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Foreword

 

Interactions of diverse microbial communities with plants and soils have been an 
integral part of our agro-ecosystem. Plants and soils recruit their own microbiome 
that interact with them and their abiotic environment through a cross-talk mecha-
nism, which have remained central to the idea of studying the basis of microbial 
interactions. Such studies, after long efforts, have paved the way for the under-
standing of intrinsic biochemical, molecular and genetic mechanisms of plant 
microbe interactions and deciphering the ultimate benefits to plants and soils. 
Research efforts on plant-microbe interactions have further been facilitated with 
the developments in isolation and characterization of microbial communities, 
studies on the biology of community structure and functions, chemistry and biol-
ogy of root rhizosphere, epiphytic and endophytic microbial associations, identi-
fication and behavior of phytopathogens and beneficial impacts of microbial 
interactions on plants and soils. Such studies have strengthened the prospect of 
manipulating plant and soil biology and root rhizosphere with beneficial micro-
bial population at a greater pace.

The book, Plant-Microbe Interactions in Agro-ecological Perspectives: Volume 
I – Fundamental Mechanisms, Methods and Functions, presents a detailed account 
of principles and mechanisms of microbial communities, methods used to decipher 
such interactions and functional mutual benefits to plants, microbes and soils. In 
this well-compiled volume, the authors have presented widened views on microbial 
interactions taking into account various plant-microbe association systems, empha-
sizing on various mechanisms, different tools involved to decipher results and 
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evaluating functional benefits out of such interactions. I am very sure that this com-
pilation will attract a wide readership of researchers, students, scholars, agricultural 
professionals and all those who are interested in this area of research and 
development.

 

T. MohapatraNew Delhi
10th April, 2017

Foreword
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Preface

Agriculture is a live, dynamic, and ecologically sustained system based on key con-
stituents like plants, soils, biological diversity, and the environment. The ecological 
dynamics and sustainability of this system can be witnessed in terms of multi-
pronged interactions among its constituents. Microorganisms (microfauna and 
microflora) constitute numerous small- to micro-scale stakeholders of interactions, 
and their interactions among themselves and with plants, soils, and the environment 
make the whole agroecological system so vital and live that even at a time scale of 
microseconds, multifarious biological, biochemical, physiological, and molecular 
events are organized, disintegrated, and reorganized at the cellular level of all the 
living cells that interact. The total output of these interactive events can be calcu-
lated in terms of plant health and development, soil health, and ecological balance 
of the whole system toward sustainability. This is why the importance of multipha-
sic plant-microbe interactions and its impact on native soils, microbial communi-
ties, and the plant itself have been recognized in the past few decades. This 
realization has yielded numerous work from all corners of the world on various 
plant-microbe systems on which in-depth data has been generated to decipher the 
mode of interactions; direct and indirect impacts on plants, microbes, other com-
munities, and soil health; assays at cellular, ultrastructural, physiological, biochemi-
cal, and enzymatic levels; mechanisms at genetic, genomic, transcriptomic, 
proteomic, metabolomic, and phenomic levels in both plants and microbes; and 
benefits to both the partners (plant and microbes) due to environmental adversities. 
The research reflected that the benefits arising due to tripartite interactions among 
plants, microbes, and the environment (soil conditions, drought, temperature, etc.) 
can be helpful in obtaining better yield, better crops, and better environment at the 
field level. This directly transferable benefit of results at laboratory scale to the field 
level is the actual practical relevance of this subject area having precise, proven, and 
impactful benefit transfer to the farms. The book Plant-Microbe Interactions in 
Agro-ecological Perspectives is dedicated to the real work of researchers all across 
the world who, by their continuous efforts, made this area as dynamic and live as it 
remains in the fields. In a series of two volumes, the first volume “Fundamental 
Mechanisms, Methods, and Functions” shares with its readership the work that has 
been conducted to decipher plant-microbe interactions, the methodology to obtain 
genuine results, and the functions related to the interactive partnering in soils and 
plants. This volume presents pertinent topics on soil-plant-microbe interactions and 
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their impact on plant and soil health; dynamics of rhizosphere microbial communi-
ties; molecular tools to study communities and community functions (metagenom-
ics); microbe-root interactions in the rhizosphere; belowground microbial crosstalk 
and rhizosphere (root-associated) microbial communities; genomics at plant-virus 
interface; microbiome in interactive mode in conventional vs. organic production 
system; symbiotic and pathogenic associations; plant-fungi interactions; endophytic 
and epiphytic interactions and benefits; microbial functions in the hotspot, i.e., rhi-
zosphere; molecular signaling determinants in rhizosphere; quorum sensing in 
plant-microbe interactions; arbuscular mycorrhizal interactions with roots; geneti-
cally modified crop-mycorrhizal symbiosis; microbial interactions to improve soil 
structure and function; nutrient mobilization and soil fertility benefits due to inter-
actions in climate change era; microbial interactions and induced resistance in 
plants; pathogenic interactions and disease suppression due to biological control; 
interaction of entomophagous fungi for soilborne pest control; and interaction com-
petence of bioinoculants in the field. We believe that this volume will attract a wide 
readership because of its integrated and holistic endeavor of describing microbial 
communities, their interactions with plants and soils, and the functional role of 
microbial interactions with plants for crop benefits. The views of the authors are 
authoritative, thorough, well-thought, and based on their long experiences while 
working over the subject area. We hope that this volume will benefit a wide reader-
ship of researchers, academicians, students, and those who are looking for practi-
cally sound and workable solutions to the heavy chemicalization of present-day 
agricultural systems.

ICAR-NBAIM, Mau, India Dhananjaya P. Singh 
BHU, Varanasi, India  Harikesh B. Singh 
CSVTU, Bhilai, Chhattisgarh  Ratna Prabha

Preface
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1Microbial Interactions and Plant Growth

Sh.M. Selim and Mona S. Zayed

Abstract
Microbial interactions in soil are considered as one of the most important activi-
ties that occur in the terrestrial ecosystem. They affect all the dynamic processes 
of plants and other living organisms that live near from them either directly or 
indirectly. There are two types of microbial interaction that occur in soil. The 
interactions that occur between individuals within the same species are called 
intraspecific interaction, and those that occur between organisms of different 
species either two microbial populations or microbial population and plants or 
animals are called interspecific interactions. Each microorganism could perform 
more than one type of interaction depending on the sounding environmental con-
ditions, its partner in the interaction. Microbial interactions are very essential for 
plant growth and health.

Keywords 
Microbial interactions • Intraspecific interaction • Interspecific interactions and 
plant growth

1.1  Introduction

Soil is the biggest active terrestrial ecosystem, and this activity is determined by the 
numerous and diverse interactions among its physical, chemical, and biological com-
ponents, which are controlled by the environmental conditions (Barea et al. 2005; 
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Buscot and Varma 2005). Through these interactions, varieties of relationships occur 
between different microorganisms either between themselves or with plants.

The rhizosphere’s content regularly contains thousands of interactions between 
its different constituents. These processes include exudation, water uptake, nutrient 
mobilization, organic matter decomposition, and respiration (DeAngelis 2013; van 
der Heijden and Hartmann 2016). By comparing the properties of both root- 
associated soil and root-free soil, there were major differences in their biological, 
physical, and chemical properties, which are responsible for changing in microbial 
diversity, numbers, and activity (Barea et al. 2005).

This chapter is concerning about illustrating different microbial interactions that 
occur in the soil especially the rhizosphere and linking these relations with their 
effects on plant growth and performance.

 Symbiosis in Biology

The term symbiosis is taken from the Greek sym which means “with” and biosis 
that means “living” at which is defined as “living together,” which is usually defined 
as long coexistence of two organisms. The term was first coined in 1879 by the 
German mycologist, Heinrich Anton de Bary, as “the living together of unlike 
organisms” (Das and Varma 2009; Martin and Schwab 2012, 2013). He believed 
that this terminology should include parasitic, communalistic, and mutualistic rela-
tionships between different species of microorganisms.

This terminology faced a lot of confusion and variation for over 130 years since 
Anton de Bary (1879) coined the word (Martin and Schwab 2012, 2013; Paracer 
and Ahmadjian 2000). For example, some biologists believed that mutualism is con-
sidered common restrictive definition of symbiosis. Furthermore, Pianka (2000) 
reformed the definition of symbiosis to comprise the interactions at which no spe-
cies is harmed (i.e., mutualism, commensalism, and neutralism) (Martin and Schwab 
2012). Therefore, in this chapter we decided not to discuss this term or insert it into 
the types of microbial interactions because of the confusions that face it.

1.2  Microbial Interactions in Soil

Soil microorganisms perform a number of interactions during their presence in the 
soil that comprise interaction with plant roots in the rhizosphere, interaction with 
soil constituents, as well as the interaction with other microbial communities that 
inhabit the rhizosphere (Barea et al. 2005; Bowen and Rovira 1999; Kennedy 1998). 
Microbial interactions regularly improve the sustainable development of agroeco-
system, plant growth, and health.

The microbial community that existed in the rhizosphere is different forms that could 
be found in the bulk soil, as it was affected by root exudates that lead to high availability 
of nutrients and microbial biomass, which change the environmental conditions in the 
rhizosphere as a consequence of interactions between microorganisms as well as micro-
bial interactions with higher plants and animals (Barea et al. 2005).
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There are two types of microbial interactions that transpire in the rhizosphere: 
intraspecific interactions and interspecific interactions (Fig. 1.1). Intraspecific inter-
actions occur between organisms of the similar species, while interspecific interac-
tions occur between organisms of dissimilar species either two microbial populations 
or microbial population and plants or animals.

1.3  Intraspecific Interactions

It could be defined as interactions among individuals of single microbial population. 
This could be classified into two types:

1.3.1  Positive Interaction

This type of interaction is called cooperation or intraspecific cooperation as it 
improves the growth of the microbial population (Tarnita 2017). It appears in differ-
ent types such as:

• Extended lag phase if small inoculum is used (less than 10% inoculum used) to 
avoid failure to grow

• Adherence of microcolonies to normal habitats by the minimum infectious dose
• Motile bacteria that remain in colonies during the growth by making synchro-

nized immigration (mass movement) to appear in the form of colony
• Attaching of the cells to the matrix during biofilm formation

Microbial Interactions

Intraspecific Interactions Interspecific Interactions

Neutral
Interactions

Neutralism Mutualism

Commensalism

Proto-
cooperation

Positive
Interactions

Positive
Interactions

CooperationAmmensalism

Parasitism

Predation

Competition

Competition

Negative
Interactions

Negative
Interactions

Fig. 1.1 Simplified scheme of microbial interactions
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• Cooperation of the cells in degrading insoluble substrates such as lignin and cel-
lulose by production of suitable enzymes

• Genetic exchange between members of the same population through transforma-
tion, transduction, and conjugation to acquire resistance to different abiotic stress

1.3.2  Negative Interaction

Intraspecific competition occurs as a negative interaction between the individuals of 
the same population (competition within population). It is considered as a very 
important factor that regulates population size and density. Also it is responsible for 
the equal distribution of individuals within population in the ecosystem (Atlas and 
Bartha 1986). It appears in different types such as:

• Low concentrations of available nutrients in natural habitats since all the cells 
use the same substrates and occupy the same ecological niche

• High microbial densities in natural habitat that lead to accumulation of some 
toxic products

1.4  Interspecific Interactions

It occurs among diverse microbial population that exhibit many different types of 
interactions. When it leads to increase the growth rate, it is called positive interac-
tion, while it is referred to as negative interaction when it leads to decrease the 
growth rate, while some interactions are indifferent or neutral. In accordance to 
Burkholder (1952), different researchers illustrated different microbial interactions 
by using his famous symbols +, −, and 0 for any pair of interacting species at which 
+ = beneficial effect, − = harmful effect, and 0 = neutral effect (Martin and Schwab 
2012, 2013). Most microbial interactions are illustrated in Fig. 1.2, by considering 
that interaction occurs between to different populations at which one of them is (A) 
and the other is (b), and the type of interaction is symbolized as + 1 = beneficial 
effect, − 1 = harmful effect, and 0 = neutral effect.

1.4.1  Neutral Interactions (Neutralism)

It is a neutral association between dissimilar microorganisms inhabiting the same 
environment without impacting each other (the two members neither losing nor 
achieving anything from the relationship). Such association mostly is not a preva-
lent form of interaction (it is rare) as it is always transitory since environmental 
conditions always change.

This relationship occurs if the populations are living in culture with distinctive 
characteristics (Freilich et al. 2011; Weiner et al. 2012), such as:
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 1. Separated by vast distance
 2. Having dissimilar nutrient requirement
 3. Living in oligotrophic lakes or marine habitats
 4. Living in environment that does not authorize microbial growth like frozen prod-

ucts, polar ice, and frozen habitats

1.4.2  Positive Interactions

Such interactions consist of different relationships between different populations at 
which one population at least is benefited while the other is either benefited or not 
affected.

1.4.2.1  Mutualism
It is an obligatory or highly specific interaction between two populations in which 
both of them benefit from each other. It usually required close physical connection 
in which both partners may act as if they are one. When they exist separately, the 
physical tolerance and metabolic activities will be different for each single symbi-
ont. Theoretically, mutualism could lead occasionally to the assembling of a new 
species (Freilich et al. 2011; Leung and Poulin 2008; Weiner et al. 2012).

Population A

Population B 0

0

Neutralism Commensalism

Positive Interactions

Mutualism Competition Predation Parasitism Ammensalism

Negative Interactions

Proto-
cooperation

Neutral
Interactions

1

0

1

1

1

1

-1

-1

0

1

-1

-1

1

-1

1

-1

1

Fig. 1.2 Microbial interactions, basic characteristics of neutral, and positive and negative interac-
tions that occur between different microorganisms (+ 1 = beneficial effect, − 1 = harmful effect, 
and 0 = neutral effect)
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1.4.2.1.1 Types of Mutualism
Mutualism could be classified into different types according to partner’s selection 
and function or purposes of the relationship.

1.4.2.1.2 Types of Mutualism According to Interaction Patterns
According to the partner’s selection, mutualism could occur in two forms:

• Obligate Mutualism: It occurs when both microorganisms live together in close 
proximity, and both species cannot survive without its mutualistic partner.

• Facultative Mutualism: It occurs when one of the two partners can survive with-
out its mutualistic partner by itself in some conditions.

1.4.2.1.3 Types of Mutualism According to Interaction Purposes
Mutualistic relationships between different populations have three main purposes:

Trophic Mutualism It is also called resource-resource interactions. It is a type  
of mutualistic association, which comprises the exchange of nutrients between  
two species. Also, it is called “syntrophism” (Greek meaning: syn = mutual and 
trophe = nutrition).

Defensive Mutualism It is also called service-resource relationships. It appears 
when one organism provides shelter or protection from predators or pathogens, 
while the other provides food.

Service-Service Mutualism It appears when one species receives service from its 
partner in return for transporting another service to the other organism. This type of 
mutualism is not common between microorganisms in the soil.

1.4.2.1.4 Some Examples of Mutualism
No clear or sharp type of mutualism could be detected between microorganisms in 
the soil since two or more types could be integrated together in nature.

 a. Lichen

The most common example for mutualism is the lichen, which is an association 
between fungus (ascomycetes) and algae (green algae) or cyanobacteria (blue green 
algae), since most types of mutualisms occur between the two symbionts. Fungal 
partner surrounds the algal partner’s cells within fungal tissues that are exclusive to 
lichen associations.

In this type of association, algae get benefits through protection afforded to it by 
fungal hyphae from environmental biotic and abiotic stresses and excess light inten-
sity as well as it is provided with water and minerals that help it to grow while 
fungal partner obtains nutrients and oxygen from alga. When the blue green algae 
are the partners in the lichen association, the fungus gets benefit also from the fixed 
nitrogen.
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Although lichen association improves the range of ecological survival for both 
partners, nonetheless, this relationship is not permanently necessary for their growth 
and reproduction in natural environments especially algae, since many of the algal 
symbionts can live independently (Aislabie et al. 2013; Lutzoni et al. 2001; Nash 
1996).

 b. Mycorrhizae

It is a mutualistic association among mycorrhizal fungi and plant roots, in which 
plants provide fungus with carbohydrates and offer it protection. In turn the fungus 
increases the surface area of plant roots for absorbing water, nitrogenous com-
pounds, phosphorus, and other inorganic nutrients (e.g., phosphate) from the sur-
rounding soil and delivers them to the plant which improves plant growth and health 
(Zayed et al. 2013). Also, mycorrhizal fungi shelter plant roots from invasion by 
soilborne root-infecting pathogens.

Endomycorrhizal symbiosis increases plant performance through improving 
their tolerance to different environmental stresses, which may be biotic, e.g., patho-
gen attack, or abiotic (e.g., drought, salinity, heavy metal toxicity, or presence of 
organic pollutants (Manaf and Zayed 2015) and also enhancing soil structure 
through formation of hydro-stable aggregates essential for good soil structure 
(Barea and Pozo 2013).

 c. Symbiotic N2 Fixation

The nitrogen-fixing bacteria provide the plants with nitrogenous compounds, 
while in return the plants provide the nitrogen-fixing bacteria with carbohydrates. 
This mutualistic association improves plant growth and health, and it has different 
types which include Rhizobium spp. with root nodules of legume plants and Frankia 
which is an actinomycete (nodule-forming filamentous bacteria) with the roots of 
Alnus and Casuarina trees which are “nonlegumes” (Selim et al. 2003).

1.4.2.2  Commensalism
It is a relationship at which one population benefits, while the other population is 
unaffected (neither harmed nor benefited). It is a very common relationship between 
different microbial populations. It is usually unidirectional, not obligatory relation-
ship and occurs when the unaffected population adapts the habitat in such a way that 
the other population benefits.

1.4.2.2.1 Examples of Commensalism
 (a) During the alteration of complex molecules by one population into other sub-

strates in soil, the degraded products are regularly used by numerous other 
fungi and bacteria which cannot utilize complex molecules in the soil, like con-
version of cellulose and lignin by fungi through production of extracellular 
enzymes. This process improves the nutritional properties of the soil which in 
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return improve the activities of microbial communities in soil and improve 
plant growth and health.

 (b) During the growth of facultative anaerobes and obligate anaerobes in the same 
site, the facultative anaerobes consume the oxygen from the environment which 
helps the obligate anaerobes to grow. This process occurs commonly in soil 
(Atlas and Bartha 1986).

1.4.2.3  Protocooperation (Synergism)
Synergism (protocooperation) is a relationship that occurs between two or more 
populations at which both or all of them benefit. In this relationship microbial popu-
lations perform a function which may not be performed individually or produce a 
new product that neither each population can produce alone.

This relationship is different from mutualism because as it is not an obligatory 
interaction, none of the species depend on the relationship for existence, as each 
member can live and produce its own food individually. It is also called loose rela-
tionship since one member can be replaced by another microorganism (Atlas and 
Bartha 1986).

1.4.2.3.1 Types of Protocooperation
There are different types of protocooperation relationship that could be found in the 
terrestrial ecosystem which is considered very useful in agriculture:

• Nutritional protocooperation: It is the most popular relationship between terres-
trial populations at which the populations exchange nutrients between each other. 
Such a cooperation is also called syntrophism protocooperation.

• Metabolism of toxic end products: In this type of association one organism 
embellishes its associate by eliminating toxic substances from the habitation ver-
sus obtaining carbon products made by the other associate partner.

• Production of derivative enzymes: Arthrobacter and Streptomyces (soil flora) 
produce enzymes which collectively degrade diazinon which is an organophos-
phate pesticide (useful in the degradation of xenobiotics or recalcitrant 
compounds).

1.4.2.3.2 Examples of Protocooperation
 (a) Thiobacillus spp. is an autotrophic bacterium which is aerobic, acidophilic, car-

bon dioxide fixer as well as sulfur and iron oxidizer, while Beijerinckia spp. is 
a heterotrophic bacterium which is an aerobic nitrogen fixer and slow grower. 
These two organisms could be grown together since Thiobacillus spp. fix car-
bon dioxide for itself and Beijerinckia spp., while Beijerinckia spp. fix nitrogen 
to satisfy the need from nitrogenous compounds for itself and Thiobacillus spp. 
in medium devoid of carbon and nitrogen sources. Also, the association of T. 
ferrooxidans with Beijerinckia lacticogenes enhanced the ratio and amount of 
Cu-Ni sulfide concentrate leaking in the medium (Barbosa et al. 2000; Trivedi 
and Tsuchiya 1975; Tsuchiya et al. 1974). This relationship in the terrestrial 
ecosystem improves the carbon and nitrogen content in the soil as well as 
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 mineral contents which in turn improve the growth and nutritional contents of 
plants in soil.

 (b) Protocooperation also occurs between higher plants growing in the soil and 
bacteria or fungi living in the rhizosphere. Neither each of them is dependent on 
this association, since bacteria and fungi get benefits from the exudates of plant 
roots and interact with each other to form the essential nutrients necessary for 
plant’s growth such as decomposed organic materials, production of phytohor-
mones, minerals, water, vitamins, and amino acids which in return improve soil 
fertility as well as the plant health and growth (Seneviratne et al. 2008).

1.4.3  Negative Interactions

It consists of different relationships between different populations either two or 
more, at which one population at least is harmed while the other is either harmed, 
benefited, or not affected.

1.4.3.1  Ammensalism (Antagonism)
It is the most common negative relationship in nature at which one microbial popu-
lation suppresses or adversely influences the growth or the activities of the other 
population in the same environment by producing inhibitory substances either 
directly or indirectly.

The population that produces the inhibitors is not affected by them and therefore 
gains the antagonistic edge. These inhibitors may be antibiotics, toxins, organic 
acids, alcohols, or other allelochemicals, lytic enzymes, as well as harmful gases 
like methane, ethylene, HCN, nitrite, or sulfides or other volatile sulfur compounds. 
The population that adversely affects the other is called antagonistic species, and it 
constantly has great practical importance.

1.4.3.1.1 Types of Antagonism
There are diverse types of antagonism according to the nature of substances that is 
used in the antagonism.

• Antagonism by Antibiosis: This process is called antibiosis in which the antibiot-
ics or other allelochemical metabolites are produced by one organism to inhibit 
another organism (Ahmad et al. 2008; de Souza et al. 2003).

• Antagonism by Lytic Enzymes: Many soil microorganisms, like myxobacteria 
and Streptomyces, could antagonize disease-causing agents by the production of 
some lytic enzymes which destroy other cells by digesting their cell wall or other 
protective surface layers such as glucanase, protease, cellulase, and chitinase 
enzymes (Dunne et  al. 1997). Such enzymes have the ability to devastate the 
oospores of phytopathogenic fungi (El-Tarabily 2006), affect germination of 
spore and germ-tube elongation of phytopathogenic fungi (Frankowski et  al. 
2001), as well as degrade bacterial cell wall (El-Tarabily 2006).

1 Microbial Interactions and Plant Growth
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1.4.3.1.2 Compound Antagonism
It is clear that diffident mechanisms in antagonism could be appearing in nature 
between different microorganisms. One organism could use different types of 
antagonisms to fight the pathogens.

1.4.3.1.3 For example:
 (a) Bacillus subtilis, Pseudomonas fluorescens, and Streptomyces spp. were 

described as producers of antibiotics (antibacterial or antifungal) that inhibit 
various pathogens and suppress different plant diseases (de Vasconcellos and 
Cardoso 2009), like F. oxysporum (Kumar 1999) and Rhizoctonia solani (Asaka 
and Shoda 1996), Verticillium albo-atrum, Alternaria solani, Pseudomonas 
solanacearum (El-Abyad et al. 1993), Alternaria brassicicola, Colletotrichum 
gloeosporioides, Penicillium digitatum, and Sclerotium rolfsii (Khamna et al. 
2009), which are considered as fundamental agents of different plant diseases 
(Bouizgarne 2013).

 (b) In lichens, algae produce O2 which prevents the growth of anaerobic bacteria on 
it, while the fungi produce cyanide in concentrations toxic to other 
microorganisms.

 (c) Thiobacillus spp. reduces the soil pH to reach values as low as 2 through the 
oxidation of sulfide to sulfate. This low pH inhibits the growth of any pH- 
sensitive microorganism in soil.

1.4.3.1.4 Parasitism
It is a relationship between two dissimilar organisms that is called host-parasite 
relationship in which one of them (parasite) lives in or on the other organism (host). 
The parasite lives in close contact with the host and forms metabolic association 
with the host and feeds on their cells, tissues, or fluids in which the parasite is prof-
ited, while the host is adversely affected. Sometimes the relation between the host 
and parasite could be diverged from parasitic relationship to a pathogenic 
relationship.

This relationship is widely spread in soil communities and characterized by its 
long period of contact and the specialization between parasite and host. Also, para-
site is usually smaller than the host (in most cases). This relationship has two sides, 
one is useful while the other harmful. If the parasitism is accomplished on bacteria 
that are considered pathogenic to plants, it is considered as a useful relationship for 
plant growth and health. While if the parasitism is accomplished on bacteria that are 
considered profitable to plants, it is considered as a harmful relationship for plant 
growth and health (Compant et al. 2005; Wu et al. 2009).

1.4.3.1.5 Types of Parasitism
Parasitism could be classified according to its nature of parasitism and its infection 
type.

1.4.3.1.6 Types of Parasitism According to Parasitism Patterns
• Obligate parasitism: Occurs when the parasite cannot live without its host.
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• Facultative parasitism: Occurs when the parasite can survive by itself without its 
host cells in some conditions.

1.4.3.1.7 Types of Parasitism According to Infection Form
• Ectoparasitism: The parasite remains outside the host cells.
• Endoparasitism: The parasite penetrates the host cells.

1.4.3.1.8 Examples of Parasitism
 (a) Viruses which attack bacteria (bacteriophages), fungi, algae, or plants are strict 

endoparasites (intracellular parasites) as they obligate parasite and cannot be 
cultivated on the media as free-living forms.

 (b) Chytrid fungi parasitize on algae as well as other fungi by penetration into the 
host.

1.4.3.2  Predation
Predation is the most dramatic relationship among microorganisms in nature, at 
which predator organism directly attacks a prey organism and feeds on it. This rela-
tionship has short duration, at which predators may or may not kill their prey prior 
to feeding on them, but the normal result is generally absorption of the prey’s tissue 
through ingestion and subsequently the death of prey. Prey may be larger or smaller 
than predator.

1.4.3.2.1 Important of Predation
The predators have the capability to mineralize the organic compounds that are 
produced by autotrophs before it reaches the higher consumers; this process 
increases the rate of nutrient cycling, in addition to returning the nutrients to the 
primary producers, which stimulate their activities that leads to improve the nutri-
tional content of the soil. Also the predators protect the environment from the prey 
by ingesting it, which is usually plant pathogen.

1.4.3.2.2 Examples of Predation
The following predatory bacteria have been observed and characterized in soil:

 (a) Bdellovibrio bacteriovorus is a predatory bacterium, which penetrates the cell 
wall and multiplies between the wall and the plasma membrane, which causes 
lysis of the prey and releases its progeny. It attacks and consumes different 
bacterial strains, including Escherichia coli and Aquaspirillum serpens, 
Salmonella typhimurium, and Helicobacter pylori (Dwidar et al. 2012).

 (b) Vampirococcus spp. adheres to the surface of phototrophic bacteria Chromatium 
spp. (purple sulfur bacterium). It does not penetrate its prey’s cells as it remains 
attached to the cell wall by specific attachment structures, and it destroys its 
prey (Dwidar et al. 2012).

 (c) Daptobacter spp. penetrates and degrades the cytoplasm of several genera of 
Chromatiaceae. It grows and propagates in the cytoplasm (Guerrero et  al. 
1986).

1 Microbial Interactions and Plant Growth
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1.4.3.3  Competition
It is a relation that occurs between different populations in the soil which use the 
same limiting resources that are insufficient to support all the individuals. These 
resources include raw materials important for life such as water, light, nutrients, 
oxygen, and space for occupying or any other resources, which is essential for sur-
vival and reproduction. In this relation, the superior adapted microorganism will 
dominate and/or eliminate the others, which are relying on the same inadequate 
nutrient substances. Also, organisms which have the capability to grow faster are 
considered good competitors (Hibbing et al. 2010; Wu et al. 2009).

1.4.3.3.1 Types of Competition
There are two ways in which microorganisms compete:

Resource Competition It occurs when the growth rates of both populations are 
limited by the same resource and one population has the ability to diminish the 
availability of that resource for the other populations. It is also called indirect com-
petition, passive competition, and exploitative competition.

Interference competition It occurs between two populations in which one of them 
damages the other population’s habitat either physically or chemically and excludes 
it from the habitation. This relationship is also called direct competition or active 
competition.

Few Examples The chlamydospores of Fusarium, oospores of Aphanomyces, as 
well as conidia of Verticillium dahliae need exogenous nutrients to germinate in 
soil, while some other fungi bacteria that inhabit the soil have the ability to deplete 
these important nutrients that are required for spore germination and thereby delay 
its germination which results in decrease in the population of these plant pathogens 
in the soil (Hibbing et al. 2010; Wu et al. 2009).

1.5  Conclusion

Soil harbors great diversity of microorganisms; this diversity is responsible for bio-
logical equilibrium created by the associations and interactions of all individuals 
found in the community. Plants are the main responsible for most of these interac-
tions due to their root exudates. These interactions perform significant roles on plant 
growth and health and the ecological fitness and resistance of plants to different 
biotic and abiotic stresses in soils.

There is no single type of microbial interaction that could be found for each 
microorganism since one organism could have different types of interactions with 
other populations and these interactions could be diverged in accordance to diverg-
ing of ecological factors, plant type, and microbial diversity in its terrestrial ecosys-
tem. For example, Trichoderma spp. could be considered as the most essential 
biological control agent in that soil because it utilizes different mechanisms to fight 
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various disease-causing agents including parasitism, which directly attack the 
pathogens especially fungi; competition, as it has the ability to colonize the soil or 
to compete for nutrients which is causing relegation of pathogen from plant rhizo-
sphere; antagonism (antibiosis), as it is able to produce secondary metabolites 
which have a lethal or depressant effect on the plant pathogen as well as it has abil-
ity to make a repressive environment by diverse relations in the soil community to 
create unfavorable ecological conditions that limit the development or multiplica-
tion of pathogenic populations; and the secretion of numerous compounds that 
induce the mechanisms of plant resistance to combat pathogens attack.
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Abstract
The use of cover crops (CC) may be associated with other management practices 
recommended to achieve high yields and collaborate to use available resources 
more efficiently. Glyphosate is a nonselective systemic herbicide, which is com-
monly used for drying CC. Here we included a review of the related topics and 
showed the effects of drying oats and rye with glyphosate, inoculation with two 
plant growth-promoting rhizobacteria, and nitrogen fertilization on rhizosphere 
microbial communities at field conditions in the western Pampas of Argentina. 
Rhizosphere samples were obtained at three times: before drying the CC, a 
month after this, and at harvest time of soybean which was grown after each 
CC. Counts of viable cells and physiology of rhizosphere microbial communities 
were analyzed. The inclusion of CC dried with glyphosate modifies their associ-
ated rhizosphere microbial communities. Their numbers significantly decreased 
or increased. For some microorganisms, these changes were temporary because 
their amounts at soybean harvest time did not differ from those obtained when 
the sampling was done before drying CC with glyphosate application. Besides, 
our results indicate that the drying time must be chosen taking into account CC 
types and their phenology. This scientific information is evidence of changes on 
rhizosphere microbial communities due to the management of CC with glypho-
sate in combination with or without both inoculation and fertilization of 
CC. These data are agronomic and environmentally relevant because they have 
shown that the type of management would impact on the quality and health of the 
soil and therefore in agroecosystem sustainability.
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2.1  Introduction

In recent years, agriculture has evolved to long agricultural cycles and in some cases 
to continuous agriculture (Ruffo and Parsons 2004) combined with non-tillage and 
the use of agrochemicals (Pound 1998; García 1999). This situation led to intensive 
land use, driven by the expansion of the agricultural frontier over areas not suitable 
for agriculture, where soils are much more fragile and more susceptible to water and 
wind erosion (Pound 1998; Pengue 2009; Sasal et al. 2006; Salsal 2012, 2013). The 
most relevant characteristics of this phenomenon called “agriculturization” are, on 
the one hand, the increase of the annual summer crops at the expense of the stagna-
tion of the winter crops and, on the other hand, the exponential growth of the soy-
bean (Glycine max L. Merrill) in comparison with the rest of the species (Carreño 
and Viglizzo 2011; ACSOJA 2015). In each region, other crops and livestock were 
replaced by this legume (Ruffo and Parsons 2004). Currently, soybean monoculture, 
the intensive use of agrochemicals, and the low replenishment of carbon and nutri-
ents are common (Scianca et al. 2009). Due to their high profitability, the extensive 
crop farmers focused exclusively on cultivating transgenic soybeans with resistance 
to the herbicide glyphosate. Thus, this crop went from occupying almost 5 million 
hectares in 1990 to 20.6 million hectares for the summer season 2015–2016, only in 
Argentina. Grain production, for its part, increased from 10 to 57.6 million tons for 
the same period of time (MinAgri 2016). In this way, Argentina became the first 
country to export soybean oils and flour and the third exporter of soybean grains 
(ACSOJA 2015). Similar situation was developed in Brazil.

On the other hand, the limited contributions of soybean stubble, even under non- 
tillage, have shown to affect the contents of organic matter (Andriulo et al. 1999; 
Satorre 2003) with a consequent negative carbon balance in the soil favoring degra-
dation processes (Alvarez et  al. 2006). This is worrying, because approximately 
0.1% of organic matter is lost per centimeter of degraded soil (Casas 2013). In addi-
tion, Salsal (2013) indicates that the monoculture does not provide ecological and 
agronomic benefits, as it leads to a decrease in the biodiversity of both the quality 
and the amount of organic matter available in the soil. In this environment, microor-
ganisms degrade organic matter and directly impact soil properties (Ferreras et al. 
2009).

Thus, due to the great economic importance of soybean cultivation worldwide 
and the low input of residues with a low C/N ratio (Studdert and Echeverría 2000), 
a negative N balance is also established, which contributes to soil impoverishment 
(Zotarelli et al. 2002; Cheng et al. 2003). In addition, since its residue decomposes 
rapidly and leaves the soil exposed to erosive action (Salsal 2013), the need arises 
to incorporate tools to favor the sustainability of the system.
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2.2  Use of Cover Crops as a Management Alternative

One of the alternatives is to include cover crops (CC) in the crop sequence in order 
to increase the soil carbon input through their residues. Thus, the quality of the soil 
is improved (Alvarez et al. 2006; Martinez et al. 2013), and in the medium term, the 
negative carbon balance suffered by the extensive agricultural systems is mitigated 
(Scianca et al. 2011). The productive capacity of soils is directly associated with 
their organic matter content, which is the main reserve of organic carbon and the 
main source of nutrients for the crops (Urquiaga et al. 2004). For this reason, CC 
represents a technological alternative that balances the carbon of the soil, contribut-
ing a significant improvement for the physical and chemical properties of it (Cordone 
and Hansen 1986; Altieri 1994; Ruffo and Parsons 2004; Carfagno et  al. 2008). 
However, very little is known about the dynamics of the microbiological properties 
associated with this system.

CC can be defined as those crops that grow specifically to keep the soil covered, 
protecting it from erosion, avoiding the loss of nutrients by washing and runoff. In 
addition, they are used to reduce compaction, minimize residual nitrate leaching, 
increase carbon content, improve plant nutrition, lower soil temperature, increase 
water use efficiency, contribute to water table depression in very humid periods, as 
well as reduce the level of weeds and the use of agrochemicals (Ruffo and Parsons 
2003, 2004, Scianca et al. 2011; Fernández et al. 2012). Therefore, the use of CC 
and zero tillage is an effective measurement to conserve and maintain productive 
potential of the soil (Altieri 1994).

CC are species with desirable characteristics to include in the crop sequence with 
the commercial crops (Espindola et  al. 2005) such as soybean. CC are different 
from pasture because they do not produce a direct rent due to the reason that they 
are not harvested. They grow out between two commercial crops and are not incor-
porated into the soil and are not grazed unlike the green manures (Ruffo and Parsons 
2003, 2004; Restovich et  al. 2012). The residues of CC remain on the surface, 
releasing nutrients contained in the aerial and radical biomass of the plants, provid-
ing energy to the microbial and mesofauna communities, and thus improving soil 
fertility (Ruffo and Parsons 2004; Álvarez et  al. 2008). In some cases, CC are 
legume species that can receive N inputs through biological fixation, while other CC 
act by limiting the leaching of nutrients, especially N, to the underground aquifer 
(Parkin et al. 2006). On the other hand, CC residues inhibit weed growth, creating 
conditions similar to those that can be found at greater depth, i.e., less light and low 
daily thermal amplitude (Pérez and Scianca 2009). In addition, these residues some-
times release phytotoxic substances resulting from their degradation processes 
(Teasdale 1996; Teasdale et al. 2007). These characteristics of CC residues would 
be related to the amount of biomass they produce (Liebman and Davis 2000). The 
biomass produced can vary according to the species, so it is very important to con-
sider the rate of decomposition of the residues, water contribution to the soil profile, 
types of crops of the sequence and the nutritional requirements of the next crop in 
the sequence (Carfagno et al. 2007).

2 Dynamics of Rhizosphere Microbial Communities of Cover Crops Dried…
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The most used grasses are oats (Avena sativa L.), black oats (Avena strigosa L.), 
yellow oats (Avena byzantine L.), rye (Secale cereale L.), and Italian ryegrass 
(Lolium multiflorum L.), which are used as winter-rainfed crops to suppress weeds 
and reduce erosion in the season prior to the sowing of maize or soybean (FAO 
1994; Amigone and Tomaso 2006; Restovich et al. 2012). In the Pampa region of 
Argentina, the grasses most commonly used are rye and oats (Pérez and Scianca 
2009). Rye is widely used because it contributes large volumes of plant residues that 
decompose slowly, compared to other winter grasses. Once their decomposition 
begins, they release harmful substances such as phenols, terpenes or alkaloids, 
which affect the germination of weed seeds (Ruffo and Parsons 2004; Pérez and 
Scianca 2009; Carfagno et al. 2013). In addition, rye is considered one of the most 
tolerant crops to cold and water stress. Oats are used as CC for the wide availability 
of varieties which are adapted to different areas of the Pampa region (Ruffo and 
Parsons 2004) and for the production of high volumes of vegetal biomass added to 
the soil (Cordone and Hansen 1986). However, oat cultivars are generally not resis-
tant to very low temperatures. For that reason, this CC is used in temperate zones 
(Ruffo and Parsons 2004). Although oats can grow in any types of soil, it is impor-
tant that they do not have moisture retention problems, because this CC has high 
water consumption due to its high transpiratory coefficient (Ruffo and Parsons 
2004; Infoagro 2015). Some authors consider that, in addition to rye and oats, the 
most commonly used species in the Pampas region are raigrass and triticale (Melo 
et al. 1993; Garza et al. 2007; Carfagno et al. 2013). In the case of legumes, the most 
adapted to this region are the Vicia sativa, Vicia villosa, and the clovers. In the north 
of Argentina, species of Crotalaria, Vigna, lupines, and soft clover are also used, 
with very promising results. These CC are sown without soil remotion, generally 
once the soybean has been harvested (Melo et al. 1993; Carfagno et al. 2007; Garza 
et al. 2007).

2.3  Use of Plant Growth-Promoting Rhizobacteria (PGPR) 
for Cover Crops

Furthermore, the inclusion of CC can be combined with other technological alterna-
tives, such as the use of plant growth-promoting rhizobacteria or PGPR. These have 
a significant effect on agroecosystem sustainability (Antoun and Prevost 2006), 
since PGPR inoculation contributes to the implantation, development, biomass, and 
grain production of crops, such as rice, wheat, and maize (Lucy et al. 2004; Siddiqui 
2006; García de Salamone 2012). However, very little information is available 
about its effects on forage plants that are used as CC. It is necessary to know the 
microbial interactions that can occur in the CC’s rhizosphere under field conditions, 
in order to evaluate the overall impact of CC inoculation technology on this type of 
agroecosystem for achieving maximum efficiency. PGPR are particularly important 
in the soil-plant relationship and are responsible for the increase of nutrient supply 
as well as for the production of growth factors or phytohormones. Bacteria belong-
ing to the genera Azospirillum, Pseudomonas, Azotobacter, and Arthrobacter and 

J.S. Escobar Ortega and I.E. García de Salamone



21

Bacillus subtilis stand out because of their potential as PGPR biofertilizers and they 
have a significant impact on crop yield and quality (Glick 1995; Bashan and Holguin 
1997; Dobbelaere et al. 2003; García de Salamone 2012). Studies with microorgan-
isms of the genus Azospirillum and Azotobacter have demonstrated that these bac-
teria besides fixing nitrogen in nonsymbiotic associations with plants also segregate 
growth-promoting substances such as auxins, gibberellins, and cytokinins, which 
directly benefit the plant (Bashan et  al. 2004; Halda-Alija 2003; Pedraza et  al. 
2010). The genus Azospirillum stands out because, besides being a supplier of phy-
tohormones, it can fix nitrogen under microaerobiosis conditions (García de 
Salamone et al. 1996; Okon 1994). Higher levels of nitrogen, phosphorus, potas-
sium, and various micronutrients in plants inoculated with Azospirillum has been 
reported (Caballero-Mellado 2004; García de Salamone et al. 1996; Pedraza et al. 
2010). In addition, significant effects have been observed on the development and 
production of wheat (Caballero-Mellado 2004; Naiman et al. 2009; Bashan et al. 
1990), maize (García de Salamone 2012) and rice (Baldani and Baldani 2005; 
Garcia de Salamone et al. 2010, 2012). On the other hand, there are reports which 
showed experiments carried out including PGPR of the genus Pseudomonas, which 
can solubilize phosphorus (P) and thus supply the soluble P to plants through sev-
eral mechanisms (De Freitas et al. 1997; Rodriguez et al. 2006). In addition, some 
strains of P. fluorescens are capable of producing cytokinins (García de Salamone 
et al. 2001, 2006). However, the greater amount of information on the activity of 
Pseudomonas strains is associated with the indirect effects that they produce, 
through the control of pathogenic microorganisms (Siddiqui 2006). This can reduce 
the incidence of diseases through a number of mechanisms, including increases in 
available nutrients, production of antibiotics, and induction of siderophores as a 
mechanism of control of phytopathogenic agents (Dowling and O’Gara 1994). In 
addition, PGPR can increase crop performance and shorten their cycles, as well as 
reduce both the use of chemical fertilizers and in consequence the environmental 
pollution (Park et al. 2005).

Thus, the inoculation with PGPR, based on two microorganisms such as 
Azospirillum brasilense, which can provide nitrogen via biological fixation and pro-
motes a greater root and vegetative development, and Pseudomonas fluorescens 
which stimulates growth because it can facilitate phosphorus solubilization and pro-
vide phytosanitary protection and cytokinin supply, could be associated with other 
recommended management practices to achieve high yields or collaborate to use the 
available resources more efficiently (García de Salamone et al. 2001, 2012; García 
de Salamone and Monzón de Asconegui 2008). In this sense, the biological fixation 
of N2 by A. brasilense acquires relevance and can be incorporated through the plant- 
PGPR association to contribute N to the agroecosystem (García de Salamone et al. 
1996; Urquiaga et al. 2004), where the soybean crop leaves a negative balance of 
N. This constitutes an economic and ecological alternative to increase plant produc-
tion (Cassan and García de Salamone 2008). It is recognized that the use of these 
PGPR would bring about an improvement of sustainability, contributing to the 
recovery of soil fertility while preserving the environment (García de Salamone 
et al. 2012; Lara Mantilla et al. 2011).
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On the other hand, it should be taken into account that CC should not compete 
with profitable crops or affect their yield. Because of that, suppression of their 
growth is necessary to avoid excessive consumption of water. The date of planting 
and the type of CC should be taken into account to manage the time of growth inter-
ruption. That moment should be prior to the maximum demand of the plants, which 
is flowering for both legumes and grasses (Casas 2007). The achievement of the 
greatest coverage and the contribution of carbon to the soil will depend on the num-
ber of days of CC growth, and this in turn is strongly determined by the environ-
mental conditions of the site under study (Álvarez et al. 2005; Caviglia et al. 2013). 
Therefore, the available water and the carbon input that CC leaves in the soil for the 
next summer crop can be modified by managing the time of their growth interrup-
tion (Alvarez et al. 2005; Carfagno et al. 2013).

2.4  Impact of the Use of Glyphosate to Stop the Growth 
of CC

The time of interruption of CC growth should be adjusted to the conditions of each 
region to ensure the recharge of the soil profile with spring precipitation (Carfagno 
et al. 2008). The herbicide glyphosate (N phosphonomethylglycine, C3H8NO5P) is 
usually used to stop the growth or drying of CC. The molecule belongs to the class 
of organophosphates. It is a nonselective, broad-spectrum, postemergent herbicide 
that is mainly used for the removal of undesirable grasses and shrubs, in agricultural 
areas (Gómez et al. 2008), forests, and landscape environments (Busse et al. 2001; 
Nivia 2001). This herbicide exerts its action through inhibition of the 5- enolpyruvy
l- shikimate-3-phosphate synthetase (EPSPS) enzyme, thus preventing plants from 
making three essential aromatic amino acids, namely, tryptophan, phenylalanine, 
and tyrosine, which are important for growth and survival of plants (Jaworski 1972; 
Steinrücken and Amrhein 1980; Duke et al. 2003; Gómez et al. 2008). This herbi-
cide is absorbed by the leaves and stems and then translocated to the roots and 
vegetative underground organs causing the death of nonresistant plants (Villalba 
2009).

Because the metabolic pathway of shikimic acid does not exist in animals, the 
acute toxicity of glyphosate is considered low (Levesque and Rahe 1992). However, 
this herbicide may interfere with some enzymatic functions in animals, but the 
symptoms of poisoning only occur at very high doses. Commercial products of this 
herbicide contain other compounds which may be highly toxic (Nivia 2001), such 
as different surfactants or adjuvants that serve to achieve herbicide penetration into 
plant tissues. Therefore, the toxicological characteristics of the market products are 
different from those of glyphosate (Cox 2004). Many authors emphasize the need to 
study the toxic effects of the glyphosate blend plus the surfactant or adjuvant used 
in the field rather than studying only the individual components (Monosson 2005; 
Cox and Surgan 2006; Mesnage et al. 2010). Several studies have reported the emer-
gence of resistant weeds (Mueller et al. 2003; Papa 2009; Villalba 2009; Papa et al. 
2012; Papa and Tuesca 2014) and a higher incidence of diseases (Levesque et al. 
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1993; Johal and Huber 2009). Despite the information on glyphosate and its com-
mercial formulations, their use has been intensified due to the good results that have 
been obtained after application. However, the available information on the long- 
term effect of continuous herbicide use is scarce (Gómez et al. 2008).

On the other hand, while it is stated that glyphosate has a very short half-life, it 
can be maintained in the environment for long periods, mainly because it adheres to 
soil minerals and sediments (Andréa et al. 2003). Some authors have pointed out 
that it has a moderate persistence in the soil, approximately 47 days (Tejada 2009). 
However, this cannot be generalized since other authors have pointed out that 
glyphosate can be very mobile in soil and slowly degraded (Piccolo et al. 1994). In 
this regard, it has been noted that when this herbicide is bound to other compounds, 
it cannot be degraded. Moreover, when it binds to soil minerals, it can be released 
and dispersed again after long periods of time after application (Pessagno and dos 
Santos Afonso 2006). Thus, the availability of glyphosate depends mainly on two 
factors: the rate of degradation by soil microorganisms and the degree of adsorption 
to soil particles that immobilize and temporarily inactivate it (Zabaloy and Gómez 
2005; Zabaloy et al. 2008). Once the glyphosate begins to be degraded by the micro-
organisms, carbonated and phosphatized components are released to the soil, which 
can also be used by soil microorganisms (Shushkova et al. 2009). Thus, glyphosate 
can affect the functioning of the terrestrial ecosystem, which depends heavily on 
soil microbial activity (Paul and Clark 1996; Doran and Zeiss 2000). This is because 
microorganisms actively participate in the degradation of organic matter and conse-
quently in all biogeochemical cycles (Schlesinger 1997; León et al. 2008).

Glyphosate can affect microbial activity (Tejada 2009) by the mentioned inter-
vention in the metabolic cycle of shikimic acid that is present in the majority of the 
microorganisms (Jaworski 1972; Bode et al. 1986; Bentley 1990). This herbicide 
may be considered to interfere with the decomposition of organic matter (Abdel- 
Maller et  al. 1994; Alef and Nannipieri 1995), and thus the nutrients would be 
retained and their availability to plants would be reduced (De Baets et al. 2011). In 
addition, the soil physical characteristics would be affected, as it would reduce the 
release of microbial products, which participate in particle aggregation and in con-
sequence in soil structure (Paul and Clark 1996). Therefore, the potential degrada-
tion of glyphosate depends on the ability of the microorganisms to adapt to the new 
environmental conditions, and this needs to be analyzed in detail for each system 
under study (Zucchi et al. 2003). However, most of the trials to evaluate the effects 
of glyphosate on soil microbial communities have been carried out under controlled 
conditions and not over the rhizosphere under field conditions. Therefore, in the 
case of CC in succession with soybean, it was necessary to carry out field studies to 
know the possible effects that would be producing on the native microbial commu-
nities, growth interruption or drying of the CC with glyphosate at doses used year 
after year by farmers. This is because no studies were found in relations with the 
influence of this herbicide on the microbial communities associated to CC. For this 
purpose, we performed a series of field experiments in the west of Buenos Aires 
Province, Argentina, to study the effect of CC dried with glyphosate in sequence in 
soybean crops. Thus, we could observe that the amount of the glyphosate degrader 

2 Dynamics of Rhizosphere Microbial Communities of Cover Crops Dried…



24

microorganisms increased a month after glyphosate application and their numbers 
stayed higher at the end of the agricultural cycle at soybean harvest (Fig. 2.1). We 
also observed that the number of fungi in the rhizosphere of three coverage treat-
ments did not change due to glyphosate application but at soybean harvest time the 
amounts of fungi decreased significantly but the rhizosphere of oats showed the 
highest numbers of this type of soil microorganisms (Fig. 2.2). It was depicted that 
this herbicide increased the presence of certain species of fungi and decreased oth-
ers. In addition, some authors observed that this herbicide decreased respiration and 
decomposition rates of organic matter (Abdel-Maller et al. 1994). The influence of 
glyphosate on the arbuscular mycorrhizal fungus Glomus intraradices in carrot 
roots (Wan et al. 1998) and transgenic soybean (Powell et al. 2009) was also identi-
fied under and showed to be contradictory in controlled condition experiments. This 
effect should be analyzed under conditions that allow evaluating its ecological rel-
evance, since most plants grow poorly without this symbiotic relationship and there 
is evidence that could be affected by fumigations with glyphosate, but there is no 
information about what happens at field conditions. At this regard, we did not 
observe glyphosate effects on native Mycorrhiza However, we did observe that oats 
had higher percentages of root fungal colonization, arbúsculos and vesicles than 
rye, but there were no effects of fertilization and inoculation on native Mycorrhiza 
of these crops (Table 2.1). This demonstrates that certain management decisions 
imposed to the systems provoked significant changes in certain microbial communi-
ties with their particularities.

On the other hand, in plants of transgenic soybean with resistance to glyphosate, 
it was found that the bacterium Bradyrhizobium japonicum, which fixes nitrogen in 
the roots of this plant, possesses a glyphosate sensitive enzyme and that when it is 
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Fig. 2.1 Counts of glyphosate degrader microorganisms in the rhizosphere for the interaction 
between three coverage treatments and three sampling times in average of two drying times. BG 
Before glyphosate application, AG a month later glyphosate application, SH Soybean harvest, Log 
CFU Logarithm of colony forming units. Bars with different letters indicated differences between 
coverage treatments by Tukey’s test (p ≤ 0,05)
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exposed to this herbicide accumulates shikimic acid and hydroxybenzoic acids, 
which cause inhibition of growth and even death of the bacteria when high concen-
trations of the acids mentioned are present. It was also found that glyphosate accu-
mulates in nodules of soybean roots (Zablotowicz and Reddy 2004). In this regard, 
in the sequence of field experiments that we performed to study the effect of cover 
crops dried with glyphosate, it could be detected that the amount of rhizosphere 
native nitrogen fixers associated with both oats and rye were decreased after glypho-
sate application (Fig. 2.3). It can be assumed that glyphosate can affect the growth 
of all leguminous plants and overall soil health, as this herbicide would be affecting 
the nitrogen cycle in the agroecosystem. It was also possible to determine, in con-
trast to some short-term research reports, effects on soil microorganisms that 
depended on the concentration of glyphosate used. Roslycky (1982) conducted an 
experiment under controlled conditions where the soil was mixed with different 
concentrations of glyphosate and sampled during the 214 days later. Thus, concen-
trations of 1, 10, 50, and 100 μg g−1 of glyphosate soil had no effect on bacterial, 
fungal, and actinomycete populations, whereas concentrations of 500 and 1000 μg 
g−1 of soil of this herbicide increased initially the number of bacteria, fungi, and 
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Fig. 2.2 Counts of rhizosphere fungi for the interaction between sampling times after glyphosate 
application and coverage treatments BG before glyphosate application, AG a month later glypho-
sate application, SH Soybean harvest, Log CFU Logarithm of colony forming units. Bars with 
different letters indicated differences between coverage treatments by Tukey’s test (p ≤ 0,05)

Table 2.1 Fungal colonization and structures of native arbuscular mycorhiza of oats and rye at 
tillering stage growing at field conditions

Cover crops Root fungal colonization (%) Arbuscules (%) Vesícles (%) Spores (%)
Oats 50.9 b 34.4 b 14.8 B 8.7 A
Rye 33.2 a 19.3 a 6.8 A 5.3 A

Different lower and capital letters indicate significant differences by Tukey’s test (P ≤ 0.05) and 
Kruskal Wallis’s test (P ≤ 0.05), respectively, for each variable
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actinomycetes, followed by a decrease and then an increase but not as marked as 
initially observed. Other authors also observed under controlled conditions increases 
in respiration and enzymatic activity of the soil as a consequence of the application 
of different concentrations of glyphosate (Gianfreda et al. 1995; Haney et al. 2000). 
In the field experiments performed by our group, interesting information was 
obtained in relation with the rhizosphere community of actinomycetes because this 
taxonomic group has shown to have high sensitivity to glyphosate application 
(Fig. 2.4). The interaction between the phenological stage of CC when glyphosate 
was applied to drying them, sampling time and CC displayed differences between 
both tillering and jointing stages. In the latter, no effects due to the coverage treat-
ments were observed, but in the former, it was possible to detect significant differ-
ences among treatments and sampling time. This microbial community is highly 
sensitive in the case of the control without CC, and it could be differentiated to oat 
and rye rhizospheres. Thus, actinomycetes associated with rye were less affected 
than those in oats’ rhizosphere by glyphosate application.

On the other hand, there is very little information about the influence of manage-
ment practices on the structure and functioning of the microorganisms, due to the 
inoculation of CC with PGPR such as A. brasilense and P. fluorescens. Therefore, in 
attending this need, we have studied the effects of the CC oats and rye and their 
inoculation on rhizosphere microbial communities at field conditions (Fig. 2.5). We 
observed that there were not effect of the CC but the application of glyphosate pro-
duced a permanent impact on the community level physiological profiles analysis 
using the technique described by Di Salvo and García de Salamone (2012) because 
there were significant differences between the PC of microbial communities of the 
sampling time before glyphosate application at jointing phenological stage of the 
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without CC, O oats, R rye, Log CFU Logarithm of colony forming units. Bars with different letters 
indicated differences among means performed with Tukey’s test (p ≤ 0.05)
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Numbers in parenthesis indicate the percentages of the explained variance by each PC
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CC with respect to the other two sampling time whose physiological profiles were 
not different. It was also observed that fertilizer addition at sowing of CC had impact 
of the physiological profiles of the microbial communities a month later of the 
application of glyphosate (Fig. 2.6).

2.5  Conclusion

In relation to what has been expressed so far, we observed significant changes pro-
duced by the management of the CC oats and rye on the dynamics of their rhizo-
sphere microbial communities. It has generated information capable of connecting 
processes that occur in the aerial portion of the system with processes taking place 
in the underground portion. This has been described as one of the challenges of 
agroecological research (Wardle 2002).
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Abstract
Sugarcane is an important industrial agricultural crop cultivated worldwide for 
the production of sugar, ethanol, and other related by-products. More than 50 
diseases were observed in sugarcane caused by different plant pathogenic 
microbes, i.e., fungi, bacteria, viruses, phytoplasmas, and nematodes. Sugarcane 
is a lengthy crop, so it requires more amounts of plant nutrients, i.e., N, P, and K, 
as well as other micro- and macronutrients. Thus, the chances of diseases are 
more to adapt the favorable conditions for pathogens survival. Nitrogen is one of 
the greatest limiting nutritional aspects for the growth of plants. An abundant 
supply of nitrogen is required for the plant’s early growth. Higher doses of fertil-
izers, chemicals, and pesticides are applied by farmers to sugarcane to promote 
early growth and development of crops, to control the diseases, and to increase 
the yield in many countries. But the continuous use of these chemicals leads to 
resistance development against the pathogens and may cause negative effects on 
the environment and contamination of soil and water in addition to a serious 
hazard to human and animal health. Because of these facts, we focus to find an 
alternative method for chemical usage. It has been acknowledged that a large 
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number of naturally occurring plant growth-promoting nitrogen-fixing microbes 
are present in soil/rhizosphere. A wide variety of mechanisms are used by these 
bacteria to colonize in the rhizosphere such as biological control against plant 
pathogens, biological nitrogen fixation, and phytohormone production, as well 
as their ability to enhance nutrient availability. A biological nitrogen-fixing 
microbe has massive potential to replace the chemical fertilizers and can be used 
as biofertilizer in plants. In this chapter, the role of bacteria associated with nitro-
gen fixation and colonizing the internal parts of the sugarcane plant without 
exerting any core destruction to their host plant is described.

Keywords
Biofertilizer • GFP • Nitrogen-fixing microbes • PGPR • Sugarcane

3.1  Introduction

Nowadays, the increasing global population is increasing the demand for food pro-
duction worldwide. Particularly in developing countries, there is regular demand for 
food to survive with appropriate amount for all (Singh et al. 2014). This need can be 
fulfilled by increasing the cultivated area, using barrel lands for agriculture, manag-
ing the environmental stresses, increasing soil fertility, controlling diseases caused 
by plant pathogens, designing and developing better seed and crop varieties, etc. 
Therefore, it is our responsibility to research and focus on managing these problems 
and increasing the agricultural products to serve the increasing needs of the popula-
tion in our country. Biotic and abiotic stresses are negatively influencing the crop 
growth and yield conditions. Abiotic stress has constantly played a major role in 
reducing agricultural products. The abiotic stresses such as soil pH, drought, salin-
ity, environmental temperature, metal toxicity, overflowing, smog, and contamina-
tion are a key cause to reduced crop growth and production (Ladeiro 2012; 
Rengasamy 2006; Lawlor and Cornic 2002). On the other hand, the living organ-
isms, such as bacteria, viruses, fungi, nematodes, phytoplasma, and parasitic dis-
eases in fields, which reduce the agricultural products, and causes biotic stresses. 
Among them, fungus is one of the important plant pathogens, causing two-thirds of 
the total disease. An annual loss of agricultural products caused by these diseases is 
at least 30% worldwide (Fisher et al. 2012). However, the farmers use higher doses 
of fertilizers, chemicals, as well as pesticides for growth and development and dis-
ease control of crops, to increase production. A higher dose of fertilization causes 
serious environmental pollution and also raises the production cost (Herridge et al. 
2008; Li and Yang 2015). It may have adverse and random effects on the environ-
ment, in addition to the pollution of soil, water, and natural areas. Such effects carry 
severe hazard to human and animal health, and in addition, developing countries 
have to face the demand of high costs for such technologies and chemical utilization 
(Pedraza 2008). Therefore, we need to find a viable alternative method in place of 
chemicals to protect the soil and environment.
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It is essential to develop and design improved crop varieties that allow the unsafe 
possession of frequently dangling environmental issues (Begcy et  al. 2012) and 
disease resistance. It is also essential to isolate and identify a functional applicant 
microbes that work in different environmental conditions and arid land to protect 
the crops from diseases and increase quality and productivity. There is enormous 
microbial flora inhabiting the earth, and they are present in all types of soils such as 
cultivated land, sand, desert, rock, thermal soil, snow soil, marsh and moorlands, 
sediments, semiaquatic ecosystems, etc. (Manoharachary and Mukerji 2006). We 
focused on nitrogen-fixing bacterial genera that are often found in large populations 
in rhizosphere soils/endophyte with general disease suppression and plant growth- 
promoting (PGP) activities. To solve the problems of chemicalization, biological 
nitrogen fixation (BNF) is the best substitute (Xing et al. 2015) (Fig. 3.1). Plant 
rhizosphere is a multipurpose and active biological environment of controlling 
plant–microbe interactions for binding important micro- and macronutrients from a 
limited nutrient pool (Solanki et al. 2012). Exploration of rhizosphere root coloniza-
tion in grasses and verification of the fact that soil bacteria could change atmo-
spheric nitrogen into functional forms in plants are reported (Hellriegel and Wilfarth 
1888). Some Brazilian sugarcane cultivars are also capable of obtaining substantial 
nitrogen (N2) from soil through BNF (Lima et al. 1987; Urquiaga et al. 1992, 2012). 
Nitrogen fertilizer usage is quite low in Brazil (∼50 kg N ha−1) in comparison to 
other manufacturer countries where N use is normally ∼120 to 300 kg N ha−1 up to 
dangerous amounts of 700 kg N ha−1 (Robinson et al. 2011).

Fig. 3.1 Model for nitrogen-fixing bacteria showing the relationship among PGPR, biocontrol, 
nutrients uptake, biofertilizers, bioremediation, and biopesticides
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There are some bacteria related to roots and present in soil that are able to encour-
age progressive effects on the plant growth and development and are universally 
named plant growth-promoting rhizobacteria (PGPR). They can aggressively colo-
nize the host and motivate the plant growth, i.e., directly/indirectly. Direct mecha-
nisms (e.g., biological nitrogen fixation; solubilization of phosphate, other nutrients; 
production of phytohormones, ammonia, and siderophore) and indirect mechanisms 
(e.g., suppression of phytopathogens by production of antibiotic, HCN, chitinases, 
and antimicrobial properties) increase and support plant growth and yield as well as 
maintain soil fertility and health (Vessey 2003). Many of these bacteria also fix 
nitrogen from different mechanisms, which is necessary for growth and develop-
ment of the plant. Nitrogen-fixing bacteria (NFB) have many characteristics as an 
excellent biofertilizer agent used in agriculture; they include N fixation, phytohor-
mone production (auxins, cytokinins, and gibberellins), improved nutrient uptake, 
stress resistance, P-solubilization, siderophores, IAA production, ACC (aminocy-
clopropane carboxylic acid) deaminase activity, bioremediation, and biocontrol. For 
developing countries lack of fund for procuring chemical fertilizer and pesticides 
also forces to enhance the use of PGPB/PGPR where they could play a significant 
role in improving agricultural products in many countries (Glick 2012).

Thus, the major objectives of this chapter are (1) to focus and summarize our 
current knowledge about nitrogen-fixing bacteria that are often found in large vol-
ume in soils and (2) to evaluate their beneficial activities in plant–microbe interac-
tions in order to use them further as an excellent biofertilizer with general disease 
suppression and PGPR in agriculture.

3.2  Sugarcane

Sugarcane (Saccharum spp.) is one of the world’s largest commercial crops 
(Dotaniya and Datta 2014; Choudhary et al. 2016), and it is one of the most signifi-
cant agronomic crops globally and is also a source of sugar, renewable energy, and 
biomaterials. Sugarcane is harvested in more than 109 countries and cultivated on 
about 26.9 million hectares of 1.91 billion tons worldwide (Factfish 2016), and 50% 
of global production generated in Brazil and India (Fischer et al. 2012). It is eco-
nomically important in several countries, and over 60% of the world’s sugar is 
extracted from sugarcane (Grivet and Arruda 2001). Sugarcane is a tropical and 
subtropical crop plant belonging to the grass family (3–4 m), Gramineae, which 
originates from Indian subcontinent (Table 3.1), where it has been cultivated for 
over 4000 years (Orlando et al. 2005). It is a lengthy cash crop so high rates of 
nitrogen fertilizer are often applied to maximize yields. Large amounts of plant 
macro- and micronutrients are required for sugarcane. In 1 ha land measured, 140 
(N), 34 (P), and 332 (K) ha−1 kg is removed from 100 tons of sugarcane (Bokhtiar 
et al. 2001). Currently there is an increasing attentiveness on this crop because it is 
a rich source of carbohydrates, used as a food and fodder in various forms and as a 
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fertilizer in various crop production across the globe. According to Dotaniya et al. 
(2016), all these products, food, fiber, fodder, fuel, and chemicals, are important, but 
economic value in crop production was mainly focused on sugarcane press mud, 
bagasse, and molasses.

The main sugarcane-producing country in the world market is Brazil, and the 
next major producers in reducing amounts are India, China, and Thailand (FAO 
2016) (Table 3.2) for agribusiness and use in the production of sugar and alcohol. In 
India more than 45 million sugarcane cultivators and about 65% of the rural popula-
tion depend on this industry. After textile industry the sugar industry is the second 
largest agricultural industry in the country (Dotaniya et al. 2016). Its importance in 
day-to-day life adds to its value. In this respect, it has a lot of importance in Indian 
agriculture. Sugar industry is one of the most remarkable and large-scale sugar 
industrial sectors in Maharashtra, India. A total of 80% sugar is produced by sugar-
cane and the rest from sugar beets in all over the world (Dotaniya et al. 2016).

Table 3.1 Botanical classification of sugarcane

Classification Description
Kingdom Plantae Plants
Subkingdom Tracheobionta Vascular plants
Division (phylum) Magnoliophyta Flower bearing plants
Super-division Spermatophyta Seed plants
Class Liliopsida Monocotyledons
Subclass Commelinidae –
Order Poales –
Family Poaceae ⁄Gramineae Grass family
Subfamily Panicoideae –
Tribe Andropogoneae –
Subtribe Saccharinae –
Genus Saccharum L. Sugarcane
Species Saccharum officinarum L. Sugarcane

Table 3.2 Top ten largest 
sugarcane-producing 
countries in the world (2015)

Rank No. Country Production of sugarcane (tons)
1 Brazil 728.13
2 India 349.56
3 China 123.46
4 Thailand 96.50
5 Pakistan 58.49
6 Mexico 51.73
7 Colombia 38.75
8 Philippines 32.90
9 United States 28.00
10 Indonesia 27.40
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3.3  Diseases in Sugarcane

In sugarcane more than 55 diseases are caused by different pathogens (fungi, bacte-
ria, viruses, phytoplasmas, and nematodes) and have been reported from India (Rao 
et  al. 2002; Croft and Magarey 2000). About 10–15% of the nation’s sugarcane 
production is lost due to diseases. Among all the diseases, smut, red rot, wilt, and 
pineapple disease (sett rot) are very important fungal and bacterial diseases. Diseases 
like leaf scald disease (LSD) and ratoon stunting disease (RSD) are found to cause 
great yield loss in India (Viswanathan and Rao 2011). The main diseases are listed 
in Table 3.3 (Nasare et al. 2007; Rao and Ford 2000). Presently, rapid change in 
climate and population growth occurs, and therefore, to maintain and increase the 
crop yield sustainably, a substituted solution is necessary without simultaneous 
increase in cost and input utilization (Tikhonovich and Provorov 2011). The new 
approaches will require the application of biological solutions, including the manip-
ulation and exploitation of beneficial soil microbe and plant interactions.

3.4  Chemicals Used

Nitrogen is an essential nutrient element that is required to all life on Earth. The rate 
and efficiency of soil nitrogen mineralization is highly dependent on soil physio-
chemical characteristics, including NH4

+, nitrifying microorganisms, pH, aeration, 
and temperature present in the soil system. Soil nitrogen transformation processes 
are principally facilitated by interactions between functional communities of soil 
microorganisms and environment (Balser and Firestone 2005; Hogberg et al. 2013). 
Plants are able to use different N2 sources, in both inorganic (nitrate and ammo-
nium) and organic (urea, amino acids, and peptides) form using different mecha-
nisms (Nacry et al. 2013; Zanin et al. 2014). Farmers use higher doses of fertilizers 
to increase the yield of crops and usually apply heavy N, P, K, and chemicals in 
sugarcane production. Aimed at minimizing these problems, attention in using 
PGPB to contribute in plant growth promotion was initiated in the 1980s and 1990s 
(Glick 2015). Other substitutes like compost, vermicompost, manure, farmyard 
manure, cover crops, and green manures can also help in enhancing crop yield and 
soil fertility and health under sustainable agriculture (Lim et al. 2016; Cabanillas 
et al. 2013). PGPB can replace the application of chemical fertilizers (20–25%) for 
crop production to many folds (Verma et al. 2014).

In agriculture, fertilization of plant with N2 product is generally more and more 
practiced to raise the manufacture yield of food (Hurek and Reinhold-Hurek 2003). 
It is also another important reason for low productivity because of the decline in soil 
fertility. It is general practice to apply an average, sugarcane crop yielding 200–
250 kg of N, 120–150 kg of P, and 175–225 kg of K from the soil in most of the 
cultivating countries. Soil fertility has declined in many sugarcane-growing areas 
due to inappropriate and inaccurate fertilizer schedules approved over the years 
under demanding cultivation of the crop. Hence, the use of high-chemical fertilizers 
caused serious problems for sustainable sugarcane cultivation. The agriculture 
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Table 3.3 List of major sugarcane diseases

Microorganisms Disease name Causing agents
Fungal diseases

Banded sclerotial disease Thanatephorus cucumeris
Black rot Ceratocystis adipose
Brown spot Cercospora longipes
Brown stripe Bipolaris stenospila
Downy mildew Sclerospora sacchari
Eyespot Helminthosporium sacchari
Fusarium sett and stem rot Gibberella fujikuroi

Fusarium moniliforme
Gibberella subglutinans

Leaf blast Didymosphaeria taiwanensis
Phytophthora rot of cuttings Phytophthora spp.

Phytophthora megasperma
Pineapple disease Ceratocystis paradoxa

Chalara paradoxa
Pokkah boeng Gibberella fujikuroi

Fusarium moniliforme
Red leaf spot Dimeriella sacchari
Red rot Glomerella tucumanensis

Colletotrichum falcatum
Red rot of leaf sheath and 
sprout rot

Athelia rolfsii
Sclerotium rolfsii

Rhizoctonia sheath and shoot 
rot

Rhizoctonia solani

Root rots Marasmius sacchari
Pythium arrhenomanes
Pythium graminicola Rhizoctonia sp.

Rust, common Puccinia melanocephala
Rust, orange Puccinia kuehnii
Seedling blight Alternaria alternata

Bipolaris sacchari
Cochliobolus hawaiiensis
Bipolaris hawaiiensis
Cochliobolus lunatus
Curvularia lunata
Curvularia senegalensis
Setosphaeria rostrata
Exserohilum rostratum

Sheath rot Cytospora sacchari
Smut, culmicolous Ustilago scitaminea
Target blotch Helminthosporium sp.
Wilt Fusarium sacchari

(continued)
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yields are reduced due to nutrient deficiency for crop cultivation throughout the 
world. For plant growth, nitrogen plays a crucial role as a primary constituent for 
making nucleotides, proteins, and chlorophyll (Robertson and Vitousek 2009). 
Molecular nitrogen or dinitrogen (N2) is present everywhere in the atmosphere but 
is metabolically unavailable directly to plants or animals (Fig. 3.2).

3.5  Soil–Plant–Microbe Interactions

On earth soil represents one of the richest microbial biomes (Gans et al. 2005). Soil 
provides the medium for plant growth and root development, and plants depend 
only on soil for all other nutrients and water for plant growth (Bhatia 2008). An 
environment rich with soil reduces the development of plant diseases, even when 
the pathogen is favored by the occurrence of a susceptible host. Previously, the clas-
sical definition of soil according to Cook and Baker (1983), “pathogen does not 
persist in soil established but causes less damage, or can cause disease in soils but 
later the disease is less important, though the pathogen can continue in the soil”. In 
natural ecosystems primary macronutrients (total N, P, and K), secondary macronu-
trients (Ca, Mg), and micronutrients (Fe, Mn, Zn, B, SO4

2−, and Cl−) are present and 

Table 3.3 (continued)

Microorganisms Disease name Causing agents
Bacterial diseases

Gumming disease Xanthomonas axonopodis pv. 
vasculorum

Leaf scald Xanthomonas albilineans
Mottled stripe Herbaspirillum rubrisubalbicans
Ratoon stunting disease Leifsonia xyli subsp. xyli
Red stripe (top rot) Acidovorax avenae subsp. avenae

Nematodes and Parasitic diseases
Lesion Pratylenchus spp.
Root-knot Meloidogyne spp.
Spiral Helicotylenchus spp.

Rotylenchus spp.
Scutellonema spp.

Viral diseases
Chlorotic streak Virus (assumed)
Dwarf Sugarcane dwarf virus
Mosaic Sugarcane mosaic virus
Sereh Virus (assumed)
Streak disease Maize streak virus, sugarcane strain
Yellow leaf Sugarcane yellow leaf virus

Phytoplasma diseases
Grassy shoot (SCGS) Sugarcane grassy shoot phytoplasma
Leaf chlorosis
Early bud sprouting

R.K. Singh et al.



43

maintain the fertility of soils which indicates soil health and soil biological activi-
ties. However, at high taxonomic rank, a few bacterial phyla including Acidobacteria, 
Actinobacteria, Bacteroidetes, Chloroflexi, Firmicutes, and Proteobacteria summa-
rize most of the diversity of distinct soil biomes (Fierer et al. 2009). Nevertheless, 
microbial biodiversity is an excellent indicator of soil health (Nielsen and Winding 
2002). In soil, groups of microorganisms and other microbial agents are available, 
and bacteria, fungi, actinomycetes, protozoa, nematodes, algae, mycorrhiza, and 
arthropods play a significant role in nutrient cycling.

Plant-associated bacteria living in root exudates are classified as rhizospheric, 
while those colonizing the inner tissues of the plant are endophytic (Hardoim et al. 
2008). To improve plant growth for the production of fiber, wood, biofuels, and 
significant molecules, plant–microbe interactions have been employed (Wu et al. 
2009). For sustainable agricultural production, plant–bacteria interactions play a 
pivotal role in transformation, mobilization, solubilization, etc. in the rhizosphere 
from the limited nutrient pool of the soil and the plants to realize their full genetic 
potential following uptake of necessary plant nutrients (Compant et  al. 2010). 
Research into plant–microbe interactions has focused on three categories of interac-
tions, i.e., the ancient symbiosis between land plants and arbuscular mycorrhizae 
(Smith and Smith 2011), nitrogen fixation by rhizobia of legume roots within the 
nodules (Oldroyd et al. 2011), and pathogenesis (Dodds and Rathjen 2010; Kachroo 
and Robin 2013; Wirthmueller et al. 2013). The spectrum of plant–microbe interac-
tions is extremely multifarious, including various microbial species, theoretically 

Fig. 3.2 Nitrogen cycle
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acting as consortia (Hirsch 2004). Beneficial plant–microbe interactions are 
phytohormone production (PGP), BNF (biofertilizers), plant protection (biocontrol), 
abiotic stress tolerance (boost plant biomass on marginal land), phytoremediation 
(remediation of contaminated land), and endophytic specialization (novel pathways 
and reduced genomes for synthetic applications) (Farrar et al. 2014).

3.6  Mode of Action of PGPR as Biofertilizers

A common group of PGPR genera belonging to Acinetobacter, Agrobacterium, 
Arthrobacter, Azotobacter, Azospirillum, Rhizobium, Bradyrhizobium, 
Burkholderia, Frankia, Serratia, Thiobacillus, Pseudomonads, and Bacillus (Glick 
1995; Vessey 2003) is reported. Strains of bacterial genera, e.g., Azotobacter, 
Bacillus, Enterobacter, Pseudomonas, Serratia, and Azospirillum, are already being 
used as biofertilizer for enhancing growth and yield of crops as well as maintaining 
soil fertility and health under cleaner production systems of agriculture (Souza et al. 
2015). PGPB and PGPR are not a novel thing, and since 1930–1950, a number of 
different bacteria (Azotobacter, Bacillus, and Pseudomonas species) were applied 
in the agricultural field for enhancing crop growth and yield quality. PGPR has been 
increasing at a growing rate, but the term in research was first used by Kloepper and 
colleagues in the late 1970s (Kloepper and Schroth 1978; Suslow et  al. 1979). 
Differently, bacteria, when correlated with roots, are able to encourage positive 
effects on the plant growth and ability; they are universally termed as 
PGPR.  According to Vassey (2003), PGPRs enhance the nutrient status of host 
plants and can be classified into five areas: (1) BNF, (2) increasing the availability 
of nutrients from rhizosphere, (3) increasing the root surface area, (4) enhancing 
beneficial symbioses of the host, and (5) combining modes of action.

It is also stimulating that so many diazotrophs are PGPR; however, the funda-
mental mechanism of their growth-promoting effects is not only to fix N2 supply to 
the host plant. This suggests that possibly:

(1)  There is something other than the capability to fix N2 that makes the organ-
isms well adapted to living in the rhizosphere (e.g., lower mineral N2 levels 
due to plant absorption)

(2)  What may be considered insignificant levels of N2 fixation (i.e., in agricul-
tural terms) may actually be beneficial to host plants in nature

(3)  Researchers generally select nitrogenase activity or use culture media well 
suited to diazotrophs (e.g., minimal N2 media) while trying to isolate PGPR 
(Vessey 2003).

Some bacterial genera were identified to fix N2 by reduction of atmospheric N2 
to ammonia (Table 3.4). All these species are able to colonize in the rhizosphere and 
endophytic environment of sugarcane. Recently, it was shown that the N2-fixing 
bacterial species related to plants have great potential for agro-biotechnological 
applications, as they display the activities involved in PGP, biocontrol, or bioreme-
diation (Caballero-Mellado et al. 2007) in addition to their role as nitrogen fixers. 
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Table 3.4 Plant growth-promoting rhizobacteria (PGPR) isolated from different parts of sugar-
cane, showing the evidence of their stimulation of plant growth and their ability to fix nitrogen in 
sugarcane plant

PGPR strains Host Crop References
Bacillaceae, 
Enterobacteriaceae,

Endophytic Sugarcane Worarat Kruasuwan 
and Arinthip 
Thamchaipenet 
(2016)

Paenibacillaceae, and 
Pseudomonadaceae sp.
B. tequilensis Rhizosphere Sugarcane Li et al. (2015)
Burkholderia australis Endophytic Paungfoo-Lonhienne 

et al. (2014)
Achromobacter, 
Agrobacterium, 
Burkholderia, 
Gluconacetobacter, and 
Stenotrophomonas sp.

Endophytic/rhizosphere Sugarcane Anelise Beneduzi 
et al. (2013)

Pseudomonas, 
Stenotrophomonas, 
Xanthomonas, 
Acinetobacter, Rahnella, 
Enterobacter, Pantoea, 
Shinella, Agrobacterium, 
Achromobacter, 
Microbacterium, H. 
seropedicae, H. 
rubrisubalbicans, 
Burkholderia, and G. 
diazotrophicus sp.

Endophytic/roots/stems Sugarcane Taule et al. (2012); 
Lin et al. (2012), 
Urquiaga et al. 
(2012), and da Silva 
et al. (2012)

Stenotrophomonas sp. and 
Herbaspirillum 
rubrisubalbicans

Endophytic Sugarcane Ramos et al. (2011), 
Pedrosa et al. (2011)

Beijerinckia, Bacillus, 
Klebsiella, Enterobacter, 
Erwinia, Azospirillum, 
Herbaspirillum, 
Gluconacetobacter, and 
Pseudomonas sp.

Endophytic/rhizosphere Sugarcane Abeysingha and 
Weerarathne (2010) 
and Mehnaz et al. 
(2010)

G. diazotrophicus Roots/stems Sugarcane Taghavi et al. (2009), 
Oliveira et al. (2009),

Azospirillum, 
Herbaspirillum, 
Burkholderia, Enterobacter 
cloacae, Klebsiella 
oxytoca, K. pneumoniae, 
and Pantoea sp.

Roots/stems/leaves Sugarcane Govindarajan et al. 
(2008)

Azospirillum, 
Herbaspirillum, 
Burkholderia, Enterobacter 
cloacae, Klebsiella 
oxytoca, K. pneumoniae, 
and Pantoea sp.

Roots/stems/leaves Sugarcane Govindarajan et al. 
(2007) and Mendes 
et al. (2007)

(continued)
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For evaluation with chemicals, pesticides, and fertilizers, microbial inoculants have 
various benefits; they (1) are more safe, (2) reduce environmental damages, (3) have 
potentially smaller risk to human and animal health, (4) have more targeted activity, 
(5) are effective in small quantities, (6) are controlled by the plant as well as patho-
genic microbial populations, (7) decompose more quickly than chemical pesticides, 
(8) have resistance development, (9) are used as an integrated pest management 
(IPM) system, etc. (Berg 2009).

Table 3.4 (continued)

PGPR strains Host Crop References
G. diazotrophicus and 
Burkholderia sp.

Roots/stems/rhizosphere Sugarcane Oliveira et al. (2006) 
and Govindarajan 
et al. (2006)

Gluconacetobacter 
diazotrophicus 
(Acetobacter 
diazotrophicus)

Endophytic Sugarcane Muthukumarasamy 
et al. (2005)

G. diazotrophicus Nodal roots Sugarcane Loiret et al. (2004)
Gluconacetobacter 
diazotrophicus

Endophytic Sugarcane Boddey et al. (2003),

G. diazotrophicus, H. 
seropedicae, H. 
rubrisubalbicans, A. 
amazonense, and 
Burkholderia sp.

Endophytic Sugarcane Oliveira et al. (2002)

Gluconacetobacter 
diazotrophicus

Endophytic/roots/stems Boddey et al. (2001) 
and Sevilla et al. 
(2001)Enterobacter cloacae and 

Klebsiella oxytoca
Gluconacetobacter 
diazotrophicus and

Endophytic/roots/
rhizosphere

Yamada et al. (1997) 
and Baldani et al. 
(1997)Azospirillum sp.

H. rubrisubalbicans Endophytic Sugarcane Baldani et al. (1996)
Gluconacetobacter 
diazotrophicus

Endophytic Sugarcane Caballero-Mellado 
et al. (1995)

Gluconacetobacter 
diazotrophicus

Endophytic Sugarcane Fuentes Ramirez 
et al. (1993), 
Dobereiner et al. 
(1993), and Fuentes 
Ramirez et al. (1993)

Gluconacetobacter 
diazotrophicus and 
Herbaspirillum sp.

Endophytic Sugarcane Li and Mac-Rae. 
(1991) and Pimentel 
et al. (1991)

Gluconacetobacter sp. Endophytic Sugarcane Gillis (1989)
Gluconacetobacter 
diazotrophicus

Endophytic Sugarcane Cavalcante and 
Dobereiner (1988)

Herbaspirillum 
seropedicae

Endophytic Sugarcane Baldani et al.(1986)
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3.7  Microbial Effects on Plant Nutrient Acquisition

The soil background attached to the root is a hot spot of microbial richness and 
action owing to the occurrence of root exudates and rhizodeposits (Hiltner 1904). 
The rhizosphere is well known to host a variety of plant PGPB and PGPF (plant 
growth-promoting fungus) which are present. PGPB are distinct free-living soil, 
rhizospheric, rhizoplanic, endophytic, and phyllospheric bacteria that are under cer-
tain situations helpful for plants (Bashan and de-Bashan 2005). Single or more 
diverse direct and/or indirect mechanisms motivate the development of plants (Laslo 
et al. 2012). They can aggressively colonize the host and stimulate plant growth, 
either indirect (i.e., acting as biocontrol agents/antagonism against plant pathogens) 
or direct (i.e., enhancing nutrient acquisition/phytohormones production) mode of 
action (Weller et al. 2002; Vessey 2003; Glick 2012). They are capable of promoting 
plant growth through diverse mechanisms, and these bacteria may provide natural 
and harmless resources to increase the growth and yield of crops, thus reducing the 
use of agrochemicals (Pedraza 2008). PGPRs fix atmospheric nitrogen, phytohor-
mones, siderophore production, phosphate, potassium and zinc solubilization, ACC 
deaminase enzyme production during stress, and disease control by inhibiting the 
growth of phytopathogens (Kumar et al. 2012) (Fig. 3.3). However, it is neither a 
single genus or species of microbes nor a single attribute relatively; it is a group of 
bacteria that have various PGP properties that supplement plant growth (Wu et al. 
2009). Generally, 2–5% of rhizosphere bacteria are PGPR (Kumar et al. 2012).

3.8  Nitrogen-Fixing Microorganisms

BNF microorganisms are categorized into three groups: symbiotic nitrogen fixers 
such as Rhizobium; nonsymbiotic and free-living nitrogen-fixing bacteria such as 
Agrobacterium, Klebsiella, and Azotobacter; and nitrogen-fixing autotrophic cya-
nobacteria such as Anabaena (Iwata et al. 2010). The primary cause for reduction of 
crop growth and production is biotic and abiotic stresses such as drought, salinity, 
temperature, heavy metals, flooding, air pollution, chemicals, and radiation (Lawlor 
and Cornic 2002). Soil pH is a major limiting issue in yield production because they 
disturb virtually all plant functions (Veronica et al. 2009). Soil bacteria have posi-
tive influence on plant health, and PGPRs are free-living soil bacteria that are cate-
gorized into three major groups on the basis of their functions: PGPB, biocontrol 
PGPB (Bashan and Holguin 1998), and plant stress homeo-regulating bacteria 
(PSHB) (Cassan et al. 2009). Previously, not so much work has been reported for 
nitrogen-fixing microbial species which are not yet identified to provide nitrogen to 
grasses and other crops (de Oliveira et al. 2006). Although a lot of chemical fertil-
izers have been applied in sugarcane to promote plant growth in many countries. 
The N2-fixing bacteria isolated from soils or roots can change nitrogen gas from 
the atmosphere into solid nitrogen complexes that can be used by the plants. 
Therefore, the use of beneficial microorganisms, mainly BNF bacteria to increase 
the sugarcane productivity by using this available expertise, is being promoted 
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(Beneduzi et al. 2013), and the use of N2-fixing microbes in agricultural field is a 
need. Researchers and scientists have explored and focused on identifying the N2-
fixing bacteria related to plants to decrease the harmful chemicals and protect the 
soil health and environment. Nitrogen fixation diazotrophic bacteria, either free-
living or endophytes, may benefit the sugarcane through different mechanisms and 
promote plant growth.

The specific microorganisms responsible for the BNFs are unknown (James 
2000). Various groups of bacteria, including species of Azoarcus, Azospirillum, 
Arthrobacter, Azotobacter, Bacillus, Burkholderia, Erwinia, Enterobacter, 
Gluconacetobacter, Herbaspirillum seropedicae, Klebsiella, Kosakonia, 
Paenibacillus, Pantoea, Pseudomonas, Stenotrophomonas, Serratia, and 
Xanthomonas, are among the main PGPRs used to promote the growth of several 
crops and sugarcane (Somers et  al. 2004; Bhattacharyya and Jha 2012; Solanki 
et  al. 2016). The most effective interactions between plants and microbes can 
affect plant development and environmental adaptation in the rhizosphere soil. 

Fig. 3.3 Schematic presentations of selected microbes isolated from soil/rhizosphere/endophyte 
and their important mechanisms identified for plant growth promotion with PGPR traits. Different 
mechanisms can be generally studied in two categories; (a) biofertilization and (b) biocontrol are 
listed below: (a) biofertilization: (1) N2 fixation, (2) siderophore production, (3) phosphate solubi-
lization, (4) indole acetic acid production, (5) ammonia production, (6) aminocyclopropane car-
boxylic acid production, and (7) phytohormone production. (b) Biocontrol: (1) antibiosis, (2) lytic/
hydrolytic enzymes (chitinase, protease, and endoglucanase), (3) hydrogen cyanide production, 
and (3) induced systemic resistance (ISR) of host plant
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Several diazotrophic bacteria were isolated from sugarcane rhizosphere and inner 
tissues of roots and/or stems (Asis et al. 2000; Mirza et al. 2001; Reis et al. 2007; 
Taule et al. 2012). Earlier, some of the strains were confirmed for their use in inocu-
lation trials, i.e., singly and in groups to support sugarcane growth (Oliveira et al. 
2006, 2009; Taghavi et al. 2009; da Silva et al. 2012).

3.9  Interaction Studies Between Plant–Microbe 
Rhizosphere

Various mechanisms are intricate in plant–microbe interactions (Whipps 2001; 
Compant et al. 2005). For individual beneficial interactions, there are several mech-
anisms involved (Berg et al. 2002; Haas and Defago 2005; Muller et al. 2009), and 
a particular mechanism can vary within different pathosystems (Chet and Chernin 
2002). However, for all successful plant–microbe interactions, the capability to 
colonize plant surroundings is essential (Lugtenberg et al. 2002; Kamilova et al. 
2005). Root colonization by microbes increases the release of exudates usually in 
response to plants (Phillips et al. 2004) to produce some compounds that signal to 
quorum sensing for acting as stimulus to the bacterial population (Bauer and 
Mathesius 2004). Plant roots initiate crosstalk with microbes by producing signals 
that are accepted by the microbes, to produce signals that initiate root colonization 
(Bais et al. 2006). Visualization of root colonization was assessed by a variety of 
techniques, i.e., immunofluorescence microscopy, immunofluorescence colony- 
staining technique, scanning electron microscopy, and confocal laser scanning elec-
tron microscopy. All these techniques enable an easier study of interaction in the 
natural environment. One of the particularly popular marker genes that encode for 
the green fluorescent protein provides the cells with a GFP phenotype supporting 
them to be easily identified even in non-sterile sections (Unge et al. 1999) by using 
confocal microscopy.

Shimomura et al. (1962) first discovered green fluorescent protein (GFP) (Pacific 
Northwest protein) from Aequorea victoria jellyfish. In the last few decades, the 
GFP from jellyfish has been an evidence to fulfill its potential as an important 
molecular marker expressed in various natural environmental organisms (Errampali 
et al. 1999) and for the applications in cell biology, biochemistry, biotechnology, 
and microbiology as well as plant physiology. GFP technique can be used to quan-
tify gene expression of distinct cells (Brand 1995), in plant hosts (Valdivia et al. 
1996), in biofilms (Sternberg et al. 1999), on fermenters (Poppenborg et al. 1997), 
on leaf surfaces (Spear et al. 1999; Vanden Wymelenberg et al. 1997), and in soils 
(Bae and Knudson 2000). Many plant-associated rhizobacteria are well acknowl-
edged for their ability to present plant growth promotion and to increase resistance 
toward diverse diseases, production of phytohormones, as well as work in different 
stress conditions. However, they habitually not succeed to present these advanta-
geous effects practically in the fields (Stephane et al. 2010). Bacterial colonization 
of the internal tissues of plants has been described in almost all plant species in 
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every part. However, the use of microbial inoculations actively requires to observe 
the efficiency and colonization rate to track and identify the inoculated strains 
within the host plant (Fig. 3.4).

3.10  Phytohormone Signaling

Phytohormones are organic compounds which play a significant role as growth 
regulator for the development of plants. The roles of phytohormones are essential, 
diverse, and multifarious merging both default growing pathways and active 
responses to the environment (Durbak et al. 2012). It may be predictable that phy-
tohormones are key components of plant–microbe interactions. There are mainly 
five groups: abscisic acid, auxins, cytokinins, ethylene, and gibberellins. Certain 
bacteria have the capacity to produce phytohormones including indole-3-acetic acid 
(IAA), auxin, gibberellin (GA), and cytokinin (CK) (Bottini et al. 2004; Tsavkelova 
et al. 2006) and play a significant role. These hormones can be produced by the 
plants themselves and similarly by the microorganisms. It has been imagined that 
phytohormones might be used as signaling molecules between bacteria and host. It 
exists as a crosstalk among IAA and ethylene biosynthesis oppressed as a resource 
of message (Spaepen et al. 2007; Yuan et al. 2008). On the other side, low quantities 
of IAA prompted confrontation in the plant (Hartmann et al. 2004). IAA is involved 
in many plant–bacteria signaling (Spaepen et  al. 2007). Ethylene is an essential 
hormonal, and at low levels, it can encourage plant progress in numerous species, 
and it is generally measured as an inhibitor of plant growth and identified as a senes-
cence hormone (Pierik et al. 2006). Furthermore, bacteria can also stimulate and 
control phytohormone production in the plant.

3.11  Agricultural Research Industry in India

Scientific developments in biotechnology, microbiology, and globalization of food 
and agricultural markets changed the agriculture for private industries to contribute 
food and agricultural research worldwide (Fuglie 2012). The Indian government has 
increased the funding for research which doubled between 1996 and 2009 (Pal et al. 
2012) and is trying to boost more private sectors’ research and development through 
different rules such as stronger intellectual property rights. These policies look to 
have some achievement with private sector, increasing their percentage in total 
research in agriculture from 17% (1995) to 31% (2009) in India (Pray and Nagarajan 
2012). Most private company’s gaining interests in food and agricultural areas and 
spending high investment to earn more profit. Developing countries need some 
important changes, payable to reserves by international companies and local com-
panies with significant technology (Pray and Fuglie 2015) in agriculture sector such 
as seeds, chemicals, pesticides, bio-formulations, etc. An evidence from India shows 
that the total private agricultural research increased from $24 million in the mid- 
1980s to $250 million in 2008–2009 (Pray and Nagarajan 2014). Among these 
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Fig. 3.4 Laser scanning confocal microscopic images present GFP-tagged bacteria, fluorescence 
green in color. (a–c) is a control sample;(d–h) is GFP-tagged selected nitrogen-fixing microbes 
and colonization of strain in sugarcane plant. An arrowhead points to bacteria which infect the 
leaf, stem, and root. Scale bars: 50 μm in all pictures
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industries, the seed and biotechnology industry spent the most on R&D in 2008–
2009 and grew the fastest. This category includes research on sugar mills, tea and 
coffee firms, and biofuel manufacturers and includes improving crop productivity 
and quality. The demand for latest agricultural inputs in developing countries has 
increased rapidly because of increase in research factors. For example, in India, 
farm purchases of quality seeds and fertilizers have raised steadily over the past 
40 years (Table 3.5). In the 1980s, India controlled the making and circulation of 
seed, pesticide, and agricultural implements. In the late 1980s, the Indian govern-
ment started permitting huge national and overseas privately maintained companies 
to join in the market. In the 1990s, overseas companies were certified to have main-
stream ownership in agribusinesses. The agricultural investments in India, Brazil, 
and China were breakthroughs in biotechnology to motivate private sector research. 
Therefore, many scientists, researchers, industries, and other public and private 
agencies have focused and made an effort to alter the microbial flora of agricultural 
soils in order to favor the plant growth development and better yield quality 
production.

