Escherichia
coli can be secreted as public goods for the use by Ent non-producers or can be
stored for private use by Escherichia coli. These ent gene clusters operate under the
control of fur regulon. Study suggests that at low cell densities, these Ent producers
show optimum growth but they do not support the growth of Ent non-producers
suggesting that at low cell densities of E. coli, only small fractions of public
enterochelin is produced for Ent non-producers (e.g. Pseudomonas aeruginosa) in
low iron conditions (Scholz and Greenberg 2015). This uniqueness of enterochelin
production by E. coli is suffice to connect the dots between quorum sensing and iron
acquisition (Table 29.1).
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Table 29.1 Types of quorum sensing (QS) systems utilized by various microorganism for
facilitating cellular communication

SI
no. Organism name QS type

Key regulatory
functions References

1. Pseudomonas
aeruginosa

LasIR-RhlIR type,
coupled with PQS
system

Role in regulating
lectin, catalase,
exotoxin A,
pyocyanin, and
pyoverdine activity

Lin et al.
(2018)

2. Yersinia
pseudotuberculosis

Two distinct LuxIR
homologues, namely
YpsRI and YtbRI.
Mutations in ypsI and
ypsR

Regulatory control of
quorum sensing over
motility and cellular
aggregation in
temperature-dependent
manner

Atkinson
et al. (1999)

3. Agrobacterium
tumefaciens

TraI-TraR and their
respective regulators,
TrlR and TraM which
are operative under
opine control

Facilitates the conjugal
transfer of Ti plasmid
by mustering the donor
cells resulting in an
increased
transformation
efficiency

Piper and
Von Bodman
(1999)

4. Rhizobium etli
CNPAF512

Two major quorum
sensing systems,
namely raiRI and cinRI

Role in growth
inhibition, nitrogen
fixation, and
symbiosomal
development

Sanchez-
contreras
et al. (2007)
and
Whitehead
et al. (2001)

5. R. leguminosarum
bv. viciae

rhiR and rhiI,
homologues of luxR
and luxI, respectively

Augment cell-density
dependent
communication is
known to regulate the
process of nodulation

Sanchez-
contreras
et al. (2007)
and
Whitehead
et al. (2001)

6. Bradyrhizobium
japonicum

Employs branched
acyl-HSL and BjaI
system

Repression of nod
genes also required
during the early
intermediate stages of
symbiosis.

Lindemann
et al. (2011)

7. Sinorhizobium
meliloti Rm1021

Harbours sinR/sinI
locus that encodes for
various AHLs ranging
from C12-HSL to C18-
HSL

Facilitates symbiosis
with Medicago sativa,
important role in node
invasion through
regulation of
exopolysaccharides

Marketon
et al. (2003)
and Capela
et al. (2006)

8. Ralstonia
solanacearum

solI and solRtype that
co-ordinates with phc
genes

Regulates the release
of virulence factors
such as
exopolysaccharides
and provides flagellar

Hikichi et al.
(2017)

(continued)
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29.3.1 Mode of Cellular Communication Employed During Quorum
Sensing in Bacteria

Quorum sensing paves the way for communication among bacterial system which is
density dependent and is known to be mediated through various signalling molecules
and complex set of molecular circuits. Though gram-negative and gram-positive
bacteria both utilize distinct autoinducers for cellular communications, yet they
possess few common components for such interactions, which includes autoinducers
(AI), cognate receptors for autoinducers, autoinducer synthases, and selected down-
stream components of signalling cascade (Mukherjee and Bassler 2019). These
autoinducers can be categorized into: (i) N-acylhomoserine lactones (AHLs)
synthesized by gram-negative bacteria; (ii) Autoinducer peptides (AIPs) synthesized
by gram-positive bacteria; and (iii) Autoinducer-2 (AI-2), biochemically known as
furanosyl borate diester, a global signalling molecule for interspecies communica-
tion (Hense and Schuster 2015).

Quorum sensing operates in gram-positive and gram-negative bacteria via two
different component systems, viz. one-component QS systems and two-component
QS systems, respectively. In one-component QS system, autoinducers synthesized
by AI synthases are secreted extracellularly which are then diffused back to the
cytoplasm via QS receptors. However, in case of two-component QS system,
sensory molecules are coupled to the response regulators. Once the secreted

Table 29.1 (continued)

SI
no. Organism name QS type

Key regulatory
functions References

motility via expression
of flic gene

9. Xanthomonas
campestris

RpfC-RpfG along with
RavS-RavR system

Expression of Xcc
virulence factors and
exopolysaccharides via
clp to establish a link
between population
density and
environmental signals
for an improved
communication.

He et al.
(2009)

10. Pseudomonas
putida PCL1445

ppuI, rsaL, and ppuR Known to produce
Putisolvin I and
Putisolvin II,
biosurfactants during
stationary phase
causing disruption of
biofilm formed by
another Pseudomonas
spp which implies this
to be a cell-density
dependent process.

Lugtenberg
and
Bloemberg
(2006)
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autoinducers are sensed by transmembrane receptors, they undergo auto-
phosphorylation resulting in kinase mediated cascade signalling. These kinase-
based receptors are unique to the phosphorelay systems associated with
two-component QS systems (Hawver et al. 2016).

Several researchers have reported the role of ATP-binding cassette (ABC)
transporters in post-translational modification of these autoinducers. ABC trans-
porter aids in peptide modification with their concomitant export to the outside of
the cell. Michiels et al. (2001) showed the involvement of comA exporter (ABC
type) in proteolytic cleavage and translocation of pheromone peptides in gram-
positive Streptococcus pneumoniae. They also identified the presence of ABC
transporters in gram-negative bacteria such as Rhizobium etli, an organism found
in close association with Phaseolus vulgaris. These organisms showed presence of
bacteroid transporter A (BtrA) which had sequence similarity to the comA exporter
of S. pneumoniae (Michiels et al. 2001). Both autoinducer synthesis and their uptake
systems are the prerequisites for the successful accomplishment of quorum sensing.

29.3.2 Types of Network Architecture Employed in Bacteria During
Quorum Sensing

Bacterial diversity is crucial to the plant growth and development. These bacteria at
higher densities with co-operativity behave ecologically productive than at low cell
densities. In order to achieve such high densities, bacteria employ quorum sensing
systems to function in synchronicity. These quorum sensing systems are integrated
with other networks to manage complexity at such high densities. Gram-negative
bacteria are mostly known to employ Lux-I/R type system to establish their wide
range of communication for regulation of bioluminescence. In this Lux-I/R type
system, lux-I protein plays an important role in production of AHL
(N-acylhomoserine lactone), a QS signalling molecule. This lux-I protein functions
as AHL synthase that acts on S-adenosyl-methionine (SAM) to synthesize
homoserine lactone ring of AHL while acyl chains come from lipid metabolism.
Another protein Lux-R serves as a receptor for AHL whose binding turns Lux-R into
a transcriptional regulator for control of gene expression (Reading and Sperandio
2006). This regulation is held through a network of architecture that leads to quorum
sensing. These quorum sensing networks are either arranged in parallel or series
architecture to build up a strong communication system between the cells which is
elucidated next by referring individual examples in the next section.

29.3.2.1 Interconnected Network of QS Circuits Arranged in Parallel
Let us consider an example of Vibrio harveyi, a gram-negative bioluminescence
displaying marine bacterium, and show parallel arrangement of QS circuits where
three distinct autoinducers and their cognate receptors interact to generate a signal
leading to a shared regulatory pathway. This type of arrangement ensures that the
concomitant presence or absence of these signals is inevitable to regulate activation
or repression of particular genes. In order to understand this, let us focus on distinct
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autoinducers produced by V. harveyi which are categorized into: (i) HAI-1 (3OHC4-
homoserine lactone); (ii) AI-2 (Furanosyl borate diester); (iii) CAI-1. Lux-N, Lux-Q
and CqsS are their cognate receptors, respectively.

When the cell density is below threshold, autoinducers are found to be in
negligible amounts thus causing Lux-N, Lux-Q, and CqsS to act as kinases resulting
in auto-phosphorylation of these histidine kinase type receptors. The signals
received then cause phosphorylation of Lux-U, a cytoplasmic protein. Lux-U in
turn phosphorylates Lux-O, a response regulator that binds to DNA. Phosphorylated
Lux-O along with transcription factor σ54 initiates transcription of genes coding for
five small RNA (sRNA) called quorum regulatory RNA (Qrr). These sRNA in
collaboration with Hfq which is an RNA chaperone involved in mRNA splicing
destabilizes RNA coding for transcriptional activator Lux-R (Lux-R functions to
activate transcription of luciferase operon luxCD-ABE required for biolumines-
cence). Therefore at low cell density, bioluminescence is not displayed by bacteria
due to the missing signals required to activate Lux-R. Whereas at high cell density,
when autoinducers cross threshold concentration, the three sensor proteins switch
from kinases to phosphatases yielding unphosphorylated Lux-O. Lux-O, in its
unphosphorylated form cannot function to express sRNA thereby inducing transla-
tion of luxR mRNA and synthesis of Lux-R protein allowing display of biolumines-
cence (Reading and Sperandio 2006; Waters and Bassler 2005). To conclude, the
concurrent activation of all three receptors by their respective autoinducers is
required to achieve the targeted gene expression.

29.3.2.2 Interconnected Network of QS Circuits Arranged in Series
Here we will consider an example of Pseudomonas aeruginosa, a gram-negative
bacterium resident of soil and also an opportunistic organism responsible for causing
lung infections. These organisms possess two interconnected LuxIR type circuits
where these circuits function hierarchically rather than working in parallel arrange-
ment. LasIR and RhlIR are the two circuit systems arranged in series for regulating
gene expression in P. aeruginosa. In LasIR type system, Las-I acts as autoinducer
synthase that helps in synthesizing N-3-oxo-dodecanoyl-homoserine lactone
(3OC12-HSL). This autoinducer then binds to Las-R forming a complex involved
in positive feedback loop for stimulating more production of AHL synthase. Las-R-
AHL complex also induces expression of rhlI and rhlR, genes from another circuit.
RhlI produces C4-homoserine lactone (C4-HSL) which in turn binds to RhlR
leading to a complex formation that induces expression of a particular set of genes
(Waters and Bassler 2005). Quorum sensing achieved by either of the two circuits
leads to the collective behavioural adaptation by activation or repression of target
genes. Moreover, study suggests that quorum sensing is not an independent process
but is interconnected to a global network linking cell communication to a wide range
of physiological processes (Schuster and Greenberg 2006) Multiple QS systems
operating in Pseudomonas spp. are a representative of temporally controlled gene
expression of target genes that are regulated by overlapping QS regulons. These
target genes encode for factors such as elastases, P. aeruginosa aminopeptidase
[PaAP], and other secondary metabolites like hydrogen cyanide, pyocyanin,
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rhamnolipids required for establishing virulence and other team behaviour (Mellbye
and Schuster 2014).

29.4 Microbial Mediated Iron Entrapment Strategy:
Sequestering the Inevitable

Iron is considered to be one of the most inevitable elements on earth due to its
dedicated role as a cofactor for enzymes involved in metabolism and respiration, the
two fundamental processes required for survival of organisms. However, its acces-
sibility becomes a limiting factor due to the aerobic and neutral pH conditions
prevailing biologically. These conditions oxidize iron to ferric state which is insolu-
ble in nature. Iron exists in two biologically relevant forms ferrous (Fe+2) and ferric
(Fe+3), former being soluble while later being insoluble. Iron can also form a
complex with other elements like ferric citrate, ferric phosphate. They also couple
with proteins like transferrin in mammals or with plant associated pigments. Iron
plays a chief role as cofactor for certain enzymes involved in free radical scavenging,
it serves an important role in electron transport chain, metabolism of carbon via TCA
cycle, DNA synthesis, RNA synthesis, and regulation of gene expression (Caza and
Kronstad 2013; Khan et al. 2017).

There are various strategies employed by bacteria in order to meet their demand
of iron under its limiting conditions. In certain strategies, bacteria modulate the pH
of their extracellular environment in order to switch ferric form to ferrous which is a
relatively soluble form, whereas some bacteria make use of RIA, i.e. Reductive Iron
Assimilation. In RIA, the ferric state of iron is reduced to ferrous form and taken up
by a complex or in option high affinity iron permeases are used, and heme capture,
transferrin/lactoferrin transfer are other modes of iron capture beside siderophore
iron acquisition. Siderophores are the low molecular weight (<10KDa), high affinity
molecules secreted by microorganisms in order to sequester and uptake iron from the
surroundings to combat iron scarcity. Siderophore mediated iron acquisition
involves excretion of high affinity iron chelators that is produced under the strong
regulation by Fur (Ferric uptake regulator) (Khan et al. 2017; Sheldon et al. 2016).
Not all microorganisms have ability to produce siderophores, they utilize
siderophores produced by other microorganisms, termed as xenosiderophores. Sac-
charomyces cerevisiae, Cryptococcus neoformans, and Candida albicans are
examples of non-siderophore producers. They rely on other microorganisms for
siderophore procurement. Whereas microorganisms like Escherichia coli synthesize
their own siderophores and also utilize iron chelators produced by other fungi.