Farmers increased their use of industrial inputs dramatically after 1971, which is 
when the green revolution really took off. From 1971 to 1991, the distribution of 
certified and truthfully labeled seeds increased tenfold, fertilizer consumption 
increased from 2 to 12 million tons, and consumption of pesticides almost tripled 
(Pray and Nagarajan 2014). Demand for inputs in private research is often driven by 
the expectation that there will be future markets for the inventions developed by 
research. Sales in the agricultural input industries have grown extremely rapidly. 
Research intensity in the fertilizer industry started low and went lower during this 
period (Pray and Nagarajan 2014).

3.12  Future Work

It is clear that researchers have done so much of work and confirm that soil, rhizo-
sphere, and endophytic microbes are responsible for PGPR as well as biological 
nitrogen fixation in sugarcane and other crops. Choice of the selected strains is a 
very critical task, and selection takes many years because an efficient strain of the 
nitrogen-fixing microorganisms is important in biofertilizer production. To find out 
the alternative use, the strains from chemical fertilizers as a reliable source along 

Table 3.5 Evolution of agricultural input use in India (Pray and Nagarajan 2014)

Agricultural input
Year
1971 1981 1991 2001 2011

Quality seed distribution  
(in thousands of tons)

52 450 575 918 2773

Fertilizer consumption  
(in thousands of tons of NPK nutrients)

2000 5300 12,000 18,000 28,300

Pesticide consumption  
(in thousands of tons of active ingredients)

26 47 72 44 56
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with all PGP activities in addition to long survivability in any environmental condi-
tions in the soil then go for large-scale production of biofertilizer with the use of 
nitrogen-fixing microorganisms.

3.13  Conclusion

Numerous scientific literature is available today on soil–plant–microbe interactions 
which are natural facts and occur everywhere in the soil. The rhizospheric commu-
nity is highly complex and comprises numerous organisms available for interac-
tions. Several species of nitrogen-fixing organisms have been identified and 
developed as biofertilizer for plant growth and development. However, there is con-
siderable interest in the exploitation of successful nitrogen fixers for a greater 
understanding of their ecosystem. Nitrogen-fixing organisms improve the tolerance 
of plants to abiotic stresses such as increased tolerance or resistance to cold, heat, 
drought, salinity, heavy metal, etc. There could be another moving and demanding 
job for microbes that may offer superior opportunities to execute the concept of 
biofertilizer in the field under the natural environments. The use of N fixers can play 
an important role in crop protection and integrated pest management programs. 
With the rising acceptance and awareness of the benefits conferred, the efforts 
should be focused forward on the developing technology and improving 
environment- friendly biofertilizer for agronomically important crops, i.e., sugar-
cane, rice, and wheat. Despite the recent advancement in technology, microbial 
inoculants’ commercialization needs more optimization and a comprehensive study 
from the angle of discovery, fermentation, formulation, and function. This technology 
is promising if we take into consideration the rising cost and declining environmental 
pollution as well as maintenance of the soil structure and fertility problems.
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Abstract
With augmented population, hasty industrialization, and urbanization world-
wide, land for agricultural production is declining faster, and there is a huge 
demand for ecologically viable and environmentally affable techniques in agri-
culture, competent of providing adequate sustenance for the increasing human 
inhabitants and of improving the quality as well as quantity of certain agricul-
tural harvests. A great deal of endeavor focusing on soil biology and the agroeco-
system as a whole is required, enabling better perception of the complex 
processes and communications governing the stability of agricultural lands and 
plant kingdom. The scientific advances in modern times, researching biodiver-
sity, have revealed that microbial miscellany is of massive potential that can be 
explored through careful assortment of the same and their booming use may 
solve critical agricultural and environmental issues. Here, we promote the 
thought that considering the mechanism by which plants select and interact with 
their microbiomes may have a direct or indirect effect on plant health that further 
may lead to establishment of novel microbiome-driven strategies that can embark 
upon the development of a more sustainable agriculture.

Keywords
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4.1  Introduction

The ultimate threats of the twenty-first century have become quite comprehensible 
in the last few decades. Climate change due to the enormous increase in the produc-
tion of greenhouse gases is real (Crowley 2000). A typical characteristic of modern 
intensive agriculture worldwide, i.e., application of synthetic chemicals like fertil-
izers, fungicides, herbicides, and pesticides, has been reported as non-sustainable 
and having multiple harmful impacts on both human or animal and plant health as 
well as environmental well-being (Franks et al. 2006; Glick 2014). There is a legiti-
mate need for renewable energy supplies (Cook et al. 1991; Jackson 1999). Under 
such circumstances, prospective alternatives to the use of chemical or synthetic 
inputs are microbial inoculants, environment-friendly microbial formulations that 
act as biofertilizers, phyto-stimulants, and/or microbial biocontrol agents (Olubukola 
et al. 2012).

Surplus microbes are there in each gram of soil, and microbial cells are found 
extensively in plant and animal tissues (Andreote et al. 2014). Microorganisms exe-
cute various metabolic activities indispensable for their own survival (Sengupta and 
Gunri 2015), and useful properties of such microbial inoculants could be mani-
fested either by direct endorsement of plant growth through nutrient recycling or 
indirectly by defending plants from phytopathogens, or by invigorating tolerance to 
some of the abiotic strain in plants, which grow under nonoptimal ecological factors 
including soil, higher or lower temperature, acidity, salinity, drought, and heavy 
metals as well (Penrose and Glick 2003; Kang et al. 2014) .The varied community 
of microbes develop a metagenome of information that also extends to both outside 
and inside of the human body (Ahmed et al. 2011). Microbes are also capable of 
playing major roles in the development of soil aggregates that help in stabilization 
of the topsoil (van Veen et al. 1997) and improvement of soil health and can help in 
ecological detoxification, wastewater treatment, etc. (Ahmad et  al. 2011). The 
mechanisms governed by microbes in the regulation of physiological processes of 
their hosts have been comprehensively studied in the light of latest findings on 
microbiomes. Even though there is no lucid depiction of the overall function of the 
plant microbiome, there is considerable confirmation that these communities are 
involved in infection control, enhanced nutrient attainment, and influence stress tol-
erance. Thus, currently, noteworthy venture is being exerted on research to build up 
such microbial inoculants which have positive plant growth properties in environ-
mentally responsive sustainable cultivation (Barriuso et al. 2008a, b).

A large portion of favorable soil microorganisms are still undiscovered, and their 
environmental functions are pretty indefinite till date. Thus, enormous assays of 
microbial activities are the fundamental steps toward progress in innovative tech-
nologies for proficient exploitation of microorganisms for realization of sustainabil-
ity in agriculture. Microbial involvement in combination with advancements in 
digital imaging, nanotechnology, and electronics may play a key role in solving 
universal challenges of the twenty-first century together with climate change 
(Ahmad et al. 2011).
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This book chapter sums up features of microbial community that make up the 
plant microbiome and further presents a chain of studies recounting the underneath 
factors that contour the phylogenetic and useful plant-associated communities.

4.2  Microbial Interactions

Microbial populations interrelate and establish relations with each other and with 
higher organisms. Usually the relationship is nutritional, though other benefits may 
accrue, and the association can turn essential to the survival of one or both partners. 
There are several sorts of associations, viz., amensalism and competition, mutual-
ism, parasitism protocooperation, synergism and commensalism, etc., between the 
organisms.

Odum (1971) has proposed the following relations:

 (a) Neutralism, where the two microorganisms perform entirely autonomously
 (b) Symbiosis, the two symbionts relying upon one another and mutually benefiting 

the affiliation
 (c) Protocooperation, a relationship of reciprocal advantage to the two species but 

devoid of the cooperation being mandatory for their survival or for performance 
of some response

 (d) Commensalism, in which only one species derives profit while the other is 
unaltered

 (e) Competition, a situation in which there is a repression of one organism as the 
two species fight for restraining quantities of O2, space, nutrients, or other com-
mon necessities

 (f) Amensalism, in which one species is covered up while the following is not 
affected, often the result of toxin production

 (g) Parasitism and Predation, the direct assault of one individual upon another
 (h) Synergism, in field conditions the probable synergistic effect in the plant 

between inducing virus and other non-linked viruses which could be brought to 
those plants from outside sources

4.3  Microbe–Plant Interactions

Plants are exposed to huge numbers of microorganisms that are present in the top-
soil and are found on leaves and stems. Plants are the major resource of nutrients for 
microorganisms being the prime source of organic carbon. Plants provide nutrients 
through shedding of leaves, pollen, etc., or through exudates or dead tissues in an 
indirect manner (Sivakumar and Thamizhiniyan 2012). In few instances, nutrients 
are provided straightway to microbes that form close relations with plants. 
Associations with plants can vary from those that are tremendously damaging to the 
plant, such as those with dangerous pathogens, through exchanges, which do not 
come out to influence plant growth, to advantageous ones such as those formed with 
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mycorrhizal fungi or nitrogen-fixing bacteria. For most microorganisms, exchanges 
with growing plants expand no further than the colonization of the surfaces of stems, 
leaves, and roots because these are regions where exudates are accessible.

Such microbiomes in plants may form divergent communities, like the ones from 
the rhizosphere, endosphere, or the phyllosphere (Hirsch and Mauchline 2012; 
Hardoim et al. 2008) (Fig. 4.1). In each of these niches, the “microbial tissue” is 
established by, and responds to, specific selective pressures (Andreote et al. 2014).

4.3.1  Rhizosphere and Root Exudates

The rhizosphere is the frontier between plant roots and soil where communications 
among numerous invertebrates as well as microbes influence plant growth, biogeo-
chemical cycles, and indulgence to biotic and abiotic strain (Philippot et al. 2013).

In rhizosphere microbial action is generally high. Hiltner (1904) observed the 
zone of extreme microbial commotion around the roots and named it as rhizosphere 
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Plant-associated microbial communities-
the plant niches

Fig. 4.1 Schematic depiction of the key sources for microbes that compose the plant-associated 
communities: the rhizosphere, endosphere, and phyllosphere. Width and fill of connections point 
out the role of ecological sources for the composition of microbial communities in plant-harboring 
niches
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(as cited by Hartmann et  al. 2008). Roots emit considerable amounts of sugars, 
amino acids, hormones, and vitamins, which promote such a widespread growth of 
fungi and bacteria that these organisms often form microcolonies on the surface of 
the roots. Primarily roots contain little or no microbial colonization but with 
advancement in plant growth, in the soil, root exudates, comprising a combination 
of 10 sugars, 10 organic acids, about 18 amino acids, mucilage, etc., along with 
other cell exerts or root caps that influence on microbial colonization (Griffin et al. 
1976). The chemicals in the forms of root exudates, released in the proximity of 
plant rhizosphere, are known to belong from the vital group of carbohydrates, phe-
nols, organic acids, protein, and lipid along with other cellular components (Nguyen 
2003; Dini-Andreote and Elsas 2013). Root exudates have been grouped and are 
primarily classified into two major classes, viz., compounds of high molecular 
weight like polysaccharides and proteins and that of low molecular weight like 
amino acids, organic acids, sugars, phenolic compounds, and other secondary 
metabolites (Bais et al. 2006; Badri and Vivanco 2009; Narasimhan et al. 2003). 
From these molecules, few are linked with establishment of key portions of the 
microbial community (generally metabolized by a good number of soil organisms, 
e.g., glucose), but other compounds released are capable of activating precise groups 
of organisms (those related to signaling and chemo taxis, e.g., flavonoids) (Nguyen 
2003; Jones et al. 2004).

Quantitative and qualitative compositions of exudes from plant roots are gener-
ally determined by the plant species, plant developmental stage, cultivar, and vari-
ous environmental factors, including soil pH, temperature, type of soil, as well as 
presence of microorganisms in soil (Badri and Vivanco 2009; Uren 2000). These 
differences fabricate microbial communities in the rhizosphere that have a definite 
degree of specificity for each plant species.

4.3.1.1  Mechanism of Root Exudation
Plants communities employ a variety of transportation mechanisms to export and 
exude compounds in the soil rhizosphere (Badri and Vivanco 2009; Weston et al. 
2012). Usually, roots can release root exudates through active or passive mecha-
nisms by means of secretion or diffusions, respectively. Majority of low-molecular- 
weight organic compounds are released from plants through a passive process. 
Small polar and uncharged molecules are elated by direct passive diffusion, a pro-
cedure that depends on membrane permeability, the polarization of the exuded com-
pounds, and cytosolic pH (Badri and Vivanco 2009). Plant root cells release 
additional substances, like resultant polysaccharides, proteins, and other metabolic 
derivatives, with the help of various membrane-bound proteins (Weston et al. 2012). 
These carrier proteins comprise the ATP-binding cassette (ABC) transporters (Badri 
et al. 2008, 2009a; Loyola-Vargas et al. 2007; Sugiyama et al. 2008), multidrug and 
toxic compound extrusion (MATE) family (Yazaki 2005), the key facilitator super 
family (Reddy et al. 2012), and the aluminum-activated malate transporter family 
(Weston et  al. 2012). Though the detailed functions of these membrane-bound 
transport proteins are not well stated, they have been connected with the transfer of 
a wide range of compounds into the rhizosphere. Badri et al. (2008, 2009a) found 
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that 25 ABC transporter genes were notably overexpressed in the Arabidopsis thali-
ana (L.) Heynh. roots and played significant roles in these discharge processes. 
Adding up to ABC transporters, MATEs are also dynamic transporters that export a 
large variety of substrates across membranes by using the electrochemical gradient 
of other ions (Weston et al. 2012). Many MATE genes play important role in export-
ing different compounds, such as plant-derived alkaloids, toxic compounds, antibi-
otics, citrate anions, and phenolic compounds, out of the cells of plant roots, which 
have been identified as well as characterized in Arabidopsis (Diener et al. 2001; Li 
et al. 2002; Liu et al. 2009), sorghum (Magalhaes et al. 2007), barley (Furukawa 
et al. 2007), and rice (Ishimaru et al. 2011).

4.3.1.2  Rhizosphere Microbes Influence Plant Root Exudation
Plant root exudation is also influenced by the microbes (fungi and bacteria), colo-
nized in the rhizosphere (Jones et al. 2004; Leyval and Berthelin 1993; Matilla et al. 
2010a, b). Several studies have shown that the arbuscular mycorrhizal fungi coloni-
zation can alter plant root exudation qualitatively, e.g., augmenting secretions of N, 
phenolics, and gibberellins and minimizing secretions of total sugars, potassium 
ions, and phosphorus (Jones et al. 2004).

Preceding studies have revealed that various ectomycorrhizal fungal taxa have 
discrete influence on profusion and specifications root exudes of plants (Fransson 
and Johansson 2010; Rosling et  al. 2004). The inoculation with ectomycorrhizal 
fungus and/or rhizobacteria can modify root exudation in both quantitative and 
qualitative aspects (Leyval and Berthelin 1993). Another latest research has revealed 
that both the profusion and individuality of root-associated fungi influence plant 
root exudation rates (Meier et al. 2013). Furthermore, in reaction to pathogen attack, 
plants discharge compounds as root exudates, such as oxalic acids, phytoalexins, 
proteins, and other unknown substances (Nelson 1990; Steinkellner et al. 2007). In 
addition to fungi, bacteria influence plant root exudation too. For instance, A. thali-
ana was found to produce distinct root exudation profiles when cultured with 
Pseudomonas putida KT2440 compared with the plant without P. putida, suggest-
ing that bacteria are also modulating plant root exudation (Matilla et al. 2010a, b). 
In addition to plant root exudation, the soil microbiome may also influence the plant 
metabolome (Badri et  al. 2013b). Distinct soil microbiomes were applied to A. 
thaliana, and this not only affected plant growth but also influenced the leaf metabo-
lome, which in turn influenced the feeding behavior of the larvae of the herbivore 
Trichoplusia ni (Badri et al. 2013b). Similarly, inoculation of Arabidopsis plants 
under drought stress with distinct microbial communities originating from pine, 
corn, and Arabidopsis soils demonstrated that a sympatric microbiome, with a his-
tory of Arabidopsis growth, was able to alter the plant’s ability to detect drought 
stress and increased its biomass production compared with the pine and corn micro-
bial communities (Zolla et al. 2013). This may be due to the ability of soil microbes 
to modulate ethylene levels by degrading the ethylene precursor 1- aminocycloprop
ane- 1-carboxylic acid (ACC) using the enzyme ACC deaminase (Glick 2005). The 
plant hormone ethylene is involved in a large number of plant responses particularly 
related to plant stress, and its production is synchronized by nutrition, light, 
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temperature, and even the status and levels of other plant hormones (Glick 2005). 
High levels of ethylene aggravate stress responses and even weaken plant root 
growth (Argueso et al. 2007). A large number of soil microbes are able to ease plant 
stress responses to ethylene production by catalyzing the cleavage of ACC, the 
direct precursor to ethylene, into α-ketobutyrate and ammonia (Glick 2005; Stearns 
et al. 2012). Thus, lowering plant ethylene levels improves the plants’ capacity to 
defend against a variety of abiotic and biotic stresses. ACC deaminase activity helps 
in ameliorating drought stress (Arshad et  al. 2008), water stress, salinity stress 
(Mayak et al. 2004), and overall abiotic stress and also helps in growth promotion 
function of plants (Glick et al. 2007; Yang et al. 2009). For example, the soil bacte-
rium Achromobacter piechaudii ARV8 that has ACC deaminase activity was able to 
increase tomato and pepper seedling biomass (Mayak et al. 2004). Recently, Stearns 
et al. (2012) studied the response of Brassica napus to ACC deaminase bacteria and 
showed that genes involved in auxin production were upregulated in the plant, while 
genes involved in ethylene stress response were downregulated. This provides a 
clear signal to the benefits ACC deaminase-containing bacteria have on the plant. 
Determining how the overall bacterial community is involved in mediating and 
reducing ethylene-mediated stress could create technologies to help the plant deal 
with abiotic stress.

4.3.1.3  Rhizospheric Interactions

4.3.1.3.1 Root Exudates and Plant–Microbe Interactions
In the last decade, the means by which root exudates mediate rhizospheric interac-
tions have been extensively studied (Fig. 4.2) (Badri et al. 2013a; Broeckling et al. 
2008; Chaparro et al. 2013; Doornbos et al. 2012; Micallef et al. 2009a, b).

Plant root-exuded phytochemicals can intervene a number of connections, such 
as plant–plant, plant–microbe, and plant–faunal. These interactions differ from neu-
tral to advantageous or harmful (Mercado-Blanco and Bakker 2007; Raaijmakers 
et  al. 2009). In few cases, microbes can change from pathogenic to symbiotic 
depending upon the environmental conditions (Newton et al. 2010). For example, 
rhizobia, symbiotic nitrogen (N)-fixing bacteria, range from a symbiotic to a neutral 
interaction with plants based on nitrogen levels in soils (Davidson and Robson 
1986; Zahran 1999). Furthermore, under N-limiting conditions, legumes exude 
more flavones and flavonols to attract and initiate legume–rhizobia symbiosis 
(Coronado et al. 1995; Zhang et al. 2009).

In a similar way, mycorrhizal symbiotic relationships are governed by an equal 
exchange of nutrients and benefits for each member (Kiers et  al. 2011). As, for 
example, in experiments on Medicago truncatula Gaertn., it was found that as more 
carbon was given to the mycorrhizal partner, the mycorrhiza in turn provided the 
plant with more phosphorous (Kiers et al. 2011).

4.3.1.4  Functions of Rhizosphere Microbiome
Microorganisms from the rhizosphere play significant roles in ecological vigor of 
the plant hosts. Significant microbial processes that are likely to take place in the 
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rhizosphere consist of pathogenesis and its counterpart, plant protection/growth 
promotion, along with synthesis of antibiotics, colonization of plants, and recycling 
of natural resources (Kent and Triplett 2002). Plant–microbe interactions may thus 
be considered as advantageous, neutral, or detrimental to the plant, depending on 
the specific microorganisms and plants concerned and on the existing environmen-
tal situation (Bais et al. 2006). Exploring the microbes, through sorting out their 
probable interactions with plant communities, has opened up a new interesting area 
for experimentations in rhizosphere research.

Community level
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Fig. 4.2 Root exudates intervene a large number of rhizospheric interactions: at the species level 
(right side), multitrophic interactions (bottom), and at the community level (left side)

A. Sengupta et al.



69

4.3.1.4.1 Beneficial Functions
Plant beneficial microbial interactions can be more or less divided into three catego-
ries. Firstly, microorganisms those, in association with plants, are accountable for 
its nutrition (i.e., microorganisms that augment the supply of mineral nutrients to 
the plant). In this case, though majority of microorganisms may not intermingle 
directly with the plant, their impact on soil abiotic and biotic factor undoubtedly has 
impacts on plant growth. Again, there are group of microbes, documented as bio-
control agents, which can stimulate plant growth and development in an indirect 
manner, by prevention of activities of pathogens. The third group comprising 
microbes, known to produce phytohormones, is responsible for direct plant growth 
promotion. On the other hand, it seems that neutral connections are found broadly 
in the rhizosphere of all crop plants. Saprophytes are accountable for different cru-
cial soil processes, like mineralization of associated soil nutrient or turnover pro-
cesses and decomposition of organic residues in soil. While such organisms neither 
benefit nor harm the plants straightway, absence of such microbes would undoubt-
edly influence plant health and productivity, and their presence is evidently essential 
for soil dynamics (Brimecombe et al. 2007).

Bacteria, living in the rhizosphere, exert their favor on growth of the plants globally 
and are referred as PGPR, i.e., plant growth-promoting rhizobacteria (Kloepper and 
Schroth 1978). The number of bacteria, recognized as PGPR, has been found to 
increase on a recent time, due to various advanced studies in bacterial taxonomy and 
better understanding regarding mechanisms of actions of various PGPR, covering a 
broader collection of plant species as well. Presently, PGPR comprise members from 
varied bacterial taxonomic classes (Lucy et al. 2004), and we are going to discuss a 
few instances in order to illustrate the mode of functioning and biodiversity of such 
bacterial community. A wide range of beneficial PGPR have been utilized profitably 
for inoculation of crop plants that include members from the genera Azospirillum 
(Cassán and García Salamone 2008), Pseudomonas (Loper and Gross 2007), 
Bacillus (Jacobsen et al. 2004), Stenotrophomonas (Ryan et al. 2009), Serratia (De 
Vleeschauwer and Höfte 2007), Streptomyces (Schrey and Tarkka 2008), and 
Rhizobium (Long 2001). Rhizobium (Long 2001) and some fungi from the genera 
Trichoderma, Coniothyrium, and Ampelomyces have also been described to be benefi-
cial for the host plant (Harman et al. 2004). The mode of functioning of these PGPR 
has complex mechanisms to promote plant growth, development, and protection. 
Important among them are biofertilization (improving nutrient availability to plants), 
phytostimulation (plant growth promotion through production of phytohormones), 
and biocontrol (control of diseases, primarily through production of various antibiotic 
as well as antifungal metabolites and lytic enzymes and induction of plant defense 
responses). The genera Bacillus and Pseudomonas are known to be the predominant 
ones among PGPR groups from the rhizosphere (Morgan 2005). It is mentioned that 
in several instances regarding individual benevolent connections between plants and 
microbes, a wide range of mechanisms are actually implicated therein (Muller et al. 
2009). The direct plant growth promotion functions are  complicated enough to dis-
criminate from disease control, and the comparative significance on a specific method 
can differ within dissimilar pathogen systems (Chet and Chernin 2002).
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4.3.1.4.2 Pathogen Inhibition
Bacteria and fungi live in the region of roots and get nourished on root exudates and 
dead root cells. Competition amid microbial species in this region is rigid. In the 
fight for perseverance and establishment in the niche, bacteria use a number of 
strategies.

4.3.1.4.3 Antagonism
Root colonization not only results in high PGPR inhabitant densities in the root 
system, it also delivers antagonistic metabolites that are concerned in straight inhi-
bition of plant pathogens (Shoda 2000; Raaijmakers et al. 2002). This includes inhi-
bitions of growth of microbes, i.e., antibiosis, by use of diffusible antibiotics or 
organic volatile compounds, biosurfactants, and toxins and the mechanism of para-
sitism, which perhaps could involve synthesis of extracellular enzymes that can 
degrade cell walls, such as chitinase and β1,3-glucanase (Compant et al. 2005; Haas 
and Défago 2005). Degradation of the pathogenicity factors for the pathogens, like 
toxic substances released by favorable organisms, has also been recorded as mecha-
nism for protection (Haas and Défago 2005). To exhibit the function of antibiotics 
in the process of biocontrol, the mutants impaired in the process of biosynthesis or 
mutants with overproducing habit have been utilized together with, in few cases, 
reporter genes, or probes have been used to explain efficient production of the com-
pound in rhizosphere. For example, Bacillus subtilis strains were found to develop 
a number of strong antifungal metabolites, viz., kanosamine, zwittermicin A, and 
lipopeptides from fengycin, iturin, and surfactin families (Emmert and Handelsman 
1999; Ongena and Thonart 2006). Excess synthesis of the extracellular protease in 
Stenotrophomonas maltophilia W81, a mutant strain, has been reported to exert 
improved biocontrol of Pythium ultimum (Dunne et al. 2000). Release of glucanase 
and chitinase by Streptomyces and Trichoderma species has been reported to play a 
pivotal role in myco-parasitism of phytopathogenic fungi (Whipps 2001).

4.3.1.4.4 Colonization
For all thriving plant–microbe connections, the capability to colonize plant habitats 
is vital (Lugtenberg et al. 2002; Kamilova et al. 2005). Distinct bacterial cells can 
affix to surfaces and, after cell division and propagation, form dense aggregates 
normally referred to as macro-colonies or biofilms. Steps of colonization comprise 
of attraction, detection, adherence, incursion (pathogenic microbes and endophytes 
only), followed by colonization and growth, along with some other strategies for 
establishment of connections. Roots start cross talk with soil microbes by genera-
tion of signals that are accepted by the microbes, which in turn produce signals that 
set off colonization (Berg 2009). PGPR get to surfaces of the root through active 
motility using flagella and are guided by chemotactic responses (Pinton et al. 2007). 
This proves that ability of PGPR highly depends upon their capacity to take benefit 
of a precise situation or on their abilities to become accustomed to varying condi-
tions or plant species. In the majority cases, after 2–3  weeks, the population of 
PGPR declines progressively with time after inoculation from 107,109 cells per 
gram dry soil to 105,106 cells per gram dry soil (DeFlaun and Gerba 1993). However 

A. Sengupta et al.



71

such population threshold remains adequate to provide positive effects (Raaijmakers 
et al. 2002). As a result, the rhizosphere proficiency of the biocontrol agents involves 
successful root colonization along with the aptitude to live and proliferate by the 
side of growing plant roots over a long period, in presence of native microflora 
(Weller 1988; Lugtenberg and Dekkers 1999).

4.3.1.4.5 Competition
Competition for resources such as oxygen and nutrients occurs generally between 
soil-inhabiting organisms. For biocontrol, competition occurs, while antagonists 
compete straightway with the pathogenic microbes for various resources. Root- 
inhabiting microorganisms compete for appropriate sites at the surfaces of roots. 
Competition for nutrient elements, such as carbon, is considered to be accountable 
for the incidence of fungistasis, leading toward suppression of germination of fun-
gal spore (Alabouvette et al. 2006). Given, the comparative profusion of substrates 
from the rhizosphere, the efficacies of uptake of nutrients, and catabolism by the 
bacterial community are a major factor for competitiveness (Chin-A-Woeng et al. 
2003). The capacity for rapid growth when substrates are encountered is not the 
only factor affecting rhizosphere competence, as rhizobacteria deploy many other 
metabolic strategies. As, for example, the capacity for extracellular conversion of 
glucose to gluconic acid and 2-ketogluconic acid enables some bacteria, together 
with quite a few species from the genera Pseudomonas, in order to impound glucose 
successfully and gives some aggressive advantage over microbes that lack the capa-
bility to utilize these compounds (Gottschalk 1986).

Competition for tracer elements, like as iron, zinc, manganese, copper, etc., too 
occurs in soils. As, for instance, iron is an indispensable element for growth of all 
existing organisms and the lack of its bioavailable form in soil habitats results in an 
enraged competition (Loper and Henkels 1997). Siderophores, the compounds with 
lower molecular weight and higher affinity for iron, are synthesized by some of the 
microbes or mostly biocontrol agents in order to solubilize and obtain the ferric ions 
competitively under iron-restraining conditions that further render the very element 
unavailable to other microbes from soil that are unable to thrive without iron (Loper 
and Henkels 1997; Haas and Défago 2005). The microbes, having properties of 
siderophore production, on the contrary, can take up iron–siderophore complex by 
means of using a particular receptor located in the outer cell membrane. Suppression 
of the soilborne pathogens of various plants, by Pseudomonas, through siderophore 
production has also been reported by many authors (Loper 1988; Weger et al. 1988; 
Buysens et al. 1996).

4.3.1.4.6 Induced Resistance
Bacteria, associated with plants, reduce the actions of pathogens by means of micro-
bial antagonism along with by activating the plant to better defense mechanism, a 
phenomenon termed “induced systemic resistance (ISR)” (Shoda 2000; Van Loon 
2007).

Sometimes, the methods of induced systemic resistance, elicited by plant growth- 
promoting rhizobacteria, overlap to some extent to that of systemic acquired 
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resistance, i.e., SAR of pathogens. Both of the mechanisms stand for a condition of 
improved basal confrontation of the plant, which depends upon signaling com-
pounds such as jasmonic acid, ethylene, and salicylic acid (Van Loon 2007). Natural 
defense response against stresses from biotic or abiotic origin such as physical 
stresses (heat or frost), inoculation by pathogenic or nonpathogenic organisms, and 
chemical molecules from natural or synthetic origins is exhibited by all plants 
(Alabouvette et al. 2006).

4.3.1.4.7 Plant Growth Promotion

Biofertilization
The system of escalating the performance of crop plants by PGPR is not finely com-
prehended yet. A number of PGPR inoculants are commercialized at present that 
appear to support augmentation in plant growth, through one of the following 
mechanisms:

 1. Production of bio-stimulants or phytohormones
 2. Inhibition of plant infection as bioprotectant
 3. Enhancement of nutrient acquirement as biofertilizers

PGPR as biofertilizer perform both directly and indirectly by serving to make 
nutrient available to the host plant and influencing growth of plant root and mor-
phology positively or by additional favorable symbiotic interactions (Vessey 2003). 
The major instance of such kind of relationship is fixation of nitrogen by bacteria. 
The symbiosis between legume host and rhizobia is one of the significant examples 
of plant growth-promoting rhizobacteria (PGPR). Bacteria from this cluster can 
metabolize root exudates that are mainly carbohydrates and supply nitrogen to the 
host plant in return for production of amino acids. The free-living bacteria like 
Azospirillum, Burkholderia, and Stenotrophomonas have nitrogen-fixing ability as 
well (Dobbelare et al. 2003). One more nutrient element that can be provided to the 
crop plants through oxidation by bacteria is sulfate (Banerjee and Yesmin 2002). 
Bacteria can also supply plant nutrition by releasing phosphorous from organic 
sources like phytates and hence help in plant growth promotion indirectly (Unno 
et al. 2005). Use of Azospirillum resulted in augmentation of root growth and activi-
ties that increase uptake of phosphorous along with other macro- and microele-
ments (Dobbelaere and Okon 2007). Pseudomonas fluorescens CHA0 has capability 
of acidification of its surroundings and solubilization of mineral phosphate, which 
strongly depends on its aptitude of gluconic acid production (De Werra et al. 2009).

4.3.1.4.8 Phytostimulation
Phytostimulation enhances plant growth in a direct way. Phytohormones [e.g., pro-
duction of indole-3-acetic acid (IAA), auxins, cytokinins, and gibberellins] play an 
important role in processes of plant growth. Such phytohormones can be produced 
by the plants themselves as well as by their allied microbes, as, for example, 
Azospirillum spp., in addition to its capacity of fixing the atmospheric nitrogen 
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(Steenhoudt and Vanderleyden 2000). Species from the genera Bacillus and 
Pseudomonas can synthesize the plant growth regulators or phytohormones that help 
crops in having greater amount of fine roots which have the effect of increasing the 
absorptive surface of plant roots for uptake of water and nutrients. They can produce 
phytohormones like gibberellins, cytokinins, indoleacetic acid, and ethylene produc-
tion inhibitors. Indole-3-acetic acid is a phytohormone that is involved in cell divi-
sion, root initiation, as well as enlargement of plant cells (Salisbury 1994). Auxins 
are most plentiful phytohormones quantitatively, which are exuded by Azospirillum 
spp., and their synthesis, more willingly than fixation of nitrogen, is the prime factor 
that is accountable for the encouragement of profuse rooting of plants and, thereby, 
enhanced plant growth (Bloemberg and Lugtenberg 2001). Furthermore, plant-asso-
ciated bacteria can influence the hormonal balance of the plant. Ethylene is the sig-
nificant instance to illustrate the fact that the stability is most imperative for the result 
of hormones: at lower level, it can endorse growth of plant in quite a few species 
together with Arabidopsis thaliana, whereas it is generally considered as an inhibitor 
toward plant development and known as a senescence hormone (Pierik et al. 2006). 
The general effect on the plant can be direct, that is, through plant growth promotion, 
or indirect, that is, through improving plant nutrition via the better development of 
the roots, and it is hard to differentiate between them. The increase in root IAA level 
for plantlets of lodgepole pine, infected with Paenibacillus polymyxa, as well as root 
concentration of dihydroxyzeatin riboside in case of plants inoculated using 
Pseudomonas fluorescens (Fuentes- Ramirez and Caballero-Mellado 2005), may be 
accredited to the orientation of plant hormone synthesis by the bacterial species. 
However, the uptake of bacterial synthesized phytohormones cannot be excluded, 
since both P. polymyxa and Pseudomonas produce IAA and cytokinins in  vitro 
(Fuentes-Ramirez and Caballero-Mellado 2005).

4.3.1.4.9 Pathogenic Functions
Root exudates can attract both favorable and pathogenic populations (Schroth and 
Hildebrand 1964) that may be virulent for a few hosts. Many pathogens, fungi and 
bacteria, have evolved and exhibited a higher level of host specificity (Raaijmakers 
et al. 2009). Plants are also not out of defense. In fact, it is found that approximately 
2% of the identified fungal species are capable of colonization in plants and thereby 
can cause infection in plant body (Buchanan et al. 2000). Though plants remain in 
constant contact with virulent fungal, bacterial, or viral pathogens, successful con-
tamination is hardly recognized. This is because a common confrontation in opposi-
tion to most of such pathogens, named as “nonhost resistance” or “horizontal 
resistance,” is found in plant bodies (Heath 1981). This reinforces the concept that 
the plants are not always fit targets for infection by a definite group of pathogens 
owing to reflexive opposition mechanisms ensuing “basic incompatibility.” Such 
resistance mechanisms consist of configurational barriers and poisonous chemicals 
that are there in the strong plants, bound triumphant infection to specific pathogens, 
which have the abilities to conquer these factors and thus reveal “basic compatibil-
ity.” However, even if contact is recognized with the plant, pathogenic microbes are 
frequently confronted with toxic compounds named phytoanticipins (van Etten 
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et al. 1994). This phrase consists of a range of components fashioned by various 
biosynthetic pathways that obtain antimicrobial characteristics. Such resultant 
metabolites of low molecular mass are primarily stored in inert forms in the organ-
elles or vacuoles and are exuded upon demolition of the cells. While destruction of 
the integrity of the host plant tissue is a component of the colonization mechanism 
by fungal bodies, phytoanticipins symbolize a significant confrontation strategy in 
opposition to such pathogens. Though, in some cases, pathogenic bodies conquer 
the preformed hindrances from host plants and may expand virulent contamination 
leading toward ailment in plant bodies. Plant diseases participate directly in the 
eradication of ordinary possessions from agriculture. Particularly, soilborne patho-
gens impart more losses, as fungi remain most hostile from soil. Their detrimental 
effects range from placid symptoms to catastrophes where entire fields with agricul-
tural produce can be ruined. Consequently, they become persistent and foremost 
threats toward stability of ecosystem and food production function worldwide. Most 
common bacterial agents comprise of Gram-positive bacterium Streptomyces sca-
bies and the Gram-negative bacteria Ralstonia spp., Erwinia carotovora, and 
Pseudomonas. The oomycetes and fungal phytopathogens include members from 
the genus Rhizoctonia, Rhizopus, Fusarium, Pythium, Phytophthora, and Verticillium 
(Tournas and Katsoudas 2005). Among the woodland pathogens, the significant 
ones are the filamentous fungi like Phytophthora spp. (Rizzo et  al. 2005) and 
Armillariella and Heterobasidion (Asiegbu and Nahalkova 2005).

4.3.2  Phyllosphere: Plant Community with Microbiome

A second component of plant–microbiome interaction consists of microbes coloniz-
ing the aboveground area or exterior of plant tissues, i.e., the phyllosphere. The 
phyllosphere is a massive ecology that is likely to attain an area of 6.4 × 108 km2 
and is heavily colonized by microbes (Morris and Kinkel 2002). The terminology is 
generally used to describe the surface of the leaf (Vorholt 2012) though it is appli-
cable to any aerial plant tissue.

The microbial communities from the phyllosphere have indispensable roles in 
plant growth and development. Protecting plant community from invading patho-
gens, fixation of atmospheric nitrogen, biosynthesis of phytohormones (Jones 1970; 
Freiberg 1998; Brandl et  al. 2001; Kishore et  al. 2005), carbon sequestration 
(Bulgarelli et al. 2013), etc., are some of such functions that are essential for sus-
tainable agricultural practices.

Lindow and Brandl (2003) reported that community of phyllosphere is mainly 
comprised of bacteria, algae, fungi, and nematodes or protozoa in a few instances. 
Bacteria are the most plentiful community among these microbes that are found 
between 105 and 107 cells per cm2 (Beattie and Lindow 1995; Andrews and Harris 
2000) in phyllosphere. These communities are sometimes to be found far away from 
the rhizosphere, prime resource of plant-associated microorganisms, and are found 
to exhibit higher rates of colonization, mostly promoted by the movement of air-
stream as well as vectors (Bulgarelli et al. 2013). Organisms from the phyllosphere 
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can flourish and survive even under oligotrophic ecological surroundings with ultra-
violet radiation, restricted nutrient accessibility, and varied pH, temperature, and 
moisture conditions (Andrews and Harris 2000). Air along with aerosols, earth, and 
moisture are the prime sources that frame the communities from the phyllosphere 
(Bulgarelli et  al. 2013). The interaction among different ecological factors can 
amend the microbial communities from phyllosphere. Genomic structure of plants 
is one of the key drivers, determining the composition of bacterial communities in 
the phyllosphere in temperate (Redford et al. 2010) and tropical forests (Lambais 
et  al. 2006). Diverse plant communities anchor different microbes, owing to the 
creation of precise niche and confined circumstances that are governed by the inher-
ited and the efficient metabolic activities of the plants (Redford et al. 2010). The 
uniqueness of the phyllosphere was reported in plants of beans, lettuce, cucumber, 
maize, and grasses with alteration in the profusion and constitution of bacterial 
community (O’Brien and Lindow 1989; Kinkel et al. 2000; Rastogi et al. 2012). 
Geological remoteness is also another significant player in configuring microbial 
communities in the phyllosphere (Bokulich et al. 2014). The diverse bacterial com-
munities anchored by grapevines manipulate superiority of the produced wine. In a 
more comprehensive outlook, the intraspecific alteration in the composition of the 
microbial community in the phyllosphere can be noticed, primarily governed by the 
heterogeneous nutritional condition, found in leaf surfaces, where the heteroge-
neous carbon sources like glucose, fructose, and sucrose lead to precise microbial 
colonization on the leaf veins, the regions close to the exterior appendages and 
stomata (Lindow and Brandl 2003; Vorholt 2012). According to Davey and O’Toole 
(2000) and Lindow and Brandl (2003), such heterogeneity in few instances is 
endorsed by the microbial association in biofilms that are general characteristic of 
organisms from the phyllosphere, functioning as the defender and aggregator of 
bacterial cells under the regular uncongenial circumstances. Regardless of such 
instances, it is likely to detect a “core” for the microbial population from the phyl-
losphere that colonize host plants, from the phyla Actinobacteria, Bacteroidetes, 
Firmicutes, and Proteobacteria (Redford et al. 2010; Vorholt 2012). These phyla 
consist of the most plentiful and well-examined microbes that signify the fact that 
additional researches regarding this issue should be planned to assess taxonomic 
ranks beyond phylum. Consequently, this core is assumed to be made of microbes 
depicting a coevolving history with the plant communities, along with the host 
structure that is complementary to the specifications found inside the bacterial cells. 
Such microbial reserve can be utilized for the benevolence of farming practices that 
endorse the movement and odd or synergistic associations, which may kindle plant 
growth and/or defense in opposition to attack of pathogenic communities.

4.3.3  Endosphere: A Forte Meant for Close Friends

The existence of microbial cells in plant inner tissues was explained long ago as the 
same as plant infection. At that time, the microbes within plant tissues were indi-
viduals that are able to contaminate the host plants, leading toward difficulties in 
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growth and development of plants as well as losses in yield. Perhaps, such associa-
tion was caused due to the accessibility of methods for detection of microbial con-
nections that time that were merely proficient in making out microbes that are easy 
to cultivate or found in large quantities. The occurrence of nonpathogenic microbes 
within plant tissues was explained by De Bary (1866) for the first time, who revealed 
that microbes are present in microscopically examined plant tissues. Such examina-
tion remained unknown until the endophytes were defined. The endophytes are gen-
erally defined based on the capability to perceive the microbial cells from plant 
tissues that have been surface sterilized formerly (Hallmann et  al. 1997). Petrini 
(1991) has given a functional description for endophytes as “organisms that at some 
part of their life cycle colonize internal plant tissues without causing apparent harm 
to the host.” On a more exhaustive examination, endophytes are divided in the sub-
groups “obligate” and “facultative” by the researchers. Endophytes, which depend 
on metabolism of host plants for their endurance, and are transmitted among plants 
through the activity of vectors or by vertical transmission, are classified as obligate 
ones (Hardoim et al. 2008). Endophytes, those living on the outer surface of the host 
plants at some point of their life cycle, are known as facultative ones. They are 
recruited by the host plants from neighboring communities from the soil mass, 
mainly from the rhizosphere. Endophytes are there in every plant inner tissues 
(Rosenblueth and Martinez-Romero 2006). The existence of endophytes in plants 
cultured in vitro has been explained, where such organisms seem to be closely con-
nected with host plants not in by means of colonizing the culture media but prefer-
ably living inside the tissues of the plant (Almeida et al. 2009; Abreu-Tarazzi et al. 
2010). Mendes et al. (2007) showed that the endophytic Burkholderia spp. have the 
capacity to regulate the growth of the pathogenic Fusarium moniliforme. Ferrara 
et al. (2012) showed that the endophytic diazotrophs from roots of sugarcane are 
capable of producing substances related to plant growth-promoting functions and 
can exude greater amount of amino acids that could aid in plant nutrition. Araújo 
et  al. (2002) showed that the whole endophytic community is influenced by the 
occurrence of the pathogen and incidence of disease like variegated chlorosis in 
citrus is a consequence of the dealings between the endophytic community and 
pathogenic X. fastidiosa and not with the host only. The capability of genetically 
customized endophytes that generate the heterologous protein cry1Ac7 can control 
Diatraea saccharalis, a sugarcane pest (Quecine et  al. 2014). Though numerous 
individual abilities have been explained for endophytes, such organisms, as a com-
munity, are competent enough for several other functions that cannot be detected 
from separate case studies on the microbes.

Numerous studies were made to find the origin of endophytic organisms 
(Hallmann et al. 1997; Saikkonen et al. 1998; Mitter et al. 2013). The origin of 
microbes, residing in rhizosphere or the seed-borne ones, is firmly associated to the 
strategy of preservation of the same within the host plants that confirms the diffu-
sion of endophytic microbes between plants. The evidence of the mechanism of 
transmission as well as survival of specific endophytes and their interaction with 
plant bodies are indicated through their genomic organization. Dini-Andreote et al. 
(2012) studied over sizes and origins of numerous endophytic genomes. The 
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scientists related the lifestyle of microbes to the genome size for detection of the 
deviation in ecological conditions as one of the key drivers of expansion or shrink-
ing of genome. Endosymbionts usually possess more compacted genomes, while 
bacteria from niches of variable ecological conditions such as rhizosphere need to 
harbor the complete cache of genes to survive under diverse environmental situa-
tions, leading toward dominance of larger genomes. Apparently, endophytes appear 
to fit in the former portion of the theory since they exist within plant bodies, where 
the surroundings are more secure in comparison with the rhizosphere. Nevertheless, 
taking into account the origin and transmissions of endophytes, it is said that prob-
ably few endophytes must deal with distinct environments during their course of 
life cycle when they remain outside host plants. Mitter et  al. (2013) showed a 
greater deviation in the genome size of bacterial endophytes, which suggests that 
the community of endophytes consist of microbes from various origin. Those with 
bigger genomes are likely to live in varied environments like soil or rhizosphere, 
and the ones with smaller genomes are to be transmitted vertically within stable 
surroundings.

4.4  Conclusion

If microbiome–plant interactions are understood and described in a more improved 
and detailed manner, such data could be accessible for the invention of newer tech-
nologies, concentrating on a superior investigation of the characteristic in agricul-
tural strata, influenced by microbes. Alteration in the configuration of microbial 
population, for example, by injection of distinct exogenous microbes or by means 
of influencing ecological circumstances toward benevolence of specific sets of 
microbiomes, heading toward improved plant opposition or effectiveness in the 
nutrient uptake could be a reality. In this manner, the progress of “microbiome- 
driven cropping systems” may effect in the subsequent uprising in agricultural field, 
offering a further sustained structure for plant production.
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Abstract
The term microbiome refers to the existence of multiple microbial genomes pres-
ent in an environment in an association with a host. With the development of 
more precise sequencing approaches, identification of genus and families that 
were uncultivable microbes has been made possible. The current chapter explores 
the importance of understanding microbial communities and their association 
with agricultural production systems with particular attention to endophytic 
microorganisms. Agri-management practices and their relationship to the selec-
tion of microbial variation of taxa by plants and soil have been discussed in 
detail. The article also discusses how farming practices such as cover cropping 
and mulching mediate microbial community dynamics. Future perspectives on 
advancing sustainability by microbiome optimization are discussed.
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5.1  Introduction: Evolving Concepts of the Plant 
Microbiome

5.1.1  General

The soil is a complex environment where there is a vast mix of organic matter, min-
erals, nutrients, and gases, among others, enclosing a myriad of organisms – micro 
and macro – that are capable of supporting and retarding plant life and growth. The 
heterogeneity that exists in these environments is controlled by a series of biological 
and ecological interactions combined by soil properties, which allow for the prolif-
eration and establishment of certain groups of microbial organism, changing the 
dynamics of the ecosystem (Gale et al. 2000).

The importance of understanding microbial communities and their association 
with agricultural production systems lies on the premises of a future with more 
sustainable approaches to challenges in agriculture. Although many efforts have 
been directed toward a better understanding on how these microbial communities 
work, there are still a great number of questions related to the most influential fac-
tors dictating the identity or core participants, the diversity and niche specificity, the 
establishment and maintenance of association with plants, and retrograde signaling 
networks that could functionalize associations.

5.1.2  Looking Deeper into the Plant Microbiome Using 
Developing Technologies

The term microbiome refers more to the existence of multiple microbial genomes 
present in an environment in an association with a host. For the purpose of this 
chapter, we are focused on the plant bacterial microbiome in an agricultural context. 
The soil microbial community has received an abundance of attention over past 
decades, but the broader plant microbiome includes organisms that dwell in the 
phyllosphere, inside the plant as endophytic organisms, as well as in the rhizosphere 
and soil. Bacterial organisms are classified as endophytic if they inhabit plant tissue 
during its life cycle. In contrast, some rhizospheric bacteria colonize plants as 
opportunistic organisms that interact at some point with the plant but don’t inhabit 
it in an obligate manner. An interest in endophytes, particularly obligate endophytes 
and the benefits they are able to confer to plants, and how some of these changes 
may be transferred genetically has emerged recently.

Recent advances in next-generation sequencing (NGS) technology have advanced 
our understanding of this community (Lundberg et al. 2012; Bulgarelli et al. 2012; 
Wagner et al. 2016). In terms of the plant microbiome and its relationship to agri-
cultural production, studies have proved that the presence of certain groups of 
organisms is capable of processing and absorbing nutrients (Manzoni et al. 2008) 
rendering them available for plant growth (Schardl et al. 2004; Barrow et al. 2008; 
Xia et al. 2013), repression of disease, and the capacity to mediate the impact of 
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extreme environmental stress factors (Plett and Martin 2011). What remains com-
plicated is how to foment the presence of those beneficial groups and how they 
could be used for improvement of many important agronomical crops. Indeed, it 
will important to establish how soil conditions and agronomical practices affect the 
selection of these microbial organisms by the plant. Technologies such as NGS 
accompanied by fluorescence in situ hybridization (CARD-FISH) for specific 
microbiome components have broadened what we can identify and how we associ-
ate them with the host plant. Agri-management practices and their relationship to 
the selection for variation of taxa by plants and soil are the main reasons for the 
development of this chapter. We will be looking at how managing practices could be 
important when trying to understand the strengths or weaknesses of these relation-
ships, since they are able to influence the development and dominance of a bacterial 
community.

5.2  The Microbiome and Agriculture

The interaction between plants and individual microorganisms has been studied for 
the last several decades. Isolation and testing of strains present in soil and plants 
have largely aimed to understand the capacity that these microorganisms have for 
plant improvement or pathogenicity. Until the last 5 years, most of the isolation and 
identification was done via culture-dependent techniques. However, with the devel-
opment of more precise sequencing approaches, identification of genus and families 
that were unculturable has been made possible, even to the point of looking at func-
tional genes (Tsurumaru et al. 2015). These advances have provided more insight 
into the selection and structure of bacterial communities by plants under different 
environments (Lundberg et al. 2012, 2013; Lebeis et al. 2015; Birtel et al. 2015; 
Ding and Melcher 2016). Identifying the variability as well as functionality of com-
munities that colonize plants could be used to select for bacteria (or groups of bacte-
rial community members) that can positively modify the plant morphology or 
interaction with its environment. Despite the attractiveness of being able to inject a 
single or collection of microorganisms into an agricultural production system to 
enhance crop performance, there are many reasons that this will be challenging in 
practice. The complexity of the microbial community and competitiveness of a sin-
gle microbial factor are unlikely to be dominant enough to sustain any influence on 
a cropping system. Furthermore, the ability to genetically optimize or engineer 
microbes to enhance agricultural systems will be a regulatory and environmental 
containment challenge. As related to agricultural production systems, the notion 
that understanding the plant microbiome and how it functions and then adapting our 
management practices to maximize the most interesting members of the microbi-
ome is perhaps the most rational area for future work. Furthermore, plant breeding 
has not taken into account any influence of a microbiome, and it remains possible 
that the intersection between plant breeding and microbiome functionality will be 
a fruitful area for research (Gopal and Gupta 2016). Finally, knowledge of the 
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mechanisms by which a microbiome element influences the plant anatomy is still 
developing and should shed light on hormonal networks and functional gene net-
works influenced by the microbiome.

How a bacterial microbiome colonizes and establishes itself in living plant tissue 
will involve not just the physical entry into the plant but also how to avoid the plant 
immune system (friend versus foe association) (Downie and Walker 1999; Iniguez 
et al. 2005). As the field of microbial inoculums matures, it will be important to 
understand the complexity of this association window and whether it is under pas-
sive or active control by the host plant. It is expected that numerous non-obligate 
bacterial genera enter the plant during germination and seedling establishment. As 
the main contact point for the plant with the microbe-rich soil, microbes are thought 
to enter into their host (plant) through the root system due to their vast adhering area 
with soil particles (Hansen et  al. 1997; Tokala et  al. 2002; Iniguez et  al. 2005; 
Rosenblueth and Martinez-Romero 2006; Seipke et al. 2012) (Fig. 5.1). The rhizo-
sphere is the area that is described as the zone of the soil that is subjected to the 
influence of the roots. At the same time, another term that will be highly important 
to mention while talking about entrance of microbial organism to the plant is the 
spermosphere. This is related to the seed exterior layers that are in contact with the 
soil and over which microbes will be interacting before germination.

Managing practices

org.

Conv.

Fig. 5.1 Schematic presentation of the microbiome. Image of a broadleaf seedling planted (left) 
and conceptualizing the overlay of management practices. As the seedling grows, bacterial com-
munity members from the soil, which are represented as orange, blue, purple, and red dots, occupy 
various components of the root (red arrow) and phyllosphere (green components of plant aerial 
tissue)
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5.3  Inspection Between Agricultural Management Practices 
and Microbiome

It seems that through the use of culturing and next-generation sequencing, there 
have been signs that point toward a more consistent and numerous amounts of 
organisms being identified as endophytic microbiome elements in organic produc-
tion systems when compared to conventional farming practices (Xia et  al. 2015; 
Schlaeppi and Bulgarelli 2015; Hartmann et al. 2015). The reasons behind those 
differences among bacterial communities still remain slightly unclear, but data sup-
porting increased soil microbial diversity in organically managed soils have been 
well documented (Wang et al. 2016). More work has been put toward the elucida-
tion of the effect that the systems may have on the selection of the taxa present in 
the soil. These results supported findings by Soltani et al. (2010) and Bacon and 
White (2016) that many endophytic bacterial genotypes increased plant growth and 
induced a defense system with low cost.

As mentioned before, the differences found among isolates identified as endo-
phytic microbial species comparing conventional and organic crops are of interest 
as they may be linked to if they can link crop productivity, since one of the main 
goals is to be able to replicate these environments for crop enhancements or at least 
to influence selection by plants toward some of these communities. Hall and Davis 
(1990) suggest that certain bacilli move through the plant using the vascular system 
rather than symplastic movement. Base on physiological aspects, the older the plant 
may be, the harder will be for certain endophytic bacteria to translocate from tissue 
type to tissue, and therefore it is anticipated that as we develop a more sophisticated 
understanding of tissue-type endophyte colonization, we may see different levels of 
abundance or community members. Some research supports that the age of the plant 
may not be one of the limitations for the colonization of obligated bacteria when 
tissue type was held consistent (roots) (Lundberg et al. 2012). This could be due to 
the fact that some of these endophytes may be present at early stages and stay there 
and that the variation of the presence or absence of other species may be related to 
those that are not strictly necessary to inhabit the plant. Interestingly, it was found 
by Lundberg et al. (2012) that genotype was a critical determinant in root microbi-
ome community analysis suggesting that the intersection between breeding and 
agricultural farming practices may be critical for future work.

An interesting concept to examine is how farming practices and the types of 
crops that are being produced display variance in microbial community metrics. For 
instance, cover cropping, mulching and soil composition (Kumar et al. 2014), the 
use of alternative tillage systems (Carbonetto et al. 2014), and overall soil nutrient 
composition (Stagnari et al. 2014) have an impact in the structure and composition 
of the soil microbial communities. Carbonetto and co-workers (2014) suggested 
that soils exposed to high use of fertilizers displayed a shift in the metabolic strate-
gies used by the microbial communities which exasperated community shifts. 
Metabolism seems to also become more “flexible” for those organisms that were 
present under tillage practices vs those in non-till areas, but the metabolic flexibility 
does not mean that they were better adapted; on the contrary, they showed that if 
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conditions were considered unfavorable (e.g., lower nutrient content in soil), some 
of those microbial organisms are unlike to adapt, which differed from the non- 
tillage system. Similar results were found in cotton crops that were maintained 
under conventional tillage and no tillage (Feng et al. 2003). It seems like the use of 
non-tillage, for example, and not so many applications of fertilizers, among other 
things, can have a positive effect in microbial communities in the soil. Kennedy and 
Smith (1995) support that heavy tillage as a farming practice can be negative for 
microbial diversity and abundance by the alteration of the properties of the soil. 
Overall, high population and biodiversity of microorganisms in the soil is an indica-
tor of soil health. Healthy soil has a normal amount of aggregation and percent of 
air, water, and nutrients; thus, the soil does not need many fertilizers or pesticides to 
increase plant productivity or to control stresses as the plant will be tolerant (Paul 
2007). This parlays with good farming practices, not necessarily organic versus 
conventional practices.

Both practices, organic and conventional, have systems that follow the applica-
tion of chemicals to treat and maintain their crops during their production process. 
Some of the chemicals used tend to be more long lasting within the farming system 
than others and could have small but progressive impacts on an indigenous micro-
bial community present in the soil. Thus, when comparing results in this area, one 
must consider numerous environment and cultural factors that vary greatly and are 
different to compare. A question remains whether the use of pesticides affects 
microbial communities in the soil in a nontarget manner and in turn influences the 
selection of the plant microbiome. Even though pesticides are made to target insects 
and other types of organism that have no relationship with the fungi or bacteria pres-
ent in soil, it is feasible that in a more individual scale, some species in particular 
may be affected (Foley et al. 2005). To date, further research is needed on a case-by- 
case basis to interrogate this postulate.

Herbicides or the surfactants used in their application to a target crop may also 
have an impact in the microbial communities since some of these, for instance, 
octylamines, can be slightly bacteriotoxic (https://www.echa.europa.eu/sv/web/
guest/registration-dossier/-/registered-dossier/1996/7/7/2) but are nontarget and 
have been unstudied as environmental risk factors in agricultural microbiome sys-
tems. Other herbicidal or pesticidal molecules will remain in the soil (predomi-
nantly in conventional systems) for years, for example, the preemergent herbicide 
used on railroad lines indaziflam (Brabham and Debolt 2013) has an extremely long 
residual time. While off-target influences of commercially available pesticides and 
herbicides are typically nonlethal and modest, if a product can be mildly class spe-
cific bacteriotoxic, it can easily be envisioned how this could shift the balance in an 
agricultural crop microbiome (Wilkinson and Lucas 1969). To date, we have an 
unsatisfactory understanding of this process and whether subtle influences could 
even alter a microbiome in an agricultural setting.

It is important to take in consideration that longtime exposure to a specific man-
aging practice could alter the soil environment by a simple selection mechanism. It 
seems that although change is part of both systems, organic farming may be a better 
option to also increase richness, among others, by shifting the structure of the 
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microbiota compared to conventional practices (Hartmann et al. 2015). Still, more 
parameters and variables need to be tested to fully confirm these hypotheses and 
address better the full impact that these practices have on the microbial communi-
ties’ structure (Hartmann and Widmer 2006).

5.4  Employing Microbial Elements in Agricultural Systems

It is known that obligated microbes have to follow usually a more elaborated pro-
cess for their colonization. They can be considered pathways, which usually ramify 
into production of exudates, rates of production of them, quorum sensing, and hor-
mone metabolisms among others. Exudates are considered to be molecules pro-
duced and released either by the plant or bacteria to the rhizosphere (Li et al. 2016 
PNAS). Some of the molecules present in these exudates are combination of sugars, 
amino acids, alkaloids, flavonoids, and others (Biedrzycki et al. 2010; Kumar and 
Bais 2012). Rates of the exudate production can also have an impact on how the 
plant selects the microbes from the rhizosphere. Now, the fact that some microbes 
are capable to produce their own chemicals and modulate the communication with 
the plant through molecule signaling, it is probably one of the future uses of study-
ing the microbiomes of different systems. Indeed, some endophytic microbiome 
elements have been used to identify target herbicides in plants (Xia et al. 2014). The 
idea will be to find ways into isolating, producing, or stimulating the production of 
these chemicals for the manipulation of the selection power of the plant and at least 
inhabit it for a small time frame (or long, depending on the effect that it has in the 
host development and health). It may be suitable to bypass the microbial soil feature 
and grow it in vitro to harvest the target chemical for organic farming purposes, 
which is already the case for Bacillus thuringiensis.

Promoting plant growth by manipulating microbiomes may have a modest capac-
ity to support the positive traits in a cropping species, thus decreasing the use of 
synthetic chemicals or nutrients (Singh et al. 2010). Using microbes in agriculture 
as bio-fertilizers and biopesticides has been well established, but lately it has 
received more attention, and scientists are currently focusing on the plant microbi-
ome itself instead of just using microbes (Deakeret al. 2004). Using microbes is less 
practical than using synthetic chemicals because variation in soil and environmental 
conditions will almost certainly be a selection force and will therefore require 
regional solutions in agriculture. Modern agriculture has not accepted regionality of 
trait solutions from major crop biotechnology companies, and therefore it is unclear 
whether microbial systems will be poorly accepted. Organic farmers may be more 
willing to work with such regional/environment-specific products simply due to 
scale (Bacon and White 2016).

There are select studies that show that application of bacterial isolates could sup-
port plant growth and productivity under specific conditions, possibly modulating 
plant microbiomes (Xia et al. 2015). However, these rarely translate from green-
house or in vitro conditions to the field and even more rarely into a wide variety of 
agricultural eco-zones. The plant growth-promoting fungal inoculum Trichoderma 
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sp. is still the best example of a successful strategy for this (Altmore et al. 1999). It 
is hoped that the use of beneficial microbes in organic production system could buf-
fer plant productivity by providing nutrients and other growth-promoting com-
pounds to the crop not only for a short time but also for many seasons because this 
organic system maintains soil fertility and health.

Treatments and inoculation with bacterial organisms showed in Xia et al. (2014) 
that plant cell walls are susceptible to the colonization and production of certain 
chemicals (exudates) by the bacteria. This is a good growth indicator for studies of 
interactions between plant and microbes because of the importance of the plant cell 
wall, since it plays an essential role in being a barrier against stresses, connecting 
extracellular and intracellular environments, and regulating plant growth. Their 
work also showed that the combination of techniques for identification and isolation 
of organisms was crucial for a proper selection of candidate strains and their capac-
ity of inhabiting the plant during long periods of its life. Even though manipulating 
the microbiome is important to increase plant productivity, it is currently a chal-
lenge to adopt bacterial strains grown in a lab environment and implement their use 
in the farmers’ fields. These artificially cultured “strains may lack key characteris-
tics for widespread distribution in sustainable and productive agricultural systems” 
(Parnell et al. 2016). Most of the studies related to bacterial strains as an alternative 
to synthetic chemicals represent either lab or greenhouse experiments (Adesemoye 
et al. 2009), making the results obtained from these approaches not an accurate 
representation of the real environment that plants may be exposed to in a farm set-
ting (Parnell et al. 2016). Although microbial organisms have potential for changing 
agriculture, there are still a lot of questions that will need to be answered before 
their acceptance.

5.5  Conclusion

The overall outcome of studies into the functionality of the plant microbiome has 
been satisfactory to maintain research and agricultural interest. The compelling idea 
of establishing a more sustainable production system through increasing the abun-
dance or functionality of members of a natural community is highly attractive and 
potentially cost-effective. Several conclusions and future directions exist. A com-
bined focus on plant breeding in association with detailed microbiome assessment 
is needed based on the genotype specificity identified in recent studies (Lundberg 
et al. 2012). Organic farming systems are modestly less likely to drive force and 
selection on the microbiome community due their inherent focus on soil quality 
rather than external inputs. Because genotype and environmental conditions both 
influence the microbiome in plants, long-term studies are needed across numerous 
species and eco-zones to adequately assess results.
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Abstract
The phyllosphere and rhizosphere of plants have been a reservoir of microorgan-
isms of both symbiotic and pathogenic nature. The interplay between plants and 
associated microbes involves complex and dynamic mechanisms, many of which 
are unexplored. The unraveling of these mechanisms is a big challenge for plant 
biologists. The consequence of such interactions may be beneficial, detrimental, 
or neutral for the hosts. There are many known mechanisms through which 
microorganisms especially bacteria support plant growth, i.e., fixation of atmo-
spheric nitrogen, solubilization of inorganic phosphate, modulated phytohor-
mones synthesis, production of stress-responsive enzymes like 
1-aminocyclopropane-1-carboxylic acid (ACC) deaminase, and biocontrol of 
many plant diseases. Both above- and underground plant organs are frequently 
exposed to a plethora of microorganisms, including viruses, bacteria, oomycetes, 
fungi, and eukaryotic protozoans. Phytopathogens defend their habitat and infect 
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plants by a variety of compounds (toxins) that are broad spectrum in their activ-
ity. In response, plants initiate defensive mechanisms that resist pathogen pene-
tration and subsequent infection. Thus, various events of molecular crosstalk 
take place between plants, and both friendly and hostile microbes trigger a series 
of highly dynamic plant cellular responses. Such mechanisms are very crucial 
for pathogen recognition and induction of adequate defense signal transduction 
cascades in the plant. More research insights are required to unravel the molecu-
lar basis behind these mechanisms. Also, to support the plant life, many complex 
mechanisms initiated after the association of symbiotic or pathogenic microor-
ganisms need to be explored.

Keywords
Mechanisms • Plant-associated microbes • Symbiosis • Pathogenesis • Defense 
responses

6.1  Introduction

Plant-microbe interactions play a vital role to ensure sustainability in agriculture 
and ecosystem restoration (Badri et al. 2009). The interactions may be categorized 
as positive, negative, or neutral which largely depends on the nature of microorgan-
isms associating the host. Positive interactions stimulate plant growth by conferring 
abiotic and/or biotic stress tolerance and help the plants for the revitalization of 
nutrient-deficient and contaminated soils. Negative interactions involve host- 
pathogen interactions resulting in many plant diseases and adverse effects and host 
life (Abhilash et al. 2012). Moreover, some microbes reside in the soil surrounding 
the plant roots just to obtain their nutrition from root exudates. They do not influ-
ence the plant growth or physiology in a positive or negative way, thus forming 
neutral interactions. Apart from that, the resource allocation between different plant 
parts is greatly affected by beneficial microorganisms. Also, many above- and 
belowground interactions with herbivores and other natural enemies of the plants 
are modulated by the microorganisms. In addition, the physicochemical and bio-
logical soil properties are modified in response to physiological, biochemical, and 
molecular dialogues between plants and associated microbes (Dubey et al. 2015). 
Plant root exudates are rich in low molecular weight compounds like amino acids, 
organic acids, polymerized sugars, root border cells, and dead root cap cells. 
Moreover, plant roots secrete many phyto-siderophores which sequester the metal-
lic micronutrients from the soil, resulting in enhanced plant nutrition. Some second-
ary metabolites present in plant root exudates also play key role in plant-microbe 
communications (Bais et  al. 2006). Different interfaces of rhizosphere, phyllo-
sphere, and endosphere possibly exist in such complex and largely unexplored inter-
actions. Thus, the complex and interconnected process that takes place at the 
abovementioned interfaces must be explored to understand the contribution of each 
and every player to the well-being of the ecosystem. Therefore, the complete 
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knowledge of mechanisms underlying plant-microbe communications is necessary 
to decipher the interfaces among host plant microorganisms for sustainable agricul-
ture, increased biomass and bioenergy production, and restoration of soil properties 
(Saleem and Moe 2014). For microorganisms, colonization is a vital step for effec-
tive establishment leading to friendly or pathogenic relationship with plants 
(Kamilova et al. 2006; Lugtenberg et al. 2002). Successful colonization involves 
host cell surface recognition, adherence, invasion, growth, and multiplication along 
with several unexplored mechanisms. The crosstalk between plants and microbes is 
initiated by the production of plant signals that are perceived by the microbes and 
stimulate synthesis of chemicals for colonization (Ali et al. 2016; Bais et al. 2006). 
Motile microorganisms are best suited to participate actively in this crosstalk 
(Lugtenberg et al. 2002). Moreover, a confirmation of microbial structure greatly 
influences the intensity, duration, and outcome of plant-microbe interactions 
(Danhorn et al. 2004; Shahid et al. 2015). In this chapter, we attempted to highlight 
all the known mechanisms that drive strong association of microorganisms and 
hosts. The outcomes of these mechanisms on growth and physiology of plant have 
also been discussed.

6.2  Mechanisms Behind Plant-Symbiont Interactions

6.2.1  Biological Nitrogen Fixation

Plants uptake nitrogen either as inorganic form (NH4
+ and NO3

−) or as low molecu-
lar weight dissolved organic nitrogen (DON), particularly amino acids (Murphy 
et al. 2003; Streeter et al. 2000). Atmospheric dinitrogen (N2) cannot be incorpo-
rated into plant metabolism until reduced to a more useable form like ammonia 
(NH3) by some diazotrophic microorganisms (Rovira 1991). Nitrogen cycle also 
contains biological nitrogen fixation (BNF) as a vital process (Stevenson and Cole 
1999). One type of nitrogen fixation that does not include any biological activity 
involves industrial fixation and fixation through natural lightening process, which 
converts atmospheric N2 to NO3

−. The other type, biological nitrogen fixation 
(BNF), is a process by which atmospheric N2 is converted to NH3, and this reaction 
is catalyzed by nitrogenase enzyme present in diazotrophic microorganisms. The 
later type contributes more than 2 × 1013 g nitrogen annually, worldwide. From this 
amount, 80% is contributed by symbiotic fixation, and the remaining 20% is made 
available by free-living or associative nitrogen-fixing systems (Falkowski 1997).

The ability to convert atmospheric N2 into plant usable form exists only in bacte-
ria and Archaea (Young 1992). For BNF, bacterial species of Acinetobacter, 
Alcaligenes, Arthrobacter, Azotobacter, Azospirillum, Bacillus, Enterobacter, 
Burkholderia, Pseudomonas, Serratia, and (Brady)Rhizobium are mainly involved 
in establishing symbiotic and associative-symbiotic interactions with plant roots 
where ultimately both partners are benefited (Egamberdiyeva 2005; Tilak et  al. 
2005). There are two main types of BNF:
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 1. Symbiotic nitrogen fixation, e.g., (Brady)Rhizobium and Frankia in leguminous 
and nonleguminous actinorhizal plants, respectively

 2. Non-symbiotic nitrogen fixation, e.g., Cyanobacteria, Azotobacter, Azospirillum, 
etc.

6.2.1.1  Symbiotic Nitrogen Fixation
Rhizobia are classically defined as symbiotic bacteria that invade the roots and 
stems of leguminous plants to fix nitrogen (van Rhijn and Vanderleyden 1995). It is 
a synthesis of NH4

+ (a plant usable form of N) using atmospheric N2 (plant non- 
usable form of N) by rhizobia in nodules of leguminous plants. The important 
nitrogen- fixing rhizobial genera in legumes are Rhizobium, Bradyrhizobium, 
Allorhizobium, Mesorhizobium, Azorhizobium, and Sinorhizobium, each of which 
belongs to a distinct and well-established phylogenetic group (Hungria and Vargas 
2000; Sy et al. 2001). Besides rhizobia, many Frankia species has also been reported 
to form nodules in nonleguminous actinorhizal plants for N2 fixation (Zhang et al. 
2012). Moreover, non-rhizobial strains may also occupy nodule cells and benefit the 
plants. Hameed et al. (2004) reported the occupation of a phosphate solubilizing 
Agrobacterium strain Ca-18 with the nodule cells. Many other studies have also 
described the existence of non-rhizobial bacteria in root nodules of leguminous 
crops (Rajendran et al. 2012; Tariq et al. 2012).

6.2.1.2  Non-symbiotic Nitrogen Fixation
The atmospheric dinitrogen fixation without the formation of nodules is termed as 
non-symbiotic nitrogen fixation. The non-symbiotic diazotrophic genera include 
Azotobacter, Azospirillum, Acetobacter, Azoarcus, Bacillus, and Pseudomonas 
(Saharan and Nehra 2011). Many cyanobacterial genera have been identified as 
free-living diazotrophic bacteria (Fiore et al. 2005). In a recent study, conducted in 
China, the non-symbiotic nitrogen-fixing bacterial diversity was categorized as 
Proteobacteria (63.9%), Actinobacteria (32.2%), Firmicutes (1.9%), and 
Bacteriodetes (1.9%), and many bacterial genera were found as free-living nitrogen 
fixers such as Arthrobacter, Mitsuaria, Burkholderia, Sinorhizobium, Pseudomonas, 
and Rhizobium at lower taxonomic level (Xu et al. 2012).

6.2.1.3  Biochemistry and Genetics of Biological Nitrogen Fixation
The process of BNF is complex and involves many functional and regulatory genes 
(Dixon and Kahn 2004). The reduction of atmospheric nitrogen is performed by a 
nitrogenase enzyme, a dimer of two metalloproteins: nitrogenase iron protein (Fe 
protein) and nitrogenase molybdenum-iron protein (Mo-Fe protein) (Einsle et al. 
2002; Strop et al. 2001). Nitrogen, as a substrate, is bound to molybdenum-iron- 
sulfur homocitrate clusters of Mo-Fe protein, and the same phenomenon is utilized 
by other substrates such as acetylene, protons, etc. (Postgate 1982). The second 
protein (Fe-protein) shuttles electrons to Mo-Fe-protein, and this process consumes 
two Mg-ATP for each electron (Halbleib and Ludden 2000). The complete process 
of BNF can be expressed as follows:
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N2 + 10H+ + 8e− + nMgATP → 2 NH4
+ + H2 + nMgADP + nPi , n ≥ 16 (Dean and 

Jacobson 1992)
Thus, the process is energy demanding and consumes 8 mol of ATP to produce 

1 mol of NH4
+. This ratio may be much higher under natural conditions (Hill 1992). 

The diazotrophic ability of soil bacteria can be measured in vitro through acetylene 
reduction assay (Dilworth 1966).

6.2.1.4  Genes Involved in Biological Nitrogen Fixation
Different species have different number and arrangement of genes engaged in the 
process of BNF. The Mo-Fe is a tetrameric (α2β2) protein, encoded by nifDK, and 
Fe-protein is a homodimer (α2), encoded by nifH (Halbleib and Ludden 2000). So 
these structural genes along with many regulatory and accessory genes are respon-
sible synthesis of nif regulon (Dean and Jacobson 1992). The nifD and nifK genes 
are part of same operon, while nifH is also considered, in some studies, a part of the 
same operon. Nitrogenase metal clusters, synthesized by nifE and nifN, are found 
together on the operon nifEN, which may have arisen from the duplication of two 
operons nifDK and nifEN, considered as the core operons (Fani et al. 2000). A num-
ber of other genes are also present to supplement these operons which are respon-
sible for coding proteins responsible for electron transport (nifF, nifJ in Klebsiella 
pneumoniae), regulation (nifA) or Fe-Mo cofactor (nifB, nifV in Klebsiella pneu-
moniae) synthesis (Triplett et al. 1989). In rhizobial species, fix and nod genes are 
present which control nitrogen fixation and nodule formation, respectively. While in 
free-living diazotrophs like Klebsiella pneumonia, many of these genes are absent 
(Dean and Jacobson 1992). Apart from the standard nitrogenase nitrogen-fixing sys-
tem (nifDK and nifH), two alternative nitrogen-fixing systems have also been well 
characterized (Bishop and Premakumar 1992). These systems do not carry molyb-
denum; instead one carry vanadium (vnfDK and vnfH) while the other contain only 
iron and no unusual metal (anfDK and anfH). All these systems share significant 
sequence homology but still enough difference for identification. The two alterna-
tive systems are regulated under Mo-deficient conditions (Bishop and Premakumar 
1992).

6.2.2  Phosphate Solubilization and Mobilization

Plant phosphate availability is improved by arbuscular mycorrhizae through the 
increase in root surface area, thus forming channels of phosphate nutrition (Osorio 
and Habte 2015). Plant growth-promoting rhizobacteria (PGPR) facilitate plants to 
obtain nutrition from inorganic and organic pools of soil through mineralization and 
solubilization processes (Hilda and Fraga 1999). If all the microbial population of 
soil is considered, phosphate solubilizing bacteria (PSB) constitute 1–50% (Chen 
et al. 2006).

Thus, they stimulate phosphorus uptake and significantly modulate plant growth, 
physiology, and yield (Arcand and Schneider 2006; Chen et al. 2006; Perez et al. 
2007). Various strains of Bacillus, Pseudomonas, Enterobacter, and Rhizobium 
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along with Aspergillus and Penicillium fungi were found to be the most influential 
P solubilizers (Whitelaw 1999). The mechanism of P-solubilization is associated 
with organic acids released by P-solubilizing bacteria, lowering the pH of rhizo-
sphere. Thus, the organic acid production causes the chelation of H+ ions in the root 
microenvironment, and insoluble phosphates are transformed into soluble form 
(Mullen 2005; Trivedi and Sa 2008). Two major mechanisms of bacterial phosphate 
solubilization are:

 1. Mineral phosphate solubilization
 2. Organic phosphate solubilization

6.2.2.1  Mineral Phosphate Solubilization
Mostly, microbial mineral phosphate solubilizing ability corresponds to production 
of organic acids (Rodriguez et al. 1999). Phosphate solubilizing bacteria are known 
to produce many organic acids like malic acid, oxalic acid, gluconic acid, 2-keto 
gluconic acid, citric acid, lactic acid, propionic acid, succinic acid, and formic acid, 
and most of these organic acids especially 2-ketogluconic acid, malic acid, oxalic 
acid, and citric acid are found in rhizosphere of various crops and vegetables (Jaeger 
III et al. 1999; Chen et al. 2006; Gulati et al. 2010; Shahid et al. 2015). In Gram- 
negative bacteria, glucose is oxidized to gluconic acid (GA), and biosynthesis of 
GA is catalyzed by glucose dehydrogenase (GDH) enzyme. Pyrroloquinoline qui-
none (PQQ) acts as cofactor of GDH (Goldstein 1994). A gene cluster consisted of 
six open reading frames (pqqA, B, C, D, E, and F) leads to the formation of PQQ 
(Kim et al. 1998a; Meulenberg et al. 1992). The pqqE coding sequence is the most 
conserved and is considered to be responsible in mineral phosphate solubilization 
(Perez et al. 2007; Shahid et al. 2012).

Goldstein and Liu (1987) cloned mineral phosphate solubilizing (MPS) gene 
from Gram-negative bacteria Erwinia herbicola for the first time. Expression of this 
gene in E. coli HB101 resulted in the production of GA and solubilization of 
hydroxyapatite. E. coli has the capability of synthesizing GDH but is unable to syn-
thesize PQQ and GA. The protein encoded by cloned 1.8 kb fragment is similar to 
the gene III product encoded by PQQ synthesis gene complex from Acinetobacter 
calcoaceticus and to pqqE of Klebsiella pneumonie (Liu et al. 1992). Moreover, a 
7 kb fragment from genomic DNA of Rahnella aquatilis, responsible of inducing 
hydroxyapatite solubilization in E. coli, was analyzed, and two complete and one 
partial ORFs were found. One of the complete ORFs was cloned and was found 
analogous to pqqE of E. herbicola, K. pneumoniae, and A. calcoaceticus (Kim et al. 
1998a), and the partial ORF was found similar to pqqC of K. pneumoniae. Another 
gene (gabY) of Pseudomonas cepacia, carrying GA production capacity and MPS 
ability, has been characterized (Babu-Khan et al. 1995), and the recombinant pro-
tein sequence showed no similarity with the previously cloned gene carrying GA 
production ability but was identical to histidine permease protein. Containing this 
gene, E. coli was capable of producing the GA only when functional glucose dehy-
drogenase gene (gcd) was expressed. Thus, it was speculated that the synthesis of 
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PQQ was accomplished through an alternative pathway, or the production of gcd 
cofactor was different from PQQ (Babu-Khan et al. 1995).

Other genes related to MPS do not relate to pqq DNA or gcd biosynthesis mecha-
nism. According to another report, a DNA segment isolated from Enterobacter 
agglomerans demonstrated MPS in E. coli JM109 without changing the pH of 
medium (Kim et al. 1997). Thus, acid production is not the only choice for MPS by 
bacteria (Illmer and Schinner 1995). Mineral phosphate solubilization capability of 
PGPB was attempted to be improved by the cloning technique using PQQ synthe-
tase gene of Erwinia herbicola (Rodrı́guez et al. 2000). The gene was isolated by 
Goldstein and Liu (1987) and was subcloned in a broad host range vector (pKT230). 
Thus, the expression of recombinant molecule was obtained in E. coli and then 
transformed to PGPB strains (Burkholderia cepacia and Pseudomonas aeruginosa) 
by tri-parental conjugation. Many exconjugants selected on the specific medium 
produced larger halo zones on medium with tricalcium phosphate as a sole P source. 
So, heterologous expression of PQQ synthetase gene resulted in increased MPS 
ability in PGPB.

6.2.2.2  Organic Phosphate Solubilization
Organic form of soil phosphorus can be released by three groups of enzymes:

 1. Nonspecific acid phosphatases: by dephosphorylation of phospho-ester and/or 
phosphor-anhydride bonds in organic matter

 2. Phytases: involved in the release of P from phytic acid
 3. Phosphonatases and C-P lyases: by cleavage of C-P bond in organo-phosphonates

Currently, the main focus of research is on acid phosphatases and phytases as 
their substrates are present in huge amounts in soil.

6.2.2.2.1 Nonspecific Acid Phosphatases (NSAPs)
Bacterial nonspecific acid phosphatases consist of three molecular families desig-
nated as A, B, and C (Thaller et al. 1995). During the last decade, these enzymes 
were studied for their biotechnological applications, and class A NSAPs were suc-
cessfully used for environmental bioremediation of uranium-contaminated waste-
water (Macaskie et al. 1997). NSAPs may also be used for gene expression in PGPB 
by recombinant DNA technology for improved phosphate solubilization. Several 
phosphate solubilizing genes from Gram-negative bacteria have been isolated and 
characterized (Rossolini et al. 1998). These genes, when expressed in PGPB, can 
enhance phosphate solubilizing ability of bacteria. Some of these genes code for the 
acid phosphatases which perform the same function in soil. For instance, the acpA 
gene of Francisella tularensis encodes for a substrate-specific acid phosphatase 
with maximum efficiency at pH 6 (Reilly et al. 1996). In addition, PhoC gene, cod-
ing for NSAP class A and napA gene for class B, was very promising and isolated 
from Morganella morganii (Maria et al. 1995; Thaller et al. 1994). In rhizobacteria, 
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a gene was isolated from Burkholderia cepacia which codes for two acid phospha-
tases napD and napE along with an outer membrane protein responsible for P trans-
port to the cell (Deng et al. 2001, 1998).

6.2.2.2.2 Phytases
Phytases are not yet potentially exploited for organic phosphate solubilization of 
soil. A significant portion of soil organic phosphorus is comprised of phytate 
(Richardson 1994). Plants are not directly dependent on phytate for their P require-
ments. A significant improvement in growth and P uptake in Arabidopsis plants was 
observed when phytase gene (phyA) from Aspergillus niger was genetically engi-
neered (Richardson et al. 2001a). It has also been reported that microbial inocula-
tion increases the inositol phosphate utilization by plants (Richardson et al. 2001b). 
Therefore, development of high phytase producing inoculants would be of great 
importance for enhancing plant growth and phosphorus contents (Hanif et al. 2015). 
Phytases are also produced by roots of several plant species (Li et al. 1997; Lung 
et al. 2008). E. coli phytase genes (appA and appA2) have been isolated and charac-
terized (Golovan et al. 1999; Rodriguez and Fraga 1999). Similarly, phytase genes 
have been cloned from B. subtilis and B. licheniformis (Tye et al. 2002). A phyA 
gene of B. amyloliquefaciens FZB45 stimulated the maize growth in the presence of 
phytate and under limited phosphate conditions (Idriss et  al. 2002). In addition, 
thermally tolerant phytase gene (phy) has been reported and characterized from 
Bacillus sp. DS11 (Kim et al. 1998b) and B. subtilis VTT E-68013 (Kerovuo et al. 
1998).

6.2.3  Plant Growth Hormone Production

Plant growth hormones are organic compounds that act as messengers and help 
plants to respond to their environment. They are very effective even if synthesized 
in a very small quantity and may inhibit plant growth if present in large amounts 
(Arshad and Frankenberger 1991). They are synthesized in one plant part and then 
transported to the other, where they may cause the physiological response and effect 
on growth and fruit ripening. In this way, they are also referred to as plant growth 
regulators (Davies 2010). There are five main groups of plant growth regulators:

 1. Auxins
 2. Gibberellins
 3. Cytokinins
 4. Ethylene
 5. Abscisic acid

Among these, indole-3-acitic acid (IAA) is considered to be the most important 
phytohormone which plays a major role in cell growth and division and known to 
increase the lateral root development in plants (Seo and Park 2009). Many bacterial 
genera, including Azospirillum, Azotobacter, Bacillus, Enterobacter, and 
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Pseudomonas, have been reported to produce a considerable amount of IAA in vitro 
and in vivo (Chen et al. 2006; Nahas 1996; Venieraki et al. 2011). The bacterial genus 
Azospirillum is known to produce a good concentration of IAA for plant growth 
(Saharan and Nehra 2011). IAA acts as signal molecule for plant development includ-
ing organogenesis and has a potential role in cell division, expansion, elongation, and 
gene regulation (Ryu and Patten 2008). Phytohormones has been reported to be syn-
thesized by phosphate solubilizing bacteria (Chen et al. 2006; Vassilev et al. 2006). 
Diverse bacterial species are known to produce IAA in pure culture and soil, and their 
interactions with plant roots have been widely studied (Akram et al. 2016; Leveau and 
Lindow 2005; Rodriguez et al. 2004; Venieraki et al. 2011). IAA is responsible for the 
phyto-stimulation, and many microorganisms use it as a tool for interacting with 
plants. Thus, IAA is also involved in bacterial colonization with plant roots. It also 
acts as a signaling molecule in bacteria and directly affect bacterial physiology 
(Barazani and Friedman 1999; Spaepen et  al. 2007). On the basis of potential for 
auxin production by rhizosphere microorganisms, effective plant growth-promoting 
bacteria from plant rhizosphere can be screened and reinoculated on plants for growth 
and yield improvement (Khalid et al. 2004). Some microorganisms like Azospirillum 
produce IAA in the presence of L-tryptophan. Tryptophan acts as a precursor for the 
production of IAA (Tien et al. 1979). Inoculation of crop plants with IAA-producing 
bacterial isolates augments plant growth. A significant increase in root proliferation 
and root dry matter was observed in eucalyptus cuttings when grown on a substrate 
inoculated with IAA-producing rhizobacteria (Teixeira et al. 2007). Other phytohor-
mones like gibberellins, cytokinins, ethylene, and abscisic acid are also reported to be 
produced by plant-associated bacteria and stimulate plant growth and development. 
The most important microbially produced gibberellin is gibberellic acid. Similarly, 
cytokinins are adenine derivatives, and microbial synthesis of cytokinins in the rhizo-
sphere and its effect on plant physiological pathways are being investigated (Baca and 
Elmerich 2007).

6.2.4  Biocontrol

Microorganism, being indigenous to soil and rhizosphere, play a vital role in the 
biocontrol of phytopathogens. They can suppress a broad range of bacterial, fungal, 
and nematode diseases and are also effective against viral diseases. PGPR are being 
used as biocontrol agents all over the world. They have produced significant results 
against plant pathogens in vitro and in greenhouse, but their performance in the field 
are still inconsistent. They have also been successfully used in integrated pest man-
agement programs (Siddiqui 2006). They also have natural ability to restrain soil-
borne pathogens (Weller et al. 2002). Shoda (2000) reviewed that bacterial genera 
Pseudomonas, Bacillus, Alcaligenes, and Agrobacterium have been successfully 
identified as biocontrol agents. In addition, many other bacteria such as 
Micromonospora, Streptomyces, Streptosporangium, and Thermobifida are reported 
to act as biocontrol agents (Franco-Correa et al. 2010). Genus Pseudomonas is the 
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largest group considered to have biocontrol activity, and P. fluorescens strain 
WCS374 increased the reddish yield up to 40% by suppressing the Fusarium wilt 
disease (Bakker et al. 2007; Kremer and Kennedy 1996). Pseudomonas has many 
traits which are involved in plant growth promotion and biocontrol (Weller 1988). 
Bhattacharyya and Jha (2012) reviewed the following characteristics of Pseudomonas 
making them as potential biocontrol agents:

 1. Rapid in vitro production to construct a mass growth
 2. Ability to utilize metabolites and exudates of seed and roots
 3. Ability to colonize the rhizosphere and spermatosphere
 4. Capability of producing a wide range of bioactive metabolites (antibiotics, sid-

erophores, volatiles, and other growth promoting substances)
 5. A strong competitive ability with other microorganisms in environment
 6. Ability to adapt environmental stresses
 7. Development of induced systemic resistance in plants
 8. Production of hydrogen cyanide (HCN)

6.2.5  Production of ACC Deaminase

An appropriate amount of ethylene is essential for plant growth and development, 
but its high concentration may affect plant cellular processes and retard plant 
growth. PGPR were able to regulate the ethylene level in root zone of Arabidopsis 
thaliana using their 1-amino-cyclopropane-1-carboxylic acid (ACC) deaminase, 
which actually prevents ACC to take part in ethylene biosynthesis pathway 
(Desbrosses et al. 2009). Using this mechanism, plants were able to tolerate envi-
ronmental stresses by keeping a normal amount of ethylene in their root zone. A 
number of PGPR strains like Achromobacter, Azospirillum, Pseudomonas, 
Enterobacter, Bacillus, and Rhizobium have been found to show this mechanism 
(Duan et al. 2009; Ghosh et al. 2003; Govindasamy et al. 2008).

Ghosh et al. (2003) reported the enhanced root length in Brassica campestris by 
three Bacillus spp. (Bacillus circulans DUC1, Bacillus firmus DUC2, and Bacillus 
globisporus DUC3), carrying ACC deaminase activity. Similarly, root and shoot dry 
matter was increased in Brassica napus after the inoculation with Pseudomonas 
asplenii which contain ACC deaminase gene (Reed and Glick 2005). Thus, PGPR 
possessing ACC deaminase activity increase plant biomass in a stressed environ-
ment like salinity, temperature, drought, waterlogging, pathogenicity, and contami-
nants (Saleem et al. 2007). PGPR can also be genetically modified to perform this 
function. The efforts to express ACC deaminase gene to plant genome have been 
made to modify the plant species, but these efforts have yet not come up with com-
plete success due to certain constraints like international trade agreements and pro-
prietary rights on genetically modified crops and also due to some limitations in 
recombinant DNA technology.
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6.3  Mechanisms Behind Plant-Pathogen Interactions

Plants constantly remain under threat of array of pathogens that have the capability 
of provoking disease. Pathogens include diverse organisms (bacteria, fungi, oomy-
cetes, and viruses) which usually share common infection strategies but may also 
have pathogenicity determinants unique to each. Plants, in turn, defend themselves 
from possible damages of infection. However, plants do not possess a mobile 
defense system, and they largely depend on the inherited immunity patterns and 
systemic signals originating in response of pathogens (Ausubel 2005; Jones and 
Dangl 2006). The pathogen-plant interaction is a two-way process. Pathogen 
attempts to manipulate the biology and physiology of the host cell for generating an 
environment favoring pathogen growth. The plant cell responds by recognizing and 
targeting potential pathogen landing on its surface. Both plant and pathogen genes 
evolve together over a course of time, with emergence of new elicitors/effectors and 
corresponding plant resistance analogs, enabling this two-way communication to 
continue.

The following sections will highlight our current understanding about the plant- 
pathogen interaction, both at physiological and molecular levels.

6.3.1  General Classification of Plant Pathogens

Plant pathogens can be divided into three groups, i.e., biotrophs, necrotrophs, and 
hemi-biotrophs (Li et al. 2013):

 1. Biotrophs tend to keep plant tissues alive as they majorly feed on living cells. 
Their penetration and infection strategy are such that they induce minimum dam-
age to cell. PAMP-triggered immunity (PTI) is mainly involved in responses to 
biotrophs. (Lazniewska et al., 2012).

 2. Necrotrophs release cell wall-degrading enzymes (CWDE) making host cells 
vulnerable which mostly lead to cell death. They feed on the materials released 
from the infected tissue. DAMP-triggered immunity (DTI) is primarily involved 
in providing resistance against necrotrophs (Wen, 2013).

 3. Hemi-biotrophs are given the name because of the presence of an initial biotro-
phic phase pursued by a necrotrophic stage where they can live as saprophytes. 
Both PTI and DTI may get activated in response to the attack of a hemi-biotroph 
(Fawke et al. 2015).

6.3.2  Pathogen Infection to Host Cell

A successful infection requires entry of a pathogen into host cell. Stomata, hyda-
thodes, and wounded tissues are the main cell entry points for pathogenic bacteria, 
and majority of the invaded bacteria proliferate in apoplast regions, only. Oomycetes 
and pathogenic fungi develop specialized feeding structures called haustoria which 
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invaginate into the host plasma membrane. The plasma membrane of host cell as 
well as of haustoria and contiguous extracellular matrix together constitute an inti-
mate interface that determines the outcome of host-pathogen communication. In 
addition, pathogens also release compounds like cell wall-degrading enzymes 
(CWDE) and extracellular polysaccharides (EPS) which make tissue soft, enhance 
maceration, prevent desiccation, provide defense against host resistance factors, 
and, hence, facilitate pathogen invasion.

6.3.3  Plant Defense Responses

Plants respond to a potential pathogen at two levels (Jones and Dangl 2006). The 
first level include inherited basal responses (known as PAMP-triggered immunity, 
PTI) immediately after a pathogen invades host surface and attempts to penetrate 
inside. The second defense level (called effector-triggered immunity, ETI) is repre-
sented by host resistance against the pathogen-released effectors. Both these levels 
are crucial to minimize the pathogenicity but at different phases of infection (Li 
et al. 2013).

6.3.3.1  Basal Resistance or PAMP-Triggered Immunity (PTI)
It is the first line of active plant defense and is activated by the recognition of a viru-
lent pathogen itself or released elicitors called pathogen-associated molecular pat-
terns or microbe-associated molecular patterns (PAMPs or MAMPs), hence named 
as PAMP-triggered immunity (PTI). PAMPs are generated by microbial molecules, 
i.e., activators of XA21-mediated immunity, methylated DNA, double-stranded 
DNA, elongation factor peptides, flagellar proteins, lipopolysaccharides, and pepti-
doglycans (Li et al. 2013; Zeng et al. 2010).

PAMP triggers are perceived by plant pattern-recognition receptors (PRRs) 
localized at host cell surface (Dodds and Rathjen 2010). PRRs are receptor-like 
transmembrane proteins with most having a ligand-binding ectodomain (for PAMPs 
recognition) and a cytoplasmic kinase signaling domain (catalytic domain). Certain 
plant-generated signal molecules such as ethylene, jasmonic acid, and salicylic acid 
regulate the role of PRRs against a particular infection. Failure of proper perception 
of PAMPs results in high disease incidence, signifying the importance of PRR- 
based perception and PTI patterns. Plant and animals PRRs possess analogous 
structural domains, indicating their convergent evolution in two different domains 
of life.

Being a first line of defense, PTI is often phenotypically reflected by callose 
deposition, cell wall thickening, and stomata closure, as well as physiologically by 
production of antimicrobial compounds and reactive oxygen species (ROS). 
Moreover, PTI activates the mitogen-activated protein kinases and calcium signal-
ing and induces changes in expression of pathogen-responsive genes (Nürnberger 
et al. 2004). This basal resistance strategy minimizes spread of further infection to 
nearby tissues (Chisholm et al. 2006). However, pathogens are equipped with mech-
anisms to counter plant-produced antimicrobial compounds and ROS. Xanthomonas 
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campestris pv. campestris showed enhanced synthesis of catalase and peroxidases 
while, X. campestris pv. phaseoli synthesizes alkyl hydroperoxidase reductases for 
neutralization of plant produced anti-pathogen compounds/ROS.

Besides this, PTI may get activated by damage-associated molecular patterns 
(DAMPS). DAMPs serve as signals to trigger the PTI response in infected host 
plants, in a similar way as for PAMPs. DAMPs are triggered by synthesis of endog-
enous small peptides and/or cell wall fragments that are released from damaged or 
stressed cells (Li et al. 2013).

6.3.3.2  Pathogen-Induced Resistance or Effector-Triggered 
Immunity (ETI)

After successful penetration, a pathogen tries to suppress the components of PTI by 
release of certain effectors. A large set of effectors have been characterized 
(Mesarich et al. 2016; Stergiopoulos and de Wit 2009). Effectors manipulate host 
metabolism and defense mechanisms to facilitate further spread and virulence by 
various ways.

6.3.3.2.1 Effectors
To overcome plant defense mechanisms, pathogens produce a wide range of viru-
lence factors like cell wall-degrading enzymes, effector proteins, plant hormones, 
and certain toxins. Among all of these, effector proteins [avirulence (Avr) proteins] 
play pivotal role. These are expressed by avirulence (Avr) genes which are associ-
ated with genomic islands and/or transposable elements. In addition, lateral gene 
transfer through bacteriophages, integrative or conjugative elements, and bacterial 
plasmids helped in acquisition of Avr genes.

The bacterial effectors are released into plant cells via type 3 secretion system 
(T3SS) to suppress plant defense mechanisms. In order to weaken the host defense 
programs, effectors must target host components involved in immune responses. 
These may alter the physiology of host plant for enhanced pathogen infestation and/
or disturb the host plant defense mechanisms. Virulence mechanism of a variety of 
effectors has been explored at the molecular level. The AvrPto effector of 
Pseudomonas syringae targets plant FLS2, and AvrPto/FLS2 interaction modulates 
flagellin induced PTI responses and, in turn, enhances pathogen virulence in tomato 
and Arabidopsis (Xiang et al. 2008). The C-terminal E3 ligase domain of P. syrin-
gae AvrPtoB effector ubiquitinates plant produced FLS2 and suppresses PTI by 
degrading FLS2 (Göhre et al. 2008). In addition, AvrPtoB also targets CERK1 for 
degradation by ubiquitination of CERK1 kinase domain (Gimenez-Ibanez et  al. 
2009).

Similarly, Arabidopsis MAP kinases (MPK3 and MPK6) are inactivated by 
HopAI1 through removal of phosphate group from phosphor-threonine leading to 
suppression of PTI responses. In Arabidopsis, the AvrB effector of P. syringae mim-
ics coronatine leading to activation of jasmonate signaling cascade, and resultantly 
flg22-induced deposition of callose reduced and cells become more susceptible 
(Gimenez-Ibanez et al. 2009; He et al. 2004; Shang et al. 2006). The effector AvrAC 
of Xanthomonas campestris pv. campestris (Xcc) is delivered into host cell as an 
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uridylyl transferase that catalyzes addition of uridine monophosphate onto BIK1 
and RIPK (receptor like cytoplasmic kinases involved in PTI). The conserved phos-
phorylation sites present in the activation loop of BIK1 and RIPK are modulated 
and, therefore, reduce their kinase activity and capability of downstream signaling 
(Deslandes and Rivas 2012).

Effectors from filamentous fungal pathogens and their host targets are compara-
tively less characterized. The results of the study reveal that fungal pathogens use 
almost the same strategies as used by bacterial pathogens. A strong virulence effect 
by leaf mold fungus Cladosporium fulvum and rice blast fungus Magnaporthe ory-
zae is found to be dependent on synthesis of Ecp6 and Slp1 effectors, respectively. 
Both of the effectors (Ecp6 and Slp1) compete with receptors CEBiP and CERK1, 
for chitin binding, to block host PTI responses (de Jonge et al. 2010). The effector 
AvrPiz-t of M. oryzae enhances virulence by suppressing PTI through targeting host 
RING E3 ubiquitin ligase APIP6. Ustilago maydis (corn smut fungal pathogen) 
synthesizes and releases an apoplastic effector “Pep1” to suppress ROS burst, a 
typical PTI response, by directly targeting the apoplastic peroxidase “POX12.”

6.3.3.2.2 Resistance Proteins
Plants possess corresponding R proteins, the product of resistance (R) genes, to 
recognize the pathogen-produced Avr protein. There are eight major variants of R 
genes (and hence R proteins) as reviewed by (Gururani et al. 2012). The R protein 
variants have major differences in their organization of amino acid motif as well as 
their membrane spanning domains (Fig. 6.1). It has been observed that leucine-rich 
repeats (LRRs) are common in majority of the R proteins indicating their impor-
tance in recognition of a specific pathogen.

The first class of resistance proteins is a group of cytoplasmic proteins which 
possess LRR and nucleotide-binding site (NBS) motifs along with an N-terminal 
domain with homology to the toll-interleukin-1-receptor (TIR) domain present in 
mammalian proteins. The flax L6, tobacco N, and RPP5 R proteins are grouped in 
the first class of R proteins. The second major class of R genes includes the genes 
encoding for cytoplasmic proteins with a C-terminal LRR, a supposed N-terminus 
coiled coil domain (CC) and a NBS.  These have been identified in Arabidopsis 
(RPS2 and RPM1 resistance proteins against P. syringae) and tomato (resistance 
protein I2 against Fusarium oxysporum). The third class of R gene family consists 
of extra cytoplasmic leucine-rich repeats (eLRR), associated to a transmembrane 
domain (TrD). The proteins are devoid of NBS motif. eLRRs are not directly 
engaged in pathogen recognition and/or activation of host defense genes. However, 
eLRRs play a significant role in certain defense proteins like polygalacturonase 
inhibiting proteins (PGIPs). The representative genes of this class include C. fulvum 
R genes (Cf-2, Cf-4, and Cf-9) that possess an eLRR, a membrane-spanning domain 
and a short cytoplasmic C-terminus region. The fourth class of resistance genes is 
characterized by Xa21, a rice R gene against Xanthomonas. The Xa21 consists of 
eLRR, TrD, and an intracellular serine-threonine kinase (KIN) domain as shown in 
Fig. 6.1. The group of proteins having a TrD fused to a putative CC domain (e.g., 
The Arabidopsis RPW8) constitutes the fifth class of R proteins. The sixth class of 
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R proteins contains putative eLRRs associated to a PEST (Pro-Glu-Ser-Thr) domain 
for protein degradation and short protein motifs (ECS) that can target the protein for 
receptor mediated endocytosis. The examples of this group include tomato Ve1 and 
Ve2 R proteins. However, in few studies, Ve1 and Ve2 proteins have been classified 
as PAMP receptors. The Arabidopsis RRS1-R that confers resistance against phyto-
pathogen Ralstonia solanacearum is a good representative of the seventh class of R 
proteins. These proteins have a C-terminal extension together with a WRKY domain 
as well as a presumed nuclear localization signal (NLS) sequence. The WRKY 
domain is the given name because of the presence of a conserved N-terminal amino 
acid (WRKYGQK) sequence along with a zinc finger-like motif.

Few enzymatic proteins have been categorized in the eighth class of plant R pro-
teins. These are devoid of LRR or NBS domains. The enzyme HC toxin reductase, 
encoded by the maize Hm1 gene, detoxifies a specific cyclic tetrapeptide toxin, 
essentially required for pathogenicity, of the fungus (HC toxin). Hence, HC toxin 
reductase provides protection against southern corn leaf blight caused by 

Fig. 6.1 Plant resistance proteins (R proteins): types and position of important domains. 
Nucleotide-binding site (NBS), leucine-rich repeats (LRR), coiled coil (C-C), transmembrane 
domain (TrD), interleukin-1-receptors (TIRToll), protein degradation domain (proline-glycine- 
serine-threonine, PEST), endocytosis cell signaling domain (ECS), nuclear localization signal 
(NLS), amino acid domain (WRKY), helminthosporium carbonum toxin reductase enzyme (HM1)

6 Plant-Microbe Interactions: Current Perspectives of Mechanisms Behind…



112

Cochliobolus carbonum (a fungal pathogen). Similarly, the Rpg1 gene from barley 
encodes a receptor kinase-like protein having two tandem protein kinase (kinase- 
kinase) domains. The protein does not have any membrane-spanning domain and 
other known sequences present in classical R proteins. However, the protein pro-
vides barley resistance against stem rust, hence considered a potential R protein 
(Jones et al. 1994).

6.3.3.2.3 Avr/R Protein Interaction
The Avr/R protein interaction determines the host specificity, pathogenicity level, 
degree of damage, and subsequent pathogen spread to nearby tissues. In addition, 
differentiation of pathogen as biotroph or necrotroph is also achieved by Avr/R pro-
tein interaction by initiating a crosstalk between response pathways and regulating 
balance of salicylic acid (a signal for resistance against biotrophs) and level of jas-
monic acid along with ethylene (both promote defense against necrotrophs). 
However, it has been found that NB-LRR protein-mediated disease resistance is 
much more effective against biotrophs or hemi-biotrophs but not against necro-
trophs (Glazebrook 2005).

In response to effectors, plants exhibit a second line of defense initiated by the 
recognition of a specific effector followed by triggering a stronger resistance 
response named as effector-triggered immunity (ETI). ETI is a quicker and robust 
version of PTI (Tao et al. 2003; Thilmony et al. 2006; Truman et al. 2006) that usu-
ally culminates in hypersensitive response (HR) characterized as death of infected 
cells. It generally does not extend beyond the infected area and help in restriction of 
pathogen growth. However, it is not always observed and not a requirement for trig-
gering ETI. This Avr/R gene recognition pattern has been historically termed as 
“gene-for-gene resistance” (Gururani et  al. 2012). Under pathogen favorable cir-
cumstances, the effector modulates the effector-mediated signal cascade and sup-
presses ETI (instead of activating it) which leads to effector-triggered susceptibility 
(ETS).

6.3.3.3  Mechanism of R Protein-Effector Interaction

6.3.3.3.1 Direct Interaction
The R protein may directly recognize pathogen-released effector, in a similar way 
like ligand binds its receptor (Fig. 6.2). This was elucidated by studying the inter-
action between rice Pita CC-NB-LRR immune receptor and Magnaporthe grisea 
(a fungus) AVR-Pita effector (Jia et al. 2000). A single amino acid substitution in 
the LRR abolished this interaction and resulted in loss of resistance. Similarly, 
RRS1-R immune receptor of Arabidopsis recognizes directly PopP2 (a bacterial 
effector) (Deslandes et al. 2003). Yeast two-hybrid analysis revealed a significant 
direct interaction between flax rust fungus AvrL effectors with corresponding plant 
immune receptors (encoded from L locus) leading to activation of resistance 
(Dodds et al. 2006).
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6.3.3.3.2 Indirect Interaction: Guard Hypothesis
The R proteins may also interact with effectors indirectly in a more complex way. The 
guard hypothesis suggests that effectors induce modulations in certain host proteins 
(called guardee proteins) which are assessed by R proteins (guard protein). A guard-
guardee protein interaction then activates a signal cascade for initiation of protective 
measures (Jones and Dangl 2006). Two variations exist in this hypothesis:

 1. The guardee protein remains bound, constitutively, to guard protein even before 
an effector come and modulate the guardee.

 2. The guard protein receptor interacts with its guardee, only after the later come in 
contact with an effector.

6.3.3.4  Evolution of Effector and Resistance Specificities
Interaction and two-way communications between pathogen and host plant cells led 
to the evolution and emergence of new groups of effectors and corresponding R 
proteins generating an arms race termed as gene-for-gene concept. The plant- 
microbe coevolution and plant immune responses can be described in a “zigzag” 
model consisted of four phases, initially proposed by (Jones and Dangl 2006):

Phase I: Plant recognition receptors (PRRs), located at cell surface, recognize 
PAMPs (or MAMPs) released from invading microbe(s) to trigger first line of 
defense, i.e., PTI that attempts to limit the invasion of a potential pathogen.

Phase II: Within a host cell, a successfully invaded pathogen synthesizes and 
releases effectors to initiate virulence by suppressing PTI. The interaction deter-
mines the plant-microbe relationship leading to effector-triggered susceptibility 
(ETS).

Phase III: Plants deploy intracellular immune proteins (i.e. R proteins/ NB-LRR 
proteins) to detect pathogen-initiated effectors. These proteins detect effectors 
either directly or indirectly. This triggers ETI, a stronger immune response that 

Effector

R Protein/Guard protein

Direct mechanism Indirect mechanism

R Protein/Guard protein

R Protein bound
Guardee Protein

Effector bound
Guardee Protein

R Protein/Guard protein

Effector Effector

Fig. 6.2 Effector(s) and plant R (resistance) proteins: elucidation of direct and indirect 
mechanisms
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provides resistance against a pathogen and often climaxes in tissue hypersensi-
tive response (HR), i.e., a programmed cell death at the infection site.

Phase IV: In response to plant-induced pressure, the effectors undergo modifica-
tions to escape ETI. New variants of effectors evolve suppressing host ETI and 
triggering ETS again. The process of natural selection plays a vital role in the 
development of new effector and corresponding R specificities.

Hence, at population level, the coevolutionary arms race between a plant species 
and a pathogen determines the consequences of a pathogen attack with ETI and ETS 
occurring alternately as represented in Fig. 6.3.

6.3.3.5  Non-host Resistance
Majority of the pathogens fail to infect plants as these can resist an invaded patho-
gen and, hence, are supposed to be non-hosts. This non-host resistance is distinctly 
different from pathogen-mediated resistance, complex, durable, and a multigenic 
trait. There are two possible ways that lead to two types of non-host resistance 
mechanisms, i.e., type I and type II (Mysore and Ryu 2004).

6.3.3.5.1 Type I
A pathogen fails to suppress PTI and grow on a new evolutionarily divergent host 
due to its ineffective effectors. The host displays a strong PTI response but no ETI 
or HR. The attack of nonadapted barley pathogen, B. graminis f. sp. hordei (Bgh) on 
Arabidopsis (a non-host plant), results in enhanced synthesis of cell wall apposi-
tions (act as physical barriers) and antimicrobial metabolites to limit pathogen entry. 
But Arabidopsis did not display HR response in this non-host resistance mechanism 
(Thordal-Christensen 2003).
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Fig. 6.3 Zigzag model: a depiction of coevolution of pathogen effectors and plant R (resistance) 
proteins as proposed by Jones and Dangl (2006)
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6.3.3.5.2 Type II
This non-host resistance involves recognition of pathogen effectors; its mechanism 
resembles ETI and often culminates at HR. It was observed that soybean, a non-host 
for P. syringae pv. tomato, recognized AvrA and AvrD effectors through Rpg2 and 
Rpg4 proteins when infected with P. syringae pv. tomato. Similarly, AvrRxo1 pro-
duced by Xanthomonas oryzae pv. oryzae was recognized by maize (a non-host for 
the said pathogen) Rxo1. In addition, Arabidopsis displayed resistance to a fungal 
pathogen of Brassica (Leptosphaeria maculans) which was achieved by unlinked R 
proteins. Hence, poorly explored R protein-mediated responses also play significant 
role in broadening the resistance mechanisms and may minimize pathogen host 
specificity (Senthil-Kumar and Mysore 2013).

6.4  Conclusion

It can be concluded that a variety of mechanisms are utilized by microbes to interact 
with plants. These mechanisms are broadly classified into two categories, viz., sym-
biotic interactions and pathogenic interactions. Symbiotic interactions between 
plants and microbes involve a variety of activities of mutual benefits like nitrogen 
fixation, P solubilization, growth hormone production, and biocontrol with a variety 
of genetic and metabolic pathways involved. Plant defense responses against a 
pathogen can be categorized into two levels, i.e., basal resistance and pathogen- 
induced resistance. The former are early level responses initiated upon a pathogen 
recognition by host cell surface localized receptors, while the latter are induced by 

Table 6.1 Some mechanisms of plant growth promotion by microorganisms

Type Definition Mechanism References
Biofertilizer A biological 

substance which 
improves the plant 
growth through 
increased nutrient 
acquisition

Biological nitrogen 
fixation, nutrient 
solubilization, and 
mobilization

Hanif et al. (2015), 
Kapoor et al. (2008), 
Rinaldi et al. (2008), 
Shahid et al. (2012), 
Somers et al. (2004), 
and Vessey (2003)

Phytostimulator The substances with 
the ability to 
produce plant 
growth hormones 
like IAA, gibberillic 
acid, Cytokinins 
and ethylene

Production of 
phytohormones

Akram et al. (2016), 
Hanif et al. (2015), 
Lugtenberg et al. 
(2002),and Somers 
et al. (2004)

Biopesticide The biological 
substances that 
indirectly promote 
plant growth by 
suppressing the 
plant diseases

Production of lytic 
enzymes, siderophores, 
antibiotics, HCN, and 
induced systemic 
resistance

Chandler et al. 
(2008), Somers et al. 
(2004), Vessey 
(2003), Ali et al. 
(2016), Somers et al. 
(2004), and Yasmeen 
et al. (2012)
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Table 6.2 List of Avr genes (with plant pathogens) and corresponding R genes (with host plants)

Avr gene(s) (plant pathogen 
species)

R gene(s) (host plant 
species References

Bacteria
Avr-Bs2 (Xanthomonas 
campestris)

Bs2 (Capsicum annuum) Minsavage et al. (1990)

Avr-Xa1 (X. oryzae) Xa1 (Oryza sativa) Yoshimura et al. (1998)
Avr-Pto, Avr-PtoB (Pseudomonas 
syringae pv. tomato)

Pto (Lycopersicum 
esculentum)

Abramovitch et al. (2003)

AvrRpm1 (P. syringae) RPM1 (Arabidopsis 
thaliana)

Hubert et al. (2003)

AvrRpt2 (P. syringae) RPS2 (A. thaliana) Bent et al. (1994) and 
Whalen et al. (1991)

AvrRps4 (P. syringae) RPS4 (A. thaliana) Gassmann et al. (1999) and 
Hinsch and Staskawicz 
(1996)

AvrPphB (P. syringae) RPS5 (A. thaliana) Jenner et al. (2003) and 
Swiderski and Innes (2001)

Fungi
AvrMla (Blumeria graminis) Mla (Hordeum vulgare) Zhou et al. (2001)
Avr2 (Cladosporium fulvum) Cf-2 (Lycopersicum 

esculentum)
Rooney et al. (2005) and van 
Esse et al. (2008)

Avr4 (C. fulvum) Cf-4 (L. esculentum) Thomas et al. (1997)
Avr5 (C. fulvum) Cf-5 (L. esculentum) (Dixon et al. 1998)
Avr9 (C. fulvum) Cf-9d (L. esculentum) Jones et al. (1994)
Avr1 (Fusarium oxysporum) I2 (L. esculentum) Ori et al. (1997) and Simons 

et al. (1998)
AyrL AvrN, AvrL567 genes 
(Melampsora lini)

L N, L5, L6, and L7 
(Linum usitatissimum)

Dodds et al. (2006) and 
Lawrence et al. (1995)

Avr-Pita (Magnaporthe grisea) Pi-ta (Oryza sativa) Jia et al. (2000) and Kang 
et al. (2005)

AvrRP-I-D (Puccinia sorghi) Rp1 (Zea mays) Collins et al. (1999)
Avr-Rpg1 (Puccinia graminis f 
sp. tritici)

Rpg1 (Hordeum vulgare) Brueggeman et al. (2002) 
and Horvath et al. (2003)

Oomycetes
Avr3 (Bremia lactucae) Dm3 (Lactuca sativa) Meyers et al. (1998) and 

Michelmore and Wong 
(2008)

ATR1 (Hyaloperonospora 
arabidopsis)

RPP1-Nd/WsB 
(Arabidopsis thaliana)

Rehmany et al. (2005)

ATR13 (H. arabidopsis) RPP13-Nd (A. thaliana) Alfano and Collmer (1996) 
and Bittner-Eddy et al. 
(2000)

AvrB, AvrRPP1A, AvrRPP1B, 
AvrRPP1C, AvrRPP2

RPP1, RPP2, RPP4, 
RPP5, RPP8 (A. thaliana)

Botella et al. (1998), 
McDowell et al. (1998), 
Parker et al. (1997), Van Der 
Biezen et al. (2002)

AvrRPP4, AvrRPP5, AvrRPP8 
(Prenospora parasitica)
Avr1 (Phytophthora infestans) R1 (Solanum tuberosum) Ballvora et al. (2002)

(continued)
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pathogen produced effectors and are largely controlled by plant resistance (R) pro-
teins. There are both direct and indirect mechanisms by which pathogen effects 
interact with host resistance proteins. Moreover, the pathogen (or its effectors) and 
host resistance specificities continuously evolve together making an arms race 
named as “gene-for-gene concept” (Tables 6.1 and 6.2).

Acknowledgments We acknowledge Khadija Rafiq for critical reading and an anonymous 
reviewer for his/her suggestions to improve this chapter.

Table 6.2 (continued)

Avr gene(s) (plant pathogen 
species)

R gene(s) (host plant 
species References

Avr-blb1 (P. infestans) Rpi-blb1 (S. tuberosum) Vleeshouwers et al. (2008)
PiAvr2 (P. infestans) Rpi (S. tuberosum) Lokossou et al. (2009) and 

Vossen et al. (2005)
Avr3a (P. infestans) R3a (S. demissum) (Armstrong et al. 2005)
Ipio, Ipib, Ipi-o4 (P. infestans) RB (S. bulbocastanum) Champouret et al. (2009) and 

van West et al. (1998)
Avr3b-Avr10-Avr11 locus (P. 
infestans)

R3b, R10, R11 (S. 
tuberosum)

Jiang et al. (2006)

Avr1a, Avr3a and Avr3c (P. sojae) Rps1a, Rps3a, Rps3c 
(Glycine max)

Dong et al. (2009), Mao and 
Tyler (1996), and Qutob et al. 
(2009)

Viruses
Bean dwarf mosaic virus (Bdm) BV1 protein (Phaseolus 

vulgaris)
Garrido-Ramirez et al. 
(2000)

Coat protein (cucumber mosaic 
virus)

RCY1 (Arabidopsis 
thaliana)

Takahashi et al. (2001)

Vpg (cucumber mosaic virus) At-eIF4E1 (cum1)/
At-eIF4G (cum2) (A. 
thaliana)

Gallois et al. (2010) and 
Yoshii et al. (2004)

3’half of genome (lettuce mosaic 
virus)

mo1, mol2 (Lactuca 
sativa)

Gao et al. (2004) and Nicaise 
et al. (2003)

Vpg (pea seed borne mosaic 
virus)

sbm1 (Pisum sativum) Keller et al. (1998)

Nla protease (potato virus X) Ry (S. tuberosum) Mestre et al. (2000)
Vpg (tobacco etch virus) Pot-1 (Lycopsersicon spp. Moury et al. (2004)
Vpg (rice yellow mottle virus) eIF(iso)4G1 (Oryza 

sativa)
Hébrard et al. (2010)

Hc-pro and P3 cistron (soybean 
mosaic virus)

Rsv1 (Glycine max) Eggenberger and Hill (1997)

VPg (turnip mosaic virus) At-eIF(iso)4E (A. 
thaliana)

Wittmann et al. (1997)

TuRBO1, TuRBO3, TuRBO4, 
TuRBO5, TuMV P3 (Turnip 
mosaic virus)

P3, CI (Brassica napus) Jenner et al. (2000) and 
Jenner et al. (2003)
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Abstract
Studies on diversity of microbial community in the field of rhizosphere ecology 
vastly rely on nucleic acid markers for analysis. The extraction can be a tedious 
and complicated task owing to the vast heterogeneity present in soil in terms of 
organic and inorganic constituents, texture and moisture content, and also the 
huge repertoire of life forms that it nurtures. There is no universal method of 
extraction for all soil types. The various challenges presented by the soil con-
stituents make it an ever-evolving process. Cell lysis is an inherent part of any 
extraction process, with the extraction methodology exerting a huge impact on 
purity and yield of nucleic acid. Different extraction methods employed so far 
can be classified under two main categories based on the step of lysis: indirect 
lysis and direct lysis methods. Humic acid is a persistent contaminant that has the 
maximum impact on nucleic acid quality, along with its interference with several 
downstream analyses. Several methods have been optimized for removal of soil 
organic content. With the realization of the importance of RNA component in 
providing a deeper insight into the functionality of the system, the co-extraction 
of DNA and RNA is a trending technique, with vast emphasis on the removal of 
humic acid, and purity of the extracted DNA/RNA.
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7.1  Introduction

Soil is a multiphasic complex of minerals, organic components, porous compo-
nents, and a huge repertoire of life forms. Microbes are the most abundant living 
organisms in soil. These microbes play a crucial role in various biogeochemical 
cycles. Numerous studies have targeted the diversity of soil microflora in order to 
develop a deeper understanding of the biogeochemical cycles that are vital for the 
maintenance of ecosystem. Changes in soil microbial community structure have 
been linked to functional capabilities of soil (Nannipieri et al. 2003). Cultivation- 
dependent techniques have been employed over the years to tap the soil microbial 
diversity. Despite the advances in media formulation and other technical steps, only 
1–2% of the total soil microbial community has been elucidated (Amann et  al. 
1995). Cultivation-independent approaches have offered a deeper insight in captur-
ing the total soil microbial community. Analyses using molecular markers such as 
nucleic acid that can be directly extracted from the environment are extensively in 
use for elucidation of microbial community. The extraction procedure mainly 
includes cell lysis, purification of nucleic acid from other cell constituents, and 
finally extraction of the purified nucleic acid (Fig. 7.1). Extraction of nucleic acid 
from soil presents various challenges as soil is a complex amalgam of diverse sub-
stances, along with the vast abundance of microbes with different spatial adherences 
and anatomy that places a limitation in terms of targeting the soil community 
employing a common procedure. Soil organic contents are one of the major con-
taminants that affect the extraction process, and the downstream applications such 
as polymerase chain reaction (PCR), quantitative PCR (qPCR), metagenomic 
library preparation, etc., require nucleic acid with specific purity requirements 
(Tebbe and Vahajen 1993). Since different soil types have diverse heterogeneity, 
there is no universal methodology for all soil types. Consequently, constant stan-
dardization and optimization are needed for different soil types and also for the 
microbial community being targeted. This chapter focuses on different extraction 
procedures developed up till now for the extraction of nucleic acid from rhizo-
spheric soil for understanding plant-microbe interactions in the system.

7.2  Cell Lysis

There are numerous methods for isolation of nucleic acid from soil that can largely 
be subdivided into two categories based on lysing strategies, i.e., indirect lysis 
method (cell extraction approach) and direct lysis method (based upon cell lysis in 
matrix). Both the methods have been well documented and cater to different down-
stream applications. The cell extraction method involves a prior extraction of cells 
from the matrix of the soil before being lysed. This method has been shown to be 
biased for certain cell types (mainly bacteria) (Steffan et al. 1988; Courtious et al. 
2001). Cells strongly adhered to soil particles may be under-represented. Also, 
spores have less likelihood to be extracted via this approach (Roose-Amsaleg et al. 
2001). Nevertheless, the cell extraction method enables the extraction of larger 
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fragments of nucleic acid, which is preferred for downstream procedures such as 
construction of metagenomic library (Zhou et al. 1996; Robe et al. 2003; Hirsch 
et al. 2010). Additionally, the cell extraction method offers an advantage in terms of 
limited co-extraction of organic content (most common being humic acid).

Direct extraction method involves the lysing of cells in the matrix itself, followed 
by purification of nucleic acid from the lysed contents. The highlight of direct 
extraction method is a better representation, as well as quantification, of the 
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Fig. 7.1 Various steps in extraction of nucleic acid from rhizospheric soil
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microbial community. However, it leads to smaller nucleic acid fragments (Smalla 
et al. 1993; Hirsch et al. 2010). The major drawback of this method is the greater 
possibility of co-extraction of soil organic components such as humic acid, fulvic 
acid, etc., which interfere with further analyses.

The choice of an extraction method can be based upon the target microbial com-
munity, the downstream application for which the nucleic acid is required, and the 
properties of soil from which nucleic acid is to be extracted. The method of cell lysis 
should be chosen so as to give a true representation of that community, taking care 
of the yield and purity. Studies have also shown that extraction efficiency differed 
with variation in types of dominant microbes, particularly gram-positive bacteria 
(Zhou et  al. 1996; Kuske et  al. 1998), and with cells at different growth stages 
(Frostegård et al. 1999).

7.2.1  Cell Extraction Method

As shortly discussed earlier, in this prior to cell lysis, the cells are separated from 
the matrix. Earliest reports employing cell extraction method are by Faegri et al. 
(1977) and Torsvik and Goksoyr (1978). The major steps involved in cell extraction 
method are, firstly, dislodging of cells from soil particles, and secondly, extraction 
of cells from the soil matrix before lysis.

7.2.1.1  Dispersion of Soil Particles
For dispersion of soil from cells, physical and chemical methods can be employed. 
Physical methods mainly involve the use of waring blenders (Faegri et  al. 1977; 
Bakken and Lindahl 1995), sonication (Ramsay 1984), rotating pestle (Lindahl and 
Bakken 1995), and shaking (Turpin et al. 1993). The usage of waring blenders and 
rotating pestle was found to be the most effective in dispersion of soil particles 
(Lindahl and Bakken 1995; Robe et al. 2003). Chemical treatments include deter-
gents such as sodium cholate and sodium deoxycholate for breakdown of bacterial 
lipopolysaccharides (Macdonald 1986), sodium dodecyl sulfate (SDS) with poly-
ethylene glycol (PEG) for dissolution of hydrophobic material, and polyvinylpyr-
rolidone (PVP), which removes humic acid (Steffan et al. 1988). Cation exchange 
resins (Chelex 100) have also been employed for dispersion of soil particles 
(Jacobsen and Rasmussen 1992). Chemical dispersion methods have not been much 
advertised as they tend to have negative impact on the cell integrity which is a major 
drawback of using chemicals for dispersal methods. Therefore, chemical treatments 
are applied in conjunction with physical methods (Lindahl and Bakken 1995).

7.2.1.2  Separation of Cells from Soil Matrix
After the dispersal of soil particles, the cells are extracted from the dispersed 
medium. This is usually done by differential centrifugation methods as initially 
described by Faegri et al. (1977). This approach involves two successive rounds 
of centrifugation, first a low-speed centrifugation to eliminate soil debris, followed 
by high-speed centrifugation to collect the bacterial fraction. The low-speed 
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centrifugation should be dealt with precautions as cell recovery, and contamination 
can occur during this step (Steffan et al. 1988). Removal of contaminants like humic 
acid at this step by flocculation using CaCl2 has been shown to result in lower cell 
recovery (Jacobsen and Rasmussen 1992). Holben et  al. (1988) described that a 
cycle of dispersion and separation resulted in 10% cell recovery of the total bacterial 
fraction. Thus appropriate number of cycles of these steps can be used for higher 
recoveries (Robe et al. 2003). Successive centrifugation methods can be cumber-
some and require constant optimization, especially with different soil types. Density 
gradient centrifugation method using a multi-gradient media, Nycodenz, with high- 
speed centrifugation provided extraction efficiency ranging between 20–50% 
(Bakken et al. 1995) and 6–25% (Mayr et al. 1999). Sucrose density gradient cen-
trifugation methods can also be employed, which present a clean bacterial fraction, 
in comparison to the successive centrifugation methods (Pillai et al. 1991).

Cell extraction methods are usually preferred where the targeted microbial com-
munity is smaller and there is requirement of high molecular weight nucleic acid. It 
has been shown that with larger microbial community, the cell extraction methods 
introduce certain biases; hence, the true representative picture of the whole com-
munity is not captured.

7.2.2  Direct Lysis Method

Direct lysis method involves in situ lysis of cells within the soil matrix. The meth-
odology was introduced by Ogram et al. (1987). All methods that can be classified 
under direct extraction method are derivations of a report by Ogram et al. (1987). 
Lysis in this method can be done by physical, chemical, or enzymatic means 
(Table 7.1). Physical methods employed for cell lysis mainly involve bead-beating 
method (Miller 2001; Niemi et al. 2001) and freeze thawing or freeze boiling (Moré 
et al. 1994; Degrange and Bardin 1995) for disruption of cell membrane. With bead- 
beating method, enhanced yields have been observed (Smalla et  al. 1993; Moré 
et al. 1994; Cullen and Hirch 1998; Bürgmann et al. 2001). Other physical methods 
include thermal shock using microwaves (Orsini and Romano-Spica 2001), mortar 
mill grinding (Tebbe and Vajhen 1993), ultrasonication (Picard et al. 1992; Porteous 
et al. 1997), grinding with liquid nitrogen (Volossiouk et al. 1995; Zhou et al. 1996; 
Frostegård et al. 1999), simple grinding, and microwave thermal heating (Frostegård 
et al. 1999). In chemical methods, detergents (mostly SDS) have been used for lysis, 
supplemented with heating and chelating agents such as EDTA with Tris and sodium 
phosphate buffers (Robe et  al. 2003). SDS can also be substituted with sarkosyl 
(Holben et al. 1988). These detergents have also been employed at varying tempera-
tures: warm (60–70 °C) (Ogram et al. 1987; Kuske et al. 1998) and lower tempera-
ture (0–4 °C) to reduce the co-extraction of humic acid (Tebbe and Vahjen 1993). 
Cetyltrimethylammonium bromide (CTAB) and PVP are also commonly used as 
they help in removal of humic acid, though Zhou et al. (1996) demonstrated a reduc-
tion in yield with the use of PVP. In co-extraction methods, PVP has been shown to 
have higher ability to absorb humic acid without the loss of RNA (Mettel et  al. 
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2010; Sharma et al. 2012). Sodium ascorbate has also been successfully employed 
for the removal of phenolic compounds (Holben et al. 1988). Some studies have 
included guanidine isothiocyanate in extraction buffer for RNA isolation (Tsai et al. 
1991; Orsini and Romano-Spica 2001), which aids in the stabilization of 
RNA. CTAB-DTT (dithiothreitol) has been reported to be better compared to treat-
ment with SDS, despite the latter being more popular (Thakuria et  al. 2008). 
Chemical treatments alone cannot always serve the purpose efficiently. Therefore, 
they are generally not employed in conjunction with physical or enzymatic methods 
(Robe et al. 2003). Lysozyme is the most commonly used enzyme that aids in dis-
solution of cell wall (Bruce et al. 1992; Tebbe and Vahjen 1993; Martin-Laurent 
et al. 2001). Other enzymes have also been used in the various protocols for lysis 
such as Simonet et  al. (1984) used achromopeptidase, Jacobsen and Rasmussen 
(1992) utilized pronase, and Zhou et al. (1996) employed proteinase K.

Table 7.1 Different treatments for cell lysis

Treatment Features References
Physical
Freeze thaw/freeze 
boiling

Harsh yet inadequate Tsai et al. (1991)

Microwave heating Harsh Orsini and Romano-Spica (2001)
Sonication Mild Ramsay et al. (1984)
Mortar mill grinding Harsh Tebbe and Vahjen (1993)
Bead mill homogenization Adequate but lower 

yields than bead beating
Steffan et al. (1988), Miller et al. 
(1999, 2001)

Bead beating Adequate and better 
yields

Smalla et al. (1993), Kuske et al. 
(1998), Miller et al. (1999), and 
Burgmann et al. (2001)

Chemical
SDS Denaturant Ogram et al. (1987), Holben et al. 

(1988), and Kuske et al. (1998)
Sarkosyl Denaturant Holbe et al. (1988)
Guanidium isothiocyanate Extraction from  gram 

positives, and RNA
Porteous et al. (1997)

PVP Removal of humic acid Steffan et al. (1988) and Porteous and 
Armstrong (1991)

CTAB Complexes humic acid Zhou et al. (1996)
Sodium ascorbate Removes phenolic 

compounds
Holben et al. (1988)

Enzymatic
Lysozyme Muropeptide hydrolysis Tsai and Olson (1991), Tebbe and 

Vahjen (1993), and Martin-Laurent 
et al. (2001)

Proteinase K Protease Zhou et al. (1996)
Achromopeptidase Protease Liu et al. (1997)
Pronase Protease Jacobsen and Rammussen (1992)
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7.3  Purification of Nucleic Acid

Soil organic content and proteins are the chief contaminants during extraction of 
nucleic acid. Deproteinization is mainly done by classical organic solvents such as 
phenol, chloroform, and isoamyl alcohol (Selenska and Klingmuller 1991; Smalla 
et al. 1993; Tebbe and Vahjen 1993). Salting out methods have also been in use, 
employing saturated solutions of sodium chloride (Holben et al. 1988; Harry et al. 
1999), ammonium acetate (Steffan and Atlas 1988), and potassium chloride (Torsvik 
et al. 1990). Deproteinization happens under low-speed centrifugation at which the 
proteins are precipitated. Sodium chloride was found to be more effective as it pre-
cipitates soil particles along with proteins and cell constituents (Harry et al. 1999). 
Organic content, namely, humic acid, fulvic acid, etc., requires special consider-
ations for its removal owing to reduction of yield and purity. Humic acid is polyphe-
nolic in nature and inhibits the enzymes used in important downstream techniques 
such as PCR, qPCR, and RFLP, as the phenols bind to protein via hydrogen bonds 
resulting in altered conformation of the enzymes (Kreader 1996; Saleh-Lakha et al. 
2011). Humic acid, which has similar physicochemical properties as that of nucleic 
acids, competes with nucleic acid when passed through minicolumns for adsorption 
(Harry et al. 1999). The minimum inhibitory concentration (MIC) of humic acid 
varies with its composition, source, and the enzyme used in downstream applica-
tions (Tebbe and Vahjen 1993). The presence of humic acid can be perceived by the 
naked eye as brownish coloration in the extracted nucleic acid (Robe et al. 2003). 
Hence the removal of humic acid is essential even if a compromise in yield is to be 
made upon employing subsequent purification procedures. Sometimes, even multi-
ple elimination strategies are employed.

7.3.1  Purification Strategies

There are numerous strategies that have been employed for separation of nucleic 
acid from the cell constituents and the soil organics, especially humic acids 
(Table 7.2). The strategies have mostly used solvent-based purification or column 
purification. Cesium chloride (CsCl) gradient centrifugation was among the first 
purification strategies (Ogram et al. 1987) that enabled the purification of different 
components according to their densities into stable zones produced by centrifuga-
tion of CsCl. The use of CsCl gradient centrifugation is cumbersome and tedious 
and does not provide nucleic acid with considerable purity and yields (Ogram et al. 
1987; Steffan et al. 1988). The other method that has also been utilized in the puri-
fication procedure is chromatography using gel filtration columns (Size exclusion 
chromatography). Size exclusion chromatography allows separation based on 
molecular weights. Different columns that have been used are Microspin Sephadex 
G50 (Van Elsas et  al. 1991; Dijkmans et  al. 1993), Sephadex G75 (Purdy et  al. 
1996), Sephadex G200 (Erb and Wagnerdobler 1993; Kuske et  al. 1998), and 
Sepharose 4B (Jackson et al. 1997). Erb and Wagnerdobler (1993) reported a loss of 
5–15% by employing column for purification and were able to successfully perform 
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PCR. Kuske et al. (1998) employed PVP containing Sephadex G200 minicolumns 
that were able to purify large amounts of organic content from the nucleic acid frac-
tion. However, Sepharose 4B columns were shown to be more effective than G50 
and G200 with better PCR results (Jackson et al. 1997). Chromatography, using ion 
exchange columns to selectively elute nucleic acid, has also been employed (Torsvik 
1980; Ogram et al. 1987; Tebbe and Vahjen 1993). The losses with ion exchange 
columns were 20–30% (Tebbe and Vahjen 1993), and the nucleic acid fraction 
required further purification (Torsvik et al. 1990). Steffan et al. (1988) used hydroxy-
apatite, which binds to nucleic acid, but the treatment exhibited significant losses. 
With the chromatography procedure, multiple rounds are needed to provide a clean 

Table 7.2 Purification methods for extraction of nucleic acid

Method Remarks References
Salting out (deproteinization) {NaCl, 
KCl, CH3COONa, CH3COOK, 
NH3CH3COOH}

Inadequate in itself, 
usually used in 
conjunction with 
solvent extraction 
method

Holben et al. (1988), Steffan 
and Atlas (1988), Torsvik et al. 
(1990), and Hilger and Myrold 
(1991)

Solvent extraction (phenol/chloroform/
isoamyl alcohol{PCI}) 
(deproteinization)

Most commonly 
used but additional 
salting out methods 
can be employed 
for confirmation

Smalla et al. (1993) and Tebbe 
and Vahjen (1993)

CsCl density gradient centrifugation Tedious and 
wearisome with 
lower yields

Ogram et al. (1987), Steffan 
et al. (1988), and Tebbe and 
Vahhen (1993)

Chromatography Lower yields Sephadex G50; Dijkmans 
et al. (1993)
Sephadex G75; Cullen and 
Hirsch (1998)
Sephadex 200; Kuske et al. 
(1998)
Sepharose 4B; Jackson et al. 
(1997)
Ion-exchange; Tebbe and 
Vahjen (1993)
Hydroxyapatite; Torsvik et al. 
(1990)

Electrophoresis Lower yields with 
persistence of small 
fraction of humic 
acid in organic rich 
samples

Young et al. (1993) and Harry 
et al. (1999)

Dialysis Fast but inadequate 
by itself

Classical- Romanowski et al. 
(1992)
Microconcentrators; Zhou 
et al. (1996), Clegg et al. 
(1997), and Porteous et al. 
(1997)
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fraction of nucleic acid. The major contaminant that competes with nucleic acid for 
sites on the minicolumns is humic acid (Harry et al. 1999). A conceptual model 
explaining the competition between humic acid, DNA-humic acid complex, and 
DNA for adsorption on minicolumns was developed by Roose-Amasleg et  al. 
(2001). Electrophoresers have been used notably for nucleic acid purification and 
the removal of humic acid (Pitcher et al. 1989; Van Elsas et al. 1991; Zhou et al. 
1996). With the use of lower melting point agarose (Young et al. 1993; Harry et al. 
1999) and PVP (Young et al. 1993; Liu et al. 1997) for removal of humic acid, the 
yields were reduced significantly. Dialysis was first used to clean DNA (Romanowski 
et al. 1992), but the classical dialysis has given way to microconcentrators and 
minicolumns (Zhou et al. 1996; Clegg et al. 1997; Porteous et al. 1997). Porteous 
et  al. (1997) successively used CTAB, PEG, and a microconcentrator to purify 
nucleic acid.

7.3.2  Combined Strategies

The numerous strategies enumerated above have been used but with little success 
when employed individually. Hence, it becomes imperative that multiple strategies 
be combined for the removal of various contaminants, mainly the organic content. 
The methods so far developed have been thus optimized for their rapidity, higher 
yields, and better purity. Numerous studies have compared and used multiple strate-
gies with varying soil types (Table 7.3). Clegg et al. (1997) utilized a double CsCl 
density gradient ultracentrifugation with a microconcentrator in between the two 
centrifugation cycles. Nucleic acid recovered was of significant purity to be used for 
restriction and PCR-based studies. Smalla et al. (1993) employed a triple purifica-
tion procedure, CsCl gradient centrifugation, followed by potassium acetate pre-
cipitation, subsequently followed by a purification step towards the end with glass 
milk (Geneclean). Nucleic acid so obtained was suitable for PCR-based studies. 
Thornhill et al. (1995) utilized gel electrophoresis and finally elution of DNA using 
a silica matrix. This method specifically removed the smaller fragments, thereby 
preventing the formation of chimeras during PCR amplification. Along with 

Table 7.3 Combined strategies for purification of nucleic acid

Combined strategy References
CsCl treatment + hydroxyapatite Orgam et al. (1987)
CsCl ultracentrifugation + microconcentrator + CsCl 
ultracentrifugation

Clegg et al. (1997)

CsCl treatment + potassium acetate precipitation + purification with 
glass milk

Smalla et al. (1993)

Gel electrophoresis + binding on silica matrix Thornhill et al. (1995)
Gel electrophoresis (with PVP) + Elutip-d column Boivin-Jahns et al. 

(1996)
CsCl treatment + potassium acetate precipitation + twofold 
purification through bind resin

Van Elsas et al. (1997)
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electrophoresis, PVP was added for the removal of humic acid. However, the yields 
were significantly lower (Young et al. 1993; Liu et al. 1997). Boivin-Jahns et al. 
(1996) combined it with purification on Elutip-d columns to remove PVP, which 
was also seen to inhibit Taq polymerase. Upon individually employing Elutip-d 
column, recovery of only 40% was observed (Tsai et  al. 1991). Four combined 
strategies were compared by Zhou et al. (1996) using only ion exchange resin col-
umn, agarose gel electrophoresis, and subsequent column purification and two resin 
column and agarose gel electrophoresis with subsequent concentration by a micro-
concentrator. The yield was the lowest in case of electrophoresis coupled with col-
umn, but the purity was observed to be the best. As documented, a single combination 
of purification strategies would not work for different soil types. Van Elsas et al. 
(1997) demonstrated that for five different soil types different strategies were 
required with the soil containing the highest organic content (30%), requiring the 
highest number of purification steps. Frostegård et al. (1999) compared four differ-
ent protocols for six types of soils with varying clay and organic content. The four 
methods used were aqueous two-phase system comprising of PEG8000 and 
(NH4)2SO4 and two successive Elutip-d columns, Sephacryl S400 column purifica-
tion followed by Elutip-d column and Sephacryl S200 column purification followed 
by Elutip-d column. Solvent extraction involving two-phase system gave 56–80% 
recoveries. A comparison of four purification methods was reported by Miller et al. 
(1999) using only a single Spinbind column, combining gel electrophoresis with 
Spinbind column, Sephadex G200 column, and finally ammonium acetate precipi-
tation. Only with the gel electrophoresis with Spinbind and Sephadex G200 column 
purification PCR amplification could be performed. The remaining humic acid con-
tent was advised to be removed by conjunction with CTAB purification step. Harry 
et al. (1999) made a comparison between different types of chromatography (gel 
exclusion, resin, and silica gel membrane) with gel electrophoresis (polyacrylamide 
and agarose). Also the combined methodology of using two minicolumns (silica gel 
and resin) and gel electrophoresis with silica gel minicolumn was evaluated. 
Electrophoresis followed by silica gel electrophoresis yielded best recovery even of 
the RNA fraction.

For the precipitation of nucleic acid, ethanol, isopropanol, and PEG-8000 can be 
used (Ogram et al. 1987; Porteous et al. 1997). PEG or isopropanol tends to decrease 
the sample volume (0.54 volume of isopropanol/PEG to 2 volumes of ethanol). 
Porteous et al. (1997) demonstrated that precipitation using alcohol favored the co- 
extraction of humic acid, whereas there was reduction in the co-extraction of humic 
acid with PEG. However, PEG can interfere with PCR; therefore, it needs to be 
removed by phenol extraction, thereby lowering the yields (Roose-Amsaleg et al. 
2001). The purification strategies have now evolved as more studies have come up 
including RNA as marker. Many of these studies have also been used for co- 
extraction (Harry et al. 1999). However, the instability of RNA fraction reduces its 
occurrence in the final nucleic acid fraction.
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7.4  Extraction of RNA and Co-extraction

RNA can specifically target the active participants of the soil microbial community. 
mRNA can provide us valuable information regarding the functional aspects of the 
soil community, but it is usually short lived. rRNA is much more stable because it 
tends to form secondary structures together with being stabilized with ribosomal 
proteins; thus a picture of dominant active population can be acquired from 
rRNA. Both mRNA and rRNA can be converted to cDNA which is a much more 
stable form. Extraction of RNA fraction including both mRNA and rRNA is a 
tedious process. As evident from the above sections, isolation of DNA is complexed 
by the presence of soil organics reducing yields and purity. The ubiquitous presence 
of RNases in the soil is an additional consideration, which hampers the extraction 
process when trying to extract RNA (Ogram et al. 1995; Saleh-Lakha et al. 2005). 
Extraction of only the RNA fraction has been documented in several studies (Moran 
et al. 1993; Filske et al. 1996; Miskin et al. 1999). Studies for the co-extraction of 
RNA and DNA have also gained momentum (Griffiths et al. 2000; Hurt et al. 2001; 
Costa et al. 2004; Peršoh et al. 2008; Mcllroy et al. 2009; Towe et al. 2011; Sharma 
et al. 2012). Different extraction procedures develop a bias if the gene abundances 
are linked to transcript rates; the co-extraction of DNA and RNA removes this bias 
(Towe et  al. 2011). Various studies enlisted use different methods. Felske et  al. 
(1996) involved mechanical lysis with centrifugation to prevent extraction of humic 
acid and further used PVP with BSA to remove residual humic acid. Moran et al. 
(1993) employed chemical enzymatic lysis using lysozyme phenol hot direct lysis 
method coupled with Sephadex G75 column to negate the co-extraction of humic 
acid in the extraction of RNA from soil. Miskin et al. (1999) used an indirect lysis 
extraction method with sodium phosphate, lysozyme, β-mercaptoethanol, and SDS 
in the extraction buffer followed by precipitation of nucleic acid with PEG. Duarte 
et al. (1998) modified the strategy of Ogram et al. (1995) of indirect lysis coupling 
with a Sephadex G75 column for the removal of humic acid. Griffiths et al. (2000) 
used a direct lysis bead-beating method with CTAB, NaCl, and potassium phos-
phate buffer using PEG for precipitation of nucleic acid. Peršoh et al. (2008) and 
Fang et al. (2014) employed aluminum sulfate {Al2(SO4)3} for flocculation of humic 
acid prior to lysis, whereas Braid et al. (2003) used ammonium aluminum sulfate 
AlNH4(SO4)2. Sagova-Mareckova et al. (2008) compared seven different methods 
with 14 types of soils with variation in pH, moisture, bedrock, vegetation, texture, 
organic matter, and salinity. The innovative method involved modifications to the 
approach of Miller et al. (1999) along with the pretreatment of CaCO3 and purifica-
tion by CaCl2. Towe et al. (2011) used a similar protocol as Griffiths et al. (2000) but 
with addition of β-mercaptoethanol to deactivate native DNases and RNase present 
in the soil during lysis and used silica-based columns to separate DNA and RNA 
fractions. Sharma et al. (2012) improved the protocol by Griffiths et al. (2000) by 
addition of PVP along with CTAB-NaCl in lysis and doubling the bead-beating step 
for better extraction of nucleic acid, followed by precipitation of nucleic acid using 
PEG on ice. With increasing number of researchers interested not only in gene 
abundance but also in transcript analysis using qRT-PCR, we would see the advent 
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of newer, sturdy protocols for RNA extraction. Nevertheless, the present protocols 
have substantial success in isolation of RNA (mRNA and rRNA), some of which are 
enlisted in Table 7.4.

7.5  Conclusion

The extraction of nucleic acid from soil is a process of constant optimization and 
standardization for different soil types. The major focus should be on the removal of 
contaminants, mainly soil organic content which reduces yield and interferes with 
the downstream applications. From the choice of cell lysis to the purification steps, 
nucleic acid extraction from soil aims for better yield and purity with enhanced 
representation of the target community. Majority of the extraction procedures focus 
on the DNA extraction; however, studies pertaining to the extraction of RNA as well 
as co-extraction of DNA and RNA have gained momentum. Studies utilizing RNA 
fraction for transcriptomic studies have increased due to developments in the extrac-
tion procedures. As efficient extraction procedures evolve, we would have deeper 
insight into the field of microbial ecology and plant-microbe interactions in a plant’s 
rhizosphere.
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8Plant–Fungi Association: Role of Fungal 
Endophytes in Improving Plant 
Tolerance to Water Stress

Khondoker M.G. Dastogeer and Stephen J. Wylie

Abstract
Plants are constantly being challenged with various biotic and abiotic stresses 
throughout their life cycle that exert profound deleterious effects on growth, 
development and health. Plants employ various physiological, biochemical and 
molecular mechanisms to combat these stress factors. Microorganism-mediated 
plant stress tolerance, particularly plant drought tolerance, is important in the 
study of plant–microbe interactions. Although relatively less well-known, fun-
gal endophyte-mediated plant drought tolerance has been described for several 
cases. Unlike mycorrhizal fungi, non-mycorrhizal fungi may mediate the effects 
of water stress by adjusting, regulating or modifying plant physiological, bio-
chemical and metabolic activities. We review the evidence for fungal endophyte- 
mediated plant drought tolerance and mechanisms.
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8.1  Introduction

Abiotic stress tolerance plays a vital role in determining crop productivity and dis-
tribution of plant species across the environment (Boyer 1982; Chaves et al. 2003). 
Environmental stresses such as drought, extreme temperatures, salinity or chemical 
toxicity bring serious consequences to crop production, causing collectively more 
than 50% yield losses worldwide (Bray et al. 2000; Wang and Frei 2011). Due to 
global climate change, abiotic stresses are expected to become more widespread in 
the coming decades and will pose serious threats to global food security (Ashmore 
et  al. 2006; Battisti and Naylor 2009). Among the environmental stresses, water 
stress commonly, known as ‘drought’, is considered as one of the major challenges 
to crop production worldwide (Yue et al. 2006; IPCC 2007). If the crop is subjected 
to stress, particularly drought during its  early stage of growth, germination and 
seedling establishment are severely arrested mainly owing to low water uptake, low 
energy supply and hindered enzyme functions (Okcu et al. 2005; Taiz and Zeiger 
2010). The crop phenology is also affected by triggering a premature shifting of 
plant development from the vegetative stage to reproductive stage. This shortens the 
crop growth cycle (Desclaux and Roumet 1996). Moreover, all major attributes of 
plant–water relations, viz. leaf relative water contents (RWC), water potential, 
osmotic potential, pressure potential and transpiration rate, are significantly affected 
by drought, leading to impaired crop productivity (Kirkham 2005). Improving plant 
resistance to water stress and maintaining crop productivity are great challenges for 
achieving sustainable agriculture. Given the importance of drought stress to agricul-
ture, plant reactions to stresses have been studied extensively. Such studies have 
added considerably to our understanding of plant response to stress at the whole- 
plant, morphological, physiological, cellular and molecular levels (Grover et  al. 
2001). Considerable research has been done to understand the mechanisms of abi-
otic stress responses in a wide variety of model and crop plant species. Now scien-
tists are recognising that microbial partnerships are a ubiquitous part of plant 
biology. The presence and roles of microbes in plants are becoming clearer with 
high-throughput technologies such as genomics, functional genomics, proteomics 
and metabolomics. Plants form various associations with diverse kinds of microor-
ganisms such as fungi, bacteria, viruses, archaea, protozoa, etc, and the form rela-
tionships ranging from mutualism to pathogenicity. One such interaction is the 
association of plants with fungal endophytes, which have been recorded from most 
plants studied in natural ecosystems. Fungal endophytes remain inside plant tissues 
without showing any disease symptoms (Rodriguez et al. 2009; Purahong and Hyde 
2011). Besides mycorrhizal endophytes, non-mycorrhizal endophytes have been 
recovered from most plants. Non-mycorrhizal fungal endophytes (hereafter referred 
to as endophytes) form an intimate relationship with the host and provide various 
benefits including protection from drought stress (Lewis and Clements 1986; 
Rodriguez et  al. 2004; Malinowski et  al. 2004; Malinowski and Belesky 2006; 
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Zabalgogeazcoa 2008). Endophyte-mediated drought tolerance is associated with 
improving growth and productivity of the host. Endophytes also improve osmolyte 
production; influence plant–water relations and photosynthesis; adjust plant water 
potential, electrolyte balance, antioxidant synthesis and other structural and func-
tional parameters; and thus enhance the plant’s ability to tolerate stresses. This 
chapter presents an outline of the main studies in the area of water deficit stress 
responses in plants mediated by non-mycorrhizal fungal endophytes.

8.2  Plant Strategies to Withstand Water Stress

The underlying mechanisms of how plants respond to drought stress have been 
explored to a great extent from molecular to whole-plant levels. Researchers have 
identified hundreds of genes that are activated in plants in response to stress. A vari-
ety of tools including gene expression patterns and the use of transgenic plants has 
been developed to investigate the particular roles of these genes in plant responses 
to stress. Transgenic technologies and the advent of genomics and proteomics have 
offered a comprehensive profiling of the changes in gene and protein expression 
resulting from exposure to drought.

Plant reactions to water deficit stress are complicated since it is a function of time 
and space, and it involves multifaceted mechanisms from genomic, molecular and 
biochemical levels (Blum 1996; Chaves et al. 2003; Xu et al. 2009). Plants use dif-
ferent mechanisms to cope with the stress, and the way a  plant behaves under 
drought can be explained by the following six broad stategies:

 1. Escaping from drought by terminating plant life cycle prior to onset of severe 
stress, e.g. early flowering in annuals before the start of water deficit (Geber and 
Dawson 1990)

 2. Drought avoidance through increasing water uptake and reducing water loss, e.g. 
developing root systems and reducing of stomata and canopy area (Schulze 
1986; Jackson et al. 2000)

 3. Drought tolerance chiefly through maintaining better osmotic balance and 
expanding elasticity of the cell wall to keep the tissue turgid (Morgan 1984)

 4. Drought resistance via changing metabolic routes to thrive under stress condition 
(e.g. greater antioxidant metabolism) (Bartoli et al. 1999)

 5. Drought abandonment by shedding one or more plant organ, e.g. detaching older 
foliage during drought (Chaves et al. 2003)

 6. Drought-adapted physio-biochemical characters developed through plant 
evolution under long-term drought conditions via mutation and modifications at 
the genomic level (Hoffmann and Merilä 1999; Sherrard et al. 2009; Maherali 
et al. 2010)
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8.3  Plant–Microbe Interactions and Drought Tolerance 
in Plant

The interaction of microbes with the plant can be traced back to the origin of plants. 
The early evolution of plants occurred in a diverse microbial world. Archaea, bacte-
ria, fungi, and viruses had been evolving for billions of years (Reid and Greene 
2012). The most well-known plant–microbe interaction is the mutualism between 
mycorrhizal fungi and plant where both partners generally benefit from each other. 
However, under natural settings, plants form relationships with endophytic fungi 
and viruses which can be beneficial or harmful for the partners depending on host 
types and natural and environmental situations (Bao and Roossinck 2013). Plants in 
natural systems and crop lands are simultaneously exposed to both biotic and abi-
otic stresses. Though stress research is mostly focusing on plant response to a par-
ticular environmental stress, research focusing to both biotic and abiotic stresses 
together has also been conducted (Xu et al. 2008; Garrett et al. 2006). Unravelling 
the complex mechanisms of plant–microbe relations and their effects in abiotic 
stress tolerance in plants could potentially advocate novel tactics to boost the pro-
ductivity of crops (Schenk et al. 2012).

8.3.1  What Are Fungal Endophytes?

The term ‘endophyte’ refers to the fungi that live inside the plant intercellular and 
intracellular spaces for at least part of life cycle, causing no concurrent visible 
symptoms at any specific moment (Rodriguez et  al. 2009; Purahong and Hyde 
2011). This definition of endophyte is strictly operational and contextual since it 
takes into account the result of a specific fungus–host interaction only in a given 
time under the particular environmental settings, because symptomless endophytes 
can behave differently (e.g. as pathogens) under altered environmental conditions 
(Andrew et al. 2012; Sanchez-Marquez et al. 2012). The existence of fungal endo-
phytes from fossil records suggests that endophyte–host associations may have 
evolved from the time of development of first higher plants on earth (Rodriguez and 
Redman 1997; Krings et  al. 2012). Based on the survey conducted in the last 
20 years on endophytes, it is thought that the majority, if not all plants, have one or 
more types of these endophytes and numerous endophytic species; in some cases, 
above a hundred can be found in a certain plant species (Arnold 2007). Fungal 
endophytes have been documented from healthy aerial tissues of conifers (Petrini 
and Fisher 1986) and grasses (Clay 1988). Further, fungal endophytes have also 
been reported from marine algae (Hawksworth 1988), lichens (Li et  al. 2007), 
mosses and ferns (Fisher 1996), palms (Frohlich and Hyde 1999) and pteridophytes 
(Dhargalkar and Bhat 2009). Fungal endophytes can be grouped into three basic 
ecological groups: (1) mycorrhizal fungi, (2) balancious or ‘grass endophytes’ and 
(3) non-balancious endophytes (Schulz and Boyle 2005). However, Brundrett 
(2004) separated mycorrhizal from endophytic interactions in that mycorrhizas 
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have coordinated plant–fungus development and nutrient transfer at specialized 
interfaces. Later, Rodriguez et al. (2009) classified the endophytes under two major 
groups, viz. clavicipitaceous and non-clavicipitaceous on the basis of phylogeny 
and life history traits. Clavicipitaceous fungal endophytes are limited to certain 
grasses, while non-clavicipitaceous ones have a broad host range including both 
nonvascular and vascular plant species. In addition, recent reviews propose that 
members of the non-clavicipitaceous group can be segregated into three subgroups 
on the basis of host range, type of tissue infected, pattern spread, in planta infection 
and the establishment, diversity and benefits given to hosts (Rodriguez et al. 2009; 
Purahong and Hyde 2011). A diverse kind of relationships exists between the fungal 
endophytes and plant ranging from mutualistic (Redman et al. 2002), symbiotic and 
commensal (Deckert et al. 2001) to pathogens (Schulz et al. 1998). However, the 
state of the interaction between endophyte and host may be transitory, and many 
factors could make changes in their mode of interaction. In symbiotic associations, 
balansiaceous endophytes with their hosts are commonly considered as being mutu-
alistic (Schardl and Clay 1997) even though some of them provide nothing to their 
hosts and can occasionally be antagonistic (Schardl et al. 2004a). Although most of 
the endophytes are regarded as being mutualistic with their hosts, some fungal 
endophytes may become pathogenic to plants, depending on the developmental 
stage of the partners, environmental conditions and plant defence reactions (Schulz 
and Boyle 2005). Endophytic fungi have been known to play a vital role in plant 
growth, especially grasses; however, few reports have elucidated their symbiosis 
with crops. Recently, the ecological roles of some endophytes have been explained 
(Redman et al. 2001; Waller et al. 2005; Arnold et al. 2007). In addition to providing 
nutritional benefits, fungal endophytes also confer significant physiological 
(Malinowski and Belesky 2000; Malinowski et al. 2004) and ecological (Malinowski 
and Belesky 2006) benefits, including protection from environmental stress 
(Rodriguez et al. 2004) as well as from an attack of pathogens (Zabalgogeazcoa 
2008) and pests (Lewis and Clements 1986).

8.3.2  Mechanisms of Endophyte-Mediated Plant Drought 
Tolerance

Fungal endophytes have been shown to provide fitness benefit to plant when exposed 
to water-limiting conditions. Perhaps the most widely documented example of 
endophyte-mediated drought stress tolerance in plants is the enhanced drought tol-
erance of tall fescue and perennial ryegrass due to infection of the endophyte 
Neotyphodium coenophialum. Kane (2011) studied with the leaf-inhabiting endo-
phyte Neotyphodium lolii to assess its potential benefits or harm in drought stress 
tolerance of native perennial ryegrass collections formerly obtained from the 
Mediterranean regions. Non-grass fungal endophytes have also been described to 
help plants alleviate drought stress (Redman et al. 2011; Khan et al. 2012; Waqas 
et  al. 2012). The findings showed that endophyte colonization can help improve 
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abiotic stress tolerance such as drought in that host. It must be noted that endophytic 
symbiosis in plants does not always benefit the plant under drought or other abiotic 
stress conditions, and their interactions could cost for plants in terms of their ability 
to stand in stresses (Eerens et al. 1998; Cheplick et al. 2000; Cheplick 2004, 2006). 
Cheplick (2006) reviewed the role of fungal endophytes on potential drought 
tolerance and cited some studies where endophytes imparted no improvement in the 
host’s ability to tolerate drought stress. For instance, Zaurov et al. (2001) inoculated 
fescue plants with Neotyphodium isolates collected from dissimilar hosts. They 
observed that some genotypic combinations affected negatively on plant mass, 
some had no effect and others increased plant biomass. Similarly, few combinations 
improved tolerance to soil aluminium; others have neutral or decreased tolerance 
compared to endophyte-free clones. This study revealed that genotype-specific 
interactions may increase or decrease or have no effect on plant adaptation and fit-
ness. Thus, endophyte-mediated response to water stress is a complex phenomenon 
involving various metabolites and metabolic pathways. While the ability of fungal 
endophytes to provide drought tolerance in host plants has been described in many 
studies, the underlying mechanism(s) are incompletely characterized. In an effort to 
illuminate the underlying mechanism by which endophyte causes increased drought 
tolerance, researchers have reported few observations. Research so far studying the 
effect of endophyte on plant responses to drought stress have described certain 
physiological, biological and biochemical modifications such as (a) increased 
growth and development, (b) enhanced osmotic balance, (c) increased gaseous 
exchange and water-use efficiency and (d) improved defence against oxidative 
damage when water-limiting conditions may improve, alleviate and recompense the 
harmful effects of water stress in endophyte-colonized (EC) plants (Fig. 8.1). The 
present chapter aimed at outlining the recent advances in the study of improvement 
of drought tolerance by endophyte colonization in plant subjected to water stress.

8.3.2.1  Endophyte-Mediated Plant Growth Enhancement
Fungal endophytes have been shown to enhance growth and biomass of plants under 
water-limiting conditions. For example, inoculation of Fusarium culmorum and 
Curvularia protuberata resulted in higher biomass of drought-affected rice plants 
than non-inoculated plants (Redman et al. 2011). Endophytes Chaetomium globo-
sum and Penicillium resedanum isolated from Capsicum annuum plants promoted 
shoot length and biomass of the host plants subjected to drought stress (Khan et al. 
2012; Khan et al. 2014). Drought-challenged tomato plants showed higher root and 
shoot biomass when inoculated with class 2 fungal endophytes, including Alternaria 
sp. and Trichoderma harzianum (Azad and Kaminskyj 2016). Inoculating a 
Trichoderma hamatum isolate caused increased higher root fresh weight, dry weight 
and water content, regardless of water availability in Theobroma cacao (cacao) 
(Bae et al. 2009). The endophyte Piriformospora indica colonization in Chinese 
cabbage promoted root and shoot growth and lateral root development (Sun et al. 
2010). Production of auxins by fungal endophytes is attributed to the increased 
growth of plants under stress (De Battista et al. 1990). Also, stress-induced endog-
enous abscisic acid and the genes involved, such as zeaxanthin epoxidase, 
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9-cis- epoxycarotenoid dioxygenase 3 and ABA aldehyde oxidase 3, have been 
found to be significantly decreased in endophyte-colonized plants under stress, the 
effect of which could be comparable to that of the exogenous GA3 in terms of pro-
moting plant growth and yield under stressed conditions by manipulating hosts’ 
physiological processes (Khan et al. 2014). However, in some cases, it was recorded 
that endophytes do not show positive effects on host growth during drought stress, 
but they help with rapid recovery of host plant after water became available again 
(Ren and Clay 2008).

8.3.2.2  Endophyte-Mediated Improved Photosynthesis
Moisture stress causes decreased levels of photosynthesis in plants through 
decreased synthesis of ATP and other enzymes such as rubisco and sucrose–phos-
phate synthase as water availability decreases (Vassey and Sharkey 1989; Flexas 
and Medrano 2002; Parry et al. 2002; Ghannoum et al. 2003). Plant tolerance to 
water stress involves the management of extra radiation caused by reduced photo-
synthesis and CO2 availability and a greater susceptibility to photo-damage (Powles 
1984; Chaves et al. 2003). The endophyte-colonization results in higher chlorophyll 
content and leaf area in plants challenged by stress than non-colonized plant. Higher 
concentration of chlorophyll is associated with higher photosynthetic rate (Davies 
et al. 1993). The increased rate of photosynthesis was recorded from the drought- 
stressed Capsicum annuum plants colonized by endophytes Chaetomium globosum 
(Khan et al. 2012) and Penicillium resedanum (Khan et al. 2014). About twofold 

Fig. 8.1 Endophyte colonization can help plants better withstand in water deficit stress by exerting 
their effects, directly or indirectly, on plant functions at both above- and belowground. The plant on 
the left side which represents a drought-stressed non-colonized plant shows reduced growth and 
biomass due to lower photosynthetic rate, higher amount of oxidative damage, reduced uptake water 
and unbalanced osmoregulation. On the right side, a fungal endophyte-colonized plant under water 
deprivation stress is shown. Endophyte colonization shows increased growth and biomass due to 
enhanced photosynthetic rate, increased water-use efficiency and better osmotic balance. There is 
higher accumulation of osmolytes and lower degree of oxidative damage in the EC plants
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increase in chlorophyll content and photosynthetic efficiency in P. indica-colonized 
Arabidopsis plants was measured when seedlings were challenged with water- 
limiting conditions (Sherameti et al. 2008). P. indica reduced the drought-induced 
decline in the photosynthetic rate and the denaturation of chlorophyll and thylakoid 
proteins (Sun et  al. 2010). Although, the Fv/Fm values decreased in the non-EC 
plants under drought, no significant difference was observed for the P. indica- 
colonized plants indicating that EC plants suffer less from water stress than un- 
inoculated controls. In the same study, the total chlorophyll level was reported to be 
reduced by more than 50% in non-EC plant, but colonized plants showed only a 
slight decrease in total chlorophyll content (Sun et al. 2010). Additionally, a decrease 
in the protein levels of representative constituents of the thylakoid membrane and of 
enzymes situated in the plastid stroma in stressed plants was retarded when colo-
nized with P. indica (Sun et al. 2010). Recently, Azad and Kaminskyj (2016) char-
acterized a fungal endophyte that enhanced drought tolerance of the host and 
increased photosynthesis in the leaf. The mechanism of increased photosynthesis in 
EC plant under water stress is not fully understood. In one study, it was found that 
while the photosynthesis rate and stomatal conductance increased in drought- 
affected EC plants, initial rubisco activity and carboxylation efficiency did not dif-
fer from non-EC plants (Morse et  al. 2002). It was suggested that endophyte 
colonization might result in reduced biochemical damage to the photosynthetic 
machinery plants subjected to water stress (Swarthout et al. 2009).

8.3.2.3  Plant–Water Relation and Osmotic Adjustment as Mediated 
by Endophyte

In the broad sense, decreasing water loss and maintaining water uptake are the key 
processes that plants employ to adapt to water-limiting environments. Maintaining 
water uptake is assisted within plant cells by osmotic adjustment (OA), a biochemi-
cal mechanism that helps plants to adapt to drought conditions. OA results in a net 
accrual of compatible solutes, also known as osmolytes in the cell so as to maintain 
the favourable gradient for water flow from soil into roots (Sanders and Arndt 2012). 
This accumulation of various ions, amino acids and sugars leads to a more negative 
osmotic potential, which is important for maintaining cell hydration and turgor, cel-
lular development and growth, stomatal opening, photosynthesis and water uptake 
during drought (Chaves et al. 2003; Sanders and Arndt 2012). Endophyte-colonized 
plants consume significantly less water than non-colonized plants. For example, 
significantly less water use has been reported in endophyte-inoculated panic grass, 
rice, tomato and dune grass, indicative of their more efficient water usage. Reduced 
water consumption and improved water-use efficiency may offer a distinctive mech-
anism for endophyte-mediated drought resistance in plants (Rodriguez et al. 2008). 
Again, EC plants can maintain significantly greater water content than the non- 
inoculated under water stress, implying the ability of endophytes to delay desicca-
tion and damage in stress. The endophyte association could help plant access larger 
volumes of water from sources not reachable to the non-infected plants which suf-
fered from stress (Khan et al. 2013). Endophyte association resulted in a decreased 
level of electrolytic leakage inside the plant tissues upon exposure to water deficit 
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stress. Altered water potential and improved osmotic balance in drought-affected 
tall fescue infected with N. coenophialum endophyte have also been noted in some 
studies (Elmi and West 1995). Increased root water content was reported from T. 
hamatum-inoculated T. cacao plant subjected to water deficit stress compared to 
non-inoculated plants (Bae et al. 2009). A number of fungal endophytes have been 
reported to produce active biochemicals and metabolites that help the host plant 
withstand water deficit stress. Under drought conditions, significantly upregulation 
of free glucose, fructose, trehalose, sugar alcohols, proline and glutamic acid was 
detected in shoots and roots in tall fescue colonized by Neotyphodium coenophi-
alum (Nagabhyru et al. 2013). Variable levels of proline accumulation were observed 
in EC plants subjected to water stress. While significantly more proline was accu-
mulated in one genotype of tall fescue plant, no differences were observed in another 
genotype challenged with mimic drought in hydroponic culture (Bayat et al. 2009) 
when inoculated with Neotyphodium grass endophyte. Increased level of proline, 
soluble sugar and catalase (CAT) was observed in wheat colonized by endophyte 
Chaetomium globosum under water stress (Cong et  al. 2015). Concentrations of 
aspartic acid and glutamic acid and of alanine and γ-aminobutyric acid were mea-
sured in drought-affected Theobroma cacao seedlings colonized by an isolate of 
Trichoderma hamatum (Bae et  al. 2009). The changes in metabolites could be 
attributed to the strategies of EC plants towards drought tolerance or avoidance. 
Downregulation in osmolytes has previously been described as a strategy of drought 
avoidance, whereas the increase of osmoprotectants has been related to drought 
tolerance (Augé and Moore 2005; Ruiz-Sánchez et al. 2010).

8.3.2.4  Endophyte-Mediated ROS Scavenging
Reactive oxygen species (ROS) act as signalling molecules in plants. ROS is 
involved in many plant processes, including growth, stress response, cell cycle and 
programmed cell death by influencing the expression of related genes. Abiotic 
stresses cause excess synthesis of these highly reactive molecules, these ROS caus-
ing oxidative stress and damaging proteins, lipids and DNA (Gechev et al. 2006; 
Gill and Tuteja 2010). Manufacturing additional ROS, i.e. hydrogen peroxide 
(H2O2), hydroxyl radical (OH.), singlet oxygen and superoxides (1O2), is one of the 
main mechanisms for plant cell damage or death in drought (Smirnoff 1993). Plants 
react against excess ROS through an intricate network of direct ROS-quenching 
activity or indirect hormone-mediated signalling activity. Various enzymatic and 
non-enzymatic antioxidant molecules are involved in scavenging ROS (revised in 
Miller et al. 2010; Scheibe and Beck 2011). Malfunctioning of these antioxidants’ 
defence system results in oxidative damage in cells (Apel and Hirt 2004; Kwak 
et al. 2006). Endophyte colonization simulates a more powerful ROS-scavenging 
system in host plants under stress and reduces damage of biomolecules at the cel-
lular level. For instance, a lower level ROS production has been documented in 
endophyte-colonized tomato plants than in control plants following water stress 
(Azad and Kaminskyj 2016). When plants were inoculated with P. indica and 
exposed to drought stress, up-regulation of peroxidase (POX), catalase (CAT) and 
superoxide dismutase (SOD) activities in the leaves was observed (Sun et al. 2010). 
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The level of another biomarker of oxidative stress, namely, malondialdehyde 
(MDA), was recorded to be lower in P. indica-colonized cabbage plants than in 
control plants. MDA is primarily produced through the ROS-induced degradation of 
polyunsaturated lipids (Pryor and Stanley 1975; Del Rio et al. 2005). It is suggested 
that P. indica could prevent or reduce the damage of these lipids by inhibiting excess 
ROS production under stress conditions. Endophytes that promote drought toler-
ance have also been found to have high levels of loline alkaloids (Schardl et  al. 
2004b). Further experiments could test if these molecules are associated with the 
prevention of damage of macromolecules or reduction of ROS effects. Endophyte- 
induced production of antioxidant enzyme in plants under stress is predominantly 
observed in leaves (Baltruschat et al. 2008; Vadassery et al. 2009). All these studies 
demonstrate that endophyte inoculation results in a strong defence response in plant 
in water stress, in which alleviation of oxidative stress might be a vital part. The 
study of nonvolatile compounds has been the major focus in most plant antioxidant 
research. However, plant leaves emitting volatile organic compounds could also 
play as a further defence system against stresses (Kesselmeier and Staudt 1999; 
Peñuelas and Munné-Bosch 2005). The effect of volatile compounds such as iso-
prenoids has been described, where these compounds act as protective agent against 
oxidative stress in plant through direct ROS scavenging and indirect alteration of 
ROS signalling in arbuscular mycorrhizal plants (Peñuelas and Munné-Bosch 2005; 
Rapparini et al. 2008; Lopez-Ráez et al. 2008; Vickers et al. 2009; Walter and Strack 
2011; Asensio et  al. 2012; Baslam and Goicoechea 2012). Endophyte-colonized 
plants could emit similar volatile organic compounds to cope with abiotic stress, but 
this aspect of the research has not been done till date. Further investigation is neces-
sary to have the information on the fungal side as well as the knowledge of the 
fungal/plant interaction is paramount to elucidate underlying mechanisms regulat-
ing antioxidant defences that are crucial to improve the tolerance of plants to drought 
stress.

8.3.2.5  Molecular Mechanisms of Endophyte-Mediated Plant 
Drought Tolerance

Studies on the beneficial effects of endophyte symbiosis under drought have pre-
dominantly focused at the plant morpho-physiological level. Molecular tools have 
also been included in this type of studies. The responses of EC plants to stress can 
be regulated by the expression of drought-associated plant genes, e.g. those associ-
ated with signalling and regulatory pathways or those producing enzymes that syn-
thesize various metabolic compounds. It was noted that, under drought conditions, 
EC and non-EC plants differently regulate the expression of several drought genes 
in the plant tissue, indicating the association of activation of Ca2P signalling and 
related proteins (Singh et al., 2011) involved in the drought tolerance mechanisms. 
Among the genes regulated by the endophyte symbiosis during drought, delayed 
expression of drought-altered ESTs such as TcTPP, TcSOT, TcPR5 and TcNI in the 
leaves and TcPR5 and TcCESA3 in the roots has been described (Bae et al. 2009). 
Again, the expression a diverse array of stress-related genes, including 29A, 
ANAC072, DEHYDRATION-FINGER1, Ddelta, CBL1, HAT, etc. putatively 
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mediate drought tolerance of Arabidopsis plants inoculated with P. indica (Sherameti 
et al. 2008). Similarly, up-regulation of drought-associated genes DREB2A, CBL1, 
ANAC072 and RD29A was also reported in the drought-challenged leaves of P. 
indica-colonized Chinese cabbage plants. The contribution of endophyte to the 
enhanced drought tolerance of the host plant can be mediated by CAS protein and 
the thylakoid membrane CAS mRNA level associated with Ca2+ sensing regulator 
(Sun et  al. 2010). Further research could encompass non-targeted screening of 
cDNA libraries from both endophyte and host plants. Such an approach could allow 
the detection of stress-induced genes that offer increased stress tolerance in 
endophyte- colonized hosts. Employing microarrays and next-generation sequenc-
ing technologies to elucidate stress tolerance mechanisms (physiological and 
molecular) involved in endophyte colonization will be used to compare EC and 
non-EC plants of the same host genotype.

8.4  Future Directions

Studies indicate that fungal endophytes occur in most plant species studied so far. 
Endophytes that exhibit non-mutualistic lifestyles in particular hosts may form 
mutualistic symbioses with genetically dissimilar plant species and confer stress 
tolerance. If this is true for all the endophytes, it may be promising to isolate endo-
phytes from the plant living in harsh environments and exploit their role in geneti-
cally different stress-sensitive plant species. To achieve this, identification of novel 
endophytes from plant of diverse habitat and genotypes is paramount since it is 
assumed that many endophytes have not yet been identified, and the ecological 
functions have not been thoroughly studied. The effects of endophytes in improving 
of drought stress on plants have typically been investigated using pot cultures under 
greenhouse or growth chamber conditions where interactions between the partners 
were studied in a controlled manner. However, under natural conditions, endophyte 
colonization is affected by factors that are absent in controlled greenhouse or labo-
ratory conditions. With a view to fully comprehend the endophyte effects on plant 
stress tolerance, future research must include field trials. These investigations could 
include varying levels of stress treatment and nutrition supplement as well as at 
various geographical locations so as to reveal the effects of endophyte, stress, soil 
nutrition and their interaction effects. Promising endophyte isolates could also be 
tested with various crop species under various cropping practices that resembles 
those used by growers. The proportion of fungal endophytes capable of forming an 
effective symbiosis with the host under drought stress and enhance tolerance is gen-
erally unknown. A thorough investigation of endophyte colonization of various 
plants and extensive screening of endophyte isolates to select the most promising 
ones is the first step towards utilizing their full potential. Morphologically, similar 
strains of the same fungal species can have differential roles on host growth and 
development as influenced by temperature, pH, water, nutrient availability and other 
factors (Picone 2003). Such conditional phenomena demand that beneficial endo-
phyte isolates may need to be tested with various host genotypes and local 
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agroecosystem settings. Again, most studies have been taken place on the plant side, 
but efforts should be made to study the effect on the endophyte side and how they 
function at the different circumstances. Therefore, mutants of both partners will be 
valuable tools to elucidate the fundamental processes involved. Combined efforts 
where various disciplines as plant physiology, ecology, mycology, biochemistry, 
molecular biology and biotechnology could meet together are still needed. These 
investigations should also be united with a thorough analysis of the transmission of 
this knowledge to natural environments, considering the fact that knowledge of the 
roles endophytic fungi play in ecosystems is important as parts of the earth are 
warm and dry.

8.5  Concluding Notes

In nature, plants do not live as independent entities, but form a complex commu-
nity with diverse organisms including microbes. These organisms, in particular, fun-
gal endophytes, provide significant advantage to the plants that grow in inhospitable 
environments. From the studies reviewed in this chapter, it is evident that endophyte 
colonization can significantly improve plant drought stress tolerance. We focused 
our review on plant growth, photosynthesis, osmotic balance, water relation, meta-
bolic changes and antioxidant production. All these parameters are interrelated and 
will influence each other, especially at the plant physiological level. How endo-
phytic fungi affect these parameters under drought is still unclear. Molecular 
approaches will help elucidate the whole response of plant–endophyte interactions 
at different levels. Further, in-depth investigation involving a combination of 
approaches, including physiological, biochemical and molecular data and ‘omics’ 
techniques, will clarify the interrelated molecular mechanisms and novel metabolic 
pathways of endophyte-mediated plant drought tolerance.
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9Root-Associated Bacteria: Rhizoplane 
and Endosphere
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Prahalad Kumar, and Ravindra Soni

Abstract
Root-associated microbiota, primarily from the region of rhizoplane and endo-
sphere, have an influential role for promoting plant growth and development. 
These microbial communities either directly or indirectly affect the root and sub-
sequently the whole plant. However, several studies have been conducted to 
explore the hidden bacterial world found in rhizoplane and endosphere through 
several novel techniques for determining their role in enhancing plant growth. In 
the following sections of this chapter, we are going to discuss the present status 
of root-associated microbial research.

Keywords
Rhizosphere • Rhizoplane • Endosphere • Bacteria

9.1  Introduction

Microbiota in and around the plant roots are significantly influenced by biophysical 
and biogeochemical properties of rhizosphere (Hinsinger et al. 2009). It is expected 
that plant identity can make up these root-associated microbial communities, but 
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studies have assessed how the diversity of root microbiota varies with plant diver-
sity growing under native habitats (Aleklett et al. 2015). Based on the area of colo-
nization, bacteria associated with plants are grouped into associative bacteria that 
include communities present in the rhizosphere (in the surrounding area of root) and 
in rhizoplane (on root surface) and endosphere (Fig.  9.1). Steep competition is 
observed between roots of adjacent plants for three basic things, i.e., space, water, 
and nutrients along with soil microorganisms including bacteria and fungi that 
thrive on organic material for their source of energy (Ryan and Delhaize 2001).

If we talk about the microbiota associated with roots only, then the root has two 
separate niches, i.e., rhizoplane and endosphere. Rhizoplane harbors diverse group 
of microbes that are attached on the surface of the root, while at the same time, 
microbes residing inside the root comes under endosphere (Hacquard et al. 2015). 
Further, the implications of root–microbe interactions in agriculture (Schlaeppi and 
Bulgarelli 2015) and for the ecology of plants (Lau and Lennon 2011, 2012; Wagner 
et  al. 2014) have stimulated great interest in the area that shape root-associated 
microbiota. Our discussion in the sections to come would highlight the successive 
changes and views of scientific groups in these frontier areas of root-associated 
microbiota, i.e., rhizoplane and endosphere microbiology.

Fig. 9.1 Different root-soil compartments where microbes, generally, make their association with 
plant
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9.2  Rhizoplane

Rhizoplane is the part of conversion where soil particles along with bacterial and 
fungal hyphae adhere to the epidermal and cortical layers of the root (Sylvia et al. 
2005; Singer and Donald 2006). A very thin boundary is present in-between the 
rhizoplane and rhizosphere which makes it an obvious choice (Johri et al. 2003). A 
sizeable number of studies on plant communities are based on soil microbes resid-
ing in rhizosphere which are affected by plant roots (Nunan et al. 2005); few have 
investigated rhizoplane communities, as a separate ecological niche (Kowalchuk 
et al. 2002; Nunan et al. 2005). Several mechanisms of bacterial colonization are 
being put forward depending upon the type of bacteria and their colonization of host 
rhizoplane (Hardoim et al. 2008; Compant et al. 2008, 2010). Probably, the adher-
ence of bacteria to the rhizoplane, possibly, supported by biofilm formation 
(Villacieros et al. 2003; Reinhold-Hurek et al. 2015), discontinued biofilm or exten-
sive microcolonies (Villacieros et al. 2003; Maurya et al. 2014). However, Barahona 
et al. (2010) reported that the root-colonizing ability of a bacterial strain cannot be 
generally contingent from its ability of forming biofilms over abiotic surfaces under 
standard laboratory conditions. Furthermore, the microbial communities of rhizo-
plane are being influenced by several aspects except plant species, for example, the 
constituents of vegetation in the vicinity of these communities, which would also 
provide bacterial communities with their required substrate and affect other soil 
constraints such as the nutrient status of nearby soil and factors such as pH (Nunan 
et al. 2005). In addition, the microbial heterotrophic activity is invigorated by root 
exudates (Nguyen 2003) and thus there is an increased microbial O2 consumption in 
the rhizoplane.

9.2.1  Rhizoplane-Associated Bacterial Population

The epiphytic microbial communities are simultaneously most numerous as well as 
functionally most prevalent over the rhizoplane, which had various similarities to 
the surrounding bulk soils. According to Normander and Prosser (2000), rhizoplane 
bacteria have originated from soil, surrounding the rhizoplane. They have also 
found out a close resemblance in-between the degenerate gradient gel electrophore-
sis (DGCE) profiles of rhizoplane and soil as against the profiles found in the root 
tissue or on the seed, therefore indicating that the primary locus of origin of 
rhizoplane bacteria is none other than the surrounding soil. This report was also 
supported by other studies (Bulgarelli et al. 2012). Further, rhizoplane generally 
has a good amount of bacterial population. In the rhizoplane, the population den-
sities range from 105 to 107 CFU g/1 of fresh weight (Bais et al. 2006). Dibbern 
et al. (2014) revealed that most members of the β-Proteobacteria (Methylophilaceae, 
Oxalobacteraceae, Comamonadaceae), the α-Proteobacteria (Sphingomonadaceae, 
Bradyrhizobiaceae), the Gammaproteobacteria (Legionellaceae), and the 
Bacteroidetes (Sphingobacteriaceae) were mobilized, all characteristic taxa for the 
rhizoplane (rhizoplane). Whereas the 16S RDNA clone library from a microbial 
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rhizoplane community of oilseed rape was dominated by α-Proteobacteria and bac-
teria of the Cytophaga-Flavobacterium-Bacteroides (CFB) phylum, less than 17% 
of the cultured bacteria belonged to these two groups. Allocation in excess of 64% 
of the cultivated isolates was made to the γ- and γ-subclasses group of Proteobacteria 
which was present at about 14% in the clone library. Some major rhizoplane bacte-
ria comprising of Methylococcales, Pseudoalteromonadacea, Clostridium, Vibrio, 
and Desulfovibrio were found out to have the potential of affecting nutrient cycles 
(Hong et  al. 2015). Furthermore, it was observed that Bacillus, Arthrobacter, 
Listeria, and Sporolactobacillus were the predominant genera in the maize plant, 
followed by Azotobacter, Micrococcus, and Pseudomonas genera (Cavaglieri et al. 
2009). As per the investigation conducted by Bulgarelli et al. (2012), approximately 
40% of the Arabidopsis root-inhabiting, bacterial population belongs 
to  β-Proteobacteria. Recently, a novel bacterial strain designated as MRP-15T, 
belonging to the class Sphingobacteria (phylum Bacteroidetes), was isolated from 
the rhizoplane of Dioscorea japonica in South Korea, for which the name 
Chitinophaga polysaccharide sp. nov. was proposed by Han et al. (2014).

9.2.2  Role of Rhizoplane-Associated Bacteria

There is a general acceptance that rhizoplane microorganisms can influence plant 
growth (Giongo et al. 2010). With respect to plant growth, some rhizoplane micro-
organisms may be neutral or harmful, whereas other microbes support their host 
(Raaijmakers et al. 2002). It has been reported that in rhizoplane, a maximum num-
ber of salt, pH, and temperature-tolerant phosphate-solubilizing bacteria are found, 
followed by the rhizosphere and alkaline soils which are root-free (Johri et al. 1999). 
The genera Arthrobacter, Bacillus, Enterobacter, Ochrobactrum, Pontola, 
Rhodococcus, Nocardia, and Pseudoxanthomonas have been observed on the rhizo-
planes of petroleum-contaminated soils (Al-Awadhi et al. 2009). Phytoremediation 
of bitumen-contaminated soil is carried out by plant microflora present in rhizo-
plane (Muratova et  al. 2003). The rhizoplane also serves as a suitable source of 
antagonistic microorganisms for the biocontrol of soilborne phytopathogens. It is 
also evident that during in vitro interactions, antagonistic rhizoplane bacteria have 
the capability of inducing diverse morphological alterations in the phytopathogenic 
peronosporomycete hype (Deora et al. 2005; Islam et al. 2005).

9.3  Endosphere

Most of the microbes associated with plants are usually seen in rhizospheric soil 
where a fraction of them called “endophytes” are being able to infiltrate into plant 
tissues and resides within it (Brader et al. 2014; Mercado-Blanco 2015). All endo-
phytic microbial species occupying the internal spaces of a plant are commonly 
referred to as “endosphere” which includes all plant parts along with its roots (van 
Overbeek and Saikkonen 2016). Based on their dependency on plants, endophytes 
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are classified into two groups, i.e., obligate endophytes and facultative endophytes 
(Rosenblueth and Martinez-Romero 2006). However, the interactions of microbes 
with rhizosphere are different and unique in the same plant (Turner et al. 2013). 
Rosenblueth and Martınez-Romero (2006) postulated that endophytes are generally 
better able to colonize plant tissues than rhizosphere isolate.

9.3.1  Endosphere-Associated Bacterial Population

High degree of variability is seen in population densities of endophytic bacteria in 
different plant tissues ranging from few hundreds to as high as 9 × 109 bacteria per 
gram of plant tissue (Chi et  al. 2005). Mostly, throughout the α-, β-, and 
γ-Proteobacteria subgroups, endophytic species are being reported, and the latter is 
the most diverse and dominant group of them (Gottel et  al. 2011; Miliute et  al. 
2015). Bacteria belonging to genera Acidobacteria, Actinobacteria, Aquificae, 
Bacteroidetes, Cholorobi, Chloroflexi, Cyanobacteria, Deinococcus, Firmicutes, 
Fusobacteria, Thermus, Gemmatimonadetes, Nitrospira, Planctomycetes, 
Proteobacteria, Spirochaetes, and Verrucomicrobia, representing a total of 16 
phyla, are being reported as endophytes (Berg et  al. 2006; Mengoni et  al. 2009; 
Manter et al. 2010; Sessitsch et al. 2012; Kaewkla and Franco 2013). Some groups, 
such as Mycobacterium in roots, detected by molecular approach were not isolated 
by the cultivation method (Conn and Franco 2004). For exploring the bacterial gen-
era, some of the important studies which were conducted after year 2000 are sum-
marized in Table 9.1.