Siderophores are mainly classified into three types based upon their chemical
nature: (i) Hydroxamate siderophore; (ii) Catecholate siderophore; (iii) Carboxylate
siderophore. Hydroxamate siderophores are hydrophilic molecules made up of
hydroxylated and acylated alkylamines in bacteria, whereas in fungi, they are
made of alkylated and hydroxylated ornithine base. Fusarinine C produced by
Aspergillus nidulans is an example of hydroxamate siderophore. Catecholate
siderophores are lipophilic molecules made up of catecholates and hydroxyls.
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These siderophores bind with Fe+2 by their hydroxyl or catechol ends. Enterobactin
produced by Escherichia coli is a catecholate siderophore having highest affinity
towards iron as compared to other siderophores available. Carboxylate siderophores
are mostly produced by fungi and some exceptional bacteria. They possess carboxyl
and hydroxyl groups for iron sequestration. These siderophores are made of citric
acid and β-hydroxybutyrate that can bind and sequester iron. However, there are
certain organisms synthesizing siderophores having both catecholate and hydroxyl-
ate. Such siderophores are termed as mixed siderophores. Here we can quote the
example of heterobactin synthesized by Rhodococcus erythropolis (Khan et al.
2017).

29.4.1 Fur Regulated Siderophore-Dependent Iron Homeostasis

In order to maintain the correct level of iron, tight regulation is employed by bacteria
to regulate its uptake from the environment. To establish this iron homeostasis,
bacteria utilize Fe+2 itself to transcriptionally control expression of genes coding for
iron acquisition proteins. However, bioavailability of Fe+2 becomes possible by
secretion of siderophores in conditions of iron scarcity. As described by Gao et al.
(2008), from his studies on Yersinia pestis, Fur (Ferric uptake regulator) protein
coded by fur genes possesses dual role of being sensory as well as regulatory. When
the intracellular iron levels are high, fur proteins interact with divalent form (Fe+2) of
iron resulting in changed configuration that can bind to DNA at its target sequences
generally termed as Fur box. This binding inhibits the genes/operons that are
required for iron synthesis and uptake. While in conditions of iron scarcity, the
interaction between divalent iron and fur protein fails, causing no change in config-
uration. This prevents binding of fur protein to its target sequence, allowing genes
required for iron uptake to be expressed (Gao et al. 2008).

Pyoverdine, a yellow-green coloured fluorescent siderophore secreted by
pseudomonads in order to sequester Fe+3 from the environment is one of the well-
suited examples for siderophore synthesis under fur control. Pseudomonads includ-
ing Pseudomonas aeruginosa, Pseudomonas putida, and their varying strains found
colonizing rhizosphere are the producers of pyoverdine type of siderophore (Lamont
and Martin 2003).

PvdS gene is required for the synthesis of pyoverdine in Pseudomonas
aeruginosa (Ringel and Brüser 2018). Cloning and characterization studies on
PvdS gene explain it to be a member of RNA polymerase sigma factor family.
Pyoverdine is synthesized only in the conditions of iron scarcity. Once the abundant
level of iron in the bacteria is restored, fur proteins bind to PvdS promoter inhibiting
the production of siderophores thereby maintaining iron homeostasis (Cunliffe et al.
1995). Studies analysed by Liu et al. (2016), on plant pathogen Xanthomonas
vesicatoria show that introduction of mutations in the fur genes resulted in increased
siderophore production while complementing the fur genes for the wild-type fur
gene resulted in reduced siderophore production. This suggests negative regulation
of fur over siderophore synthesis. However, there are also studies on other bacteria
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indicating this reciprocal association between fur genes and siderophore production.
This negative regulation can be subjected to the intracellular level of iron in the
bacterial system as explained for the pyoverdine above (Liu et al. 2016).

29.4.2 FUR Mediated Iron Uptake and Transport

As siderophore synthesis being the first step towards fulfilling the iron requirement
of the organism, the uptake of siderophore–iron complex is the next crucial step for
utilization of iron by them. In case of gram-negative bacteria, TBDTs (TonB
dependent transporters) are the first line proteins having higher affinity for iron
chelators. These transporters require energy which they procure via proton motive
force. TonB help these transporters in tapping the energy which they derive from
electrochemical gradients generated across membranes. Iron–siderophore complex
is then further carried from periplasm to cytoplasm by ABC (ATP-binding cassette)
transporters (Aznar and Dellagi 2015; Barda et al. 2010; Lau et al. 2015). Pseudo-
monas aeruginosa, a gram-negative bacterium found colonizing rhizosphere
possesses two TonB1 outer membrane transporters, FiuA and FoxA. These two
transporters aid in uptake of iron by interacting with ferrichrome, an iron chelator.
These transporter proteins are coupled with accessory proteins for supply of energy
required to transport iron–ferrichrome complex. FiuB and FoxB are the inner
membrane proteins serving as permease that allows transport of iron–ferrichrome
complex at inner membrane level. FiuC is a cytoplasmic protein that acts as N-
acetyltransferase causing dissociation of iron from ferrichrome resulting in free iron
and acetylated desferrichrome which is then recycled back to the extracellular
environment.

FiuR and FoxR are said to be the regulators for sigma factors FiuI and FoxI. FiuR
and FoxR interact with TonB1 towards periplasmic end and towards the cytoplasmic
end they interact with sigma factors to regulate expression of genes required for iron
uptake under iron limiting conditions. These sigma factors interact with RNA
polymerase to transcriptionally activate expression of genes coding for receptors
of ferrichrome and other proteins essential for iron transport (Barda et al. 2010). Fur
proteins play a significant role in regulating the expression of genes coding for ABC
transporters and energy production. Fur proteins are also necessary for expression of
TonB dependent transporters. Role of fur becomes evident by the fact that fur boxes
are found to be present upstream to the fiu genes that are involved in iron uptake
systems in case of Pseudomonas aeruginosa (Noinaj et al. 2011).

29.4.3 Quorum Sensing Enables FUR Dependent Iron Acquisition
in Rhizospheric Bacteria

Rhizospheric bacteria work in complete synchronization to establish their structure
below ground such that they can benefit plants in different ways. In order to settle in
the complex environment of soil where nutrient levels keep on changing constantly,
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these microbes possess overlapping regulatory systems at genetic level. These two
processes not only show dependence on each other rather they co-ordinate to control
other factors such as virulence. To exemplify the interconnection between two major
global regulatory networks, i.e. quorum sensing and iron acquisition, we will focus
on Vibrio vulnificus where Fur–iron complex collaborates with quorum sensing in
guiding the siderophore synthesis and other factors such as virulence. In a study
performed by Hwang Kim et al. (2013), vvsAB, a gene encoding for vulnibactin
siderophore said to be under the control of fur, showed nil expression at low cell
densities in iron limiting environment. Whereas in iron-suffice environment, vvsAB
was expressed regardless of surrounding density. This relation between cell density
and iron regulation can be elucidated with the help of SmcR, a molecule analogous
to LuxR of Vibrio harveyi and is known to be the master regulator of cell-density
dependent gene regulation. In conditions of iron sufficiency, Fur–iron complex binds
to the sequence upstream to the smcR start site in order to induce its expression under
high cell-density conditions. However, when the conditions are deprived of iron, fur
does not interact with regulatory sequences of smcR thus allowing cell density alone
to influence its expression. For this reason, smcR can be attributed as the mediator
between quorum sensing and iron acquisition. Role of fur in smcR regulation was
confirmed by western hybridization where polyclonal antibodies from rats were
subjected against SmcR showing lower SmcR levels under iron rich conditions.
Mutations in fur reversed the effects and showed increased production of SmcR.
Once the function of fur was restored by complementation with wild-type plasmid,
the SmcR production again decreased in presence of iron. This suggests the sup-
pression of quorum sensing regulator SmcR by fur in conditions of iron sufficiency.
This SmcR in turn controls the expression of vvpE, the encoder of elastase, a
virulence factor (Hwang Kim et al. 2013). There are multiple examples where
these interconnections can be further explained. In pseudomonas syringae, fur
genes were reported to regulate the synthesis of N-acyl homoserine lactones and
vice versa (Young et al. 2008). In Pseudomonas aeruginosa, fur is found to
influence the production of PQS (Pseudomonas quinolone signal), gene responsible
for the activation of virulence factors and pqsABCDE operon (Oglesby et al. 2008).

In this way microorganism facilitates in solubilizing the insoluble iron present in
the soil through a complex interplay between quorum sensing and iron sequestering
machinery. Further these available iron complexes can also be utilized by several
transporters present in plants thus helping them to buffer iron for upcoming adverse
situations. This is accomplished via indirectly making alterations across the root
periphery and thus establishing a fine tune among various siderophores producing
microbial community.

29.5 Conclusion

Rhizospheric bacteria such as those belonging to PGPRs play a significant role in
healthy sustenance of plants. PGPRs show antagonistic behaviour towards
pathogens while synchronizing themselves with healthy below ground flora to
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function in synergism for benefit of the plants. The establishment of this complex
community amongst rhizospheric organisms is achieved by quorum sensing, a cell-
density dependent communication system. There are various QS systems found
across the PGPR communities where Las, Rhl, PQS, Lux are few commonly
employed systems. These QS systems show different architectures where
components are wired together in either series or parallel arrangement. These QS
systems do not function independently rather they collaborate with other systems,
iron acquisition being one of them. Siderophore synthesis is one of the major iron-
acquiring systems in microorganisms which works under the control of fur regulon.
Fur regulates iron homeostasis by interacting with the DNA directly by sensing their
intracellular levels of iron. Fur also plays an important role in iron uptake and
transport which becomes evident by the fact that fur boxes are present upstream to
the iron uptake genes. These processes co-ordinate to function for the establishment
of virulence, biofilm formation and toxin elimination. Moreover, the involvement of
metal ion (Fe+3) in regulating the synthesis of siderophore also directs our attention
to the riboswitch based gene expression regulation of iron homeostasis in bacteria.
Study on root exudates by metabolomics approach is helping us to explore more
about the chemistry behind bacterial conversation and its connection with other
processes that are prerequisite for the survival of microorganisms needed for good
health of the plants.
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Abstract

Rhizospheric microorganisms affect the plant community and their composition
in a particular niche in a larger way. The population density of below ground
microbes acts as an indicator for above ground richness of flora and fauna. These
PGPR affect the plants in a positive way through their direct and indirect plant
growth promoting actions. Plant communicates with their associated microbial
community through chemical signaling with the help of various signaling
molecules. The knowledge of plant microbe interaction and communication has
been greatly increased over the year. Due to the functional potential of these
microorganisms and depleting crop production, it is utmost necessary to convert
laboratory innovation into the potential commercial products. A huge amount of
work has been done and still going on pertaining to microbial research using
single microbes or the combination of two or more microbes, known as consortia.
But the problem with these products lies with their efficacy in varying ecological
conditions and the product shelf life in adverse environmental conditions. It is a
high time when focus must be shifted towards the knowledge driven selection of
suitable strains as well as development of suitable carrier and robust formulations.
The current chapter signifies the importance of PGPR, their mechanism of action,
advantage of microbial consortia, aspect of consortia engineering and their
various applications. This chapter also reviews the fact that how these innovations
face challenges after reaching to the farmer field in the form of formulations along
with the other commercial challenges.
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30.1 Introduction

Chemical fertilizers, a key towards global agriculture, mostly rely on three major
nutrients, namely Nitrogen (N), Phosphorous (P), and Potassium (K), as an essential
component responsible for sustaining global food production. According to a report
the compound annual growth rate (CAGR) of ammonia consumption has grown
two-fold since the last 10 years and similarly the demand of phosphorus has also
increased five-fold since 2014 (FAO 2015). Increasing world population has
demanded an extended use of chemical fertilizer for restoring food security, which
has inadvertently disturbed the ecological balance, thereby polluting the natural
environment. Another concern is the unavailability of nutrients in the soil, despite
being present in an adequate amount, they still remain unavailable due to their
insoluble forms and thus remain unable for plant uptake. Despite the fact, that
these chemical fertilizers have inadvertently played a vital role in ensuring the global
food security, still it is not advisable to recommend them as a sustainable solution for
future agriculture. Moreover, incessantly declining nutrient assimilation efficiency
and nutrient loss via soil and water runoff have further exacerbated the situation
further leading to yield reduction, increased emergence of pests, pathogens causing
disease that ultimately plays a significant impact in deterioration of flora and fauna
(Savci 2012).

Therefore, it has become pertinent to use more sustainable and organic way of
food production to reduce our dependency on chemical fertilizers. There are multiple
ways by which one can reduce the usage of chemical fertilizers which includes crop
rotation, conserving tillage practices, integrated pest and nutrient management along
with application of advanced management skills can make agriculture much more
sustainable (NRC 1989). One of the most potent way out using all these farming
techniques is employing organic farming which relies on organic and bio-inputs.
Organic farming could be a better option to enrich biodiversity which also assists in
ensuring food safety thereby effectively preserving our ecosystem (Hassen et al.
2016).