9.3.2  Role of Endosphere-Associated Bacteria

Endosphere microbes are known to have beneficial effects and at the same time are 
known to have deleterious effects on plant (Compant et al. 2010). Bacterial endo-
phytes are suitable for biocontrol as they colonize and share similar ecological niche 
as that of phytopathogens (Berg et al. 2005). Additionally, endophytic microbes are 
known as possible useful sources of bioactive secondary metabolites (Strobel et al. 
2004; Zhang et al. 2006) and as medicinally important agents (Silvia Firáková et al. 
2007; Huang et  al. 2008) in agriculture and industries as well (Joseph and Mini 
Priya 2011; Nair and Padmavathy 2014). A higher tolerance level for pathogens 
may occur by inducing plant defense reactions by endophytes (Zamioudis and 
Pieterse 2012). Useful applications such as phytoextraction and phytoremediation 
can be achieved by metal-resistant bacteria, isolated from the hyper-accumulator 
rhizosphere and endosphere (Andria et  al. 2009; Visioli et  al. 2015; Khan et  al. 
2015; Ma et al. 2016). Besides this, an enhancement in water retention and increase 
in biomass and leaf senescence are being carried out by endophytic microbes (Owen 
and Hundley 2004).
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Table 9.1 Root-associated (rhizoplane and endosphere) bacterial genera from different crop/
plants (studies conducted after year 2000)

Sr. No. Name of the endophytic bacteria Plant/crop
Root 
compartment References

1 Bradyrhizobium, Ensifer, 
Mesorhizobium, Burkholderia, 
Phyllobacterium, Devosia, and 
non-rhizobial bacteria

Acacia  
(Acacia 
salicina/ 
stenophylla)

Endophytes Hoque et al. 
(2011)

2 Pantoea, Serratia, Acinetobacter, 
Bacillus, Agrobacterium, and 
Burkholderia, Bradyrhizobium 
elkanii, B. japonicum, 
Enterobacter agglomerans,  
E. sakazakii, Erwinia sp., 
Klebsiella oxytoca, K. 
pneumoniae, Pseudomonas 
citronellolis, Rhizobium sp.  
NGR 234, R. fredii, Ensifer 
(Sinorhizobium) fredii, Bacillus 
subtilis, Bacillus thuringiensis

Soybean 
(Glycine max 
L.)

Endophytes Bai et al. (2002, 
2003), Li et al. 
(2008), 
Kuklinsky- Sobral 
et al. (2004, 
2005), and Ikeda 
et al. (2009, 2010)

3 Pantoea agglomerans, 
Pseudomonas fluorescens,  
R. leguminosarum bv. viciae, 
Streptomyces lydicus

Pea (Pisum 
sativum)

Endophytes Elvira- Recuenco 
and van 
Vuurde(2000) and 
Tokala et al. 
(2002)

4 Bradyrhizobium sp., Enterobacter 
spp., Klebsiella spp., Pseudomonas 
sp., Burkholderia cepacia, 
Psoralea

Pigeon pea 
(Cajanus 
cajan)

Endophytes Kishore et al. 
(2005) and Ibanez 
et al. (2009)

5 Azospirillum, Herbaspirillum, 
Pantoea, Methylobacterium, 
Burkholderia and Rhizobium, 
Bradyrhizobium elkanii,  
B. japonicum, Azorhizobium,  
Ensifer meliloti, Rhizobium 
oryzicola sp. nov.

Rice (Oryza 
sativa)

Endophytes Mano and 
Morisaki (2008) 
and Zhang et al. 
(2015)

6 Psychrobacter sp., Pseudomonas 
putida, Pseudomonas fluorescens, 
Klebsiella terrigena, Pseudomonas 
chlororaphis, Bacillus megaterium, 
Rhizobium sp., Aminomonas sp., 
and Staphylococcus sp.

Carrot 
(Daucus 
carota)

Endophytes Surette et al. 
(2003)

7 Klebsiella pneumoniae, 
Actinobacteria, Arthrobacter 
globiformis, Microbacterium 
testaceum, Bacillus megaterium

Maize (Zea 
mays)

Endophytes Chelius and 
Triplett (2000a, b) 
and Zinniel et al. 
(2002)

(continued)
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Table 9.1 (continued)

Sr. No. Name of the endophytic bacteria Plant/crop
Root 
compartment References

8 α-Proteobacteria (Agrobacterium, 
Bradyrhizobium, Sphingomonas), 
β-Proteobacteria (Polaromonas, 
Variovorax), γ-Proteobacteria 
(Serratia, Stenotrophomonas, 
Pseudomonas), Actinobacteria, 
Bacteroidetes, Firmicutes

Wheat 
(Triticum 
aestivum)

Endophytes Robinson et al. 
(2016)

9 Methylobacterium mesophilicuma, 
Enterobacter cloacae, Firmicutes, 
Bacillus spp, Curtobacterium 
flaccumfaciens, Nocardia sp., 
Pantoea agglomerans

Citrus (Citrus 
species)

Endophytes Araujo et al. 
(2001, 2002)

10 Sphingomonas yanoikuyae, 
Pseudomonas pseudoalcaligenes, 
Serratia marcescens, Bacillus 
megaterium, Paenibacillus 
polymyxa, B. pumilus, B. cereus,  
S. yanoikuyae, Pseudomonas 
fluorescens, Arthrobacter 
globiformis, and Paenibacillus 
polymyxa

Tomato 
(Solanum 
lycopersicum)

Endophytes Hang et al. (2013)

11 Alphaproteobacteria, 
Betaproteobacteria, Bacteroidetes, 
and Verrucomicrobia

Duckweed 
(Spirodela 
polyrrhiza), 
aquatic plant

Rhizoplane Matsuzawa et al. 
(2010)

12 Bacillus, Burkholderia, 
Lysinibacillus

Moso bamboo 
(Phyllostachys 
edulis)

Rhizoplane Han et al. (2009)

13 Agromyces allii, Microbacterium 
insulae, Mycobacterium 
neoaurum, Sphingopyxis 
witflariensis, Sphingobium 
estrogenivorans, Variovorax 
koreensis, Xanthomonas 
campestris pv., Agrobacterium 
tumefaciens

Tree peony 
plants 
(Paeonia  
ostii)

Rhizoplane Han et al. (2011)

14 Chryseobacterium lactis, 
Chryseobacterium joostei, 
Chryseobacterium indologenes, 
and Chryseobacterium viscerum

Maize (Zea 
mays)

Rhizoplane Kämpfer et al. 
(2015)

15 Streptomyces caeruleus GIMN4T, 
Streptomyces curacoi NRRL 
B-2901T, Streptomyces 
coeruleorubidus NBRC 12761T, 
and Streptomyces capoamus JCM 
4734T

Ginseng 
(Panax 
ginseng)

Rhizoplane Lee et al. (2014)

16 Rhodanobacter spathiphylli, R. 
panaciterrae, R. terrae, R. soli, 
and R. caeni

Soybean 
(Glycine  
max)

Rhizoplane Madhaiyan et al. 
(2014)
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9.4  Techniques to Explore Rhizoplane and Endosphere

9.4.1  Exploration of Rhizoplane

Muraoka et  al. (2000) observed microbial colonization by light microscopy and 
scanning electron microscopy on rice root surface. This could not present sufficient 
information on the variation in the community structure of rhizoplane microbiota 
among different nodal roots and along with growth stage. Nonetheless, to character-
ize multiple attributes in poorly characterized bacterial communities, samples are 
always needed. Transferring of bacteria with the help of a suitable medium from a 
sample surface for microbiological analysis can be achieved by washing or by blot-
ting root surfaces with filter papers (Dennis et al. 2008; Ravikumar and Davi 2014). 
Dennis and colleagues reported a new sampling method for examining bacterial 
communities at the micro-spatial scale from rhizoplane or similar habitat. In this 
method, they used micro-sampling tungsten rods with laser-cut tips of 0.013 mm2 
surface areas, which were guided to sample sites using a micro- manipulator, while 
exposed plant root or soil surfaces were viewed with the help of a dissecting micro-
scope (Dennis et al. 2008). Successful application of fluorescent in situ hybridiza-
tion (FISH) technique has been made for studying the native microbial population 
of wetland rice in its rhizoplane (Eller and Frenzel 2001). FISH with double label-
ing of oligonucleotide probes (DOPE-FISH technique) was used by Compant and 
colleagues (2013) for visualizing the colonization behavior of grapevine root bacte-
ria (rhizoplanic). Moreover, microbial cells were analyzed by using catalyzed 
reporter deposition-FISH (CARD-FISH) technique on the rhizoplane of wetland 
rice (Schmidt and Eickhorst 2014). Similarly, Bulgarelli et al. used CARD- FISH 
and scanning electron microscopy (SEM) for characterizing and visualizing bacte-
ria attached to the rhizoplane (Bulgarelli et al. 2012).

Knief, in his study, used high-throughput 16S rRNA amplicon sequencing strat-
egy for analyzing the rhizoplane-associated bacteria (Knief 2014). PCR-RFLP 
method was also applied for investigating the seasonal variation of the microbial 
community and the microbial succession of rice rhizoplane, and this method also 
proved useful for the purposes (Ikenaga et al. 2002). Ofek-Lalzar et al. (2014) ana-
lyzed microbial adaptation to the rhizoplane by a combinatorial approach of metage-
nomics and metatranscriptomics. Nonetheless, from a technical viewpoint, using 
advance approaches like metagenomics and high-throughput sequencing for ana-
lyzing the adhering root epiphytic compartment is indeed challenging.

9.4.2  Exploration of Endosphere

Visualization of endophytes in plant roots is most important for checking and locat-
ing their presence. Currently adopted techniques for visualization of endophytic 
bacteria in plants include transmission electron microscopy (TEM) (Vendramin 
et al. 2010), SEM (de Souza et al. 2004), FISH (Compant et al. 2011), and triphen-
yltetrazolium chloride vital staining (Thomas 2011), while tagging with labels such 
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as green fluorescent protein (GFP) facilitates the monitoring of externally applied 
organisms (Prieto et  al. 2011). The second most important step in endophytic 
research is removal of rhizoplane-associated bacteria from the root surface. Around 
45% of the rhizoplane population can be removed by vigorous washing as com-
pared to untreated roots. Nonetheless, chemical or mechanical treatment can be 
used for removing the rhizoplane bacteria from the root surface, while endophytes 
are said to be present in the rest of the root materials (Gottel et al. 2011; Edwards 
et al. 2015). Approximately 30% of microbial population can be extracted from the 
rhizoplane by using chemicals but completely failed in removing microbial cells 
thereof. Further, studies focusing on endophytes should carefully apply toxic chem-
ical agents such as sodium hypochlorite for removal of rhizoplane-associated cells 
from the surface of the root (Richter-Heitmann et al. 2016). The combination of 
70% ethanol, 2% sodium hypochlorite, and 0.1% mercuric chloride was reported 
best for surface sterilization of roots (Anjum and Chandra 2015). Obligate endo-
phytes are the most difficult to culture in the laboratory, as specific growth condi-
tions are required for them. Moreover, reduced revival capacity of endophytes is 
seen even after several successful isolation. However, plant extracts were added to 
nutrient media for isolation and culture of bacterial endophytes, but despite of this 
effort, most of them remained uncultured (Alain and Querellou 2009; Eevers et al. 
2015).

Therefore, molecular approaches seem to be the only way of analyzing endo-
phytic diversity and their interaction with plants on the molecular level (Barea 2015; 
Raja et  al. 2016). However, unculturable bacterial endophytic diversity revealed 
some technical limitations related to the separation of endophytic bacteria from 
plant nuclei, plastids, mitochondria, and plant-associated microbial DNA 
(Govindasamy et al. 2014). Moreover, culture-independent studies mainly depend 
upon good quality extracted metagenomic DNA. Here DNA extraction protocols 
may introduce significant biases in the endophytic microbial community diversities 
(Kgomotso et  al. 2015). Therefore, for detection and identification of microbial 
communities in healthy plants, next-generation sequencing (NGS) might serve as a 
powerful tool (Trujillo et al. 2015). Quick analysis of composition and diversity of 
microbial communities in several habitats can be done by NGS. Similarly, suppres-
sion subtractive hybridization (SSH) recently showed its importance in differentiat-
ing closely related endophytic bacterial species. For analyzing the genetic diversity, 
SSH acts as an effective technique among microbes (Galbraith et al. 2004; Monteiro 
et al. 2012). Likewise, for differential expression analysis of endophytes, shotgun 
metagenomics (Sessitsch et al. 2012), microarray analysis and SOLiD-SAGE tech-
niques have been used (Dinkins et al. 2010; Ambrose and Belanger 2012).

9.5  Conclusion

Plant roots are no longer considered an unexplored biological boundary, but still 
there is a lot of alive hope. Updated information on microbial interactions in plant 
roots can provide new dimensions for developing sustainable agricultural 
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production with minimal disturbance of the environment. Moreover, a better under-
standing of the root-associated microbial interaction is required for considering bac-
teria as a friend or foe to plant system since a number of factors are involved in it. It 
remains to make better use of traditional ecological values in attempting to better 
describe the microbial colonization of the root mainly rhizoplane and endosphere. 
Further, the ecosystem functioning where root-associated microbiota, especially 
bacterial community, play an important role for coexistence of plant species may 
prove helpful in exploring plant diversity. Finally, it is clear from the above discus-
sion that the selection of the best strategy with respect to root microbiota explora-
tion still remains a serious issue which has to be addressed with their respective 
research questions. Finally, for deriving a maximum benefit from the plant-associ-
ated bacterial genera, an extensive and intensive research on understanding rhizop-
lanic and endophytic ecology is required which will serve as the gateway for 
sustainable agriculture development in the times to come.
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Abstract
The rhizosphere is part of the soil surrounding the plant roots or being influenced 
by the plant roots. The exudates released from roots make it a site for complex 
biochemical activity. Microorganisms make up one of the dynamic parts of this 
rhizosphere, and affect soil and plant growth by various means. However, our 
absolute dependency on chemical fertilizers and other agrochemicals, although 
enhancing crop production to the desired levels required to feed the growing 
world population, has not shown sufficient concern for sustainability, leading to 
two serious problems, ecological imbalance and resource limitation. An ecologi-
cal disturbance has been created through polluting soil and water, putting toxic 
agrochemicals into the food chain, threatening human and animal health, and 
developing resistance in pests. On the other hand, resources are diminishing as 
vital nutrients like phosphorus are limited and very soon there will be an extreme 
shortage of these nutrients because excessive consumption will make them no 
longer available. Therefore, balancing plant needs through microbe-mediated 
sources is becoming an urgent priority. The rhizosphere microflora have many 
beneficial effects on plant growth and health promotion. They can be success-
fully employed to partly substitute agrochemicals in the long term for sustainable 
farming. Understanding the roles of these microbes therefore becomes imperative 
for enhancing quality and quantity of agricultural products. In the quest to improve 
productivity, management of rhizosphere dynamics provides an important tool. 
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Inoculation of microorganisms, adjustment of soil, nutrient  management, genetic 
engineering-based approaches, etc. all represent ways of managing the rhizo-
sphere for enhancing crop production.

Keywords
Rhizosphere • Nitrogen fixers • Phosphorus solubilizers • Abiotic stress • 
Biocontrol • Bioformulation

10.1  Introduction: The Rhizosphere and Its Composition

The growth and development of a plant is largely influenced by the soil environ-
ment, especially surrounding the roots. It is a microenvironment provided by the 
plant, where major contributors are the microbes. This region is specifically referred 
to as the ‘rhizosphere,’ and represents a realm of greater nutritional activity, 
increased gas exchange, and enhanced release of root exudates, all of which col-
lectively contribute to plant growth. As plants grow through soil, they release amino 
acids, sugars, and organic acids into soil that supply food for the microbes. In return, 
the microorganisms provide nutrients in available forms and other benefits to the 
plants. All this activity makes the rhizosphere an extremely dynamic soil environ-
ment. It is thus important to understand the composition, ecology, and interactions 
of rhizosphere.

10.1.1  Structure of the Rhizosphere

The term rhizosphere was first defined by the German scientist Hiltner (1904), and 
is derived from the Greek word Rhiza meaning roots. It is an area near to plant roots 
inhabited by a diverse class of microflora influenced by the chemicals released from 
the plant roots (Ahemad and Khan 2012). Today the rhizosphere is being redefined 
to include three distinct zones, viz., the endorhizosphere, the rhizoplane, and the 
ectorhizosphere. The endorhizosphere includes root the cortex and the endodermis, 
which are occupied by endophytic bacteria. The zone directly adjacent to the root 
surface is called the rhizoplane, and includes the epidermis and mucilage; the ecto-
rhizosphere extends from the rhizoplane out to the soil. The term endorhizosphere 
was useful to identify and illustrate the importance of those microorganisms that 
exist in the internal portion of the root; however, if the rhizosphere is soil based, 
then the term endorhizosphere may be appropriate as it identifies the region of the 
root and not the rhizosphere. The ectorhizosphere is the actual portion of soil under 
the influence of plant roots. To avoid confusion between the endorhizosphere, rhi-
zoplane, and ectorhizosphere, the terms root, rhizoplane, and rhizosphere, respec-
tively, are used currently.
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10.1.2  The Rhizosphere Environment

10.1.2.1  Physical Changes
The soil’s physical properties such as temperature, moisture, and soil structure 
greatly influence the nutrient uptake by plants. The rhizosphere extension is affected 
majorly by the soil’s physical properties as it affects root growth and transfer of 
ionic and molecular compounds (Nye 1981; Hinsinger 1998). Plant roots have been 
shown to increase the stability of surrounding aggregates in their rhizosphere region 
due to the large arbuscular mycorrhizal (AM) fungal population that encourages 
aggregate formation in rhizosphere soils. It has a high water-holding capacity, which 
further improves the soil’s physical properties such as bulk density, porosity, pore 
size distribution, etc.

10.1.2.2  Chemical Changes
The interaction between plant roots and soil in the rhizosphere causes several chem-
ical changes. These interactions change the pattern of root exudation, pH, nutrients, 
redox potential, and rhizodeposition, amongst other things, of the soil, which sig-
nificantly affects nutrient solubility and thus its uptake. Apart from providing sup-
port and absorption of water and nutrients, plant roots are also involved in releasing 
organic and inorganic compounds into the rhizosphere. The availability of nutrients 
and rhizosphere microflora is affected by these chemicals, which are secreted out 
from roots (Neumann and Romheld 2001). They provide defense against patho-
genic attack, keep the soil moist around the roots, mineralize nutrients, and inhibit 
the growth of competing plant species.

10.1.2.3  Biological Interactions in the Rhizosphere
The rhizosphere is a centre of intense biological activity due to nutrient-rich exu-
dates. Some soil microorganisms interact with specific plants. These interactions 
can be pathogenic or beneficial. The beneficial interactions include mycorrhizae, 
legume nodulators, associative and free living dinitrogen fixers, nutrient solubiliz-
ers, and antimicrobial compound producers. Rhizosphere microorganisms also pro-
duce vitamins, antibiotics, plant hormones, communication molecules, etc. that 
encourage plant growth and alleviate abiotic stress. The rhizosphere is also one of 
the major sites that contribute to entry of endophytes into plant roots. The sites near 
to lateral root emergence and wounded parts of roots are important sites of endo-
phyte entry into the plant. This later turns into a complex plant-endophyte interac-
tion, which benefits the plants in several ways, including nutrient acquisition, 
phytohormone production, induction of host resistance, alleviation of abiotic 
stresses, production of secondary metabolites, etc. (Compant et al. 2005).
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10.2  Microbes Associated with the Plant Rhizosphere

The nature of microbial population in the rhizosphere is related directly or indi-
rectly to the root exudates released by the plant. Populations in the root zone are 
composed of both microflora (bacteria, fungi, and algae) and the micro- and the 
meso-fauna (nematodes, protozoa, mites, and insects). Since rhizosphere soil is a 
zone of greater microbial activity, it is essential to qualitatively and quantitatively 
analyze the microbial population, their interaction with the root interface, and their 
involvement in plant health.

10.2.1  Soil Microflora

10.2.1.1  Bacteria
Various bacterial genera are involved in complex rhizosphere activities and are the 
most abundant microorganisms in cultivated soil (Ahemad and Khan 2012). Their 
population is estimated to be between 106 and 108 cells per cubic centimeter of soil. 
The number of bacteria varies from a couple of million to a few billion cells per 
gram of soil. The highest number of bacteria occurs in the plough depth of cultiva-
ble soil at a depth of up to ~30 cm. In deeper layers their numbers gradually reduce. 
The rhizosphere harbors a high percentage of motile bacteria, namely amylolytic, 
proteolytic, ammonifying, denitrifying, and cellulose decomposing bacteria. Soil 
bacteria are broadly divided into autochthonous and zymogenous bacteria. 
Autochthonous bacteria are native microflora of a soil and zymogenous bacteria are 
foreign microflora that grow after addition of organic matter to the field.

According to Bergey’s Manual of Systematic Bacteriology, soil bacteria pre-
dominantly belong to Pseudomonadales, Eubacteriales, and Actinomycetales from 
the class Schizomycetes. The most common soil bacteria belong to the genera 
Arthrobacter, Pseudomonas, Clostridium, Achromobacter, Sarcina, Enterobacter, 
etc., and bacteria from Myxobacteria belonging to the genera Micrococcus, 
Chondrococcus, Archangium, Polyangium, and Cyptophaga are also common in the 
soil. Arthrobacter is the most common autochthonous bacteria in soil, and makes up 
2–60 % of the whole population of soil microflora; they are characterized by the 
tendency to form branching and coccus forms. Pseudomonas are one of the most 
common groups of zymogenous bacteria in soil; they attack a wide variety of sub-
strates including hydrocarbons, oils, humic acids, and many of the synthetic pesti-
cides. The pseudomonads apparently function best during periods of root exudate 
release. Many species produce diffusible fluorescent pigments, fluorescein-linked 
siderophores that have a great affinity for Fe3+.

If an initial advantage over competing microorganisms by application to seed is 
given, Azotobacter persists in the soil. Azospirillum, another nitrogen fixer, is com-
monly associated with roots of tropical grasses (Rueda et al. 2016). The status of 
Rhizobium is difficult to assess as they are effective only in the legume rhizosphere 
and are mostly suppressed by microbial antagonism and competition in a non- 
legume rhizosphere. Actinomycetes are another group of bacteria in soil and are 
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best known for their ability to produce antibiotics and for inhibition of root-borne 
pathogens. Many bacteria are found to degrade xenobiotics and sequester heavy 
metals from the rhizosphere (Ahemad and Malik 2011; Ahemad 2012).

10.2.1.2  Fungi
Fungi belong to a group of eukaryotic organisms that are the absolute heterotrophs, 
mainly belonging to aerobes or a fermenting group of organisms. The main mass of 
fungi is found in the upper 20- to 30-cm layer. The combined mass of fungi in the 
upper layers is almost identical to that of bacteria and in forest soils it may even be 
greater. On an average it is between 0.001 and 1.0 billion fungi (about 1.5 tons/ha).

The rhizosphere contains both pathogenic and symbiotic fungi but their predom-
inance of a specific community depends on many factors related to plants and soil. 
In particular, root exudates have been deemed an important factor when selecting 
for specific rhizosphere fungi (Buée et al. 2009). The most common soil fungi are 
the genera Penicillium, Aspergillus, Trichoderma, Verticillium, Fusarium, Rhizopus, 
Mucor, Zygorhynchus, Chaetomium, etc. Fungal associates of ectomycorrhizae 
(Agaricales, Gasteromycetes) and endomycorrhizae (Gigaspora, Acaulospora, 
Glomus, and Sclerocystis) are also of equal importance with regard to phosphorus 
uptake and suppression of pathogens (Lugtenberg and Kamilova 2009).

Both bacteria and fungi contribute to the soil structure by creating humus. Humus 
is a vital component of soil, and affects soil structure, sorption, and the organic 
compounds in soil. Humus is largely responsible for the creation of a crumbly and 
spongy texture of the soil by producing mucous capsules and their form of growth.

10.2.2  Microfauna

The significance of bacterial grazing by protozoa has been established in the rhizo-
sphere by plant microcosm experiments. There have been reports of increased shoot 
biomass and shoot nitrogen in the presence of protozoa and nematode grazers. The 
microfaunal stimulation of nitrogen mineralization via the microbial loop was con-
sidered as one of the major mechanisms behind this occurrence (Clarholm 1985; 
Griffiths 1994; Zwart et al. 1994).

10.2.2.1  Protozoa
Humid soils support development of protozoans. They can reach populations of 
anywhere from a few hundred to several million individuals in a gram of dry soil. 
Soil contains 0.1–0.5 tons/ha mass of protozoa. They are mainly rhizopods 
(Amoebae) and flagellates with a smaller number of ciliates. The bacteria form a 
major source of food supply for the protozoans but they are selective in the type of 
bacteria they ingest. Therefore they exert a selective influence on the composition of 
bacterial population. Naked Amoebae make the most important bacterial grazer 
group in soil due to their high biomass, turnover, and specialized feeding modes. 
They form a biofilm that is also attached to soil and root surfaces, and thus have 
access to most of the bacteria in soil. With the aid of their pseudopodia, amoebae 
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can reach bacterial colonies in soil pores and even inside roots that are inaccessible 
to other predators (Darbyshire and Greaves 1973), and they may still continue graz-
ing in tiny water films when other protozoa or nematodes are restricted by the 
decreased water potential in soil.

10.2.2.2  Nematodes
Environmetal conditions often determine the parasitic nature of nematodes. Plant 
parasitic forms are mostly endoparasites (Heterodera) or ectoparasites (Tylenchus 
and Dorylaminus). Nematodes are abundant in the upper 30 cm of soil and are influ-
enced by soil texture, structure, temperature, moisture, etc.

As mentioned, the rhizosphere is part of the soil adjacent to plant roots. The 
biochemical activity in this zone is under the influence of plant roots. It is therefore 
necessary to understand the ecological interactions in the rhizosphere to gain greater 
benefits of plant growth and health from the microbial sources.

10.3  Effect of the Rhizosphere on Microbes

10.3.1  Effects

The rhizosphere is enriched with a variety of microorganisms, and their abundance 
generally reduces as the distance from the root increases. Measurement of the effect 
of the rhizosphere on a particular organism or the rhizosphere effect (RS ratio) has 
been classically defined as the ratio of activity/unit volume of rhizosphere soil and 
the activity/unit weight of non-rhizosphere soil. This relationship can provide an 
approximate estimation of how strongly a rhizosphere affects a particular popula-
tion. An RS ratio >1 indicates selective stimulation, an RS ratio equal to 1 indicates 
no rhizosphere effect, and a RS ratio <1 indicates inhibition of activity in the rhizo-
sphere. The RS ratio can also help in determining rhizosphere competency of vari-
ous plant microbe interactions.

The rhizosphere effect in three plant species under periglacial conditions was 
studied. In this study, three plants (Helianthemum nummularium, Dryas octopetala, 
and Silene acaulis) were assessed for the changes in physical, chemical, and bio-
logical properties between the rhizosphere and bulk soil. All three plants have 
shown variable rhizosphere effects. Helianthemum showed a strong rhizosphere 
effect and synergism between roots and microbial community of rhizosphere. Dryas 
was found to be affected by nutrients in the rhizosphere but did not shown any spe-
cific microbial community associated with it. In the case of Silene, no difference 
was observed in the microbial community of bulk soil and rhizosphere (Massaccesi 
et al. 2015). A few of the aromatic and medicinal plants secrete phenolics and other 
antimicrobial compounds in the rhizosphere, and have an RS ratio <1.

To a soil microorganism, the rhizosphere is like a lush oasis in the desert. In 
comparison to the near starvation condition of bulk soil, the rhizosphere is a place 
where nutrients are bountiful. Therefore the rhizosphere has been considered to be 
an altered zone of microbial diversity, increased microbial activity, and complex 
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interactions among microorganisms and plants. Because roots are underground, the 
rhizosphere activity has been largely overlooked and it is only now that we are start-
ing to unravel the complex interactions that occur. The rhizosphere has been called 
the last frontier in agricultural science and much attention has been given to the 
roots as the “hidden half” for their huge hidden potential (Veeger et al. 1981; Waisel 
and Eshel 2002; Kottke and Kovacs 2013).

Although the rhizosphere can be perceived to be a kitchen, it is also a safe home 
for soil microorganisms. The nature of the rhizosphere is still not completely unrav-
eled (Stolp 1988; Sahu et al. 2016), although potentiality is well understood, but the 
composition is highly dynamic and complex. Since organic compounds secreted by 
roots are subject to microbial attack, the nature and composition of root exudates in 
the natural environment is often difficult. The rhizosphere effect comes into play 
when there is an enhancement in the growth of soil microorganisms resulting from 
physical and chemical alteration of the soil and the contribution of the excretion of 
organic debris from the root within the rhizosphere.

Plants remain perpetually in contact with a community of soil biota (Corey et al. 
2008), which is made up of various microorganisms ranging from pathogenic to 
symbiotic. It has been reported by quantification of CO2 from the rhizosphere of 
14C-labelled plants that about 40% of photosynthates from plant parts are deposited 
in the rhizosphere through the root system within an hour of its synthesis (Kumar 
et al. 2006; Nihorimbere et al. 2011). Deposition of those photosynthates is influ-
enced by several factors, e.g., plant age (Singh and Mukerji 2006) and various biotic 
and abiotic stresses (Ratnayale et al. 1978; Kumar et al. 2006). The role of environ-
mental factors as playing a more vital role in both the qualitative and quantitative 
compositions of root exudates than plant species has been exaggerated (Singh and 
Mukerji 2006). This would make one wonder why a plant would spend that amount 
of energy on the rhizosphere? What benefit does it gain? Is it self-sustainable and 
economically sound enough to compete and withstand adversity in the ecosystem? 
This brings the plant-microbe interaction concept into discussion, and this section 
of this chapter provides insight into root exudates and their role in influencing a 
dynamistic rhizosphere effect on microbes.

10.3.2  Compounds Secreted in the Rhizosphere

Healthy roots exude various organic compounds (Rovira et  al. 1978; Jones and 
Darrah 1995; Bais et al. 2006) including more than 100,000 different low- molecular- 
weight secondary metabolites (Bais et al. 2004; Feth et al. 2014), called root exu-
dates. Root exudates are carbonaceous substances containing a wide range of amino 
acids, water-soluble sugars, organic acids, inorganic ions/gaseous molecules, and 
various vitamins and enzymes (Uren 2001; Kumar et al. 2006). To date our knowl-
edge on root exudates is based on the application of techniques from other fields. 
The complexity of root exudates is slowly being unravelled, as chromatographic 
techniques enable researchers to discover the multitude of carbonaceous substances 
released from roots grown under axenic or sterile conditions. A list of important root 
exudates and their functions is presented in Table 10.1.
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Table 10.1 Elucidation of important root exudates and their functions in the rhizosphere (Paul 
and Clark 1996; Kumar et al. 2006; Vranova et al. 2013)

Exudates
Specific compound in root exudates 
identified

Possible functions in the 
rhizosphere

Amino acids and 
phytosiderophores

α- and β-alanine proline Nutrient source

Asparagine, valine, threonine, 
aspartate, tryptophan, cystein, 
ornithine, cystine, histidine, glutamate, 
arginine, glycine, homoserine, 
isoleucine, phenylalanine, leucine, 
α-aminobutyric acid, lysine 
α-aminoadipic acid, methionine, serine, 
homoserine

Chemo-attractant signals 
to microbes
Chelaters of poorly 
soluble mineral nutrients

Phenolics Daidzein, 4′,7-dihydroxyflavanone Chemo-attractant signals 
to microbes

Genistein, 4′,7-dihydroxyflavone Microbial growth 
promoters

Coumetrol, 
4,4′-dihydroxy-2′-methoxychalcone

Nod gene inducers in 
rhizobia

Eriodictyol, 4′-7-dihydroxyflavone Nod gene inhibiters in 
rhizobia
Resistance inducers 
against phytoalexins

3,5,7,3′-tetrahydroxy- 
4′methoxyflavone

Act as chelaters

Liquiritigenin, luteolin Nutrient source

Isoliquiritigenin, 7,3′-dihydroxy-4′-
methoxyflavone umbelliferone, (+)- 
and (−)- catechin

Phytoalexin against soil 
pathogens

Citric, glutaric, oxalic, malonic Nutrient source
Organic acids Malic, aldonic, fumaric, erythronic Chemo-attractant signals 

to microbes
Succinic, ferulic, acetic, butanoic Chelaters of poorly 

soluble mineral nutrients
Butyric, syringic, valeric, rosmarinic, 
lactic, glycolic

Acidifiers of soils

Trans-cinnamic, piscidic, formic Detoxifiers of Al
Aconitic, pyruvic Nod gene inducers

Vitamins Biotin, thiamin, ribose, niacin Promoters of plant and 
microbial growth

Purines Adenine, guanine, cytidine, uridine Nutrient source
Enzymes and proteins Acid/alkaline, phosphatase amylase, 

invertase, protease
Catalysts for phosphorus 
release from organic 
molecules; biocatalyst for 
organic matter 
transformation in soil
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10.4  Beneficial Role of Rhizosphere Microbes on Plants

Many resources have been poured into research on plant growth-promoting rhizo-
bacteria (PGPR) in terms of understanding and utilizing microbial potential for 
plant performance. Understanding their mode of action will help in making microbe- 
based commercial products for growth promotion. Despite many hindrances, the 
microbial inoculant industry has been grown to new heights in both the public and 
the private sectors. This indicates how tremendous a potential microbes have in 
plant productivity.

Microbes are important in the utilization of poorly available nutrients by plants, 
e.g., iron. The world’s current population of around seven billion is predicted to 
increase to around ten billion in the next 50 years, which will require that agricul-
tural productivity be increased within the next few decades to adequately feed all 
these individuals (Glick 2014).

The beneficial role of microbes in the rhizosphere can be manifested by direct 
plant growth promotion, indirectly providing protection from phytopathogens and 
fortifying the plant’s tolerance to certain abiotic stresses under sub-optimal environ-
mental conditions (Penrose and Glick 2003; Kang et al. 2014). Microbial formula-
tions are also important in soil stability as they help in soil aggregation (Van Veen 
et al. 1997).

The rhizosphere is a site of complex physical, chemical, and biochemical inter-
action, all of which affect the plant growth. Below is a brief list of the effects of this 
interaction (Ahemad and Malik 2011; Ahemad and Khan 2012; Brahmaprakash and 
Sahu 2012; Nehra and Choudhary 2015; Sahu and Brahmaprakash 2016):

• Dinitrogen fixation
• P-mobilization and solubilization
• Nutrient uptake in deficient soils
• Improvement of water uptake
• Production of plant growth regulators
• Promoting seed germination and early plant growth
• Improvement in soil structure
• Competing with plant pathogens
• Induced systemic resistance
• Systemic-acquired resistance
• Induced systemic tolerance
• Overall biomass enhancement
• Remediation of problematic soils

The efficiency of plant fertilizers was found to be enhanced by plant growth- 
promoting microbes and arbuscular mycorrhizal fungi (Adesemoye and Kloepper 
2009). Biodegradation of 1, 4-dichlorobenzene by rhizosphere bacteria of Jatropha 
curcas has been reported (Pant et  al. 2016). There are many such effects that 
microbes exert in the rhizosphere that are directly or indirectly beneficial for the 
plants.

10 Microbial Functions of the Rhizosphere
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10.4.1  Nitrogen Nutrition

Nitrogen is the most important mineral nutrient in plants. Despite being the most 
abundant element on earth (N2 form), nitrogen is a limiting element for plant growth, 
because it is primarily taken in the form of nitrate ions by plants. Biological nitro-
gen is a process through which microbes convert atmospheric dinitrogen into plant- 
available forms (Biswas and Gresshoff 2014). In India, biofertilizers have been 
introduced for soybean crops as Indian soils were lacking in rhizobia, which nodu-
lates the soybean crop. The effects of inoculation were fantastic and able to meet a 
substantial portion of the N2 requirement. Encouraged by the results with soybean, 
inoculant technology was extended to all other legumes, and then to cereals. The 
photograph shown in Fig. 10.1 was taken during early 1970s, and shows the response 
of Rhizobium japonicum in an experimental farm at the University of Agricultural 
Science, GKVK, Bengaluru in soybean. Yellowing (a nitrogen-deficiency symp-
tom) is visible in un-inoculated border rows, and other parts of the field inoculated 
by Rhizobium japonicum are lush and green (a nitrogen-sufficiency sign). This posi-
tive response has not only been obtained for soybean crops, but also for other 
legume crops (Brahmaprakash and Sahu 2012).

Plants have different levels of ecological interactions with dinitrogen fixers that 
benefit nitrogen nutrition. These interactions can be symbiotic or asymbiotic, and 
create a bridge between plants and microbes. Efficient nitrogen nutrition through 
these microbes also helps to reduce loss of nitrogen by volatilization, leaching, and 
denitrification (Nepolean et al. 2012). With nitrogen fixation, a greater understand-
ing has been gained with regard to the transport of photosynthates to Rhizobium and 
the presence of dicarboxylates transporters LjALMT4 in nodules of Lotus japonicus 
(Takanashi et al. 2016).

Fig. 10.1 Response of a first inoculation of Rhizobium japonicum in the 1960s at the experimen-
tal farm of the University of Agricultural Science, GKVK, Bengaluru in soybeans (Adapted from: 
Brahmaprakash and Sahu 2012)
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10.4.1.1  Symbiosis Between Legumes and Rhizobium
One of the most common inoculation techniques in the true sense of artificial inocu-
lation of microbial agents has been used for the benefit of legumes. Since the time 
when Hellriegel and Wilfarth experimentally proved the fixation of N2 in a legume 
nodule by Rhizobium, the inoculation technology has spread all round the globe 
(Brahmaprakash and Sahu 2012). There are different species of Rhizobia that nodu-
late different legume crops (cross-inoculation group). Using these cross-inoculation 
groups, Rhizobium was initially classified based on the ability to nodulate different 
legumes (Fred et al. 1932), and then based on the growth rate for slow- and fast- 
growing rhizobia (Quispel 1974); it is now based on molecular taxonomy using 16s 
rRNA sequence into ten genera, some of them are phylogentically outside the tradi-
tional rhizobia but they do carry nod genes, which encode for Nod factors 
(Raychaudhuri et al. 2007).

After infection, the symbiosis begins in a new tissue called a nodule, which con-
tains bacteroids. Nodule formation is the result of a molecular dialogue exchange 
between a legume and a Rhizobium. The atmospheric nitrogen is fixed in the 
Rhizobium by the dinitrogenase enzyme complex and transferred to the plant, and in 
turn gets nutrients and shelter from the plants.

10.4.1.2  Symbiosis Between Frankia and Casuarina
Several genera of angiosperms such as Casuarina, Alnus, Myrica, Coriaria, 
Discaria,and Hippophae, develop symbiosis with Frankia, which is a filamentous, 
spore-forming actinobacteria. Actinobacteria form nodules with hundreds of plant 
species over 25 genera and eight dicotyledons families. The tree species with action- 
rhizal symbiosis are important components in agroforestry systems for improving N2 
economy and stabilizing eroded soils (Brahmaprakash and Sahu 2012). These are 
known to enhance the fertility of soil in temperate areas as legume species do in 
tropical areas, as the actinorhizal plants can grow in waste lands that are nitrogen 
poor and have eroded slopes, as well as producing trees of commercial importance.

The nodules formed in actinorhizal symbiosis establish clusters of modified 
roots with the Frankia-infected cells in the cortex. These nodules first appear as a 
swelling, which later develops into lobes at the apices. They develop vesicles that 
are sites for nitrogen fixation. The extent of biological nitrogen fixation in Frankia 
is about 90 kg N2/ha/year in the plant Coriaria arborea (Silvester 1975).

10.4.1.3  Asymbiotic Nitrogen Fixation
Bacteria like Azotobacter, Derxia, and Beijerinkia asymbiotically fix dinitrogen in 
the rhizosphere of certain crops. Azotobacter is a commonly used plant growth pro-
moter in all non-leguminous plants like rice, cotton, and vegetable crops (Esitken 
et al. 2009). It produces a large amount of slime, which helps in soil aggregation. 
One of the most common species, A. chroococcum, fixes 10  mg N2/g of carbon 
source supplied in vitro (Thomas 1993). It is known to produce growth hormones 
like indole acetic acid (IAA) and gibberellic acid (Barat et al. 2016), and also shows 
fungistatic activity. A. chroococcum is recommended for many cereals such as 
maize, wheat, pearl millet, sorghum, etc. (Gupta 2010). Apart from enhancing yield, 
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it improves the post-harvest quality of wheat (Abbasdokht 2008) and solubilizes 
phosphorus (Kumara Swamy et  al. 2010). Co-inoculation of Azotobacter and 
Azospirillum has also been reported to enhance growth and yield of strawberries in 
hydroponic systems (Rueda et  al. 2016). Enhancement in plant yield parameters 
through inoculation of Azotobacter has been reported in green leafy vegetables with 
different carriers. Inoculation has been shown to significantly increase plant height, 
number of leaves, shoot length, root length, number of roots, chlorophyll, and carot-
enoids (Maheswari and Kalaiyarasi 2015).

10.4.1.4  Azospirillum and a Free Living Nitrogen Fixation System
Azospirillum lipoferum is microaerophilic soil-inhabiting bacterium and is also 
found in the intercellular spaces of the root cortex of graminaceous plants. It fixes 
dinitrogen in non-leguminous plants like cereals, millets, oilseeds, cotton, etc. It is 
the most studied plant growth-promoting bacteria as it can colonize most of the 
agriculturally important crops (Bashan et al. 2004). Co-inoculation of Azospirillum 
lipoferum along with Bacillus megaterium (phosphate-solubilizing microorgan-
isms, PSMs) on the growth of rice (Oryza sativa L.) was found to enhance plant 
growth parameters in seed and pot experiments (Ahilandeswari and Maheswari 
2016). There are many other mechanisms involved in attainment of the effectiveness 
of Azospirilum. An increase in nitrite production also increases formation of lateral 
roots (Bashan and de Bashan 2005), IAA, and gibberellins for promoting root pro-
liferation, mineralizes soil nutrients, sequesters iron, can survive in harsh environ-
mental conditions, and favors a mycorrhiza-plant association (Bashan et al. 2004). 
The large group of free-living nitrogen fixers also involves several cyanobacteria 
such as Anabaena, Nostoc, Cylindrospermum, Aulosira, Tolypothrix, etc. These are 
photosynthetic bacteria that can fix atmospheric dinitrogen in specialized cells 
called heterocysts. They make up one of the most predominant and vital groups of 
bacteria on earth (Berry et al. 2008).

10.4.2  Phosphorus Nutrition

Phosphorus (P) is one of the most important nutrient elements for growth and devel-
opment of living beings and makes up to about 0.2% of plant dry weight. It is 
applied to plants in the form of phosphate fertilizers but most of the applied P is 
fixed in soil and thus becomes unavailable for plant uptake (Rashid et al. 2004). A 
few of the microorganisms present in soil dissolve the fixed forms of P into avail-
able forms by various mechanisms and make it available for plant uptake (Kang 
et al. 2002; Pradhan and Sukla 2005). These are called as P-solubilizers, and include 
Pseudomonas, Bacillus, Acinetobacter, Rhizobium, Penicillium, Aspergillus, etc. 
(Krishnaveni 2010). There is another class of microorganisms that enhances surface 
area of roots by colonizing on it and thus mobilizes the phosphorus from distant 
parts where roots cannot reach; these are called P-mobilizers. Mycorrhiza is a class 
of P-mobilizers that contain several fungal genera like Glomus, Gigaspora, 
Entrophospora Scutellospora, Acaulospora, etc.
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There is a large amount of fixed phosphorus in soil. Microbe-mediated solubili-
zation is of great benefit in enhancing efficiency of nutrients, crop yield, and judi-
cious use of phosphorus, which is available in limited quantities. There are several 
mechanisms by which microbes solubilize phosphorus, for instance production of 
various organic acids and acid phosphatases (Rashid et al. 2004; Chen et al. 2006) 
are important. The phosphate-solubilizing bacterial (PSB) genera Bacillus, 
Pseudomonas, Rhizobium etc., (Wani and Lee 2002) and fungi like Penicillium and 
Aspergillus are potential P-solubilizers (Wakelin et al. 2004).

Application of P-solubilizing microorganisms is an established practice and 
there are many reports of success with their use in enhancing availability of native 
P from the soil and P from phosphatic rock by co-inoculation of AM fungi and 
P-solubilizing bacteria (Goenadi et  al. 2000; Cabello et  al. 2005). Other reports 
include: Pseudomonas and Bacillus sp. enhanced P nutrition in Zea mays in nutrient- 
deficient soils (Egamberdiyeva 2007); improvement of biological nitrogen fixation 
apart from P solubilization (Ponmurugan and Gopi 2006); rock phosphate bio- 
activation and seed treatment by PSMs was found to enhance the uptake of P in 
cowpea and ragi (Kumara Swamy et al. 2010); higher germination rates and other 
parameters in artichoke (cynara Scolymus) through application of Pseudomonas 
putida, Azospirillum, and Azotobacter with P-solubilizing bacteria (Jahanian et al. 
2012); P-solubilizing bacteria improved growth performance and uptake of P in 
mung bean plants (Walpola and Yoon 2013); promotion of phytate mineralization in 
soil as a result of AM fungus and PSB interaction in the hyphosphere (Zhang et al. 
2014).

The decreasing availability of land for agriculture is a major issue in crop pro-
duction; in the last two decades, agricultural land shrinkage has been nearly 2.76 
million hectares (Abbasdokht and Gholami 2010). The required production of food 
grain for 1.4 billion for the Indian population in 2025 is 300 million tones, which 
will require 30 million tonnes of major chemical fertilizers. Similarly, about 15 mil-
lion tonnes of fertilizers will be required for other crops. Of the total need, the P2O5 
requirement will be 11–13 million tonnes (Tiwari 2001). To meet this huge demand 
in the near future, it is now imperative to pool resources for advanced research into 
P-solubilization by using genomic tools, proteomics, metabolic regulation, improve-
ment in ecological competency, application of microbial products instead of 
microbes themself, etc., so that the huge potential of tiny microbes can be harnessed 
in an efficient way.

Mycorrhiza represents a symbiotic association between roots of higher plants 
and fungi. In this interaction, the fungal partner gets its requirement of carbon and 
in turn provides various nutrients like P, Cu, Zn, Ca, and water absorption to the host 
plant. Mycorrhiza is associated with almost all agricultural crops. The fungal 
partner belongs to one of the genera Glomus, Gigaspora, Entrophospora, 
Scutellospora, Archaeospora, Acaulospora, Paraglomus, Sclerocysts, Endogone, 
etc. They are important parts of the P-cycle. Apart from providing the P need of 
plants, mycorrhiza also help to establish better absorption of water (Mahdi et al. 
2010) and induction of host defense responses (Kasiamdar et al. 2001).

10 Microbial Functions of the Rhizosphere



190

10.4.3  Secretion of Plant Growth Hormones

The term “hormone” is derived from Greek, meaning to set in motion, and repre-
sents a chemical messenger. Plant hormones (also referred as phytohormones) are 
signalling molecules devised from naturally occurring organic substances produced 
within a plant at extremely low concentrations to carry out physiological processes. 
The major phytohormones include auxins, gibberellins, cytokinins, ethylene, and 
abscisic acid, and are often called the five classical hormones because they not only 
regulate cellular processes in targeted cells but are also involved in determining the 
formation of flowers, leaves, stems, and development and ripening of fruit.

Even though plants lack glands, unlike animals, that produce and secrete hor-
mones, each plant cell is capable of producing hormones that affect gene expression 
and cellular division, which results in considerable changes in the phenotype such 
as in determining the flowering time, the sex of flowers, formation and senescence 
of leaves and fruits, and overall tissue growth, thus shaping a plant.

10.4.3.1  Auxin
Auxin is produced in the stem, root, and bud tip, and includes the cell elongation 
process and inhibition of growth of lateral buds (to maintain apical dominance). The 
microbial production of auxin has been well known for some time (Spaepen and 
Vanderleyden 2011), and it has been speculated that about 80% of the rhizobacterial 
population is capable of synthesizing IAA (Khalid et  al. 2005; Spaepen and 
Vanderleyden 2011). The first successful isolation of IAA from the fungus Rhizopus 
suinus was carried out by K.V. Thimann (Baca and Elmerich 2007). Auxin produc-
tion has been well documented in bacteria, and a plant operates a multiple pathway 
for biosynthesis of auxin, which has also been observed in bacteria. It is also well 
documented that plants operate down-regulation of auxin signalling as part of their 
defence against plant pathogenic bacteria. The plant growth-promoting bacteria 
Azospirillum sp. also produce IAA to enhance the immunity of plant against plant 
pathogens (Spaepen et al. 2007).

10.4.3.2  Gibberellins
Gibberellins (GAs) are plant hormones that are primarily associated with seed ger-
mination and leaf and stem growth (King and Evans 2003). They also control plant 
growth by regulating the degradation of growth-repressing DELLA proteins 
(Pieterse et al. 2012). Many plants produce GAs endogenously and also through 
microbes, as a causative agent such as Gibberella fujikuroi, which is involved in the 
bakanae effect in maize, rice, and other plants. In bacterial species Azospirillum 
brasilense and Azospirillum lipoferum, GAs production promotes shoot elongation, 
and root hair density, and are also they involved in reversing dwarfism in maize and 
rice (Baca and Elmerich 2007).

10.4.3.3  Cytokinins
Cytokinins (CKs) are another class of hormones primarily involved in promoting 
cell growth, differentiation, and cytokinesis (cell division) in plant roots and shoots. 
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The CKs are often linked to a plant’s response to biotrophic pathogens to alter a 
host’s physiology (Walters and McRoberts 2006; Pieterse et al. 2012). The micro-
bial production of CKs is well documented. Inoculation of Bacillus subtilis in let-
tuce plants increased the CK concentration in both shoots and roots (Arkhipova 
et al. 2005). Ortíz-Castro et al. (2008) showed that cytokinin receptors play a com-
plimentary role in plant growth promotion by Bacillus megaterium. The CKs have 
an anti-auxin and anti-gibberellin properties, hence the correct concentration of 
auxin and gibberellin is properly maintained. The CKs also play a role in conserva-
tion of water in plants in water-deficient situations.

10.4.3.4  Ethylene
Ethylene (ET) is a gaseous phytohormone. It is more of growth inhibitor, like 
abscisic acid. The role of ET has been established in fruit maturation and ripening. 
It is responsible for cell enlargement and it shows a geotropism disposition (grow-
ing towards earth). ET is an important constituent of a defence pathway that mani-
fests during a pathogen attack and functions as an important modulator of plant 
immunity (Broekaert et al. 2006). Once ET starts accumulating inside the plant, it 
leads to aging. It is not helpful when a plant is facing stresses, which hinder the 
growth as well as the yield. Hence many microbes are involved in regulating ET 
concentration with the help of 1-aminocyclopropane-1-carboxylate deaminase 
(ACCD) by cleaving 1-aminocyclopropane-1-carboxylate (ACC), which is the 
immediate precursor of ET into α-ketobutyrate and ammonia (Glick 2014; Ali et al. 
2014; Gamalero and Glick 2015).

10.4.3.5  Abscisic Acid
Abscisic acid (ABA) is an isoprenoid phytohormone and performs many specific 
functions related to plant growth (Taylor et al. 2000). Its name is based on its role in 
the abscission of plant leaves. ABA inhibits seed germination, photosynthesis, fruit 
ripening, and kinetin biosynthesis. ABA is also involved in establishing dormancy 
and regulation of stress responses like adaptation to drought, low temperature and 
salinity. These activities are regulated by the combined activity of interconnected 
ABA-dependent and ABA-independent signalling pathways (Shinozaki et al. 2003). 
Koga et al. (2004) stated that the application of ABA increased the susceptibility of 
rice plants to Magnaporthe grisea.

10.4.4  Alleviation of Abiotic Stress by Rhizosphere Microflora

Over the past few decades, abiotic stress has become an important area of research, 
mainly focusing on suitable mechanisms to alleviate stress in plants. Our under-
standing of alleviation of abiotic stress has taken huge shape with the knowledge of 
adaptation strategies of plants to various climatic, edaphic, and physiographic 
factors that limit plant growth substantially. Plants adopt some strategies to cope 
with abiotic stresses, such as stress tolerance and stress avoidance. The plants them-
selves may not confront the abiotic stress successfully, so it have to be genetically 
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modified through down- or up-regulation of gene expression or it has to utilize its 
rhizosphere microbial friends to help to withstand harsh environmental stress. In 
this subsection of the chapter, certain rhizospheric microbial mechanisms are dis-
cussed in brief.

Climatic factors influencing abiotic stresses include drought, extreme tempera-
ture (both hot and cold), and excessive precipitation. The edaphic factors mostly are 
soil related, like soil salinity, soil acidity, soil fertility as a whole, and the presence 
of heavy metals, organic pollutants, and their level of toxicity. Physiographic param-
eters such as physical structure of soil/land, slope or steepness are key factors in 
abiotic stresses. All these parameters are natural havocs threats and impact on crop 
production and food safety problems.

Many microbes possess genes that are responsible for the expression of multi-
meric enzymes with a monomeric subunit (Glick 2005). ACCD (1- aminocycloprop
ane- 1-carboxylate deaminase) cleaves ACC, an immediate precursor for ethylene 
into α-ketobutyrate and ammonia (Penrose and Glick 2003). By converting ACC 
into α-ketobutyrate and ammonia, it reduces the possibility of ethylene accumula-
tion in the plant. The production of salicylic acids and Jasmonic acids induces sys-
temic tolerance in the plant against abiotic stress. When a plant is exposed to the 
stress of drought, generation of reactive oxygen species (ROS) is accelerated due to 
water scarcity, resulting desiccation and dehydration, which ultimately leads to 
death of the cell. In order to avoid these problems, microbes possessing antioxidant 
strategies are initiated, and microbial production of exopolysaccharides help in 
proper aggregation of soil particles resulting in maintenance of the soil water status. 
These all are the important possible mechanisms for alleviating abiotic stresses.

The yield of crop plants is reduced in saline soils (Shahbaz and Ashraf 2013), 
and the soil salinity is expected to reach 50% of arable land by 2050 (Jamil et al. 
2011). Therefore, microbe-mediated alleviation of salt stress is imperative to 
enhance yield in salt-affected soils. Enhanced plant growth has been reported in salt 
stress conditions by rhizobacteria-induced tolerance in wheat (Tiwari et al. 2011). 
An array of studies has shown microbial potential as a tool to alleviate stress from 
soil salinity (Yao et al. 2010). Erratic and reduced rainfall is another serious concern 
for agriculture. In the face of water deprivation, many plant growth-promoting rhi-
zobacteria possess huge potential to modulate the physiological response of plants 
and help them to survive (Marasco et al. 2012).

10.4.5  Biocontrol Activity

Plants make up most of the earth’s living environment. They grow and produce well 
as long as soil provides them with an able environment. However, pathogenic 
microorganisms in soil, for example bacteria, fungi, viruses, protozoa, and nema-
todes, and unfavorable natural conditions cause sickness in plants, leading to dimin-
ished yield. This has prompted the use of chemicals to control plant diseases, usually 
referred to as pesticides. With the perpetually growing unsafe impacts of harmful 
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pesticides on nature, a requirement for a feasible eco-friendly administration prac-
tice became necessary. Hence today there is global enthusiasm for the advancement 
and utilization of biocontrol agents and the need to decrease the use of chemicals for 
pest control.

Biocontrol or biological control is a term that refers to the use of living organ-
isms in order to suppress pathogens. DeBach (1964) defined biological control as 
“the action of parasites, predators, or pathogens in maintaining another organism’s 
population density at a longer average than would occur in their absence.” The 
organism that suppresses the pathogen is a biocontrol agent. In the twentieth cen-
tury it was realized that soils harbor microorganisms that can suppress disease 
caused by soil-borne pathogens.

A few of the organisms, for example Penicillium, restrain the development of 
other fungi and bacteria. In 1930s, scientists infected plants with mild strains of 
virus to prevent or delay the infection by a more severe strain (cross-protection). 
Biological control of plant diseases with antagonistic microorganisms came into 
practice in the 1960s with the use of non-pathogenic fungal spores of Phleviopsis 
gigantea on pines against the fungus Heterobasidion annosum. In the 1980s scien-
tists introduced viral genes into host plants through genetic engineering, which pre-
vented or delayed the infection of the plant by the virus. Another recent encouraging 
method for biocontrol uses pathogens or chemicals that cause tiny lesions in plants 
that will activate their defense against subsequent infections by similar pathogens 
(systemically acquired resistance). Feng et  al. (2013) studied the effect of endo-
phytic bacterial communities in tomato plants with differential resistance to 
Ralstonia solanacearum wherein the number of endophyte species with the ability 
to antagonise R. solanacearum in resistant tomato plants was more than that in sus-
ceptible plants. The isolated bacterial species showed high similarity to 
Sphingomonas yanoikuya, Bacillus megaterium, Serratia marcescens, Pseudomonas 
pseudoalcaligenes, Paenibacillus polymyxa, B. cereus and B. pumilus in partial 
rRNA sequencing. Similar studies were conducted by Achari and Ramesh (2014) on 
eggplants, chillis, and Solanum torvum. Diversity, plant growth, and plant health 
promotion traits were studied from 167 xylem-residing bacteria. Suppression of R. 
solanacearum was reported by these isolates through production of volatile and dif-
fusible antagonistic compounds.

The mechanism of biocontrol can be divided into three types, direct antagonism, 
mixed pathogen antagonism, and indirect antagonism (Pal and McSpadden 2006).

10.4.5.1  Direct Antagonism
In direct antagonism, the biocontrol agent (BCA) uses hyperparasitism or predation 
as the mechanism. In hyperparasitism, the biocontrol agent directly attacks the 
pathogen and kills it. These BCAs can be obligate bacterial pathogens, hypoviruses, 
facultative parasites, or predators. Trichoderma harzianum, the most frequently 
studied mycoparasite, occurs in soils, rotting wood, and many other environments. 
When it grows over other fungi it dissolves its host’s hyphae with extracellular 
enzymes such as glucanases and chitinases. Other widely studied mycoparasites 
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include Coniothgrium minitans and Sporidesmium sclerotiorum, which are antago-
nists of sclerotial fungi and Gliocladium spp., which parasitize a range of soil-borne 
pathogens.

Bacteria occurring in the rhizosphere are also known to parasitize pathogens. A 
recent study on the mycoparasitic nature of Bionectria sp. strain 6.21 conducted by 
Melo et al. (2014) revealed the parasitic nature of Bionectria sp. on Rhizoctonia 
solani and Pythium aphanidermatum. The obtained results indicated that this bio-
control agent has both antibiotic and mycoparasitic properties. Likewise, 
Ampelomyces quisqualis is one of the successful mycoparasites for powdery mil-
dew fungus.

10.4.5.2  Mixed-Pathogen Antagonism

10.4.5.2.1 Antibiotics
Antibiotics are microbial toxins that can, at low concentrations, poison or kill other 
microorganisms. When grown in pure culture, most micro-organisms produce sec-
ondary metabolites. These compounds are generally not essential intermediaries to 
the primary metabolism. They have unusual structures and are toxic to other micro-
organisms. Many antibiotics produced by biocontrol bacteria exhibit broad- spectrum 
activity. For example, pyrrolnitrin produced by Burkholderia and Pseudomonas 
spp. has activity against a wide range of basidiomycetes, deuteromycetes, and asco-
mycetes, including the plant pathogens Rhizoctonia solani, Botrytis cinerea, 
Verticillium dahliae, and Sclerotinia sclerotiorum (Raaijmakers et  al. 2002). 
Similarly, 2,4-diacetylphloroglucinol (2,4-DAPG), produced by Pseudomonas spp., 
exhibits antimicrobial activities (Weller et  al. 2007). Some of the antibiotics are 
listed in Table 10.2.

Table 10.2 Biocontrol agent (BCA) antibiotics

Antibiotic Strain Pathogen Disease Reference
Fengycin Bacillus subtilis  

strain NCD-2
Rhizoctonia solani Cotton 

damping- off
Guo et al. 
(2014)

Iturin A, fengycin 
macrolactin, 
bacillaene and 
difficidin

B. amyloliquefaciens 
GA1

B. cinerea Post harvest 
infection

Arias et al. 
(2009)

Xanthobaccin A Lysobacter sp. strain 
SB-K88

Aphanomyces 
cochlioides

Damping off Islam et al. 
(2010)

2, 4-diacetyl-  
phloroglucinol

Pseudomonasv 
fluorescens F113

Pythium spp. Damping off Shanahan 
et al. (1992)

Herbicolin Pantoea agglomerans 
C9-1

Erwinia amylovora Fire blight Sandra et al. 
(2001)
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10.4.5.2.2 Lytic Enzymes
Extracellular hydrolytic enzymes produced by microbes may also play a role in sup-
pression of plant pathogenic fungi. Many microorganisms produce and release lytic 
enzymes that can hydrolyze a wide variety of polymeric compounds, including chi-
tin, proteins, cellulose, hemicellulose, and DNA. For example, control of soil-borne 
pathogens of the groundnut, mainly Sclerotium rolfsii by Trichoderma viride, is 
mediated through chitinase production (Parmar et al. 2015) where as Trichoderma 
harzianum was shown to lyse 68% of the cell wall of Phomopsis vexans (Phomopsis 
blight) using f -1, 3 glucanase and chitinase within 48 h (Ghosh et al. 2015).

Other microbial by-products may also contribute to pathogen suppression. 
Hydrogen cyanide (HCN) is highly toxic to aerobic microbes as it blocks the cyto-
chrome oxidase pathway even at very low concentrations. Suppression of several 
root pathogens was reported by HCN-producing fluorescent pseudomonads. In a 
recent study, Pseudomonas fluorescens Pf1 strain was shown to produce an iron- 
chelating agent (siderophore), volatiles (HCN), and antibiotic (fluorescein and pyo-
cyanin) inhibiting Macrophomina phaseolina (coleus root rot).

10.4.5.3  Indirect Antagonism

10.4.5.3.1 Competition
Competition occurs when two or more organisms require the same resource for 
growth and survival. The use of this resource by one organism reduces the amount 
available to the other. This leads to a deficiency in the already available resources 
leading to competition between the organisms. The rhizosphere is a region of intense 
microbial activity. Biocontrol by competition occurs once the biocontrol agent 
reduces the availability of a particular nutrient element and thereby limits the growth 
of the pathogen. Biocontrol agents have a more efficient uptake or utilizing system 
for the substance than do pathogens. Biocontrol by competition for important 
micronutrients has also been revealed. Kloepper et  al. (1980) demonstrated the 
importance of siderophore production for the first time as a biological control mech-
anism of Erwinia carotovora by several plant-growth-promoting Pseudomonas flu-
orescens strains.

10.4.5.3.2 Induction of Host Resistance
Induction of host defenses can be local and/or systemic in nature, depending on the 
type, source, and amount of stimuli. The inducible resistance in plants to an array of 
pathogens is called systemic acquired resistance (SAR). Salicylic acid (SA) is key 
compound in SAR and is frequently produced after pathogen infection; it leads to 
the expression of pathogenesis-related (PR) proteins. Some of these PRs are 
1,3- glucanases and chitinases capable of hydrolyzing fungal cell walls. SAR may 
also be induced by inoculating plants either with a necrogenic pathogen or a non- 
pathogen or with certain natural or synthetic chemical compounds like benzothia-
zole (BTH).

A second pathway, referred to as induced systemic resistance (ISR), is mediated 
by jasmonic acid (JA) and/or ethylene, which are produced following applications of 
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some nonpathogenic rhizobacteria. The protection mediated by ISR is considerably 
less than that of SAR (Van Loon 2000) and it is more or less dependent on the plant 
genotype (Bloemberg and Lugtenberg 2001). However, ISR and SAR together could 
provide significantly better protection than either of them alone. This indicates their 
additive roles in resistance towards plant pathogens (Van Wees et al. 2000). Some 
examples of ISR- and SAR-mediated pathogen suppression are listed in Table 10.3.

With the advent of good agricultural practices, it is unlikely that BCAs will com-
pletely replace chemical pesticides, as BCAs have a slow action and the world pop-
ulation continues to increase at a rapid rate with a need for greater and faster food 
production. However, BCAs could be developed as a component of integrated dis-
ease management programs.

10.5  Application of Rhizosphere Microflora for Enhancing 
Crop Productivity: Bioformulations

A bioformulation is a mixture of an active ingredient with a formulated product 
with inactive or inert substances. Here the active ingredient is a live microbe or 
spore or any other latent form (Hynes and Boyetchko 2006). The term biofertilizer 
encompasses formulations that contain microorganisms and/or a biological product 
that can fix atmospheric nitrogen, enhance the solubility of soil nutrients, and/or 
have the potential to enhance the yield of crop plants (Kumar 2014). These microbes 
help to develop an eco-friendly control strategy for plant diseases as a biocontrol 
agent (Heydari and Gharedaghli 2007). According to the Bureau of Indian Standards 
(BIS), carrier-based biofertilizer should contain 5 × 107 CFU/g in solid based and 1 
× 108 CFU/ml in liquid biofertilizers (Yadav 2009; Anandaraj and Delapierre 2010; 
Sahu and Brahmaprakash 2016). A biofertilizer formulation is the form in which 
microbes are delivered to plants. It contains potential microorganisms, a carrier 
material, and suitable additives. A good bioformulation will protect bacterial cells 
from harsh environmental conditions and help to attain a good physiological state 
and sufficient production.

Table 10.3 Induced host resistance in bacteria

Strain Plant Determinant Type Reference
Bacillus fortis IAGS 
162

Fusarium wilt of 
tomato

Phenyl acetic acid ISR Akram et al. 
(2016)

Pseudomonas 
fluorescens WCS374r

Pseudomonas 
syringae pv. 
tomato in 
Arabidopsis

Iron-regulated ISR Djavaheri 
et al. (2009)

Pseudomonas 
fluorescens CHA0

Tobacco Siderophore SAR Maurhofer 
et al. (1994)

Bacillus 
amyloliquefaciens LJ02

Cucurbit powdery 
mildew

Antibiotics and 
siderophores

ISR Li et al. 
(2015)

Pseudomonas putida 
strains

Arabidopsis Lipopolysaccharide ISR Meziane 
et al. (2005)
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Application of plant-beneficial microbes is achieved in the form of biofertilizers. 
Biofertilizers are preparations containing beneficial microorganisms that enhance 
plant growth (Brahmaprakash and Sahu 2012). An inoculant or formulation is the 
means of transporting these beneficial microbes from the place of their manufacture 
to the field to enhance plant growth (Tittabutr et al. 2007). In India, the term “bio-
fertilizer” refers to fertilizers that meet a crop’s nutritional requirements through 
microbiological means; in other countries the term “microbial inoculants” is used 
(Brahmaprakash and Sahu 2012).

10.5.1  Types of Carrier Material

A carrier material is an inert substance that supports the cells and ensures that the 
cells are easily established in and around the plant and provides help in enhancing 
plant growth and biocontrol activity. Various types of materials are used as carriers. 
A superior carrier material makes a good quality inoculant. A list of the constituents 
of a superior quality carrier material for microbial inoculants is given below (Mishra 
and Dahich 2010; Bazilah et al. 2011; Sahu and Brahmaprakash 2016):-

• High water-holding and water-retention capacity
• No heat of wetting
• Nearly sterile, chemically and physically uniform
• Non-toxic in nature, easily biodegradable and non-polluting
• Nearly neutral pH
• Supports growth and survival of bacteria
• Amenable to nutrient supplementation
• Rapid release of bacteria in soil
• Manageable in mixing, curing, and packaging operation
• Available in powder or granular form in adequate quantities and at a reasonable cost.

The kind of carrier utilized defines the physical form of the biofertilizer. Dry 
inoculants are mainly produced using several soil materials (e.g., peat, coal, clays, 
inorganic soil, etc.), organic materials (e.g., composts, soybean meal, wheat bran, 
sawdust, etc.), or inert materials (e.g., vermiculite, perlite, kaolin, bentonite, sili-
cates) (Smith 1992) and additives such as gums, silica gel, methyl cellulose, and 
starch that protect the cells from harsh environmental conditions (Hynes and 
Boyetchko 2006) are used.

10.5.2  Types of Bioformulations

There are many variations available as biofertilizer formulations. The major types are:

• Solid carrier-based formulation
• Liquid formulation
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• Polymer-entrapped formulation
• Fluidized bed dried formulation.

Solid formulations include granules, microgranules, wettable powders, and dust 
(Guijarro et al. 2007; Swapna et al. 2016). Liquid inoculants are based on culture 
broth, mineral oil, organic oil, or on oil-in-water emulsions. In a polymer-entrapped 
formulation, the mass multiplied inoculum is mixed with polymer and then chemical 
solidification is carried out (Jung et  al. 1982). This provides uniform beads with 
entrapped live cells inside. Alginate is usually preferred for making beads. It slowly 
releases the entrapped microbes into the environment and protects them from harsh 
conditions. Reducing contamination in the formulation is one of the serious concerns 
in biofertilizer quality. In this regard fluidized bed dried formulations of beneficial 
microorganisms are of importanceas they have resulted in decreased contamination 
and increased survival of inoculants (Sahu et al. 2013; Lavanya et al. 2015).

Among the solid types of bioformulations, granules are dry particles containing 
an active ingredient, a binder and a carrier, and are classified as coarse particles of 
100–1000 μm in size, and microgrnaules of 100–60 μm in size, which should be 
non-dusty, free flowing, and should disintegrate in the soil to release the active 
ingredient. Granules are safer and are more oriented toward increased shelf life 
(O’Callaghan and Gerard 2005), e.g., wheat meal granule, corn meal bait, corn 
starch granules, cotton seed flour granules, alginate, semolina wheat flour granules, 
etc. Wettable powders are the oldest type of bioformulations, and consist of 50–80% 
technical powder, 15–45% filler, 1–10% dispersant, and 3–5% surfactant (Brar et al. 
2006). These powders are readily miscible with water and can be easily added to a 
liquid carrier like water just before application. They have a longer shelf life of 18 
months and more, e.g., wheat bran-sand mixtures, sawdust-sand-molasses mixture, 
corn cob-sand-molasses mixture, sawdust-sand-molasses mixture, organic cakes, 
farmyard manure, inert charcoal, and flyash can be used prepare powder formula-
tions (Khan et al. 2007).

Liquid formulations are aqueous suspensions consisting of biomass suspensions 
in water, oils, or a combination of the two (Schisler et al. 2004; Brahmaprakash 
et al. 2007; Velineni and Brahmaprakash 2011). They contain 10–40% of microor-
ganisms, 1–3% suspender ingredient, 1–5% dispersant, 3–8% surfactant, and 
35–65% carrier liquid (oil/water) (Brar et al. 2006). The form and concentration of 
osmolytes used affects the survival of microorganisms in the formulation (Sridhar 
et al. 2004; Girisha et al. 2006a, b; Dayamani 2010; Dayamani and Brahmaprakash 
2014a, b). Liquid formulations maintain a higher number of microorganisms for a 
long time, which adds to their effectiveness (Navi 2004; Girisha et al. 2006a, b; 
Bhaskara 2011). Oil dispersion is a stable suspension of an active ingredient in 
water- immiscible solvent or oil. Soybean oil and other oil-based formulations have 
been shown to have greater efficacy in foliar spray and are considered effective in 
enhancing the activity of entomopathogens (Feng et al. 2004). Liquid inoculants 
have been reported to have a shelf life of 18–24 months (Sharma et  al. 2010). 
Addition of trehalose (15 mM) and PVP (2.5%) has been reported to enhance the 
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shelf life of a liquid bioformulation of Azospirillum and PSB (Surendra Gopal and 
Baby 2016).

Different technologies are being developed to provide a good bioformulation to 
replace chemical pesticides and fertilizers. Nanotechnology is one of the novel ave-
nues for development of the next generation bioformulation. It employs inorganic or 
organic nanoparticles with dimensions of 100 nm or less (Auffan et al. 2009). The 
integration of microbial cells with nanotechnology will lead to a useful hybrid sys-
tem that can have numerous applications in many fields like agriculture (Bailey 
et al. 2010).

Cost-effectiveness is a major concern with bioformulations. The cost of abiofer-
tilizer should not put economic pressure on the end users, the farmers (Xavier et al. 
2004). A spray of PGPR containing Bacillus cereus and Pseudomonas rhodesiae on 
tomato, cauliflower, chili, and brinjal plants resulted in increased shoot height, early 
fruiting, and increased total biomass of plants (Kalita et  al. 2015). Suman et  al. 
(2016) reported on a hydrogel-based bioformulation containing Azotobacter 
chroococcum, Pseudomonas fluorescence, and Trichoderma viride for harnessing 
their potential to support growth, stable shelf life, and bio efficacy. Shelf life and 
other parameters were compared among lignite-, liquid-, and hydrogel-based carri-
ers. After 90 days, the population of Azotobacter chroococcum was 1.2 × 107, 1.4 × 
108 and 3.5 × 109 CFU/ml; Pseudomonas fluorescence was 2.2 × 107, 2.4 × 108 and 
4.5 × 109 CFU/ml; and Trichoderma viride 1.4 × 106, 2.8 × 107 and 2.5 × 108 CFU/
ml, respectively, from the lignite-, liquid-, and hydrogel-based carriers. Hydrogel- 
based bioinoculants enhanced growth in wheat seeds as compared to liquid- and 
lignite-based bioinoculants.

Rhizosphere microflora can enhance soil fertility, nutrient availability, nutrient 
uptake, and plant health (Adesemoye et  al. 2009; Berg 2014). A liquid inoculant 
formulation of Rhodopseudomonas palustris strain PS3 improves soil quality and 
promotes plant growth (Lee et al. 2016). Rhizosphere inoculants also help to enhance 
nutrient uptake efficiency from applied fertilizer in the soil (Wong et al. 2014). The 
plant growth promotion ability of a liquid inoculant formulation of Rhodopseudomonas 
palustris strain PS3 was tested with different additives. In Chinese cabbage up to 
40% yield enhancement over control was observed (Lee et al. 2016). In a paddy rhi-
zosphere, Rhodopseudomonas palustris was reported as decomposing phytotoxins 
like hydrogen sulfide (Kornochalert et al. 2013; Idi et al. 2014).

Microbial inoculants are now becoming an important component of sustainable 
agricultural practice (Das et  al. 2013). Rhizosphere microbes like Pseudomonas 
spp., Azospirillum spp., Azotobacter spp., and Rhizobium spp. are successful inocu-
lants (Bashan et al. 2013; Dayamani and Brahmaprakash 2014a, b).

The difficulty of mismatch of performance of microbial inoculants from the lab-
oratory/green house to the field (Stephens and Rask 2000) arises as a result of poor 
quality of formulation, carrier material, poor compatibility, poor rhizosphere com-
petence, etc. (Bhattacharyya and Jha 2012; Dayamani and Brahmaprakash 2014a, 
b; Sahu and Brahmaprakash 2016). A successful bioformulation is one that supplies 
microbes in sufficient numbers and appropriate physiological form (Brahmaprakash 
and Sahu 2012; Sahu and Brahmaprakash 2016). An ideal formulation should have 
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the following criteria (Xavier et al. 2004; Pandya and Saraf 2010; Herrmann and 
Lesueur 2013; Sahu and Brahmaprakash 2016):

• Stability of the microorganisms during production, storage, and distribution
• Maintainence of a higher number of viable cells and enhancement of the activity 

of the organisms in the field
• Easy to handle and use
• Should not have adverse effects on the environment
• Should help to improve soil properties
• Release of bioinoculants in entrapped formulation should not be too fast or too 

slow
• Must be able to be applied by using standard agrochemical machinery
• Must be cost-effective and commercially viable

10.5.3  Mode of Application

There are three common ways of using biofertilizers:

 1. Seed treatment
 2. Root/seedling dipping
 3. Soil application.

10.5.3.1  Seed Treatment
Seed treatment is the most commonly used method for different types of inoculants, 
and is an effective and economic method. For 10 kg of normal-size seeds, 200 g of 
inoculant is used, and for larger size seeds, 400–500 g of inoculants is used. The bag 
is opened and the seed is dried in shade for 20–30 min. The inoculant is mixed with 
seeds by adding a sticking agent jaggery (200 g) solution in a bucket and the micro-
bial inoculant can be mixed directly by hand. Treated seeds have to be shade-dried 
and should be used for further sowing. Seed treatment can be carried out using 
Rhizobium, Azotobacter, Azospirillum, and with PSMs. Seed treatment can be 
accomplished using a consortium of compatible microorganisms. The seeds should 
be coated first with Rhizobium, Azotobacter, or Azospirillum. A PSM inoculant can 
be coated as the outer layer after a layer of other bacteria. This method will maintain 
a higher number of each bacterium, which is needed for better results.

10.5.3.2  Root Dipping
This method is useful when crops are being transplanted. It is also ideal for vegeta-
ble crops. Azospirillum/PSMs/Pseudomonas can be used for root dipping. Inoculant 
suspension in water at a ratio of 1:10 is prepared and the roots of seedlings are 
dipped into this suspension for 10–15 min. The seedlings are then removed and 
transplanted as early as possible.
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10.5.3.3  Soil Application
Soil application can be done by mixing the inoculum with FYM/compost. For every 
100 kg of FYM or compost, 2–3 kg of inoculant is thoroughly mixed and sprinkled 
with water. The resulting mix has to be covered with a wet gunny bag to retain the 
moisture and has to be left for 1–2 days. The result will be an inoculants-enriched mix-
ture, which can then be used for application. This enriched compost has to be dispersed 
onto the field or can be used for soil application in rows or during leveling of soil.

Table 10.4 Recommended dose of liquid biofertilizers and their application method

Crop Recommended biofertilizer
Application 
method

Quantity to 
be used

Field crops Rhizobium Seed 
treatment

200 ml/acre
Pulses
Chickpea, pea, groundnut, 
soybean, bean, lentil, lucern, 
berseem, green gram, black 
gram, cowpea, pigeon pea
Cereals wheat, oat, barley Azotobacter/Azospirillum Seed 

treatment
200 ml/acre

Rice Azospirillum Seed 
treatment

200 ml/acre

Oil seeds: mustard, seasum, 
linseeds, sunflower, castor

Azotobacter Seed 
treatment

200 ml/acre

Millets: pearl millets, finger 
millets, kodo millet

Azotobacter Seed 
treatment

200 ml/acre

Maize and sorghum Azospirillum Seed 
treatment

200 ml/acre

Forage crops and grasses: 
bermuda grass, sudan grass, 
napier grass, para grass, star 
grass, etc.

Azotobacter Seed 
treatment

200 ml/acre

Other miscellaneaous 
plantation crops tobacco

Azotobacter Seedling 
treatment

500 ml/acre

Tea, coffee Azotobacter Soil 
treatment

400 ml/acre

Rubber, coconuts Azotobacter Soil 
treatment

2–3 ml/
plant

Agro-forestry/fruit plants all 
fruit/agro-forestry (herbs, 
shrubs, annuals, and 
perennial) plants for fuel, 
wood fodder, fruits, gum, 
spice, leaves, flowers, nuts 
and seeds purpose

Azotobacter Soil 
treatment

2–3 ml/
plant at 
nursery

Leguminous plants/trees Rhizobium Soil 
treatment

1–2 ml/
plant

Doses recommended when count of inoculum is 1 × 108 cells/ml. Doses will be ten times more 
because the given nitrogen fixers and phosphate solubilizers can be applied on all crops at a rate of 
200 ml/acre
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10.5.3.4  Dosage of Liquid Biofertilizers in Different Crops
Recommended liquid biofertilizers, their application method and quantity to be 
applied in different crops are shown in Table 10.4 (Harimuraleedharan et al. 2010; 
Vora et al. 2008).

10.6  Contribution of Rhizosphere Microflora to Modern 
Agriculture: A Future Perspective

Roots, the “hidden half” of a plant, are gaining greater attention of agro researchers 
for harnessing the potential hidden underground. Rhizosphere engineering can 
bring nutritional benefit by providing nutrients and enhancing efficiency of nutrient 
use of applied fertilizers. In conditions of water scarcity, rhizosphere microflora can 
enhance water use efficiency to produce a greater crop-per-drop concept. Induced 
systemic resistance for disease resistance and induced systemic tolerance for alle-
viation of abiotic stresses are two major areas of sustainable plant health promotion 
where rhizosphere microflora play a key role. Investigations need to be better tar-
geted in order to acquire greater economical and more sustainable crop production 
by using rhizosphere microflora.
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Abstract
Molecular interactions among the plants and microbes represent an important 
microecological phenomenon. The cross talk involves multiple ecological 
aspects like exchange of metabolites, signaling and chemotaxis, etc. These bilat-
eral interactions are crucial for the health and development of both the plant and 
colonizing microbes. The signal molecules play major role as inducers of differ-
ent pathways that contribute indispensable role for the survival of the partici-
pants under adverse circumstances and development of symbiotic associations as 
well. Though the recent high-throughput techniques have generated considerable 
data regarding the molecular exchanges happening in the rhizosphere microbes 
and the host, our current knowledge in this area is still in infancy. It is thus criti-
cal to get deeper insights of such interactions so as to develop next-generation 
strategies relating to the sustainable agriculture under the changing climate sce-
nario. We describe herewith the major aspects concerning the contributors and 
their role in rhizosphere signaling cascades and the consequent post-signaling 
responses given by the host and the colonizing microbes.
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11.1  Introduction

Microbial interactions are omnipresent. Microbial communities in soil represent the 
pool of biological diversity (Berendsen et  al. 2012). In plants also the microbes 
comprise a core portion of the phyllosphere ecosystem. However, the major frac-
tions of the microbes interacting with plants are mostly from rhizosphere or endo-
phyte origin that depends on their habitat inside or outside the plant. These organisms 
can promote the seed germination, improve the uptake of nutrients, and enhance the 
growth and development of plants under the influence of different abiotic and biotic 
stressors (Ryan et al. 2008; Grover et al. 2013; Meena et al. 2017). The rhizosphere- 
colonizing microbial communities principally comprise bacteria, fungi, protozoa, 
algae, and actinomycetes; however, bacteria are the major copious microbes present 
in the soil. Microbial interactions play key role in the survival of microorganisms by 
developing homeostasis between microbial community and the surrounding envi-
ronment. Microbes respond to the environmental stimuli by carrying out metabolic 
exchange. Majority of the biologically active metabolites produced by fungi and 
bacteria can potentially serve as bio-fertilizers, biopesticides, phytostimulators, and 
plant strengtheners (Berg 2009). On the other hand, plants also exudate number of 
organic compounds like sugars, vitamins, amino acids, etc. which serve either as 
nutrients or signaling molecules for colonization. Responding to the plant signals, 
the microbial population produces an array of biologically active molecules, includ-
ing microbial derivatives of phytohormones and other volatile compounds having 
the capability to regulate plant growth and enhance the plants’ immunity (Ortíz- 
Castro et  al. 2009). The exudates secreted by plant roots permit development of 
microbial communities and increase microbial metabolic turnover in the rhizo-
sphere region. In addition to the function as chemoattractant, the root exudates also 
serve as sources of carbon and nitrogen. The chemical composition of root exudates 
is species dependent in addition to the influence of environmental conditions, nutri-
ent availability, soil chemical characteristics, weather conditions, etc. (Mimmo 
et al. 2011). Flavonoids are the major signaling molecules known to participate in 
plant–microbe interactions. The beneficial microbial communities generally inter-
act with plant by two strategies: first being the plant growth promotion by producing 
phytohormones, VOCs, cytokinins, siderophores, etc. and, second one, to work as 
biocontrol agents against phytopathogens. Both the strategies result in improved 
health of plants, enhanced immunity against phytopathogens, and efficient tolerance 
to biotic and abiotic stresses.

11.2  Molecular Signaling in Plants and Microbes

Each entity develops a system of signaling cascades to intellect the habitat and 
other organisms and to launch specific cellular, molecular, and developmental 
oscillations. The significance of the interaction among plant and specific micro-
bial communities is well known. The biological communication between plants 
and microorganisms involves diverse signal molecules originating from both 
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allies. Plant root exudates during different developmental stages of the plant 
induce comprehensive signaling cascades between the plant and soil microbes. 
Microorganisms produce signal molecules to synchronize their gene expression in 
response to changes in cell density (Atkinson and Williams 2009). During the past 
several decades, researchers made their energies to understand the molecular 
mechanisms of signaling in the rhizosphere environment (Guttman et al. 2014), 
but still we have limited information about the signaling pathways in the rhizo-
sphere. Phytohormones predominantly regulate the whole plants’ developmental 
process. Microorganisms also produce auxins and cytokinins that act as central 
protagonist in plants’ overall development. Some microbial interactions are also 
governed by auxins where they serve the role of signaling molecules at a particu-
lar stage of microbial growth. Phenolic compounds, the secondary metabolites 
secreted by the plants, also contribute in the interactive signaling cascades 
involved in the development of legume- rhizobia symbioses and arbuscular mycor-
rhizal symbioses; moreover the former also act as active mediators in plant defense 
response (Mandal et al. 2010). Plants secrete number of secondary metabolites in 
rhizosphere like phenylpropanoids, glucosinolates, flavonoids, and terpenes 
(Dixon and Paiva 1995; Bressan et al. 2009; Moore et al. 2014). Flavonoids are 
capable to mimic the quorum-sensing molecules in bacteria, thus impelling the 
overall metabolism of bacteria (Hassan and Mathesius 2012). Strigolactones are 
terpenoid lactones that serve as derivatives of carotenoid metabolism; they also 
act as major signaling molecules in plant–arbuscular mycorrhizal symbiosis 
(Bonfante and Genre 2015). These molecules also serve as key regulators of 
developmental adaptations in plants under changing environmental conditions. 
Moreover, they can also stimulate the nodulation process during the root-Rhizo-
bium symbiosis (Soto et al. 2010; Foo and Davies 2011).

11.3  Defense

Plant pathogenic microbes and insects are the most persistent threat in agriculture, 
representing one of the major causes of yield loss. Farmers mostly depend on agro-
chemicals to protect plants from the pathogens. However, the increased use of agro-
chemicals pesticides and insecticides has ultimately resulted in the development of 
another serious threat of the agrochemical resistance. Beneficial microorganisms 
associated with plants also protect plants from pathogens, both directly and indi-
rectly. The major phenomena include production of toxins and antibiotics, competi-
tion with pathogens for nutrition, suppression of their growth, and development of 
ISR against pathogens and abiotic stresses. Studies concerning the action mecha-
nisms of PGPB open new gateways to develop the strategies to improve the overall 
efficacy of biocontrol agents (Walsh et al. 2001; Morrissey et al. 2002, 2004). The 
biomolecules like antibiotics, chromosomal and/or ribosomal production of antimi-
crobial peptides, organic acids, proteinaceous exotoxins, and lytic enzymes are gen-
erally produced for defense purpose (Subramanian and Smith 2015). Pseudomonas 
hinders the growth of virulent bacteria by secreting antibiotics after inhabiting the 
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root systems. The signaling pathways involved in the antibiotic synthesis are yet to 
be explored keenly; however, it might be similar to the other two-component signal-
ing systems that induce antibiotic synthesis (Whipps 2001). Owing to this property 
of bacteria, their use as biocontrol agents has been extensively studied worldwide 
principally to control the plant pathogens from agricultural crops. Similarly, yeasts 
from the genera Pichia and Candida and filamentous fungi from the genera 
Trichoderma, Gliocladium, and Ulocladium also have biocontrol potential due to 
their ability to produce fungicidal and bactericidal compounds (Jacometti et  al. 
2010).

11.4  Induced Resistance

The plants defend through biochemical responses and resistance mechanisms 
against pathogens. Induction of resistance in plants against phytopathogens can be 
of either localized and/systemic nature. Localized induced immune response in 
plants is often associated with systemic acquired resistance (SAR), which requires 
distant communication and involvement of signal molecules. Some of these signal 
molecules in plants have been characterized in recent years (Shah and Zeier 2013). 
Jasmonic acid and salicylic acid serve as important coordinators in the complex 
signaling pathways involved between plant-beneficial microbes and plant–patho-
genic microbe-insect interactions (Robert-Seilaniantz et  al. 2011; Pieterse et  al. 
2012). They also work as the signal molecules to regulate symbiosis and mediate 
induced systemic resistance (ISR) in plants by nonpathogenic, beneficial microbes 
(De Vleesschauwer et al. 2009; Zamioudis and Pieterse 2012). Elicitors produced 
by ISR-inducing PGPR are generally lipopolysaccharides (LPS), salicylic acid and 
pyoverdine, which are iron-regulated metabolites (De Vleesschauwer and Hofte 
2009; Van Loon et  al. 1998). Paenibacillus polymyxa, an ISR-inducing bacterial 
strain, successfully enhanced JA-responsive Atvsp, SA-responsive Pr1, and 
ET-responsive Hel gene expression (Timmusk and Wagner 1999). Many ISR elici-
tors have been identified in the previous studies, e.g., ethylene signaling pathway, 
volatile organic compounds (VOCs) like 2R,3R-butanediol produced by B. subtilis 
GB03 and B. amyloliquefaciens IN937a (Ryu et al. 2004). Paenibacillus polymyxa 
emitted C13 compounds that elicited ISR in A. thaliana against Erwinia carotovora 
(Lee et al. 2012). The siderophore pyoverdine, LPS-containing cell walls, and fla-
gella of P. putida WCS358 elicit ISR in Arabidopsis when applied exogenously to 
the roots (Meziane et al. 2005). T. harzianum and P. fluorescens, alone and in com-
bination, increase the induced systemic resistance in rice plants against sheath blight 
disease caused by R. solani (Singh et al. 2016). Biocontrol agents are considered as 
potential alternatives of chemical agents in sustainable agriculture (Postma et al. 
2003; Welbaum et al. 2004).

Beneficial microbes also elicit the systemic acquired resistance in plants; ISR 
pathways in plant are regulated by microbes mainly via SA-independent mecha-
nisms. Studies have shown that SA-dependent form of ISR in plants induced by 
numerous PGPR resembles with the pathogen-induced SAR (Pieterse et al. 2000). 
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The PGPR strain Pseudomonas aeruginosa 7NSK2–SA-producing mutant was 
shown to improve the disease resistance in wild-type bean and tomato (Audenaert 
et al. 2002; De Meyer et al. 1999). Wild-type PGPR Paenibacillus alvei K165 and 
P. fluorescens SS101 also showed the development of SA-dependent SAR (Tjamos 
et al. 2005; Van de Mortel et al. 2012). Efficiency of biocontrol agents is mainly 
reliant on the capability and efficacy of the microbes to colonize the root surface 
(Ahmad and Baker 1987); this could be resolved better when one considers the 
significance of endophytic microbes to elicit defense responses against phytopatho-
gens. The process involves an array of signaling cascades, e.g., SA- independent 
pathway induced by Azospirillum sp. B510 (Yasuda et al. 2009).

11.5  Endophytes

Endophytes are the class of microorganisms inherent and colonized inside the 
healthy plants without causing any disease or symptoms. Endophytes are mostly 
beneficial for plants’ growth and development; they are also emerging as effective 
biocontrol agents in agriculture (Fig. 11.1). The endophytic organisms having bio-
control ability colonize the plant and induce numerous modifications in cell wall 
structure like development of structural obstacles by deposition of pectin, callose, 

Fig. 11.1 An overview of signaling cascades in the rhizosphere. The plant root exudations elicit 
different amendments in the cumulative expression of various traits in the responding fraction of 
the microbial community. In addition to the induction of ISR and IST, the combined action of root 
exudations and microbial metabolic products may effectively manage the pathogenic microbes
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cellulose, and phenolic compounds at the site potentially attacked by pathogens 
(Benhamou et al. 1998, 2000). Endophytes are also important sources of antibiotics 
and antifungal agents that inhibit and kill diverse types of pathogenic microbes. 
Cryptosporiopsis cf. quercine, an endophyte isolated from Tripterygium wilfordii 
produced antifungal agent cryptoc and in that exhibited inhibitory action against 
different pathogenic fungal endophytes like Sclerotinia sclerotiorum, Botrytis cine-
rea (Strobel et  al. 1999). Muscodor albus, a fungal endophyte of Cinnamomum 
zeylanicum, produces volatile compounds that inhibit and kill broad range of plant 
pathogenic bacteria and fungi (Strobel et al. 2001). Rhizobia produce nod factors 
which serve as chemical signals during nodulation; the nodules act as symbiotic 
organs on the host plant roots (Fisher and Long 1992). Plant roots exudate flavo-
noids and strigolactones which play a key role of signaling in plant–microbe inter-
actions, mycorrhizal formation, and establishment of legume–rhizobia symbiosis 
(Steinkellner et al. 2007). Flavonoids are the predominant controlling molecules in 
the nod gene expression in rhizobia and legume-rhizobia symbiosis (Kondorsi and 
Schultze 1998). Highly specific classes of flavonoids have been also shown to 
enhance rhizobial chemotaxis, bacterial growth, and endophytic association of 
Azospirillum brasilense, Serratia spp., and Azorhizobium caulinodans in wheat and 
rice (Bais et al. 2006; Balachandar et al. 2006; Webster et al. 1998). However, the 
information related to the majority of the roles contributed by flavonoids during the 
interaction of plants with other colonizing microbial groups is quite limited.

11.6  Siderophores

Siderophores are low-molecular-weight organic compounds of microbial origin, 
produced under the iron-starved conditions (Ahmed and Holmstrom 2014). These 
molecules can be easily detected in the late log phase of growth of siderophore- 
producing bacteria; however, the production initiates along with the recognition of 
the iron-starved environment. Siderophores are metal chelating agents that chelate 
the insoluble ferric iron (Fe+3) from different habitats (Nagoba and Vedpathak 
2011). Around 500 types of different siderophores have been recognized so far, with 
270 of them characterized to the structural level (Boukhalfa et al. 2003). Microbes 
produce broad range of siderophores which specifically sequester Fe+++ from the 
surroundings due to high affinity. Bacterial siderophores are categorized into two 
major class, viz., catecholetes and hydroxymates (Matzanke 1991). Some other 
classes such as carboxylates and carboxymates are also known. A major fraction of 
plant growth-promoting microbial population from the rhizosphere and rhizoplane 
actively produce siderophores (Supanekar et  al. 2013a, b; Supanekar and Sorty 
2013; Sorty et al. 2016). Iron acquisition mechanism of the majority of soil microbes, 
including less dominant factions of the community, mainly comprises of sidero-
phore production. The siderophore production by PGPB causes reduction in the 
available ferric iron content in the rhizosphere, thereby inhibiting the growth of 
other microorganisms, including phytopathogens in vicinity of the roots, and also 
decreases nutrient competition between the microbial communities (Jing et  al. 
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2007). The siderophore-mediated biocontrol of phytopathogens also probably 
induces the host resistance mechanism (Meziane et al. 2005). Recent studies have 
focused on the role of siderophores in plant–pathogen interactions; siderophores 
can also trigger the ISR in plants (Aznar and Dellagi 2015). For instance, micromo-
lar concentrations of siderophore pseudobactin when applied to roots successfully 
induced ISR in Arabidopsis (Meziane et al. 2005). The pyoverdine, a siderophore 
secreted by Pseudomonas aeruginosa, regulates the production of virulence factors 
like exotoxin A, an endoprotease, and pyoverdine itself. These factors are catego-
rized among the major determinants of pathogenicity (Lamont et al. 2002). Quorum- 
sensing signals, viz., 2-heptyl-3-hydroxy-4 (1H)-quinolone (PQS), 2-heptyl-4- 
quinolone (HHQ), have been shown to facilitate the siderophore- mediated iron 
uptake in Pseudomonas aeruginosa (Diggle et al. 2007). This also necessitates the 
requisite of selective inducers for smooth operation of siderophore- mediated iron 
uptake systems in microbes.

The soil harbors surplus quantity of iron than is needful for the plants; however, 
the biological availability of the same has been the area of concern as plants are 
unable to intake the native form of iron present in the soil. Plants use different 
mechanisms to fulfill the iron requirement, including secretion of phenolic com-
pounds and acids, and some monocots also synthesize phyto-siderophores and cor-
responding transporters (Morrissey and Guerinot 2009). These approaches, most of 
the time, are inadequate to fulfill the plant’s iron requirement. The plant-associated 
microbes have been shown to contribute significant role in the supplement of iron 
under starvation conditions (Masalha et al. 2000); however, the operative mecha-
nisms are yet unknown. It is thus clear that microbial activity in the soil devotes 
indispensable contribution to favor the iron uptake in plants. Plants also manipulate 
the associative microbial community depending upon their iron-nutritional status; 
this is mainly achieved by altering the root exudations (Yang and Crowley 2000). 
Another significance of siderophore production in the rhizosphere region is the 
enhancement of microbial colonization, which otherwise become difficult under 
iron-starved conditions where the surface hydrophobicity of the microbial cells 
decreases significantly due to insufficient iron which ultimately inhibits the devel-
opment of biofilm (Simoes et al. 2007). Both the production of siderophores and 
binding with Fe+3 are highly pH-dependent processes (Supanekar and Sorty 2013; 
Supanekar et al. 2013a, b). The soil chemistry therefore acts as an important deter-
minant of siderophore-mediated iron uptake.

11.7  Microbial Volatile Organic Compounds (VOCs)

The VOCs emitted by microbes contribute important role in positive plant–microbe 
interactions. Bacterial VOCs can bring significant improvement in ISR and plant 
growth promotion without physical contact. Bacterial volatiles belong to various 
chemical classes, including alkenes, alcohols, ketones, benzenoids, terpenes, esters, 
acids, pyrazines, etc.; the composition of bacterial volatiles may vary with cultiva-
tion conditions and the substrate composition of the medium (Cleason 2006; Blom 
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et al. 2011; Groenhagen et al. 2013; Garbeva et al. 2014). The characteristic mobil-
ity of VOCs through air spaces and fluids enables them to act as ideal mediators in 
both short- and long-distance intra- and intercellular signaling and the signaling 
between host and colonizing microbes as well (Effmert et al. 2012). Bacterial emis-
sion of volatiles may help plants to regulate defense signaling pathways, with SA, 
JA, and ET signaling pathways, thus protecting plants from various types of patho-
gens. Ethylene, the first gaseous hormone revealed in nature, serves as defense 
response activator in plants (Bleeker and Kende 2000). The strains of plant growth- 
promoting rhizobacteria enhanced the growth of Arabidopsis thaliana seedlings by 
releasing a blend of volatile chemicals (Ryu et al. 2003). The PGPR strains also 
found to elicit ISR via chemical volatile emissions under in vitro conditions (Kai 
et  al. 2009). The VOCs have been also shown to alter the plant physiology and 
chemical composition of the root exudates (Goh et  al. 2013). Plants’ biological 
processes like root branching, auxin distribution, leaf cell expansion, and photosyn-
thesis were found triggered by volatiles emitted by B. subtilis GB0 (Zhang et al. 
2007, 2008). Rhizospheric bacterial strains modulate the plant growth and root sys-
tem architecture by VOC emission (Gutierrez-Luna et al. 2010). The current knowl-
edge regarding VOC-mediated communication between the plant and microbes is 
still in infancy; however, the number of active VOC reports has been increasing with 
number of microbial strains (Ryu et al. 2003, 2004; Blom et al. 2011). Very few 
bacterial VOCs have been identified for their accountability toward the positive and 
negative impacts on plants, owing to the complexity involved in their route of action. 
So far over 300 candidate bacterial VOCs have been structurally identified (Schulz 
and Dickschat 2007). The VOCs also enhance the growth and development of 
plants; for instance, A. thaliana grown in the presence of VOCs emitted by 
Trichoderma effectively increases plant size, biomass, and chlorophyll content (Lee 
et al. 2016).

11.8  Phytohormones

Phytohormones play an important role as growth regulators in the development of a 
plant. The production of phytohormones by many soil- and plant-associated 
microbes has been well documented. Rhizobium sp., Azotobacter sp., Acetobacter 
sp., and Herbaspirillum sp. produce microbial derivatives of phytohormones like 
auxins, GA, and cytokinins (Atzorn et al. 1988; Salmeron et al. 1990; Bastian et al. 
1998). The production of auxins and biological nitrogen fixation are the major 
required traits for PGP microbes. These further trigger the development of root 
system, thereby helping the plant for increased uptake of water and nutrients (Aloni 
et al. 2006; Hernandez et al. 2009). Most of the auxin-producing bacteria produce 
IAA (Arkhipova et al. 2005; Joo et al. 2004). ACC deaminase-producing bacteria 
degrade 1-aminocyclopropane-1-carboyclic acid (ACC) which is a precursor of eth-
ylene in plants. Thus, by lowering the endogenous levels of ACC, these bacteria 
involve in the enhancement of the root growth (Glick 2005). The ethylene is recog-
nized as a stress hormone; however, the ACC deaminase production property of the 
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bacteria results in a significant decrease in the ethylene levels in plants, thereby 
mitigating the abiotic and biotic stress (Saleem et al. 2007). Bacterial endophytes 
with highly induced ACC deaminase activity can be excellent plant growth promot-
ers, as they alleviate the abiotic stresses by efficiently blocking synthesis of ethylene 
(Cheng et  al. 2007). Rhizobia can produce auxins (Bianco and Defez 2010) and 
cytokinins (Phillips and Torrey 1972); it was suggested that these two hormones are 
involved in the initiation of nodule formation and in bacterial symbiotic signals such 
as nitrogen fixation. IAA is a natural auxin which also acts as a signal molecule in 
microorganisms. It also has the ability to influence the gene expression in microbes; 
thus IAA plays the role of reciprocal signal molecule in plant–microbe interaction 
(Spaepen and Vanderleyden 2011) (Fig. 11.1). IAA also contributes integral role in 
the plants’ adaptation to salinity stress (Fahad et al. 2015). GAs also act as signal 
molecules in the host plant; for instance, Azospirillum and Bacillus sp. produce 
GAs which trigger the growth and development in plants (Bottini et  al. 2004; 
Gutiérrez-Manero et al. 2001).

11.9  Inter-microbial Signaling: Quorum Sensing

Though the bacteria are unicellular organisms, they have an inherent ability to coor-
dinate activities and work in groups for survival in the complex environment. 
Intracellular communication between the bacteria gives the positive outcomes 
(Lazdunski et al. 2004). Quorum sensing is based on the production and secretion 
of signal molecules called autoinducers. These are low-molecular-weight signal 
molecules, which regulate a number of microbial processes at the gene-expression 
level. Quorum sensing in bacteria also plays an important role in growth promotion 
and the development of the plants (Persello-Cartieaux et al. 2003). Expression of 
phenotypic characters in Gram-negative bacteria such as biofilm formation, produc-
tion of virulence factor, exoenzymes, bioluminescence, and antibiotic production is 
often regulated by cell density-dependent intercellular communication-QS net-
works (Waters and Bassler 2005; Ng and Bassler 2009). Gram-negative bacteria 
secrete autoinducers, which are diffusible signal molecules like N-acyl-homoserine 
lactone (AHL) which tightly regulates the response to cell density; the regulatory 
system is typically dependent on two proteins: AHL synthase, member of Luxl fam-
ily proteins, and AHL receptor protein, member of LuxR family proteins (Eberl 
1999). Some Gram-negative bacteria like Stenotrophomonas maltophilia and 
Burkholderia spp. synthesize another QS signal DSF (diffusible signal factor). The 
DSF acts as inter-kingdom signal which induces innate immune response in plants 
(Kakkar et  al. 2015). The Gram-positive bacterial inhabitants in rhizosphere use 
peptides as QS signaling molecules (Bassler 2002; Monnet et al. 2014). Another 
type of quorum sensing is autoinducer 2 (AI-2), described in both Gram-positive 
and Gram-negative bacteria (Miller and Bassler 2001; Waters and Bassler 2005; 
Federle and Bassler 2003), and QS system specific for intraspecies signaling, thus 
also known as cross-species communication (Federle and Bassler 2003). In bean 
and tomato plants, Serratia plymuthica HROC48, producing OHC4-/OHC6- and 
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C4-/C6- homoserine lactones found to induce systemic protection against fungal 
leaf pathogen Botrytis cinerea (Liu et al. 2007; Pang et al. 2009).

Diverse bacterial species can produce the same AHL or AHL with similar struc-
tures. Acyl chain carries 4–14 carbon atoms which may also contain double bonds; 
it is evident that quorum sensing via AHL is most common in plant-associated bac-
terial communities than bacterial population from bulk soil (Elasri et  al. 2001; 
d’Angelo-Picard et al. 2005). QS plays major roles in one or more stages of symbio-
sis; the cell density of Rhizobium sp. reaches threshold level around the roots before 
the onset of nodulation (Caetano-Anolles and Gresshoff 1991). The activity of 
nitrogen-cycling enzymes in rhizosphere is accompanied by bacterial QS behavior, 
suggesting that AHL signaling is a central point in nitrogen mineralization 
(DeAngelis et al. 2008; Lamers et al. 2012). Transgenic tomato plants Las I (long- 
chain AHL producers) and Yen I (short-chain AHL producers) alter the QS in PGPR 
Burkholderia graminis strains, to promote plant growth and salt stress tolerance 
(Barriuso et al. 2008). Many plants produce AHL mimic substances to induce the 
quorum-sensing signaling in plant-associated bacteria (Fig.  11.1). Medicago 
truncatula- produced AHL mimic to stimulate or inhibit the responses in QS of the 
correspondent bacteria; the QS mimic activity was found in both extracts of seed-
lings and exudates as well (Gao et al. 2003). Plant root exudate rosmarinic acid, a 
homoserine lactone (HSL) which mimics QS signals in Pseudomonas sp., thereby 
inducing premature quorum sensing (Corral-Lugo et al. 2016). Engineering benefi-
cial plant-associated microbes and GM plants for the ability to produce beneficial 
enzymes to quench the bacterial signals may permit the construction of microbial 
communities directed against phytopathogen (Dong et al. 2001; Ryan et al. 2009). 
The QS NAHL is essential for the life cycle of plant pathogen Pectobacterium, 
some microorganisms interfere with this QS signal molecule, and researcher have 
worked on this concept by engineering plants to degrade NAHL signals, i.e., the 
Solanum tuberosum plants were transformed with bacterial lactonase gene aiiA 
from Bacillus sp., which enabled the degradation of NAHL molecules (Dong et al. 
2000, 2001).

11.10  Conclusions and Recommendations

Over the past few decades, researchers have made significant progress regarding the 
information about microbial and plant signaling at molecular level and their involve-
ment in plant–microbe signaling cascades. Though the involvement of plant root 
exudations like phenolic compounds, phytohormones, and organic acid indifferent 
signaling pathways and root colonization has been understood to significant extent, 
the major fraction of plant and microbial VOCs, hormones, and other secondary 
metabolites governing different signaling cascades and plant development are still 
awaiting the keen characterization. There is a significant gap in the area of triangu-
lar interactions between PGP microbes, plants, and plant pathogenic microbes 
which need to be probed deliberately so as to reveal their importance in agricultural 
and ecological aspects. The high-throughput, omic-based characterization and 
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interpretation of such molecular interactions represent challenge of the hour; more-
over, it may also overcome the limitations concerning the inclusion of non- culturable 
microbes in this regard.
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Abstract
Plants and microbes are the important components of ecosystem, and their 
interactions help in regulating the biogeochemical cycle in the environment. 
Plant- associated microorganisms include bacteria, fungi, viruses, and some 
algae. They may be endophytic and/or epiphytic depending upon their location 
on the host plants. These microbes use host plants for their growth, coloniza-
tion, and proliferation; however, they offer a variety of benefits to the hosts. 
Colonization of microorganisms on host plants takes place through air, water, 
and insects, or they may also be present in germinating plant parts. Endophytic 
microbial interactions influence the internal part, while epiphytic microbial 
interactions influence the exterior surface of the plants. These microbes are not 
harmful to the plants; however, they secrete some beneficial substances which 
may help in plant growth promotion, resistance to pathogenic microbes, removal 
of harmful contaminants, and production of secondary metabolites. In such a 
way, microbes contribute in agricultural crop improvement, food safety, and 
industries. This chapter briefly deals with the ecology, interactions, and benefits 
of plant-microbe interaction, especially in the area of sustainable agriculture 
and crop improvement.
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12.1  Introduction

Microorganisms are found ubiquitously in the entire biosphere. They interact with 
their environmental factors and play a primary role in regulating the cycling of 
nutrients. Microbes also have an important role in nitrogen fixation, phosphate solu-
bilization, carbon, methane, and sulfur metabolism, and control biogeochemical 
cycling (Delong 2009). Plants are one of the important habitats and support the 
growth of a wide variety of microorganisms. Microbes associated with plants have 
a strapping influence on growth and development of plants. They harbor microor-
ganisms on their aerial parts as well as inside the tissues including vascular network 
and root tissues. Plant and microbial activities considerably modify the local envi-
ronment and supply certain plentiful nutrients in comparison with the nutrient- 
limited terrestrial ecosystem (Walker et  al. 2003). Plants are populated by 
microorganisms both below and above the ground. They interact with plants since 
plants offer a wide variety of habitats including phyllosphere (aerial part of the 
plant), rhizosphere (zone of interaction of root and soil), and the endosphere (inter-
nal parts of the plants) (Lindow et al. 2002; Lynch 1990).

Microorganisms colonizing on the aerial parts of the plants are generally called 
as epiphytic, and those which are found on the zone of influence of root system and 
soil constitute a group called rhizospheric, whereas microbes present inside the 
internal tissue including aerial and root tissue are considered as endophytes. Some 
of them are mutualistic symbionts with beneficial effects on their host such as 
enhanced growth, disease resistance, and tolerance to environmental stresses and 
are being used as microbial inoculants. Epiphytic microorganisms live on the sur-
face of different plant parts such as leaves, roots, flowers, buds, seeds, and fruits. 
The term “phyllosphere” is used in microbiology to represent the total aboveground 
portions of plants as habitat for microorganisms (Newton et al. 2010).

Several researchers have documented that epiphytes and endophytes basically do 
not have any harmful effects on the plant; instead they induce the formation of some 
important chemicals such as hormones. Some microorganisms produce auxin which 
promotes the growth and plays an important role in the life cycle of plants (Fernandes 
et al. 2011). Interactive association of microbes with host plant may be harmful or 
beneficial for either the microbe or the plant depending upon various types of asso-
ciation classified as commensalism, mutualism, amensalism, competition, neutral-
ism, synergism, or parasitism. Some of the microbes associated with plants may 
also simply grow saprophytically on the nutrients released by the host plant.

Each plant may be occupied by different types of microbes including bacteria, 
fungi, yeasts, archaea, and viruses (Preece and Dickinson 1971). Colonization of 
microbes on plants is not only limited to terrestrial plants, aquatic plants also have 
equal opportunity (Goulder and Baker 1991). Various parts of plant and tissues 
represent a variety of microenvironments for the colonization of microbes which 
influence the microbial diversity, density, population size, species organization, and 
activity of adherent microbes at different sites on the plants. Microenvironment is a 
very small and defined area in any habitat, which is separated from its nearby 
surroundings by different environmental factors such as the amount of sunlight 
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exposure, moisture content, and the range of temperatures where organisms occupy 
space for growth and reproduction. Therefore, plant parts colonized by microbial 
communities with a characteristic phylogenetic structure represent different habi-
tats (Zhang et al. 2011a). Plant-microbe interaction and secretion of different types 
of bioactive compounds are reflective of the heterogeneity of the microorganisms. 
The trichomes, stomates, and veins of leaves provide physical and chemical hetero-
geneity in the phyllosphere that is exploited for the benefit of microbial epiphytes. 
The wax cuticle that often covers the leaf surface differs on the dorsal and ventral 
sides of leaves, and the ventral parts of the leaves have a tendency to accumulate 
more bacterial biomass as compared to dorsal surface (Krimm et al. 2005).

Microorganisms associated with plants have strong effects on host physiology 
and performance predicting that ecology and evolution of plants and animals can be 
inherent only in a holobiont (host plant and the organisms that live in or on it) envi-
ronment. A better understanding of plant-associated microorganisms and their pro-
spective to confer plant beneficial effects are significant not only for exploiting their 
ecological role and interaction with plants but also for the biotechnological inter-
ventions. Recent studies carried out on plant growth promotion by the microbes 
showed the production of a vast array of secondary metabolites and other bioactive 
compounds. These bioactive compounds and secondary metabolites may be benefi-
cial to both the host plant and microorganisms (Kobayashi and Palumbo 2000; 
Hamayun et al. 2010).

A better knowledge of endophytic and epiphytic microbial interaction with host 
plants may help in elucidation of their function and potential role in developing 
sustainable system towards crop improvement. This may increase crop yield, 
remove contaminants, inhibit pathogen development, and fix nitrogen or beneficial 
substances (Rosenblueth and Martinez-Romero 2004). This chapter aims to provide 
an overview of the ecology and diversity of endophytes and epiphytes along with 
the nature of interactions with the host plant and potential benefits of plant-microbe 
interactions particularly in the area of phytoremediation and sustainable 
agriculture.

12.2  Ecology

12.2.1  Endophytic Microbes

Plants are one of the major and important sources of microorganisms. Different 
parts of growing plants including leaves, stems, flowers, buds, fruits, and roots rep-
resent a specific habitat for the microorganisms. These microorganisms include bac-
teria, fungi, and viruses, among them bacteria are the most common microbial 
resident of the plant. These microorganisms are found both as endophytes (within 
plant tissues) and epiphytes (on the plant surface) (Inacio et al. 2002).

The word “endophyte” is derived from two Greek words “endo” means inside 
and “phyton” means plant. Endophytic microbes can be defined as those microor-
ganisms that colonize the internal tissue of the plant including vascular system 
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without any mark of infection or harmful effect on the host plant. An endophyte is 
an endosymbiont which includes bacteria (Kobayashi and Palumbo 2000), fungi 
(Stone et  al. 2000), algae (Peters 1991), and viruses that usually colonize inside 
plant tissues. They are ubiquitous and have been reported from almost every plant 
studied so far. Isolation of endophytic bacteria has been reported from both mono-
cot and dicot plants, ranging from woody trees, such as teak and pear, to herbaceous 
crop plants such as mustard and maize. Studies carried out suggest that majority of 
these microorganisms come from the soil and the main organ where endophytic 
bacteria get entry into plants is the root. Many candidate genes with unknown func-
tions have been found to be differentially expressed during plant-microbe interac-
tions (Mehta and Rosato 2005).

There are more than 352,000 species of plants present on the Earth. Among 
them, each individual plant is likely to be a host to one or more endophytic micro-
organisms (Strobel et al. 2004). Plant endophytes may be intercellular or intracel-
lular depending upon their location in the plant tissue, i.e., they are present inside 
the cells or in the intracellular space, respectively.

Colonization of endophytes is almost similar to that of plant pathogenic microbes 
(Hallmann et al. 1997), and plant-microbe/endophyte interactions are often consid-
ered mutualistic. The microorganisms obtain nutrients and a safe niche to reside, 
whereas the host benefits from bacterial activities resulting in plant growth promo-
tion, nutrient uptake, control of plant pathogens, induction of systemic resistance, 
and increased stress tolerance (Sturz et al. 2000). These events are induced and/or 
controlled by the production of phytohormones, N2 fixation, P solubilization, and 
production of antibiotics and siderophore (Mitter et al. 2013).

Distribution of microorganisms inside the plant tissue is heterogeneous, and 
some of them get clumped together in their secreted mucilage or tend to absorb to 
particles including plant cell wall components (Fisher et al. 1992). Colonization of 
endophytes takes place through seeds, vegetative planting materials, rhizosphere 
soil, and phyllosphere. The initial process of colonization of plants by endophytes 
can take place through stomata, lenticels, germinating radicals, and emerging lateral 
roots except in seed-transmitted inoculums (Huang 1986). Since microbes are pres-
ent in the seeds; they survive inside the tissue after germination of seeds; coloniza-
tion of such endophytic microbes takes place inside the tissue; however, exact 
mechanism of colonization inside the seed is not well known. Extensive cytological 
work is needed to elucidate the specific site of colonization inside the seed (McInroy 
and Kloepper 1995). Some pathogens are also found inside the seeds (Schaad et al. 
1995). Several plants are propagated vegetatively such as potatoes, sugarcane, etc., 
and can transmit the inoculums of endophytes to the next generation and would not 
require the infection process. There is a group of microorganisms which are able to 
survive in the root exudates and compete with others in the rhizosphere. Rosenblueth 
and Martínez-Romero (2004) have investigated some strains that were showing 
equal competition for rhizospheric colonization and inside tissues as endophyte of 
the plant root. For colonization inside the plant, bacteria enter into the tissue through 
cracks formed at the junction of lateral roots or at the elongation and differentiation 
zone of the roots.
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Endophytes are different from parasites as they do not cause any harm to the host 
plant. However, there are reports which suggest that endophytes can act like para-
sites under certain conditions and vice versa (Muller and Krauss 2005; Schulz and 
Boyle 2005). In these conditions, the endophytes may cause disease, and thus “true 
endophytes” mean those whose colonization inside the plant tissue never results in 
visible disease symptoms (Mostert et al. 2000). As such, host-endophyte interac-
tions can range from being symbiotic, mutualistic, commensalistic, to parasitic. 
Isolation of several bacterial and fungal endophytes has been reported from differ-
ent parts/tissues of plant like roots, root nodules, leaves, and flowers. These endo-
phytes manifest significant effects on growth and development of the respective 
host plants. The relationship of the endophytic partners with their host plant varies 
from each other. A better understanding of the interaction of endophytes with host 
plants and their function within the hosts is essential to identify the ecological sig-
nificance of endophytes.

12.2.2  Epiphytic Microbes

Surface is a major habitat for microbes, and the number is always higher than the 
numbers present in other components of the biosphere. The greatest impossibility is 
in the approximation for the terrestrial subsurface because this estimate is based on 
only a few parameters. However, even for the terrestrial subsurface, two indepen-
dent methods suggest that the number of prokaryotes is very high which may 
account for about 2.5–25 × 1029 cells (Whitman et al. 1998). The term “epiphyte” is 
derived from two Greek words “epi” which means upon and “phyton” means plant. 
Plant surfaces are one of the important surfaces for growth and survival of microbes. 
Beattie and Lindow (1995) have given some of the definitions which describe the 
epiphytic bacteria. According to them these are the bacteria capable of growing on 
plant surface and can be removed by washing or killed by ultraviolet radiation or 
chemicals used for surface disinfection.

The main source of inoculums and colonization of all the epiphytic microbes 
takes place on the surface of all the aboveground plant parts. Microbes may arrive 
to surface or depart from the plant surface by the action of rain, wind, or insects. 
This analysis points toward the soil and air as important sources of leaf and root 
microbial inoculums (Hirano et al. 1996; Lilley et al. 1997). On arrival, these micro-
organisms are subjected to the challenges of the unfavorable conditions of new envi-
ronment including the availability of water, exposure to solar UV radiation, and 
limited availability of nutrient resources (Sundin and Jacobs 1999). To cope up with 
these variable conditions and to survive the leaf environment, microorganisms have 
adopted different strategies such as the production of photoprotective pigments to 
protect against the adverse effects of UV radiation or the secretion of polysaccha-
rides to prevent desiccation during water deficiency (Ophir and Gutnick 1994; Yu 
et al. 1999). There is an opportunity for millions of bacteria and fungi to colonize 
leaf surface each year. Till date very little information about colonization and 

12 Endophytic and Epiphytic Modes of Microbial Interactions and Benefits



232

persistence of nonpathogenic microbes on this widespread habitat and their interac-
tions with pathogenic microorganisms is available.

Colonization and population of microbes on the plants depend upon the factors 
such as environmental conditions, location of leaves, and the chemical composition 
of the cuticle. It also depends on the presence of veins, stomata, and surface append-
ages, including trichomes and hydathodes. These factors modify nutrient availabil-
ity to the microbial population (Leveau and Lindow 2001). All these microbes are 
dependent on nutrient material secreted by the plants for growth and development. 
The main source of nutrients on the leaf surface is plant photoassimilates that dif-
fuse hydrophobically through the cuticle lining the leaf epidermal cells (Van der 
Wal and Leveau 2011). An attempt was made by some researchers for analysis and 
characterization of potential leaf surface nutrient substrates in maize, leek, bean, 
tobacco, and poplar under greenhouse and field conditions. Various carbohydrates, 
lipids, and amino acids were found to be present on plant surface in varying quanti-
ties as detected by enzymatic assays and gas/liquid chromatography (Fiala et  al. 
1990; Mercier and Lindow 2000). Employing environmental metabolomics 
approaches and quantitative nuclear magnetic resonance (NMR) and imaging high- 
resolution mass spectrometry (IMS) techniques, Ryffel et al. (2016) have analyzed 
the metabolic interplay in Arabidopsis thaliana leaves upon colonization of micro-
organisms. Data showed sucrose, fructose, and glucose as dominant carbohydrates 
on leaves.

There are growing evidences for interactions of epiphytic microbial residents 
that may affect the health of natural plant populations and improve the quality and 
productivity of agriculturally important crops. Phyllospheric bacteria are known to 
stimulate plant growth and can either suppress or stimulate the colonization and 
infection of tissues by plant pathogenic microorganisms (Lindow and Brandl 2003; 
Rasche et al. 2006). The relationship of the epiphytic microbes with the host plant 
varies from plant to plant. In order to analyze the ecological significance of epi-
phytic microbes with their host plant, a proper understanding of the interaction is 
desirable.

12.3  Diversity of Microbes

A large number of microbes are present on plant parts, out of which a very small 
population can be cultured and grown in laboratories due to lack of proper nutrient 
supply and growth conditions required. Above constraints cause problems in isola-
tion and culture of epiphytes, and, therefore, it is hard to elucidate a proper diversity 
of microorganisms on these plants. However, to observe microbial community 
structure, different researchers have employed various strategies. Some have 
employed culture-dependent strategies which give a detail of culturable microor-
ganisms only, and others have used culture-independent strategy which provides a 
better understanding of the population size and diversity of microbes present in the 
habitat. Culture-dependent techniques include culture of microbes in the nutrient 
culture medium, diversity analysis, characterization, and identification of 
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microorganisms. The main limitation of culture-dependent techniques is that >98% 
of the microorganisms in any environment observed through a microscope cannot 
be cultured by standard microbial culturing techniques (Hugenholtz 2002). 
Therefore culture-dependent methods are not suitable to analyze the whole com-
munity and diversity of microorganisms in an ecological niche.

Culture-independent techniques include direct analysis of microbial community 
using biomolecules such as DNA, RNA, protein, and lipids (Ikeda et  al. 2010). 
During the last two decades, the field of microbial ecology has made tremendous 
progress, and a number of molecular techniques have been developed for identifica-
tion, characterization, phylogenetic analysis, and functional diversity of various 
microbes growing in diverse habitats. These techniques include whole-genome 
sequencing, metagenomics, metaproteomics, proteogenomics, metatranscriptomics, 
and DNA-DNA reassociation. These techniques can describe structural and func-
tional diversity of microorganisms in a better way (Rastogi and Sani 2011). As 
plants inhabit both endophytic and epiphytic microorganisms, study of both types of 
microorganisms is essential for proper understanding of diversity, functional 
genomics, and mechanism of plant-microbe interaction.

12.3.1  Bacteria

Bacteria are the most abundant and diverse colonizer on leaves, with culturable 
counts ranging between 102 to 1012 cells per gram of leaf. The terrestrial plant leaf 
surface is a principal microbial habitat covering approximately 108  km2 with an 
estimated 1026 bacterial cells (Lindow and Brandl 2003). Culture-dependent studies 
of sugar beet (Beta vulgaris) during the growing season showed above 78 bacterial 
species including 37 known bacterial genera (Thompson et al. 1993). Similar stud-
ies carried out on wheat showed 88 bacterial species belonging to 37 bacterial gen-
era (Legard et al. 1994).

Endophytic bacteria are found in leaf, stem, and root of plants. A number of 
researchers have studied endophytic bacteria by using different plant parts indepen-
dently. Bacterial diversity analysis of culturable endophytic bacteria from common 
bean (Phaseolus vulgaris) leaves showed the number of endophytic bacteria in the 
range of 4.5 × 102–2.8 × 103 CFU g−1 of fresh tissue weight. A total of 158 different 
isolates were successfully cultured. These isolates belonged to the Proteobacteria 
(36.7%), Firmicutes (32.9%), Actinobacteria (29.7%), and Bacteroidetes 
(0.6%). Bacillus, Delftia, Methylobacterium, Microbacterium, Staphylococcus, 
Paenibacillus, and Stenotrophomonas were common endophytic bacterial isolates 
(de Oliveira Costa et al. 2012). Arau’jo et al. (2002) investigated the diversity of 
endophytic bacteria in branches of citrus plants. They selected both healthy plants 
and plants infected with Xylella fastidiosa, a plant pathogenic bacterium which 
infects all the cultivars of Citrus sinensis and causes citrus variegated chlorosis. 
Additionally, above study showed that Alcaligenes sp.; Bacillus cereus; Bacillus 
pumilus; Enterobacter cloacae; Burkholderia cepacia; Curtobacterium flaccumfa-
ciens; Methylobacterium sp. including M. extorquens, M. fujisawaense, M. 
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radiotolerans, M. mesophilicum, and M. zatmanii; Nocardia sp.; Pantoea agglom-
erans; Streptomyces sp.; and Xanthomonas campestris are the major endophytic 
bacteria of citrus plant. Investigation of endophytic bacterial analysis performed by 
Loh et al. (2013) from 1055 plants samples revealed 996 endophytic bacterial strains 
and characterization on the basis of 16S rRNA genes showed 27 genera belonging 
to 6 classes of bacteria. These bacteria included species of Acinetobacter, Bacillus, 
Enterobacter, Brevibacterium, Klebsiella, Pantoea, Lysinibacillus, Pseudomonas, 
Burkholderia, Cloacibacterium, Cronobacter, Enterococcus, Erwinia, 
Exiguobacterium, Escherichia, Jeotgalicoccus, Lysinibacillus, Micrococcus, 
Paenibacillus, Pasteurella, Pectobacterium, Sporosarcina, Staphylococcus, 
Stenotrophomonas, Terribacillus, and Vibrio.

Leaf surface area corresponds to a broad habitat for microorganisms and repre-
sents microbial communities, a large part of which are Proteobacteria, 
Actinobacteria, and Bacteroidetes and some fungal genera (Vorholt 2012). In gen-
eral, Actinobacteria, Bacteroidetes, Firmicutes, and Proteobacteria are the major 
colonizer of leaf surface, of which the last often dominates the phyllosphere com-
munity. A few bacterial genera, including Pseudomonas, Sphingomonas, Bacillus, 
Methylobacterium, Massilia, Arthrobacter, and Pantoea, appear to compose the 
center of phyllosphere communities. Analysis based on the DNA and protein sam-
ples obtained from the leaf surfaces of field-grown soybean, clover, and Arabidopsis 
thaliana revealed the presence of bacteria such as Sphingomonas sp. and 
Methylobacterium sp. (both belonging to the class of Alphaproteobacteria) in abun-
dance (Delmotte et al. 2009). Kumar et al. (2016) studied the bacterial flora of rice 
phyllosphere and reported that Enterobacter cloacae, Pantoea sp., Microbacterium 
sp., and Agrobacterium sp. are common epiphytic bacteria. In an another study, 
analysis of olive and oleander leaf showed the presence of epiphytic commu-
nity comprising Pseudomonas (33%), Bacillus (22%), and Xanthomonas (10%) 
in higher density and Acinetobacter, Erwinia, Serratia, Lactobacillus, 
Corynebacterium, Flavobacterium, and certain unidentified nitrogen fixers in lesser 
number (Lavermicocca et al. 1987).

12.3.2  Fungi

Fungi are mainly found as endophytes, and these endophytes may protect against 
pathogens and increase drought tolerance (Arnold et  al. 2003; Schweitzer et  al. 
2006), although some epiphytic fungi are also reported. Few members are found as 
endophytic as well as epiphytic according to the conditions, inoculums, source, and 
time of residence. Studies on plant-associated fungi have demonstrated that fungal 
endophytes are widespread in all the major taxonomic groups of plants growing 
under different environmental conditions. Therefore, fungal endophytes make up an 
important contribution in the hyperdiversity of fungi (Rodriguez et al. 2009). Some 
endophytic fungi present in plants include the species of Alternaria, Colletotrichum, 
Guignardia, Fusarium, and Aspergillus (Xiong et al. 2013; Links et al. 2014; Zhang 
et al. 2014; Pérez et al. 2016). Endophytic fungal diversity analysis carried out from 
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roots, stems, and leaves of Brassica napus showed that most of the fungal species 
isolated and identified belong to Ascomycota (80%). Alternaria alternata was the 
dominant species and comprised 12.4% of the all isolates (Zhang et al. 2014). Xiong 
et al. (2013) have isolated 81 endophytic fungi from Taxus media and placed them 
into eight different groups on the basis of morphological and molecular characters. 
Colletotrichum (34.5%) and Guignardia (6.9%) were the most dominant fungal 
genera, whereas Phomopsis, Glomerella, Gibberella, Nigrospora, Alternaria, and 
Phoma were present in less number.

Epiphytic fungi are not as abundant on plant surfaces as compared to endophytic 
ones. Osono (2008) performed experiments with Camellia japonica and analyzed 
the fungal epiphytes of plant leaves in different seasons. Analysis showed 52 epi-
phytic fungi in different season’s leaves and represented mostly by Colletotrichum 
gloeosporioides, Colletotrichum acutatum, Pestalotiopsis sp., Cladosporium clado-
sporioides, Aureobasidium pullulans, Phoma sp.1, and Ramichloridium sp. 
Similarly studies carried on banana fruit showed that Acremonium strictum, 
Aspergillus caespitosus, Cylindrocarpon sp., Curvularia pallescens, Clonostachys 
byssicola, Plectosporium tabacinum, Penicillium oxalicum, Trichoderma harzia-
num, Ulocladium atrum, Verticillium tricorpus, and Verticillium sp. are the impor-
tant fungal epiphytes (Alvindia and Natsuaki 2008).

12.4  Microbial Interactions

Plant-microbe interaction is a mode of communication between plants and microbes 
which is initiated by the secretion of different signaling molecules. One of the 
important questions of communication pathways is how the plant distinguishes a 
microbial mutualist from pathogen. It has been reported that during the course of 
evolution, plants have evolved unique and sophisticated defense mechanism that 
involves innate immune system consisting of two classes of immune receptors that 
recognize the presence of nonself molecules both inside and outside of host cells 
(Jones and Dangl 2006). Encounter with nonself molecule evokes powerful immune 
responses which in turn prevents the multiplication of microbial pathogens. An 
increasing number of pattern recognition receptors have been identified on the plant 
cell surface during the past few decades (Boller and Felix 2009). As this class of 
immune receptors shows a vast range of microbe-associated molecular patterns 
(MAMPs), it is difficult to relate it with the colonization of the interior parts of root 
by soil-derived endophytic microbial communities. The interaction between plants 
and microbes leads to the activation of local and systemic defenses under controlled 
conditions by plant signaling hormones such as salicylic acid, jasmonic acid, and 
ethylene which depend upon the nature of the microbe (Koornneef and Pieterse 
2008; Yi et al. 2014). There are two types of recognition patterns in plants: the first 
recognizes and responds to molecules which are common to many classes of micro-
organisms, referred to as pathogen-associated or microbe-associated molecular pat-
terns (PAMPs/ MAMPs), and the second recognizes pathogen virulence factors 
(effector molecule) such as flagellin (Jones and Dangl 2006). Mechanism of 
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plant-microbial interaction is essential to understand the effects of interactions. 
Endophytic and epiphytic microorganisms have a different mechanism of interac-
tion with plants due to the presence of different environmental conditions. On the 
basis of these variable conditions, brief detail of endophytic and epiphytic modes of 
interactions is presented under separate headings.

12.4.1  Bacterial Endophytes

Every plant studied so far has been found to be associated with at least one kind of 
endophytic microbe. Exploration of endophyte-plant interactions can prove benefi-
cial for the promotion of plant health.

12.4.1.1  Entry Within the Host Plant
An endophyte enters the endosphere mostly through the soil and rhizosphere, or it 
may be present in inoculum. The sequence of events in the colonization of a plant 
by an endophytic bacterium is presumably similar, particularly in the early stages, 
to that observed for rhizospheric bacteria. In general, colonization of roots by the 
endophytic bacteria starts with the recognition of specific compounds that are 
released from the root tissue (Lugtenberg and Dekkers 1999). For instance, certain 
organic compounds including amino acids secreted by tomato roots were reported 
to function as chemoattractants for P. fluorescens strain WCS365. Once released, 
bacteria sense these molecules and respond to their surrounding environment via 
two-component sensor systems (Faure et al. 2009). In this two-component system, 
the first component typically constitutes of single protein with input and output 
transmembrane domains and lacks receiver domain, whereas the second component 
has only phosphotransfer histidine kinase. These two-component systems have been 
reported to be responsible for the recognition of root-exuded compounds which 
ultimately leads to active root colonization. Among two-component regulatory sys-
tems, GacS/GacA is present in some pseudomonads and enteric bacteria, wherein 
GacS functions as the sensor kinase to recognize unknown environmental signals 
and GacA acts like a transcriptional regulator. The latter activates synthesis of sec-
ondary metabolites and enzymes which in turn promote the fitness of host coloniza-
tion (Heeb and Haas 2001). Involvement of one-component system like Nod factor 
has also been ascribed in recognition of environmental stimuli. The one- and two- 
component sensor/response systems together with other cross regulation systems 
allow bacteria to execute complex information processing and enable them to 
coordinate suitable responses in the active rhizosphere environment.

For successful interactions with the plant, many bacterial traits are required 
which help in responding to environmental stimuli (transcriptional regulator), 
communication (e.g., autoinducers), niche adaptation, adhesion, and plant 
colonization.
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12.4.1.2  Transcriptional Regulators
Transcriptional regulators affect a number of physiological responses like transport 
processes, metabolism of sugars and amino acids, pilus synthesis, quorum 
sensing(QS), and motility (Korner et  al. 2003; Molina-Henares et  al. 2006; 
Maddocks and Oyston 2008).

The function of transcriptional regulators in root colonization by bacteria has 
been studied in detail by English et  al. (2010). They introduced a transposon 
upstream of the hns gene in Enterobacter cloacae UW5, which enhanced gene 
expression when the strain was exposed to Canola roots. As a result, the hns tran-
script level increased up to twofold, and the mutant strain showed increased root 
colonization and outcompeted the wild-type strain in a direct competition assay. 
They reported that hns gene encodes the small histone-like protein H-NS that binds 
primarily to AT-rich sequences of DNA present in promoter sequences (English 
et al. 2010).

12.4.1.3  Autoinducers
Boyer et al. (2008) developed a mutant of the rice endophyte Azospirillum lipoferum 
B518 that constitutively expressed AttM lactonase which promoted the synthesis of 
proteins involved in transport and chemotaxis. This shows that QS in this strain is 
devoted to control functions related to root colonization.

Autoinducer molecules are essential for bacterial communication as they have an 
important role in endophytic colonization. This is supported from the report of 
Suarez-Moreno et al. (2010), wherein it was observed that QS mutant strains of B. 
kururiensis M130 failed to show effective root and aerial rice tissue colonization in 
comparison with the wild type.

12.4.1.4  Niche Adaptation and Adhesion
In order to survive and grow inside the plant tissue, bacteria must rapidly adapt their 
metabolism within the range of available nutrients. Matilla et al. (2007) conducted 
gene expression analyses of the root-colonizing bacterium Pseudomonas putida 
KT2440 and observed an upregulation of genes involved in stress adaptation and 
metabolism in the corn plant’s rhizosphere. It was noted that certain upregulated 
genes were involved in the uptake of “readily available” compounds like amino 
acid, polyamines, dipeptides, and aromatic compounds as well as genes of enzymes 
related to stresses such as glutathione peroxidase and fatty acid cis-trans isomerase 
and detoxification of proteins such as putative efflux transporters. Likewise, sur-
vival of certain bacteria in the roots of plant growing in flooded ecosystems requires 
adaptation to anoxic conditions. In support of above notion, Brune et  al. (2000) 
reported that under anoxic condition, rice plants make heterogeneous oxic/anoxic 
interfaces which allow rhizobacteria and endophytes to carry out fermentation 
processes. This process leads to the accumulation of lactic acid and ethanol in root 
tissues. It has been reported that ethanol acts as a carbon source for the endophytic 
bacterium Azoarcus sp. strain BH72, which is known to harbor ten genes in 
its genome encoding for alcohol dehydrogenases (Krause et  al. 2006). Once the 
bacteria have entered upon root surface, its adhesion is mediated by cell surface 
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components, namely, polysaccharides, pili, and adhesins (Hori and Matsumoto 
2010). These components are found to be involved in adhesion of bacteria.

12.4.1.5  Colonization
For colonization inside the plant tissue, an important process known as rhizodeposi-
tion comes into play which distinguishes rhizosphere microflora from soil biomes. 
In this, plants developmental processes and the secretory activities are entangled 
within the root system. Rhizodermis cells secrete a varied range of compounds, 
including organic acid, phytosiderophores, purines, nucleosides, sugars, vitamins, 
amino acids, and inorganic ions, and the root cap produces polysaccharide mucilage 
(Dakora and Phillips 2002). Rhizodeposition also involves the release of a special-
ized population of cell known as root cap border cells in the rhizosphere (Dennis 
et al. 2010). Root cap border cells are predominantly significant contributors to the 
“rhizospheric effect” because even after detachment from the root mass into soil, 
this cell population typically remains alive (Hawes et al. 2000).

Multiplication of soil microflora is thought to be fueled by the pooling of organic 
carbon and nitrogen by the roots as most commonly occurring soil bacteria are 
organotroph. Studies conducted on Arabidopsis species point towards the probable 
role of cell-derived proteoglycan and arabinogalactan proteins (AGPs) in the attach-
ment of Rhizobium to root cells. Identification and characterization of an AGP from 
pea root exudates showing ability to induce biofilm formation by R. leguminosarum 
on an artificial glass surface provide a strong evidence for its role in bacterial attach-
ment (Xie et al. 2012). Furthermore, Bulgarelli et al. (2012) demonstrated that soil 
type and bacteria present in the soil play important role on the composition of endo-
phytic bacterial communities of root than the host genotype. Hence, a major but 
weak host genotype-dependent effect aids in the choice of Arabidopsis root- 
inhabiting bacterial communities.

Plant-microbe interactions are difficult to study at molecular level, but recent 
advancements in the field of molecular tools and techniques have made it possible 
to get an insight of the mechanism of interaction and find out the outcome of inter-
actions. Autofluorescent protein (AFP) methods are now widely used for studying 
plant-microbe interactions and biofilm formation (Larrainzar et  al. 2005). These 
techniques have been utilized to identify and count microorganisms in situ on plant 
surfaces and inside the plant (Gage et al.1996). One of such AFP strategies employs 
a marker system which codes for the green fluorescent protein (GFP). GFP is an 
advantageous AFP biomarker because it does not need any substrate or cofactor to 
fluoresce. ß-Glucuronidase (GUS) reporter system is also used for the visualization 
of endophyte colonization.

12.4.2  Fungal Endophytes

Like the bacterial counterpart, fungal endophytes can also have profound effect on 
plants health, and they also play essential role in shaping plants communities. There 
are numerous endosymbiotic fungi reported particularly in grasses that enhance 
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plant growth, and many of them have an additional feature as they produce alkaloid 
having insecticidal property (Wilkinson et al. 2000). In simple terms, many fungi 
live in symbiotic association with plant where the fungus provides the plant with 
extra nutrients or growth stimulators or suppresses disease, and in return, the plant 
provides a suitable habitat and photosynthates for the fungus.

On the basis of evolutionary relatedness, taxonomy, plant hosts, and ecological 
function, endophytic fungi have been classified into two groups, namely, (i) clavi-
cipitaceous endophytes (C-endophytes also known as class 1 type), which are found 
as endophyte in some grasses, and, (ii) nonclavicipitaceous endophytes 
(NC-endophytes), which are found in tissues of ferns, conifers, angiosperms, and 
some nonvascular plants (Rodriguez et al. 2009). Till date, most of the work has 
been done only on C-endophytes (Clay and Schardl 2002). The reason behind this 
bias seems to be important agricultural impacts of C-endophytes and a lack of 
knowledge about the environmental consequences of NC-endophytes. C-endophytes 
of grasses include certain phylogenetically related species of clavicipitaceous endo-
phyte that shows fastidious growth in culture and restricted to some cool- and warm- 
season grasses (Bischoff and White 2005). Generally these endophytes show 
systemic intercellular infections within plant shoots. C-endophytes transmit in a 
vertical manner, i.e., mother plants passing fungi on to progeny through seed infec-
tions (Saikkonen et al. 2002). These endophytes perform many vital functions such 
as increase in plant biomass, drought tolerance, and production of certain toxic 
chemicals which are harmful to animals and discourage herbivory (Clay 1988).

On the other hand, NC-endophytes are highly diverse and comprise at least three 
distinct functional classes namely 2, 3 and 4 according to life history and their eco-
logical significance. Among the three classes, class 2 endophytes grow in both 
above- and belowground tissues of plants, whereas classes 3 and 4 endophytes 
mostly grow in aboveground tissues and roots, respectively. NC-endophytes have 
been reported and isolated from every lineage of land plants and all land ecosystems 
ranging from the tropics to the tundra (Arnold and Lutzoni 2007).

Henceforth, evolution of mutualisms can better be understood by extensive char-
acterization of different endophyte-plant interactions. For example, the mode of 
transmission (vertical or horizontal) is thought to greatly influence the evolution and 
sustainability of mutualisms (Sachs et al. 2004). In case of vertically transmitted 
endophytes, the fitness of the two partners is connected, and the result of the interac-
tion is predictable and mutualism is strongly selected. On the other hand, the hori-
zontal mode of transmission brings opportunities for a variety of fungi showing 
symbiotic lifestyles for plant colonization. Therefore, horizontal transmission may 
reduce fitness linkages between specific species. As a result, class 1 and 2 endo-
phytes are transmitted either vertically or horizontally, while class 3 and 4 endo-
phytes are transmitted only horizontally.
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12.4.3  Bacterial Epiphytes

In addition to microbial species isolated from the interior of plant tissues, there are 
a large number of microbes which are recovered from the surfaces of healthy- 
growing plants. Leaves comprise a large habitat for microorganisms; therefore, 
most of the work has been done and is available on the process of epiphytic bacterial 
colonization and interaction with leaves. It is estimated that the terrestrial leaf sur-
face area that is probably colonized by microbes is about 6.4 × 108 km2 (Morris and 
Kinkel 2002).

The interaction of epiphytic bacteria with plants is beneficial and important in a 
sense that these bacteria residing on the leaf surfaces or those used as foliar sprays 
are reported to inhibit plant pathogenic bacteria and fungi of global significance. 
Erwinia herbicola, the epiphytic bacterium colonizing the leaf surfaces of rice, was 
known to reduce the pH of the rice leaf and thus made it hard for the bacterial patho-
gen (Xanthomonas oryzae pv. oryzae) to grow (Hsieh and Buddenhagen 1974; 
Santhi et al. 1987). This ability of epiphytic bacteria makes it as strong biocontrol 
agent. Further, these epiphytes protect the plant from frost injury which is consid-
ered as a serious abiotic stress of crop plants in many areas of the temperate zone. 
Bacterial population on the leaf surface also limits supercooling in the plant parts in 
which they live by damaging ice formation at temperatures of −2 to −4 °C as the 
plants lack intrinsic ice nuclei activity at these temperatures as studied in Zea mays 
(Arny et al. 1976). The unfolding results from the studies on host-microbe interac-
tion have provided the evidence for potential application and significance of such 
interaction.

12.4.4  Fungal Epiphytes

As reported by the researchers, most of the fungi associated with plants are endo-
phytic, whereas very few are epiphytic in nature. The mechanism of plant and epi-
phytic fungal interaction is not well studied so far. Therefore, further studies are 
required for proper understanding of the interactions and its outcomes.

12.5  Benefits of Microbial Interactions

Interactions between microorganisms and host plant with their function are impor-
tant to address the agroecological importance of endophytic and epiphytic microbes. 
The colonization and proliferation of plant growth promoting endophytes (PGPE) 
are well recognized for their importance in the enhancement of plant growth by 
providing a number of growth regulators/hormones, synthesis of 1- aminocycloprop
ane- 1-carboxylic acid (ACC) deaminase, assimilable essential nutrients and by 
reducing disease through suppressing growth of pathogens (Doty 2008; Aravind 

J. Kumar et al.



241

et al. 2010; Zhang et al. 2011b; Phetcharat and Duangpaeng 2012). Some of the 
beneficial aspects and outcomes of microbial interactions are described in the 
Fig. 12.1 (Ma et al. 2016). Interaction may be beneficial in other way since bioaug-
mentation with such endophytic and epiphytic microbes possessing multiple plant 
growth promoting traits including metal resistance/accumulation/detoxification/
transformation/sequestration can diminish the metal phytotoxicity and alter the 
phyto-availability of heavy metals in contaminated soils (Rajkumar et  al. 2009; 
Weyens et al. 2009; Ma et al. 2011). This makes these microbes and the host plants 
as a perfect choice for phytoremediation studies. Furthermore, there are many 
ecological factors which strongly influence the diversity of epiphytic growth and 
persistence at different spatial locations in different plant species and at different 
geographical locations (Hietz 2005; Cruz-Angón et al. 2009).

Microbes are reported to exert their beneficial effects in two possible ways:

 (a) By colonization inside the plant tissues, they suppress pathogenic microbes by 
the production of antibiotics, niche occupation, or both.

 (b) By colonization of the root cortex, they generate systemic plant defenses/resis-
tances and enhance plant growth and crop performance.

Synthesis of natural
compounds

Phytovolatilization:
release of metals into the

atmosphere in volatile forms

Phytostabilization:
metal uptake and

sequestration in plant roots

Reducing metal bioavailability

Producing EPS
Complexation
Precipitation

Plant growth promoting traits

Secreting phyohormones & enzymes
IAA

ACC deaminase

Making nutrients available to plants
Siderophore
N2 fixation

P solubilization

Suppressing phytopathogen damage
Biological control

ISR

Producing antioxidant enzymes
Redox reaction
Transformation

Methylation
Degradation (organo Hg)

Reduction (Hg2+)

Biosorption/Bioaccumulation

Alleviating metal phytotoxicityStimulating plant growth

Antibiotics
Antifungal
Antiviral
Anticancer
Insecticidal

Rhizobacteria
Endophytic bacteria
Pathogens
Epiphytic bacteria

ligand binding

Bacterial mobilization

Available for plant uptake

Nutrients Metals

Fig. 12.1 Diagrammatic representation of plant growth-promoting activities and production of 
certain beneficial metabolites/compounds by plant-associated bacteria (modified after Ma et al. 
2016). Abbrev.: IAA :  indole-3-acetic acid, ACC :  1-aminocyclopropane-1-carboxylic acid, ISR: 
induced systemic resistance, EPS : extracellular polymeric substances

12 Endophytic and Epiphytic Modes of Microbial Interactions and Benefits



242

12.5.1  Plant Growth Promotion

Plant growth-promoting microbes can affect plant growth directly or indirectly. The 
direct promotion of plant growth entails to provide the plants with a compound that 
is synthesized by the bacterium or facilitate the uptake of nutrients from the soil. 
The indirect promotion occurs when endophytes decrease or prevent the deleterious 
effects of pathogenic organisms.

12.5.1.1  Direct Plant Growth Promotion
There are many different ways through which endophyte can directly facilitate the 
plant growth promotion. These attributes include production of phytohormones, 
specific enzyme, siderophores, nitrogen fixation, and solubilization of minerals. 
They can alleviate metal toxicity and enhance plant development through one or 
more of the above mechanisms (Rajkumar et al. 2009; Pereira and Castro 2014). 
These bacteria have strong associative nitrogen-fixing ability, supply atmospheric 
nitrogen to their host plants, and enable plants to survive even in nitrogen-poor 
environment (Hurek and Reinhold-Hurek 2003; Monta~nez et al. 2012). Microbes 
can also serve as a sink for phosphorous by rapid microbial phosphorus mobiliza-
tion even under phosphate-limiting condition. Thereby these endophytes become a 
source of phosphorus to the hosts upon its release from plant cells. This is probably 
due to its ability to produce extracellular phytase, which makes phytate-P, available 
for plant uptake. PGPE can also solubilize iron under conditions of iron deficiency 
by production of siderophores which form Fe-siderophore complex and make them 
readily available to plants through root-mediated chelator degradation (Rajkumar 
et al. 2009). Microbial endophytes are also able to supply essential vitamins and 
growth regulators to plants for enhancing nutrient accumulation and metabolism 
(Shi et  al. 2009). The ability to produce the plant hormone indole-3-acetic acid 
(IAA) is most common among both epiphytic and endophytic bacteria (Costacurta 
et  al. 1994; Patten and Glick 1996). IAA is involved in pathogenesis of several 
microorganisms including Agrobacterium tumefaciens, A. rhizogenes, Pseudomonas 
syringae pv. syringae (Fett et al. 1987; White and Zeigler 1991; Clark et al. 1993), 
and in other members, such as the genera of Azospirillum, Rhizobium, 
Bradyrhizobium, Enterobacter, Xanthomonas, and several Pseudomonas species. 
Besides role in pathogenesis, they may be beneficial for plant growth promotion and 
in enhancing the release of plant metabolites which bacteria can exploit for nutrients 
(Bar and Okon 1993; Glick 1995; Patten and Glick 1996).

12.5.1.2  Indirect Plant Growth Promotion
Several plant growth-promoting microbes are known to diminish the stress effects 
in plants by suppressing phytopathogenic damage either via biological control or 
induced systemic resistance (ISR) of plants against pathogens (Harish et al. 2008). 
Fungal-induced systemic resistance associated with the expression of pathogenesis 
related genes against phytopathogens has been reported by few researchers. 
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Fusarium solani, an endophytic fungus, isolated from root tissues of tomato plants 
elicited induced systemic resistance against the tomato foliar pathogen Septoria 
lycopersici and triggered pathogen-related (PR) genes, PR5 and PR7, expression in 
roots (Kavroulakis et al. 2007).

12.5.2  Improved Phytoremediation

Phytoremediation, one of the “soft” bioremediation techniques, is becoming an 
acceptable alternative for the treatment of contaminated sites and wastewater. 
Phytoremediation of organic compounds depends on the collective action of the 
plants and the associated microbes. While using plants and microbes in combina-
tion, the plant provides the habitat and nutrients to the associated bacteria, and, in 
return, the bacteria enhance the stress tolerance of plant by improving plant growth 
and detoxifying the plant environment by degrading the pollutant.

The exploitation of plant microbial relationship has overcome the limitations 
exhibited by the plants in polluted environment where the abundance of organic 
pollutants in soil generally suppresses plant development and eventually phytore-
mediation efficacy (Weyens et al. 2009; Glick 2010; Yousaf et al. 2011; Khan et al. 
2013). Although both rhizospheric and endophytic bacteria have been extensively 
studied for their plant growth promotion and phytoremediation of polluted soil and 
water, it is pertinent to mention that the endophytic bacteria which colonize the 
plant interior and thereby interact more closely with their host plant are better 
equipped with pollutant degradation pathways and metabolic activities that can 
reduce both phytotoxicity and evapotranspiration of organic compounds (Sessitsch 
et al. 2004; Germaine et al. 2009).

Overall, the bacterial endophytes improve the process of phytoremediation by 
two distinct pathways, i.e., by the enhancement of metal tolerance in plants and 
growth together with alteration in the accumulation of metal from the metal polluted 
soils. Moreover, they can be engineered to enhance heavy metal resistance/seques-
tration system to degrade organic pollutants present in soil (Weyens et al. 2010). 
This is one of the potential approaches to enhance the biomass production and phy-
toremediation of co-contaminants, namely, toxic metals and organic pollutants pres-
ent in the soil. In order to remove the metal stress, endophytic and epiphytic 
microbes have developed different types of regulatory mechanisms, through which 
they decrease the toxicity of metal ions. These mechanisms include either efflux 
exterior to the cell, conversion of complex forms to less toxic forms, sequestration 
on the cell surface or in the intracellular polymers, and adsorption/desorption or 
precipitation or biomethylation of metal ions (Rajkumar et al. 2013). Certain organic 
volatile pollutants may not be degraded by the plant but may be released through the 
stoma and can be degraded by microorganisms, which question the advantages of 
phytoremediation in such cases. Research is under progress to create genetically 
modified microbes which have high phytoremediation capacity.
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12.5.3  Biocontrol Agents

Plant-associated microbes can also act as biocontrol agents, and their protective 
effect is probably based on the production of antibiotics and hydrolases that destroy 
the cell wall of phytopathogenic organisms. They can act as antagonists by inhibit-
ing the growth of phytopathogens and at the same time can induce systemic resis-
tance in plants. Diseases of fungal, bacterial, and viral origin and in some cases 
damages caused by insects and nematodes can be minimized by prior inoculation 
with endophytes (Kerry 2000; Berg and Hallmann 2006). Some fungal endophytes 
can protect host from different diseases caused by pathogenic microbes (Ganley 
et al. 2008; Mejía et al. 2008). Many fungal species produce secondary metabolites 
which have antifungal and antibacterial activity and strongly inhibit the growth of 
other microorganisms including pathogens (Gunatilaka 2006). They can produce 
multiple kinds of antibiotics including alkaloids, terpenoids, polypeptides, and aro-
matic compounds to which plant pathogens are sensitive too. Alkaloids strongly 
suppress growth of several microbes. For example, altersetin, a new alkaloid iso-
lated from Alternaria sp., exhibits antibacterial activity against several pathogenic 
bacteria (Hellwig et al. 2002). The mechanism involved in this biocontrol efficiency 
is signal interference which is a new form of microbial antagonism. Bacillus 
thuringiensis most widely used biocontrol agent for insect control suppresses viru-
lence of plant pathogenic bacterium, Erwinia carotovora, by quorum sensing 
through N-acyl homoserine lactones (AHLs), which are present in the quorum- 
sensing system of certain Gram-negative bacteria (Dong et al. 2003). AHLs take 
part in the regulation of different microbial biological processes, including produc-
tion of antibiotics, virulence factor expression, and biofilm formation through cell 
to cell communication (de Kievit and Iglewski 2000; Whitehead et al. 2002).

12.5.4  Natural Products from Microbes

Natural products obtained from endophytic microbes have their potential role in the 
field of pharmaceutical, agroecological and scientific research.

12.5.4.1  Antibiotics
Cryptosporiopsis quercina, an endophyte isolated from Tripterygium wilfordii, a 
medicinal plant found in Eurasia, produces a unique antimycotic peptide, crypto-
candin. Cryptocandin is known to be active against many fungal pathogens such as 
Candida albicans and Trichophyton sp. causing diseases in humans (Strobel et al. 
1999). The ecomycins, produced by Pseudomonas viridiflava, associated with the 
leaves of many grass species and located on and within the tissues are also active 
against several human pathogenic fungi (Miller et  al. 1998). Similarly, another 
group of antifungal compounds, pseudomycins produced by pseudomonads, are 
active against a variety of plant and human pathogenic fungi (Harrison et al. 1991; 
Ballio et al. 1994).
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12.5.4.2  Antiviral Compounds
The discovery of compounds from microbes having antiviral activity is still in its 
infancy; however, some compounds are promising. Two novel human cytomegalo-
virus protease inhibitors named cytonic acids A and B have been purified from the 
solid-state fermentation of the Scytonema sp. (Guo et al. 2000). The main limitation 
in such discovery is probably related to the absence of suitable antiviral screening 
systems in most of the antiviral compound discovery programs.

12.5.4.3  Anticancer Agents
Paclitaxel, the world’s first billion dollar anticancer drug represented to be the first 
anticancer agent, is produced by an endophytic fungus which is found in each of the 
world’s yew (Taxus) species (Suffness 1995). Some of the most common endo-
phytes of the world’s yews are species of Pestalotiopsis, of which P. microspora is 
the most common (Strobel 2002). However, species of P. microspora isolated from 
bald cypress (Taxodium distichum) in South Carolina also produced paclitaxel (Li 
et al. 1996). This suggests that the distribution of paclitaxel-producing endophytic 
fungi is not confined to yew only. The explanation for wide distribution of fungi 
producing paclitaxel might be due to the fact that it is a type of fungicide and the 
microorganisms which show sensitivity to it are plant pathogens such as Pythium 
sp. and Phytophthora sp. (Young et al. 1992). These two organisms are the world’s 
most destructive plant pathogens. In fact, their sensitivity toward the paclitaxel is 
due to the interaction with tubulin proteins similar to those reported in rapidly divid-
ing human cancer cells (Schiff and Horowitz 1980).

12.5.4.4  Insecticidal Compounds
Several microbes are known to possess insecticidal properties. Nodulisporic acid, a 
novel indole diterpene analogue, exhibits potent insecticidal property against the 
larvae of blowfly. It works by activating insect glutamate-gated chloride channels. 
The first nodulisporic compounds were isolated from an endophyte, Nodulisporium 
sp., from the plant Bontia daphnoides. This discovery has resulted in an intensive 
search for more Nodulisporium sp. and/or other producers of more potent noduli-
sporic acid (Demain 2000). In an another study, Muscodor vitigenus (an endophytic 
fungus) isolated from a liana (Paullina paullinioides) showed synthesis of naphtha-
lene as major product which is widely used as insect repellant. Naphthalene is the 
active ingredient in common mothballs which is mostly used for the storage of 
clothes and other articles. In a preliminary study, M. vitigenus showed promising 
results as an insect repellant with potent activity against the Cephus cinctus (wheat 
stem sawfly) (Daisy et al. 2002a, b).

12.5.5  Stimulation of Plant Secondary Metabolites Production

Plant secondary metabolites are a group of compounds, which do not play important 
role in basic life functions of organism but have a major role in the adaptation of 
organisms according to their environmental conditions (Bourgaud et  al. 2001). 
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Among these compounds, plants produce phytoalexins, an antimicrobial molecule, 
which contain multiple components including flavonoid, terpenoid, etc. (Smith 
1996). However, studies carried so far pertaining to the plant secondary metabolites 
production mediated by the fungal endophytes are still in the early stage. To this 
effect, Yong et al. (2009) reported that endophytic fungi Fusarium sp. E4 and E5 
promoted the growth of Euphorbia pekinensis, resulting in increased production of 
terpenoids.

12.6  Conclusion

There are various studies available on the diversity and ecology of epiphytes and 
endophytes which give an idea of their diverse nature and habitat. However, our 
understanding of the mechanism of interaction between the host plant and microbe 
is very limited. It is significant to isolate and characterize microbial communities 
living inside and outside the plants so as to get a deep knowledge about how a 
microbe enters and colonizes a plant and what are the beneficial outcomes of such 
interaction. There is a general consensus that critical study on plant-microbe asso-
ciations can not only enhance our knowledge of the mechanisms of interaction but 
can also result in better understanding of plant health. Expected outcome may have 
an important impact on sustainable agriculture for all types of crop. The benefits 
that endophytes usually offer include enhanced plant growth by production of phy-
tohormones, increase in N budget by nitrogen fixation, resistance to environmental 
stresses, remediation of contaminated sites, and production of important agricul-
tural, medicinal, and industrial compounds. Current research focuses on genetically 
engineered endophytes to facilitate enhanced bioremediation of highly contami-
nated sites and put into global use. Endophytes have also attracted special attention 
as potent biocontrol agent; a deeper understanding of the endophyte-host plant 
interaction at molecular level can enhance their use in agriculture and alleviate toxic 
effects for humans and animals. Availability of whole genome sequence and recent 
techniques with “omic” technologies provide the opportunity to search for genes 
which are differentially regulated during colonization of plant tissues on a global 
level. Some researchers have already reported the presence of genes responsible for 
the colonization and establishment of endophytic bacteria within plants. Research 
done so far has been mostly focused on endophytes, and very little information is 
available on epiphytic mode of interaction and its benefits. Future research should 
aim to have a detailed understanding of the ecology of plant-associated microbes 
and determining their successful colonization for their effective use in agriculture. 
Developing and/or discovering novel strain combinations in place of individual 
strains would be useful in promoting sustainable production of biomass and bioen-
ergy crops. However, the future of endophytic biology is at stake due to the rapid 
diminishment of rainforests which holds the greatest resource for discovering novel 
microorganisms and their products. Henceforth, multistep processes are required to 
secure life-forms before they continue to be lost.
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Abstract
Plants constitute immense and diverse niches for endophytic organisms, and 
their associations are well reported by many researchers. Certain microorgan-
isms like endophytes prevail in the interior portion of plants, like roots, shoots, 
leaves, and stems, and do not harm the host plant. Fungi pose symbiotic relation-
ship with plants, showing diversity in enrichment of resources and habitats. Even 
though these plant microbial interactions were reported from ancient years, an 
understanding of the mechanisms enabling these microorganisms to interact with 
host plants is still a dilemma. Unrevealing such unknown interaction pathways 
and signaling would be a crucial step in biotechnology which would probably 
lead to the production of different unique and novel compounds. Such compound 
may have the ultimate role in various applications in future biotechnology. 
Similarly, the potential of many isolated fungal endophytes has also not been 
studied well. Hence, an attempt has been made to coordinate the possibilities of 
usage of isolated endophytes in this chapter. Their uniqueness and specificity 
were studied with solid-state fermentation and submerged fermentation at a wide 
range of pH and temperature and few secondary metabolites and industrially 
important enzymes; its various applications and the common fungi used for such 
studies have also been discussed in this chapter.
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13.1  Introduction

Endophytic microorganisms are renowned for their ability to interact with the 
peripheral and internal tissues of plants more often through the process of symbiotic 
mutualisms. The endophytic concept was once exclusively used for the fungal-plant 
interactions, but at present the term extended to all the microbe-plant interactions 
(Wilson 1995). However, broadly the term endophyte applies only to such microor-
ganisms which are proficient enough to reside inside plant tissues without imparting 
any sort of external disease symptoms on the plant. Endophytic fungi have a unique 
ecological niche and are considered essential for the survival, distribution, and most 
of the biological processes and functions in plants, such as nutrient intake, nutrient 
assimilation, plant defense, decomposition of leaf litter, seed germination, and so on 
(Thompson and Stewart 1981; Clay and Schardl 2002).

The history of endophyte concept dates back to the early 1886, when De Bary 
introduces his seminal work, “On some species of Sclerotia and the diseases they 
cause,” which is published in Botanical Magazine. Even though various definitions 
have been put forwarded by many scientists, the definition proposed by Petrini 
(1991) that states that endophytes are “the organisms inhabiting plant organs that at 
some time in their life, can colonize internal plant tissues without causing apparent 
harm to the host” is accepted broadly.

In general, endophytes cause asymptomatic infections in any parts of healthy 
plants either by vertical transmission through host seed or vegetative propagules or 
by horizontal transmission. Among the microbes, endophytic fungi are extensively 
reported from almost all types of plants such as grasses, ferns, conifers, mosses, 
angiosperms, seaweeds, and epiphytic orchids (Clay 1988, Raps and Vidal 1998; 
Saikkonen et al. 1996; Tao et al. 2008; Sudheep and Sridhar 2011). Many reports 
uncover that the endophytic fungal symbiosis with the plants help them gain resis-
tance to various pathogenic agents such as insects and other microbes (Saikkonen 
et al. 1996; Clay 1988). This is proven through the implanting techniques, where the 
endophytes isolated from a disease-resistant host plant when inserted in a disease- 
prone plant species increased its fitness against the disease. The specificity of the 
endophytic fungi to a host is still a topic of debate (Hyde et al. 2007; Tao et al. 
2008). However, it is interesting to note that most of the isolated plant secondary 
metabolites have structural and functional similarities with endophytic allelochemi-
cals and toxins (Cheplick and Clay 1988; Marquis 1992; Zhang et al. 2006; Singh 
et  al. 2003). This throws challenges and opportunities in applied research in the 
fields of medicine, silviculture, agriculture, forestry, biological pesticide industry, 
etc. Apart from that, the plant endophyte association is an excellent model system 
that helps us to explore further our knowledge on the evolution of plant-microbe 
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symbioses. This paper discusses the general concepts on endophytes and their sym-
biosis with the host plants, common endophytic fungal species and enzymes, and 
possible industrial important applications.

13.2  Endophytes

Endophytes are inimitable group of microorganisms and its less understanding 
made them away from the active researchers interest in the past. At present the sce-
nario has been changed, and many reports suggest that these are rich sources of 
natural products and chemically novel compounds and have proven their greater 
applications in the fields of medicine, agriculture, and various other industries (Li 
et al. 2008; Tan and Zou 2001). The proper perceptive of antagonistic or synergistic 
mechanisms through which endophytes exist and interact with its host plants could 
be reveled better in order to be simply predictive about the functions, roles, and 
biological communications. Such type of studies may be facilitated to solve several 
unanswered questions that still remain in the fields. Such type of studies may be 
facilitated to solve several unanswered questions that still remain in the fields; for 
instance different signaling, interactions through the manufacture of essential 
chemical compounds intern help us to find the product discovery processes. 
Furthermore, it would even be helpful to find out the mechanism of the fitness gain 
of both partners due to mutualistic interaction (Bacon 1993; Elmi and West 1995).

13.3  Host-Endophyte Interaction

The exact mode of interaction between host plants and endophytes is still unknown, 
or the available information is not enough to explain the complex relationship. In 
most cases, mutual relationship benefits the endophytic fungi in terms of supply of 
energy, nutrients, shelter, and most importantly protection from abiotic stress (such 
as light, temperature, and drought) and biotic stress (such as herbivore, insect or 
pathogen, and nematode attack). On the other hand, fungal endophytes indirectly 
promote plant growth by synthesizing special substances mainly secondary metabo-
lites, hormones, and enzymes whenever necessary or in accordance with the par-
ticular signaling (Barz et al. 1988).

The endurance and conservation of endophytic communities of fungi can also be 
affected by the type of host proliferation or propagation methods. Normally, endo-
phytic fungi could be distributed in the entire plant as it grows and would then prob-
ably return to the soil through decomposition of senesced or accidently damaged 
parts. Thus, vegetatively propagated plants may be a home for an enduring com-
munity of endophytic microorganisms that would further transmit to succeeding 
progeny or generations. Similarly, seeds could also be a source of endophytic 
microorganisms. The interaction remains asymptomatic as long as the endophytic 
potential and plant defense are balanced. The imbalanced condition of host plant 
and endophyte interaction would either result in disease in the host plant if the host 
is susceptible or the plant defense mechanism kills or removes the pathogenic 
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endophytic fungus (Schulz and Boyle 2005). In general status of the partners, viru-
lence of the fungi or other endophytes, and the resistance or defense of the host 
plant determine the interaction as either healthy or unhealthy.

Endophytes have evolved a resistance mechanism by overcoming pathogenic 
invasion by synthesizing secondary metabolites belonging to several structural 
classes such as alkaloids, peptides, terpenoids, steroids, phenols, quinines, etc. (Tan 
and Zou 2001; Yu et al. 2010). A study by Taylor and Taylor (2000) reported that 
endophytic association evolved hundreds of millions of years ago during the evolu-
tionary process of the plants on the earth while compiling the information on the 
fossilized plant. Furthermore, fossil studies also focus lights on coevolution of 
plants and endophytic fungi. The endophytic fungi therefore are adapted to the spe-
cial microenvironments in the host plants and the surrounding soil through exhibit-
ing genetic variations within the species. The possibilities of genetic material 
exchanges between the host plants and fungi or activation of some segments of host 
plant DNA or vice versa would probably result in the biosynthesis of several new 
phytochemicals or various biochemical defense mechanisms by the endophytic 
fungi and host (Zhang et al. 2006; Stierle et al. 1993).

13.4  Biological Role of Endophytes

Endophytes may facilitate plant growth directly or indirectly. The direct process is 
through the production of phytohormones (auxin or cytokinin) or the enzyme 
1-aminocyclopropane-1-carboxylate deaminase, which is known to lower the 
plant’s ethylene level. The indirect mechanism is through enhancing the plant’s sys-
temic resistance or preventing pathogenic infections through the production of sec-
ondary metabolites and siderophores. Endophytes also help the plants to acquire 
nutrients through nitrogen fixation and phosphate solubilization. The systemic 
growth of endophytes inside the plants helps the plants to overcome several physical 
stresses (Bacon 1993; Faeth and Fagan 2002).

13.5  Natural Products and Traditional Approaches 
in Medicine

Application of naturally derived products and traditional drug use has gone a long 
way in the applied studies related to agriculture and medicine. Naturally derived 
products have its importance due to its diverse nature in structure and the multiple 
actions of its active compounds against various diseases. Hence, medicinal plants 
therefore become the major targets to study the endophyte associations. Few study 
reports have shown that the bioactive compounds isolated from the medicinal plants 
and the associated endophytes have similarity in structures (Tan and Zou 2001). 
Since these microbes are easily isolatable, the pharmaceutical industries are now 
exploiting the endophytes for a large-scale production of an active compound useful 
for a medicine rather than depending on the endangered or endemic important 
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plants. Furthermore endophytes are believed to be potent sources for novel and 
natural compounds.

The discovery of potential anticancer drug “Taxol” (a tetracyclic lactam) is a 
well-known microtubule inhibitor isolated first from yew tree species (Taxus brevi-
folia). One of the breakthroughs in medical field had certain restriction in commer-
cial production of the drug from the plant source alone due to its massive destruction 
for the drugs. Stierle et  al. (1993) have later isolated and characterized a novel 
Taxol-producing fungus Taxomyces andreanae, an endophyte isolated from the 
same plant Taxus brevifolia. This was the platform for more researchers to explore 
endophyte-based drugs from the folk medicinal plants and their bioactive metabo-
lites (Verma et al. 2007; Huang et al. 2008; de Siqueira 2011). Later, Taxol-producing 
endophytes have been isolated even from non-Taxus cypress species, Wollemia 
pines, and so on. Researches now indicate that the bioactive compounds that are 
originally isolated from plants are initiated by their mutualistic endophytes. 
Muscodor vitigenus is considered as a novel endophytic fungus isolated from 
Paullinia paullinioides which is capable of producing naphthalene, an insect repel-
lent (Daisy et al. 2002). This finding gave an opportunity to explore for the endo-
phytic microbes capable of producing repellents, vermicides, insecticides, 
antimicrobials, and antioxidants (Tan and Zou 2001; Strobel and Daisy 2003; 
Strobel et al. 2007).

Coffee berry borer is considered one of the main overwhelming pests against 
coffee across the globe. A study by Vega et al. (2008) found that the fungal entomo-
pathogens such as Beauveria bassiana and Clonostachys rosea are pathogenic to 
coffee berry borer. The metabolite produced by such microorganism may have det-
rimental effects on pests. Currently, many plants, epiphytes, and orchids have been 
studied for their endophytic fungi, and almost all of them have been proven to be 
loaded with endophytic fungi (Sudheep and Sridhar 2011). Several novel and price-
less bioactive compounds with innumerable functions such as antioxidant, antimi-
crobial, larvicidal, insecticidal, cytotoxic, anticancer, and growth regulator activities 
have been recorded from the endophytic fungi (Ten et al. 2004).

13.6  Application of Fungal Endophytes in Biotechnological 
Processes

Endophytes produce bioactive secondary metabolites with unique structure, such as 
alkaloids, flavonoids, phenolics, quinones, steroids, terpenoids, etc. (Tan and Zou 
2001). Such bioactive metabolites show a large range of applications in agrochemi-
cal, antibiotic, antiparasitic, antioxidant, insecticidal, and anticancer agents (Strobel 
and Daisy 2003). Apart from that, endophytes produce various novel and known 
enzymes which have a crucial role in different biotechnological processes and 
applications (Pimentel et al. 2011).

13 Fascinating Fungal Endophytes Role and Possible Beneficial Applications…



260

13.7  Fermentation Technology

Fermentation has been generally used for manufacture of a broad variety of sub-
stances in bulk quantity that are advantageous in several industries. For the past few 
years, fermentation method has gained momentum due to their cost-effective pro-
duction and other environmental advantages. Most of the older techniques have 
been now personalized further and sophisticated to increase the efficiency and the 
yield of fermentation industries (Cherry and Fidantsef 2003; Dutta et  al. 2010). 
Fermentation technology is concerned with the large-scale culturing of microorgan-
isms in fermenters and the recovery of valuable yield from the microbial cells or 
from the surrounding medium in released form. For an optimum fermentation, the 
fungus must behave normally and render unsurprising activity and perform consis-
tency in growth rates and metabolite production. The basic requirement for any type 
of fermentation is a nutrient-rich medium which contains compatible sources of 
carbon, nitrogen, and added essential elements in suitable proportions. The critical 
part of a fermentation process is the identification and the use of a suitable microor-
ganism which secretes a valuable product. Two general fermentation techniques 
commonly used in the industries are submerged fermentation (SmF) and solid-state 
fermentation (SSF) (Machado et al. 2004; Cherry and Fidantsef 2003; Subramaniyam 
and Vimala 2012).

13.8  Solid-State and Submerged Fermentations

Solid-state fermentation (SSF) is known as the fermentation process in which 
microorganisms grow on a solid substrate or without the presence of free liquid 
(Fig. 13.1). SSF has great importance and offers plentiful openings in processing of 
agro-industrial residues. This is partly because solid-state processes have lower 
energy requirements, produce less amount of water, and are environmentally 
friendly as they resolve the problem of solid waste disposal. Submerged 

Fig. 13.1 Preparation of solid substrate fermentation on vegetable substrate
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fermentation (SmF) involves fermentation of a substrate in the presence of a free 
liquid. The substrate is therefore dissolved or suspended in a large amount of water. 
In watery situation, fungi grow as pellets or as gratis mycelia, subject to the type of 
strain and culture conditions. Each form has its own characteristics, which will 
greatly affect the process yields. In recent years, many studies have been made in 
order to succeed improved productivity (Cherry and Fidantsef 2003; Dutta et  al. 
2010).

SSF technique is best suited for fungi that require less moisture content, but it 
cannot be used in case of bacterial fermentation processes since that require high 
water activity (Babu and Satyanarayana 1996). Purification and extraction of prod-
ucts are convenient in SSF, while SmF is chiefly used in the mining of secondary 
metabolites which work in liquid medium (Subramaniyam and Vimala 2012). SSF 
supersedes SmF in various aspects such as fewer requirements of space and energy, 
simplicity of media, and high product yields (Raimbault and Alazard 1980). 
Interestingly in another study, Oda et  al. (2006) concluded that certain enzymes 
were selectively secreted under conditions of solid-state culture or in submerged 
culture, independent of the composition of the medium.

In recent years, researchers have started focusing on bioactive compounds origi-
nated from the endophytic fungi and improving the efficiency of some prospective 
candidates through genetic engineering in the microbial fermentation (Strobel et al. 
2004). The pH and temperature in the fermentation medium are the important 
aspects that have profound influence on the production of the end product.

13.9  General Aspects on Enzymes

Cellulose is the most abundant linear polymer of polysaccharides of glucose resi-
dues with beta-1,4-glycosidic linkages. Cellulose is one of the major ingredients in 
the solid municipal waste; the majority of it comes from food processing, timber, 
paper, and sugarcane industries (Shoemaker et al. 1983). In cellulolytic system, cel-
lulose is converted to multi-utility product glucose (Gupta et al. 2011). Eubacteria 
and fungi are the primary cellulolytic microorganisms followed by some anaerobic 
protozoa and slime molds. Synergistic interaction between cellulolytic and non- 
cellulolytic microorganisms present in the waste leads to complete degradation of 
cellulose, with the release of carbon dioxide and water under aerobic conditions and 
carbon dioxide, methane, and water under anaerobic conditions (Leschine 1995). 
Cellulase and its substantial usages have been used in different industrial processes 
such as bioethanol, agricultural, and plant waste management, pulp and paper 
industry (Buchert et al. 1996; Wang et al. 2004), textile industry (Gusakov et al. 
2000), detergent industry, and food industry. Cellulase enzymes are even known for 
its great role in improving digestibility of animal feeds (Lewis et al. 1996).

Among the various commercialized enzymes, many of them are products of fer-
mentation of filamentous fungi (Piccoli-valle et  al. 2001). Filamentous fungi are 
particularly an interesting group of organisms due to their easiness of handling and 
cultivation, fast growth, and high production of extracellular enzymes of large 
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industrial potential (Singh et al. 2003). Fungal enzymes implicated in plant-related 
polysaccharide degradation belong to at least 35 families of glycoside hydrolase, 
constituting of carbohydrate esterase families (three in number), and six polysac-
charide lyase families (Battaglia et al. 2011; Coutinho et al. 2009). Studies on cel-
lulases and related polysaccharides are initiated in the early 1950s, and it has 
outstanding prospective to change lignocellulose, the most plentiful and unexplored 
renewable source of energy on earth, to glucose and soluble sugars (Reese and 
Mandels 1984; Coughlan 1985). However, the usages of cellulases and hemicellu-
lases are initiated in the early 1980s, initially in animal feed followed by different 
food-related applications (Thomke et al. 1980; Voragen 1992). The rate and effi-
ciency of biomass degradation by different fungi vary greatly. They produce differ-
ent kinds of lytic enzymes in diverse amounts and concentrations. Most of the fungi 
have its own uniqueness in producing degradative enzymes, but in some case, in 
relation to the surrounding medium, fungi behave or act unusually by its capacity.

13.9.1  Factors Affecting Enzyme Production and Activity

The rate of production of enzymes can vary with certain basic factors such as tem-
perature, pH, presence of supplements in the medium, and incubation period. For 
instance, Aspergillus terreus showed the best cellulose activity in pH 4–7 and at 
temperature approximately 40 °C (Naghavi et al. 2013). In Penicillium chrysoge-
num, the optimum pectinase activity was found to be highest at pH 6.5. 
Supplementation of sucrose to the production medium increased the pectinolytic 
activity of P. chrysogenum; however, the production rate was highly repressed in the 
presence of starch. Of the different nitrogen sources used, ammonium persulfate has 
enhanced the production of P. chrysogenum pectinase (Banu et al. 2010). Enzyme 
production has also been found to be influenced by the incubation period. According 
to Green et al. (1989), α-amylase production peak was obtained in 4-day-old culture 
that declined gradually to 7-day-old culture. Similarly, α-amylase activity from 
Aspergillus niger (Hernandez et  al. 2006) and Aspergillus oryzae (Tiwari et  al. 
2007) was obtained at 3 days of cultivation. This may be because of the denaturation 
of the enzymes since the third day of culture due to the production of other com-
pounds in the culture medium (Ramachandran et al. 2004).

The presence of carbon, nitrogen sources, and mineral nutrients such as phos-
phorous, potassium, magnesium, and calcium is essential for the growth of fungi as 
well as enzyme production (Hughes and Poole 1991). The optimum growth condi-
tions for enzyme production by A. oryzae were pH 5.0 and 35 °C. The alpha amy-
lase production was found to be tolerant to a wide range of initial pH values (4.0–10) 
and temperature (25–42 °C).
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13.9.2  Fungal Species and Enzyme Production

Filamentous fungi are remarkably significant organisms having an effect on the 
lives of many other higher-order organisms and communities. Aspergillus, 
Penicillium, Fusarium, etc. are included in higher filamentous fungi group, whereas 
Mucor, Rhizopus, etc. are included in lower filamentous fungi group. The commer-
cially exploited fungi by various industries include Alternaria sp., Trichoderma sp., 
Penicillium sp., and Fusarium sp. (Schuster and Schmoll 2010; Kang et al. 2004).

13.9.2.1  Aspergillus
As with fungi in general, Aspergillus taxonomy is complex and ever evolving. The 
genus is easily identified by its character, conidiophore. Aspergillus is also well 
known for its opportunistic pathogenic activities on animals and human beings; for 
example, aspergillosis disease incidence becomes common in the immune- 
susceptible populations. The genus Aspergillus produces a large number of tradi-
tional fermented foods which includes soy sauce, soybean paste, and rice wine since 
the ancient years (Bennett 2001). The species such as A. versicolor, A. oryzae, A. 
tamari, A. niger, A. tamarii, A. awamori, and A. oryzae have been used widely in the 
manufacture of bioactive compounds and hydrolytic enzymes. A. niger (Fig. 13.2a), 
another saprobic filamentous fungi, has been used to produce citric acid in the food 
production units, beverage industry, and pharmaceutical industry. A. niger is also an 
excellent producer of a wide spectrum of extracellular enzymes. Aspergillus species 
are considered as the primary agents of decomposition because of its ability to pro-
duce cellulase enzymes (Oxenboll 1994).

On the other hand, different kinds of mycotoxins are produced by many species 
of Aspergillus. A. flavus (Fig. 13.2b) and A. parasiticus that generate aflatoxins are 
considered detrimental to humans and animals (Horn et al. 1995). A. niger has the 
skill to manufacture secondary metabolites such as ochratoxin, another deleterious 
toxin having nephrotoxic, genotoxic, teratogenic, and carcinogenic actions. 
Aspergillus niger derived enzymes are extensively used in manufacturing for the 
reason that this strain is considered having a generally recognized as safe (GRAS) 
status so that most of the metabolites formed by this strain can be used safely. This 
fungal strain is a good producer of pectinase enzymes.

El-Safey and Ammar (2004) purified and characterized α-amylase isolated from 
Aspergillus flavus var. columnaris. Findings reveal that the α-amylase activity 
increases with the concentration of the enzyme. The most favorable substrate con-
centration (starch) and incubation temperature for this bioactivity are 0.2% (w/v) 
and 35 °C, respectively. Additionally, purified α-amylase enzyme has the maximum 
activity at pH 6.2 and after an incubation period of 30 h.

13.9.2.2  Penicillium
Penicillium is a genus of ascomycete anamorphic fungi having greater value for 
food and drug production (Fig. 13.2c). Numerous species of the genus Penicillium 
play a crucial role in the manufacture of cheese and meat. In addition to their greater 
role in food industry, species of Penicillium are also known producers of various 
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important enzymes and macromolecules such as gluconic, citric, and tartaric acids, 
as well as several pectinases, lipases, amylases, cellulases, and proteases (Leitao 
2009).

A number of Penicillium species, such as P. purpurogenum, P. funiculosum, and 
P. emersonii (Talaromyces), are extraordinary producers of cellulases, hemicellu-
lases, and pectinases. Commercially, P. funiculosum has been used to generate a 
cocktail of enzymes which could degrade composite agricultural residues like ara-
binoxylan, cellulose, hemicellulose, and protease in it. Pectinase enzyme from P. 
chrysogenum has been characterized by submerged fermentation. In their study, 
enzyme production by Penicillium chrysogenum was found higher at pH 6.5 and at 
a temperature of 35 °C using sucrose and ammonium persulfate as carbon source 
and nitrogen source, respectively.

13.9.2.3  Fusarium
Fusarium is a filamentous fungus. It is considered as fungal-plant pathogens which 
cause significant crop losses and contamination of grain by mycotoxins (Fig. 13.2d). 

Fig. 13.2 Fungal isolates on PDA media: (a) A. niger, (b) A. flavus, (c) Penicillium sp., and (d) 
Fusarium sp.
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F. graminearum is the contributory agent of some important plant diseases. Many 
other Fusarium strains are used in fermentation processes, including production of 
single-cell protein permitted for human consumption, and some of these strains may 
have the capacity for the production of enzymes. Fusarium oxysporum produces 
many enzymes which act upon cellulose and pectic components of the cell wall 
(Apel-Birkhold and Walton 1996). Production of xylanolytic and cellulolytic 
enzymes by Fusarium oxysporum beneath solid-state culture (SSC) on corn stover 
substrate was enhanced by optimization of the type of nitrogen source, initial mois-
ture, temperature, and pH of the culture medium (Nwagu et al. 2012).

13.9.2.4  Alternaria
Alternaria is an ascomycete fungal genus and found to be a common allergen in 
human beings and a serious plant pathogen. Wipusaree et al. (2011) characterized a 
xylanase from the endophytic fungus Alternaria alternate. In this study, they have 
accomplished optimal xylanase production after 4 days of culture with 2% (w/v) 
rice bran and 0.1% (w/v) ammonium sulfate as the carbon and nitrogen source, 
respectively.

13.9.3  Common Fungal Enzymes and Application

Extracellular enzymes of the organisms are used for industrial purposes. The isola-
tion and characterization of these enzymes are crucial steps in biotechnology. To 
date, enzymologists have turned their attention to fungi as a source of enzymes 
because such enzymes are cheaper and quick in their action (Zambare et al. 2011; 
Anitha and Palanivelu 2013).

Different fungal and bacterial strains have extensively been used for the com-
mercial enzyme production. Fungi are excellent producers of extracellular enzymes 
and probably all classes of industrially important enzymes. Cellulase is one of the 
major enzymes used in industries. Filamentous fungi are capable to exude big 
amount of extracellular protein that qualifies them in industrial enzyme production. 
However, the cost of substrates used for the cellulase production using fungi and 
rather slow growth rate of fungi are often projected as limitations to depend on fungi 
always. Besides bacteria have more growth rate in contrast to fungi which make 
them a potential candidate in cellulase production. However, the lack of FPase 
activity in bacterial cellulose limits their use also in some industries. However, bac-
teria can be easily genetically engineered to enhance cellulase production 
(Mahadevan et al. 2008; Escovar-Kousen 2004). The enzymes produced by differ-
ent fungal species are mainly hydrolytic in nature. Among these enzymes, cellulo-
lytic enzymes require great importance because of its massive applicability in 
various biological and industrial processes.

13.9.3.1  Cellulase
Cellulase consists of three-enzyme system which has soluble extracellular natural 
enzymes, 1,4-β-endoglucanase, 1,4-β-exoglucanase, and β-1,4-glucosidase. 
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Endoglucanase triggers the random cleavage of β-1,4-glycosidic bonds present in 
the chain form of cellulose, whereas exoglucanase helps in the cleavage of the non-
reducing end of a cellulose chain, and β-1,4-glucosidase enzyme translates glucosi-
dase hydrolyse cellobiose and soluble dextrin to glucose.

Interestingly, it is reported that a cocktail of the abovementioned three enzymes 
is essential for the absolute hydrolysis of glucose (Ryu and Mandels 1980). Cellulase 
enzyme has its importance due to its specific role and application potential in ligno-
cellulosic conversion (Ilyas et al. 2011). Wood, grass, agricultural wastes, and solid 
municipal wastes are the main sources of lignocelluloses in nature. Irrespective of 
the substrate, lignocellulosic materials consist of cellulose (a homopolymer of glu-
cose), hemicellulose (a heteropolymer of hexoses and pentoses), and lignin (an 
amorphous polymer of phenylpropanoid units).

13.9.3.2  Amylases
It is a group of extracellular enzymes which degrades starch. Amylase hydrolyzes 
the bonds between the adjacent glucose units in the starch molecule. Amylases have 
application in food industry especially for baking, in dairy industry, and in deter-
gent, fermentation, and paper industries. Microbial amylases are used in biological 
hydrolysis of starch due to its effectiveness in consistency, easiness of handling, and 
optimization of desired environment, and chemical catalysts are no longer used 
(Mamo and Gessesse 1999) (Fig. 13.3).

13.9.3.3  Xylanases
Xylan is a multifaceted polysaccharide consisting of xylose residues which are 
joined by β-1,4-glycosidic bonds. The main chain of xylan is composed of 
β-xylopyranose residues. Xylan is the major hemicellulosic polysaccharide present 
in cell walls of plants signifying up to 30–35% of the total dry weight. Xylanases 
are widely used in various industries; for instance, it is used to pre-bleach the pulps 
for paper manufacture; improve the nutritional qualities of wheat; clarify the juices 
and wines; extract juices, oils, spices, and pigments; and adjust the cereal flours to 
enhance the texture and volume of the bread (Gilbert and Hazlewood 1993) 
(Fig. 13.4).

13.9.4  Enzyme Assay

Enzyme assays are essential tools for enzyme engineering, where they present the 
functional foundation for identifying and selecting novel enzymes, generally by 
screening a large group of microorganism collection from different sources or by 
several modern techniques such as genetic recombination methods and creation of 
enzyme mutants. Enzyme assays are vital for the study of enzyme kinetics and 
enzyme inhibition (Escovar-Kousen 2004). Continuous assays include spectropho-
tometry, fluorometry, calorimetry, chemiluminescent, and light scattering studies. 
Discontinuous assays include radiometric and chromatographic assays. In the case 
of spectrophotometric analysis, one pursues the course of the reaction by computing 
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the change in the amount of light absorbed in the assay solution. If this light is in the 
visible region, one can actually see a change in the color of the assay. UV light is 
frequently used, as the general coenzymes NADH and NADPH absorb UV light in 
their reduced forms, but not in their oxidized forms. An oxidoreductase using 
NADH as a substrate could therefore be assayed by following the decrease in UV 
absorbance at a wavelength of 340 nm as it consumes the coenzyme (Bergmeyer 
1974).