Biofertilizer could be the most effective input for a successful organic farming
which includes plant growth promoting rhizobacteria (PGPR), arbuscular mycor-
rhiza (AMF), blue green algae, and other kind of microbial fertilizers. Microbial
fertilizer or biofertilizers, generally known as microbial inoculants, are beneficial
soil microorganisms those are cultured and multiplied commercially using an artifi-
cial media as a culture or inoculum. Biofertilizer is reported to keep the soil
environment balanced and healthy by multiple ways, namely, converting insoluble
nutrients to a soluble form which is done through nitrogen fixation, phosphate and
potassium solubilization and their mobilization, releasing plant growth promoting
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hormones, increasing organic carbon content, releasing antibiotics, cyanides, lytic
enzymes, siderophores. Further these biofertilizers are known to suppress the growth
of pathogens and mitigate the effect of biotic and abiotic stress via activating the
intrinsic systemic resistance and are also known to improve the nutrient use effi-
ciency in plants (Fukami et al. 2017, 2018a, b). In a related study PGPR and a
combination of PGPR & AMF and 70% fertilizer were known to significantly
improve the N fixation and P uptake when compared to 100% fertilizer alone
(Adesemoye et al. 2009). However, not all the bacteria can be designated as
PGPR, reports recommend that bacteria displaying significant traits of growth
promotion are to be used for commercial biofertilizer production.

Biofertilizer sector has shown impressive growth journey globally, Brazil is
known to be the biggest consumer of microbial fertilizers followed by other
countries like Argentina and India (Okon et al. 2015; Sruthilaxmi and Babu 2017).
In the year 2006, Department of Agriculture and Cooperation, Government of India,
New Delhi, vide their order Dated 24th March, 2006, later amended in 2009,
included biofertilizers and organic fertilizers under section 3 of the Essential
Commodities Act, 1955 (10 of 1955), in Fertilizer (Control) Order, 1985. Initially,
only the carrier based solid biofertilizer was commercially developed however due
to various technical problems in solid based biofertilizer the concept of liquid based
biofertilizer came into picture. Since then, many new biofertilizers were appended in
the existing list, latest being consortia biofertilizer, which is a mixture of NPK fixing/
solubilizing bacteria and contains more than one bacteria in a single solution.

This chapter aims to highlight the plant growth promoting ability of microbes,
their molecular mechanism of action. Major emphasis will be to elucidate the
potential of microbial consortia and their applications in promoting sustainable
agriculture and major challenges in commercialization of microbial based agri inputs
which shall be discussed in the later part of the chapter.

30.2 Plant Growth Promotion: An Innate Ability
of Microorganisms

Rhizosphere is a natural habitat for microorganisms, where they multiply and favor
the plant growth, thereby increasing the productivity while also reducing the disease
occurrence. The root rhizosphere is the most vibrant and nutrient enriched place,
where soil microflora flourishes in response to root exudates released by the host
plant. Plant growth promoting microorganisms (PGPMs) generally include bacteria
and fungi such as Azotobacter, Pantoea, Azospirillum, Pseudomonas, Bacillus,
Rhizobium, Enterobacter, Paenibacillus, Flavobacter, Klebsiella, Gluconobacter,
Penicillium, Streptomyces, and Trichoderma (Nadeem et al. 2015). If we talk about
bacteria, then these can be divided as symbiotic and free living bacteria. On the basis
of habitat, they can be further divided as extracellular and intracellular. Extracellular
bacteria are found in rhizospheric zone in soil, near root zone of plant, or even in
extracellular spaces of root cell, while intracellular bacteria live inside the plant
system. They enter inside the root cell through cell wall penetration and from organs
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like nodules in optimum conditions inside the plant system (Stamenković et al.
2018). These microorganisms are reported to change the whole microbiome of
rhizosphere thus exhibiting plant growth promotion via solubilizing the insoluble
nutrients while others act as bio-control agents and protect the plant from adverse
environmental conditions by producing various hormones, enzymes, organic acids,
antibiotics (Owen et al. 2015). In general, these growth promoting microbes exhibit
direct and indirect mechanism of plant growth. Solubilization and acquisition of
nutrients and essential minerals, via altering the plant hormone concentration, are
considered as direct plant growth promoting mechanisms, whereas environmental
stress mitigation, bio-control, and production of secondary molecules are assigned as
indirect mechanism. The effect of these mechanisms in the form of yield enhance-
ment and better plant health is reviewed by many researchers in various crops like
cereals, pulses, horticultural crops, citrus fruits, plantation crops, ornamental plants,
vegetables, and trees. It is interesting that plant can easily differentiate between these
PGPMs and pathogenic microbes with the help of receptors through microbe
associated molecular pattern (MAMP) which plays key role in microbe plant
interaction and signaling (Finkel et al. 2017). It is reported that various molecules
such as sugar, organic acids, flavonoids trigger the process of root nodulation and
further release volatile chemicals via various signaling mechanism during a typical
microbe plant communication. The type and composition of these signaling
molecules are largely dependent on the microbial strain and the host plant (Qin
et al. 2016). These signaling molecules act as a signal to initiate the process of
nodulation or root colonization. After colonization, bacteria starts multiplying inside
the plant cell and starts exhibiting the beneficial characteristics (Lugtenberg 2015)
(Fig. 30.1).

Fig. 30.1 Plant growth promotion activity exhibited by PGPR in Rhizospheric zone

634 M. D. Bhatt and P. B. Vaishnav



The first commercialized bacterial culture was rhizobium especially formulated
for leguminous plants. In the middle of 1990s, Bacillus spp. have gained so much
attention as a seed dressing and were registered in more than seven crops and
inoculated in the area of more than 2 million hectare (Backman et al. 1994). Later
the chitosan based microbial formulation started to commercialize which had shown
remarkable growth in tomato, pepper, and cucumber. Gradually many plant growth
promoting bacterial and fungal cultures were commercialized and formulated as a
single or mixed inoculum (Kavamura et al. 2013; Mumtaz et al. 2017). Among all
bacterial cultures, Pseudomonas was reported to be most aggressive in colonizing
various plants and exhibited broad spectrum antagonistic activities against a wide
variety of pathogenic microbial hosts (Davison 1988). The damping off disease in
cotton caused by R. Solani is controlled by antibiotic produced by Pseudomonas
fluorescens (Howell and Stipanovic 1979). Furthermore, the combined formulation
of Bacillus polymyxa and Pseudomonas strica was reported to increase grain yield
and dry weight and nutrient uptake in sorghum (Alagawadi and Gaur 1992).

30.2.1 Potential Significance of Microbes in Sustainable Agriculture

Plant growth promoting rhizospheric microorganisms reside in the rhizospheric zone
of the plant in the abundant numbers, i.e.1011 microbial cells per gram of root
(Egamberdieva et al. 2008). Apart from them, approximately 30,000 prokaryotic
species are also reported to be present in that zone. If we talk about the genome of
whole microbial community residing around the plant, then it is larger than the
genome of plant itself which is termed as microbiome (Mendes et al. 2013). These
microbes interact synergistically with each other and their signaling governs the
overall health of plant by accomplishing various mechanisms within the plant as well
as outside the host plant, namely nutrient recycling, soil moisture maintenance,
nutrient acquisition, pest control, regulation of abiotic stress, and organic matter
decomposition (Berg et al. 2013). These microbial inoculants are a set of diverse
microorganisms, which are inoculated in the soil to enhance the physicochemical
property and microbial diversity of soil thus improving plant growth and enhancing
overall crop productivity (Sahoo et al. 2014). Agriculturally important microbial
communities having diverse group of microbes include nitrogen fixing bacteria and
cyanobacteria, phosphate solubilizing/mobilizing bacteria and mycorrhiza, disease
suppressive bacteria and fungus, stress tolerant microbes, and bio-degrading
microorganisms (Singh et al. 2011).

Among PGPR, Azotobacter, Azospirillum, Bacillus, Pantoea, Pseudomonas, and
Rhizobium are the most potent and efficient and are widely reported by many
authors. Azotobacter, a free living bacteria, is reported to have nitrogen fixing ability
and has a very important role in regulating global nitrogen cycle (Sahoo et al. 2014).
Apart from the nitrogen fixation, Azotobacter is also reported to produce many
vitamins like thiamine, riboflavin (Revillas et al. 2000), and phytohormones like
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gibberellins, cytokinins, and indole acetic acid (Abd El-Fattah et al. 2013). Some of
the species like Azotobacter paspali, Azotobacter salinestris, and Azotobacter
beijerinckii also produce different types of siderophores (Collinson et al. 1987;
Kannapiran and Sri Ramkumar 2011). Azotobacter spp. also exhibit bio-control
traits against Rhizoctonia solani (Fatima et al. 2009), Fusarium oxysporum
(Chauhan et al. 2012),Macrophomina phaseolina (Dubey et al. 2012). Azospirillum
genus is microaerophilic nitrogen fixer which resides in the extracellular zone of
roots. Azospirillum brasilense and Azospirillum lipoferum are the species which
were discovered at first among all (Lin et al. 2015). Azospirillum is known to have
several PGPR traits like siderophores production by Azospirillum brasilense
(Bachhawat and Ghosh 1987) and Azospirillum lipoferum (Saxena et al. 1989),
phytohormones production like abscisic acid (Perrig et al. 2007), IAA, ACCD,
gibberellic acid (GA), and HCN production (Sahoo et al. 2014). It has also been
reported for its antagonistic properties against pathogens like Colletotrichum
acutatum (Tortora et al. 2011). Another important genera Bacillus also holds a
significant position, as it is known to display PGP traits as well as bio-control
properties against some virulent pathogens. Bacillus subtilis, being a model species
of this genera, is extensively studied and described by (Graumann 2007). Many
species like B. megaterium (Byers et al. 1967), B. subtilis (Ito and Neilands 1958),
B. amyloliquefaciens (Niazi et al. 2014) are known for siderophores production.
Other PGP properties like synthesis of ACCD, IAA (Kumar et al. 2014), ammonia
(Ahmad et al. 2008), GA (Lenin and Jayanthi 2012), and production of various
organic acids for solubilizing the insoluble phosphate (Pourbabaee et al. 2018) have
been reported in this genera. Bio-control properties against several pathogenic
microbes such as Rhizoctonia solani, Fusarium oxysporum (Kumar et al. 2014),
Macrophomina phaseolina (Kesaulya et al. 2018), and Ralstonia solanacearum
(Huang et al. 2016) have also been reported so far.

Pantoea genus is ideal for making commercial formulation related to medical,
environmental, and agriculture. Various PGP properties like siderophores produc-
tion by Pantoea agglomerans, Pantoea eucalyptii (Viruel et al. 2011), Pantoea allii
(Pereira and Castro 2014), phosphate or nitrogen fixation (Kim et al. 2012),
phytohormones synthesis like abscisic acid, IAA, and GA (Feng et al. 2006) are
reported in various species of Pantoea.

Apart from these genera, other important bacteria responsible for growth promo-
tion are Pseudomonas and Rhizobium. In Pseudomonas spp., properties, namely
HCN and ammonia production (Subramanian and Satyan 2014), siderophores pro-
duction (Kloepper et al. 1980), production of IAA, ACD, (Bona et al. 2017),
phosphate solubilization (Subramanian and Satyan 2014), and nitrogen fixation
(Pham et al. 2017) are being studied extensively. Pseudomonas is known for its
antagonistic properties against various microorganisms like Fusarium oxysporum
(Monali et al. 2018), Pythium ultimum, Fusarium udum (Sulochana et al. 2014), and
Erwinia amylovora (Bahadou et al. 2018).

Genus Rhizobium, well-known nitrogen fixers, is commonly found in the nodules
of leguminous plant roots. Apart from PGP traits like siderophore production
(Eng-Wilmot and Van der Helm 1980), phosphate solubilization (Xing et al.
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2016), nitrogen fixation (Datta et al. 2015), production of IAA and ACCD
(Hernández et al. 2017), the antagonistic properties of Rhizobium spp. are also
reported against some virulent pathogens like Fusarium oxysporum (Arfaoui et al.
2006), Sclerotium rolfsii, Rhizoctonia solani, Macrophomina phaseolina, and
Aspergillus niger (Deboja and Manoja 2010) (Table 30.1).

30.3 Physiological Functions of Plant Growth Promoting
Rhizobacteria

From the previous section, it is clear that microorganisms play a regulatory role in
various biochemical and nutrient cycles of the plant system and proved to be
beneficial for the plant health. It has been observed that the soil with high microbial
diversity and increased organic matter has less requirement of fertilizer supplement
when compared to conventionally managed soil (Bender et al. 2016). The molecular
basis of plant microbe interaction is still not very well defined however due to
modern approaches like Omics, it has been started to unfold gradually (Backer
et al. 2018).