13.9.4.1  Assay Methods for Different Enzymes
Cellulase generates glucose via carboxymethyl cellulose which is identified calori-
metrically with alkaline copper reagent (Robyt and Whelan 1972). Xylanase activ-
ity can be known by measuring the amount of reducing sugar using dinitrosalicylic 
acid (DNS) method where D-xylose acts as a standard and xylan as substrate 
(Kumar et al. 2010) (Fig. 13.5a, b).

Fig. 13.3 Enzyme activity screening of fungal isolates; zone of clearance on starch plate (amylase 
activity by Penicillium sp., Fusarium sp., A. niger)
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The hydrolysis of pectic acid is done by pectinase which liberated D-galacturonic 
acid. Alkaline copper reagent is used to identify D-galacturonic acid (Rexova- Benkova 
1973). Moreover, the protease activity is characterized by the hydrolysis of casein 
(dimethyl). The generated amino acids were characterized by 2,4,6- trinitrobenzene sul-
fonic acid (Lin et al. 1969).

13.10  Conclusion

Host plant resistance against pathogens by the action of endophytes has been 
revealed by many researchers. Hence, obviously, endophyte is able to produce many 
metabolites of industrial importance. The available information from research and 

Fig. 13.4 Enzyme activity 
screening of fungal 
isolates; zone of clearance 
on xylan plate (xylanase 
activity by A. niger)

Fig. 13.5 Enzyme activity screening of fungal isolates; zone of clearance on CMC plate (a cel-
lulase activity by A. niger; b cellulase activity by Fusarium sp.)
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lab experiences focus further on the good antimicrobial activity of isolated endo-
phytes. Moreover, changes in pH and temperature have also given significant 
enzyme production by the isolated endophytes (Pandey 2003; Sato and Sudo 1999). 
There are opportunities to increase the enzyme production by altering the physical 
condition, media, nutrient ratio, etc. Once the optimum pH and temperature for the 
making of a specific enzyme is understood, one could alter the ratio or addition of 
minerals and nutrients for an optimum yield of enzymes. But if not properly con-
ducted, altering the substrate or carbon source may sometimes affect the proper 
functioning of fungi leading to the minimal production of enzymes. Solid-state fer-
mentation would be an ideal and efficient technique that researchers are interested 
in. Plate method is a simple and quick method to establish the enzymatic activity of 
a given microorganism by studying the clear zone around the inoculated microor-
ganism (Gusakov et  al. 2000; Hernandez et  al. 2006). Thus, it helps to study in 
detail about the effect of different parameters on the productivity of industrially 
important enzymes. Almost all the enzymes have its great potential in industry. Due 
to their microbial nature, it is often easy to genetically engineer them to optimize the 
production of the enzymes from a given microorganism. Interestingly, reports are 
available that gibberellic acid and many other hormones are produced during the 
submerged and solid-state fermentation by endophytic fungi.

Such reports confirm the greater role of endophytic fungi as a plant growth pro-
moter. Natural product chemistry would be greatly advantaged from the inventory 
of novel compounds from the natural sources. Studies indicate that endophytic 
microorganisms, particularly fungi, have greater potential to contribute to the world 
of natural product chemistry, agriculture, and several commercial industries 
(Coughlan 1985; Oxenboll 1994; Tan and Zou 2001; Pimentel et  al. 2011). 
Endophytic fungi, since they live in host plant, produce compounds of similar nature 
of what is produced by the plants. In the past few decades, scientists focused gener-
ally on the exploration of endophytic fungal diversity, associations between endo-
phytic fungi and their host plants, etc. Recently, researchers have started focusing 
on researches leading to the production of secondary metabolites, enzymes, and 
their possible applications. Similarly, information on the entophytic community 
associated with the endemic and IUCN red listed medicinal plants will help us to 
frame a way forward for the commercial synthesis of bioactive compounds with 
limited exploitation of the plant from the wild. Seed dormancy is another critical 
process in the plant recruitment in stressful environments (Copland 1981; Latch 
1983). Dormancy may be perhaps imposed due to the seed coat or due to the changes 
in growth inhibitor and promoter ratio. Reports suggest that colonization of fungal 
endophytes can break the dormancy of the seeds by working as a growth promoter 
and seed coat decomposer. Even though there has been an increasing concern for 
endophytic fungi which act as a basis of novel bioactive compounds potentially use-
ful in medicine, agriculture, and industry, still the precise ecological role is poorly 
understood or less known.
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Abstract
The historical background, various investigations, successful results and pro-
jected mode of activity for overall plant development and disease management 
conferred by fungal endophytes to their host plants have been elaboratively dis-
cussed. Piriformospora indica, a root endophyte, is the well-described plant pro-
moter in literature. 2H-Pyran-2-one, 5,6-dihydro-6-pentyl, an antifungal 
metabolite with high activity towards S. sclerotiorum, was produced by endo-
phytic Macrophomina phaseolina, while solanapyrone derivatives C and phoma-
lactone produced by Nigrospora sp. YB-141 showed inhibition against plant 
pathogenic fungus Botrytis cinerea. The present chapter summarises various 
findings on fungal endophytes and their functional attributes with respect to 
enhancement in overall plant maturity and improvement recovered from indige-
nous plant of medicinal value Ocimum sanctum found widely in India till date.

Keywords
Endophytic fungi • Ocimum sanctum • Biopesticides • Indigenous plants • 
Antifungal activity

14.1  Introduction

In their entire lifecycle, plants being multicellular organisms constitute a myriad of 
multitrophic and synergistic interactions with other microorganisms, i.e. fungi, bac-
teria, virus, algae and protista. These endophytically residing microbes are 
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associated with coordination of vital growth, development, overall fitness and 
defence pathways of plants (Hardoim et al. 2015). Studies and advanced research 
conducted on the given aspect have evolved the new area of research called ‘plant 
microbiome’ wherein collective genomes of both plants and their associated micro-
organisms respond to the surrounding environment concomitantly with each other 
(Rosenberg et al. 2009). Complex microbial networks inhabiting in plant ecosystem 
consist of multiple interdependent components that interplaying in various modes, 
i.e. symbiotic, synergistic, commensalistic, ammensalistic and parasitic modes. 
These networks on the whole impact soil fertility, plant health and each of its par-
ticipating individual either directly or indirectly. Understanding these microbe- 
microbe/plant-microbe interactions is vital to understand the holistic consequences 
of these interactions for plant physiology and performance and to further explore 
them for different biotechnological aspects.

14.2  Endophyte: Its History and Definition

Glomeromycota is the foremost example of early plant-fungus symbiosis which 
dates back to colonisation of terrestial plants. Heinrich Friedrich Link, a German 
botanist, in 1809 firstly described endophytes as Entophytae, a peculiar type of 
fungi inhabiting in a partial parasitic mode inside plants. Many investigators have 
proposed definition of endophytes based on their studies and experience (Link 
1809; Carroll 1986; Wilson 1995; Brown et al. 1998; Aly 2011) in the past decades. 
The most cited definition was contrived by Orlando Petrini in 1991 explaining 
endophytes as ‘microorganisms colonising plants internally during a particular or 
whole time of their without causing any perceptible disease in the host’ (Petrini 
1991). But nevertheless, this explanation has certain shortcomings. At first, it holds 
true or is more appropriate for cultivated endophytes. Apart from that, it is widely 
described in the literature that latency lifestyle of plant pathogenic microbes could 
have direct relationship to endophytic state microbes (Reiter et al. 2002). Moreover, 
in culture-independent protocol, assessment of pathogenic state of the individual 
remains elusive whether latent or active during the course of isolation. Therefore, it 
can be concluded that the term ‘endophyte’ is more aptly suited for ‘habitat-explicit’ 
rather than ‘functional-explicit’ microbes capable of colonising internal plant seg-
ments (Coombs and Franco 2003).

Bioactivities expressed by endophytic microorganisms outnumber that of epi-
phytes, soil isolates and phytopathogenic counterparts collectively as documented 
in the literature (2002), for instance, in the case of rugulosin and taxol (plant- 
protecting) metabolites. Endophytes have been recognised to produce metabolites 
in extremely low quantities, maybe because they are required for highly localised, 
stressful defensive condition in small quantities to deter pathogen temporarily 
(Miller et al. 2002; Kusari et al. 2015).
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The earliest cited publication on fungal asymptomatic colonisation was reported 
inside Lolium temulentum embryo prior to seed maturation by fungus Neotyphodium 
occultans (Freeman 1904). Schulz in 1999 (Fig. 14.1) described a asymptomatic 
existence of endophytes as balanced antagonism, stating that both endophytic and 
pathogenic microbes initiate the defensive reaction inside the inhabited plant tissues 
upon their intrusion; nonetheless pathogen leads to disease development, while 
endophyte maintains the defence reaction to its infection and colonisation inside 
host plant (Schulz and Boyle 2005).

14.3  Production of Metabolites Mimetic to Host Plant

The competence to synthesise chemically mimetic metabolites by endophytes as of 
their inhabiting plant has been hypothesised to arise because of the substantive 
genetic exchange between endophyte and its host (Stierle et al. 1993; Zhang et al. 
2006). For instance, anti-cancerous plant metabolite was secreted by Alternaria sp. 
recovered from Podophyllum hexandrum as endophytically (Yang et  al. 2003). 
Likewise, camptothecin-producing endophytic fungus Entrophospora infrequens 
was obtained from Nothapodytes foetida. Furthermore, vincristine was purified 
from extracts of Fusarium oxysporum residing in C. roseus (Zhang et al., 2000). 
Shirala sp. synthesised huperzine A cholinesterase inhibitor skilfully recovered 
from Huperzia serrata (Wang et al., 2011). Reportedly, piperine presence in extracts 
of endophytic Periconia sp. reclaimed from Piper longum was confirmed by 
LC-MS/MS study (Verma et al. 2011). The success achieved by scientists at hitting 
upon the production of ‘host plant similar metabolites’ reiterates the need and 
enthusiasm their investigation contains. They hold the promise of serving as a sub-
stitute resource of plant-based bioactive compounds.

Fig. 14.1 Schematic depiction of balanced antagonism hypothesis (Modified and adapted from 
Schulz et al. 1999)
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14.4  Diversity and Colonisation of Endophytes

Fungal endophytes occur both intercellularly and intracellularly in plants growing 
in diverse geographical areas such as Antarctic and Arctic continents, marine flora, 
geothermal soils, cold and hot deserts, rainforests, marshy swamps and grasslands. 
Also, their isolation has been reported from diverse host range such as algae, pteri-
dophytes, gymnosperms, angiosperms, sponges and bryophytes (Kharwar et  al. 
2011). Reportedly, endophytically occurring fungi are present practically in all 
plant segments, i.e. leaf, stem, root, inflorescence, fruit and seed (Firakova et al. 
2007). Out of the 420,000 different plants on earth, the investigated ones have 
depicted successful endophytic colonisation (Vuorela 2004; Aly et  al. 2011). 
Numerous studies have reported that distribution of endophytic fungi in the host 
plant is not homogenous and the specificity for certain organs and tissues has been 
observed. A preference of endophytes for specific tissues in certain plants seems to 
exist while maintaining colonisation in almost all the plant organs. Mycobiota iso-
lated from various locations has been greater in the aerial plant parts than in the 
underground organs (Sánchez Márquez et al. 2012). Based on colonisation charac-
teristics and their extensive studies on endophytes, Rodriguez et al. (2009) catego-
rised endophytic colonisation pattern into four groups. They categorised 
clavicipitaceous endophytes as type 1 fungal endophytes. Fungi occurring in above- 
and belowground plant tissues such as aerial tissues, rhizosphere and endorhiza 
either horizontally or vertically disseminated were put in a type 2 fungal endo-
phytes. Type 3 endophytes mostly belonged either to Ascomycota or Basidiomycota, 
occurring in aerial tissues of hosts, and are generally horizontally disseminated. 
Type 4 endophytes comprise of DSE (mycorrhizal fungi), residing chiefly inside 
inter- and/or intracellular cortical cell layers (Rodriguez et al. 2009). However, a 
noteworthy group amongst fungal endophytic isolates is mycelia sterilia, fungi 
which are non-sporulating. Apart from this, Schulz and Boyle (2005) grouped the 
fungal endophytes into three ecological groups: mycorrhizal, balansicaeous and 
non-balansicaeous endophytes.

14.5  Plant Maturation and Protection by Fungal Endophytes

The interrelationship that exists between host plant and its endophyte is considered 
as ‘balanced antagonism’  – a cohabitation in which host plant gains resistance 
against pathogenic organisms and phytophagous insects and its overall growth or 
biomass quality improves. In most cases, various bioactive metabolites have been 
involved (Kumar and Kaushik 2013; Chowdhary et al. 2012). The molecular, physi-
ological and biochemical mechanisms that trigger and regulate these relations are 
subjects of intense research.

The numerous fitness benefitting factors conferred by microbes inhabiting inside 
host plants in endophytic state have been thoroughly investigated by various exten-
sive studies. These benefitting attributes hold a huge promise in sustainable agricul-
ture and disease management of plants (Kaul et al. 2012; Kumar and Kaushik 2013). 
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As for the secondary metabolite production, there are significant numbers of com-
pounds related to plant protection (Fig. 14.2, Table 14.1).

Protective role of fungal endophytes against lepidopteran, dipteran and coleop-
teran insect pests has been well cited (Bing and Lewis 1991; Latch 1993; Cherry 
et al. 2004; Jallow et al. 2008; Vega 2008). In conifers, it has been reported that 
fungus endophyte Phialocephala scopiformis, which endophytically lives in Picea 
glauca (Pinaceae), produces the toxin rugulosin which has an antifeeding activity 
against the spruce budworm Choristoneura fumiferana (Lep. Tortricidae) (Rohlfs 
and Churchill 2011; Larkin et al. 2012).

The production of antioxidant compounds by plants, i.e. phenol-based com-
pound (Huang et al. 2007) derivatives of benzofurans such as isobenzofuranone and 
isobenzofurans and sugars like mannitol, is accredited to the presence of reactive 
oxygen species synthesised by endophytes (Richardson et al. 1992; Strobel 2002; 
Harper et al. 2003). Subsequent increase in antioxidant activity enhances the stress 
tolerance/defence mechanism of the plant (Huang et  al. 2007; White and Torres 
2010; Aly et al. 2011) including extreme temperatures (up to 65 °C) as in the case 
of Curvularia protuberate found in Dichanthelium lanuginosum from Yellowstone 
National Park soil (Redman et al. 2002; Loro et al. 2012).

Fig. 14.2 Illustration and comparison of endophytic colonisation and pathogenic disease devel-
opment in plants
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Endophytic A. flavus and N. sphaerica isolated from leaves of Tectona grandis L. 
were screened for insecticidal metabolites by GC-MS methodology towards defo-
liators, i.e. H. puera, A. fabriciella and E. narcissus. Bioactive metabolites were 
duroquinone, amylmetacresol, lauric acid, tetradecanoic acid, pentadecanoic acid 
and myristic acid found responsible for insecticidal activity (Senthilkumar et  al. 
2014). Extracts of root endophytic fungi Nigrospora sp. exhibited nematicidal activ-
ity at dosages of 100, 50 and 25% towards root-knot nematode Meloidogyne spp. 
(Amin 2015), while another endophyte Chaetomium globosum NK102 significantly 
repelled juveniles (J2s) of M. incognita with 99.8% at 300 μg ChA/mL. The bioac-
tive metabolite was identified as chaetoglobosin A in this study (Hu et al. 2013). 

Table 14.1 Different plant growth-promoting and disease-controlling activities of selective endo-
phytic fungi

S. No. Endophytic fungi
Bioactivities/fitness extended to host 
plant References

1 P. indica Plant productivity sustained in biotic 
stress in L. esculeutum

Andrade-Linares 
et al. (2013)

2 P. indica Improved seed germination and  
yield in biodiesel crops in Jatropha 
and Populus

Varma et al. (2013)

3 P. indica Antioxidant ability increased in 
Brassica campestris

Sun et al. (2010)

4 P. indica Salinity stress tolerance in tobacco Trivedi et al. (2014a, 
b)

5 Phialocephala 
scopiformis

Insecticidal metabolite rugulosin 
against spruce budworm 
Choristoneura fumiferana

Larkin et al. (2012)

6 Curvularia protuberate Generates ROS for extreme 
temperature survival of host plant

Loro et al. (2012)

7 Aspergillus flavus Insecticidal metabolites Senthilkumar et al. 
(2014)

8 Nigrospora sp. Nematicidal metabolites Amin (2015)
9 Chaetomium globosum Nematicidal metabolites Hu et al. (2013)
10 Botryosphaeria sp. Nematicidal metabolites Chen et al. (2015)
11 Microsphaeropsis sp. Phytoremediation Xiao et al. (2010)
12 Penicillium sp. Antifungal metabolites Oliveira et al. (2009)
13 Microbotryum 

violaceum
Antifungal metabolites Hussain et al. (2009)

14 Nigrospora sp. Antifungal metabolites Wu et al. (2008)
15 Fusarium solani Tolerance towards biotic stress by 

SAR
Kavroulakis et al. 
(2007)

16 Colletotrichum sp. Plant growth promotion Lu et al. (2000)
17 Muscodor albus Mycofumigation Lacey et al. (2001)
18 Phoma sp. VOC active against phytopathogens Strobel (2011)
19 Taxomyces andreanae Taxol producing endophytic fungi Stierle et al. (1993)
20 Trichoderma sp. Camptothecin-producing endophytic 

fungi
Pu et al. (2013)
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Endophytic fungus Botryosphaeria sp. isolated from Huperzia serrata produced 
antinematicidal compound botryosphaerin H (Chen et al. 2015).

Piriformospora indica, a root endophyte, has been promoted as plant protector, 
plant growth regulator and fertiliser in both agricultural and nonagricultural crops. 
P. indica confers enormous benefits to plants such as tolerance against environmen-
tal stresses, superior fitness by increasing biomass and growth performance during 
regular and stressful conditions (Schafer et  al. 2007). Piriformospora indica- 
infected barley plants showed higher biomass when compared with non-infected 
plants at salt stress condition (Waller et al. 2005). Salinity stress tolerance was con-
ferred by P. indica in tobacco by triggering formation of cyclophilin A-like protein 
(Trivedi et al. 2014a, b). Reportedly, P. indica sustained growth under drought by 
inducing inherent antioxidant mechanism through CAS protein in Brassica campes-
tris sub sp. (Sun et al. 2010). P. indica enhances plant tolerance against water deple-
tion and salinity, a crucial feature that might come into play owing to its natural 
desert origin (Waller et al. 2005; Baltruschat et al. 2008).

A plethora of research has been cited and chiefly underway on utilising the 
potential of endophytes which have been found resistant to heavy metals, can 
degrade organic contaminants and can provide assistance in phytoremediation of 
soils. Not only these isolates aid in phytoremediation but also enhance plant devel-
opment, decrease metal phytotoxicity and stimulate effective metal movement and 
absorption within plant tissues. For the phytoremediation of organic toxins, endo-
phytes secrete a protein cascade of enzymes to degrade unwanted organic metabo-
lites and reduce both the phytotoxicity and evapotranspiration of volatile undesired 
toxin metabolites. For instance, Microsphaeropsis sp. established as an endophyte 
in cadmium hyperaccumulator variety of Solanum nigrum L. exhibited biosorption 
capacity of 247.5 mg/g therefore developing it as biosorption technology for the 
detoxification of cadmium (Xiao et al. 2010). Similarly, Phomopsis liquidambari 
decomposed an allelochemical 4-hydroxybenzoic acid into cis,cis-muconic acid, 
thereby alleviating its negative impacts in soil profile (Chen et al. 2011).

14.6  Antiphytopathogenic Secondary Metabolites

An elaborate body of literature on endophytic fungi has reportedly demonstrated 
antifungal metabolites exhibiting inhibition towards phytopathogenic microbes at 
highly significant dosages, thereby holding a gigantic potential to be developed into 
an agrochemical product.

Endophytic Penicillium synthesised orcinol, 4-hydroxymellein and 
8- methoxymellein which exhibited inhibitory action at a highest detection limit of 
10.0  μg against Cladosporium cladosporioides and Cladosporium sphaerosper-
mum, respectively (Oliveira et al. 2009). Polyketide metabolites, namely, 5-methoxy- 
7-hydroxyphthalide and (3R,4R)-cis-4-hydroxymellein, were produced from an 
unidentified ascomycete, recovered from Melilotus dentatus, capable of depicting 
7 mm and 8 mm as radius of zone of inhibition against Microbotryum violaceum 
(Hussain et al. 2009). Likewise, three solanapyrone derivative C and phomalactone 
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produced by Nigrospora sp. YB-141 showed antifungal activities against plant 
pathogenic fungus Botrytis cinerea with the highest MIC value of 250 mcg/ml (Wu 
et al. 2008).

14.7  Plant Protection Mechanism by Fungal Endophytes

The ability of fungal endophytes to protect host plant from diseases and damages 
inflicted by pathogenic organisms stirred the research towards unravelling the 
underlying mechanism (Vega et al. 2008; Tian et al. 2008; Mejia et al. 2008). Gao 
et al. (2010) reviewed and proposed broadly three different ways of defensive inter-
actions between endophytic fungi and pathogens in plants (Fig. 14.3) (Gao et al. 
2010). In direct effect inhibition, protection is primarily localised and conferred by 
antibiosis (antibacterial, antifungal secondary metabolites or lytic enzymes) to 
endophyte-inflicted plant segments (Arnold et al. 2003). Indirect inhibition inherent 
plant defence (SAR and ISR) pathways are elicited. For instance, endophytic 
Fusarium solani educed systemic resistance proteins (PR5 and PR7) towards tomato 
leaf pathogen Septoria lycopersici in root tissues (Kavroulakis et  al. 2007). 
Furthermore, endophytic microbes have been known to promote host plant growth 
and physiology. Colletotrichum sp., an endophyte of A. aninua, regulated plant pro-
cesses by producing indole acetic acid (Lu et al. 2000). The third way of pathogen 
suppression is by way of ecological niche occupation. Endophytes colonise host 
tissues faster than corresponding pathogens leading to depletion of resources (Pal 
and Gardener 2006).

Case Study on Endophytes of Ocimum sanctum
In the present chapter, we have earnestly compiled various studies conducted in O. 
sanctum till date regarding biodiversity and bioactivities of fungal endophytes 
recovered from them (Table 14.2)

In the author’s 2015 published study (Chowdhary and Kaushik 2015), fungal 
endophytes inhabited inside Ocimum sanctum, widely known as Tulsi/Tulasi in 
Hindi, were scrutinised for their diversity and bioactivity towards broad-spectrum 
phytopathogens such as Fusarium oxysporum, Rhizoctonia solani, Botrytis cinerea 

Defensive interactions
between pathogen &

endophyte

Indirect
inhibition

SAR and 
ISR 

triggered

Ecological
niche

Direct
inhibition

Antibiosis

Fig. 14.3 Schematic 
diagram of mode of action 
conferred by endophytes 
for plant protection
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and Sclerotinia sclerotiorum. For the study, host plants from three varied geographi-
cal locations, namely, Hyderabad, Mukteshwar and Delhi, in different sampling 
times within 2 years (2010 and 2011) were collected from India. In total 90 fungal 
isolates having representation of 17 genera were isolated. Fungal endophytes were 
molecularly identified based on rDNA ITS sequence analysis. The biodiversity data 
so obtained was studied and explained by utilising mathematical indices, i.e. 
Shannon diversity index, Menhinick’s index, Camargo’s index, Jaccard’s similarity 
index, etc., along with principal component analysis and cluster analysis. 
Dendrogram created by cluster analysis established an interrelationship connecting 
a number of species and average temperature of the plant collection site during 
sampling. Increased abundance of Penicillium sp., A. tenuissima, M. phaseolina and 
A. alternata in leaf tissues indicates towards tissue preference. Inclination for a 
particular tissue has been a highly reported characteristic of fungal endophytes indi-
cating both surviving strategy and substrate preference. As per reported in the litera-
ture, plant pathogens go into a phase of milder virulence for the period of elevated 
temperature and less humidity. This aspect has been supported by the presence of 
eight phytopathogens, viz. D. phaseolorum, C. coarctatum, F. verticillioides, B. 
maydis, Hypoxylon sp., R. bataticola and A. tenuissima, in sampling of 2011 as 
explained by PCA.  Likewise, well-known phytopathogens such as B. maydis, F. 
verticillioides, C. coarctatum, R. bataticola, Diaporthe phaseolorum, A. alternata, 
Hypoxylon sp. and Alternaria tenuissima were reported as endophyte only during 
2011  in this study. Bi-plot created by principal component analysis indicated 
towards selectivity of tissue of fewer fungal endophytes.

Table 14.2 Endophytic fungi and their respective bioactivities recovered from O. sanctum

S. No. Endophytic fungi
Bioactivities/fitness extended to host 
plant References

1 Macrophomina 
phaseolina

Antifungal metabolite 2H-pyran-2- 
one and 5,6-dihydro-6-pentyl

Chowdhary and 
Kaushik (2015)

2 Aspergillus sp. Antioxidant activities Sharma and Kumar 
(2013)

3 Aspergillus terreus Antioxidant activities Sharma and Kumar 
(2013)

4 Aspergillus versicolor Antioxidant activities Sharma and Kumar 
(2013)

5 Nigrospora oryzae Antimicrobial activity of extracts Monali and 
Bodhankar (2014)

6 Unidentified fungi Production of urease, lipase, laccase, 
chitinase and cellulase

Yadav et al. (2015)

7 Aspergillus fumigatus Antimicrobial activity of extracts Bhagat et al. (2012)
8 Diaporthe sp. Inhibition of α-glucosidase Pavithra et al. 

(2016)
9 Colletotrichum 

gloeosporioides
Inhibition of α-glucosidase Pavithra et al. 

(2016)
10 Paecilomyces variotii Antihepatotoxicity and antioxidant 

agent
Shukla et al. (2012)
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With respect to bioprospection, all the fungal isolates were analysed for prelimi-
nary inhibitory activity with the aid of dual culture/confrontation bioassay against 
economically notable plant pathogens. Nearly one-fourth of the fungal isolates were 
considered as potential candidates, which were subjected to mass multiplication on 
rice grain medium. The ethyl acetate crude extract of potent fungal isolates was 
further examined for antifungal efficacy with the aid of (biometric agar dilution 
method). Fungal extracts were also tested for bioactive metabolites. Terpenoid- 
positive crude extracts were in advance partitioned between n-hexane and 90% 
methanol. Finally non-polar (hexane) concentrate of M. phaseolina isolated from 
Hyderabad in 2010 exhibited the best inhibition against S. sclerotiorum having IC50 
value of 0.38 mg/ml. This led to its GC-MS chromatography investigation revealing 
occurrence of aliphatic constituents such as 9-oleic acid, hexadecanoic acid, linoleic 
acid and octadecanoic acid amongst others. These non-polar metabolites have been 
previously documented having inhibition against fungi in former studies (Liu et al. 
2008). 9,12-Octadecadienoic acid and hexadecanoic acid purified from Tinospora 
crispa concentrate were examined to be highly active against C. albicans. Oleic 
acid isolated from L. cristata was reportedly be extremely efficient in inhibiting 
plant pathogens Colletotrichum falcatum, Fusarium oxysporum and Rhizoctonia 
solani (Nuryanti 2015), while a study explained the antifungal activity of linolenic 
and linoleic acids against various phytopathogenic fungi, i.e. Rhizoctonia solani 
(Abubacker and Devi, 2014). Furthermore, from the extract of M. phaseolina, 
2H-pyran-2-one, 5,6-dihydro-6-pentyl and palmitic acid and methyl ester were 
identified in GC-MS chromatography. When their fungicidal activity was evaluated, 
it exhibited high activity with IC50 value of >0.5 towards S. sclerotiorum signifying 
their noteworthy part in bioactivity.

While another study carried out on fungal endophytes harboured inside O. sanc-
tum collected from Andhra Pradesh documented their remarkable antioxidant activ-
ities, ethyl acetate extracts of certain potent endophytes (Aspergillus sp., A. terreus, 
A. versicolor and mycelia sterilia) cultured on Czapek-Dox Broth were evaluated 
for radical scavenging activities against DPPH, reducing power assay (RP) and 
FRAP along with total phenolic content and total flavonoid content. The highest 
total phenolic and flavonoid content was reported from mycelia sterilia as 
18.13  mgGAE/100  mL culture and 5.33  mgRE/100  mL culture, respectively 
(Sharma and Kumar 2013).

Similarly, Monali and Bodhankar in 2014 reported significant antimicrobial 
potential of ethyl acetate extract of endophyte Nigrospora oryzae isolated from leaf 
tissues of O. sanctum. The crude extract gave best results against B. subtilis, E. coli, 
S. typhimurium, K. pneumoniae, S. aureus and B. cereus.

Likewise, Banerjee et al. in 2009 explored endophytic mycobiota of O. sanctum 
amongst other indigenous plants to analyse their biodiversity and host specificity. 
Tubercularia sp., Hymenula sp., Curvularia sp. and Trichoderma sp. were found to 
be dominant species in O. sanctum.

Moreover, in another piece of work on O. sanctum, researchers evaluated anti-
fungal activity of fungal endophytes against plant pathogens together with produc-
tion capability of extracellular enzymes. The plant pathogens assessed under study 
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were Helminthosporium maydis, Rhizoctonia solani, Fusarium oxysporum and 
Colletotrichum falcatum, while enzymes targeted were cellulase, amylase, pectin-
ase, chitinase, lipase, laccase and urease. Six unidentified fungi were positive for 
urease production (Yadav et al. 2015).

Additionally, an elaborative investigation of fungal endophytes of O. sanctum 
was conducted to screen their cytotoxic and antimicrobial potential. Reportedly, 31 
fungal endophytes were obtained from O. sanctum collected from Amritsar, India. 
Endophytic isolate Aspergillus fumigatus exhibited antimicrobial activity against 
Salmonella typhii, Escherichia coli and Mycobacterium smegmatis. Extract of 
Cladosporium cladosporioides at concentration of 30 μg/ml isolated as an endo-
phyte from leaf tissue of O. sanctum was found to be most active (50% inhibition) 
against human cancer cell lines, i.e. breast (MCF-7), prostate (PC-3 and DU-145) 
and colon (colo-205 and HCT-15) (Bhagat et al. 2012).

In addition, endophytologists collected O. sanctum from Himachal Pradesh 
together with four other indigenous plants to explore them for biodiversity of their 
fungal endophytes. It was reported that the highest diversity and richness was con-
tained in O. sanctum (Gautam 2014).

However, a first of its own kind of study was carried out on extracts of endo-
phytic fungi as potential enzyme inhibitors isolated from O. sanctum. Extracts of 
Diaporthe sp. and Colletotrichum gloeosporioides exhibited remarkable inhibition 
of α-glucosidase with IC50 values of 29.51 and 31.26 μg/mL, respectively, whereas 
Alternaria tenuissima and Trichoderma sp. showed the highest suppression pancre-
atic α-amylase enzyme in-vitro with an IC50 value of 27.34 and 40.73  μg/mL, 
respectively (Pavithra et al. 2016).

Nevertheless, a recent study explored the extracts of endophytic fungus identi-
fied as Paecilomyces variotii Bain, recovered from roots of O. sanctum as an anti-
hepatotoxicity and antioxidant agent. The extract reported the IC50 values of 
71.83 μg/ml for DPPH. Assessment for in vivo CCl4-induced hepatotoxicity results 
showed that the extract reversed the actions by restoring serum transaminase, biliru-
bin, triglycerides and protein level to normal values as compared to treated group 
(Shukla et al. 2012).

14.8  Conclusions and Future Prospects

Endophytic fungi are biomarkers of highly potential natural products which can be 
used in sustainable agriculture. Research areas in which attention should be focused 
are composition and formation of endophytic assemblages. The lead compounds 
can be tapped from traditional plants having medicinal values occurring in novel 
geographical location since ‘novel biodiversity could lead to novel chemistry’. 
However, those endophytic fungi which have already been exhibited relevant bioac-
tivity from O. sanctum must further be explored for scaling up the bioactive metabo-
lite production. Biopesticide formulations derived from microbes are the best 
alternative solutions to chemical synthetic pesticides because of their specificity to 
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insect pests and pathogens, their biodegradable nature and their potential for com-
mercialisation. Therefore novel microbial biopesticides are urgently needed.

The consequences of investigating endophyte-plant interrelation bring into light 
a diversity of information which contains specific aspects depending on genotypic 
and phenotypic and microecosystem interrelationships between species.
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Abstract
Plant-microbe interactions is an important concept, and the significance of these 
interactions on sustainable agriculture is enormous. These interactions can be 
neutral, commensal, mutualistic, saprophytic, or harmful. Endophytes are bene-
ficial microbes that reside and establish symbiotic relationships with the plants. 
These beneficial microbes are of either bacterial, fungal, or actinomycete origin. 
A wide array of beneficial effects are reported with endophytic associations in 
plants that include bioremediation, herbivory, induced resistance, plant growth 
promotion, and pest and disease management. Nomenclature of endophytes is 
generally according to the plant tissue it harbors, such as endophytes of root, 
shoot, leaf, seed, etc. Our review presents different bacterial and fungal endo-
phytes in plants and their role in improving crop health. The plant growth- 
promoting (PGP) activities of these endophytes such as production of growth 
hormones like indoleacetic acid (IAA), gibberellic acid (GA), and cytokinins and 
phosphate solubilization in different crops by specific endophytes are discussed 
in detail. Further, specific antagonistic activities of endophytes like induced sys-
temic resistance; production of salicylic acid, siderophores, HCN, cell wall- 
degrading enzymes, and antimicrobial metabolites including antibiotics; and 
direct antagonism against different plant pathogens are thoroughly discussed. 
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The preferences of endophytes to different plant parts; their different niches such 
as roots, shoots, leaves, and whole plants; and specific antagonistic and PGP 
activities are elaborated in detail. Other beneficial activities such as herbivory, 
bioremediation, biodegradation, and biofertilization including nitrogen fixation 
are also discussed briefly. Finally, we have also discussed the scope and future 
prospects of endophytes in improving soil and crop health.

Keywords
Endophytes • Induced systemic resistance • Plant growth promotion • Plant  
disease management

15.1  Introduction

Plant-microbe interactions is an extensively studied area and date back to the nine-
teenth century. The spectrum of plant-microbe interactions is highly complex, com-
prising of phylogenetically diverse microbial species (Hirsch 2004) as plants are 
constantly interacting with a range of microbes both in the rhizosphere and within 
the plant itself (Badri et al. 2009; Evangelisti et al. 2014). Most of the plant-microbe 
interaction research in the past has focused on the ancient symbiosis between plants 
and arbuscular mycorrhizae (Parniske 2008), nitrogen fixation by rhizobia within 
the nodules of legume roots (Oldroyd et al. 2011) and pathogenesis, and manage-
ment of plant diseases by natural antagonistic microorganisms (Heydari et al. 2004; 
Sang et al. 2013; Uppala et al. 2007). However, the role of endophytes that reside in 
plants is yet to be explored to its fullest potential. Endophytic microorganisms and 
their role in crop health are now attracting great interest from researchers. Though 
different definitions are proposed, generally, endophytes are defined as microorgan-
isms that live within the host plants for at least part of their life and do not cause any 
apparent symptoms of diseases. These microbes establish intimate association 
within their host plants, establishing a community in endosphere, and are present in 
different plant parts (Hardoim et al. 2015).

Their association with plants can be neutral, commensal, beneficial, sapro-
phytic, or pathogenic in nature. The impact of endophytes include bioremediation 
(Lumactud et  al. 2016), herbivory (Parisi et  al. 2014), synthesis of bioactive 
metabolites against plant pathogens (Aravind et al. 2009), induced systemic resis-
tance (Uppala et  al. 2010a) besides improving biometric characteristics/yield 
attributes (Govindarajan et  al. 2008; Uppala et  al. 2010b), and disease control 
(Ziedan 2006; Uppala et al. 2010c). However, the nature/type of endophytes resid-
ing in plants varies and diversifies based on the habitat of cultivation. Different 
niches/origins of endophytes include roots (rhizosphere), stem (caulosphere), soil 
zone surrounding belowground plant stems (laimosphere), leaves (phyllosphere), 
flowers (anthosphere), fruits (carposphere), seeds (spermosphere), etc. (Compant 
et al. 2016). 
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Both climatic and edaphic factors dictate the nature of endophytes in plants and 
their contribution to agriculture. In order to reap the benefits of endophytes in agri-
cultural crops to its fullest potential, it is a prerequisite to understand the commonly 
associated microbial symbionts in a particular crop, ambient growth conditions for 
their successful establishment in the plant physiological system, their role in plant 
growth promotion, disease control, and their ability to produce any bioactive metab-
olites. The overall goal of agricultural researchers in this area is to identify potential 
endophytes that not only are potential endosymbionts in a particular crop but also 
thrive well under varied climate conditions that crop is cultivated. For inundative 
release into crop soils and their establishment in crop, critical insight on these 
aspects is mandatory. A particular endophyte in a particular plant can be prevalent 
either in roots, shoots, stalks, leaves, or seeds. The nomenclature also goes accord-
ing to the place/zone/tissue it harbors inside a plant such as root endophytes, shoot 
endophytes, leaf endophytes, etc. Further, a root endophyte though prevalent in root 
zone may also exist in other plant parts or can trigger beneficial impacts on plant 
health at distant locations of its niche. Endophytes are of either bacterial, fungal, or 
actinomycete origin in plants. Tables 15.1 and 15.2, respectively, show the details of 
some of the fungal and bacterial endophytes reported in various crop species.

15.2  Bacterial Endophytes

Bacterial endophytes are widely present in agricultural crops and include Acetobacter 
diazotrophicus, Herbaspirillum seropedicae, H. rubrisubalbicans (Dobereiner et al. 
1995), Serratia spp. (Gyaneshwar et  al. 2001; McInroy and Kloepper 1995), 
Bacillus spp. (Aravind et al. 2009; Forchetti et al. 2010; Kumar et al. 2016; McInroy 
and Kloepper 1995; Paul et al. 2013; Szilagyi-Zecchin et al. 2014; UmaMaheswari 
et al. 2013; Uppala et al. 2007), Enterobacter spp. (McInroy and Kloepper 1995; 
Szilagyi-Zecchin et al. 2014), Agrobacterium radiobacter, Burkholderia gladioli, 
B. solanacearum (McInroy and Kloepper 1995), Pseudomonas putida (Aravind 
et al. 2009), P. fluorescens (Ramesh et al. 2009; Uppala et al. 2007), Achromobacter 
xylosoxidans (Forchetti et al. 2010); P. aeruginosa (Paul et al. 2013), Micrococcus 
spp., and Flavobacterium spp. (UmaMaheswari et al. 2013). The details of some of 
the reported bacterial endophytes in various crops are given in Table 15.1.

The activities of these bacterial endophytes range from nitrogen fixation 
(Dobereiner et al. 1995; Gyaneshwar et al. 2001; Szilagyi-Zecchin et al. 2014) to 
PGP activities such as production of indoleacetic acid (Khan et al. 2016), phosphate 
solubilization (Kumar et  al. 2016), production of siderophores as in eggplant by 
Pseudomonas fluorescens (Ramesh et al. 2009), abiotic stress tolerance as in sun-
flower where Achromobacter xylosoxidans and Bacillus pumilus are reported to 
promote growth under water stress (Forchetti et al. 2010), etc. Other than IAA, these 
bacterial endophytes were also reported to produce other plant growth hormones 
such as gibberellic acid (GA) and cytokinins (UmaMaheswari et al. 2013). Besides 
PGP activities, the anti-plant pathogenic activities of these bacterial endophytes are 
also well documented. For example, the fungal pathogens of corn such as Fusarium 
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Table 15.1 Details of prevalent bacterial endophytes/endosymbionts in agricultural crops

S. No. Crop Endophytes Activity References
1 Sugarcane 

(Saccharum 
officinarum)

Acetobacter 
diazotrophicus, 
Herbaspirillum 
seropedicae, H. 
rubrisubalbicans

Nitrogen fixation Dobereiner et al. 
(1995)

2 Rice (Oryza 
sativa L.)

Serratia marcescens Nitrogen fixation Gyaneshwar 
et al. (2001)

3 Corn (Zea mays 
L.)

Bacillus spp. Nitrogen fixation, 
production of IAA, 
siderophores, lytic 
enzymes. Antagonistic 
to the pathogenic 
fungi Fusarium 
verticillioides, 
Colletotrichum 
graminicola, Bipolaris 
maydis, and 
Cercospora 
zeae-maydis

Szilagyi-
Zecchin et al. 
(2014)

Enterobacter spp. Nitrogen fixation Szilagyi-
Zecchin et al. 
(2014)

4 Sweet corn (Zea 
mays L.)

Burkholderia pickettii, 
Enterobacter spp., 
Bacillus megaterium, 
Burkholderia gladioli, 
Burkholderia 
solanacearum, 
Enterobacter cloacae

Not studied McInroy and 
Kloepper (1995)

5 Cotton 
(Gossypium 
hirsutum L.)

Agrobacterium 
radiobacter, Serratia 
spp., Burkholderia 
solanacearum, Bacillus 
megaterium, Bacillus 
pumilus, Acinetobacter 
baumannii, 
Arthrobacter spp.

Not studied McInroy and 
Kloepper (1995)

6 Wild and ancient 
maize (Zea spp.)

Burkholderia gladioli Antagonistic to 
Sclerotinia 
homoeocarpa

Shehata et al. 
(2016)

7 Turmeric 
(Curcuma longa 
L.)

Bacillus cereus, 
Bacillus thuringiensis, 
Bacillus sp., Bacillus 
pumilus, Pseudomonas 
putida, Clavibacter 
michiganensis

IAA production, 
phosphate 
solubilization 
antagonism against 
Escherichia coli, 
Klebsiella 
pneumoniae, and 
some of the fungi like 
Fusarium solani and 
Alternaria alternata

Kumar et al. 
(2016)

(continued)
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Table 15.1 (continued)

S. No. Crop Endophytes Activity References
8 Black pepper 

(Piper nigrum 
L.)

P. aeruginosa, P. putida, 
Bacillus megaterium

Antagonistic to 
Phytophthora capsici, 
the causal agent of 
foot rot of black 
pepper

Aravind et al. 
(2009)

9 Banana (Musa 
spp.)

B. amyloliquefaciens, B. 
subtilis subsp. subtilis, 
B. thuringiensis

Antagonistic activity 
against Fusarium 
oxysporum f.sp 
cubense and 
Colletotrichum 
graminicola

Souja et al. 
(2014)

10 Sunflower 
(Helianthus 
annuus L.)

Achromobacter 
xylosoxidans, Bacillus 
pumilus

Enhances growth of 
sunflower seedlings 
under water stress. 
Salicylic acid 
production. Inhibits 
growth of pathogenic 
fungi

Forchetti et al. 
(2010)

11 Peanut (Arachis 
hypogaea L.)

B. amyloliquefaciens Antibiosis against 
Aspergillus flavus

Sobolev et al. 
(2013)

12 Chilies 
(Capsicum 
annuum L.)

P. fluorescens EBS 20 Antibiosis against 
Pythium 
aphanidermatum

Muthukumar 
et al. (2010)

Bacillus tequilensis, 
Burkholderia cepacia, 
Pseudomonas 
aeruginosa

Antagonistic activity 
against Botrytis 
cinerea, 
Colletotrichum 
acutatum, Fusarium 
oxysporum, and 
Phytophthora capsici

Paul et al. (2013)

14 Eggplant 
(Solanum 
melongena L.)

Pseudomonas 
fluorescens

Antibiosis against 
Ralstonia 
solanacearum, 
production of IAA and 
siderophores

Ramesh et al. 
(2009)

15 Tropical 
legumes:

Bacillus spp., 
Micrococcus spp., 
Serratia spp., 
Pseudomonas spp., 
Flavobacterium spp.

Production of 
phytohormones, viz., 
IAA, GA, and 
cytokinins

UmaMaheswari 
et al. (2013)

Red gram 
(Cajanus cajan 
L.)
Black gram 
(Vigna mungo 
L.)
Green gram (V. 
radiata L.)
Cowpea (V. 
unguiculata L.)
Chickpea (Cicer 
arietinum L.)

(continued)
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verticillioides, Colletotrichum graminicola, Bipolaris maydis, and Cercospora 
zeae-maydis are antagonized by the endophyte Bacillus spp. (Szilagyi-Zecchin 
et al. 2014). Similarly, the endophyte harboring wild and ancient maize is antago-
nistic to its fungal pathogen, Sclerotinia homoeocarpa (Shehata et al. 2016). Other 
important examples of endophytes having antagonistic activity are Bacillus spp., 
Pseudomonas putida, and Clavibacter michiganensis against Fusarium solani and 
Alternaria alternata in Curcuma longa (Kumar et  al. 2016). Similarly, the plant 
growth-promoting rhizobacteria (PGPR), P. fluorescens, an endophyte in eggplant, 
is antagonistic to Ralstonia solanacearum (Ramesh et  al. 2009). In banana, the 
endophytic species of Bacillus such as B. amyloliquefaciens, B. subtilis subsp. sub-
tilis, and B. thuringiensis are antagonistic to fungal pathogens such as Fusarium 
oxysporum f.sp. cubense and Colletotrichum graminicola (Souja et  al. 2014). 
Sobolev et  al. (2013) reported antibiosis by the endophytic bacterium, Bacillus 
amyloliquefaciens, in peanut.

15.3  Fungal Endophytes

Research on fungal endophytes in various plants has progressed significantly. 
Fungal species that were majorly reported as endophytes in agricultural crops 
include Trichoderma spp. (Romao-Dumaresq et  al. 2012; Uppala et  al. 2007), 
Epicoccum nigrum (Favaro et  al. 2012), Penicillium spp., Xylaria, Alternaria, 
Cladosporium, Fusarium spp. (Paul et  al. 2012), Scolecobasidium humicola 
(Mahmoud and Narisawa 2013), Fusarium oxysporum (Kim et  al. 2007), 
Chaetomium globosum, Cladosporium cladosporioides (Naik et  al. 2009), 
Aspergillus, Curvularia, Gilmaniella, Arthrobotrys foliicola (Zakaria et al. 2010), 
Acremonium zeae, Aspergillus flavus, A. niger, Alternaria alternata, Colletotrichum 
graminicola, Fusarium verticillioides, Saccharomyces cerevisiae, Trichoderma 
koningii (Orole and Adejumo 2011), and others. Entomopathogens such as 

Table 15.1 (continued)

S. No. Crop Endophytes Activity References
16 Leafy vegetable 

Amaranth 
(Amaranthus 
spp.)

Bacillus spp. Production of induced 
systemic resistance 
enzymes such as 
peroxidase, 
polyphenol oxidase, 
and phenylalanine 
ammonia lyase

Uppala et al. 
(2010a)Pseudomonas spp.

Promoted plant 
biometrics

Uppala et al. 
(2010b)

Antagonistic activity 
against Rhizoctonia 
solani

Uppala et al. 
(2010c)
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Table 15.2 Details of some of the reported prevalent fungal endophytes/endosymbionts in agri-
cultural crops

S. No. Crop Endophytes Activity References
1 Sugarcane 

(Saccharum 
officinarum L.)

Trichoderma virens Antagonistic against 
pineapple disease 
pathogen, Ceratocystis 
paradoxa, owing to the 
production of 
endochitinases

Romao- 
Dumaresq 
et al. (2012)

2 Sugarcane 
(Saccharum 
officinarum L.)

Aspergillus niger, 
Trichoderma atroviride, 
Alternaria sp., 
Annulohypoxylon 
stygium, Talaromyces 
wortmannii

Excellent producers of 
hydrolytic enzymes 
(hemicellulases and 
related enzymes) to be 
used as part of blends to 
decompose sugarcane 
biomass at industrial 
level

Robl et al. 
(2013)

3 Sugarcane 
(Saccharum 
officinarum L.)

Epicoccum nigrum E. nigrum was capable 
of increasing the root 
system biomass and 
producing compounds 
that inhibit the in vitro 
growth of sugarcane 
pathogens Fusarium 
verticillioides, 
Colletotrichum 
falcatum, Ceratocystis 
paradoxa, and 
Xanthomonas 
albilineans

Favaro et al. 
(2012)

The fungus is capable of 
producing a natural 
product, epilactone

Araujo et al. 
(2012)

4 Chili pepper 
(Capsicum 
annuum L.)

Penicillium in seedling 
stage, Fusarium in 
flowering stage, and 
Colletotrichum followed 
by Fusarium, Alternaria, 
and Xylaria in fruiting 
stage were predominant, 
and Alternaria, 
Cladosporium, and 
Fusarium were common 
in all growth stages

Antimicrobial activity 
against three major 
pathogens 
(Phytophthora capsici, 
Colletotrichum 
acutatum, and Fusarium 
oxysporum) of chili 
pepper

Paul et al. 
(2012)

5 Tomato 
(Solanum 
lycopersicum) 
and Chinese 
cabbage 
(Brassica 
campestris)

Scolecobasidium 
humicola

Improve plant growth 
under organic nitrogen 
conditions

Mahmoud 
and 
Narisawa 
(2013)

(continued)
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Table 15.2 (continued)

S. No. Crop Endophytes Activity References
6 Vegetable 

plants
Fusarium oxysporum Most potent in vivo 

anti-oomycete activity 
against tomato late 
blight and in vitro 
anti-oomycete activity 
against several 
oomycete pathogens

Kim et al. 
(2007)

7 Rice (Oryza 
sativa L.)

Chaetomium globosum Production of 
biologically active 
compounds; some have 
antagonistic properties 
against fungal pathogens

Naik et al. 
(2009)Penicillium chrysogenum,

Fusarium oxysporum
Cladosporium 
cladosporioides

8 Rice (Oryza 
sativa L.)

Fusarium, Not studied Zakaria et al. 
(2010)Aspergillus,

Curvularia,
Penicillium,
Gilmaniella
Arthrobotrys foliicola

9 Maize (Zea 
mays L.)

Acremonium zeae, 
Alternaria alternata, 
Aspergillus flavus, 
Aspergillus niger, 
Colletotrichum 
graminicola, Fusarium 
verticillioides, 
Saccharomyces 
cerevisiae, and

Not studied Orole and 
Adejumo 
(2011)

Trichoderma koningii
10 Tobacco (N. 

tabacum)
Beauveria bassiana Entomopathogen Russo et al. 

(2015)
Corn (Zea mays)
Wheat 
(Triticum 
aestivum)
Soybean 
(Glycine max)

11 Cotton 
(Gossypium 
hirsutum)

Drechslerella 
dactyloides,

Antagonists against 
plant pathogens

Ek-Ramos 
et al. (2013)

Exserohilum rostratum
Alternaria tenuissima
Epicoccum nigrum, 
Acremonium alternatum
Cladosporium 
cladosporioides, 
Chaetomium globosum
Paecilomyces sp.

(continued)
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Beauveria bassiana and Paecilomyces spp. were also reported as endophytes in cot-
ton and tobacco (Ek-Ramos et al. 2013; Sword et al. 2012). The details of some of 
the reported fungal endophytes in various crops are given in Table 15.2.

Both antagonistic and PGP activities are reported by these fungal endophytes in 
different plants. For example, the endophyte T. virens produces endochitinases 
against Ceratocystis paradoxa, the causal agent of pineapple disease on sugarcane 
(Romao-Dumaresq et al. 2012). Anti-oomycete activity was reported by Fusarium 
oxysporum strain EF119 against tomato late blight pathogen and others in vegeta-
bles (Kim et al. 2007). Similarly, the growth of fungal pathogens of sugarcane such 
as Fusarium verticillioides, Colletotrichum falcatum, Ceratocystis paradoxa, and 
Xanthomonas albilineans is effectively controlled under in vitro conditions as 
described by Favaro et al. (2012). Production of biologically active compounds by 
fungal endophytes for controlling plant diseases was reported in rice (Naik et al. 
2009) and cotton (Ek-Ramos et al. 2013). In black pepper, antagonism was reported 
on Phytophthora capsici by fungal endophytes. Nematicidal properties by fungal 

Table 15.2 (continued)

S. No. Crop Endophytes Activity References
12 Cotton 

(Gossypium 
hirsutum)

Beauveria bassiana, 
Lecanicillium lecanii, 
Paecilomyces spp.

Cotton aphid 
reproduction was 
significantly reduced on 
endophytic colonization

Sword et al. 
(2012)

13 Transgenic  
cotton 
(Gossypium spp.)

Phoma archeri Not studied Vieira et al. 
(2011)P. destructiva

14 Black pepper 
(Piper nigrum 
L.)

Annulohypoxylon nitens Antagonism against Sreeja et al. 
(2016)Daldinia eschscholzii, 

Fusarium spp.
Phytophthora capsici 
and Radopholus similis

Ceriporia lacerata
Diaporthe spp. and 
Phomopsis spp.

15 Common bean 
(Phaseolus 
vulgaris)

Aureobasidium pullulans Highest colonization in 
first true leaves of 
seedlings

Parsa et al. 
(2016)

16 Leafy vegetable 
Amaranth 
(Amaranthus 
spp.)

Trichoderma harzianum Production of enzymes 
related to induced 
systemic resistance such 
as peroxidase (PO), 
polyphenol oxidase 
(PPO), and 
phenylalanine ammonia 
lyase

Uppala et al. 
(2010a)

Promoted amaranth 
plant biometrics

Uppala et al. 
(2010b)

Antagonistic activity 
against amaranth leaf 
blight pathogen 
Rhizoctonia solani

Uppala et al. 
(2010c)
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endophytes were also reported. For example, in black pepper, the burrowing nema-
tode, Radopholus similis, was antagonized by fungal endophytes (Table  15.2). 
Important PGP activities include enhancement of root system biomass as in sugar-
cane by E. nigrum (Favaro et al. 2012) and plant growth in tomato (Mahmoud and 
Narisawa 2013). Industrial uses of certain endophytes are also reported as in sugar-
cane by Robl et al. (2013) where endophytes produced hydrolytic enzymes such as 
hemicellulases and others for degradation of sugarcane biomass.

15.4  Examples of Specific Activities of Endophytes

Other important roles include herbivory, bioremediation, biodegradation, biofertil-
ization, etc. (Table 15.3). Herbivory is a well-manifested mechanism exhibited by 
endophytes that protect plant species from herbivores. Several direct and indirect 
effects of alkaloids produced by endophytes are witnessed. For example, the endo-
phyte, Neotyphodium occultans when present in neighboring Lolium multiflorum 
has reduced the aphid infestation in Trifolium repens plants. However, no reduction 
in aphid infestation on Trifolium was observed when Lolium was not grown as a 
symbiont. This phenomenon can be described as association protection of non-host 
plants due to changes in host-volatile compounds which is an indirect effect (Parisi 
et al. 2014). Direct effects of alkaloids by endophytes in host plants are a common 
phenomenon as in Fescue grass (by the endophytes Neotyphodium spp. and Epichloe 
spp.), wherein the host plant leaves are protected from herbivores by the production 
of alkaloid, loline, produced by mutualistic fungal endophytes (Roberts and Lindow 
2014).

Endophyte-mediated induction of resistance to plant diseases is also reported. In 
sunflower, resistance to stem rot caused by Sclerotium rolfsii is reported with the 
endophytes Penicillium citrinum LWL4 and Aspergillus terreus LWL5 (Waqas et al. 
2015). Antibiotic-mediated resistance is also commonly noticed in certain cases. 
The antibiotics like Taxol by Pestalotiopsis microspora in Taxus wallichiana 
(Strobel et al. 1996), ecomycins B and C in Lactuca sativa by Pseudomonas viridi-
flava EB 273 (Miller et al. 1998), and trichodermin in garlic by Trichoderma brevi-
compactum (Shentu et  al. 2014) are effective against specific plant pathogens. 
Besides production of antibiotics, HCN is another antimicrobial compound that is 
produced by certain endophytes in crops. For example, Bacillus produces HCN in 
avocado and black grapes (Prasad and Dagar 2014). Similarly, Pseudomonas putida 
produces HCN that has antibacterial activity against Escherichia coli and Klebsiella 
pneumoniae; and antifungal activity against Pythium ultimum (Kumar et al. 2015). 
Pathogen-related enzymes such as lipase, cellulose, protease, amylase, chitinase, 
and pectinases are also produced by these endophytes (Sharma et al. 2015; Quecine 
et al. 2008). Plant growth-promoting activities by endophytes are well established 
as is evident in rice by Pseudomonas, Bacillus, Enterobacter, and Micrococcus spp. 
(Mbai et al. 2013). PGP activities of endophytes are attributed to the production of 
iron-chelating agents, siderophores as in rice (Enterobacter spp. and Burkholderia 
spp.) (Souza et al. 2013), indoleacetic acid (IAA) and other growth hormones as in 
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Table 15.3 Examples of various activities of endophytes in various crops

Crop Microbe
PGP/antagonistic 
activity References

Annual ryegrass 
(Lolium multiflorum)

Neotyphodium occultans Herbivory Parisi et al. 
(2014)

Fescue grass 
(Festuca 
arundinacea)

Neotyphodium spp., 
Epichloe spp.

Herbivory Roberts and 
Lindow (2014)

Sunflower 
(Helianthus annuus 
L.)

Penicillium citrinum LWL4 
and Aspergillus terreus 
LWL5

Disease resistance Waqas et al. 
(2015)

Himalayan yew 
(Taxus wallichiana)

Pestalotiopsis microspore Antibiosis Strobel et al. 
(1996)

Lettuce (Lactuca 
sativa)

Pseudomonas viridiflava EB 
273

Antibiosis Miller et al. 
(1998)

Perennial onion 
(Allium fistulosa)

Streptomyces spp. Antibiosis Igarashi et al. 
(2002)

Garlic (Allium 
sativum L.)

Trichoderma 
brevicompactum

Antibiosis Shentu et al. 
(2014)

Avocado (Persea 
sp.), black grapes 
(Vitis vinifera)

Bacillus spp. HCN production Prasad and Dagar 
(2014)

Dicot legume 
(Cassia tora L.)

A. tumefaciens, P. putida, 
Pseudomonas sp.

HCN production Kumar et al. 
(2015)

Saffron (Crocus 
sativus L.)

B. licheniformis – Sharma et al. 
(2015)

Citrus (Citrus sp.) 
and Soybean 
(Glycine max)

Streptomyces spp. – Quecine et al. 
(2008)

Rice (Oryza sativa 
L.)

Pseudomonas, Bacillus, 
Enterobacter, and 
Micrococcus

PGP activity Mbai et al. 
(2013)

Rice (Oryza sativa 
L.)

Enterobacter spp. Siderophores Souza et al. 
(2013)Burkholderia spp.

Cashew 
(Anacardium 
occidentale L.)

Staphylococcus 
saprophyticus, Escherichia 
coli and Shigella flexneri

Growth hormones Lins et al. (2014)

Echinacea 
(Echinacea SP.)

Pseudomonas stutzeri P3 Growth hormones Lata et al. (2006)

Tomato (Solanum 
lycopersicum L.)

Rhizobium spp., 
Rhodococcus spp., 
Agrobacterium spp.

Growth hormones Abbamondi et al. 
(2016)

Jamaican pepper 
(Piper hispidum Sw.)

Phoma herbarum – Orlandelli et al. 
(2015)

(continued)
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cashew (Staphylococcus saprophyticus and Escherichia coli) (Lins et al. 2014) and 
in Echinacea by Pseudomonas stutzeri (Lata et al. 2006), etc. Enzymes known to 
induce systemic resistance such as peroxidase (PO), polyphenol oxidase (PPO), and 
phenylalanine ammonia lyase (PAL) were reported from endophytic fungi and bac-
teria isolated from leafy vegetable amaranth (Uppala et al. 2010a). Bioremediation 
activities were also reported by several endophytes. For example, degradative capa-
bilities for octanol, toluene, naphthalene, kerosene or motor oil, and arsenic biodeg-
radation were demonstrated by Microbacterium foliorum and Bacillus pumilus 
(Lumactud et al. 2016; Srivastava et al. 2016) as is evident in crops like Pteris vit-
tata, Achillea millefolium, Solidago canadensis, Trifolium aureum, and Dactylis 
glomerata. Further, other major activities of endophytes include their role as biofer-
tilizers as evident in banana (Rahnella spp. and Pseudomonas spp.) (Ngamau et al. 
2012) and corn (Azotobacter vinelandii, B. subtilis, and Enterobacter cloacae). The 
examples of various activities of endophytes in various plants are presented in 
Table 15.3.

Table 15.3 (continued)

Crop Microbe
PGP/antagonistic 
activity References

Common yarrow 
(Achillea 
millefolium), Canada 
goldenrod (Solidago 
canadensis), large 
hop trefoil, 
(Trifolium aureum), 
and cocksfoot or 
orchard grass 
(Dactylis glomerata)

Microbacterium foliorum Bioremediation Lumactud et al. 
(2016)

Chinese ladder brake 
(Pteris vittata L.)

Bacillus pumilus Bioremediation Srivastava et al. 
(2016)

Banana (Musa spp.) Rahnella spp. and 
Pseudomonas spp.

Biofertilizers Ngamau et al. 
(2012)

Rice (Oryza sativa 
L.)

Burkholderia cepacia (CS5), 
Citrobacter sp. (CR9), 
Citrobacter spp. (SS5), 
Citrobacter sp. (SS6), 
Bacillus amyloliquefaciens 
(25R14), B. 
amyloliquefaciens (SR1), 
and B. thuringiensis (25R2)

N-fixing 
diazotrophs

Hongrittipun 
et al. (2014)

Green gram (Vigna 
radiata L.)

Azotobacter spp. – Aung et al. 
(2011)

Sugarcane Novosphingobium 
sediminicola and 
Ochrobactrum intermedium

– Muangthong 
et al. (2015)
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15.5  Niches of Endophytes in Plants: A Case Study 
on Sugarcane

Sugarcane (Saccharum officinarum L), a bamboo family crop, which is indigenous 
to India, has multifarious uses such as sugar, khandsari, gur, etc. The crop also gen-
erates employment through industries of sugar, petroleum, and paper industry. The 
crop residue is also used as a fodder. Several plant diseases affect sugarcane cultiva-
tion globally, thereby causing huge economic losses. Significant among them are 
red rot (Colletotrichum falcatum), wilt (Fusarium sacchari), whip smut (Ustilago 
sacchari), mosaic (sugarcane mosaic virus, SCMV), yellow leaf disease (YLD), 
sugarcane yellow leaf virus (SCYLV), leaf scald (Xanthomonas albilineans), etc. 
Currently available disease control practices including chemical control and host 
plant resistance are not able to generate satisfactory reductions in these pathogen 
inocula. So there is an urgent need to identify potential alternatives. These alterna-
tives also need to be technically feasible, economically viable, and easily adoptable 
in farmers’ fields, of course with least harm to the environment. In this direction, use 
of biological control agents such as beneficial bacteria, fungi, and actinomycetes is 
gaining significance for managing these diseases. The efficacy of these biocontrol 
agents in promoting plant growth and yield is also well established (Kumar et al. 
2012). Among fungal biocontrol agents, species of Trichoderma (Martinez et  al. 
1998; Singh et al. 2008; Talukder et al. 2007; Yadav et al. 2008) and Gliocladium 
(Guevara 1990; Mahalingam et al. 2011) are significant disease suppressors. Among 
bacterial strains, plant growth-promoting rhizobacteria (PGPR) have wide applica-
tions, and of them, species of Bacillus and Pseudomonas are prominently used. 
Actinomycete strains are also known for their potential biocontrol capabilities in 
various crops (Jacob et al. 2016).

Success of a biocontrol agent depends on rapidity of its establishment in its 
niche, aggressiveness in crop microclimate (rhizosphere, rhizoplane, spermosphere/
spermoplane, and phylloplane), thereby exhibiting its antagonistic traits on plant 
pathogens. For successful deployment of a candidate bioagent to field, it is prereq-
uisite to evaluate its PGP traits and disease-suppressing abilities. However, inunda-
tive release of these microbes often may not be sufficient to reap desired benefits 
under field conditions, especially in crop soils where pathogen inocula are multifold 
in contrast to experimental conditions. Precisely at this juncture, the role of endo-
phytes/endosymbionts in plant disease management assumes significance.

Research on endophytes on sugarcane has well been documented earlier. 
Endophytes of fungal, bacterial, and actinomycete origin are reported in different 
plant sites. The details of various endophytic genera are given in Table  15.4. 
Streptomyces sp. is the common actinomycetes that are prevalent in sugarcane 
(Sinma et al. 2015). Different endophytes are reported to colonize various plant tis-
sues in sugarcane. For example, the roots of sugarcane are reported to harbor 
Streptomyces (Bhosale and Kadam 2015), Herbaspirillum, Bacillus spp. (Silva 
et  al. 2015), Enterobacter oryzae LT7 (Tam and Diep 2014), Gluconacetobacter 
diazotrophicus (Prabudoss 2011), Epicoccum nigrum P16 (Favaro et  al. 2012), 
Burkholderia spp. (Mendes et  al. 2007; Omarjee et  al. 2004), and Trichoderma 
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virens (Romao-Dumaresq et al. 2012). Other than roots, shoots of sugarcane are 
also niches of endophytes such as Streptomyces spp. (Sinma et al. 2015), Acetobacter 
diazotrophicus (Patil et al. 2011), Burkholderia vietnamiensis, Klebsiella pneumo-
nia (Govindarajan et al. 2007), Novosphingobium sediminicola, and Ochrobactrum 
intermedium (Muangthong et al. 2015). The leaves of sugarcane are harbored by 
endophytes such as Streptomyces spp. (Sinma et al. 2015), Burkholderia vietnam-
iensis (AY973820), Klebsiella pneumonia (Govindarajan et  al. 2007), 
Gluconacetobacter diazotrophicus (Prabudoss 2011), Epicoccum nigrum P16 
(Favaro et  al. 2012), etc. Endophytes such as Burkholderia dracunculifolia were 
reported in whole sugarcane plant (Onofre et al. 2014).

Table 15.4 Some of the reported fungal and bacterial endophytes of sugarcane along with their 
associated plant parts

Endophytic genera Plant site
PGP/antagonistic 
activity References

Streptomyces spp. Roots Siderophores Bhosale and 
Kadam (2015)

Streptomyces spp. Root, leaf 
and stem

Sinma et al. (2015)

Acetobacter diazotrophicus Shoot IAA Patil et al. (2011)
Herbaspirillum spp. and Bacillus 
spp.

Roots P solubilization Silva et al. (2015)

Burkholderia vietnamiensis, 
Klebsiella pneumonia

Root, 
leaf, and 
shoots

N fixation Govindarajan et al. 
(2007)

Novosphingobium sediminicola and 
Ochrobactrum intermedium

Shoot – Muangthong et al. 
(2015)

Enterobacter oryzae , Achromobacter 
xylosoxidans, Achromobacter 
insolitus, and Pantoea agglomerans

Roots 
and 
shoots

– Tam and Diep 
(2014)

Gluconacetobacter diazotrophicus Root, 
shoot and 
leaf

– Prabudoss (2011)

Burkholderia spp. against Ustilago 
and Fusarium

Stalk Antibiosis Antwerpen et al. 
(2002)

Epicoccum nigrum against 
Ceratocystis paradoxa, Fusarium 
verticillioides, Colletotrichum 
falcatum, and Xanthomonas 
albilineans

Leaves 
and roots

– Favaro et al. (2012)

Burkholderia cepacia against 
Fusarium moniliforme

Roots 
and stems

– Mendes et al. 
(2007)

Burkholderia spp. (chitinases) Shoot Cell wall-degrading 
enzymes

Omarjee et al. 
(2004)

Baccharis dracunculifolia 
(cellulases)

Whole 
plant

– Onofre et al. 
(2014)

Trichoderma virens (endochitinases) Roots – Romao-Dumaresq 
et al. (2012)
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The beneficial effects of endophytes in sugarcane are also well established. 
Varied activities relating to PGP are reported. For example, Streptomyces spp. has 
been associated with production of iron-chelating agents, siderophores (Bhosale 
and Kadam 2015). Further, Herbaspirillum spp. and Bacillus spp. that are found in 
roots of sugarcane were found to solubilize organic phosphorus in soil and make it 
available to plants (Silva et al. 2015). Diazotrophic strains of Burkholderia vietna-
miensis and Klebsiella pneumonia isolated from sugarcane are reported to show 
nitrogen-fixing abilities (Govindarajan et al. 2007). Specific antagonistic activities 
of these endophytes in sugarcane targeting specific plant pathogens are also reported. 
For example, Ustilago (whip smut) and Fusarium (wilt) pathogens were inhibited 
by Burkholderia spp. through antibiosis-mediated mechanisms (Antwerpen et al. 
2002). Further, these Burkholderia spp. are also known to produce cell wall- 
degrading enzymes (CWDE) of pathogens such as chitinases and cellulases 
(Omarjee et al. 2004; Onofre et al. 2014). Similarly, the Epicoccum nigrum (P 16) 
was antagonistic to Ceratocystis paradoxa (pineapple disease), Fusarium verticil-
lioides (Pokkah boeng), Colletotrichum falcatum (red rot), and Xanthomonas albi-
lineans (Leaf scald) (Favaro et al. 2012).

15.6  Conclusion and Future Prospects

Detection of an elite endophyte or consortium of endophytes that are constantly 
associated with crops and play vital role in improving crop health is essential. 
Further, these endophytes must be characterized for specific PGP and antagonistic 
activities including antibiotic production against specific plant pathogens. Besides 
biochemical characterization, the rapidity of establishment of these endophytes in 
specific niches of plants and/or whole plant as the case may be also examined before 
identifying them as candidates for biocontrol against economically important plant 
diseases.
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16Quorum Sensing in Plant Growth-
Promoting Rhizobacteria and Its Impact 
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Abstract
Quorum sensing is a widespread mechanism in enormous number of bacteria for 
regulating various gene expression in a cell density-dependent manner through 
production and recognition of small molecules known as autoinducer. Diverse 
kinds of quorum-sensing networks are found in different bacterial species. 
Among various signal molecules, acyl homoserine lactone (AHL) signal mole-
cules are the most and widely studied in bacteria. A number of simple to advanced 
techniques are being used to identify and characterize signal molecules. 
Production of signal molecules in a number of rhizospheric bacteria is docu-
mented. Rhizosphere is an active atmosphere where microbe-microbe and 
microbe-plant interaction is highest due to rich availability of nutrients provided 
in the form of root exudates. Several ecological and interdependent key charac-
ters of bacteria, like antibiotic, siderophore, or enzyme secretion, virulence fac-
tors of phytopathogens, as well as plant-microbe communications, are coordinated 
through quorum sensing (QS). In this chapter, we have provided brief fundamen-
tal aspects of quorum sensing and then addressed the recent trends on the signifi-
cance of quorum sensing and signal molecules in microbe-microbe and 
microbe-plant interactions in the rhizosphere with special reference to plant 
growth-promoting rhizobacteria and plant health.
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16.1  Introduction

Since ages, scientist believed that the single cell prokaryotic bacterium lacking true 
nucleus is not capable of establishing a fundamental form of community attitude as 
a consequence of chemical conversation between the members of a community. 
Interdependent behavior by means of autoinducer compounds was first discovered 
in bacteria which are living in symbiotic association with a marine squid (Kaplan 
and Greenberg 1985; Verma and Miyashiro 2013). The fundamental part of this 
molecular conversation, termed as “quorum sensing” (QS), and the signaling mol-
ecules implicated were established through an extremely basic test: via adding 
together a formally habituated supernatant of a heavily developed bacterial culture 
to a fresh, low concentration culture, the characteristics of the high density culture 
were conferred (Eberhard 1972; Waters and Bassler 2005). The signaling com-
pounds implicated in this conversation are called as “autoinducers,” as they were 
derived from within the bacterial cell and controlling their individual expression. 
The signaling compound can be perceived and reimported into these cells, conse-
quently permitting the whole inhabitants to react to altering situation/necessities 
once a significant volume (equivalent to a particular cell density) or “quorum,” i.e., 
the minimum number of bacterial cell accumulated in a given volume to make the 
“decision” to switch on gene expression of QS-regulated genes, is achieved as 
described by Ahmad et al. (2011).

The marine bacterium Vibrio fischeri was the first bacterium to be examined for 
quorum sensing. As a communication compound, N-(3-oxo)-hexanoyl-L-
homoserine lactone (3oxoC6-HSL) was recognized to regulate bioluminescence as 
a readily assessable result of supportive action. Currently, numerous chemical sig-
naling compounds of bacterial origin have been recognized. AHL served as a uni-
versal signal molecule within Gram-negative bacteria (Galloway et  al. 2011). 
Molecules of AHL are created by LuxI homologues, and comprise, clearly with 
LuxR homologues, a transcriptional regulator. AHL comprises a conserved homo-
serine lactone ring with an uneven N-acyl chain (Ahmad et  al. 2008). Bacteria 
belonging to both Gram-positive and Gram-negative groups use QS messaging 
pathways to control a different group of physiological behavior of bacterial cells 
which includes symbiosis, competence, virulence, antibiotic production, conjuga-
tion, motility, sporulation, and biofilm formation (Rutherford and Bassler 2012).

Universally, Gram-negative bacteria utilize acylated homoserine lactones as 
autoinducers, and Gram-positive bacteria exploit processed oligopeptides for inter-
action (Miller and Bassler 2001). Commonly studied autoinducer signals are N-acyl 
homoserine lactones (von Bodman et  al. 2003), although half a dozen of other  
molecules, including diketopiperazines, 4-hydroxy-2-alkylquinolines (HAQs), and 
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autoinducer-3 (AI-3) in various Gram-negative bacteria (Jimenez et al. 2012), fura-
nosyl borate diester in Vibrio harveyi (Chen et  al. 2002), and c-butyrolactone in 
Streptomyces, have also been involved in quantity-based signaling (Yamada and 
Nihira 1998). While quorum-sensing peptides (QSPs) are especially reported from 
Gram-positive bacteria (Wynendaele et  al. 2013), autoinducer-2 (AI-2) has been 
reported from both Gram-positive and Gram-negative bacteria (Pereira et al. 2013). 
Recently, Papenfort and Bassler (2016) have reviewed these aspects in much detail.

Various procedures and protocols used for finding and depiction of signal mole-
cules are described by several authors as compiled by Rumbaugh (2011). Many 
simple techniques such as bioassays and chemical techniques such as thin-layer 
chromatography (TLC) and chromatographic and spectroscopic methods are regu-
larly employed for recognition and classification of signal molecules (Gonzalez and 
Keshavan 2006; Kendall and Sperandio 2007). Fascinatingly, secretion of quorum-
sensing interfering (QSI) molecules by eukaryotic microbes has created huge curi-
osity within the researchers because such molecules are capable of influencing the 
bacterial signaling system positively or negatively. In contrast, production of struc-
tural homologues to the many QS signal compounds has resulted in the improve-
ment of additional QSI molecules that can be employed to manage pathogenic 
bacteria. Additionally, the construction of transgenic plants to facilitate the expres-
sion of bacterial QS genes until now is an effective approach to meddle with bacte-
rial activities (Fray 2002; Hartmann and Schikora 2012).

The rhizosphere comprises an elevated amount of AHL-secreting bacteria in 
comparison to bulk soil, signifying their position in colonization (Elasri et al. 2001). 
This advocates that plants might be employing root-exuded molecules in the rhizo-
sphere to obtain benefit of this bacterial information structure and control coloniz-
ing populations (Lugtenberg and Kamilova 2009; Lopez-Raez et al. 2012). Exudates 
from pea seedlings comprise compounds that impersonate components of QS mol-
ecules which advocate that plants are capable of selecting their microbial colleagues 
(Teplitski et al. 2000; Fatima et al. 2010). Perez-Montano et al. (2013) documented 
that Oryza sativa and Phaseolus vulgaris roots and seeds secrete molecules which 
exclusively meddle with the capability of plant-associated bacteria to develop bio-
films, a crucial feature for bacteria-eukaryotic host communication. Plant host spe-
cies have developed responses to AHLs. Medicago truncatula on contact to a broad 
concentration series of AHLs responded with a primary decline in different protein 
volume followed by increase of the same proteins afterward (Mathesius et al. 2003; 
Hartmann and Schikora 2012). A number of these proteins involved members of 
cytoskeleton structure/function, defense/stress response, isoflavone production, and 
metabolic enzyme families. This presents an interesting area of research as to how 
bacteria communicate among themselves and how plants have developed mecha-
nisms to react to these signal compounds.

In the recent past, many articles and scientific literature have been published 
on the specific and general aspects of quorum sensing in plant pathogens and 
beneficial rhizobacteria (Singh et al. 2012; Hartmann and Schikora 2012; Hartmann 
et al. 2014; Kalia 2015; Schikora et al. 2016). In this chapter, we have reviewed 
extensive and updated literature to address the role of quorum sensing in plant 
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growth-promoting rhizobacteria (PGPR), possible interaction mechanisms, and sig-
naling in the rhizosphere relative to plant-microbe interaction.

16.2  Diversity of Quorum-Sensing Signal Molecules and Its 
Detection

Various types of quorum-sensing network, its regulatory mechanism involved in 
production of signal molecules, and gene expression have been reviewed by various 
workers (Atkinson and Williams 2009; Papenfort and Bassler 2016) and are not the 
subject for discussion of this chapter. However, we have briefly summarized here 
important aspect. Among different Gram-negative bacteria, biosynthesis of N-acyl 
homoserine lactones (HSL) takes place in several deviations of the molecular struc-
ture. The range of HSL molecules varies from short (C4-, C6-, and C8-) carbohy-
drate side chains to long (C12-, C14-, or even longer) side chains and consists of 
unsubstituted in addition to OH- and oxo-C3-substituted compounds. Despite the 
fact that HSLs are the universal autoinducers in Gram-negative bacteria, arrange-
ments like AI-2 (alternative autoinducer; furanosyl borate diester), AI3, and quino-
lones (PQS) and a range of extra minute compounds are known as signaling 
molecules (Effmert et al. 2012). Additionally, lipid compounds, like cis-11-methyl-
2-dodecenoic acid (also called as diffusible signal factor or DSF) (Wang et  al. 
2004a) and 3-hydroxy-palmitate methyl ester (3OH-PAME) (Flavier et al. 1997), 
have been recognized as QS-mediating molecules. Moreover, cyclic compounds, 
such as 2-heptyl-3-hydroxy-4-quinolone (PQS) and diketopiperazines (DKZ), also 
have been recommended as QS signals of Pseudomonads (Holden et  al. 1999; 
McKnight et al. 2000). In Gram-positive bacteria, a range of incomplete cyclic pep-
tides, AI-2 and butyrolactone, control cellular functions and activities via perceiving 
the cell quantity. AI-2 was anticipated as a “universal” QS indicator in bacteria, but 
this task is still uncertain since it might just be a secreted product of a common 
metabolic network (Folcher et al. 2001; Winzer et al. 2002; Lyon and Novick 2004). 
Diverse types of quorum-sensing molecules and their corresponding producing bac-
teria are presented in Table 16.1.

Cell-to-cell communication between rhizosphere microbes probably takes place 
universally since several strains obtained from the rhizosphere have been docu-
mented to produce QS signals. For instance, it has become evident that a diversity 
of proteobacterial rhizosphere isolates secrete and/or react to N-acyl homoserine 
lactone (AHL) QS signals, together with strains associated to species or genera of 
Pseudomonas chlororaphis, Pseudomonas putida, Pseudomonas syringae, 
Burkholderia, Serratia, Erwinia, and Ralstonia, in addition to rhizobial species 
(Ferluga et al. 2008). AHLs have also developed to work as interkingdom messen-
ger molecules affecting plant gene interpretation, the initiation of systemic plant 
resistance, and influencing plant growth and development (Venturi and Fuqua 
2013). In recent times, new categories of signals (e.g., pyrones and dialkylresorcin-
ols) secreted by Gram-negative bacteria have been revealed which are predicted by 
LuxR proteins and found to be strongly connected to the AHL-responsive LuxR 
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Table 16.1 Signal molecules of common PGPR

PGPR QS network Major signal molecules References
Acinetobacter sp. AHL N-Acyl-L-HSL; N-(3-oxoacyl)-L-

HSL; N-(3-hydroxyacyl)-L-HSL
Atkinson and Williams 
(2009)

Pseudomonas 
fluorescens

-Do- 3-OH-C6-HSL;3-OH-C7-HSL; 
3-OH-C8-HSL; 3-OH-C10-HSL, 
C 6-HSL, C8-HS

Khan et al. (2005)

P. fluorescens CHA0 Non-AHL QS signal compounds Kay et al. (2005)
Pseudomonas sp. -Do- N-Acyl-L-HSL; N-(3-oxoacyl)-L-

HSL; N-(3-hydroxyacyl)-L-HSL; 
2-heptyl-3-hydroxy-4-quinolone 
(PQS)

Williams and Camara 
(2009) and Hartmann 
and Schikora (2012)

Pseudomonas 
aeruginosa

-Do- N-(3-Oxododecanoyl)-homoserine 
lactone (OdDHL); 
N-butyrylhomoserine lactone 
(BHL); 2-heptyl-3-hydroxy-4-
quinolone (PQS); 
2-(2-hydroxyphenyl)-thiazole-4-
carbaldehyde (IQS)

Lee and Zhang (2015)

Rhodopseudomonas 
sp.

-Do- N-(p-Coumaroyl)-HSL; R = OH 
(pC-HSL)

Atkinson and Williams 
(2009)

Rhizobium sp. -Do- N-Acyl-L-HSL; N-(3-oxoacyl)-L-
HSL; N-(3-hydroxyacyl)-L-HSL

Sanchez-Contreras 
et al. (2007)

Bradyrhizobium sp. -Do- N-(p-Coumaroyl)-HSL; R = OH 
(pC-HSL)

Sanchez-Contreras 
et al. (2007)

Sinorhizobium 
meliloti

-Do- 3-Oxo-C16 Mathesius et al. 2003 
and Hartmann et al. 
(2014)

Mesorhizobium 
huakuii

-Do- C8-HSL Wang et al. (2004b) 
and Braeken et al. 
(2008)

Bacillus subtilis LuxS Peptides Duanis-Assaf et al. 
(2016)

Pantoea 
agglomerans YS19

AHL N-3-Oxooctanoyl-L-homoserine 
lactone

Jiang et al. (2015)

Stenotrophomonas 
maltophilia

Diffusible 
signal factor 
(DSF)

cis-11-Methyl-2-dodecenoic acid 
diffusible signal factor (DSF)

Alavi et al. (2013)
Ryan et al. (2015)

Burkholderia sp. Diffusible 
signal factor 
(DSF)/AHL

cis-11-Methyl-2-dodecenoic acid 
diffusible signal factor (DSF); 
N-acyl-L-HSL; N-(3-oxoacyl)-L-
HSL; N-(3-hydroxyacyl)-L-HSL

Schmid et al. (2012), 
Chapalain et al. 
(2013), Suppiger et al. 
(2013), and Ryan et al. 
2015

Ochrobactrum sp. 
Pv2Z2

AHL 3O-C7-HSL; 3OHC7-HSL Imran et al. (2014)

Serratia plymuthica 
HRO-C48

AHL 3-Oxo-C6 Pang et al. (2009)

Gluconacetobacter 
diazotrophicus 
PAL5

AHL C6-, C8-, C10-, C12-, C14-HSL; 
3-oxo-C10-, C12-, C14-HSL

Nieto-Penalver et al. 
(2012)
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family (Brameyer et al. 2015); it is at present unidentified whether these signals are 
formed by rhizobacteria. One more group of QS signals in Gram-negative bacteria 
is the DSF family (diffusible signal factor, which are cis-2-unsaturated fatty acids); 
more bacterial species are presently being identified which generate DSF, together 
with rhizosphere-inhabiting species such as Burkholderia spp. and Stenotrophomonas 
maltophilia (Ryan et al. 2015). Fascinatingly, bacterial DSF signal molecules have 
also been currently resolved to bring about innate immunity in plants, therefore 
performing as interkingdom signal molecules (Kakkar et al. 2015). Several Gram-
positive bacterial inhabitants in the rhizosphere utilize peptides (also known as 
pheromones) as QS signaling compounds; probably these molecules participate in 
numerous regulatory functions both at the intra- and interspecies level (Bassler 
2002; Monnet et al. 2016).

An accurate, exact, and responsive chemical examination of quorum-sensing 
autoinducer compounds was a necessary requirement for novel studies of quorum-
sensing-associated regulation in bacteria. By employing these methods, a detailed 
tracking of these QS compounds in the habitat and inside eukaryotic cell, populated 
by HSL-producing bacteria, was made possible (Gotz et al. 2007; Hartmann and 
Schikora 2012). In case of quorum-sensing compounds pertaining to N-acyl homo-
serine lactone group, it has been proved lucky for the progress of study in this area 
that the first accessible chromatographic tools were soon aided by extremely sensi-
tive and specific biosensors. These biosensors get benefit of the careful establish-
ment of promoters of HSL-regulated genes by autoinducer molecules. Different 
existing operon fusion constructs of HSL-activated genes with the lux-casette, gfp, 
rfp, or lacZ have been evaluated by Fekete et al. (2010b). Additionally, the quorum-
sensing-controlled violacein secretion by Chromobacterium violaceum can be uti-
lized effectively to initiate HSL production or deterioration, respectively (McClean 
et al. 1997). The indicated constructs are also present on plasmids and can be trans-
mitted to other bacteria. On the other hand, HSL-biosensor bacteria should contain 
their personal HSL-secreting genes deleted or inactivated to circumvent self- 
activation. The constructs generally have different precision for both short and long 
side chain HSLs, but there are also reporter plasmids that permit recognition of most 
HSLs with comparable sharpness (Thomson et  al. 2000; Andersen et  al. 2001). 
However, one has to be cautious in the utilization of these biosensors, as their report 
may be somewhat partial and has to be incremented with other resources of chemi-
cal or immunological metabolite analysis. The existence of HSLs in definite envi-
ronments and their ecological importance have been encouraged by the use of green 
fluorescent protein (GFP) or red fluorescent protein/DsRed (RFP) stuck to HSL-
regulated promoters. The potency of HSL down to 20 nmol l−1 can be identified by 
means of these bioreporter constructs. However, this recognition is relatively dis-
criminatory, because, for example, in the case of the reporter strain Pseudomonas 
putida F117, the confined reporter plasmid pAS-C8 is 100 times extra susceptible to 
3-oxo-C12-HSL than C12-HSL (Steidle et al. 2001). Using these constructs, the in 
situ secretion of HSL compounds can be, for example, discovered on the surface of 
roots, consequently ensuing in the regulation of “landscapes” of HSLs on occupied 
surfaces (Gantner et al. 2006).
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In microcolonies or polymer matrix-surrounded biofilms, where the dispersion is 
limited, the local concentration of HSLs can reach high peak values. By using math-
ematical models for the computation of the autoregulated HSL secretion in bacteria 
and restricted dispersion (Muller et al. 2006), local concentrations in the mmol l−1 
range can be calculated, accepting just a volume of a 5-μm cube with enclosed 
Burkholderia cepacia. This fact can have ecological importance for communication 
with eukaryotic hosts inhabited by HSL-producing bacterial microcolonies or bio-
films that could also add to compensate the potential deterioration of HSL by  
quorum-quenching reactions. With reference to chemical analysis, GC-based meth-
ods of HSL quantification were established first. To amplify the sensitivity of the 
technique, for example, selective ion monitoring of the mass spectrometry (MS) 
detection or derivatization of the ß-oxo group to an oxime was applied (Charlton 
et  al. 2000). As analyzed by Fekete et  al. (2007), reversed-phase HPLC coupled 
with MS for selective detection has been useful in nearly all cases (Morin et  al. 
2003). Frommberger et al. (2004) established a micro-electrospray interface to MS 
after nano-LC separation of the HSLs. Electrokinetic chromatography (MEKC) 
also has been employed effectively for the recognition of HSLs and detection by 
MS. The most effective separation of HSLs is with UPLC analysis, as described in 
detail by Li et al. (2006). The classification of enantiomers of HSLs in biological 
matrices also is achievable by means of an optimized GC-MS approach (Malik et al. 
2009). The maximum precision of molecular mass detection of HSLs has been com-
pleted by using the positive ion Fourier transform ion cyclotron resonance mass 
spectrometry (FTICR-MS) with mass errors of the peaks less than 0.1  ppm, as 
described by Fekete et al. (2007).

Nevertheless, still after employing this highly resolving analytical instrument, it 
is suitable to use two independent analytical approaches (e.g., UPLC and FTICR-MS) 
to clearly recognize HSL molecules, particularly when the recognition is from very 
complex matrices, such as nutrient broth medium, frequently used in microbiology 
(Hartmann and Schikora 2012). One more autonomous technique for the examina-
tion of HSL molecules is based on immunochemistry. From several labs, monoclo-
nal antibodies (MAB) have been produced against several HSL molecules 
(Kaufmann et al. 2006, 2008; Chen et al. 2010a, b). These MABs not only allow the 
research of the biological impact of scavenging HSL but also the investigation of 
reduced sample sizes and the localization of the allocation of HSL secreted by bac-
teria connected with eukaryotes (Park et al. 2007; Hartmann and Schikora 2012). 
For more details, readers are being suggested to read specific review article on the 
subject (Rumbaugh 2011).

16.3  Quorum Sensing in Plant Growth-Promoting 
Rhizobacteria

Quorum sensing provides a great competing benefit to bacteria enhancing their like-
lihood to stay alive, while they can explore more difficult habitats. QS in bacterial 
conversation is connected with the manufacturing and discharge of signal 
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molecules, termed autoinducers, into the surrounding medium. On recognition of 
the signal compounds at a given concentration, transcription of definite genes con-
trolled by this system is stimulate or withdrawn in the bacteria. There are different 
microbial mechanisms regulated by QS which include DNA transferase by conjuga-
tion, bioluminescence, siderophore production, biofilm formation, and moving abil-
ity of some bacteria, also termed as “swarming” (Fray 2002; Barriuso et al. 2008b). 
Streptomycetes, with high G+C-content, have been shown to control spore develop-
ment as well as antibiotic manufacturing by a quorum-sensing indicator called 
A-factor. The separation of AHLs from bacteroids of R. leguminosarum advocates 
that quorum sensing might play a role in the mature nodule (Daniels et al. 2002). It 
is hypothesize that quorum sensing influences population flow in connection with 
host plants. Both siderophores and HSLs have been recommended to participate as 
chemical signal molecules for interspecies conversation among bacteria (Guan and 
Kamino 2001). However, insufficient information is available related to interspecies 
conversation in the natural microbial habitat. Mathesius et al. (2003) documented 
better discharge of AHL mimics in exudates of Medicago truncatula. The chemical 
composition of such active quorum sensing mimicking secondary metabolites is 
presently unidentified and also needs additional explanation (Teplitski et al. 2000; 
Chen et al. 2002; Podile et al. 2014).

QS-regulated gene expression is based not only on signal compounds but also on 
bacterial population thickness (Williams 2007). The requirement for a minimum 
level of the primary PGPR inocula to promote plant growth considerably sustains 
the thought that quorum sensing by microorganisms participates in plant- 
rhizobacteria communications (Persello-Cartieaux et al. 2003). Bacteria can respond 
to QS-like molecules secreted by other rhizospheric bacteria (Steidle et al. 2001) 
and by plants (Teplitski et al. 2000) and even eradicate the QS signal compounds 
secreted by other bacterial species (Dong et al. 2002). Other than producing regula-
tory peptides, Bacillus secretes enzymes to degrade the AHL moieties produced by 
Gram-negative bacteria. Genes encrypting for AHL-degrading enzymes, aiiA, have 
been established in B. thuringiensis and different subspecies (Lee et al. 2002). The 
occurrence of such proteins permits Bacillus strains to split the lactone bond of 
AHLs via hydrolysis, signifying a method for autoinducer-degrading activity, per-
mitting these bacteria to struggle with other Gram-negative bacteria. Bacterial func-
tions in the rhizosphere can, therefore, be changed directly by plants or other 
microorganisms via QS molecules (Podile et al. 2014).

In addition to motility and QS, bacterial major outer membrane protein (MOMP) 
also performs a crucial task in initial host identification. The MOMP of Azospirillum 
brasilense demonstrated better adhesion factor to exudates of cereals than exudates 
of legumes and tomatoes and could work as a bond implicated in root adsorption 
and cell accumulation of the bacterium (Burdman et al. 2001). Bacterial lipopoly-
saccharides (LPS), particularly the O-antigen chain, can also cooperate in root 
habitation (Dekkers et al. 1998a, b). On the other hand, it is strain related since 
the O-antigenic side chain of Pseudomonas fluorescens WCS374 does not help in 
potato root attachment (De Weger et  al. 1989), while the O-antigen chain of  
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P. fluorescens PCL1205 is implicated in tomato root colonization (Dekkers et al. 
1998b). Several workers (Simons et al. 1996; Dekkers et al. 1998a; Compant et al. 
2010) also reported that high bacterial growth rate and capability to produce vitamin 
B1 and secrete NADH dehydrogenases help in plant colonization.

Endophytes comprising a vital constituent of plant structure are frequently 
reported assisting in plant defense reactions by quorum-preventing methods. 
Fascinatingly however, endophytes are repeatedly observed to have quorum-sensing  
mechanisms that permit them to sustain their own inhabitation in host plants and 
counteract plant pathogens. For instance, strain PsJNT is described to set up endo-
phytic relations with different plants and acknowledged to develop plant-rooting 
structure with improved vascular arrangements, enhance quantity of chlorophyll 
and phytohormones, and offer resistance to phytopathogens. Fascinatingly, 
Burkholderia phytofirmans strain PsJNT was reported to secrete quorum autoin-
ducer 3-hydroxy-C8-homoserine lactone (Sessitsch et al. 2005). In addition, endo-
phytic Serratia plymuthica with enormous biological control capability was found 
to hold high amount of homoserine lactone (HSL), namely, C4-HSL, C5-HSL, 
C6-HSL, C7-HSL, C8-HSL, 3-oxo derivatives (3-oxo-C6-HSL, 3-oxo-C7-HSL, 
3-oxo-C8 HSL), and 3-hydroxy derivatives (3-hydroxy-C6-HSL, 3-hydroxy-C8-
HSL). These AHL molecules were due to two quorum-sensing mechanisms in S. 
plymuthica (Liu et al. 2011). Additionally, the olive plant epiphyte (Pantoea agglo-
merans) and endophyte (Erwinia toletana) linked with olive knot infection were 
observed for the discharge of signals analogous to AHLs. This chemical communi-
cation changed the virulence of pathogen Pseudomonas savastanoi pv. savastanoi 
blamed for olive knot. This work is an illustration of tripartite connections among 
plant and connected microbes (Hosni et al. 2011).