30.3.1 Microbes Mediated Nutrient Acquisition in Plants

The symbiotic relationship between Rhizobia and Leguminous plant is the most
studied and explored plant microbe relationship. In this association, both partners are
mutually benefitted as the plant provides shelter and reduced form of carbon to
bacteria, whereas bacteria in turn fix the nitrogen for the plant. During this relation-
ship both the partner undergo physiological changes. Due to colonization of Rhizo-
bium, a new organ is formed inside the plant while bacteria from its rod shaped
structure are converted into branched bacteroid (Oke and Long 1999). As a result of
this association, globally 20–22 teragram nitrogen (Tg N) (Herridge et al. 2008) upto
40 Tg N (Galloway et al. 2008) nitrogen is being fixed annually. With the start of
early twenty-first century, the commercialization of free living nitrogen fixing
bacterial inoculants other than Rhizobia has gradually started. Among them, mainly
are Azospirillum sp., Azotobacter sp., Bacillus polymyxa, Burkholderia sp.,
Diazotrophicus sp., Gluconobacter sp., and Herbaspirillum sp. (Vessey 2003).
These bacterial inoculants are known to have broader host range than rhizobium.

The next most essential nutrient for plant growth after nitrogen is phosphorous
(P) which is present in soil in a bulk amount however, being in insoluble form, it is
not available readily to the plants. To overcome this difficulty the role of phospho-
rous solubilizing bacteria (PSB) comes in the picture as they efficiently solubilize the
inorganic phosphorous, coupled with calcium, iron or aluminum, through the secre-
tion of organic acid. PSB are also known to produce phytase which can extract
reactive P from organic compounds (Backer et al. 2018). These bacteria are also
reported to secrete HCN which is supposed to have adverse effect on pathogen. In
contrary to this, Rijavec and Lapanje (2016) have debated the role of HCN for
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Table 30.1 Types of PGPR and their contribution in improved crop health and yield.

Microbial
Group Name of microbes Host plant Key roles References

Gram
positive
Bacteria

Bacillus sp. Corn,
soybean,
wheat

Increased plant growth Akinrinlola
et al. (2018)

Bacillus
aryabhattai

Grape Increased plant growth and
yield significantly

Liu et al.
(2016)

Bacillus sp. Tomato Improved the plant growth,
yield, and quality of fruit

Widnyana
(2018)

Bacillus drentensis Mung
bean

Improved the plant growth,
yield, and abiotic stress
resistance

Mahmood
et al. 2016

Bacillus subtilis,
Bacillus
amyloliquefaciens

Cucumber Improved germination,
seedling vigor, growth, and
N content in root and shoot
tissue

Islam et al.
(2016)

Gram
negative
Bacteria

Azotobacter
chroococcum

Maize Reported increase in plant
root and dry weight of plant

Sachin and
Misra (2009)

Pseudomonas
aeruginosa

Fabba
beans

Increased root and shoot
dry weight

Haddoudi
et al. (2017)

Pseudomonas sp. Tomato Improved the plant growth,
yield, and quality of fruit

Widnyana
(2018)

Enterobacter
cloacae

Mung
bean

Improved the plant growth,
yield, and abiotic stress
resistance

Mahmood
et al. 2016

Pseudomonas
stutzeri,
Stenotrophomonas
maltophilia

Cucumber Improved germination,
seedling vigor, growth, and
N content in root and shoot
tissue

Islam et al.
(2016)

Pantoea and
Enterococcus

Mung
bean

Reduced Na concentration,
enhanced antioxidants
(ascorbic acid and
glutathione)

Panwar et al.
(2016)

Rhizobium
sp. BARIRGm901

Soybean Increased the nodulation,
growth, and yield of crop

Alam et al.
(2015)

Fungi Mycorrhizae
(Glomus sp.)

Barley Improved water use
efficiency, increased yield
content

Abdelhameid
and Kenawey
(2019)

S. cerevisiae In situ
study

Increased Zn uptake Martha-Paz
et al. (2019)

Algae Algal biochar Maize Improved physiology, dry
and fresh weight of shoot
and root under water deficit
condition

Ullah et al.
(2019)

Cyanobacteria
based compost

Cotton Enhanced fresh weight,
germination, and
microbiological activities

Prasanna
et al. (2015)
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increasing the P availability via metal chelation and sequestration. The strains of
phosphate solubilizer Bacillus megaterium have been formulated and
commercialized by BioPower Lanka, Sri Lanka and strains like Pseudomonas
striata, B. megaterium, and B. polymyxa had been commercialized by AgriLife,
India (Mehnaz 2016).

In addition to nitrogen and phosphorous solubilizing bacteria, the potassium
(K) solubilizing bacteria, namely Bacillus mucilagenosus are also being developed
commercially which may prove imperative for K availability in plants. Unlike the
macronutrients, sometimes micronutrients like Fe and Zn may also play an essential
role in plant growth and can also prove to be growth limiting many times. Bacteria
also play important role in iron sequestration by producing organic acids or
siderophores and make it available for the plants. Therefore, Agri Life India has
successfully developed the commercial strain of Fe mobilizing bacteria
Acidithiobacillus ferrooxidans (Backer et al. 2018). Notably, solubilization of Fe
in this strain has been reported through organic acid production rather than
siderophores production (Bhatti and Yawar 2010). Similarly, Zn, Si solubilizing
bacteria have been reported and commercialized till date which shows increase in
uptake of micronutrient in the plants (Kumawat et al. 2017).

30.3.2 Signaling Between Plant Roots and PGPR

30.3.2.1 Signaling in Symbiotic Bacteria
(a) Rhizobial NOD factors: Lipo-chitooligosaccharides (LCOs)

In the previous part of this chapter, we have read about mutualistic relationship
between Rhizobium and leguminous plants. Now, we will discuss about the molec-
ular mechanism working behind this relationship. As Rhizobia encounters the host
plant it so on initiates the colonizing process that results in the release of some
flavonoids, which in turn, induces the Nod factors (Kondorosi et al. 1989). Nod
factors are basically lipo-chitooligosaccharides (LCOs) which has β1,4 linked
polymers of N-acetylglucosamine (GlcNAc) as core of chitin. N-acyl moiety
which has a long fatty acid chain is a key feature of LCO which make them different
from that of chitin. These fatty acid side chains vary in their length, substitution
groups which make them unique between the Rhizobial strains and their selective
host range (Oldroyd 2013). LCOs are known to be involved in plant growth
promoting activities like establishing mutual relationships between plant and bacte-
rial strains thus improving the level of photosynthesis as well as enhancing plant
resistance (Rey et al. 2013). These LCOs receptor of the leguminous plants are
identified as lysin motif containing receptor-like kinase family (Liang et al. 2014).
These receptors are found in almost all bacterial genera except Archaea and elicit the
signal by combining MAMPs including chitin (Antolín-Llovera et al. 2012). Being
universal in nature, these LysM receptors, LCOs are significant signaling molecule
in rhizospheric biology and affect the plant growth and trigger positive effects on
plants (Rosier et al. 2018). In a transcriptomic study a significant alteration in the
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level of gene expressions in response to LCO was reported where the growth and
secondary metabolism related genes and their respective transcriptional factors were
found to be upregulated, whereas stress inducing genes were downregulated in a
maize treated with 10 nM LCO (Tanaka et al. 2015). Promoter fusion reporter
constructs were subsequently generated for genes having strong positive responses
to induction by LCO. Total four genes were identified and analyzed via promoter
fusion reporter construct transformed to maize roots out of which the CaMB gene,
that encodes calmodulin-binding protein, showed a three-fold enhancement in the
expression level. It was primarily found to be localized in in the epidermal layer of
roots, putatively role in ABA mediated hormone signaling, resulting in altering the
root growth and development of maize roots.

(b) Rhizobial Nop effectors type III secretion system (T3SS)

Pathogenic bacteria are known to exert their virulence effect through T3SS
system. However, this system is not confined up to pathogenic bacteria only but it
is also present in various symbiotic and non-symbiotic bacteria. In rhizobia, it is a
major signaling mechanism to suppress the host immunity, to identify the specific
host and development of nodulation. Plant hormone signaling cascade is known to
stimulate plant growth and provide immunity to the plant which is only possible
through crosstalk between growth and defense mechanisms (Karasov et al. 2017).
Lipopolysaccharides (LPS) and exopolysaccharides (EPS) are carbohydrate signal-
ing molecule which are being used in suppressing the plant immunity for successful
plant bacterial inoculation (Jones et al. 2008). Their interaction occurs through type
III secretion system (T3SS) at plant cell membrane and in this way plant rhizobial
interaction successfully takes place. Effector protein is directly delivered inside the
cell under the mechanism called T3SS and is reported in pathogenic bacterial
signaling system (Ji and Dong 2015). Many rhizobial genera like Bradyrhizobium
and Sinorhizobium are reported to have this type of system. Effector protein in this
case is termed as nodulating outer protein (NOP) and is transported through T3SS
mechanism and bacteria secrete them in response to flavonoid (de Campos et al.
2011). It is reported that NOP acts as a key protein in suppressing the immune
response of host plant. Moreover, a NOPL is reported to downregulate the transcrip-
tion of PR proteins such as glucanases and chitinases which are further regulated by
MAP-kinase pathway (Bartsev et al. 2004). The role of NOPL as a substrate of
MAP-kinase responsible for host defense suppression is recently been reported by
Ge et al. 2016.

30.3.2.2 Signaling in Non-Symbiotic Bacteria
Exometabolites produced by rhizospheric bacteria act as a signaling molecule which
induces the positive effect on plant growth and immunity (Wiesel et al. 2014).
Complete molecular pathways behind these physiological changes are not elucidated
yet but it is clear that these secondary metabolites have a definite role in plant growth
and immunity. Some of these metabolites are discussed in the following section:
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(a) Phytohormones

As we have discussed earlier, PGPR has the innate ability of plant growth
promotion and this is possible through various phytohormones or structurally similar
molecules produced by bacteria (Spaepen 2015). These chemicals produced by the
bacteria match the structures and functions of plant hormones such as gibberellic
acid, auxin, and ethylene (Singh et al. 2011). Many researchers reported production
of phytohormones like chemicals in various PGPR like Bradyrhizobium japonicum,
R. solanacearum, Erwinia chrysanthemi, B. amyloliquefaciens, and Paenibacillus
polymyxa strain BFKC01either for plant growth promotion or for suppression of
pathogens (Zhou et al. 2016).

(b) Bacterial Volatiles

Plant and bacteria both are reported to produce these aromatic molecules called as
volatile organic compounds (VOC). Recently, two authors Chung et al. (2016) and
Audrain et al. (2015) have reported that these chemical compounds are having low
molecular weight and they can be organic as well as inorganic in nature, therefore to
be more specific, they termed them Bacterial Volatile Compounds (BVC). BVCs are
known to have a role in plant growth promotion and induction of plant defense. In
Blom et al. (2011)), conducted a large scale experiment on 42 rhizospheric bacterial
strains and reported that Burkholderia and Pseudomonas were able to
downregulated the ethylene production in response to the MAMP elicitor flg22.
These molecules are also reported to have some role in expression of nutrient ion
transporters. Bacillus subtilis GB03 is reported to augment the iron accumulation in
Arabidopsis (Zhang et al. 2009).

(c) Signaling through N-acyl homoserine lactones

Quorum sensing is a density dependent technique used by the microorganisms in
order to communicate among each other on inter/intra species level. It is a major
communication mode among bacterial genera present in particular rhizo-
microbiome (Lowery et al. 2008). Both gram positive and negative exhibit the
quorum sensing technique for communication but the difference lies in the type of
signaling molecule, their structure, and the response mechanism. Extracellular signal
molecule also known as Auto Inducer (AI) is well studied in gram negative bacteria.
Auto inducer is produced by AI synthase which further binds with transcription
regulator protein and upregulates the expression of operon related to quorum
sensing. Environmental condition acts as an inducer for the synthesis of AI and
with the increase of population density, the signal becomes strong and a positive
feedback traverses among the bacterial community (Rosier et al. 2018). Many
rhizospheric bacteria use this signaling mechanism for their survival and other
functions related to the environment (Venturi and Fuqua 2013). These activities
are tightly regulated by AI concentration, its structure, and regulator protein. Many
researchers also reported the involvement of QS in inter-species crosstalk (Rosier
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et al. 2018). N-acyl homoserine lactones (AHL) act as a signal molecule for gram
negative bacteria. AHL contains a lactone ring and an acyl side chain of different
lengths, hydroxyl groups, and degree of saturation (Chernin 2011). These side
chains can vary from C6 to C18 and it has been reported that long chains are mostly
preferred among bacteria. For example, rhizobia contain C6 to C18 chains (Teplitski
et al. 2003), while Pseudomonas exhibit C6 to C12 long chains of AHL molecule
(Ortíz-Castro et al. 2008). These different AHL display different functions in the
plant system (Schikora et al. 2016) right from the transpiration and stomatal control
response in Phaseolus vulgaris L. (Joseph and Phillips 2003), increase in nodulation,
flavonoid synthesis, hormone synthesis, and increasing plant defense through root
inoculation with S. meliloti-specific 3-oxo-C14-HL.

Many more signaling molecules in plant PGPR interaction are yet to be discov-
ered, which are able to stimulate plant growth, immune system, and nutrition related
pathways. One such example of signal molecule is cyclodipeptides (CDPs) and their
significant role in lateral root growth has been reported in P. aeruginosa (Ortiz-
Castro et al. 2011).

30.4 Engineering Microbial Consortia: A New Avenue in PGPR
Research

Microbial consortia are mix population of two or more genera of microbes which are
proved to be efficient in environmental remediation, helping in food digestion, waste
water treatment, and in sustainable agriculture. These microbes in mixed population
can perform those tasks which are impossible for an individual stain. In natural
ecosystem, these microbes reside in complex microbial communities called
microbiome, where they take part in a complex global cycling of nitrogen, oxygen,
and carbon. Use of these naturally occurring microbial flora is very common and
ancient practice in food other industries (Bader et al. 2010). Each member of the
group has to work hard to be remained in the community. Two bioleaching bacteria
Ferroplasma acidiphilum and Leptospirillum ferriphilum which coexist in their
natural habitat, i.e. acid mine drainage represent the excellent example of naturally
occurring microbial consortia (Merino et al. 2015). They both oxidize iron and sulfur
element symbiotically in their habitat (Merino et al. 2015, 2016). These natural
consortia were further studied for understanding their metabolic process when both
are growing symbiotically through metabolic model constructed using mixed culture
of both of the bacteria (Merino et al. 2015). This study revealed that Ferroplasma
acidiphilum uses organic matter for its growth produced by Leptospirillum
ferriphilum, thereby helping L. ferriphilum by intoxicating the environment by
consuming organic matter and lowering down their toxic concentration of organic
matter for L. ferriphilum. (Merino et al. 2016). Second example of naturally occur-
ring microbial consortia is the rumen bacteria which reside in the gut of herbivores.
They work collaboratively to digest plant biomass directly to simple sugar by
producing cellulolytic enzymes.
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30.4.1 Recent Advances in Microbial Consortia Engineering

In this era, synthetic ecology is emerged as a new applied branch of synthetic
biology (Fredrickson 2015). Many studies reveal that synthetic microbial consortia
are also being constructed and functioning efficiently. These synthetic consortia
mimic the synergies and interactions used by natural microbial communities for the
efficient degradation.

These microbial consortia are designed specifically in a way that they may
co-cultivate simultaneously for extensive metabolic engineering in various biotech-
nological applications and in greenhouse gas management (Hill et al. 2017).

New microbial inoculants are added for stimulating the native microbial network
of the soil and in this way the beneficial and functional microbial groups are
reactivated, whose availability usually diminishes over time, reasons may be exces-
sive fertilization and exhaustive cropping system (Stringlis et al. 2018). This new
microbiome protects the plant from various abiotic stresses (Van Oosten et al. 2017),
heavy metal and pesticide pollution (Ventorino et al. 2014) via activating nitrogen
fixation, augmenting macro and micronutrient solubilization/mobilization, initiating
the production of beneficial microbial byproducts, namely exopolysaccharides and
antibiotics for an enhanced plant protection.

It has been established from the research that these new microbial inoculants
establish close association with native bacteria and fungi which are competent
enough to survive with them. (Bonanomi et al. 2018). These bacteria and fungus
consortia have the capability to build up the novel microbial communities (Ahmad
et al. 2011; Lugtenberg 2016) and activate the PGP traits which are not possible
through inoculation of single species.

To engineer the microbial consortia, it is necessary to screen and isolate the
potential strains, compatibility analysis, screening for the potential characteristics,
analysis and evaluation of the effects on native ecosystem, development of suitable
production technology with effective formulation, and to reach it up to end user with
all technical support (Kong et al. 2018). The basic mechanism regulating these
complex inter or intrageneric interactions can only be elucidated through omics
study. These studies can also provide some new mechanism that can also help in
formulating new generation biostimulants (Fiorentino et al. 2018; Ventorino et al.
2018).

One example of synthetic microbial consortia is co-cultivation of a
methanotrophic bacterium, Methylomicrobium alcaliphilum and a cyanobacterium,
Synechococcus PCC 7002 for transforming greenhouse gasses to microbial biomass
through oxidative photosynthesis (Hill et al. 2017). Engineered microbial consortia
give insights about metabolic coupling between oxidative photosynthesis and meth-
ane production. This type of co-cultivation model offered a platform for successfully
transforming harmful greenhouse gases into microbial biomass and can be used to
develop various such kind of products for a safe and sustainable future. In another
example, three different strains, Ketogulonicigenium vulgare, Gluconobacter
oxydans, and Bacillus spp. were employed to produce a vitamin C precursor-
2-keto-l-gulonic acid (2-KLG) on industrial level via two step fermentation
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technology (Guleria et al. 2017). In the above process, firstly fermenter process starts
with G. oxydans, which converts D-Sorbitol to L-Sorbose by sorbitol dehydrogenase
(SLDH). In the second step, K. vulgare and B. megaterium further convert this
L-sorbose to L-sorbosone through L-sorbose dehydrogenase and it is further
converted into 2-KLG by L-sorbone dehydrogenase. This is very high yielding
process where the yield is said to be around 97% but is too complex to perform.
To make it rather easy one step fermentation process, a consortium of G. oxydans
and K. vulgare was redesigned and the product was achieved through one step
fermentation with 87% yield in very less time which is at par with the previous
process.

In this way, the potential of engineering the microbial communities strengthens
its sustainable future ahead. It is expected that many synthetic consortia having
multiple specialized microbial members or polycultures will be developed in near
future to simplify the more complicated biosynthetic pathways. This new technology
will provide an opportunity to study microbial ecosystem as a new area of research.

30.5 Challenges in Commercializing Microbial Based
Agro-Inputs

The growing literature of agro-input indicates that there is emerging demand of
microbial based products in agriculture. In many developing countries, they are
being used effectively in large scale. In the country supporting organic agriculture,
this microbial inoculum is growing rapidly and has a remarkable role in sustainable
agriculture. But the limiting factor in commercialization of these microbial products
is their specificity, selectivity, and time requirement for reaching the market. Fur-
thermore they are known to be very selective to their niche and the environmental
factors. When they are released in the open environment, where multiple factors
work simultaneously, their quality and efficacy remain in question. On the contrary,
chemical based agro-inputs have broad spectrum and are least affected with the
environmental factors. In addition to these challenges, these products also face the
registration and other legal regulation related challenges.

30.5.1 Challenges with Registration and Legal Framework

In India, policy reforms need to be simple and realistic so that it can meet the needs
of consumer and producer that will ultimately affect the overall supply chain. There
is urgent need to regularize the policy framework of these products in such a way so
that infrastructure can be provided in rural area and farmer can achieve good returns
and can lead to minimization of wastage (Sundar 2016). Now in response to the rapid
change in the trend of global agribusiness, the priority of market has been more
focused towards quality and diversification rather than increased quantity of the
product. The legal regulation related to agribusiness has touched the highest
standards. It is approaching all the area related to food health, environment
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protection, safety standards, and child labor issues. It is more complicated in the
segment of plant protection and bio-control products. These products sometimes
reach the market in a span of 5–7 years including the registration process. In India,
the registration process is a state affair in case of agro-inputs excluding fertilizers.
Rules vary from one state to another and sometimes are very complex. It is very
tough for an entrepreneur to wait for such a long time for releasing a single product.
It is a high time when Government of India should take strong initiatives to
regularize agro-inputs especially biostimulants.

30.5.2 Challenges Regarding Product Quality and Efficacy

It is evident that the efficacy of microbial products under field condition is in
question. It is inconsistent after some time of its release in the market and requires
some new innovations and further lab studies. The problem lies with the production
of microbes abundantly in a synthetic environment as it is not certain that how one
bacteria will behave in community or in isolation. It is necessary to conduct
quantitative studies about the traits or characters which are going to be affected
when these microbes are kept under varying degree of stress conditions. So the real
challenge begins when the microbial products are applied for the crop improvement
and they respond differently in different crops based on habitat and community
structure of that particular plant roots. When we synthesize any microbial product in
lab then our fundamental objective is to produce the specific trait which is going to
induce specific biological activities in the target crop. This specific requirement
needs innovative strategies targeting the product metabolism into the desired loca-
tion. So the product to be effective, we have to understand the specific microbiome
community residing in the root of target crop and the metabolic flux of the host plant.
It is already accepted widely in medical science that biology is ultimately an
information science (Nam et al. 2014; Rolfsson and Palsson 2015). Recent, techno-
logical advances have enabled us to understand and differentiate between genes and
their response during microbe plant interaction. Using simple engineering technique,
information technology, we can generate the data related to genes, signaling
molecules involved, and their related metabolic pathways (Andrianantoandro et al.
2006; Pulendran et al. 2010). Through bioinformatics, these data are mined and are
being used to create hypothesis behind certain biological changes. This type of
systems biology approach is also being applied in vaccine science. Hence, in order
to improve the inconsistency and efficacy of microbial products, the innovative
molecular and genetic technologies along with bioinformatics should be utilized
for reconstructing biochemical machinery. It can work as a base system using
in-silico modeling followed by understanding and validating the plant microbe
interaction.

This advanced system biology approach was used to study the vast microbial
communities found in nature. As an example through such advanced studies, it could
become possible to study microbial communities which form biofilm, which is
basically a layer of protection and cellular balance system, wherein complex
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microbial communities reside under natural conditions (Timmusk et al. 2015;
Timmusk and Nevo 2011). This biofilm can be originated from a single bacterial
species or from complex communities of several bacterial species. They coordinate
for their metabolic activities and gene expression in a density dependent manner, a
process called quorum sensing. Many researchers have reported that this biofilm
represents a high level of coordination among cells. (Gestel et al. 2015). Another
example is the signaling mechanism and molecules which are being reported in
symbiotic as well as non-symbiotic plant system as described in the earlier part of
this chapter.

30.6 Concluding Remarks

Through extensive research, it is now evident that the relationship between plant and
microbiome is very historic and they are developed gradually through coevolution.
This coevolution is only possible through interaction of microbes with plants. These
interactions are the result of communication between the two through various types
of signaling molecules. This process is constant and it is expected that some more
new and novel relationships to be explored in coming time which will proved to be
beneficial for crop yield and global food production. It is clearly known that these
microbial strains exhibit some plant growth promoting characters which are benefi-
cial for crop and sustainable agriculture but our understanding is in very primitive
stage. The common and easiest way out to explore consortia is having very few
members and analyzing the signal molecule they produce. Some products can be
tested for plant growth promoting traits and the effect under adverse environment
conditions like drought, heat, etc., while some can be analyzed for their ability to
resist biotic stress and pest infestation. One should also keep in the mind that the
regulatory framework of these products must be clear and easy because at this point
of time the general perception of the people regarding bio-products is not very clear
but it somewhat positive. The main reason behind this perception being positive is
the adverse effect imposed by chemical inputs in the soil. Gradually these biological
inputs are considered as an alternative to the chemical inputs. These naturally
originated biostimulants are having great potential for agricultural benefit with
regard to global food security and sustainable agriculture. It is definite that in this
era of climate change these formulations will prove to be a boon if development and
usage will be done consciously. There is urgent need of strict and serious interven-
tion of government to deliver these formulations intact directly to the farmer’s field.
Mathematical modeling based on the engineered microbial consortia would help the
rhizospheric microbes to deliver their best traits in crop production. This would
confirm that the great potential of PGPB/PGPR science would discover its approach
to expediting reproducible field application and sustainable food production under
climate change conditions.
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Plant Growth-Promoting Rhizobacteria
(PGPR): A New Perspective in Abiotic Stress
Management of Crop Plants

31

Madhumita Barooah, Gunajit Goswami, and Sudipta Sankar Bora

Abstract

Rapid intensification in agricultural production systems over the past few decades
has affected the environment, leading to several consequences including poor soil
health, pollution, and increased abiotic and biotic stress. The change in global
climate with extreme weather conditions and erratic rains during the recent past
has further aggravated the situation and imposed additional stress conditions that
the plants have to encounter during their life cycle. Abiotic stresses, viz., drought,
heat, and soil deterioration due to increasing soil acidity and salinity, and
increasing metal toxicity in soil, affect plant growth and severely limit crop
production. Several studies point to the beneficial microbes, especially plant
growth-promoting rhizobacteria (PGPR), which play a pivotal role in aiding the
plants to overcome abiotic stresses and retain their productivity. Beneficial soil
bacteria either live symbiotically with plants in the rhizosphere or as endophytes
inside of the host plants. They aid in plant growth directly by secretion of
phytohormone, enzymes, and biological nitrogen fixation, solubilizing minerals
or mineralizing organic phosphate and producing organic matter such as amino
acids. The PGPR may also confer plants with immunity against invading
pathogens through induction of disease resistance mechanisms, promote favor-
able symbiosis, and remove/degrade xenobiotics from soil and minimize abiotic
stresses. The basic mechanisms by which PGPR help plants to cope against
abiotic stress include lowering ethylene levels, production and accumulation of
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compatible solutes such as proline and glycine betaine, and decreasing the
production of ROS. Thus, the use of PGPR is suitable for ameliorating the
environmental stress encountered by the crop plants and can be considered as
an important component of sustainable agricultural practices.