The genome sequence of endophytic Gluconacetobacter diazotrophicus PAL5 
based on Saccharum officinarum exposed the existence of quorum-sensing mecha-
nisms and identification of eight AHLs, viz., C6, C8, C10, C12, and C14-HSL 
(Nieto-Penalver et al. 2012). A current description from Dourado et al. (2013) dem-
onstrated the exploitation of quorum-sensing compounds for Methylobacterium 
(famous for displaying endophytic lifestyle) communications with plants. A series 
of genes were up- and downregulated in Methylobacterium and host plant at the 
same time facilitating colonization and symbiotic relations, presenting the reliance 
of plant-endophyte relations on quorum-sensing mechanisms. Rhizobacteria are 
extensively recognized to improve production of plants by nitrogen fixation and 
production of siderophores and phytohormone, decrease plant stress, induce sys-
temic resistance, and have capability to attenuate phytopathogenic signals (Liu et al. 
2012). Thus, maintaining quorum-sensing mechanisms and autoinducers may allow 
the endophytic isolates to talk with other connected endophytes in addition to the 
host plant, thus preserving symbiotic relationship and habitation inside the inner 
tissues of plants. Surely, there is a deficiency of information on such organization, 
which needs to be examined in deepness to search for the possible plant physiologi-
cal modifications and resistance reactions such as release of ethylene, salicylic acid, 
and defense proteins during the initial stages of colonization.
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16.4  Recent Reports on Quorum-Sensing-Associated 
Functions in Plant Growth-Promoting Bacteria

The rising demand for food and the apprehension related to food quality are the 
compelling activities advancing to new approaches in agriculture. An effective plant 
protection mechanism possesses a huge potential to make certain an adequate and 
high-quality food delivery. Biocontrol agents are well recognized and widely used; 
however their potential is not yet fully exploited. These days numerous products 
based on bacterial inoculum, primarily consisting of Bacillus, Pseudomonas, or 
Serratia spp., arrived at the market. The use of N2-fixing Rhizobia (e.g., 
Sinorhizobium meliloti), with improved secretion of specific AHLs, might augment 
the useful effects of bacteria and increase the effect to plant species generally not 
connected with the specific strain (Zarkani et  al. 2013; Hernandez-Reyes et  al. 
2014). Further, a better comprehension of the communication among bacterial  
quorum-sensing compounds and eukaryotic host cells can unlock novel strategies in 
agriculture. Throughout the infection procedure, QS molecules administer the bac-
terial capability to form biofilms and other density-regulated traits. Those com-
pounds participate in key role in the communication among bacterial and plant 
cells. Several workers documented the role of quorum sensing in plant disease con-
trol and phytopathogen transmission. Some of the reports are summarized briefly.

Barriuso et al. (2008a) reported the role of N-acyl-homoserine lactone (AHL) 
quorum-sensing signaling compounds in plant growth promotion and the initiation 
of defense against salt stress. They utilized two Gram-negative, plant growth- 
promoting rhizobacteria, designated as M12 and M14, and were identified by 16S 
rDNA sequencing as Burkholderia graminis species. Both strains were found to 
produce a diversity of N-acyl-homoserine lactone (AHL) quorum-sensing signaling 
compounds. AHL generation was examined in vitro by thin-layer chromatography 
by applying AHL biosensors, and the characteristic of the AHLs produced was 
decided by liquid chromatography-tandem mass spectrometry. The in situ secretion 
of AHLs by M12 and M14 in the rhizosphere of Arabidopsis thaliana plants was 
distinguished by co-inoculation with green fluorescent protein-based biosensor 
strains and confocal laser scanning microscopy. To establish both plant growth pro-
motion and defense against salt stress, these PGPRs were examined on wild-type 
tomato plants, in addition to their matching transgenics expressing YenI (short-chain 
AHL producers) and LasI (long-chain AHL producers). In wild-type tomato plants, 
it was found that only M12 improved the plant growth and this result vanished in 
both transgenic lines. On the opposing, M14 did not encourage development in 
wild-type tomatoes but did so in the LasI transgenic line. Resistance to salt stress 
was stimulated by M14  in wild-type tomato, but this outcome vanished in both 
transgenic lines. The strain M12, however, did not stimulate salt resistance in wild-
type tomato but did so in LasI tomato plants. These outcomes disclose that AHL QS 
signaling compounds decide the capability of both PGPR strains M12 and M14 to 
enhance plant growth and to activate protection against salt stress.

Johnson and Walcott (2013) reported that Acidovorax citrulli convert from sap-
robic to pathogenic growth for seed-to-seedling distribution of bacterial fruit blotch 
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(BFB) of cucurbits; they speculate that quorum sensing was implicated in the regu-
lation of this procedure. Using aacI (luxI homologue) and aacR (luxR homologue) 
mutants of AAC00-1, they examined the task of QS in watermelon seed coloniza-
tion and seed-to-seedling distribution of BFB. aacR and aacI mutants of AAC00-1 
inhabited germinating watermelon seed at wild-type levels; on the other hand, BFB 
seed-to-seedling distribution was influenced in a cell thickness-attached approach. 
There were no important distinctions in BFB seedling transmission among water-
melon seed penetrated with approximately 1 × 106 CFU of AAC00-1, the aacR or 
aacI deletion mutants (95.2, 94.9, and 98.3% BFB occurrence, correspondingly). 
On the contrary, when seed inoculum was decreased in the order of 1x103 CFU 
seed−1, BFB seed-to-seedling transmission dropped to 34.3% for the aacI mutant, 
which was considerably low than the wild type (78.6%). Fascinatingly, BFB seed-
to-seedling distribution for the aacR mutant was not significantly unusual to the 
wild-type strain. This information advocates that QS takes part in the regulation of 
genes implicated in seed-to seedling spreading of BFB.

Alavi et al. (2013) accounted the role of DSF quorum-sensing system in control-
ling the progressive impact of Stenotrophomonas maltophilia on plants. They 
reported that the quorum-sensing molecule DSF (diffusible signal factor) is account-
able for the directive of phenotypes in pathogenic Stenotrophomonas; to date, no 
helpful results were documented to be managed by it. They examined the role of 
DSF in the plant growth-promoting model strain S. maltophilia R551-3 using func-
tional and transcriptomic analyses. For this intention, these workers correlated the 
wild-type strain with a mutant deficient in the rpfF (regulation of pathogenicity 
factors) gene that is necessary for the synthesis of DSF. Oilseed rape seeds coated 
with the wild-type strain demonstrated a statistically significant enhancement in 
germination rate compared with those coated with the rpfF mutant. Likewise, the 
wild-type strain displayed improved plant growth promotion and a better effective-
ness in colonizing oilseed rape compared to the mutant strain. Furthermore, only the 
wild type was competent of establishing organized cell masses both in vitro and in 
the rhizosphere, a quality decided by DSF. Gene transcription analyses revealed that 
many genes documented to participate in plant inhabitation (e.g., cell motility, che-
motaxis, multidrug efflux pumps, biofilm formation) are controlled by the rpf/DSF 
system in S. maltophilia. Additionally, these workers discovered novel prospective 
traits of spermidine, mainly for both growth enhancement and stress protection. In 
general, these results elucidated an association among the regulation of DSF and the 
constructive communication outcome with the plant host.

Zuniga et  al. (2013) evaluated that by using appropriate mutant strains of 
Burkholderia phytofirmans PsJN, data can be acquired showing the significance of 
N-acyl homoserine lactone-mediated quorum sensing in well-organized inhabita-
tion of Arabidopsis thaliana plants and the organization of an advantageous com-
munication. These workers also noticed that bacterial deterioration of the auxin 
indole-3-acetic acid (IAA) takes part in plant growth-promoting characters and is 
crucial for successful root colonization.

Perez-Montano et al. (2014) found that bacterial surface components, particu-
larly exopolysaccharides, in association with bacterial quorum-sensing molecules 
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are vital for the formation of biofilms within the majority of species as examined 
until now. Biofilm formation permits soil bacteria to inhabit their neighboring terri-
tory and stay alive under frequent ecological stresses such as drought and nutrient 
limitation. This form of life is regularly important for continued existence in bacte-
ria of the genera Mesorhizobium, Sinorhizobium, Bradyrhizobium, and Rhizobium. 
They also established that biofilm construction is essential for a most favorable root 
colonization and symbiosis among S. fredii SMH12 and Glycine max cv Osumi. In 
this bacterium, nod gene-activating flavonoids and the NodD1 protein are necessary 
for the evolution of the biofilm configuration from monolayer to microcolony. QS 
mechanisms are also essential for the complete growth of both types of biofilms. In 
fact, both the nodD1 mutant and the lactonase strain (the lactonase enzyme stop 
AHL buildup) are imperfect in soybean root inhabitation. The destruction of the 
lactonase strain in its colonization capability results in the decline of the symbiotic 
parameters. Fascinatingly, NodD1 jointly with flavonoids induces certain quorum-
sensing mechanisms involved in the growth of the symbiotic biofilm. Therefore, S. 
fredii SMH12 through distinctive key compound, the flavonoid, competently forms 
biofilm, colonizes the legume roots, and induces the production of Nod factors, 
necessary for fruitful symbiosis. Oslizlo et  al. (2015) demonstrated that Bacillus 
subtilis isolated from tomato rhizosphere displayed variety of the ComQXPA  
quorum-sensing mechanisms. This QS mechanism controls the secretion of anti-
pathogenic and biofilm-activating compounds, for example, surfactins, which are 
responsible for the biocontrol activity of this bacterium.

Paungfoo-Lonhienne et al. (2016) established the role of quorum sensing in col-
onization and biofilm formation by Burkholderia Q208. They accounted that 
Burkholderia strain Q208, a PGPR of Australian sugarcane, exhibits an extremely 
conserved quorum-sensing mechanism, nominated as BraI/R, which is programmed 
by a cluster of three genes (braI, rsaL and braR), the results of which create and 
react to N-dodecanoyl-3-oxo-homoserine lactone. In the biofilm Burkholderia braI 
is upregulated (twofold), while, strangely, rsaL and braR are downregulated (to 
0.35- and 0.45-fold of reference levels, respectively). The absolute counts of raw 
reads of rsaL (16,000) and braR (15,500) are higher than the mean (700) read num-
ber over all expressed genes, signifying that even though these genes are downregu-
lated, BraI/R quorum sensing by Burkholderia Q208 continues to be effective in the 
sugarcane rhizosphere.

16.5  Role of Quorum Sensing in Rhizosphere Signaling 
and Plant-Microbe Interactions

The rhizosphere is a highly complex microecological niche rich in nutrient released 
by plant root and provides suitable environment for growth and multiplication of an 
array of soil microbial populations. Primary and secondary metabolites released in 
the form of plant root exudates are believed to shape, signal, and interfere with rhi-
zosphere microflora by attracting beneficial microflora and combating pathogenic 
microflora. In a review by Venturi and Keel (2016) described various issues related 
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to signaling in rhizosphere and divided the process in three groups: (i) signaling 
between microbes, (ii) from plants to microbes, and (iii) microorganisms to plants. 
Two major groups of small signaling molecules are recognized. First is the QS mol-
ecules released by bacteria and volatile organic compounds (VOCs) released by 
various bacteria and fungi. VOCs are assumed to play significant task in long- 
distance communication within microbial populations, microbe-microbe, along 
with plant-microbe cooperation within the rhizosphere (Bitas et al. 2013). VOCs are 
also known to also work as intra- and interspecies signals by influencing gene 
expression and microbial functions such as biofilm, virulence, and stress tolerance 
(Audrain et al. 2015). Various rhizobacteria isolated from rhizosphere are known to 
produce QS signal molecules, and respond to these molecules. For example species 
of Burkholderia, Pseudomonas, Rhizobia, and Sinorhizobium as depicted in 
Table 16.1, and impact of QS on plant-microbe interaction is presented in Fig. 16.1.

Phytocompounds secreted by plant roots promote microbial interaction and also 
influence plant-microbe interactions (Zhang et  al. 2015). Plant-produced signals 
have been studied only in well-established association such as legume-rhizobia 
symbiosis and mycorrhizal associations as reviewed by other workers and are not 
topic of discussion here (Downie 2010; Oldroyd 2013). The role of QS in 

Fig. 16.1 Role of quorum sensing in microbe-plant interactions and rhizosphere signaling
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plant-microbe association is now becoming more evident, since many rhizobacteria 
employ QS molecules to colonize plant surface or plant-associated environment 
through QS-mediated gene expression (Von Bodman et al. 2003; Newton and Fray 
2004). On the other hand, plant-derived compounds are reported to interfere in bac-
terial quorum sensing. Recently a bacterial subfamily of LuxRs proteins produced 
by bacteria interacts with plant small molecules and not with QS. LuxRs is expected 
to respond plant signals indicating a more complex interkingdom signaling mecha-
nism (Venturi and Fuqua 2013; Gonzalez and Venturi 2013). Various signals pro-
duced by PGPR are now characterized, and the best studied AHLs are found to 
influence plant physiology and plant-microbe interaction such as induction of plant 
defense against pathogens, pest, and abiotic stressor, which results in promotion of 
plant growth and development (Shoresh et al. 2010; Zamioudis and Pieterse 2012; 
Cameron et al. 2013; Pieterse et al. 2014).

Terrestrial plants related to different genera are recognized to generate AHL-
mimic molecules for defense system in opposition to pathogen and communication 
with connected bacterial communities, both inside and outside the plant tissues 
(Perez-Montano et  al. 2013). Quorum-mimicking AHLs are synthesized and 
secreted in close proximity by different plant species varying from seedlings to a 
mature plant (Teplitski et al. 2011).

Mathesius et  al. (2003) have reported the modulatory role of signaling mole-
cules, AHLs, on plant physiology based on differential proteome analysis and found 
that protein-related defense, stress, flavonoid metabolism, hormones, and many 
regulatory proteins were differentially expressed in plants treated with AHLs. von 
Rad and his colleagues have reported the upregulation of auxin and downregulation 
of cytokinin genes and influence the ratio of auxin and cytokinin in the treated 
model plant with C6-HSL (von Rad et al. 2008). Hartmann and Schikora (2012) and 
Schenk et al. (2012) proposed a double role of the AHL molecules in Arabidopsis 
thaliana. Short acyl chain AHLs, like C4 or C6, were revealed to increase the growth 
rate, primarily elongating the roots (von Rad et al. 2008; Bai et al. 2012; Liu et al. 
2012; Schenk et al. 2012), in contrast to molecules with longer acyl chains (e.g., 
C12 or C14).

Recently, Hartmann et al. (2014) described the impact of AHLs on plant growth 
in plant species and found that it is more complex. However, in some studied cases, 
it may be very specific such as in mung bean and Medicago truncatula plants. Long-
chain 3-oxo-C14-HSL produced by Sinorhizobium meliloti showed increase in root 
nodulation in Medicago truncatula (Veliz-Vallejos et al. 2014). It was interesting to 
note that the increased number of nodules was observed only after a treatment with 
3-oxo-C14-HSL, the predominant AHL of S. meliloti, and treatment with other 
AHLs showed no effect. In mung bean plants, only the 3-oxo-C10-HSL, but not the 
unsubstituted C10-HSL or C12-HSL, was able to induce adventitious roots (Bai 
et al. 2012).

In a study conducted on barley treated with C6-, C8-, and C10-HSLs indicated 
modulatory role in the activity of glutathione S-transferase and dehydroascorbate 
reductase. On the other hand, in yam bean, no influence was measured (Gotz-Rosch 
et al. 2015). Yet another interesting example is the modification of plant cell walls 
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in AHL-primed plants. In this primed stage, plants upregulated the transcription of 
numerous genes pertaining to secondary metabolism (e.g., phenols). In conse-
quence, upon a challenge with pathogens, those plants accumulate callose and phe-
nolic compounds (Schenk and Schikora 2015). In a recent review article, Schikora 
et al. (2016) described the effect of quorum-sensing molecules of the N-acyl homo-
serine lactone group on plant physiology and significance in the development of 
stress tolerance mechanism in plants against stressors (Fig.16.1).

16.6  Conclusion and Future Direction

Research carried out in the last decades has shown that quorum sensing is a wide-
spread global regulatory mechanism of gene expression in a density-dependent 
manner among several bacteria including both pathogenic and beneficial species. 
Plant-associated bacteria such as PGPR, both free living and symbiotic, have been 
investigated, which use QS to regulate specific traits. Some of these are important in 
the interaction with other bacteria or the host plant. These bacteria produce small 
molecules called autoinducer. Various types of complex QS network are present in 
bacteria, but the most commonly studied system in Gram-negative bacteria is found 
to possess AHL-based LuxR/LuxI homologous systems. The signal molecules con-
tribute not only in signaling within bacterial population in the rhizosphere but also 
contribute in plant-microbe interactions.

Interestingly plants are able to react or hamper bacterial QS which clearly indi-
cated its significance in plant-bacteria interactions. Many bacteria in rhizosphere 
produce AHL-degrading enzymes, thus exhibiting phenomenon of quorum quench-
ing. On the other hand, plant metabolites can also inhibit QS thus showing QS-mimic 
activity. Recent reports indicated that bacteria produce compounds which act as 
receptor for plant signals. Researchers have provided evidences that the treatment of 
plant with AHLs results in plant response which induces resistance to pathogens 
and stressor. Studying the dynamics of AHL production and degradation and 
response of plant-associated microbial biome will certainly help to fully explore the 
role of QS in plant-microbe interaction.

Now it has been established that plant is able to control the recruitment of root 
microbiome and to select specific microbes of desired function. Therefore, there is 
a greater need to understand how plant root-associated bacteria such as free-living 
PGPR are recruited by plants. Further, the role of QS-mediated signaling and other 
signaling mechanisms in the rhizosphere contributing in the establishment and 
maintenance of dynamic root microbiome needs to be studied. It is expected that an 
enhanced understanding on all these aspects will open new avenues to modulate 
root microbiome through the use of appropriate consortium of beneficial microbes 
for improved crop productivity and soil health.
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Abstract
Throughout the world agriculture has need to twofold increase in food produc-
tion by 2050 in order to meet the burgeoning population with decrease its neces-
sity on factory made fertilizers and plant protection chemicals. This may be 
attained through exploring multiple options of utilizing beneficial microorgan-
isms and its suitable interaction in agroecosystem of the concerned surroundings. 
Our agricultural system is a multifaceted system of exchanges between plants 
and microorganisms. Increasing demand for economically well-matched, sur-
roundings sociable technique in farming that might be able to provide sufficient 
nutrients for the growing human inhabitants through upgrading of the worth and 
scale of farming yield with the help of eco-friendly microbes present in nature. 
In this aspect, microorganisms play a key role. Beneficial effects of microorgan-
isms on herbal progress mainly include uptake of major soil nutrients mainly 
NPK, etc., advanced growth of young branches and roots, improvement of soil 
productivity, and lastly proper nitrogen fixations and acquisition of soil nitrogen. 
Some of the frequently used beneficial microbes in agriculture globally include 
Bacillus, Azospirillum, Trichoderma, Rhizobia, Mycorrhizae, Pseudomonas, 
Streptomyces, and many other species. Exploring modern techniques with 
molecular biology helps to exploit valuable microbes and its products that leads 
to enhancing farm productivity and improvement of soil quality on sustainable 
basis.
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17.1  Introduction

During the precedent century, mechanization of agriculture has aggravated a 
remarkable increase in efficiency, which gives a better quantity and quality of food 
accessible to the common people. Under the present circumstances, nowadays, it is 
vital to preserve that high efficiency, but it is becoming imperative to alter the sur-
rounding as little as conceivable (Mukherjee 2015a). Clearly we must then head for 
a more eco-friendly and sound farming practices while maintaining soil agroecosys-
tem and microbial veracity in the surroundings. Microbes, though they have a 
dreadful agent of disease, also play a beneficial role in agriculture. For example, 
they help to accumulate atmospheric N into an easily available form such as soluble 
nitrates, which act as environmentally friendly plant nutrients. Proper knowledge 
and exploration of such microorganisms for agricultural production system are an 
important aspect of current farming technology. The distinctiveness of microorgan-
isms and its frequently changeable character and biosynthetic capabilities, under a 
certain environmental condition, have made them likely aspirants for solving mainly 
complicated tribulations in the biological sciences and other fields as well. Different 
measures in which microorganisms have been used in the past century to advance in 
agricultural sciences, food processing, food safety and quality, technology interven-
tion, genetic engineering, ecological safety, more effective treatment of farming, 
and municipal wastes provide a most striking evidence of success. Microorganisms 
acts well only when they are accessible with appropriate and best possible environ-
ment for metabolizing their substrates mainly accessible water, oxygen (depending 
on whether the microorganisms are obligate aerobes or facultative anaerobes), pH 
and temperature of their environment. Meanwhile, availability of different types of 
culture (microbes) or inoculants in the market increased due to its novel technolo-
gies. Since microbes are helpful in eliminating evils with synthetic pesticides, they 
are currently extensively useful in agriculture and natural farming (Mukherjee 
2013a). Active soil microbiological processes help to enhance the release of differ-
ent nutrients from organic substances; this leads to better plant nutrition and uptake 
by crop. Information regarding microbe’s soil interaction and factors on which they 
depend makes possible the exercise of many microbes in agriculture. Symbiotic 
atmospheric nitrogen accumulations need a comprehensive use in pulse-based 
production.

17.2  Microbe’s Efficacy in Farming Practices

An agricultural practice begins with photosynthesis – the translation of solar energy 
into element form. It’s an amazing process, but not a particularly efficient one. 
Observation by different concerned revealed that, quick mounting crop such as 
maize, sugarcane etc. can fix a highest 8–9% of sun energy. These processes exploit 
wavelengths that green vegetation does not (Fischer et al. 2014). Photosynthetic or 
phototropic bacteria are autonomous self-sufficient microorganisms which can uti-
lize solar system of energy and transform the secretion from crop roots, 
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carbon-based substance and detrimental gases into plant useful substances like 
amino acids, sugars, nucleic acids, and various other metabolites. These bacteria 
mostly utilize directly by field crop etc. to augment yield efficiency and also some 
extent to other advantageous microorganisms. For example, VAM fungi help to 
improve exploitation of available phosphate in soil and directly help plant growth 
(Mukhrjee 2014). VAM fungi lying with other microbe’s viz. Rhizobium, Azotobactor 
etc. and amplify the capability of flora to fix nitrogen. Economical valuable micro-
organisms utilize atmospheric nitrogen for better plant growth, putrefy natural 
waste and residues, detoxify pesticide, restrain plant disease, improve plant nutrient 
availability, and construct bioactive substances mainly active hormones, vitamins, 
and various enzymes that stimulate plant growth. However, harmful agricultural 
microorganisms are those that can encourage plant diseases, rouse soil-associated 
pathogens, immobilize macro- and micronutrients, and produce toxic and putres-
cent substances that badly influence plant expansion and healthiness.

17.2.1  Microorganism and Soil

Microorganism involvement in soil offers the substratum for crops, plants, and other 
living organisms. They represent a sympathetic habitat for microbes and are occu-
pied by an extensive series of microbes, comprising algae, viruses, fungi, bacteria, 
and protozoa and many other (Mukherjee 2008). Microorganisms in the topsoil are 
important, improving soil productivity, cycling of nutrient compounds in the bio-
sphere, and sources of manufacturing products such as growth hormones, enzymes, 
antibiotics, vitamins, etc. Few microbes help to change soil configurations or struc-
ture, which might be beneficial for crop production and productivity as well. But 
certain microbes in agroecosystem are the contributory agents of a variety of plant 
and animal sicknesses. The crop and living thing vestiges deposited within the earth 
contribute organic substances. Soil microorganisms break a series of carbon-based 
resources and utilize a piece of these breakdown foodstuffs to create or synthesize a 
sequence of compound that make up a humus substance composed of residual 
organic matter not readily decomposed by microorganisms. Humus exists in soil 
mainly in four forms, viz., polysaccharides, humic substances, other non-humic 
substances, and humin. This can help the physicochemical properties of soil in 
many ways by improving the texture and arrangement of the soil, contributes to its 
buffering ability, and boosts the productivity of soil, by improving water holding 
capacity. Soil structure plays a significant responsibility in persuading the nature 
and distribution of pore space and water availability. These alter the heterogeneity 
of microbial habitats. Thus, physical characteristics have direct and measurable 
effects on microbial activity inside the soil. These comprise constraints on the habit-
able pore space available for microorganisms, the opportunities for transport of 
microbes, and the effects on microbial makeup and metabolism. A well-developed 
soil structure is expected to encourage microbial activity. Fungal hyphae play a 
predominantly vigorous protagonist in aggregating and stabilizing soil structure 
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(Young and Crawford 2004). Guggenberger et al. (1999) persuaded fungal growth 
by addition of starch to soil and observed the expansion of macroaggregate struc-
tures following the enlargement of hyphae between microaggregates. Bossuyt et al. 
(2001) establish to facilitate inhibition of fungal activity that led to the reduced 
formation of macroaggregates.

Fungal hyphae of AMF (arbuscular mycorrhizal fungi) may have a diameter of 
1 μm, allowing them to penetrate very small soil pores, without the physical move-
ment of soil particles. AMF are likely to help the formation of aggregates. Rillig et al. 
(2002) found that aggregate formation could be predicted by the occurrence of glo-
malin, a protein only produced by AMF. The option of diversified cropping sequence 
could influence the development of topsoil aggregate stability and degree of fungal 
associations. These influence the cropping pattern of the particular zone (Mukherjee 
2016a). Compounds released from decomposing organic material influence soil 
microbial activity. The extent to which these organic matters such as polysaccharides 
are altered by microbial activity can provide an indication of the type of microorgan-
ism involved. Thus, for example, a low glucosamine/muramic acid relation is linked 
with bacterial movement (Glaser et al. 2004), while fungal action can be recognized 
by the nature of PLFA outlines (Bardgett and McAlister 1999). Six et  al. (2001) 
establish that modification of plant-derived carbon increases with falling aggregate 
size. This is significant because the humic compounds they form due to decomposi-
tion are recognized to be important in contributing to structural stability through 
attachment amid contiguous clay particles. Microbiological process play important 
role in soil structure, as we know that structure itself acts in the reverse direction 
toward supply a very strong control on the eminence of microbial action.

17.2.2  Microorganism for Soil Strength and Nutrient 
Mobilization

Soil agroecosystem is inhabited by various groups of microorganisms, which are its 
living component. This represents the major and most unlikely biotic group in soil, 
with an estimation of one million to one billion microbes in 1 g of agricultural top-
soil. Microorganisms hold the ability to give an integrated determination of soil 
physical condition, an aspect that could not be attained with physical/chemical mea-
sures and/or analyses of diversity of higher organisms. The aboriginal rhizospheric 
microbial inhabitants of farming soils are greatly influenced by agricultural prac-
tices (e.g., soil nurturing, period, stubble preservation, blazing, etc.), crop genotype, 
as well as soil category (Berg and Smalla 2009; Reeve et al. 2010). Various reports 
revealed that crop exudates may cause changes to soil uniqueness such as texture, 
buffering capacity, and organic carbon availability, impacting the multiplicity and 
action of diverse microbes (Haichar et al. 2008). Bio-augmentation, the accumula-
tion of microorganisms to farming soils, thus becomes a precious impact on soil 
microbiological processes (Mukherjee 2008). Microbes and microbial cycle play a 
dynamic effect in mobilization and transport of nitrogen, phosphorus, and sulfur 
and the decay of organic residue. They influence plant vital nutrient cycle and 
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carbon pool in a worldwide scale. Changes in microbe’s congregation help to notice 
change in the soil’s physicochemical activity, thus giving an early symbol of soil 
improvement or an early warning of soil degradation (Mukherjee 2013c). 
Biofertilizers play a critical role in crop nutrition accessibility and an input of vari-
ous nutrient movements in plant-soil continuum.

17.3  Biofertilizers and Crops

This can be elaborated as microbes that assist crop vegetation uptake of plant nutri-
ents by their exchanges in the rhizosphere when applied through seed or soil (Singh 
and Mukherjee 2009). This helps to enhance a certain microbiological methodology 
in soil system which augments the extent of accessibility of nutrients in a form eas-
ily assimilated by crop or vegetation (Mukherjee 2012). Different kinds of microor-
ganisms and its association with plant-soil system are being subjugated in the 
manufacture of biofertilizers, and its role varies in diverse plants or crops (Tables 
17.1 and 17.2).

17.4  Role of Microorganisms in Various Crop Production

Microbial inoculants include three major groups: (1) AMF, (2) plant growth- 
promoting rhizobacteria (PGPR), and (3) symbiotic nitrogen-fixing rhizobia. The 
valuable role of each category has been worked out separately in diverse crops by 

Table 17.1 Different types of biofertilizer and its role in potential crops

Groups Examples
Nitrogen accumulating
1. Free-living Anabaena, Klebsiella, Clostridium, Beijerinckia, 

Azotobacter, Nostoc
2. Symbiotic Rhizobium, Frankia, Anabaena azollae
3. Associative symbiotic Azospirillum
Phosphorus solubilizing
1. Bacteria Pseudomonas striata, Bacillus circulans, Bacillus 

megaterium, Bacillus subtilis
2. Fungi Aspergillus awamori, Penicillium sp.
Phosphorus mobilizing
1. Arbuscular mycorrhiza Glomus species, Gigaspora species, Acaulospora species, 

Scutellospora species, and Sclerocystis species
2. Ectomycorrhiza Amanita species, Laccaria species, Pisolithus species, 

Boletus species
Biofertilizers for micronutrients

Silicate and zinc 
solubilizers

Bacillus species

Plant growth-promoting rhizobacteria
Pseudomonas Pseudomonas fluorescens
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different workers (Dobbelaere et al. 2001; Barea et al. 2002; Murray 2011; Verma 
et al. 2010, Mukherjee 2014b). PGPRs play a notable function in crop productivity 
and enhancement of soil fertility. This helps to reduce harmful ecological impacts 
resulting from sustained use of chemical fertilizers, herbicides, and plant protection 
chemicals. PGPR was first illustrated by Kloepper and Schroth (1978) to explain 
various microbes which inhabit the rhizosphere of plants, mounting in, on, or around 
plant tissues that inspire herbal development by several mechanisms. Moreover, 
various works are being taken to assess crop development effects by applying 
diverse microbial alteration or consortia, such as AMF-PGPR, symbiotic nitrogen- 
fixing rhizobia, etc. (Swarnalakshmi et al. 2013). However, knowing the appliances 
of crop expansion is important to decide what type of microorganism is better to use 

Table 17.2 Recommendation and method of biofertilizer application in different crops

Crop Recommended biofertilizer
Application 
method

Field crops
Pulses
Black gram, chickpea, pea, groundnut, 
soybean, beans, lentil, lucern, berseem, 
green gram, cowpea, and pigeon pea

Rhizobium Seed 
treatment

Cereals
Wheat, oat, barley Azotobacter/Azospirillum Seed 

treatment
Rice Azospirillum Seed 

treatment
Oil seeds
Mustard, seasum, linseeds, sunflower, 
castor

Azotobacter Seed 
treatment

Millets
Pearl millets, finger millets, kodo millet Azotobacter Seed 

treatment
Maize and sorghum Azospirillum Seed 

treatment
Forage crops and grasses
Bermuda grass, Sudan grass, Napier 
grass, Para grass, star grass, etc.

Azotobacter Seed 
treatment

Other misc. plantation crops
Tobacco Azotobacter Seedling 

treatment
Tea, coffee Azotobacter Soil treatment
Rubber, coconuts Azotobacter Soil treatment
Agroforestry/fruit plants
All fruit plants/agroforestry (herb, shrubs, 
annuals, and perennial) plants for fuel 
wood fodder, fruits, gum, spice, leaves, 
flowers, nuts, and seeds purpose

Azotobacter Soil treatment

Leguminous plants/trees Rhizobium Soil treatment
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with which plant in a given situation. Soil microbes were widely deliberate by vari-
ous workers in crop production due to its high affinity in enhancing crop yield 
(Somers et  al. 2004). The research involving the utilization of PGPRs was done 
mainly on herbaceous plants in open-field environments and on horticultural crops. 
Furthermore, their incorporation has freshly extended both in agroforestry and in 
phytoremediation of contaminated soils. Strains of Azospirillum (Dobbelaere et al. 
2001), Bacillus (Kokalis-Burelle et al. 2006), and Pseudomonas (Meyer et al. 2010) 
had been used in an extensive variety of viable beneficial crops. The consumption 
of useful microorganisms in the substitute or the decrease of inorganic has been so 
far supported from a different corner (Dobbelaere et al. 2003).

Beneficial microbes such as PGPRs and diazotrophs (PGPFs) can lead to a good 
position in this main confront, as they fulfill important ecosystem functions for crop 
and soil ecosystem. How useful microbes and its interface with soil agroecosystem 
helps to augment plant rooting which is only partly recognized, as quite a few 
aspects have to be measured, mainly (1) the fabrication of metabolites associated 
with root growth and pathogen control (phytohormones, antimicrobials, antibiotics) 
and (2) the exertion to distinguish the precise/entire actions, owing toward the 
enhanced accessibility of nutrient. Although in more than one and a half decade, 
fungi and bacteria have been recurrently demonstrated to endorse herbal develop-
ment and repress crop pathogens, this knowledge has yet to be extensively exploited 
in agricultural biotechnology (Berg 2009). Beneficial microorganisms play a criti-
cal role in the enhancement of crop yield particularly maize, rice, and wheat.

17.4.1  Maize

The global production of maize was 883 MT (2011). In 2050, it is estimated that the 
requirement of maize and its produce in the emerging nations will be a nearly two-
fold increase (Rosegrant et al. 2009). Rice exhibits an extensive compliance to dif-
ferent environments, which makes it the most widespread crop around the globe. It 
can grow in dearth circumstances or in shallow label of water (up to 50 cm of water) 
and in a wide diversity of latitudes and up to 3000 m altitude. For this cause, it is 
considered a strategic crop for foodstuff safety in the globe by the FAO. With regard 
to maize, it represents a major renewable supply for food, feed, and industrial raw 
material which makes it the most widely grown crop worldwide. Although in the 
past few years, wheat has undergone an impressive yield increase, annual yield 
increase began to slow down in 1995 and is currently stagnating in almost each 
nation (Reynolds et al. 2009). Crystal-clear connection has been observed with ris-
ing frequency of interfering climatic factors such as spring drought during stem 
elongation, heat stress around flowering time and during grain filling out since 1995 
(Lobell et al. 2011). During that same instance, global population increased from 
5.8 billion to 6.6 billion and is predictable to exceed ten billion by 2050 (Dixon 
et al. 2009). Utilization of plant growth-promoting substances or any other micro-
bial inoculants would establish a biological alternate for healthy yield of these 
crops. There are many free-living nitrogen-fixing bacteria, such as Burkholderia sp., 
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Azospirillum sp., Azotobacter sp., Herbaspirillum seropedicae, Pseudomonas sp., 
and Bacillus sp. (Riggs et al. 2001). An experiment revealed that a sturdy boost in 
whole crop and grain dry weight was obtained when maize plants were inoculated 
with Burkholderia cepacia (Riggs et al. 2001). Krey et al. (2013) observed the role 
of PGPR on phosphorus nutrition, and he found that field application of P. fluores-
cens DR54 on maize increased crop development and P pools in soil. From these 
observations, mainly through the P-deficient treatment, so use of P. fluorescens 
DR54 on P poor soils, and concluded that PGPR and phosphate nourishments 
should be use separately.

17.4.2  Rice

Paddy crop uses significantly high amounts of agrochemical input in the form of 
fertilizer and protection chemicals. This leads to soil pollution that is destructive to 
the environment and surroundings in terms of soil quality and physical condition, 
emergence of resistant biotype of crop pathogens, and abolition of microbes in soil, 
which take part in crop cultivation. Microbes help in enhancing soil productivity 
and rice yield (Febri et al. 2013).The mechanisms engaged by microorganisms in 
attractive rice progress and economic production include growth-regulating sub-
stance construction, phosphate solubilization, nitrogen fixation, and siderophore 
production. Four fungi (Aspergillus niger, T. harzianum, T. virens, and Gliocladium 
virens) were scrutinized for their outcome on sprouting and sapling weight of paddy. 
Observations showed that shoot height and fresh mass of paddy seedlings notewor-
thily increased (Mishra and Sinha 2000). The major restrictive nutrient for rice 
crops is nitrogen, and merely one-third of the applied nitrogen as chemical nourish-
ment is directly used by this crop (Buresh et al. 2008). Thus, it becomes important 
to find an alternative to decrease and optimize the usage of N fertilizers applied to 
rice crops; plenty of information explain that diazotrophic bacteria are helpful in 
this regard (Araújo et  al. 2013; Mukherjee 2013b). This also helps to produce 
IAA. Numerous PGPR reports consider that phytostimulation is mainly due to phy-
tohormone release by the bacteria. Thus, the genus Burkholderia has been revealed 
to be the most widespread rice growth-endorsing bacteria able to produce plant 
hormones. However, few other options such as Azospirillum, Bacillus, Paenibacillus, 
Brevundimonas, Serratia, Herbaspirillum, and Xanthomonas improve crop growth 
by phytostimulation. Many of these synthesize IAA, gibberellin, and ethylene.

17.4.2.1  Paddy and Microbe’s Interaction
Crops and microbial interactions occur in different  ways. These may comprise 
among others the phyllosphere, endosphere, and rhizosphere as core spaces. The 
phyllosphere is connected with the aerial domain of the plant and the endosphere 
being linked with the internal cellular systems and its attendant convey systems. 
Plant exudes act as a signal (phenolic compounds) to attract microbes (Bhattacharyya 
and Jha 2012; Bais et al. 2004). Blilou et al. (2000) recognized paddy root exudates, 
categorized in two groups, amino acids (methionine, etc.) and carbohydrates 
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(mannose, galactose, glucose, and glucuronic acid). The profusion of paddy root 
exudates might draw microbes to colonize roots that penetrate to the root tissue. 
Reinhold-Hurek and Hurek (1997) examined the ability of Azoarcus to colonize 
paddy roots endophytically. This invades intercellularly and enters deeply into the 
vascular system mainly xylem vessels and help to spread into paddy shoot. Blilou 
et al. (2000) observed that appearance of a lipid transfer protein (LTP) gene is regu-
lated in Oryza sativa roots in reaction to mycorrhizal fungus Glomus mosseae. 
Further, Rediers et al. (2003) examined Pseudomonas stutzeri A15 genes; its strain 
is capable to endorse rice growth. Mwashasha et al. (2016) work on certain microbes 
in enlightening the harvest potential of Basmati 317 rice. A study was conducted in 
the experimental farm of Jomo Kenyatta University of Agriculture and Technology 
(JKUAT), Kenya. A study was conducted with microbial concentrations and inocu-
lants under randomized block design. The concentrations at three levels (109cfu 
spores−1 ml−1, 107cfu spores−1 ml−1, and 105cfu spores−1 ml−1) comprised the main 
plots, while microbial inoculants (16 and two controls) were the subplots. Results 
enumerate that crops inoculated with elevated microbial concentration were 
enhanced in relation to the yield and yield-attributing parameters compared to those 
treated with low microbial concentrations. More number of tillers, high panicle 
length and more 100 grain weight of plants observed with species of Brevundimonas, 
Bacillus, Enterobacter, Trichoderma, and Aspergillus, were better than for the con-
trol plants. The above work confirms that PGPM inoculants improved plant growth 
and ultimately productivity. As far as rice disease is concerned, the three main rice 
pathogens Xanthomonas oryzae, Rhizoctonia solani, and Magnaporthe oryzae are 
responsible for bacterial leaf blight, sheath blight, and blast on rice plants, respec-
tively. The majority of the studies in rice biocontrol are focused on treatment and 
prevention of these diseases (Han et al. 2005). Bacillus and Pseudomonas are the 
predominant PGPR genera used against those pathogens, owing to its antagonism 
against growth of several fungal and bacterial microorganisms. These PGPRs usu-
ally construct siderophores, antibiotics, quitinases, and proteases, which could be 
accountable for the antagonism against pathogens. The yield of disease control 
inside a close chamber or in greenhouse and field experiments was satisfactory, 
reducing the severity of diseases up to 90% subjected to the PGPR, pathogen, and 
paddy variety (Filippi et al. 2011).

17.4.3  Wheat

Wheat utilization of PGPR that enhances plant growth and productivity and helps to 
reduce the usage of inorganic agrochemicals has become one of the important 
aspects and strategies for supportable farming (Mukherjee 2015b). For example, 
inoculation of the wheat seed with ACC deaminase producer P. fluorescens strains 
allowed the diminishing of N, P, and K fertilizer rates (Shaharoona et al. 2008), and 
in general, crops presented higher grain yields, harvest index, and protein content 
with lower fertilizer doses, along with PGPR, than those conventionally applied 
(Rosas et  al. 2009). This improved grain production of wheat crop, found with 
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consortia of PGPR and AMF, particularly if they show diverse and harmonizing 
abilities. Singh and Kapoor (1999) worked on various inoculations with the AMF 
Glomus sp. and two phosphate (PO4

3−)-solubilizing microorganisms (PSM), 
Bacillus circulans and Cladosporium herbarum, with or without rock phosphate in 
a natural P-deficient sandy soil on wheat crops. The significant enhancement of 
stubbles and economic yields due to inoculation with the consortia could be attrib-
uted to a high absorption of nutrients. The consortia of AMF and PGPR on wheat 
crops were investigated in a 2-year experiment in different agroclimate zones of 
India at seven different locations spreading from the Himalayan foothills to the 
Gangetic belt, and it was seen that dual inoculation of this cereal increased crop 
yield, grain yield, and soil value and the nutrient deduction by wheat. In addition, it 
was observed that yield retorts to inoculants were maximum at locations with previ-
ous low yields (Mäder et al. 2011).

17.4.4  Legumes

Soil microbes play a key function in legume production and enhancement of soil 
productivity with the help of biofertilizer, etc., as per Tables 17.2 and 17.3 legumes 
are used in rotation, they increase the nitrogen availability and reduce the exercise 
of synthetic fertilizers. A number of studies suggest that legume residues can supply 
nitrogen up to 36–266 kg/ha. The total supply of nitrogen mainly depends on envi-
ronmental conditions, microorganism biomass, management practices used (e.g., 
tillage), and the legume species. Legumes form a symbiotic association with 
Rhizobium, root-nodule bacteria that fix atmospheric nitrogen to ammonium, and 
thus acquire nitrogen from the soil and the atmosphere. Pulses exploit soil microor-
ganisms to draw nitrogen from the air. The fixed nitrogen is incorporated into 
legumes’ biomass in the form of amino acids and proteins. Crop rotations that 
include actively fixing legumes can reduce nitrogen fertilizer needs because a num-
ber of fixed nitrogen is returned to the soil with incorporation of crop remains by 
various microbiological activities and by direct release of growth-promoting 

Table 17.3 Magnitude of natural nitrogen fixed by Rhizobium in different crops

Host group Rhizobium species Crops
N fix kg/
ha

Pea Rhizobium leguminosarum Green pea, lentil 60–130
Soybean R. japonicum Soybean 60–108
Lupini R. lupine orinthopus Lupinus 65–92
Alfalfa R. meliloti, Medicago, Trigonella Melilotus 110–160
Beans R. phaseoli Phaseoli 70–115
Clover R. trifolii Trifolium 120–132
Cowpea R. species Moong, pigeon pea, cowpea, 

groundnut
60–110

Cicer R. species Bengal gram 70–120
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substances into the soil via root exudation and root death. Many farmers in 
Darjeeling-Sikkim Himalaya under organic farming use leguminous cover crops as 
green manures for the enhancement of soil quality and health (Mukherjee 2010). 
Incorporation of a pulse-based system into rotation could be helpful for succeeding 
plant yields. For example, regardless of fertilizer application, grain yields following 
legume rotations are often 20–30% higher than continuous grain rotations. In some 
cases, improved synchrony between nutrient accessibility and crop need could also 
be gained by using an amalgamation of legume residue and chemical fertilizer 
(Singh and Mukherjee 2009).

17.4.5  Sugarcane

Sugarcane is one of the most vital cash crops in India and throughout the world. 
This crop is mainly utilized for sugar and ethanol (as biofuel) manufacturing. 
Sugarcane consumed a high amount of fertilizer and is quite often affected by vari-
ous fungal and bacterial diseases for which chemical treatments are not recom-
mended. For good harvest of sugarcane crop, around 200–400 kg N/ha is required, 
which is expensive and perilous for the environment. In this direction utilization of 
PGPR can reduce the cost of nourishment and ecological risk and repress the dis-
ease as well (Samina 2011). PGPRs are incredibly well recognized mostly for their 
good supply of nitrogen to the plant root zone. A number of PGPR like Enterobacter, 
Klebsiella, Azospirillum, Gluconacetobacter, Herbaspirillum, Pseudomonas, etc. 
have been scrutinized from sugarcane (Samina 2011). Literature revealed that a few 
bacterium species help to reduce the use of fertilizer in sugarcane production and 
help to enhance its yield potentials. A novel work published in Microbial 
Biotechnology elaborates the root of sugarcanes inhabited by a new bacterium 
Burkholderia australis; this assists to augment crop growth via nitrogen fixation 
technique. Microbes and particularly bacteria play a vital function in sugarcane 
production, where they help mineralized the organic matter present in soil for easy 
release of major plant nutrients or help in atmospheric nitrogen fixation (Labandera- 
Gonzalez et  al. 2001). Paungfoo-Lonhienne from the University of Queensland, 
Australia, and his associate workers found that bacteria help to break the waster 
product from sugarcane or livestock manure, to ensure enhanced normal nourish-
ment for the coming generation of crop production. They hope to conduct field tests 
with a view to assist the expansion of commercial products that will be utilized for 
the better health and productivity of sugarcane crops and to reduce the utilization of 
commercial fertilizers (Chanyaratn et al. 2014).

17.4.6  Potato

Potato is one of the most important crop throughout the world and its important day 
by day increasing. Microbial inoculants particularly biofertilizers play a key role to 
enhance its productivity. This crop needs higher nutrients due to its sparse root 
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system. Hilly soil are acidic in nature and, P-fixing problem has been seen, thus it 
becomes urgent to take up location-friendly approaches by integrated use of biofer-
tilizers, synthetic fertilizers, and organic manures in correct quantity for optimum 
potato yield in this region. In potato, primarily nonsymbiotic N fixer, plant growth- 
promoting bacteria, and PSB have been found helpful in rainfed environments, pre-
dominantly in hills. Under this agroecological zone, this crop grows during 
pre-kharif season and soils contain high organic matter. Mostly the soil of this 
region is acidic in nature, and a high quantity of phosphorus fixation is observed. 
High fixation of phosphorus leads to insoluble compound of Al and Fe ions. At 
Shimla, Azotobacter utilization has been found helpful and augmented the eco-
nomic production of this crop in rainfed condition in the absence of N. This revealed 
that as nitrogen rate enhances, the influence of nonsymbiotic nitrogen fixer is 
reduced and it became nonsignificant at 180  kg N/ha. Azotobacter inoculation 
enhanced leaf nitrogen, NUE, as well tuber yield, mainly at a lesser nitrogen level. 
Inoculation of tuber with Azotobacter only improved the foliage nitrogen, perhaps 
owing to increased N availability from the soil to the crop at the early stage of 
growth when plant needs are high. During harvesting application of Azotobacter 
alone or with nitrogen considerably improved quantity of medium- and big-sized 
tubers. The sole application of Azotobacter improved the economic yields by 22q/
ha above control and improved NUE considerably in company of lesser rate of 
nitrogen, i.e., at 25% and 50% of recommended nitrogen. Use of nitrogen along 
with inoculation of tuber with Azotobacter culture proved to be extra productive of 
total tuber numbers yield and recovery (Jatav et al. 2013). One more work in Shimla 
revealed that, during pre-kharif of 2007, application of phosphate and PSB, either 
sole application or mixture, significantly increased tuber yield. Further, other stud-
ies during the same period and in the same place concluded that seed inoculation 
with PSB in conjunction with 50, 75, and full dose of phosphate application resulted 
in not only higher yields but also better nutrient utilization as was evident by its 
constructive outcome on nutrient uptake and resulted in high revival of NPK in 
potatoes. This may be due to the useful result of PSB in the acidic soils by the dis-
charge of native P there; this in turn makes sufficient labile phosphorus in soil solu-
tion around the root zone as directed by the higher NPK recoveries. The positive 
outcome of PSB endorsed the discharge of P from inorganic fractions of Al-P, Fe-P, 
and Ca-P and reduced P-fixing ability of the acidic soil (Jatav et al. 2013). Available 
crop growth-enhancing microbes particularly bacteria had immense potential in 
improving crop growth phase, economic produce, and macro- and micronutrient 
economy. Bacterial cultures of Bacillus subtilis and Bacillus cereus (growth- 
promoting bacteria) were evaluated in potato crop. Result revealed that, Bacillus 
cereus was better than Bacillus subtilis in all concentrations of nutrients. As far as 
economic produce is concerned, utilization of Bacillus cereus economized on NPK 
fertilizer dose by 25%. Bacillus subtilis and Bacillus cereus separately augmented 
the tuber yield of potato (Jatav et  al. 2013). Inoculation with phosphobacteria 
(Pseudomonas striata) considerably improved the tuber yield at Shillong 
(Meghalaya) during pre-kharif of 1999 and 2000. However, its result on crop stand 

D. Mukherjee



345

was not noteworthy compared with those without culture. At Shillong, the use of 
PSB with different phosphatic fertilizers using two potato cultivars Kufri Megha 
and Kufri Jyoti improved yield of crop and tuber size. In a study at Shillong, during 
the pre-kharif of 1996–1998, the biofertilizers (Azotobacter and/or phosphorus 
inoculant culture of Pseudomonas striata) were evaluated in blend with N at 0, 50, 
100, and 150 kg/ha on the economic production of potato cv. Kufri Jyoti. The tuber 
yield, tuber number, and tuber size were augmented with rising rates of N. Inoculation 
with Azotobacter and P. striata resulted in the highest tuber production and tuber 
number regardless of N rates, though differences in tuber production due to inocula-
tion of different biofertilizers at 100 and 150 kg N/ha were not significant. B:C ratio 
improved with enhancing N rates and was highest with Azotobacter and P. striata 
inoculation (Jatav et al. 2013). Results from 3 years work in Shillong revealed that 
pooled employ of Azotobacter + phosphorus bacteria gave higher tuber production 
and gross outcome compared to their separate use of biofertilizer and control 
Rifampicin-nalidixic acid resistant mutants of a crop growth-promoting 
Pseudomonas sp., strain PsJN, were evaluated for their capacity to encourage 
in vitro expansion of potato. Few other root colonization strains such as MFE (a 
consistent growth advocate) were positively linked with crop expansion stimulation 
(Frommel et al. 1993).

17.5  Plant Growth-Promoting Microorganisms and Yield 
Potential

Agricultural industries rely heavily on the utilization of inorganic chemical doses, 
weedicide, and pesticides. Agriculture biotechnologies play a crucial position in 
increasing microbial inoculants to get better crop expansion and suppress plant dis-
ease, with the main aim of sinking reliance on commercial chemicals (Adesemoye 
et al. 2009). Many aspects need to be considered during the progress of such inocu-
lants on a commercial scale (Berg 2009), including selection of appropriate plant 
growth-promoting (PGP) microorganisms based on target host plant, soil type, 
aboriginal microbial communities, ecological conditions, inoculant density, suit-
ability of carriers, and compatibility with integrated crop management. The PGPRs 
are capable to encourage crop act by way of a wide assortment of mechanism 
(Saharan and Nehra 2011). Various works revealed that crop inoculation with PGPR 
helps to augment plant nutrient uptake and increase defense mechanism against 
pathogens (Maksimov et al. 2011). Furthermore, few crop growth-promoting rhizo-
bia are capable to construct phytohormones, boost the population of other useful 
microbes, and control the detrimental ones in the rhizosphere (Saharan and Nehra 
2011; Bhattacharyya and Jha 2012). Thus, plants competent to employ a larger mass 
of these microbes into their rhizospheres present greater endurance, growth, and 
reproduction (Gholami et al. 2009) and as an effect higher competitive ability.
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17.6  Microbe Biotechnology and Sustainable Farming

Microbes are microscopic in nature; they belong to different groups such as viruses, 
protozoa, microalgae, fungi, and bacteria. These microorganisms survive in various 
media and diverse environments. Different natures of microorganisms and its habi-
tats imitate a vast range of metabolic and biochemical character, which is due to the 
difference in hereditary configuration and natural selection in microbial popula-
tions. Genomes is a hereditary substance in the DNA of a particular creature (Yang 
et al. 2009). Obtaining the entire genome sequence of a microorganism gives a vital 
message regarding its ecology, but it is only the main step in the direction of under-
standing a microbe’s biological capability and modifying them, if required, for 
farming purposes (<http://microbialbiotechnology.puchd.ac.in>). Microbial bio-
technology is a noteworthy area that promotes food security and food safety and 
basic study in agriculture and allied sciences (Mosttafiz et  al. 2012). Currently 
mounting awareness is to be paid toward the expansion of eco-friendly farming 
system, in which the high productivity of crops and animals is ensured using their 
usual adaptive potentials, with a least commotion of the milieu (Noble and 
Ruaysoongnern 2010). The major impact of an agricultural microbiologist on sus-
tainable or eco-friendly farming practices would be to alternate various agrochemi-
cals (mineral fertilizers, pesticides) with different sorts of microbial 
preparations (Weishampel and Bedford 2006). Different culture of various micro-
bial species are use for improvement of crop and plant production (Andrews et al. 
2010). Moreover, different methods for increasing the efficiency of nutrition and 
self-protective kinds of microbial mutualists require to be developed. For the dietetic 
types, an efficient colonization of crop plant in a host-specific mode is the most 
favorable, and the impacts of helpful symbionts are augmented in comparison to 
their host specificity. The use of various microbial symbiotic signals or their prod-
ucts for reorganizing crop growth or cynical functions may represent a good meadow 
for agricultural biotechnology. Avenues for future expansion of agri-farming micro-
biology may engross the edifice of novel multipartite endo- and ectosymbiotic com-
munities based on comprehensive genetic and molecular (metagenomic) analyses. 
For harmonizing the host crop metabolism, an amalgamation of nitrogen and phos-
phorus providing symbionts would appear proficient, including the VAM fungi in 
association with endosymbiotic rhizobia (Shtark et al. 2010).

17.7  Application of Microbial Technology in Agroecosystem

Microbe-based symbiosis in crop plant ecosystem would be effective for the prog-
ress of sustainable agriculture in sort to ensure livelihood food security with least 
uproar of the surroundings. An efficient utilization of symbiotic microbial commu-
nities is promising using molecular approaches that depend on the stability of 
microbial pools which are circulating recurrently amid soil, plant, and animal which 
provided niches in usual and agricultural ecosystems (Kupriyanov et al. 2010). This 
helps to create extremely fruitful microbe-based sustainable agricultural systems.
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17.7.1  Natural System

Different natures of microorganisms and different germs found in soil ecosystem 
are to be productive for enhancing agricultural or plant production and productivity 
too. Scientist try to develop biofertilizers and biopesticides to assist plant growth, 
curb problem of various pests mainly crop pest, weeds, pests, and plant pathogen 
diseases. Microbes that grow in the soil actually assist vegetation to absorb higher 
nutrients and to some extent also help in nutrient mobilization too (Mukherjee 
2014a). Various crops and plants and these harmonious microorganisms are associ-
ated with “nutrient recycling,” as per our above discussion. The microbes assist the 
crop to obtain valuable energy derivatives. Plant or crop gives their ravage by- 
products for the microbes to use for food or as source of energy. Various technical 
persons and workers utilized these pleasant microbes to develop biofertilizers. 
Primary nutrients mainly N and P are vital and critical for crop growth. Primary 
nutrients live obviously in the milieu but crop have a partial capacity to take out 
them. Phosphorus plays a critical role in crop stress tolerance, maturity, quality, and 
directly or indirectly nitrogen fixation. Penicillium bilaii is one of the most signifi-
cant fungi, which helps to release phosphate from the soil agro-system. Rhizobium 
is a bacteria, which is linked with plant’s roots in the cell, called nodules. Nodules 
act as biological factories, which facilitate to utilize N from the atmosphere and 
change it into an organic form that the crop can utilize.

17.7.2  Biopesticides

Microbes found in the earth are mostly eco-friendly to crop and soil agroecosystem. 
These pathogens or microorganisms may damage the crop plant to some extent. 
Few important biological kits, which use these problem enhancing microorganisms 
to manage pests and weeds naturally. These mostly act as biopesticides and are 
helpful in improving crop productivity, by reducing population of harmful pests.

17.7.3  Bioherbicides

Weeds are trouble for farmers. These are undesirable and difficult to control. They 
compete with crops in various ways, such as for space, light, water, and most impor-
tantly nutrients. They also act as host to various insect and disease pests, block 
irrigation and canal systems, etc. The use of mycoherbicide or bioherbicide plays a 
noteworthy function in controlling weeds without ecological hazards posed by syn-
thetic agrochemicals and herbicides. Microorganisms have omnipresent genes that 
can attack the argument genes of the weeds, there by carnage it. Bioherbicides can 
stay alive in the surroundings as long as for the next mounting season where there 
will be more weeds to infect. It is a bit low cost compared to synthetic pesticides and 
thus could essentially reduce agricultural operating cost if managed appropriately.
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17.7.4  Bioinsecticides

Modern biotechnological tools can also assist in mounting to artificial insecticides 
to fight against various pests. Microbes in the earth that will hit fungi, viruses, or 
bacteria are used as formulation products to scrap next to various diseases, etc. 
Various formulations used for seed, etc. carry these helpful organisms to protect the 
crop during the significant seedling stage. Bioinsecticides do not continue long in 
the milieu and have shorter shelf lives; they are efficient in minute amount; safe to 
mankind and vertebrates compared to artificial pesticides; extremely precise, often 
affecting only a single group of insect; and slow in action. They have an extremely 
precise mode of action, and the duration of its application is relatively critical.

17.7.5  Fungal Bioinsecticides

Fungi are the source of diseases in some 150 diverse insects, and this sickness pro-
ducing traits of fungi is being use as bioinsecticides  for various disease control 
(Reinhart and Callaway 2006). Various fermentation techniques are used for a large 
assembly of fungi. Effective sporulents are collected and packaged for further utili-
zation in insect-ridden fields. Inoculated spores, when applied ultimately, cause 
death. Utilization of fungi sources is optional by some scientists as having the great-
est source for enduring insect control (Mishra and Sinha 2006). This is because 
these bioinsecticides attack in a diverse form of action, and it is very difficult for the 
insect to develop resistance behaviors against these products.

17.7.6  Virus-Based Bioinsecticides

A report revealed that baculoviruses affect insect pests like corn borers, potato bee-
tles, flea beetles, and aphids. Specific strains are effective against a certain range of 
bacteria and insect population. Bertha armyworms are affected by a specific strain 
and attack canola, flax, and vegetable crops. Conventional pesticides are ineffective 
against this worm.

17.8  Microorganisms and Its Association with Crop 
Sequencing

Crop sequence that profoundly modifies the soil ambiance and microorganism habi-
tat under various sequences plays a key role for eco-friendly farming concept. The 
series of crop in rotation influences not only the utilization of valuable nutrients 
from a soil but also the return of crop residues, the progress and allocation of bio-
pores, and the dynamics of microbial community (Ball et al. 2005). This helps to 
develop soil arrangement. These include better quantitative linkages amid soil 
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arrangement and crop expansion and nutrient mobilization through plant remain 
incorporation. Crop rotations in farming system intermediate between conventional 
and organic are known as “integrated” or “low input,” for example, the Linking 
Environment and Farming (LEAF) initiative (www.leafuk.org). Use of crop rota-
tion, which involves the sequential production of different plant species on the same 
land, has been in existence for thousands of years. Crop rotations comprise of grass, 
clover legumes etc. within the series of crops, given their importance to many crop-
ping systems. The capability of legumes to fix nitrogen (N) from air helped maintain 
the performance of an alternate crop pattern in most agricultural cropping systems 
well into the twentieth century. However, in the concluding half of the twentieth 
century, the improved accessibility of N from the industrial source and pesticides to 
manage pests, diseases, and weeds reduced the requirement for comprehensive rota-
tions. European and North American farmers mechanized their operations and used 
artificial inputs to optimize the crop yields (Robson et al. 2002). Widespread accep-
tance of short cereal or pulse/oilseed rotations or monocultures has allowed the 
farming community to specialize, increase crop productivity and quality, and fetch 
good marketing price. The reliance on alternate crop in various crop sequences in 
European and North American conventional farming has decreased steadily since 
the early 1950s, and continuous monocultures and little rotations are now wide-
spread in temperate parts of the developed world (Karlen and Sharpley 1994). Crop 
rotations directly modify soil arrangement and ultimately microbial activity in soil 
bionetwork. Any increase in soil quality in organic rotations involves an improve-
ment in soil structure. For example, organic agriculture generally improves count-
ing of pore space and earthworm abundance and increases aggregate size and 
development. This results in favorable soil structure, i.e., a structure that contains an 
assortment of distinct aggregates from 2 to 50 mm equivalent spherical diameter 
(Ball and Douglas 2003). Structural development can change with the phase of the 
rotation. There is a vibrant interrelationship amid soil configuration and soil organic 
matter decomposition and stabilization and microbial activity. Soil microbes take 
part in a key role in the configuration of structure. The importance of different forms 
of organic carbon input for the expansion of soil arrangement has also been the 
subject of many studies. Plants provide the largest input of carbon pool to most soils 
(Rees et al. 2005). These different natures of carbon incorporation are likely to have 
distinct influences on the arrangement of soil aggregate. The physical incorporation 
of organic substance is likely to have an important influence on structural formation. 
Straw amalgamation can get better soil structure by promoting aggregation and 
influencing soil microbial system and help to improve crop productivity under dif-
ferent cropping sequences (Mukherjee 2014c). Pathogens and nonmobile pests that 
have short life spans in the soil and a precise or narrow host range (e.g., nematodes) 
are mainly susceptible to the addition of nonhost crops in the rotation. However, 
crop rotation does not control all soilborne pathogens adequately. Some soils 
encompass the ability to suppress these types of pathogens, and plants cultivated in 
them exhibit less disease, even within the same crop sequence and under similar 
environmental conditions.

17 Microorganisms: Role for Crop Production and Its Interface with Soil…

http://www.leafuk.org


350

17.9  Microorganism and Crop-Weed Competition

Crop and weed competition is accountable for significant yield losses in agricultural 
ecosystems, which might vary depending on the species analyzed and the existing 
ecological conditions (Mukherjee and Singh 2005). Weeds have a very high viable 
ability due to its definite biological characteristics especially C4 plant, with distinct 
root canopy which allows for better and deeper exploitation of space, nutrients, and 
various available water from soil ecosystem (Mukherjee 2016b). Plants are capable 
to endorse change in the soil microbial community through the exudation of diverse 
combinations of organic compounds by the roots depending on environmental con-
ditions (Massenssini et al. 2013). Crops cultivated under best conditions or in low 
phosphorus or nitrogen availability tend to display a noteworthy difference in the 
root exudate composition, which in turn causes change in the inhabitants’ solidity 
of microorganism groups in the soil. Soil microbes take part in a primary and effec-
tive role in determining the aggressive ability of various weeds and crops 
(Massenssini 2014). Weeds have a similar performance to that of persistent crops 
found in different natural ecosystems (Reinhart and Callaway 2006). Few studies 
revealed that weeds are capable to connect with arbuscular mycorrhizal (AM) fungi 
and that the effects of this association may vary from positive to negative, depend-
ing on the environmental conditions (Massenssini 2014). Furthermore, the occur-
rence of a competing plant may alter weed root association by AMF. Fialho (2014) 
found that Bidens pilosa and Eleusine indica showed an elevated mycorrhizal asso-
ciation when grown in contest with maize plant. This leads to increase in AMF colo-
nization to the competitive strategy of these weeds. In other works, mycorrhizal 
association of the weeds Ageratum conyzoides, Ipomoea ramosissima, and B. pilosa 
varied depending on the uniqueness of the competitor species (Massenssini 2014). 
Weeds might encompass different competitive strategies and may have constructive 
relations through different microbial groups. The configuration of the soil microbial 
population is responsive to competition between plants. In common, antagonism 
promotes change in the makeup of the earth microbial community, making it diverse 
from that found when plants are grown in monoculture.

17.10  Plant Growth and Soil Microbe Interaction

Microbes in the earth may play a fundamental function in determining the constitu-
tion of plant communities. Microbes alter the physicochemical property of the envi-
ronment; are straightly involved in the transformations of nitrogen, phosphorus, and 
sulfur; and form mutualistic associations with plants; these activities result in 
greater plant growth (Sylvia et al. 2005). Usually soil microbes are high near root 
zone of plant, where more amount of organic substances exuded from root are avail-
able. Availability of root exudate quality influences the availability of microbes in 
the earth ecosystem (Wolfe and Klironomos 2005). These microbes will work 
together with the crop and have either positive, neutral, or negative intrusion on crop 
expansion and help to determine the nature of crop communities. Symbiotic 
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relations amid fungi and crops are present in a wide range of soil and land ecosys-
tems and occupy a hefty section of plant taxa (Brundrett 2009). It is believed that at 
least 85% of plant group are capable to set up symbiotic relations with fungi, of 
which 70% are associated with individuals of the phylum Glomeromycota, forming 
the AM (Wang and Qiu 2006). Thus, mycorrhizal associations are very much pre-
cious for terrestrial ecosystems owing to its wide geographical distribution and the 
huge total number of plant kingdom involved. It was believed for the past few 
decades that the family Cyperaceae was unable to correlate with mycorrhizal fungi 
(Brundrett 2009), but recent evidence has shown otherwise (Bohlen 2006). Various 
species of Cyperaceae are capable to relate with AM fungi and dark septate endo-
phytes (DSE), but the intensity of root colonization could differ based on the envi-
ronment in which the samples were collected, the season of the year, or the 
phenological phase of the crop (Wang and Qiu 2006). Thus, the inclusion of soil 
microbes in research effective for crop-microbe relations can be decisive for the 
association of a species in a given environment (Van Grunsven 2009). Plant com-
munity and its distribution pattern were decided by composition of various mycor-
rhizal associations (Shah et al. 2008) or it may help to create other genus (Chen 
et  al. 2004). Experimental evidence suggests that mycorrhizal associations can 
determine the coexistence of different plants (Van der Heijden et al. 2003). A study 
revealed that few bacteria help to fix nitrogen from air and form symbiotic relation 
with crops (Franche et  al. 2009; Mukherjee 2016c). Nitrogen-fixing bacteria are 
capable to form symbiotic relation with plant roots, leading to the structures called 
nodules, and have a higher specificity with the host (Bhattacharjee et  al. 2008). 
Bacteria associated with these nodules provide more than 90% of nitrogen supply to 
the plant or crop (Franche et al. 2009). Nitrogen fixing microorganism help the plant 
to improve its growth and yield under poor nitrogen supply soil surroundings, which 
are often associated to the resource full outcome that pulse or legume species have 
on other plant species (Mukherjee 2015c). Phosphate-solubilizing microorganisms 
(PSB) present in soil naturally or introduced artificially by various cultures, etc. 
help to solubilize adsorbed phosphorus by soil mineral complex through cation 
exchange mechanisms and have great capacity to encourage crop growth. Few 
works revealed that inoculation of this group of microbes into the root zone of many 
plant species led to increased uptake of phosphorus by the plants, besides higher 
growth (Kumar and Narula 1999). However, these microbes provide benefit indi-
rectly to plant, since soluble phosphorus is found in the soil solution and is not 
directly moved to the crop or plant (Rodrýìguez and Fraga 1999). In this context 
crops capable to employ larger densities of these microbes can gain a competitive 
benefit over others, mainly in soils where availability of phosphorus is scarce.

17.10.1  Mechanisms of Disease Suppression

Worldwide, plant protection and good crop strength are always a challenge by ris-
ing, reemerging, and widespread crop pathogens. The use of various agrochemicals 
in terms of weedicide, fungicide, etc. has led to ecological apprehensions and 
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pathogen resistance, forcing invariable expansion of new agents. Rhizospheric 
microorganisms that repress crop pathogens might be used as biocontrol agents and 
can be considered as an alternative to chemical pesticides. A number of sites of 
action for crop pathogen repression include direct inhibition of pathogen expansion 
through making antibiotics, hydrogen cyanides (HCN), toxins, and hydrolytic 
enzymes (chitinases, proteases, lipases) that degrade virulence factors or pathogen 
cell wall components (Whipps 2001; Compant et al. 2005). Antibiotics are a regular 
part of the defensive arsenals of microorganisms or bacteria, such as Pseudomonas 
species (e.g., Pseudomonas fluorescens strains) (Haas and Defago 2005) and 
Bacillus species (e.g., Bacillus subtilis) (Kim et al. 2003), in addition to fungal spe-
cies such as Trichoderma, Gliocladium, Ampelomyces, and Chaetomium (Kaewchai 
et al. 2009), and as a result, these organisms encompass immense potential for soil 
conditioning. Multifunctional organisms such as Trichoderma harzianum Rifai 
1295-22 emerge to augment crop growth by solubilizing phosphate and micronutri-
ent requisite by plants, such as iron and manganese, and also by suppressing plant 
pathogens. HCN production suppresses microbial development and may slow down 
pathogens such as root knot, bacterial canker, and black rot in tomato and tobacco 
(Lanteigne et  al. 2012). However, HCN might be harmful to crop by inhibiting 
energy metabolism and reducing root growth. A range of bacterial genera produce 
HCN, mainly Alcaligenes, Aeromonas, Bacillus, Rhizobium, and Pseudomonas spp. 
Pathogen suppression can also occur competitively through indirect inhibition. 
Selected fungi and bacteria create siderophores as iron-chelating agents particularly 
in iron deficiency, including Bradyrhizobium, Pseudomonas, Rhizobium, 
Streptomyces, Serratia, and Azospirillum (Lily et al. 2015). Other actions associated 
with disease repression include commencement of the plant’s individual defense 
system, known as induced systemic resistance (ISR). This ISR is triggered by vari-
ous volatile compounds released by PGP bacteria and fungi, ensuing an improved 
appearance of defense-connected genes in the host (Hossain et  al. 2007; Naznin 
et al. 2014). Soil-borne microorganisms interact with plant roots and soil constitu-
ents at the root-soil interface, where root exudates and rotting plant substances pro-
vide sources of carbon compounds for the heterotrophic biota (Bisseling et  al. 
2009). Once a seed starts to germinate, a relatively large quantity of carbon and 
nitrogen compounds, i.e., sugars, organic acids, amino acids, and vitamins, are 
excreted into the adjacent environment. This attracts a huge mass of microbes 
inducing forceful competition between the diverse species (Okon and Labandera- 
Gonzales 1994). Microorganisms affect activities of soilborne pathogens, mainly 
through competition, antibiosis, lysis, and hyperparasitism. Competition takes place 
for space and nutrients at the root surface. Antagonistic microorganisms can fre-
quently give a series of diverse antimicrobial secondary metabolites and/or extracel-
lular lytic enzymes. Direct postitive effect on crops are exerted by rhizosphere 
microbes through a phytostimulation and a biofertilization of crops these processes 
involve production of phytohormones, nonsymbiotic nitrogen fixation, and the raise 
of accessibility of phosphate and other nutrients in the soil (Burdman et al. 2000). 
Various crops are involved in a multifaceted system of connections with microbes; 
some of those are useful, others are harmful, but the previous are by far the largest 
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and still widely unexplored and complex part (Mukherjee 2016d). Benefits to crops 
from host-PGPR relations have been shown to include plant health and growth, 
repress disease-causing microorganisms, and speed up nutrient accessibility and 
absorption (Mantelin and Touraine 2004; Yang et al. 2009). These helpful things on 
vegetation can be achieved by the direct interaction between PGPR and their host 
plant and are also indirectly due to their antagonistic activity next to crop 
pathogens.

Soilborne microorganisms interact with plant roots and soil constituents at the 
root-soil interface, where root exudates and decaying plant material provide sources 
of carbon compounds for the heterotrophic biota (Bisseling et al. 2009). The num-
ber of bacteria in the rhizosphere (the narrow region of soil that is directly influ-
enced by root secretions and associated soil microorganisms) and rhizoplane (the 
external surface of roots together with closely adhering soil particles and debris) is 
higher than in the soil devoid of plants; this happens because soils devoid of plants 
are poor in many attractive substances secreted from the roots. As soon as a seed 
starts to germinate, large amounts of carbon and nitrogen compounds, i.e., sugars, 
organic acid, amino acids, and vitamins, are excreted into the surrounding environ-
ment. This attracts a large population of microorganisms inducing vigorous compe-
tition between the different species (Okon and Labandera-Gonzales 1994). 
Moreover, rhizosphere microbiomass typically differs between plant species 
(Bisseling et  al. 2009). Beneficial microorganisms are known to be biocontrol 
agents and/or growth promoters. There are several modes of action by which they 
can be beneficial to plant health, which can be related to an indirect or a direct posi-
tive effect. Microorganisms have indirect positive effects on plants, affecting 
adversely the population density, dynamics, and metabolic activities of soilborne 
pathogens, mainly through competition, antibiosis, lysis, and hyperparasitism. 
Competition takes place for space and nutrients at the root surface; competitive 
colonization of the rhizosphere and successful establishment in the root zone are 
prerequisites for effective biocontrol. Antagonistic microorganisms can often pro-
duce a range of different antimicrobial secondary metabolites and/or extracellular 
lytic enzymes. Hyperparasitism is well documented for Trichoderma; it involves 
secretion of chitinases and cellulases, contact with the pathogen, coiling of hyphae 
around the hyphae of the pathogen, enzymatic digestion of its cell wall, and penetra-
tion. Direct positive effects on plants are exerted by rhizosphere microorganisms 
through a phytostimulation and a biofertilization of plants; these processes involve 
production of phytohormones, nonsymbiotic nitrogen fixation, and increase of 
availability of phosphate and other nutrients in the soil (Burdman et al. 2000). Plants 
are involved in a complex network of interactions with microorganisms, some of 
those are beneficial, others are detrimental, but the former are by far the largest and 
still widely unexplored and complex part. Benefits to plants of host-PGPR interac-
tions have been shown to include plant health and growth, suppress disease-causing 
microbes, and accelerate nutrient availability and assimilation (Mantelin and 
Touraine 2004; Yang et al. 2009; Mukherjee 2016d). These effects on plants can be 
achieved by the direct interaction between PGPR and their host plant and areal, so 
indirectly due to their antagonistic activity against plant pathogens. Direct 
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stimulation includes several mechanisms such as production of 1- aminocyclopropa
ne- 1-carboxylate (ACC)-deaminase to reduce ethylene levels in the rhizosphere of 
developing plants; making crop growth regulators like auxins, cytokines, gibberel-
lins, and certain volatiles; biological nitrogen accumulation; solubilization of min-
eral like phosphorus and other nutrients; etc  (Desbrosses et  al. 2009). Indirect 
stimulation is associated with biocontrol, by means of an antagonistic action next to 
phytopathogenic microbes inducing plant systemic resistance responses, interfering 
in the bacterial quorum sensing (QS) systems, etc. A number of works demonstrate 
that PGPR can use more than one of these mechanisms for accomplishing crop 
growth augmentation (Bashan and Holguin 1997; Ahmad et al. 2008).

17.11  Conclusions

Various microorganisms and their diverse metabolic behaviors are of noteworthy 
value in terms of their sustainable existence on our planet, including reusing of ele-
ments and other compounds, on which primary productivity depends on. Microbes 
are indispensable in degradation of ecological wastes and restitution of tarnished 
ecosystems. Conservation of diversity of microbes in a microbial system is essential 
in the maintenance of species diversity of higher organisms and management of 
strategies such as plant disease management and nutrient management. Scheming 
the soil microflora to augment the predominance of beneficial and effective micro-
organisms can assist to improve and maintain the soil physicochemical aspect. The 
proper and customary trappings of natural amendments are often an important 
aspect of any strategy to exercise such control.
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Abstract
The concept of sustainable agriculture is a response to the decline in the quality 
of the natural resource base associated with modern agriculture. The relationship 
between agriculture, the global environment, and social systems suggests that 
agricultural development results from the complex interaction of a multitude of 
factors. Dependence on chemicals for further agricultural needs will result in 
future loss in soil physical condition, feasibility of water pollution, and calcu-
lated burden on the fiscal system. Inaugurating an ecological friendly parallel 
mechanism on earth is of vital importance. The exploitation of beneficial 
microbes as a biofertilizer has become paramount importance in agriculture sec-
tor for their potential role in food safety and sustainable crop production. This 
chapter focuses on the use of microbes as bioresource in agriculture which is the 
backbone of economies of most of the developing nations and specifically on the 
use of PGP microbes. The knowledge gained from the literature appraised herein 
will help us to understand the physiological bases of biofertilizers toward sus-
tainable agriculture in reducing problems associated with the use of chemical 
fertilizers.
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18.1  Introduction

The concept of agricultural sustainability although controversial is useful because it 
captures a set of concerns about agriculture which is conceived as the result of the 
coevolution of socioeconomic and natural systems (Altieri 1995). Agriculture is the 
backbone of mostly all developing economies, contributing to the whole economy 
of such nations and determining the general standard of life to a greater extent of 
50% and so of the population. Soil productivity is a significant factor for success of 
agricultural production rather than soil fertility (Day and Bassuk 1994). Status of 
nutrients existing in the soil and its physical ability determines the fecundity of soil 
(Stine and Weil 2002; Onduru et al. 2006). The intensive agricultural technologies, 
which ensured a “green revolution” in the middle of the twentieth century, had an 
unpredictably high biological expenditure, contributing to worldwide pollution, bad 
climate change, and loss of biodiversity (Vance 1998). Very few soil microflora have 
been extensively used as plant growth-promoting agents including Rhizobia, 
Azospirillum, mycorrhizal fungi, and bioagents. Soil microbial gathering is multi-
plex and dynamic and varies in composition among dissimilar levels and compart-
ments, which represents a real challenge in soil ecology. These microbes are known 
for their ability to fix atmospheric nitrogen in association with plants forming nod-
ules in roots. They belong to the family Rhizobiaceae, are symbiotic, and can fix 
nitrogen 50–100 kg/ha in association with pods only (Azevedo et al. 2000). Irrigation 
problems, fragmented land holdings, seed problems, and lack of market understand-
ing are some of the challenges faced in order to follow the concept of sustainable 
agriculture in India.

18.2  Microbial Biotechnology and Its Application 
in Agriculture

Microbes are extremely diverse and comprise of bacteria, archaea, and almost all 
the protozoans. They also include algae, fungi, and few animals like rotifers. 
Microbes are cosmopolitan in biosphere, present in soil and hot springs be it 7 miles 
in deep sea or 40 miles high in the atmosphere. This fact is based on “applied coevo-
lutionary research” (Arnold et al. 2010), representing the environment molecular 
chemical process for communal adaptation and equivalent evolution of plant and 
microbial partners. Now progressive attention has been compensated to the devel-
opment of sustainable agriculture in which the high productivities of plants and 
animals are ensured by means of their earthy adaptational potentials, with a negli-
gible perturbation of the environment (Noble and Ruaysoongnern 2010). The future 
of progress of agricultural microbiology envisages very few important environmen-
tal and hereditary challenges obligatory by the broad application of symbiotic 
microbes. This study stands upon the pillar of “applied coevolutionary research” 
(Arnold et al. 2010), suggesting the ecological and chemical mechanisms for com-
mon adaptation and equivalent evolution of plant and microbial partner.
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The wide application of microorganisms in sustainable agriculture is due to the 
genetic reliance of plants on the beneficial functions given by symbiotic cohabitants 
(Noble and Ruaysoongnern 2010). The best studied genetic models for nutritional 
symbioses are two-partite plant-microbe family, such as the N2-fixing legume- 
Rhizobia nodular symbioses (Franche et al. 2009). Taxonomically, the diversity of 
Rhizobia (over 20 distinct lineages of α- and β-proteobacteria), which diverged 
from a universal relative a lot before the legume hosts originated (Balach et  al. 
2007), assume that few Rhizobia may ignite the nodular symbiosis avoiding the Nod 
factor-dependent pathway (Masson-Boivin et al. 2009). Rhizobium, Azospirillum, 
and Azotobacter being the common nitrogen fixers along with cyanobacteria and 
phosphate-solubilizing bacteria like B. magaterium and Pseudomonas striata, and 
phosphate-mobilizing mycorrhiza are widely accepted as biofertilizers. The con-
solidation of biofertilizers (N-fixers) plays key function in rising soil fertility, yield 
attributing characters, and thereby final yield. In addition, their utilization in soil 
minimizes the extent use of chemical fertilizers (Mishra et al. 2013).

Thus, there is a basic need to improve the efficiency and fulfill the deficient 
amounts of external inputs by putting to work the finest combinations of valuable 
bacteria in sustainable agrifield production systems (Hayat et al. 2010). Although 
organic farming has been demonstrated to supply high organic matter inputs to soil 
with reduced reliance on synthetic compost and pesticides, the high reliance on till-
age for organic production can reduce soil and water conservation through erosion 
and compaction (Peigné et al. 2007).

18.2.1  Biofertilizers

The term biofertilizer represents everything from organic fertilizer to plant resi-
dues that contain living microorganisms, colonize the rhizosphere of the plant, 
and increase the availability of primary nutrients and growth stimulus to target 
crop (Bhattacharjee and Dey 2014). Agriculture is the socialization of plants, ani-
mals, and many more life forms for food, fibers, biofuels, and additional payload 
for the well-beingness of human existence (Roychowdhury et al. 2014). Increasing 
the use of chemical fertilizers in agriculture makes country self-dependent in food 
production, but it deteriorates environment and causes negative impacts on living 
beings. The surplus use of chemical fertilizers in agriculture is costly and also has 
various adverse effects on soils as depletion of water holding capacity, soil fertil-
ity, and disparity in soil nutrients (Youssef and Eissa 2014). To contract with low 
cost- effective and eco-friendly fertilizers which work without disturbing nature, 
certain species of microorganisms are widely used which have unique properties 
to provide natural products and serve as a good substitute of organic fertilizers 
(Deepali and Gangwar 2010). Biofertilizer can also make plants resistant to 
adverse environmental stresses. Control of root-knot disease of soybean caused 
by Meloidogyne javanica may be explored through the use of BAU (biofungicide) 
and BINA (fertilizer) for eco-friendly management avoiding chemical nematicides.  
The suitable application and use of biofertilizers will not merely have an impact 
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on sustainable agriculture’s economic growth, but it will also supply boost to a 
sustainable ecosystem and holistic well-being (Bhattacharjee and Dey 2014). 
Biological soil distinctiveness such as microbial biomass, ecosystem structures, 
activities, and functions may offer considerable information on ecological and 
anthropogenic influences on agricultural soils (Hartmann et al. 2006).

Biofertilizers are essential components of incorporated nutrient management. 
These potential biological fertilizers would play a key role in efficiency and sustain-
ability of soil and also conserve the environment as eco-friendly and cost-effective 
inputs for the farmers. Organisms that are commonly used as biofertilizer compo-
nents are nitrogen fixers (N-fixer), potassium solubilizer and phosphorus solubi-
lizer, or with the combination of molds or fungi. India is one of the foremost 
countries in biofertilizer manufacture and utilization. In order to promote the eco- 
friendly practices in agriculture by biofertilizers, five biofertilizers, namely, 
Rhizobium, Azotobacter, phosphate-solubilizing bacteria, Azospirillum, and mycor-
rhiza, have been included in the FCO (Pindi 2012). Beneficial microorganisms in 
biofertilizers speed up and advance plant growth and protect plants from pests and 
diseases (El-Yazeid et al. 2007). Living microorganisms have specific functions to 
reinforce plant growth and so are being used in the preparation of biofertilizer. 
Microorganism converts composite nutrients into uncomplicated nutrients for the 
availability of the plants (Sahu et  al. 2012). If the microbial inoculants are not 
applied properly, the benefits from the biofertilizer might not be obtained. 
Throughout widely accepted application, one should always remember that most of 
the microbial biofertilizers are heterotrophic, i.e., they cannot prepare their own 
food and depend upon the organic carbon of soil for their energy requirement and 
growth. Additionally, biofertilizers can proceed as a renewable addition to chemical 
fertilizers and organic manures. They have the ability to create natural resistance in 
plants against pests and soilborne diseases, because antibodies are formed and ben-
eficial microorganisms contribute in the soil to increase fertility. The microorgan-
isms intended for the biofertilizer are bacteria of Pseudomonas, Bacillus, and 
Lactobacillus, photosynthetic bacteria, nitrogen-fixing bacteria, fungi of 
Trichoderma, and yeast. Rhizobium is the most studied and important genera of 
nitrogen-fixing bacteria (Odame 1997).

The chemical fertilizers and pesticides have remarkable harmful long-term resid-
ual effect not only on the soil health and crop productivity but also on the level of 
contamination of the groundwater level. Eventually, they are integrated into the 
food chain in the ecosystem that causes human health hazards. Unlike chemical 
pesticides and fertilizers, biopesticides and biofertilizers contain viable population 
of the selected microbes which may be colonized in the soil ecosystem (Datta 2012). 
The use of biofertilizer, against chemical fertilizers, offers cost-effective and eco-
logical remuneration by way of soil health and efficiency to farmers. Thus, biofertil-
izers can be expected to reduce the use of chemical fertilizers and pesticides (Sahu 
et al. 2012).
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18.2.2  Biopesticides

In the past 50 years of history, the pesticides have played a crucial role in increasing 
the agricultural productivity all over the world. But the extensive uses of chemical 
pesticides have adverse effects on human health. Indiscriminate use of chemical 
pesticides contributed in failure of soil productivity along with addition of salts to 
the soil. In recent years, crop protection based on biological management of crop 
pests with microbial pathogens like virus, bacteria, fungi, and nematodes has been 
accepted as a valuable tool in pest management (Anand et al. 2009). Biopesticides 
are prepared from naturally occurring substances that manage pests by nontoxic 
mechanisms and in eco-friendly manner. They may be extracted from animals (e.g., 
nematodes), plants (Chrysanthemum, Azadirachta), and microbes (e.g., Bacillus 
thuringiensis, Nuclear polyhedrosis virus, Trichoderma) and include living organ-
isms (natural enemies) and their products (microbial and phytochemicals products) 
or by-products (semichemicals) (Mazid et al. 2011). The appropriate use of eco- 
affable microbial biopesticide can be engaged in recreation of sustainable organic 
crop production by providing a stabile pest management program. Thus, microbial 
biopesticides are those microorganisms that promote plant growth by controlling 
phytopathogenic agents through an extensive diversity of mechanisms such as pro-
duction of antibiotics, siderophores, HCN, production of hydrolytic enzymes, and 
obtained and induced systemic resistance (Chandler et al. 2008). Biopesticides play 
very important role in reducing the environmental issues such as harmful residues 
left in food, feed, and fodder which cause environmental pollutions as well as reduce 
the use of chemical pesticides which cause hazardous effects on soil fertility, and 
most of the countries have amended their policies to ensure minimal use of chemi-
cal pesticides and encourage the use of biopesticides. Although the potential use of 
biopesticides and biofertilizers for promoting sustainable agriculture has been rec-
ognized for years, their demands have increased now in view of the organic farming 
to produce safe and healthy food.

Biopesticides can be broadly categorized into three major classes:
Table 18.1 shows the different biopesticides derived from natural materials such 

as animals, plants, bacteria, and certain minerals. For example, canola oil and bak-
ing soda have pesticidal applications and are considered biopesticides.

Biopesticides or natural pesticides based on pathogenic microbes being precise 
to a target pest offer an ecologically sound and effective solution to pest problems. 

Table 18.1 Important microorganisms used as biopesticides

S. No. Types Included substances Examples
1 Microbe-based 

biopesticides
Bacterium, fungus, virus, 
protozoan, or algae

Bacillus thuringiensis 
or Bt

2 Chemical-based 
biopesticides

Plant extracts, fatty acids, or 
pheromones

Redolence plant extract

3 Plant-incorporated 
protectants(PIPs)

Genetically engineered/cry 
gene

Production of cry 
protein
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The majority of widely known microbial pesticides are varieties of the bacterium 
Bacillus thuringiensis, or Bt, which can kill certain insects in cabbage, potato, and 
additional crops. Bt generates a protein that is unsafe to particular insect pests. The 
most commonly used biopesticides, i.e., living organisms, are pathogenic for the 
pest of interest. These comprise biofungicides (Trichoderma), bioherbicides 
(Phytophthora), and bioinsecticides (Bacillus thuringiensis) (Mazid et  al. 2011). 
Conventional pesticides, by contrast, are generally man-made resources that directly 
destroy or inactivate the pest (Datta 2012). The pesticide-induced diseases are 
autism, asthma and learning disabilities, reproductive misfunction and birth defects, 
diabetes, Parkinson’s and Alzheimer’s diseases, and several types of cancer (Owens 
et al. 2010). The use of eco-friendly biopesticides is an effective tool to overcome 
these problems.

18.2.3  Bioherbicides

Bioherbicides have shown huge potential as a renewable and eco-friendly source of 
increasing crop yield. They are prepared by using live formulations of valuable 
microorganisms. When it is added to seed, root, or soil, it mobilizes the availability 
and utility of the microorganisms and thus improves the soil health. Bioherbicides 
offer a sustainable, minimum cost, and environmentally friendly approach to bal-
ance conventional process that helps meet to necessitate for new weed executive 
strategies (Boydston et al. 2008). The term bioherbicide is used for herbicides based 
on several living organisms (e.g., fungi, bacteria, viruses, protozoa). When growing 
seeds are in touch with the herbicide, the increase of emerging roots and/or shoots 
is repressed, but preemergent herbicides might not be valuable without good contact 
with germinating weed seeds (Altland et al. 2003).

Many plants which are used as bioherbicides are also the important producers of 
essential oils in the world (Table 18.2). The conventional biological approach pres-
ents a natural foe that spreads throughout the region where the target weed is present 
(Frantzen et  al. 2001). The classical approach is subjected to stern regulations 
because of the introduction of potentially destructive pathogens to agricultural 
invention. The bioherbicide access relies on natural enemies imbibed within the 
native range of the weed to raise significant harm to the weed and cut down the 
negative impact on crop yield (Frantzen et al. 2001). Onen et al. (2002) quoted that 
the essential oils extracted from leaves and flowers of five diverse plant species 
(Mentha spicata subsp. spicata, Artemisia vulgaris, Salvia officinalis, Ocimum 
basilicum, Thymbra spicata subsp. spicata) were enormously phytotoxic to seed 
germination and seedling growth of eight weed species from diverse families 
(Cardaria draba, Agrostemma githago, amaranth, Echinochloa crus-galli, 
Chenopodium album, Reseda lutea, Rumex crispus, Trifolium pratense) (Cai and 
Gu 2016).
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18.3  Need of Beneficial Microbes

The microbial world is the largest unknown reservoir of multifariousness on earth. 
They comprise of the prevalent living mass on the planet earth (Russo et al. 2012). 
To advance the sustainability of existing agricultural system and to provide a higher 
quality to our agricultural merchandise, beneficial microbes are used (Adhya et al. 
2015). The responsible use of native microorganisms to get monetary, social, and 
environmental asset is inherently striking and determines a magnificent evolution of 
research from traditional technologies to modern techniques to provide a capable 
system to protect environment and new methods of environmental monitoring (Cai 
et al. 2013). Figure 18.1 depicts the different roles played by the microorganisms in 
maintaining the sustainability of the ecosystem.

18.3.1  In Remediation

At a specified position, many factors influence the pace of biodegradation process, 
namely, soil moisture, soil pH, and availability of oxygen, accessibility of nutrients, 
pollutant concentration, and occurrence of suitable microbe. At higher rates, many 
hydrocarbons are easily degradable during aerobic metabolism, and only few hydro-
carbons are biodegradable through anaerobic metabolism at comparatively lower 
rates. Native microbes are inhabited by aquatic plus oil-bearing deep subsurface 
environments. Oxygen is the key aspect that plays a crucial part in the biodegrada-
tive process.

Table 18.2 Plants used as bioherbicides

S. No. Plants Scientific name Family
Industrially/pharmaceutically 
important compound

1 Eucalyptus Eucalyptus spp. Myrtaceae Pharmaceutical, antiseptic, 
repellent, flavoring, 
fragrance, and industrial uses

2 Lawson 
cypress

Chamaecyparis 
Lawsoniana

Cupressaceae Broom, hedge, resin, wood

3 Rosemary Rosmarinus 
Officinalis

Lamiaceae Herbal oil (indigestion, stress 
relief, pain relief, immune 
system boost, and more)

4 White cedar Thuja Occidentalis Cupressaceae The neurotoxic composite 
thujone

5 Amaranth Amaranthus 
Retroflexus

Amaranthaceae Cosmetics, shampoos 
pharmaceuticals, rubber 
chemicals

6 Purslane Portulaca Oleracea Portulacaceae Abnormal uterine bleeding, 
asthma, diabetes, oral lichen 
planus

7 Knapweed Acroptilon Repens Asteraceae Stimulant, styptic

18 Microbes: Bioresource in Agriculture and Environmental Sustainability
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18.3.2  As a Biofertilizer

Indigenous microorganisms (IMOs) are a set of innate microbial consortium that 
inhabits the soil and the surfaces of the whole living things inside and out which 
have the capability in biodegradation, N2 fixation, phosphate solubilizers, improv-
ing soil fertility, and plant growth promoters. Indigenous microorganisms don’t 
contain a single culture of beneficial microorganisms but a combination of dissimi-
lar advantageous microbes; it is a village of good bacteria that are living mutually in 
harmony with the rest of the environment. They create the optimum and favorable 
environment to improve and maintain soil flora and soil fauna in addition to the 
other microbes which in turn hold up the significant life of higher foliage and ani-
mals including humans.