Keywords

PGPR · Abiotic stress · Phytohormone · Sustainable agriculture

31.1 Introduction

Plants encounter several stress conditions including biotic and abiotic stress during
their life cycle. These stress conditions restrict plant growth, development, and
productivity. The global climate change and its fallout experienced during the recent
years have highlighted the importance of abiotic stress on crop plants. Abiotic stress,
encompassing conditions such as drought, nutrient deficiency, temperature
fluctuations, and adverse (acidic/alkaline) soil conditions, affect crop growth and
productivity. Despite several technological advances such as development of
improved crop varieties, genetic modification of plants, and intricate irrigation
systems, abiotic stress continues to remain challenging for farmers and people
connected to agricultural activity. They affect not only the productivity of agricul-
tural crops but also limit choice of crops for cultivation as well as the microbial
community structure and their activity in soil. As such, agricultural management
practices and the development of crops/cultivars tolerant to adverse environmental
conditions have garnered major scientific attention in recent years (Barrow et al.
2008; Eisenstein 2013). Although classical plant breeding techniques have led to the
development of high-yielding, stress-tolerant crop varieties, the technique continues
to be limited by the long time period required for development of a variety and
involvement of labor. Chances of events leading to loss of important nontarget traits
from gene pool and non-transferability to other crop systems continue to dodge the
technique (Eisenstein 2013). Genetic modification of crops offers a faster technique
for crop improvement. However, this technique has its own set of drawbacks
including issues related to biosafety, bioethics, environmental impact, customer
perception, etc. (Fedoroff et al. 2010). Both these approaches consider plants as
independent entities with the ability of self-growth regulation through genetic code
and cellular physiology (Coleman-Derr and Tringe 2014). Interestingly, soil bacte-
ria, especially the ones closely associated with the rhizosphere, are reported to be
crucial in the plants’ physiological responses to environmental conditions (Budak
et al. 2013; Cooper et al. 2014). During the recent years, microbe-based approaches
have gained considerable momentum in mitigating abiotic stress encountered by the
plants. Multiple evidence-based studies have reported that plant-associated microbes
collectively termed as “plant growth-promoting rhizobacteria” not only enhance
crop’s ability to surmount the adverse abiotic stress but also enhance their produc-
tivity (Marulanda et al. 2009; Yang et al. 2009). Plant growth-promoting
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rhizobacteria produce enzymes and metabolites while colonizing the root system that
aids the plants in tackling various stress conditions (Pineda et al. 2013; Chauhan
et al. 2015). These naturally occurring soil microbes can be successfully harnessed to
improve crop production under rapidly changing climate (Yang et al. 2009; Nadeem
et al. 2014). The advancements in different omics approaches encompassing
metagenomics, transcriptomics, and proteomics have shed a better light in under-
standing the plant-microbes interaction at a molecular level leading to enhanced crop
survival under various stress conditions (Yang et al. 2009; Grover et al. 2011).

31.2 Abiotic Stress

Abiotic stress is the negative impact of naturally or anthropogenically occurring
activities (non-living factors) on living organisms. The effect of abiotic stresses on
plants may be due to individual factors or compounding factors. Before delving into
the details of microbe-mediated stress amelioration in plants, a brief summary of the
various agronomically important abiotic stresses is discussed.

31.2.1 Drought

Drought stress is considered as one of the most influential factors on crop growth.
The effect of drought on crop plants is highly devastating and has thus drawn the
attention of researchers (Vinocur and Altman 2005; Naveed et al. 2014). Drought
stress significantly reduces seed germination rate, seedling development, photosyn-
thesis, stomatal conductance, and biomass, thereby leading to poor vegetative and
reproductive growth. Several key factors such as hydrometeorological status, socio-
economic conditions, and stochastic tendency of water are taken into consideration
while defining the term “drought” (American_Meteorological_Society_Council
2004). Drought is mainly categorized into four different types, viz., meteorological
drought caused due to prolonged delay in precipitation, hydrological drought due to
inadequacy in surface and underground water resources, socioeconomic drought
resulting from failure of water management system to meet household and commu-
nity water demand, and agricultural drought characterized by decline in soil moisture
that results in crop stress and crop yield (Wilhite and Glantz 1985). It is projected
that by 2050, more than 50% of the earth’s arable lands will face drought-associated
reduction in crop productivity (Vinocur and Altman 2005). The world population is
expected to reach 9 billion by that time which urgently calls for efficient crop
production strategies for food and nutritional security (Gatehouse et al. 2011;
Foley et al. 2011). The development of drought-resistant crop varieties resistant to
limited water resources is essential for sustaining crop productivity (Mancosu et al.
2015). The severity, frequency, and duration of drought under a changing climatic
environment will impact the productivity of drought-sensitive crops such as cotton,
soybean, corn, etc., to a greater extent in many crop-producing areas around the
globe (Solomon et al. 2007; EEA 2011).
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31.2.2 Temperature

Reduction in plant growth or reduced metabolic activity and cellular or tissue injury
due to exposure to temperatures above or below the thermal thresholds is defined as
suboptimal temperature stress (Greaves 1996). Temperature is the most important
climatic factor that influences growth, development, and yield of crops. Plant growth
and development involve numerous biochemical reactions that are sensitive to
temperature. Effect of temperature stress is evident in seedling establishment, plant
growth and total biomass (Hasanuzzaman et al. 2013b).

31.2.2.1 High Temperature
High temperature (HT) stress is a major abiotic stress that affects plant growth,
metabolism, and productivity. Exposures to moderately high temperature for
prolonged periods and extreme high temperature for a short duration are both
detrimental to plant growth and development. High temperature causes morphologi-
cal alterations and changes in the cellular level leading to decreased photosynthesis,
pollen development, photosynthesis, grain and fruit development, quality, and
genetically determined yield potential of the crop. However, the response of the
crop plant to HT stress is dependent to a large extent on the plant type and duration of
the heat. High temperature, even for short period, affects crop growth especially in
temperate crops like wheat. High temperature injury arises from excessive respira-
tion and starvation due to loss of food reserves (Levitt 1972; Hasanuzzaman et al.
2013a, b).

31.2.2.2 Low Temperature
Low temperature stress is a major challenge faced by the plants in many parts of the
world (Wang et al. 2016). Low temperature stress can be of two types, viz., chilling
and freezing. Plants exposed to a low temperature between 0 �C and 14 �C are said to
be under chilling stress, while exposure to a low temperature below 0 �C is termed as
freezing stress (Lyons 1973; Burke et al. 1976). The most common site implicated
for chilling injury is the plasma membrane which may lead to cell leakage or
disruption. The chilling stress leads to changes in membrane structure and composi-
tion and decreased protoplasmic streaming (Lyons 1973). Unseasonal frost occur-
ring during the active growth period of the crop plant causes freezing damage.
Freezing damage occurs primarily due to the formation of ice crystals, which
damage cell structure when the temperature falls below 0 �C (Pearce 2001).
Symptoms include desiccation or burning of foliage, water-soaked areas that prog-
ress to necrotic spots on leaves, dead or weakened shoot and root system, or split
bark on stems or branches (Levitt 1972; Witt and Barfield 1982). Plants respond to
cold temperatures by activating and modifying metabolic pathways that protect the
cells from cold and freezing conditions. The protection strategies include accumula-
tion of sugars that prevent ice formation and activation of a signal transduction
pathway that leads to the activation of transcription factors and cold-responsive
genes which in turn synthesize and recruit proteins that stabilize membranes and
resist rupture (Yadav 2010b).
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31.2.3 Salinity

Soil salinization is one of the major factors leading to soil degradation. Although
most of the continents have problematic saline soils, it is predominantly a problem of
arid and semiarid regions of the world. Saline soils are those that have saturated soil
paste extracts with an ECe of more than 4 dSm�1, ESP <15% and pH below 8.5
(Waisel 1972; Abrol 1986; Szabolcs 1994). The soil becomes saline when the rate of
evaporation and transpiration exceeds rainfall and there is insufficient rain to leach
away soluble salts from the root zone (Miller and Donahue 1995). In India alone,
seven million hectares of land are affected by salt stress (reviewed in Shrivastava and
Kumar 2015). Saline soils have a mixture of salts of chloride, sulfate, sodium,
magnesium, and calcium ions with sodium chloride often dominant (Ashraf and
Philip 2005; Zaman et al. 2018). Salinity of soil may also result from weathering of
minerals and the soils originating from saline parent rocks, due to improper irriga-
tion, deforestation, overgrazing, and intensive cropping (Ashraf 1994). The presence
of excessive amount of soluble salts hinders or affects the normal functions of plant
growth. Salt stress imposed an osmotic or water-deficit effect on plants that reduces
the ability of plants to take up water which in turn leads to slower growth. Excessive
salts in the soil are taken up by the roots along with water and solutes which enter the
transpiration stream of plant and injure cells in the transpiring leaves, which lead to
reduction in plant growth. Accumulation of Na+ and Cl� is toxic to plant cells as
these ions affect enzyme activity (Shrivastava and Kumar 2015).

31.2.4 Soil Acidity

Soil is regarded as acidic when the presence of concentration of H+ is higher in soil
solution and at exchange sites. They are characterized by a soil pH value <7.0
(Dahlgren et al. 2008). Around 30% of the world’s ice-free lands are acidic in nature
with major portions in the tropical and subtropical regions (von Uexküll and Mutert
1995). Several factors, including acidic parent material and alumina silicate
minerals, leaching caused heavy rainfall, application of acid-forming fertilizers,
and presence of humus and other organic acids, lead to the formation of acidic
soils. Acid soils are problematic due to the increased solubility and toxicity of Al,
Mn, and Fe. In acidic soil with pH value <4.5, aluminum is solubilized into ionic
forms and rapidly mobilizes across various microsites. Soluble Al ions inhibit root
elongation by damaging cell lining of the root apex which leads to root pruning and a
defective rooting system. The inability to reach the nutrients in the subsoils seriously
impedes plant growth and development, a phenomenon which is widely known by
the term “aluminum phytotoxicity” (Kochian 1995; Goodwin and Sutter 2009).
Deficiency of Ca and Mg with reduced availability of P and Mo is another challenge
that the plants encounter in acid soils. Low pH of the soil also reduced microbial
activity and their functional abilities, which disrupt the nutrient cycle and affect plant
growth (reviewed in Bian et al. 2013).
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31.2.5 Heavy Metal Toxicity

Soil polluted with heavy metals is a matter of serious concern because of their
detrimental effects on the plants. Heavy metals are the ill-defined subset of elements
having a higher molecular weight that includes transition metals, some metalloids,
lanthanides, and actinides with specific density greater than water, i.e., 5 g/cm3

(Babula et al. 2008). They are classified as essential and nonessential. Based on their
function in living organisms, heavy metals like zinc (Zn), nickel (Ni), manganese
(Mn), and iron (Fe) are required by the plants for performing various physiological
and biochemical functions and are classified as essential heavy metals. Heavy metals
like lead (Pb), arsenic (As), cadmium (Cd), chromium (Cr), and mercury (Hg) with
no physiological role are regarded as nonessential heavy metals. The presence of
heavy metals beyond critical limits is hazardous as they hinder the normal function-
ing of the living systems including plants (Yadav 2010a; Singh et al. 2011b). Soils
contaminated with heavy metals such as cadmium (Cd), chromium (Cr), lead (Pb),
and mercury (Hg) and a few related metalloids such as arsenic (As) and nickel
(Ni) are a major problem in agriculture and environment (Abbas et al. 2014). Sources
of heavy metal contamination in agricultural fields include (1) phosphate fertilizers,
(2) sewage sludge, (3) industrial discharges and smelters, and (4) contaminated
water supply through irrigation (Passariello et al. 2002). Excessive amounts of
reactive oxygen species (ROS) are generated upon exposure to heavy metals
which directly causes oxidative stresses in plants (Mithöfer et al. 2004) and, indi-
rectly, derails the electron transport chain (Qadir et al. 2004). In parallel, ROS also
hinders the metabolism of essential elements and lipid peroxidation (Dong et al.
2006).

31.3 Plant Growth-Promoting Rhizobacteria: Ameliorating
Agents of Abiotic Stress

Plants possess several adaptive traits that enable them to endure abiotic stresses.
Such traits include physiological modifications of the plant system architecture
consisting of the root and shoot and leaf, and modulations in relative water content
(De Zelicourt et al. 2013; Nadeem et al. 2014; de Souza et al. 2015). In the past few
decades, the role of microorganisms to alleviate abiotic stresses in plants has
received attention, and several reports suggest that microbes have intrinsic metabolic
and genetic capabilities to alleviate abiotic stresses in plants (Gopalakrishnan et al.
2015). Plant growth-promoting rhizobacteria (PGPR) are a heterogeneous group of
bacteria that reside in the rhizosphere, at root surfaces on the phylloplane, as well as
endophytes that directly or indirectly aid in improving the plant growth. Direct plant
growth-promoting activities mediated by bacteria are mostly based on production
and regulation of phytohormones (IAA, cytokinin, and gibberellins) and provision
of essential mineral nutrition (secretion of organic acids for solubilization of
minerals such as phosphates) to plants. Other mechanisms include nitrogen fixation
and production of siderophore (iron sequestration) and exopolysaccharides (Saharan
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and Nehra 2011; Gopalakrishnan et al. 2015). Plant growth-promoting bacteria also
help plants in maintaining osmotic balance and improve antioxidant metabolism
during stress conditions (Ilangumaran and Smith 2017; Backer et al. 2018). The
indirect activities are related to prevention of diseases and other stresses. Induction
of such microbe-mediated responses toward abiotic stress in plants is better known
as induced systemic tolerance (IST) (Pieterse et al. 2014). Earlier, the beneficial
effect of PGPR as bioinoculants as an alternative to chemical fertilizers, pesticides,
and supplements for improving the growth and yield of agricultural crops has been
reported (Chakraborty et al. 2006; Ashrafuzzaman et al. 2009; Beneduzi et al. 2012;
Noumavo et al. 2013; Abd-Alla et al. 2014; Vejan et al. 2016). Evidences from
agricultural practices clearly demonstrate that the PGPR not only improve yield of
diverse crop plants including rice, maize, barley, and soybean but also help the plants
to grow under stresses (Sen and Chandrasekhar 2014; Suarez et al. 2015). Microbial
interactions with the host plants have multifarious benefits. At one end, microbes
induce local or systemic stress alleviation response in plants under abiotic stress
conditions, while at the other end, they help plants to maintain their growth and
development through fixation, mobilization, and/or production of nutrients,
hormones, and organic biostimulant compounds. Such multifaceted actions of
microbial community render them suitable for management of abiotic stress mitiga-
tion in crop plants. A number of rhizospheric bacteria belonging to the genera, viz.,
Aeromonas, Azospirillum, Azotobacter, Bacillus, Bradyrhizobium, Burkholderia,
Enterobacter, Methylobacterium, Pantoea, Pseudomonas, Rhizobium, etc., have
been reported to promote plant growth under multiple abiotic stresses
(Egamberdiyeva and Höflich 2003; Nadeem et al. 2007; Omar et al. 2009; Singh
et al. 2011a; Meena et al. 2012, 2017; Tittabutr et al. 2013; Sahoo et al. 2013; Sorty
et al. 2016). Such PGPR significantly modulate plant growth by increasing nutrient
uptake (P, K, Zn) through solubilization of complex minerals, secretion of biologi-
cally active phytohormones, and suppression of pathogens through siderophores and
fungal cell wall-lysing enzymes (Frey-Klett and Garbaye 2005; Hameeda et al.
2006).

31.3.1 PGPR: Modifiers of Plant System Architecture

Spatial distribution, magnitude, and overall topology of the root system are the
principal components of root architecture (Vacheron et al. 2013). Root architecture
exhibits a unique characteristic of plasticity in response to different physicochemical
condition of the soil. This allows the plants to better adapt to different chemical and
physical edaphic properties, particularly under drought conditions (Bacon et al.
2002; Yu et al. 2007). Root traits such as lateral and longer root length and deeper
root system are more prominent in plants facing drought conditions (Comas et al.
2013). Drought resistance in plants positively correlates a deep and prolific root
system as evidenced from many studies involving soybeans, chickpea, maize, and
wheat (Tuberosa et al. 2003, 2007; Landi et al. 2010; Varshney et al. 2011; Hund
et al. 2011; Wasson et al. 2012). PGPR treatment of plants alters the root architecture
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by increasing total root surface area for improved water and mineral uptake
(Timmusk et al. 2014). Thus, plants with a prolific and deeper root system are
more tolerant to drought stress than plants with fewer roots. Pretreated maize
seeds with Alcaligenes faecalis AF3 showed an increase in root length by 10%
compared to the untreated control plants when exposed to drought conditions
(Naseem and Bano 2014). Burkholderia phytofirmans strain PsJN significantly
(58–70%) increased root biomass of maize cultivars Mazurka and Kale under
drought stress (Naveed et al. 2014). Similarly, inoculation of plants with
Enterobacter sp. strain FD resulted in 47% and 40% increase in root mass of
Mazurka and Kaleo cultivars, respectively, compared to control plants under drought
stress conditions (Naveed et al. 2014). Another bacterial isolate, Bacillus
thuringiensis AZP2 promoted longer (at least by 2–3 times) and denser lateral root
development in wheat plants as compared to the uninoculated plants (Timmusk et al.
2014).

Under limited water availability, plants reduce shoot growth to limit leaf surface
area for transpiration which also allows the plants to allocate more essential solutes
toward housekeeping functions such as maintaining the osmotic balance (Achard
et al. 2006; Neumann 2008; Skirycz and Inzé 2010). Such adaptive response takes a
toll on the overall plant size and yield, for which stunt shoot growth is considered as
a counterproductive response (Neumann 2008; Claeys and Inzé 2013). Therefore,
near-normal shoot growth under limited water availability is an important desirable
quality while developing drought-resistant crop varieties (Neumann 2008). Efficient
PGPR strains can help plants in maintaining near-normal shoot growths and proper
crop productivity even under drought stress. Plant growth-promoting bacteria Bacil-
lus spp.-treated maize plants had improved shoot growth under drought stress
conditions (Vardharajula et al. 2011). Bio-inoculated plants had significantly better
shoot length and biomass compared to non-inoculated control plants indicating the
potential of PGPR to enhance plant growth performance under limited water avail-
ability (Timmusk et al. 2014). Pepper plants treated with Bacillus licheniformis K11
promoted 50% higher biomass and an increase of plant shoot length compared to
non-treated plants (Lim and Kim 2013). Similar changes in shoot morphology in
PGPR treated have also been reported in other crops such as sorghum, sunflower,
wheat, green gram, mung bean, and maize (Arzanesh et al. 2011; Saravanakumar
et al. 2011; Kasim et al. 2013; Castillo et al. 2013; Naseem and Bano 2014; Grover
et al. 2014; Sarma and Saikia 2014).

31.3.2 PGPR: Enhances Relative Water Content in Crops

Relative water content (RWC) in plant leaves is an important yardstick for the
evaluation of water status in plants as water is directly linked to metabolic activity.
Limited cell expansion under stress conditions results in the loss of turgor which is
clearly reflected through a decline in RWC (Castillo et al. 2013). Higher RWC helps
in maintaining proper turgor pressure conducive for physiological responses to
counteract drought-associated oxidative and osmotic stresses. Drought-tolerant
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plant species and cultivars have an intrinsic ability to maintain high RWC even
under adverse conditions (Jarvis and Jarvis 1963). It was reported that drought-
sensitive sorghum plants when inoculated with PGPR, Bacillus spp. strain KB
129, exhibited 24% more RWC as compared to the non-inoculated control plant
(Grover et al. 2014). Similar activities have also been observed in maize plants
(Naveed et al. 2014). Although there is an observed correlation between PGPR
activity and RWC status in crop plants, the underlying mechanism for this phenom-
enon is yet to be fully understood. Observations from an interaction study between
maize plant and PGPR, Azospirillum brasilense BR11005, suggested that abscisic
acid (ABA) secreted from the bacterial partner might have stimulated stomatal
closure under water-limited condition, which in turn reduced transpiration rate on
leaf surface area (Casanovas et al. 2002). However, according to Dodd and
coworkers (2010), modulations in physiological processes were responsible for
stomatal closure rather than increase secretion of ABA (Dodd et al. 2010). It is
expected that further research will shed a better understanding of the molecular
mechanism leading to bacterial-mediated drought tolerance in crop plants.

31.3.3 PGPR: Promoting Osmotic Adjustment in Crops Under
Drought Condition

Osmotic adjustment is a key cellular level process that minimizes the negative
effects of drought stress (Blum 2005). Compatible solutes consisting of both organic
and inorganic solutes help in maintaining cell turgor with a steady RWC over time
(Serraj and Sinclair 2002). Osmotic adjustment essentially protects biomolecules
such as cellular proteins, enzymes, cell organelles, transporters and membranes
under drought stress (Kiani et al. 2007; Huang et al. 2014). Solutes such as glycine
betaine, sucrose, mannitol, malate, calcium, proline, etc., are integral to the process
of osmotic adjustment. Proline, an important osmolyte that accumulates in plants
after exposure to drought, is regarded as a key player in stabilizing subcellular
structures, scavenging free radicals and maintaining redox potential (Hayat et al.
2012; Huang et al. 2014). That proline accumulation positively correlates to drought
tolerance in plants is evident from drought stress studies in pea, chickpea, rice, and
soybean (Mafakheri et al. 2010; Silvente et al. 2012; Lum et al. 2014). Many PGPR
strains with proven records of proline production have been reported to induce
drought tolerance in crops like maize, sorghum, potato, and mung bean (Gururani
et al. 2013; Naseem and Bano 2014; Sarma and Saikia 2014). A consortium
consisting of PGPR strains, viz., Bacillus cereus AR156, Bacillus subtilis SM21
and Serratia sp. XY21, when applied to cucumber plants led to three- to fourfold
increase in proline content which protected the plants from over-dehydration as
compared to untreated controls (Wang et al. 2012).
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31.3.4 PGPR: Reducers of Antioxidant Stress in Plants

Environmental stresses, both biotic and abiotic, generate a spectrum of reactive
oxygen species (superoxide radical, hydrogen peroxide, singlet oxygen, and
hydroxyl radical) in plant tissues (Carvalho Cruz de 2008). These ROS cause
oxidative damages to biomolecules and cellular structures leading to cell death
(Hasanuzzaman et al. 2014). To counteract the cellular oxidative damage, plants
have evolved enzymatic and nonenzymatic antioxidants that scavenge the ROS in a
coordinated manner (Carvalho Cruz de 2008). Enzymatic antioxidants include
enzymes such as superoxide dismutase, catalase, peroxidase, glutathione reductase,
and ascorbate peroxidase, while nonenzymatic antioxidants include biomolecules
such as vitamin C and E, polyphenols, carotenoids, and glutathione. A direct
correlation between the expression level of antioxidative enzymes and the extent
of drought stress offers an interesting approach for the assessment of drought stress
in plants (Contour-Ansel et al. 2006; Guo et al. 2006). Quantification of
antioxidative enzymes such as superoxide dismutase, catalase, and peroxidase
provides vital clues to evaluate PGPR-mediated drought tolerance in plants. Studies
have revealed that Bacillus pumilus str. DH-11 and Bacillus firmus str. 40 increased
ROS-scavenging enzymes in potato plants under drought stress (Gururani et al.
2013). The treated plants were able to overcome drought stress with an observed
catalase enzyme activity up to 1.8 times higher as compared to non-treated plants.
Similar observations were also reported in green gram plants inoculated with
Pseudomonas fluorescens Pf1 and Bacillus subtilis EPB (Saravanakumar et al.
2011). However, we are yet to understand whether the expression level of catalase
depends on the physiological status of the studied plants or a prospective bacteria
produces multiple ROS-scavenging enzymes under different field circumstances.
The effect of PGPR to induce other non-reported ROS-scavenging mechanisms in
different crops remains to be addressed.

31.3.5 PGPR: Regulating Plant Growth During Abiotic Stress

Plant growth regulators, especially phytohormones, work synergistically to control
the plant growth and development during the life cycle of the plant. Important
phytohormones such as auxins, gibberellins, cytokinins, ethylene, and abscisic
acid are involved in the plant’s stress response and defense mechanisms (Farooq
et al. 2009). Under drought stress and a limited water budget, expression level of
growth regulatory phytohormones and signal molecules increases to accommodate
basic housekeeping cellular functions (Farooq et al. 2009). Therefore, prospective
PGPR strains have to efficiently modulate the phytohormones to function under
drought stress including downregulating ethylene production, homeostasis of
cytokinins and abscisic acid, and IAA signaling (Belimov et al. 2009; Contesto
et al. 2010; Dodd et al. 2010; Bresson et al. 2014). Studies have shown that such
modulatory properties are mandatory for a prospective PGPR to establish itself in the
field condition and to promote plant growth under actual drought stress.
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Auxin, indole-3-acetic acid (IAA), is an important phytohormone associated with
diverse cellular functions responsible for plant growth and development. This plant
growth regulator is responsible for (1) vascular tissue differentiation, (2) lateral and
adventitious root development, (3) cell division, (4) stem and root elongation, and
(5) phototropism (Glick 1995). Interestingly, many of the PGPR are known for their
ability to produce high levels of IAA which stimulates root development and
influences root architecture. It is now understood that interaction with such bacteria
leads to increased root hairs and root surface area, the sites known for active nutrient
uptake. Treatment of clover (Trifolium repens L.) plants with PGPR (P. putida and
B. megaterium) increased shoot and root biomass and water content under drought
stress that correlated with increased IAA production (Marulanda et al. 2009).
Treatment of Arabidopsis plants with PGPR Phyllobacterium brassicacearum strain
STM196 resulted in increased lateral root length and modifications of the root
architecture that led to the observed drought tolerance (Bresson et al. 2014). The
increases in root length and modifications of the root architecture correlated with
increased IAA concentrations in rhizobacteria-treated plants suggesting that
bacterial-mediated drought tolerance may be partly mediated by IAA (Contesto
et al. 2010).

Ethylene (ET), an important plant growth regulator, is highly expressed under
various biotic and abiotic stress signals such as wounding, exposure to chemicals
and metals, water stress, and phytopathogen infection (Johnson and Ecker 1998).
Regulation of 1-aminocyclopropane-1-carboxylate (ACC), the immediate precursor
of ET, has been an alternative for reducing the expression of ethylene and for
maintaining near-normal plant growth under drought stress (Saleem et al. 2007).
Bacteria with ACC deaminase enzyme activity can hydrolyze ACC, thereby
regulating ethylene production. Such PGPR strains have been reported to cleave
ACC into ammonia and alpha-ketobutyrate (Glick et al. 1998). The ACC deaminase
producing Pseudomonas spp. reduced the symptoms of drought stress in pea plants
(Arshad et al. 2008). Another ACC deaminase-producing bacteria, Achromobacter
piechaudii ARV8, repressed the expression level of ethylene and recovered growth
in treating tomato and pepper (Mayak et al. 2004). The PGPR strains with the ability
to produce IAA and ACC deaminase have been reported to promote barley and oats
growth, respectively, in hypersaline soils (Chang et al. 2014).

Abscisic acid (ABA) plays a key role in influencing physiological processes in
plants under various environmental stress conditions (Cohen et al. 2008). It has been
observed that elevated levels of ABA modulate physiological processes in plants for
better survival and growth, particularly under drought stress (Farooq et al. 2009).
The ABA enhances plant growth under drought through multiple mechanisms. One
such widely accepted theory states that ABA modulates leaf transpiration and root
hydraulic conductivity under limited water resources (Aroca et al. 2006; Parent et al.
2009), while other theories suggest that ABA regulates aquaporins which are known
membrane proteins responsible for transfer of water across membranes (Kaldenhoff
et al. 1996, 2008). In this regard, PGPR that elevate the concentration of ABA in
plants have significant scope in agricultural practices for crop production under low
water availability conditions. Early reports from Arkhipova and co-workers (2007)
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(Arkhipova et al. 2007) showed that lettuce (Lactuca sativa L.) plants treated with
Bacillus sp. had increased amounts of ABA when compared to non-treated control
plants. A similar phenomenon of increased ABA content in Arabidopsis plants
treated with PGPR strain Azospirillum brasilense Sp245 was also reported that
could be correlated with the observed drought tolerance (Cohen et al. 2008).

Studies on the crosstalks among different candidate bioinoculants have yielded
some interesting findings related to field survivability of both the microbes and the
target plants. For example, the rhizobium, Rhizobium tropici, is sensitive to drought
stress, when applied alone to bean (Phaseolus vulgaris L.), and significantly fails to
fix N2 under water-limited conditions. However, the same Rhizobium when
co-inoculated with two strains of P. polymyxa resumes its N2 fixation ability leading
to better plant biomass and nodule formation (Figueiredo et al. 2008).

31.3.6 PGPR: Influencer of Nutrient Uptake in Plants

Application of rampant fertilizers is a key factor in the low nutrient uptake efficiency
by crop plants. A major portion of the available phosphorus (up to 90%) readily
reacts with iron (Fe3+), aluminum (Al3+), and calcium (Ca2+) ions to form a
relatively insoluble complex and precipitates, making it unavailable to plants
(Bhattacharya 2019). In fact, inadequacy in soil nutrients is another major abiotic
factor that threatens plant growth. From an agronomic point of view, PGPR with the
ability to solubilize or uptake the supplied fertilizers can decrease agricultural inputs
without any effect on plant nutrition. Such bacteria can efficiently solubilize and
increase the available phosphate for plant uptake (Duarah et al. 2011; Sharma et al.
2013; Dinesh et al. 2013). This is further supported by the results of PGPR cutting
down the rates of fertilizer application (Shaharoona et al. 2008; Adesemoye et al.
2009; Hemissi et al. 2019).

31.3.7 PGPR Improve Soil and Plant Health Through
Exopolysaccharides

Bacterial exopolysaccharides (EPS) are high-molecular-weight complex polymers
principally composed of sugar moieties arranged as repeating units within the
polymer molecules, but it may also contain proteins and humic substances (Morgan
et al. 1990; Nielsen and Jahn 1999; Deka et al. 2019). Bacterial EPS associated with
soil forms soil aggregates which stabilize and provide a continuous water and
nutrient balance for agricultural crops, and as such bacterial EPS improves crop
productivity and also helps increasing physiochemical properties of soil (Ashraf
et al. 2005; Batool and Hasnain 2005; Qurashi and Sabri 2012). It was reported that
exopolysaccharides (EPS) production ability of Pseudomonas helps in root coloni-
zation, biofilm formation, soil health improvement and plant growth (Sen and
Chandrasekhar 2014). Application of EPS-producing Bacillus amyloliquefaciens
improved soil health (soil aggregation) as well as plant health (Deka et al. 2019).
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Several other studies also reported that EPS-producing bacteria improve soil
and plant health (Lynch and Bragg 1985; Gouzou et al. 1993; Amellal et al. 1998;
Alami et al. 2000). Heat and salt stresses are the key factors for EPS production in
many PGPR. The EPS produced from such bacteria are crucial in terms of biofilm
production, plant protection during desiccation, and other abiotic stress conditions
(Qurashi and Sabri 2012). The bacterial biofilm formed as a function of EPS contains
sugars, oligo- and polysaccharides, and some other beneficial macromolecules,
thereby facilitating an active hydrated micro-environment for efficient plant-microbe
interaction (Chang et al. 2007).

31.3.8 PGPR: Ameliorating High-Risk Agricultural Inputs

Application of agricultural inputs such as pesticides, herbicides, fungicides, and
many heavy metals above their critical concentration can not only affect soil health
but also the microbial diversity at their microsite level. The PGPR are not excep-
tional to the adverse effects of these recalcitrant compounds for which it is desirable
that prospective PGPR sequester the critical dose of the pesticide or enzymatically
degrade it to nontoxic or lesser toxic compounds. A strain belonging to
Mesorhizobium genus was found to exhibit multi-spectrum tolerance to insecticides
such as imidacloprid and thiamethoxam; herbicides such as metribuzin and glypho-
sate; and fungicides, viz., hexaconazole, metalaxyl, and kitazin (Ahemad and Khan
2012). Pseudomonas has been reported to tolerate organophosphorus pesticides,
viz., guthion, methyl parathion and dimethoate, and sulfonylurea, and, herbicides,
viz., metsulfuron methyl, chlorsulfuron, and thifensulfuron methyl (Boldt and
Jacobsen 1998; Nazarian and Mousawi 2005). A Rhizobium strain specific to
chickpea and green gram is reported to tolerate aldrin (Juneja and Dogra 1978).
Several species of PGPR Azotobacter were found to resist 1% to 5% of pesticides,
viz., pendimethalin, chlorpyrifos, glyphosate, and phorate (Chennappa et al. 2014).

Few PGPR have developed a different strategy to tackle the adverse effects of
these recalcitrant compounds which involve active degradation through enzymatic
hydrolysis, a property that can be utilized for large-scale in situ microbial degrada-
tion approaches (Herman et al. 2005). Pseudomonas diminuta and Flavobacterium
sp. hydrolyze different organophosphorus insecticides through the action of organo-
phosphorus hydrolase (Dumas et al. 1989). Similarly, Pseudomonas maltophilia
inactivates the herbicide dicamba through the secretion of dicamba monooxygenase
(Herman et al. 2005). Sometimes, microbes employ a multi-step degradation strat-
egy involving a cascade of enzymatic reaction. For example, Pseudomonas sp. strain
ADP which can utilize atrazine as the sole carbon source breaks down the substrate
through the action of three enzymes, viz., AtzA, AtzB, and AtzC. The first enzyme,
i.e., AtzA, catalyzes the conversion of atrazine to nontoxic hydroxyl atrazine; which
is used as a substrate by the second enzyme, AtzB, to convert into N-isopropyl
cyanuric amide. In the third step, the enzyme AtzC catalyzes the conversion of
N-isopropyl cyanuric amide into cyanuric acid and isopropylamine. This cyanuric
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acid is finally utilized as a nitrogen source by many soil bacteria (De Souza et al.
1996; Wackett et al. 2002).

31.3.9 PGPR: Alleviating Acidic Soil-Associated Al Phytotoxicity
in Plants

Many plants exhibit intrinsic physiological responses to overcome Al phytotoxicity
that can be broadly categorized into external and internal responses. External
responses include secretion of organic acids into the rhizosphere to celate and
neutralize aluminum ions (Delhaize et al. 2012), while internal responses involve
actively transporting the aluminum ions into the root system and sequestering into
plant vacuoles (Ramgareeb et al. 2004). Interestingly, siderophore-producing PGPR
can help plants in reducing aluminum bioavailability, thereby protecting the sensi-
tive cell systems and tissues from their inhibitory effects. Such PGPR have already
been demonstrated to support plant growth in heavy metal-contaminated soils and
reported to induce metal stress-related genes in plants (Idris et al. 2004; Belimov
et al. 2005; Dell’Amico et al. 2005; Barzanti et al. 2007; Jiang et al. 2008; Kuffner
et al. 2010; Aizawa et al. 2010). However, till this date, very little is known about
Al-resistant PGPR and their physiological support to plant growth. Strains of
Pseudomonas simiae, Chryseobacterium polytrichastri, and Burkholderia
ginsengiterrae isolated from the rhizosphere of diseased Korean ginseng roots
induced high expression of Al stress-related genes, AtAIP, AtALS3, and AtALMT1,
in Arabidopsis thaliana stressed by aluminum. These strains with auxin and
siderophore production ability together with phosphate solubilization were able to
support growth both in A. thaliana and Korean ginseng seedlings, with particular
influence on the foliar expansion and chlorophyll contents (Farh et al. 2017). In
addition, acid-tolerant bacteria having in vitro PGP activities have been reported
earlier and found that the in vitro PGP activities highly decreased under acid stress
condition (Goswami et al. 2017; Deka et al. 2019).

31.3.10 PGPR: Tackling Heavy Metal Toxicity in Soils

Conventional remediation processes involving physicochemical techniques have
inherent issues of environmental impacts and large incurred costs (Quartacci et al.
2006). In this scenario, application of PGPR offers an eco-friendly and cost-effective
alternative to remediate such contaminated soils and to promote plant growth by
ameliorating metal-induced stress (Pandey et al. 2013; Pramanik et al. 2016). A
candidate PGPR targeted for heavy metal-contaminated soils must have either of
these two abilities: (1) bioaccumulation, that is, sequestering the metals in cell
compartments, and (2) biotransformation, which is conversion of a metal from a
toxic state to nontoxic or less toxic forms through alterations in the valence states
(Chen et al. 2016; Pramanik et al. 2016). Examples of such PGPR are
Ochrobactrum, Bacillus, Raoultella, Klebsiella, Leifsonia, and Enterobacter
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(Garrett et al. 2010; Pandey et al. 2013; Chen et al. 2016; Pramanik et al. 2016, 2017;
Ahmad et al. 2016; Mitra et al. 2018). Major constraints in the field application of
these strains are as follows: (1) survival of the strain becomes uncertain in a heavy
metal-contaminated soil typically containing multiple metals and chemicals,
(2) these PGPR are exposed not only to heavy metals but also variability in soil
edaphic factors such as pH and temperature, and (3) heavy metal tolerance does not
warrant plant growth-promoting abilities (Pramanik et al. 2018a, b). Therefore,
further screening approaches are needed to prospect promising multi-metal-resistant
PGPR in future.

31.4 Conclusion

During the recent times, the impact of global climate change has raised serious
concern on environmental stress conditions affecting agri-ecosystems, crop produc-
tivity, and soil health. Effects of the environmental stress factors discussed above can
impact the crop plants at physiological, biological, and molecular levels leading to
loss amounting to 30–50% of agricultural productivity. The current state of intensive
use of high-energy agricultural input coupled with erratic pattern of stress conditions
requires a futuristic and feasible alternative to conventional agricultural and remedi-
ation practices. Candidate rhizobacteria with numerous plant growth-promoting
activities can be prospected as ecological engineers to counter climate change-
induced stresses. Such bioinoculum can support enhanced production of quality
food grains and cut 20–25% spending in agricultural inputs. Although several PGPR
have been reported to aid plant growth under adverse conditions, results of such
studies vastly differ from actual field based data where both the target plant and the
bioinoculum face multiple and recurring stresses. Multiple stresses may evoke a
completely unique set of responsive mechanisms different from stresses applied
individually. Therefore, sustained research efforts are required to understand the
physicochemical and molecular mechanisms underlying the plant-microbe
interactions in real field conditions. Knowledge on such interactions will provide
valuable insights to microbe-mediated stress amelioration strategies and supportive
data to the current findings. In parallel, native microbial diversity should also be
tested for the discovery of novel stress-tolerant PGPR and to formulate microbial
consortia targeting multi-spectrum stresses.
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