18.3.3  Bioleaching

Bioleaching refers to the exchange of solid metal values into their water-soluble 
forms by the exercise of microorganisms. For example, in the case of copper, copper 
sulfide is microbially oxidized to CuSO4, metal values are present in the aqueous 
phase, and the left over solids are discarded. The mass of naturally occurring 

Bio-fertilizer

Bio-
degradation

Bio-
remediation

Bio-
composting

Bio-leaching

Natural
farming

Indigenous
microorganisms

Fig. 18.1 Applications of microbes in a sustainable ecosystem
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bacteria and fungi executes frequent physiologically important reactions that enable 
them to grow and reproduce. Mineralytic effects of bacteria and fungi on minerals 
are mainly based on three ideologies, acidolysis, complexolysis, and redoxolysis 
(Mishra et al. 2005). The entrapment of metal cations from insoluble ores through 
complexation and biological oxidation operation is referred to as bioleaching 
(Rohwerder et al. 2003). Bacterial leaching which is similar to any additional pro-
cess concerning living beings is influenced by environmental, biological, and physi-
cochemical factors that involved in the yield of metal extraction (Torma 1977; 
Lundgren and Silver 1980). Currently, the standard leaching bacteria correspond to 
the genus Acidithiobacillus (formerly Thiobacillus). Few microbes used for biole-
aching are mentioned in Fig. 18.2 (Kelly and Wood 2000).

18.3.4  Biodegradation

Soil contamination which is on rise due to industrial and urban wastes generated by 
the human activities is of huge environmental concern (Ghosh and Singh 2005). 
One of the chief environmental hazards is the slow/least rate of deprivation or non- 
biodegradability of the organic resources under natural state, e.g., plastics (Sangale 
et al. 2012). Various forms of plastics such as nylon, polystyrene, polyethylene tere-
phthalate, polycarbonate, polyurethane, polyethylene, polypropylene, polytetraflu-
oroethylene, and polyvinyl chloride are being constantly used in our day-to-day life 
(Smith 1964). The biodegradation through microorganisms such as bacteria, fungi, 
and algae is a usual process of degrading materials (Rutkowska et al. 2002). In this 
procedure, a range of dissimilar types of microbes are needed, in which one must 
lead to disruption of the polymer into their minor constituents, one utilizes the 
monomers and expel simple waste compounds as by-products, and one uses the 
expelled waste. Xenobiotic compounds are also present in the surroundings, and 
they are highly thermodynamically stable. The main concern with xenobiotic com-
pounds is the toxicity risk they cause to public health. Various lethal effects on 

Fig. 18.2 A list of some identified potential microorganisms concerned in bioleaching
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humans such as severe carcinogenic, teratogenic, and mutagenic effects are exhib-
ited through xenobiotic compounds. Microorganisms play a chief role in degrada-
tion of xenobiotics. They convert toxic contaminants into less hazardous or 
nonhazardous substances. Examples of anaerobic and aerobic xenobiotic degrada-
tive microbes are Pseudomonas, Gordonia, Bacillus, Rhodococcus, Moraxella, 
Micrococcus, Escherichia, Pandoraea, and Sphingobium, and anaerobic xenobiotic 
degradative bacteria are Methanosaeta desulfotomaculum, Pelotomaculum, 
Syntrophobacter, Methanospirillum desulfovibrio, and Syntrophus (Varsha et  al. 
2011; Chowdhury et al. 2008).

18.3.5  Bio-composting

India produces an average of 270 million tons of liquid effluent which is discharged 
to rivers or sea every year (Zeyer et al. 2004). During the production of sugar prod-
ucts such as pressmud, bagasse and sugarcane residues are produced. Methane 
embraces one of the six greenhouse gases accountable for the global warming that 
must be condensed, in order to undertake climate change. About 30% of the global 
anthropogenic emissions of methane to the atmosphere is released from landfills. 
The notion of recycling waste nutrients and organic material back to agricultural 
land is possible and desirable (Tweib et al. 2011).

18.3.6  Natural Farming

Lactic acid bacteria are omnipresent microorganisms that can be beneficial in crops 
and livestock production. LAB (lactic acid bacteria) have been documented as 
harmless for human consumption (Ikeda et al. 2013) and used in food maintenance 
since years ago by countless world cultures. LAB are used with IMOs (indigenous 
microorganisms) in usual farming in making compost used for soil preparation prior 
to planting. LAB are extensive in nature and are valuable probiotics for our diges-
tive systems. They are among the majority of important groups of microbes used in 
fermentation of food, enhancing to the texture and taste of fermented stuffs and 
inhibiting food spoilage caused by other microorganisms (Ikeda et al. 2013).

18.4  Other Potential Roles Played by Microorganisms

The soil rhizosphere is a huge reservoir of microbial diversity. Microbes perform 
plentiful metabolic functions vital for their own maintenance and can assist the 
biosphere directly or indirectly through nutrient recycling, environmental detoxifi-
cation, soil health improvement, wastewater treatment, etc. (Sengupta and Gunri 
2015). The cooperative genome of rhizosphere microbial population of invasive 
plant roots is bigger in comparison to that of plants and is referred to as microbiome 
(Bulgarelli et al. 2013).
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18.4.1  Plant Growth Producer and Regulators (PGPRs)

PGPRs assist in solubilization of mineral phosphates and other nutrients, improve 
resistance to stress, stabilize soil aggregates, and advance soil constitution and 
organic matter content. PGPRs keep hold of more soil organic N and additional 
nutrients in the plant-soil system; thus, they help in dropping the need for N and P 
fertilizer and enhance the rate to let go of the nutrients. Some of the associative and 
free-living rhizosphere bacteria apply valuable effects and improve growth of sev-
eral crop plants; therefore, they are called plant growth-promoting Rhizobacteria 
(PGPR) (Kloepper et al. 1980; Bashan and Holguin 1998). The most possible can-
didates for PGPR are Herbaspirillum spp. and Acetobacter diazotrophicus for sug-
arcane (Baldani et  al. 1997); Azoarcus spp. for kallar grass; and species of 
Arthrobacter, Alcaligenes, Acinetobacter, Serratia, Streptomyces, Azospirillum, 
Bacillus, Agrobacterium, Enterobacter, Herbaspirillum, Klebsiella, Pseudomonas, 
Burkholderia, Cellulomonas, Frankia, Rhizobium, Bradyrhizobium, Pantoea, 
Pseudomonas, and Thiobacillus for different legumes and nonlegumes.

18.4.2  Phosphorous (P) Solubilization

Phosphate-solubilizing microorganisms include several bacteria and growth 
medium containing tricalcium, iron, and aluminum phosphate, hydroxy apatite, 
bone meal, rock phosphate, and some insoluble phosphate compounds (Bhattacharjee 
and Dey 2014). There are considerable populations of phosphate-solubilizing bac-
teria in soil and in plant rhizospheres. These include both aerobic and anaerobic 
strains, with a dominance of aerobic strains in submerged soils (Roychowdhury 
et al. 2014). Bacteria are more effective in phosphorus solubilization than in fungi 
(Alam et al. 2002). The use of phosphate-solubilizing microorganisms boost crop 
yields up to 70%. Combined inoculation of arbuscular mycorrhiza and phosphate- 
solubilizing bacteria enhanced uptake of equally native P from soil and P coming 
from the phosphatic rock. There are significant populations of phosphate- solubilizing 
bacteria in soil and in plant rhizospheres. The most resourceful PSM belong to the 
genera Bacillus and Pseudomonas among bacteria and Aspergillus and Penicillium 
among fungi. There are seven genera of these fungi that produce arbuscular mycor-
rhizal symbiosis with plants. They are Glomus, Gigaspora, Scutellospora, 
Acaulospora, Entrophospora, Archaeospora, and Paragonimus.

18.4.3  Microbes in Bioremediation

The frequent urbanization and industrialization over the precedent many decades 
have resulted in contamination of all the components of the atmosphere, that is, air, 
water, and soil including our food. As is clear from the word itself, bioremediation 
involved two components: first, “the bio,” i.e., the live component, and, second, 
“remediation,” i.e., the management of the pollutant. The word denotes the 
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occurrence of some pollutant in the matrix which is to be remediated. The petroleum- 
based products are major basis of energy for industries and daily life. So, accidental 
spills and leakages from oil tankers and ships occur frequently during the transpor-
tation. Its contamination negatively influences the soil microorganisms and plants, 
as well as polluted groundwater that can be used for consumption or farming. 
Recently, bioremediation is the most rising technology for treatment of petroleum- 
tainted sites. It is commercially useful and leads to deprivation or full mineralization 
of contaminants. Bioremediation technology is primarily based on biodegradation.

18.4.4  As Source of Bioenergy

In the current scenario, biofuels are receiving much attention worldwide because of 
early depletion of fossil fuels and their negative effect on global climate alteration 
through greenhouse gas emissions (Lang et al. 2001; Lee et al. 2010). The exercise 
of fossil fuels, particularly oil and gas, has accelerated in current years, and this 
triggers a global energy crisis. Renewable bioenergy is assumed as one of the ways 
to improve the current global warming calamity (Du et al. 2007). Currently, micro-
algae and Cyanobacteria intentionally supposed as the most promising candidates 
for the creation of different sources for biofuels (Sheehan et al. 1998). It is also 
predicted that microalgae and Cyanobacteria are capable to generate about ten 
times extra biodiesel per unit area of land than a distinctive terrestrial oleaginous 
crop (Chisti 2007; Rosenberg et al. 2008). Electrical energy was created from living 
cultures of Escherichia coli and Saccharomyces by using platinum electrodes. 
Moreover, they have simple growth necessities such as carbon dioxide, sunlight, 
and additional inorganic nutrients. Microalgae and Cyanobacteria can produce and 
accumulate huge quantities of neutral lipids (20–50% dry weight of biomass) and 
grow at elevated rates. Microalgae and Cyanobacteria sequester CO2 from flue 
gases are released from fossil fuel-fired power plants and other sources, thus drop-
ping emissions of a major greenhouse gas (1 kg of dry microalgal biomass utilizes 
about 1.83 kg of CO2) (Brennan and Owende 2010; Mutanda et al. 2011; Rawat 
et al. 2013).

18.4.5  Microbes as Biotic Elicitors

Plants are known as the major basis of medicinally important compounds. 
Numerous plant products are used as pharmaceuticals, pigments, herbicides, etc. 
There are two types of elicitors: general elicitors and race-specific elicitors. While 
general elicitors are able to activate resistance together in host and nonhost plants, 
race-specific elicitors persuade defense responses important to disease confronta-
tion only in specific host cultivars. Elicitor treatment is one of the effective 
approaches for improving secondary metabolite production in in vitro plant cell 
culture (Sivanandhan et al. 2011).
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18.4.6  Microbial Responses in Stress Agriculture

Climate change is one of the key issues that frequently affects the root activity, pho-
tosynthesis, functioning, and general morphology of the plant specimens plus their 
interactions. Alteration in the type of weather not only affects the prospective crop 
yield, but it may also alter the activities of pests and pathogens (Bhattacharyya et al. 
2016). The microbial world is the major unexplored pool of biodiversity on earth. 
Bacteria, fungi, algae, protozoa, actinomycetes, and the infectious agents such as 
viruses are the things within the enormous resources of activities of microbial diver-
sity (Andreote et al. 2014) (Fig. 18.3).

18.5  Conclusion

Go Green is what we all have learned from our past endeavors. This review has 
taught us to go back to our basics. Everything that we want to live is provided by 
nature. The necessity of the hour is to explore the vast pool of microorganisms and 
use them with the help of the latest scientific technologies to warfare the problems 
of agriculture and environment. The microbes are beneficial to mankind; it is on us 
whether we use them in a constructive or destructive way. They help to maintain the 
sustainability of the atmosphere and make us help to make this earth a healthy place 
to live in.

Environment
climate chemistry

Resource availability
stress Disturbance

Life Strategies

Survival and competition Microbial community
composition diversity

Microbial Processes

Physiological state
activity growth

Resource allocation

Fig. 18.3 Flowchart presenting the link among environmental drivers, microbial physiology, 
community composition, and ecosystem processes
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19Arbuscular Mycorrhizal Symbiosis: 
A Promising Approach for Imparting 
Abiotic Stress Tolerance in Crop Plants
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Abstract
Arbuscular mycorrhizal (AM) fungi form symbiotic association with a majority 
of plant species and act as a bridge between soil and plants, improving both plant 
health and soil fertility. In the recent decade, several studies have highlighted the 
potential of using such beneficial microbes in bioremediation practices where 
AM fungi not only improve overall soil structure and fertility but also help in the 
adaptation of plants in regions facing abiotic constraints including drought stress, 
salinity stress and heavy metal stress. AM fungi also establish effective symbio-
sis with legumes which are the key nitrogen fixers in the agricultural land, thereby 
improving legume-rhizobial symbiosis and nitrogen fixation process even in 
severely disturbed environments. Based on recent available literature, this chap-
ter summarizes (1) the probable underlying mechanism(s) at biochemical and 
molecular level adopted by AM fungi in imparting stress resistance in plants 
against salinity, drought stress and HM stress and (2) major prospects to be taken 
in the future in the current direction.
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19.1  Introduction

Plants represent a very dynamic system, reflecting a great capacity for adaptation in 
constantly fluctuating surroundings. This ability is particularly advantageous in the 
areas that are prone to intensive agriculture or biotic or abiotic vagaries. Among 
abiotic stresses, drought stress, soil salinity and accumulation of heavy metals (HM) 
in the soil are one of the major grounds of diminished plant performance and 
restrained crop yield worldwide. These stresses, particularly the abiotic ones, are 
expected to be intensified by the use of global crop production chains (López-Ráez 
2016). In response, plants modify their root morphology, ultrastructure (Fusconi 
and Berta 2012) which may modulate their physiology and biochemistry to limit 
stress-induced damages and/or facilitate the repair of damaged systems (Patakas 
2012; Latef et al. 2016). Various research efforts are being aimed (1) at developing 
strategies that could make agriculture more resilient and (2) mitigating the stress 
effects on crop yield which include selection of stress-adapted crop varieties and 
introduction of improved soil management and irrigation techniques (Campbell 
2012; Chitarra et al. 2016). In addition, among the sustainable efforts, the role of 
root-associated microbes especially arbuscular mycorrhizal (AM) fungi in impart-
ing stress tolerance has been exploited by many researchers in the recent years 
(Evelin et al. 2009; Garg and Chandel 2010; Hajiboland et al. 2010; Garg and Singla 
2012; Ruiz-Lozano et al. 2012a; Kapoor et al. 2013; Garg and Pandey 2015; Garg 
and Bhandari 2016a, b).

AM fungi, belonging to the phylum Glomeromycota (Schüβler et  al. 2001; 
Schüβler 2014), are the obligate biotrops that have been documented to form sym-
bioses with the roots of more than 80% of terrestrial plant species (except in the 
plants belonging to families Amaranthaceae, Brassicaceae, Proteaceae, 
Commelinaceae, Polygonaceae, Cyperaceae, Juncaceae and Chenopodiaceae). 
They are ubiquitous soilborne fungi, whose origin and divergence dates back to over 
450 million years (Redecker et al. 2000; Schüßler and Walker 2011; Gutjahr and 
Parniske 2013; Barea et al. 2014). Their association with host plant enhances min-
eral nutrition in exchange for the uptake of carbon (C) compounds derived from the 
photosynthetic process (Bucher et al. 2014) which results in positive host growth 
responses even under stressful conditions (Balestrini et al. 2015; Balestrini 2016). 
In general, it has been estimated that approximately 20% C of net primary produc-
tivity is allocated to AM fungus (Valentine et al. 2013; Fellbaum et al. 2014; Bücking 
and Kafle 2015) which is used to maintain and extend its hyphal network in the soil 
and in turn provide a majority of the plant nutrients (Leake et al. 2004; Ahanger 
et al. 2014).

Plant root, formation of fungal intraradical structures within roots (i.e. arbus-
cules and vesicles) and an extraradical mycelium (ERM) in the soil constitute 
important components of mycorrhizal symbiosis. The development of a functional 
mycorrhizal symbiosis requires a fine-tune coordination between the two partners 
(i.e. AM fungi and host plant) involving a series of recognition events leading to the 
morphological and physiological integration of these symbionts (Gianinazzi et al. 
1995; Bucher et  al. 2014). Primarily under nutrient-deficient conditions, this 
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communication leads to the establishment of association that starts in the rhizo-
sphere with the production and exudation of signalling molecules – strigolactones 
(SL) by the host plants – which are recognized by AM fungi, thereby stimulating 
their hyphal growth (Matusova et al. 2005; Gomez-Roldan et al. 2007; López-Ráez 
et al. 2012; Ahanger et al. 2014) and giving rise to the so-called pre-symbiotic stage. 
In response, plants perceive diffusible fungal signals called ‘Myc factors’ at the 
plant plasma membrane due to lysine-motif (LysM) receptor kinases (Antolın- 
Llovera et al. 2012; Broghammer et al. 2012; Oldroyd 2013) that actively prepare 
the intracellular environment and induce symbiosis-specific responses in the host 
root, even in the absence of any physical contact (Parniske 2008; Genre and Bonfante 
2010) ultimately leading to the formation of a highly branched, swollen and flat-
tened characteristic fungal structure called appressorium on the root epidermal cells 
(Smith and Read 2008; Genre 2012). This event marks the initiation of the symbi-
otic phase of the interaction. Consequently, fungal hyphae penetrate into host roots, 
which are characterized by localized production of wall-degrading hydrolytic 
enzymes by the fungus and by the exertion of hydrostatic pressure by the hyphal tip 
(Kapoor et al. 2013). Colonization then progresses further to produce a characteris-
tic tree-like structures – ‘arbuscule’ – which develop within the root cortical cells 
where the exchange of C from the host and nutrient from fungus occurs (Parniske 
2008; Gutjahr and Parniske 2013; Barea et al. 2014). In addition, vesicles are also 
formed by some fungal species that serve as a storage structure. Following root 
colonization, AM fungi form extensive mycelial networks outside the root, i.e. 
ERM that helps in the acquisition of mineral nutrients from the strata, particularly 
those nutrients whose ionic forms have poor mobility or are present in low concen-
tration in the soil solution such as phosphate and ammonia (Barea et al. 2014, 2005). 
As a consequence, they are being used as bio-fertilizers for enhancing plant growth 
and biomass production under stressful conditions, although at the moment at a 
lesser extent than conventional methods (Duhamel and Vandenkoornhuyse 2013; 
López-Ráez 2016). However, the exact mechanism(s) via which mycorrhizal fungi 
impart stress tolerance is still unknown. Thus, the present chapter appraises the 
probable underlying mechanism(s) of AM fungi that imparts tolerance to plants 
against various abiotic conditions (drought, salinity and HM toxicity).

19.2  AM Fungi and Drought Stress

Water stress may occur either due to excess of water (i.e. flooding) or water-deficit 
(i.e. drought stress) conditions. In the latter condition, the absence of adequate 
water table which is required for normal plant growth, development and reproduc-
ibility results in drought/water stress (Hasanuzzaman et al. 2013; Latef et al. 2016). 
It causes the dehydration of cells and osmotic imbalance (Mahajan and Tuteja 2005; 
Karthikeyan et al. 2016). In order to cope up with water-deficient conditions, plants 
have evolved a number of strategies all aimed for the optimization of water use such 
as morphological adaptations, stomatal closure to prevent leaf water loss, regulation 
of hydraulic conductivity, osmotic adjustment, reduction of growth and 
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photosynthesis rate (López-Ráez 2016). In addition, to protect themselves and 
counteract the devastating effect of the stress, plants have developed mechanisms 
which involve induction of stress-responsive genes and proteins.

In addition, a growing evidence indicates that association with AM fungi can 
improve overall plant growth and reproducibility by improving root length, leaf 
area, plant biomass, plant tissue hydration and nutrient uptake under water-deficit 
condition (Al-Karaki et al. 2004; Nasim 2010; Kapoor et al. 2013), thus imparting 
drought resistance (Fig.  19.1). Several authors have attributed AM-mediated 
improvement in plant growth to the formation of extensive hyphal network and 
secretion of glomalin that not only enhances water uptake and nutrient acquisition 
but also enriches soil structural development, and stabilizes aggregate and soil 
structure, thus improving soil build-up (Augé 2001; Rillig 2004; Miransari 2010; 
Pagano 2014; Latef et al. 2016). The major mechanisms adopted by AM fungi in 
alleviating drought stress include direct uptake and translocation of water and min-
eral nutrients, improved osmotic adjustment, gas exchange attributes, transpiration 
thus water-use efficiency (Lee et al. 2012) and better protection against drought- 
induced ROS damage. Authors have ascribed these beneficial effects of AM fungi to 
the development of ERM that explore the distant areas, thus providing access to 
water-filled pores non-accessible by the roots (Smith et al. 2010). AM hyphal net-
work associated with mycorrhizal plants has been estimated between 1 and 100 m/g 
of soil, thus increasing enormously the capacity for soil exploration (López-Ráez 
2016), thereby resulting in acquisition of water that indirectly augments plant rela-
tive water content and photosynthetic rate. In one of the studies, Ruth et al. (2011) 
estimated that about 20% of root water uptake taken by roots of mycorrhizal barley 
plants is caused by the presence of fungal mycelium (Barea et al. 2014). Moreover, 

Fig. 19.1 Schematic representation of probable mechanism(s) through which arbuscular mycor-
rhiza (AM) fungi mediate improved tolerance in plants under drought and salinity
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AM-induced modification of root architecture and hydraulic conductance (Lpr) 
could also be ascribed as an important mean via which mycorrhiza imparts drought 
resistance. Several authors have ascribed the role of aquaporins (AQP) in regulating 
root hydraulic conductance (Uehlein et  al. 2007; Ruiz-Lozano and Aroca 2010; 
Ruiz-Lozano et al. 2012b; Azcón et al. 2013; Li et al. 2013) and water movements. 
AQP are the small integral membrane proteins that constitute channels to facilitate 
the passive movement of water and small neutral molecules down a water potential 
gradient (Kaldenhoff and Fischer 2006; Maurel et al. 2015; López-Ráez 2016). In 
case of lettuce plants exposed to drought stress conditions, inoculation with G. intr-
aradices or with the plant growth-promoting bacteria Pseudomonas mendocina 
modulated the expression of PIP2 gene (Alguacil et  al. 2009). On the contrary, 
Azcón et al. (2013) verified and reported that AM fungi enhanced the expression 
pattern under similar experimental conditions. Recently, Li et al. (2013) recorded an 
increased expression of two AQP genes (GintAQPF1 and GintAQPF2) in both root 
cortical cells holding arbuscules and extraradical mycelia in +AM-inoculated Zea 
mays plants under stressful conditions.

Moreover, by extending their hyphae, mycorrhizal fungi have been stated to 
enhance the acquisition of mineral nutrients including Ca, Fe, K, Mg, P and Zn (Wu 
and Zou 2010; Bagheri et  al. 2012; Gholamhoseini et  al. 2013), thus alleviating 
drought-induced deficiency of these vital elements. While working on sunflower 
plant exposed to drought stress, Gholamhoseini et al. (2013) stated that inoculation 
with G. mosseae improved availability of P, thus minimizing the impact of stress on 
seed oil percentage and oil yield. Authors further confirmed that by improving root 
hydraulic conductivity, AM fungi improved the uptake and translocation of N, P and 
K that simultaneously augmented the levels of protein in drought-exposed plants 
(Gholamhoseini et al. 2013). AM-mediated availability of P in the host plant has 
been reported to alter positively various physiological processes including guard 
cell osmotic parameters and stomatal movements (Augé 2001).

AM fungi have also been suggested to mediate water movement via their effect 
on osmotic adjustments in the plant (Koltai and Kapulnik 2009) which could be 
attained by actively accumulating organic compounds including proline (Pro), sol-
uble sugars (SS), glycine betaine (GB), etc. thus, positively regulating plant water 
content, cell turgor and related cellular processes (Hoekstra et al. 2001). Several 
studies have documented that by accruing compatible solutes (i.e. osmolytes) such 
as sugars, AM fungi lower the osmotic potential in drought-stressed mycorrhizal 
plants, thus conferring stress resistance (Abbaspour et  al. 2012; Baslam and 
Goicoechea 2012; Yooyongwech et al. 2013). On the contrary, numerous studies 
have documented that inoculation with mycorrhizal fungi led to decrement in the 
levels of SS in several drought-exposed plants (Manoharan et al. 2010; Zhang et al. 
2010). Similarly, AM-inoculated plants have been documented to accumulate higher 
levels of amino acids particularly Pro which subsequently enhanced drought toler-
ance in host plants (Ruíz-Sánchez et al. 2010; Kapoor et al. 2013; Rapparini and 
Penuelas 2014). In one of the studies, AM symbiosis enhanced Pro level by 29, 38 
and 43% in drought-exposed Zea mays plants when inoculated with Glomus moss-
eae at three different concentrations (Abdelmoneim et al. 2014). However, on the 
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contrary, numerous studies have documented lower accumulation of Pro in mycor-
rhizal drought-stressed plants in comparison to non-mycorrhizal counterparts 
(Ruíz-Sánchez et al. 2010; Abbaspour et al. 2012; Doubková et al. 2013; Zou et al. 
2013; Rapparini and Peñuelas 2014; Latef et al. 2016) which could be correlated 
with the ability of +AM plants to counteract stress. In another study, Zou et  al. 
(2013) reported that when inoculated with Funneliformis mosseae, Poncirus trifo-
liata plants recorded lower tissue accumulation of this imino acid that related with 
improved plant growth and productivity under drought-stressed conditions. Authors 
postulated this lower accrual of Pro with inhibition of glutamate synthetic pathway 
and simultaneous enhanced Pro degradation pathway. However, Augé (2001) argued 
that despite of alteration in the levels of key solutes, the maintenance of root turgor 
upon mycorrhization during drought stress was related to changed apoplastic/sym-
plastic water partitioning (Augé and Stodola 1990; Karthikeyan et al. 2016).

Studies have further depicted that AM-mediated alleviation of drought stress 
could also be allied with enhancement observed in the activities of antioxidants 
such as superoxide dismutase (SOD), catalase (CAT) and peroxidase (POX) in 
plants (Wu and Zou 2010; Ruíz-Sánchez et al. 2010; Baslam and Goicoechea 2012) 
which not only lower the build-up of toxic metabolites including superoxide radical 
(O2

•–), malondialdehyde (MDA) and hydrogen peroxide (H2O2) but also maintain 
membrane stability and integrity and other vital plant physiological processes under 
stressed conditions. For instance, while working on rice, Ruíz-Sánchez et al. (2010) 
recorded AM-mediated enhancement in photosynthetic performance in stressed 
conditions which they allied with the accrual of antioxidant compounds including 
glutathione (GSH) that not only lowered the build-up of cellular H2O2 but also 
maintained membrane stability. In addition to basic antioxidants, flavonoids have 
been reported to play a crucial role as ROS scavengers, thus imparting drought 
resistance to plants (Abbaspour et al. 2012). Volatile organic compounds such as 
isoprenoids (Rapparini et al. 2008; Rapparini and Peñuelas 2014), apocarotenoids 
(Walter and Strack 2011) and strigolactones (Lopez-Ráez et al. 2008) act as a sup-
plementary protective systems against abiotic stresses including drought (Peñuelas 
and Munné-Bosch 2005; Vickers et al. 2009; as reviewed by Latef et al. 2016).

Plant hormones are considered indispensable for plant growth and development. 
In addition to the above-mentioned roles, several studies have reported enhanced 
levels of abscisic acid (ABA) upon mycorrhization that regulate the activity of plant 
stomata and enhance water efficiency under water-deficit conditions (Ludwig- 
Müller 2000; Aroca et al. 2008; Ruiz-Lozano et al. 2009; Calvo-Polanco et al. 2013; 
Miransari 2016). Moreover, for an effective mycorrhizal symbiosis, ABA has been 
found to be necessary for development and maintenance of arbuscules (Herrera- 
Medina et al. 2007; Martín-Rodríguez et al. 2011; Pozo et al. 2015). Thus, improved 
levels of ABA in mycorrhizal-stressed plants promote stress tolerance and at the 
same time enhance and maintain AM symbiosis (López-Ráez 2016). Once symbio-
sis is established within the host roots, AM fungi will regulate ABA levels when 
plants are exposed to drought conditions (Aroca et al. 2008; Calvo-Polanco et al. 
2013). In their study, Aroca et al. (2008) recorded AM-induced induction of gene 
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LsNCED2 in drought-exposed Lactuca sativa plants, thus regulating plant ABA lev-
els. In addition, mycorrhizal associations have been stated to positively regulate 
expression levels of certain genes such as P5CS (gene involved in synthesis of Pro) 
and genes encoding for late embryogenesis abundant (LEA; involved in ion associa-
tion, membrane integrity, protein stabilization and folding and antioxidant defence 
response) proteins (Porcel et  al. 2004, 2005), thereby directly contributing to 
enhanced drought tolerance (Ruiz-Lozano et al. 2006; Ahanger et al. 2014).

19.3  AM Fungi and Salinity Stress

Soil salinization is another major abiotic constraint that impedes plant growth and 
development by (a) inducing osmotic stress that leads to alteration in net assimila-
tion capacity, leaf expansion rate, photosynthesis and its attributes (Raziuddin et al. 
2011); (b) specific ion toxicity that disturbs the acquisition of mineral elements and 
disturbs ionic homeostasis; and (c) oxidative stress that elevates the build-up of 
reactive oxygen species (ROS), thereby mediating damage to lipids, proteins and 
nucleic acids (Hasanuzzaman et al. 2013; Hashem et al. 2014; Ahmad et al. 2016; 
Garg and Bhandari 2016a, b). A growing body of evidence exists that highlights the 
role of AM fungi as stress alleviator under saline conditions (Evelin et al. 2009; 
Garg and Manchanda 2009b; Ruiz-Lozano et al. 2012a; Porcel et al. 2012; Aroca 
et al. 2013; Kapoor et al. 2013; Hashem et al. 2014; Garg and Bhandari 2016a, b; 
Garg and Pandey 2015, 2016; Garg and Singla 2015, 2016). However, mycorrhizal 
symbiosis has been frequently documented to enhance the resilience of host plants 
to salinity stress, with even greater consistency than to drought stress (Koltai and 
Kapulnik 2009; Nasim 2010). Despite the beneficial effects of AM fungi recorded 
under saline stress, a large number of studies indicate that high concentrations of 
soluble salts in the rooting medium negatively affect symbiotic establishment in a 
number of plant species (Juniper and Abbott 2006; Giri et al. 2007; Sheng et al. 
2008; Aroca et al. 2013; Estrada et al. 2013a; Porcel et al. 2015; López-Ráez 2016) 
due to the negative effect of salt on both fungus and on host plant. For instance, 
authors demonstrated that high concentrations of salt inhibited germination of 
spores/fungal propagules and hyphal growth and development, thus negatively 
influencing fungal colonization (Juniper and Abbott 2006; Jahromi et  al. 2008). 
However, host plant is considered more sensitive than AM fungus because even in 
disturbed soils, AM fungal propagules never disappear completely, and whenever 
fungal colonization occurs, even to a small extent, it induces beneficial effects on 
the host stressed plant (Barea et al. 2014). Moreover, AM fungal species display 
differential colonizing ability, thus varying in their ability to alleviate salt stress 
among the plant genotypes. For instance, in one of the studies, our lab demonstrated 
greater effectiveness of R. irregularis in alleviating salt stress than F. mosseae in 
pigeon pea genotypes (Garg and Pandey 2015). Moreover, the genotype with higher 
per cent colonization and responsiveness showed higher stress tolerance than the 
ones with lower ability to form effective AM symbiosis.
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Improved plant vigour and productivity as observed under salt-stressed condi-
tions in AM-inoculated plants could not be a result of a single mechanism but a 
number of different mechanisms operating simultaneously under saline conditions 
which include improved nutrient uptake especially P, AM-mediated effects on water 
absorption and translocation, enhanced defence response (enzymatic as well as non- 
enzymatic antioxidants), synthesis of osmolytes, compartmentalization or reduction 
in toxic ion accumulation and increased photosynthetic system (Fig. 19.1).

In order to alleviate salt-induced physiological drought conditions (a condition 
where the plant is unable to utilize/uptake water from the rhizosphere due to higher 
concentrations of soluble salts), mycorrhizal inoculations enhance root hydraulic 
conductivity (Smith et al. 2010; Kapoor et al. 2013) by altering the morphology of 
root in a structural, spatial, quantitative and temporal manner (Kapoor et al. 2008) 
which not only results in production of greater root system (Khalil et  al. 2011; 
Hajiboland 2013) and better root system architecture (RSA) in mycorrhizal plants 
but also allows exploration of a large soil volume, thus enhancing plant salt toler-
ance (Chatzistathis et al. 2013; Wu et al. 2013). Several reports have highlighted the 
potential of mycorrhizal fungi in maintaining better water status and sustaining 
higher RWC over the non-AM plants under osmotic stress conditions (Aroca et al. 
2006, 2007; Jahromi et al. 2008; Porcel et al. 2012; Kapoor et al. 2013; Barea et al. 
2014). Recently, Akhzari et  al. (2016) reported significant higher leaf RWC and 
survival capacity values in AM-inoculated plants of Melilotus officinalis in com-
parison to non-AM counterparts under varying regimes of salt stress.

Besides, AM-mediated improvement in water status could also be attributed to 
fine regulation of root water uptake that depends on Lpr values, which depend even-
tually on the functioning of AQP (Aroca et al. 2012). Several authors have docu-
mented that AM fungi modify expression pattern of AQP of the host plants by 
increasing (Aroca et al. 2007), decreasing (Jahromi et al. 2008) or with no effect 
(Aroca et al. 2007) on the expression of AQP. Such results specify that each AQP 
has its specific function under each environmental stress situation (Aroca et  al. 
2007) and that each plant will respond differently to each colonizing fungus (Calvo- 
Polanco et al. 2013). In 2007, Aroca and colleagues reported that out of four aqua-
porin genes, three PIP genes displayed higher expressions in Phaseolus vulgaris 
plants inoculated with G. intraradices under specific conditions of drought, cold 
and salinity. Moreover, downregulation of plant AQP as observed under mycorrhi-
zal plants under water-deficit condition allows conservation of water in plant tissues 
and substantiates the beneficial effect of AM fungi in maintaining higher water sta-
tus of host plants under adverse conditions (Porcel et al. 2006; Aroca et al. 2007; 
Hajiboland 2013). In addition, AM fungi have been stated to affect events such as 
phosphorylation and dephosphorylation that enable to switch a channel on or off 
(Johansson et al. 1998; Calvo-Polanco et al. 2013), thus helping in regulating water 
transport.

AM inoculation can also modulate plant water status by accumulating osmolytes 
such as free amino acids (FAA), Pro, GB, SS and organic acids (Garg and Manchanda 
2009b; Garg and Chandel 2011a; Garg and Baher 2013; Evelin and Kapoor 2014) 
which not only lower down osmotic potential but also permit cells to maintain 
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turgor- related processes (Ruiz-Lozano et  al. 2012a). In comparison to non-AM 
counterparts, Abdel Latef and Chaoxing (2014) reported enhanced build-up of solu-
ble proteins and FAA in pepper plants inoculated with G. mosseae when subjected to 
saline conditions. AM-mediated improvement observed in levels of Pro and GB has 
been correlated with the maintenance and protection of thylakoid membranes against 
the ROS damage by several authors (Yang et  al. 2008; Talaat and Shawky 2014; 
Latef et al. 2016). In one of the studies, Garg and Baher (2013) accredited higher 
accumulation of Pro in mycorrhizal-inoculated chickpea plants to the substantial 
enhancement observed in Pro anabolic enzymes – P5CS and GDH activities, with a 
concomitant decline in Pro catabolic enzyme – ProDH activity under varying degree 
of salt stress, with higher accumulation recorded in tolerant genotype than the sensi-
tive one. In contrast, lower accrual of Pro in mycorrhizal plants when compared with 
non-AM plants under various levels of salt stress have been reported (Jahromi et al. 
2008; Sheng et al. 2011; Evelin et al. 2013; Abdel Latef and Chaoxing 2014) which 
could be considered as a reflection of an enhanced salt resistance in mycorrhizal 
plants (Hajiboland 2013). At the molecular level, Jahromi et al. (2008) studied the 
expression of gene encoding δ1-pyrroline-5- carboxylate synthetase (LsP5CS) in 
Lactuca sativa plants under varied salt treatments (0–100 mM NaCl) and demon-
strated a higher expression of LsP5CS in non-AM plants than AM plants at 50 mM 
NaCl, although at 100 mM, the levels were similar, indicating that AM-inoculated 
plants suffered lower amount of stress when compared with non-AM plants which 
may be credited to the primary salt avoidance mechanisms operating in the former 
than the latter (Al-Karaki 2006; Evelin et al. 2012). In another study, Sheng et al. 
(2011) ascribed AM-mediated enhanced accumulation of GB with osmotic adjust-
ment and subsequent efficient photosynthesis process operating in salinity-stressed 
maize plants. In addition, authors further recorded higher build-up of organic acids 
in mycorrhizal-stressed plants. Apart from playing as a role of osmoprotectant, 
organic acids have been stated to counteract excess of cations, thus maintaining pH 
homeostasis (Hatzig et al. 2010). Moreover, as argued by Kapoor et al. (2013), excess 
of them (especially malic acid) could enhance sugar synthesis through facilitation of 
CO2 delivery to Calvin cycle. Similarly, accumulation of SS has also been considered 
as another defence strategy employed by mycorrhizal plants under salinity (Sheng 
et  al. 2011; Garg and Chandel 2011b; Talaat and Shawky 2014; Abdel Latef and 
Chaoxing 2014). According to Abd-El Baki et al. (2000), sugars have been described 
to prevent structural changes in soluble protein and maintain osmotic equilibrium in 
plant cells, thus protecting membrane integrity. High accumulation of SS in 
mycorrhizal- treated plants might be explained by the sink effect of fungus demand-
ing sugars from the shoot tissues (Augé 2001), increased rates of photosynthesis and 
of C compounds to the root system, hydrolysis of starch and higher concentration of 
organic acid in AM plants (Sheng et al. 2011; Kapoor et al. 2013). In the recent past, 
many studies have documented that by altering the activities of biosynthetic enzymes, 
fungal colonization induces higher accumulation of trehalose, an important osmo-
protectant, thus complementing legume-Rhizobium symbiosis under different abiotic 
stresses (Ocón et al. 2007; Garg and Chandel 2011a; Garg and Pandey 2016; Garg 
and Singla 2016).
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Besides alleviating osmotic stress, colonization of host plants with glomeromyco-
tan fungi has been reported to prevent Na+ translocation to shoot tissues and simulta-
neously enhances absorption of K+ under saline conditions (Giri et al. 2007; Zuccarini 
and Okurowska 2008; Evelin et al. 2012; Hajiboland 2013; Garg and Pandey 2015; 
Garg and Bhandari 2016b), thereby maintaining ionic balance and preventing disrup-
tion of cellular processes such as protein synthesis (Ruiz-Lozano et  al. 2012a). 
Researchers have related such effect of fungus with its capacity to retain toxic ions in 
intraradical fungal hyphae or to its compartmentalization strategy in the root cell 
vacuoles that prevent them from being transported into the shoots (Cantrell and 
Linderman 2001; Al-Karaki 2006; Ruiz-Lozano et al. 2012a; Hajiboland 2013) and 
ensured higher K+/Na+, Ca2+/Na+ and NO3

−/Cl− ratios in the tissues, thereby directing 
towards the smooth metabolic functioning of the processes in the plant (Kapoor et al. 
2013). Moreover, AM-facilitated maintenance of higher ionic ratios in the host plant 
is achieved by regulating the expression and activity of transporters that are involved 
in the uptake of nutrients such as K+, Na+ and of H+ pumps that generate the driving 
force for the transport of ions (Parida and Das 2005; Kapoor et al. 2013). In addition 
to transporters, influx of ion can occur via cyclic nucleotide-gated ion channels 
(CNGC) that have been proposed as the potent candidate genes for the studies related 
with amelioration of salt stress in mycorrhizal plants (Talke et al. 2003; Porcel et al. 
2012). Recently, Estrada et al. (2013c) demonstrated differential expression levels 
for Na+, K+ transporters of Z. mays putatively involved in maintaining Na+/K+ homeo-
stasis in roots during AM colonization.

In addition to K+, Ca2+, ERM of AM fungi, displays the ability to proliferate and 
exploit the rhizospheric area, thus stimulating the uptake of other mineral compo-
nents including N, P, Mg, Cu, Fe and Zn, thereby alleviating salt-induced mineral 
deficiency (Garg and Manchanda 2009b; Estrada et al. 2013a, b; Hajiboland 2013; 
Garg and Pandey 2015). However, among them, P is considered as the most impor-
tant element which is absorbed at a higher rate by the host plant via the activity of 
fungus that produces different enzymes including phosphatases (Miransari 2016), 
thus enhancing the availability of P under NaCl-stressed condition which ultimately 
contributes towards the maintenance of integrity of vacuolar membranes and facili-
tates the compartmentalization of Na+ within vacuoles. Consequently, various 
researchers have hypothesized/considered AM-mediated improvement in P nutri-
tion to be the main mechanism responsible for imparting enhanced tolerance in 
AM-inoculated plants under saline conditions (Copeman et  al. 1996; Al-Karaki 
et al. 2001; Zarea et al. 2013; Garg and Pandey 2015). Similarly, improved P nutri-
tion has often been allied with the enhancement observed in growth rate, antioxidant 
defence production as well as with nodulation and N2 fixation efficiency in mycor-
rhizal legume plants exposed to saline environment (Garg and Manchanda 2008; 
Garg and Bhandari 2016a, b; Garg and Singla 2015, 2016; Kapoor et al. 2013). In 
one of the studies, inoculation with F. mosseae improved root nodulation and led to 
higher fixation of atmospheric N2 in pigeon pea genotypes, thus enabling plants to 
overcome the adverse effect of salinity (Garg and Manchanda 2008). Similarly, 
inoculation with AM fungi not only improved the pink colour of leghaemoglobin 
(LHb) and pigment content but also led to higher nitrogenase (N2ase) activity, hence 
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higher efficiency of N2 fixation in mycorrhizal plants (Garg and Manchanda 2008; 
Hameed et  al. 2014; Garg and Pandey 2016;). Recently, Abd-Alla et  al. (2014b) 
ascribed the enhancement observed in N2 fixation in faba bean to mycorrhizal colo-
nization that accelerated the mobilization of P, Fe, K and other minerals which are 
involved in synthesis of N2ase and LHb contents (Abd-Alla et al. 2014a). Thus, it 
could be hypothesized that both mycorrhizal symbiosis and Rhizobial symbioses 
often act synergistically and augment the tolerance of inoculated plants to salinity 
(Rabie and Almadini 2005). Moreover, by facilitating the uptake of nutrients includ-
ing K+, Ca2+ and Mg2+, mycorrhiza alleviate salt-induced-specific effects on chloro-
phyll (Chl) degradation and leaf senescence (Kaya et al. 2009; Evelin et al. 2012; 
Hajiboland 2013; Talaat and Shawky 2014), thereby improving Chl concentration. 
Similarly, Hajiboland et al. (2010) validated in their study that colonization with the 
R. irregularis improved net assimilation rates by elevating stomatal conductance 
and by protecting photochemical processes of PS II against salt stress. Besides, few 
studies have reported that mycorrhizal fungi enhance Si uptake in plants (Kothari 
et al. 1990; Clark and Zeto 1996; Garg and Bhandari 2016b), thus imparting stress 
resistance to host plants (Nogueira et al. 2002). Recently, while working on Cicer 
arietinum genotypes exposed to salinity stress, Garg and Bhandari (2016b) docu-
mented enhanced uptake of this beneficial element under stressed conditions which 
not only imparted stress resistance to plants but also improved plant productivity.

In addition, AM-mediated-enhanced salt tolerance could also be ascribed to its 
ability to eliminate the build-up of stress metabolites, thus reducing membrane lipid 
peroxidation by enhancing the levels of both enzymatic and non-enzymatic defence 
compounds in salt-exposed plants (Garg and Manchanda 2009a; Kapoor et al. 2013; 
Hameed et al. 2014; Garg and Singla 2015; Garg and Bhandari 2016a). Recently, in 
one of the studies, Garg and Bhandari (2016a) recorded higher plant biomass in 
+AM plants under salt stress which they ascribed to improved efficacy of antioxi-
dant defence machinery and efficient recycling of ascorbate (ASA) and glutathione 
(GSH) that maintained redox balance in mycorrhizal chickpea plants. Similar 
results were obtained by Garg and Singla (2015) under the same experimental con-
ditions. Subsequently, studies have reported lower rates of membrane peroxidation, 
thus lowering the rate of electrolyte leakage (EL) in mycorrhizal plants compared to 
non-mycorrhizal counterparts under salt stress (Garg and Manchanda 2009b; Kaya 
et al. 2009; Evelin et al. 2012). Moreover, AM-facilitated reduction in peroxidation 
of membrane lipids and, hence, EL could also be ascribed to the maintenance of 
higher Ca2+/Na+ ratio as recorded in different studies (Kapoor et al. 2013; Garg and 
Bhandari 2016a; Garg and Pandey 2015).

19.4  AM Fungi and Heavy Metal Stress

Apart from drought stress and salinity stress, accumulation of toxic metals such as 
cadmium (Cd), lead (Pb), arsenic (As) and mercury (Hg) (which are not biologi-
cally functional in nature) in the soil or within plants is considered as another abi-
otic stress that negatively affects environmental health and threatens ecosystem 
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sustainable food production/sustainability. Such HMs are produced by various natu-
ral activities as well as by different anthropogenic activities such as metal smelting, 
use and drainage of chemical agro-products (e.g. fertilizers and pesticides), mining 
tail dumping and burning of fossil fuels (Wang and Chen 2006; Barea et al. 2014; 
Singh et al. 2016). According to Gohre and Paszkowski (2006), these metals are 
grouped into one category of elements having specific weight >5 g cm−3. Some of 
these metals are essential plant micronutrients such as Cu, Fe, Mn, Ni and Zn and 
are required for beneficial plant growth and development, while others have no 
known biological function such as Cd, Pd and Hg (Kapoor et al. 2013). These ele-
ments can either be absorbed in soil particles or leached into groundwater (Nasim 
2010). At elevated levels, HMs have been documented to cause several morphologi-
cal, physiological, biochemical and structural changes in plants including inhibition 
of seed germination, decrease in root elongation, growth inhibition, disturbance in 
cellular homeostasis, suppression of photosynthesis rate, leaf chlorosis and prema-
ture leaf senescence (Benavides et  al. 2005; Goncalves et  al. 2007; Drzewiecka 
et al. 2012). In addition, toxic metals have been reported to get translocated to dif-
ferent plant parts where they interfere with active sites of many enzymes including 
phosphatase, ATPase and enzymatic antioxidants (Verma and Dubey 2003; 
Drzewiecka et al. 2012; Latef et al. 2016), thereby destroying protein structures and 
replacing crucial elements resulting in deficiency symptoms (Khanday et al. 2016). 
Like other stresses, metal toxicity has been advocated to augment build-up of ROS, 
thus altering membrane integrity and stability. Studies have further demonstrated 
that HMs, if taken in excessive amount, negatively disturb legume-rhizobial sym-
biosis and affect the survival and ability of rhizobia to form N2-fixing nodules (Garg 
and Bhandari 2012; Garg and Kaur 2012).

Several studies have validated that AM fungi play a vital role in improving 
growth and productivity of host plants in metal-contaminated soils (Garg and 
Aggarwal 2011; Garg and Singla 2012; Garg and Kaur 2013a, 2013b; Garg and 
Bhandari 2014; Nadeem et al. 2014; Garg and Chandel 2015). However, HMs have 
been described to greatly influence mycorrhizal colonization. Studies have docu-
mented that the presence of HM in excess concentrations not only reduces spore 
germination, mycelia growth, degree of colonization and sporulation of these fungi 
but also causes a significant impact on their ecology and diversity (Klauberg-Filho 
et al. 2005; Folli-Pereira et al. 2013). Despite this fact, even in highly contaminated 
soils, AM fungal colonization occurs thus inducing beneficial effects on the stressed 
host plant (Gamalero et al. 2009; Barea et al. 2014). In addition, more than 30 spe-
cies of AM fungi have been identified in contaminated soils worldwide and some at 
high frequencies, such as Paraglomus occultum, G. clarum, G. intraradices and 
Scutellospora pellucida (Folli-Pereira et  al. 2013). Studies have further depicted 
that spores isolated from polluted soils are more tolerant to and germinated better in 
HM-polluted soil in comparison to spores isolated from non-polluted soils (Leyval 
et al. 1995; Gaur and Adholeya 2004). According to Shalabyl (2003), such naturally 
occurring resistance is likely due to phenotypic plasticity rather than genetic changes 
in the spores as tolerance gets lost after one generation in the absence of HM (Koltai 
and Kapulnik 2009).
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Numerous studies have highlighted the potential of glomeromycotan fungi in 
buffering metal toxicity and improving growth and productivity in metal- 
contaminated soils (Hildebrandt et  al. 2007; Upadhyaya et  al. 2010; Garg and 
Aggarwal 2011; Garg and Kaur 2013a, b; Muleta and Woyessa 2012; Garg and 
Bhandari 2012, 2014). However, the role of mycorrhiza in imparting metal resis-
tance in host plant depends on several factors including the type of AM fungal spe-
cies, plant genotype and nature as well as on the type of metal present in the soil 
(Sudová et al. 2008). For instance, in one of their studies, Garg and Aggarwal (2012) 
demonstrated higher colonizing ability of AM fungi with tolerant pigeon pea geno-
type than the sensitive one that conferred higher degree of protection in the former 
than the latter. Several possible mechanism(s) have been proposed via which AM 
fungi alleviate HM stress (Fig. 19.2).

The first mechanism includes restriction of HM ions by the compounds secreted 
by the mycorrhizal fungus which includes production of glomalin, extracellular 
chelation, cell wall binding and HM accumulation in ERM (Colpaert et al. 2011). 
As discussed previously, glomalin is a glycoprotein, first believed to be a hydropho-
bin, later identified as likely a 60-kDa heat shock protein homolog (Gadkar and 
Rillig 2006; Barea et al. 2014) and produced by AM fungi which has been docu-
mented to irreversibly bind with metals comprising Cu, Cd and Zn (Gonzalez- 
Chavez et  al. 2004; Cornejo et  al. 2008), thereby lowering their availability and 
leading to stabilization of metals in root rhizosphere (i.e. phyto-stabilization). 
Metals can also be precipitated onto polyphosphate granules, resulting in compart-
mentalization into plastids or other membrane-rich organelles (Turnau et al. 1993; 
Kaldorf et  al. 1999; Koltai and Kapulnik 2009). Besides, AM fungi have been 
reported to accumulate toxic metal ions on their spore walls and hyphae as well as 

Fig. 19.2 Schematic representation of probable mechanism(s) through which arbuscular mycor-
rhiza (AM) fungi mediate improved tolerance in plants under HM stress
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in the vacuoles, thus retaining low cytoplasmic concentrations (Gonzalez-Guerrero 
et al. 2007). In one of the studies, Ferrol et al. (2009) validated that extraradical 
spores and intraradical vesicles of AM fungi, isolated from a Cu-enriched medium, 
contained a high build-up of toxic ion of Cu. In addition, several researchers have 
opined vesicles of the intraradical mycelium to function as storage structures for 
HM (Orlowska et al. 2008; Amir et al. 2014). Besides, fungal cell wall is composed 
of chitin which contains free amino, negatively charged hydroxyls and carboxyls 
groups that display very efficient binding ability with toxic metal ions (Barea et al. 
2014), thus arresting them in soil matrix itself. In one of the studies, Gonzalez- 
Guerrero et al. (2008) reported higher concentrations of Cu, Zn and Cd elements 
that were partly localized in the fungal cell wall of R. irregularis (Amir et al. 2014). 
Moreover, many filamentous fungi have been commercially used as bio-sorbents 
due to their tendency to sorb trace elements (Morley and Gadd 1995; Nasim 2010). 
Consequently, AM fungi have been validated to lower the translocation of metals 
from roots to aerial organs (Garg and Bhandari 2012, 2014; Garg and Kaur 2012; 
Muleta and Woyessa 2012). In one of the studies, Garg and Kaur (2013b) demon-
strated that in comparison with non-AM pigeon pea plants, colonization with F. 
mosseae led to significant immobilization of metals – Cd and Zn in roots – thus 
leading to lower translocation of toxic ions in above-ground plant organs in 
mycorrhizal- stressed plants. Similarly, colonization with R. intraradices restricted 
large amount of Pb in roots of woody legume Robinia pseudoacacia, thus prevent-
ing future damage to above-ground parts (Yang et al. 2016). However in some cases, 
mycorrhizal plants such as in red kidney bean (Rabie 2005) have been reported to 
exhibit improved (HM) uptake and root-to-shoot transport (i.e. phytoextraction; 
Göhre and Paszkowski 2006; Koltai and Kapulnik 2009).

Once transcended through the fungal wall, other defence-related mechanisms 
start operating that include compartmentalization of HM in vacuoles, modification 
of HM influx transporter processes and an enhancement in the efflux of toxic ions 
via the cell membrane (Meharg 2003; Ouziad et al. 2005). Fungal vacuoles seemed 
to play a crucial role in regulating cytosolic metal ion levels with simultaneous 
detoxification of potentially toxic ions. Moreover, excess of metal ions could be 
translocated to the vacuolar region through the activity of specific metal transporters 
like vacuolar Zn transporter (GintZnT1) or ABC transporter (GintABC1) (González- 
Guerrero et al. 2005, 2010). On the other hand, adsorption of metal ions onto plant 
or fungal cell walls (Joner et al. 2000) could also be considered as an additional 
mechanism which is facilitated by the chelation of metals by compounds including 
siderophores and metallothioneins (MT) that are secreted by mycorrhizal fungi or 
by plant-derived compounds comprising phytochelatins (PC) or phytates (Joner and 
Leyval 1997; Koltai and Kapulnik 2009; Garg and Bhandari 2014). MT are the 
cysteine-rich polypeptides that can chelate metals and sustain cellular metal homeo-
stasis or sequestration through binding metals with thiol (-SH) group of their cyste-
ine residues (Anjum et  al. 2015; Latef et  al. 2016). In one of the studies, 
MT – GmarMT1 and GintMT1 – have been reported to provide enhanced tolerance 
against metals such as Cd and Cu in Gigaspora margarita and Glomus intraradices, 
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respectively (Lanfranco et  al. 2002; Gonzalez-Guerrero et  al. 2007). Further, 
Lanfranco et al. (2002) validated that exposure to Cu upregulated the gene expres-
sion entirely in the symbiotic mycelium (Latef et  al. 2016). Lately, four fungal 
genes have been documented to be involved in the sustenance of cellular homeosta-
sis against HM stress which includes (1) GrosMT1 from Gigaspora rosea (Stommel 
et al. 2001), (2) GinZnT1 from G. intraradices (González-Guerrero et al. 2005), (3) 
GmarMT1 from Gigaspora margarita (BEG 34, Gonzalez-Guerrero et  al. 2007) 
and (4) GintABC1 from G. intraradices (Gonzalez-Guerrero et  al. 2007). Both 
GrosMT1 and GinZnT1 have been described to assist in vacuolar Zn compartmen-
talization; GmarMT1 regulates the fungal redox potential and confers tolerance 
against oxidative stress, while GintABC1 codes for a polypeptide of 434 amino 
acids and actively participates in detoxification of Cu and Zn (as reviewed by Latef 
et al. 2016). In one of the studies, GintGRX1 – a first characterized glomeromycotan 
glutaredoxin  – has been reported to work efficiently against oxidative stress 
(Benabdellah et al. 2009). In case of legumes, several experiments were conducted 
by Garg and Aggarwal (2011) and Garg and Chandel (2011b) who evaluated the 
role of F. mosseae in the alleviation of Cd and Pb toxicities in pigeon pea genotypes 
and documented that mycorrhizal fungi enhanced PCs and GSH levels in stressed 
plants that eventually resulted in sequestration of metal ions, thus helping legume 
species to thrive well in multi-metal-contaminated soils. Recently, while working 
on legume plant  – Sophora viciifolia exposed to Pb stress  – Yang et  al. (2016) 
reported that inoculation with R. irregularis increased the expression of phytochela-
tin synthase gene (PCS1), thus helping in immobilization of Pb in the roots of 
mycorrhizal-stressed plants.

Besides, numerous studies have documented that by up-regulating the levels of 
antioxidant enzymes such as SOD, CAT and POX, AM fungi augment the ROS- 
scavenging capacity of plants under metal stress conditions, thus imparting stress 
tolerance. For instance, Garg and Aggarwal (2012) demonstrated higher levels of 
SOD, CAT, POX and GR, as well as higher GSH/GSSG ratios in mycorrhizal pigeon 
pea plants in comparison with non-AM plants exposed to Cd and Pb stress that cor-
related with lower build-up of stress metabolites in the former than the latter. 
Similarly, in their study, Garg and Kaur (2013a) concluded that mycorrhization with 
propagules of F. mosseae attenuated the phytotoxic effects of Cd and Zn in nodules 
of pigeon pea plants in a genotype-dependent manner by reducing metal uptake and 
ROS levels and by augmenting defence responses that subsequently improved the 
N2-fixing ability of nodules under stressed conditions. Indirectly, by enhancing 
water uptake, nutrient acquisition especially P via their hyphae, AM fungi mediate 
promotion in the plant growth under metal-contaminated environment (Abdel Latef 
2011, 2013; Garg and Singla 2012; Garg and Bhandari 2013; Garg and Chandel 
2015). Similarly, under As stress, inoculation with F. mosseae improved plant RWC 
and Chl level in AM-colonized pea plants when compared with non-AM counter-
parts (Garg and Singla 2012). Authors related such effects with the AM-mediated 
augmentation in SS and GB content (Garg and Singla 2012) as well as with elevated 
FAA and Pro contents (Abdel Latef 2011) under metal stress.
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19.5  Conclusion and Future Prospects

The use of plant microbes as bio-fertilizer and bio-protector offers a potential tool 
for sustainable agriculture especially under stressed conditions. The current review 
summarizes the potential of AM fungi in regulating plant growth and productivity 
under unfavourable conditions. However, even though plant-AM association is 
older than 450 million years, in-depth studies are required at molecular, physiologi-
cal and biochemical levels in order to have a better insight about the underlying 
mechanisms involved in AM-induced-enhanced stress tolerance against varying 
abiotic stresses. Another important factor to consider includes a sound knowledge 
of community structure of the AM fungi of a particular environment and evaluation 
of the functional diversity of these symbionts so as to exploit their full potential 
under different remediation practices. Deciphering how these beneficial microor-
ganisms would act and interact with roots of the host plant genotype as well as with 
other soilborne microbes in the mycorrhizosphere will contribute towards the 
designing of strategies for sustainable agriculture.
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20An Insight into Genetically Modified 
Crop-Mycorrhizal Symbiosis

D. Mohandass and T. Muthukumar

Abstract
Genetically modified crops (GMCs) are currently widely used in agricultural 
biotechnology where plants are engineered to express characters that defend 
them against different abiotic and biotic stresses. Many studies have revealed 
that GMCs have sequential benefits for the environment, human well-being, and 
farmers’ economic growth, especially in densely populated countries. Several 
studies revealed that GMCs can significantly affect the soil microorganisms even 
their symbiosis with plants. Of these, arbuscular mycorrhizal fungi (AMF) are a 
good example for the widespread symbiotic relationship as they are associated 
with maximum crop species and provide several benefits in various agroecosys-
tems. The AMF association can show an imperative functional character in the 
acquisition of nutrients by the crop plants. In this case, the associated response 
of transgenic crops and soil microorganisms in relation with AMF may be posi-
tive, negative, and neutral. Moreover, GMCs may influence AMF either directly 
and indirectly through modifications in root exudation or through discrepancies 
in the variety and action of soil microorganisms. Although Bacillus thuringiensis 
(Bt) corn is extensively cultivated, a limited number of studies have investigated 
the interaction of altered lines of Bt corn with symbiotic AMF. These studies 
pointed out that AMF colonization of genetically modified Bt corn lines differs 
with quantity and kind of engineered traits. Many research studies reported that 
GMCs do not affect AMF and failed to find any variations between non-Bt and 
Bt crops. In contrast, some studies reported a substantial decrease in AMF colo-
nization levels. Therefore, we gathered the information available on the influence 
of GMCs on AMF in this chapter and consider that it will explore interesting 
insights on mycorrhizal symbioses in the modern agroecosystems.
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20.1  Introduction

For two decades, genetically modified crops (GMCs) have been successfully intro-
duced and cultivated in about 28 countries worldwide, and the produces are cur-
rently available in the respective local markets (Prakash et al. 2011; James 2012; 
Zhang et al. 2016). Over 90% of the 179.7 million hectares under commercial GMC 
cultivation is in the USA, Brazil, Argentina, India, and Canada (James 2013; 
Fig.  20.1). Among the GMCs with different traits, herbicide-resistant cultivars 
occupy the major area under GMC cultivation followed by Bt crops and the combi-
nation of herbicide-resistant and Bt crops (Beckie and Hall 2014; Fig. 20.2). This 
suggests that cultivation of GMCs may not be harmful to the surrounding ecosystem 
such as the plant-beneficial soil microorganisms. Nevertheless, several researchers 
suspect that rapid and widespread adoption of GMC cultivation may influence 
nontarget microorganisms like bacteria (Saxena and Stotzky 2001a; Wu et al. 2004; 
Castaldini et al. 2005), fungi (Ferreira et al. 2003; Turrini et al. 2004a, b; Oliveira 
et al. 2008), protozoa (Donegan et al. 1996; Griffiths et al. 2008), nematodes (Khan 
et al. 2010; Hoss et al. 2011), and soil invertebrates (Hönemann and Nentwig 2009; 
Liu et  al. 2009) in the soil environment. These organisms play a crucial role in 
upholding plant health and fertility of the soils through the decomposition of organic 
matter and nutrient mineralization (Smith and Read 2008; Willis et al. 2013). Of 
these, arbuscular mycorrhizal fungi (AMF) are pervasive soil microorganisms that 
play a pivotal role in the sustainable soil environment as they form a mutualistic 
symbiosis with around 70–90% of the terrestrial plant taxa (Wang and Qiu 2006; 
Parniske 2008). AMF render several benefits to their associated host plants includ-
ing the uptake and transport of nutrients from the nutrient-stressed soils to the plant 
roots, in exchange for carbohydrates. In addition, AMF also play a crucial role in 
imparting tolerance against various abiotic and biotic stresses in their associated 
host plants resulting in increased growth and productivity (Steinkellner et  al. 
2012; Hajiboland 2013).

Scientists and farmers presume that transgenic crops might negatively influence 
AMF abundance and diversity in cultivated soils. Changes in the diversity or activi-
ties of soil microorganisms are known to affect AMF in the soil. Therefore, any 
undesirable influence of GMC cultivation on soil microbial communities would 
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subsequently induce several negative consequences on AMF community structure, 
functions, and diversity. However, few studies have examined the actual impact of 
GMCs on AMF. Studies examining the influence of GMC on arbuscular mycorrhi-
zal (AM) symbiosis have shown both positive and negative effects of GMCs on AM 
formation and function (Liu 2010; Zeng et al. 2015). For example, GMCs could 
negatively influence AM formation by reducing the colonization rate of the fungi by 
reducing the growth rate of the fungal hyphae in the soil (Cheeke et al. 2012a; Zeng 
et  al. 2015). The root exudates of Bt corn considerably reduce the presymbiotic 
hyphal formation during the colonization process (Turrini et al. 2004a). Therefore, 
the percentage root length colonized by AMF in Bt corn is often lower than those of 
the wild-type (Castaldini et al. 2005; Tan et al. 2011). Contrarily, several studies 
have also revealed the lack of any significant influence of GMCs on AM fungal 
colonization, spore abundance, or diversity (Liu 2010; Hannula et al. 2014).

Thus, it would be interesting to evaluate the impact of GMCs on AM formation 
and function in agroecosystems. Most of the studies assessing the impact of Bt corn 
on AMF were primarily conducted during a single cropping season or year, in spite 
of the fact that Bt proteins could sustain their effect for 180–234 days in the soil 
(Saxena and Stotzky 2001b). However, a study conducted by Zeng et al. (2014) on 
the seasonal effects of GMCs on AMF revealed no significant influence of season 
on AMF colonization (Zeng et al. 2014). Nevertheless, considerable variations in 
soil nutrients and AMF colonization have been reported due to GMC cultivation 
(Liu 2010; Hannula et al. 2014). Therefore, we assessed the effects of GMCs on the 
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functioning of AMF among the agricultural practices which would bring important 
insights to understand the advantages and disadvantages of the GMC cultivation to 
the human health and environment. Here, we analyzed the impact of GMCs on 
AMF colonization, structure, functions, spore diversity, and soil dynamics. We also 
discuss whether GMCs will be beneficial to nontarget organisms like AMF and their 
related environments.

20.2  GMCs and Nutrient Enhancement

GMCs are genetically modified and do not occur naturally. Initially, many experts 
and farmers failed to appreciate both the cultivation and consumption of GMCs 
(Wohlfender-Bühler et al. 2016). This arose from the assumption that GMCs might 
be nutritionally inferior due to their short growth period and the presence of trans-
genes. In contrast, researchers believed that genetic modification may boost nutri-
ents and vitamins in genetically modified (GM) food crops like rice, cassava, millet, 
potato, and other crops that are rich in nutrients (Anderson 2001; Nottingham 2002; 
Motavalli et al. 2004). In addition, it could be beneficial for the small farmers by 
reducing the incidence and severity of pest and diseases in crops (Klümper and 
Qaim 2014). Thus, GMCs are widely preferred in developing countries. But, there 
tends to be a basic variation in the creation of GMCs and GM foods that are culti-
vated and used in developing and developed countries. In developed countries, cul-
tivation of GMCs is directed towards high productivity, whereas in developing 
countries, the goal of developing GMCs is to enhance the nutritional contents of the 
foods to ensure adequate nutrient consumption by its people.

The World Health Organization indicated that malnutrition is an important cause 
of all childhood deaths in developing countries. Threefold juveniles in developing 
countries are malnourished and fivefolds have stunted growth, and thus there is 

Fig. 20.2 Percentage 
global area under 
genetically modified crop 
cultivation with specific 
traits (HR herbicide 
resistant, Bt pest resistant) 
in 2013 (Data from James 
2013)
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strong evidence to show that these children are deficient in iron, vitamins, zinc, and 
iodine (Anderson 2001). Thus, scientists strongly believe that GMCs are the only 
probable solution to improve children’s vitamin and nutrition intake in developing 
countries. Therefore, transgenic crops could improve the nutrient content of the 
principal foods that lack some macronutrients such as amino acids; micronutrients, 
such as iron; and vitamins like vitamin A (Anderson 2001).

Certain crops like rice and cassava are rich in calories but are deficient in vitamin 
A, iron, and protein (Montagnac et al. 2009; Ali et al. 2016). Therefore, by introduc-
ing transgenes into these crops, we can enhance nutrients like vitamin A, iron, and 
protein for these commonly cultivated crops (Zhu et al. 2007). The GM rice named 
“golden rice” containing beta-carotene, which is converted into vitamin A (Ye et al. 
2000), is yet to be introduced for commercial cultivation. Moreover, the practice of 
farming GMCs could diminish the rate of chronic disease by increasing nutritional 
values of the foods consumed. Interestingly, GMCs let farmers use fewer biocides, 
as the crops are pathogen resistant. It benefits the environment, reduces production 
costs, and is less labor intensive, and crop yields are generally higher. Therefore, it 
is suggested that GMCs are beneficial to human health and agriculture, commer-
cially viable, and environment-friendly (Wohlfender-Bühler et  al. 2016). 
Nevertheless, a holistic method is needed to investigate the effect of GMCs on both 
environmental and human health impacts.

20.3  Influence of GMCs on Soil Microorganisms

Analyzing the impact of GMCs on soil microorganisms could identify important 
ecological risks associated with GM cultivation that would be fundamental for the 
accomplishment of biogeochemical cycles and soil fertility (Giovannetti et  al. 
2005). Transgenic crops can exudate as much as 20% of assimilates into plant rhi-
zosphere soil as root exudates during their growth cycle (Whipps 2001). Several 
studies demonstrate the impact of GMCs on soil microorganisms (Giovannetti et al. 
2005). Of these, the majority of the studies revealed that GMCs influence soil 
microorganisms either negatively or positively through direct and indirect effects 
(Motavalli et al. 2004; Liu 2010). Cultivation of GMCs may also result in the trans-
fer of the transgenes to their wild relatives, weeds, and may also induce trait modi-
fications in nontarget plant species (Motavalli et al. 2004; Zeng et al. 2014, 2015). 
The direct influence of GMCs includes transgenic proteins that induce various 
effects against insects or pathogenic fungi and bacterial communities in the soil. 
Generally, the cauliflower mosaic virus (CaMV) 35S promoter used in the develop-
ment of transgenic plants often increases the environmental risks accompanying 
GMCs (Ho et al. 1999). The CaMV 35S viral promoter stimulates the production of 
transgenic proteins in all plant tissues. These transgenic proteins, when released 
from the plants, accumulate and do not degrade easily in the soil. Thus, these trans-
genic proteins remain stable for a prolonged period based on their potential bio-
availability and persistence affecting the soil microorganisms directly (Saxena et al. 
1999; Zwahlen et  al. 2003; Giovannetti et  al. 2005). Other direct effects include 
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alterations in soil microbial mobility in response to changes in the quality and quan-
tity of root exudates, changes in microbial activity, and alterations in microbial 
populations resulting from GMC management practices like the application of 
chemical and biofertilizers and pesticide and tillage applications (Motavalli et al. 
2004).

Researchers strongly believe the possibility of gene flow from GMCs to closely 
related crop varieties and wild relatives through cross-pollination. Since most crops 
tend to outbreed, it is reasonable to believe that gene flow might also occur with 
transgenic crops (Mercer and Wainwright 2008; Prakash et  al. 2011). However, 
researchers are not fully aware of any actual gene transfer from the GMCs to their 
wild relatives. In terms of nontarget species, some transgenic characteristics like 
pesticidal toxins expressed by Bt genes may affect nontarget species as well as crop 
pests. Though field studies revealed a certain level of variations in soil microbial 
communities associated with non-Bt and Bt crops (Cheeke et al. 2011, 2012a), most 
of these variations were not overtly negative (Yang et al. 2002; Xue et al. 2005). 
Nevertheless, certain studies have also adequately demonstrated that GMCs could 
negatively influence soil microorganisms and nontarget species. Therefore, proper 
monitoring and management of agricultural practices for GMCs are necessary while 
releasing them for cultivation.

The indirect effects of GMCs on microbial communities in the soils are often 
complex and are highly influenced by the nature and composition of root exudates 
and plant metabolic activity. Previous studies on the indirect effect of transgenic 
crops on microbe-mediated processes in the soil suggest changes in the quantity and 
composition of crop residues from transgenic crops. For example, the low N content 
of the Bt corn residues affects its decomposition and mineralization resulting in its 
persistence in the soil for a long time after the crop harvest (Motavalli et al. 2004). 
Therefore, transgenic Bt corn residues containing transgenic proteins may reduce 
the microbe-mediated nutrient processes in the soil (Motavalli et al. 2004). This is 
further confirmed by studies where frequent cultivation of transgenic crops has been 
shown to accelerate the accumulation and persistence of Bt proteins in the soil 
(Saxena et al. 2010; Bakhsh et al. 2015). Therefore, soil microorganisms are influ-
enced by Bt toxins that originate either from the transformation process or plant 
tissue culture procedures, instead of inserted genes. All these findings do suggest 
that GMCs significantly altered structure and functions of soil microorganisms.

20.4  Impact of GMCs on Soil Fungi

Most studies that determined the effect of transgenic proteins on soil fungi failed to 
find any strong negative impact of these proteins on saprotrophic fungi (Table 20.1) 
(Saxena and Stotzky 2001a; Koskella and Stotzky 2002; Ferreira et al. 2003; Icoz 
et al. 2008; Oliveira et al. 2008). For example, there were no significant differences 
in culturable soil fungal populations when soil was amended with purified Cry1Ab 
or Cry1Ac protein (Donegan et al. 1995). In the same study, a transient increase in 
culturable fungal populations was also reported in soils amended with Bt cotton. 

D. Mohandass and T. Muthukumar



409

Similarly, a lack of difference in culturable fungal populations was also reported in 
soil microcosms cultivated with non-Bt and Bt corns (Saxena and Stotzky 2001b; 
Flores et al. 2005). Nevertheless, the influence of Bt corn biomass buried in litterb-
ags on soil fungal communities involved in the litter decomposition as confirmed by 
T-RELP was attributed to environmental factors rather than the presence of Cry3 Bb 
protein (Table  20.1; Xue et  al. 2011). The slow decomposition rate of Bt corn, 
canola, potato, rice, and tobacco residues in the soil was attributed to the higher 
lignin content in these residues (Saxena and Stotzky 2001b; Stotzky 2004; Flores 

Table 20.1 Overview of studies reporting the influence of genetically modified (GM) crops on 
non-mycorrhizal and arbuscular mycorrhizal fungi (AMF) by the influence of different modified 
traits was examined from survey of different literatures

Impacts of 
GMCs GM plant names References
Neutral Alfalfa (Medicago sativa), 

American elm (Ulmus 
americana), aspen (Populus 
tremula x P. tremuloides), birch 
(Betula pendula), brinjal 
(Solanum melongena), canola 
(Brassica napus), cotton 
(Gossypium hirsutum), flax 
(Linum usitatissimum), potato 
(Solanum tuberosum), soybean 
(Glycine max), tobacco 
(Nicotiana sylvestris), tomato 
(Solanum lycopersicum)

Donegan et al. (1999), Newhouse et al. (2007), 
Kaldorf et al. (2002), Seppänen et al. (2007), 
Turrini et al. (2004b), Flores et al. (2005), 
Blackwood and Buyer (2004), Tan et al. 
(2010), Kuramae et al. (2013), Verbruggen 
et al. (2012), Cheeke et al. (2013), Naef and 
Defago (2006), Lawhorn et al. (2009), Saxena 
and Stotzky (2001), Hart et al. (2009), Powell 
et al. (2009), de Vaufleury et al. (2007), Zeng 
et al. (2015), Knox et al. (2008), de Souza 
Vieira et al. (2011), Li et al. (2011), Wrobel- 
Kwiatkowska et al. (2012), Donegan et al. 
(1996), Götz et al. (2006), Weinert et al. 
(2009), Gschwendtner et al. (2010), Hannula 
et al. (2010), Wu et al. (2009), Ren (2006), Lee 
et al. (2011), Chun et al. (2012), Powell et al. 
(2007), Weaver et al. (2007), Liang et al. 
(2015), Vierheilig et al. (1993), and Girlanda 
et al. (2008)

Negative Canola (Brassica napus), corn 
(Zea mays), rice (Oryza sativa)

Dunfield and Germida (2001), Xue et al. 
(2005), Icoz et al. (2008), Oliveira et al. 
(2008), Turrini et al. (2004a), Cheeke et al. 
(2011), Xue et al. (2011), Fließbach et al. 
(2012), Tan et al. (2011), Cheeke et al. (2013), 
Turrini et al. (2004a), Castaldini et al. (2005), 
Cheeke et al. (2012), Seres et al. (2014), 
Cowgill et al. (2002), Hannula et al. (2012), 
Hannula et al. (2013), Xue et al. (2005), 
Donegan et al. (1995), Liu et al. (2008), Wu 
et al. (2004), Lu et al. (2010), Yang et al. 
(2002), Tahiri-Alaoui et al. (1994), Vierheilig 
et al. 1995), Medina et al. (2003), and Tilston 
et al. (2013)

Positive Barrel medic (Medicago 
truncatula), papaya (Carica 
papaya)

Boisson-Dernier et al. (2001), Cortet et al. 
(2006), Kremer and Means (2009), Wei et al. 
(2006), O’Callaghan et al. (2008), Henault 
et al. (2006)
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et al. 2005; Poerschmann et al. 2005). Contrarily, no significant variations in lignin 
content between Bt and non-Bt cultivars (Jung and Sheaffer 2004; Mungai et al. 
2005; Lang et al. 2006) and subsequently a slightly higher decomposition rates have 
been observed for Bt than non-Bt crop residues (Lehman et  al. 2008; Tarkalson 
et al. 2008; Wu et al. 2009).

Cultivation of genetically engineered Bt potato failed to exhibit any negative 
effect on soilborne pathogens like Fusarium sp., and Pythium sp., in the plant rhizo-
sphere under field conditions (Donegan et al. 1996). A mass spectrometric study 
showed that some of the Bt and non-Bt corn lines differed more in their volatile 
organic compound composition than the presence of Cry protein (Naef et al. 2006). 
This finding is an example of the pleiotropic effect occurring in GMCs that can alter 
the nature of the transgenic plant tissue, potentially affecting the degrading time of 
the residues and fungal community structure (Naef et al. 2006).

Moreover, the influence of transgenic plants on AM formation may vary with 
GMC varieties. For example, the Bt corn event Bt 176 exhibited reduced AM colo-
nization levels and arbuscule development when compared to another Bt corn line 
event Bt 11 and a non-Bt parental isoline during primary stages of plant develop-
ment. In addition, both the Bt cultivars had less arbuscule formation than the paren-
tal corn lines (Castaldini et al. 2005). Besides these, other studies pertaining to Bt 
and non-Bt corn failed to reveal any differences in the intensity or frequency of AM 
root colonization (de Vaufleury et al. 2007). In summary, GMCs significantly affect 
all groups of fungi including saprophytic, pathogenic, and mycorrhizal fungi; how-
ever, the response of all the fungal groups varies with respect to their transgenic Bt 
lines.

20.5  Mycorrhizal Associations in GMCs

Mycorrhizal fungi are one of the important soil organisms that can be affected by 
farming of transgenic crops. These fungi play important roles in the soil ecosystem 
as nutrient recyclers and plant symbionts (Cheeke et al. 2012b). The AMF associa-
tion is an ideal example to understand the fundamentals and mechanisms involved 
in GMC-microbe symbiosis. Any influence of GMCs on AMF might have a more 
immediate consequence on GMCs farming because these fungi associate with a 
wide range of crop species (Wang and Qiu 2006). AMF are mostly beneficial to 
plant development, crop productivity, and ecosystem processes (Smith and Read 
2008). The mycorrhizal benefit to the plants is normally mutualistic with the 
exchange of nutrients and carbon between the associating partners. In GMCs, the 
gene insertion may induce modifications in plant physiology, although the trans-
genic protein may concentrate either in the rhizosphere or in the plant tissues affect-
ing mycorrhization and mycorrhizal benefits. A study examining the effect of GMCs 
on mycorrhizal formation showed that the root exudates of Bt corn (event Bt 176) 
significantly reduced the development of presymbiotic hyphae by Funneliformis 
mosseae (=Glomus mosseae), and 36% of the appressoria failed to produce viable 
infection pegs to penetrate plant roots (Cheeke et al. 2012a). Thus Bt isoline failed 
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to acquire the same amount of colonization as their non-Bt isoline conspecifics. 
Although this study suggested that the host recognition mechanism of the fungus 
was not disrupted by the presence of GMCs, some unknown plant/fungal factors 
might have limited the colonization of AMF in this Bt isoline (Cheeke et al. 2012b). 
Several greenhouse studies demonstrate that the mycorrhizal colonization and spore 
abundance in Bt corn were lower than their parental lines indicating that AMF is 
likely to colonize and benefit the GMCs under optimum conditions (Cheeke et al. 
2011). Moreover, the study also suggested that the amount of fertilizers and the 
quantity of AMF inoculum added had a greater influence on the AMF colonization 
levels both in Bt and non-Bt isolines (Cheeke et al. 2011). Therefore, the interaction 
between GMCs and AMF should be closely monitored, particularly in low-input 
farming systems where reliance on a healthy soil microbial community for main-
taining plant fitness and nutrition is of great relevance.

20.6  Incidence and Diversity of AMF in GMCs

Agriculture biotechnology introduced GMCs into the modern cropping systems 
which might have resulted in unintentional adverse consequences on the surround-
ing ecosystem, such as plant-beneficial AMF diversity (Liang et al. 2015). AMF 
have been considered as an important nontarget organism for studying the effect of 
GMCs on the environment (Turrini et al. 2015). For instance, several GMCs either 
had a higher or lower amount of secondary metabolites or alterations in crop chem-
istry that were not directly linked to the specific genes introduced (Smith and Read 
2008; Pu et al. 2012; Hannula et al. 2014). The overall structure and functions of 
belowground microbial communities may be affected due to the GMCs (Liang et al. 
2015). Therefore, GMCs may cause changes in AMF occurrence and diversity that 
could influence the variety of AMF associated with the target and nontarget plant 
species. Several studies have also shown that GMCs can change the diversity of the 
whole rhizosphere-associated fungal and bacterial communities, but sometimes 
there may be little or no variations among soil microbial communities (Pu et al. 
2012; Meyer et al. 2013; Liang et al. 2014). Moreover, many study results showed 
that GMCs can change the development of AMF like a delay in colonization, 
decrease in presymbiotic hyphal growth, and effects on the regular appressoria 
development that reflects negative impacts of GMCs on AMF (Vierheilig et  al. 
1995; Turrini et al. 2004a). In contrast to some studies revealing a significant impact 
of Bt corn on AMF community structure (Castaldini et al. 2005; Tan et al. 2011; 
Cheeke et  al. 2012a), others suggest that GMCs do not affect AMF community 
structure (Turrini et al. 2004a; Powell et al. 2007; Cheeke et al. 2011; Verbruggen 
et al. 2012; Hannula et al. 2012; Meyer et al. 2013). The percentage of AMF root 
colonization increased from juvenile to mature GM wheat plants, and therefore the 
Pm3b mildew resistance transgene had no strong impact on AM root colonization 
(Meyer et al. 2013). The Shannon diversity index for AMF diversity revealed negli-
gent differences between GMCs and non- GMCs (Liang et al. 2015). In contrast, a 
decline in AMF colonization levels in different Bt corn lines has also been reported 
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(Cheeke et al. 2012a). In summary, GMCs do not have a much positive influence on 
AMF colonization and diversity as shown by several experimental studies. However, 
further studies are mandatory to evaluate the structure and growth of AMF coloniza-
tion and diversity on different GMCs that use long-term harvesting under natural 
environment.

20.7  Possible Mechanisms of Interaction Between AMF 
and GMCs

Certain key factors through which GMCs might influence the AMF include altered 
gene expression levels in plant roots, changes in the quality and quantity of the root 
exudates, unintentional modifications of chemical concentrations of host plant, and 
the persistence of genetically modified proteins in the soil (Liu 2010). Few studies 
involving Bt corn and Dm-AMP1 aubergine plants have demonstrated the exudation 
of transgenic proteins from the roots through root exudates (Saxena et  al. 1999; 
Turrini et al. 2004b). It is well established that the toxins or antimicrobial sub-
stances present in the plant root exudates may affect nontarget soil microorganisms 
and their communities (Siciliano and Germida 1999; Griffiths et al. 2007). Turrini 
et  al. (2004a) also showed that the exudates originating from Bt 176 corn roots 
negatively affected the development of the presymbiotic hyphae, compared to Bt 11 
and non-Bt plants. But, no such negative effect on the host recognition system of 
AMF or steps leading to the establishment of mycorrhizal symbiosis by F. mosseae 
was evident for the antimicrobial protein Dm-AMP1 exudated from aubergine 
(Solanum melongena L.) cv. Violetta roots (Table 20.1) (Turrini et al. 2004a, b). 
Turrini et al. (2004b) hypothesized that AMF like F. mosseae lack suitable binding 
sites for Dm-AMP1 on the hyphae as this protein induces membrane destabilization 
only after binding to membrane patches containing sphingolipids (Thevissen et al. 
2000, 2003). In addition, the typical growth enhancement of GMCs due to the estab-
lishment of AMF symbiosis suggests that the symbiosis established was functional. 
As the development of AMF mycelium is sensitive to the nutritional changes in the 
soil environment, this AMF parameter has often been used as an indicator to assess 
the impact of different biological or chemical substances on AMF (Turrini et  al. 
2004a). Moreover, the capability of AMF mycelium to tolerate plant defense 
compounds indicates the ability of AMF to tolerate plant secondary metabolites like 
phenolics, phytoalexins, glucanases, and chitinases, which exhibit a transient 
increase in root cells during initial stages of the symbiosis establishment (Dumas- 
Gaudot et al. 1994; Volpin et al. 1994). In a field experiment, the linear relation 
between leaf chlorophyll content of corn plants and AMF colonization at harvest 
indirectly suggests that the carbon fixation or allocation might be an overriding 
factor controlling AMF colonization in GMCs (Cheeke et al. 2013). This view is 
supported by the presumption that changes in soil nutrient availability might influ-
ence mycorrhizal colonization levels both in Bt and non-Bt plants. Readily available 
nutrients in the soil may reduce AM colonization in plant roots as the carbon cost of 
supporting the fungal symbionts exceeds the benefits received (Johnson et al. 2003; 
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Cheeke et al. 2011). Thus the nature of the relationship may tilt from mutualism to 
parasitism (Johnson et  al. 2003). Future investigation on the variations in AMF 
community composition in relation to changes in soil nutrient availability in non-Bt 
and Bt corn would help to explore and understand the nature of the interactions 
between these plant-fungus associates (Cheeke et al. 2013).

20.8  Variations in the Mycorrhizal Dependency of GMCs 
and Non GMCs

Colonization of plant roots by AMF is commonly influenced by several factors like 
soil, host plant, pathogens, drought, and local environmental conditions (Cheeke 
et al. 2012b; Zeng et al. 2015). Among these, soil factors are prominent in influenc-
ing AMF as colonization levels tend to vary with soil types. Many studies have 
reported differences in the levels of AMF colonization between Bt and non-Bt 
plants. Of these, lower level or reduced AMF colonization was reported in geneti-
cally modified corn and tobacco (Turrini et al. 2004a; Castaldini et al. 2005; Cheeke 
et al. 2011, 2012a). In contrast, no differences were observed in the extent of AMF 
colonization between non-Bt and Bt plants (Kaldorf et al. 2002; Xue et al. 2005; 
Flores et al. 2005; Naef et al. 2006; de Vaufleury et al. 2007). Moreover, incorpora-
tion of transgenic Bt proteins in the substrates negatively influences root coloniza-
tion by AMF in many cultivated non-Bt plants (Yang et al. 2002). These variations 
in Bt-induced effects on root colonization by AMF were also affected by local envi-
ronmental conditions, cultural practices, and GMC remnants in the soil (Xue et al. 
2011). Moreover, the persistence and biological activity of Bt toxins in the soil are 
critical parameters for examining the risk potentiality and environmental prospects 
of GMC remnants in the agricultural soils (Icoz and Stotzky 2008).

Variations in the root colonization levels by AMF in GMCs were influenced by 
high P fertilization in the crop varieties of GM corn and wheat (Hetrick et al. 1995; 
Kaeppler et al. 2000; Sawers et al. 2008). Nevertheless, the mycorrhizal responsive-
ness may vary with crop varieties (Kaeppler et al. 2000; Schultz et al. 2001; Gao 
et al. 2007; Seifert et al. 2009). Significant variation in mycorrhizal colonization 
was induced by various Bt proteins, particularly Cry1Ab protein (Turrini et  al. 
2004a; Castaldini et  al. 2005; Ren 2006; de Vaufleury et  al. 2007; Cheeke et  al. 
2012a; Seres et al. 2014). The varied expression levels of modified genes on GMC 
roots are often exemplified by the modifications in the root exudates, persistence of 
transgenic proteins in agricultural soils, and modifications in the chemical composi-
tion of GMCs which may all influence AMF. Hence, both intraradical and extraradi-
cal structures of AMF in GMCs are exposed to both antimicrobial and pesticidal 
toxins. Additionally, exposure to toxins like Bt could be experienced throughout the 
life cycle of AMF and even longer when these toxins are exudated throughout the 
entire growth period of the GMCs (Rui et al. 2005). Consequently, GMC plants may 
impact AMF development over their whole life cycle by exudating antimicrobial 
compounds that may cause variation in the mycorrhizal colonization between non-
 Bt and Bt lines (Liu 2010).
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20.9  Assessing Effects of GMCs and AMF on Soil Dynamics

Agricultural practices that involve the utilization of chemical fertilizers, biocides, 
tillage, and monocultures are harmful to AMF (Gosling et al. 2006). However, stud-
ies on effects of GMCs and the activity of AMF on soil dynamics might be impor-
tant functional attributes in most plants. Carpenter (2011) reported in a study that 
GMCs could influence the soil functions like the movement of nutrients, cycling of 
N, and decomposition of wastes. Available evidence does indicate that the interac-
tion between GMCs and AMF on soil dynamics could be either beneficial or harm-
ful (Liu 2010; Wróbel-Kwiatkowska et al. 2012). This could arise from the fact that 
GMCs might drive nontarget organisms like the AMF; however, their role and func-
tions could vary based on their level of transformation. The nontarget effect of 
GMCs on microorganisms involved in microbe-mediated activities in the soil 
appears due to the introduction of Cry proteins into the soil through the cultivation 
of GMCs (Masoero et al. 1999; Escher et al. 2000; Saxena and Stotzky 2001a; Dinel 
et al. 2003; Manachini et al. 2004; Rui et al. 2005; Griffiths et al. 2005). A 3-year 
field study confirmed the release of Cry protein into the soil by Bt corn in the form 
of root exudates continuously throughout the plant growth period. However, the 
levels of soil Cry proteins were not correlated with the specific stage of plant growth 
(Nguyen Thu 2004; Baumgarte and Tebbe 2005). Thus, frequent cultivation of 
GMCs leads to the continuous release and accumulation of Cry proteins in the rhi-
zosphere. In addition, the binding of Cry proteins to soil components can result in 
their accumulation and persistence in soils that are repeatedly cultivated with GMCs 
on a large scale (Tabashnik 1994; Saxena and Stotzky 2001a; Muchaonyerwa et al. 
2004). Besides, Lilley et al. (2006) reviewed the information available on the influ-
ence of insecticidal Cry proteins originating from GMCs on soil ecosystems, includ-
ing soil microorganisms, microbe-mediated activities, and soil-inhabiting 
invertebrates and the fate and persistence of Cry proteins in the soil. There is always 
the possible risk of Cry protein accumulation with increasing cultivation and use of 
GMCs. But, experimental studies suggest that Cry proteins do not remain for a long 
time and degrade rapidly in the soil (Icoz and Stotzky 2008). Hopkins and Gregorich 
(2003) also showed that the Bt endotoxin in corn residues is highly unstable and 
rapidly decomposes in field soils, but a small portion of it may be secured from 
degradation in relatively recalcitrant form.

Although information dealing with Bt transgenic crops in relation to soil ecosys-
tems have been published (Shelton et al. 2002; Saxena and Stotzky 2003), certain 
studies have highlighted nontarget effects of GMCs on AMF (Saxena and Stotzky 
2003; O’Callaghan et al. 2005). The different effects of GMCs on soil microorgan-
isms are mainly at the rhizosphere level, where root exudates directly affect the 
composition of microbial soil communities (Wieland et  al. 2001; Chelius and 
Triplett 2001; Mansouri et al. 2002; Gomes et al. 2003; Lynch et al. 2004).
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20.10  Do GMCs Influence AMF Diversity?

Certain studies indicate that the intensity of local environmental conditions affects 
AMF abundance, spore diversity, and community composition resulting in struc-
tural and functional variations (Glinka and Hawkes 2014). However, AMF commu-
nity is critical for plant nutrition availability (Li et  al. 1997), disease tolerance 
(Selosse et al. 2004), and plant productivity through ecological functioning (vander 
Heijden et al. 1998). The diversity and abundance of AMF spores associated with 
GMCs and non-GMCs depends on local environmental conditions. However, field- 
grown Bt and non-Bt corns did not show significant variations in AMF spore densi-
ties or root colonization (Kabir et al. 1998; Oehl et al. 2005; Isobe et al. 2008). In 
contrast, low AMF spore diversities were found to be associated with GMCs in the 
field experiments compared to those in natural systems (Helgason et al. 1998; Oehl 
et al. 2005). Nevertheless, low AMF diversity is also common in crops cultivated 
under continuous monocropping (Helgason et al. 1998; Oehl et al. 2005).

Previous studies demonstrate that the expression of the Cry1Ac protein in GM 
cotton plants does not affect the endophytic fungal communities as indicated by 
multivariate analysis. This statistical approach combines different measurements 
from the sample and recognizes relations and interactions between factors and 
hence is a powerful tool to understand external influences on biodiversity (Andreote 
et al. 2009). For this reason, many studies have employed this important statistical 
technique to calculate the impacts of GM plants on their associated microbial com-
munities (Andreote et al. 2008). Several factors like GM parent, growth phase, field 
site, season, and cultivar were used to study the effects of GMCs on AMF communi-
ties (Cheeke et al. 2013). Among these, factors like field site, season, plant growth 
phase, and year were found to affect the AMF communities in a significant manner, 
while GM traits have either a transient or no effect (Table 20.1; Kabir et al. 1998; 
Castaldini et al. 2005; Grigera et al. 2007; Schaarschmidt et al. 2007). Similarly, 
Cotton et al. (2015) detected that the communities of AMF can change dramatically 
between years of cropping. Contrarily, AMF species diversity assessed by Shannon 
diversity index was almost similar for transgenic soybean cultivar (ZD91) contain-
ing the Arabidopsis cystathionine γ-synthase (AtD-CGS) gene and the wild-type 
line (ZD) within the similar growth phase during two consecutive years (Liang et al. 
2015). The colonization of AMF and spore diversity was lower in Bt rice cultivars 
than those of the parental lines (Yang et al. 2002; Ren 2006). In summary, the results 
on the effect of GMCs on AMF diversity are rather inconsistent as some studies 
reveal a neutral response, while others showed negative responses.

20.11  Effects of GMC Plant Residues on AMF

The GMC remnants present in the soil containing Bt proteins can be identified 
using enzyme-coupled immunosorbent assay (Zeng et al. 2015). The strong varia-
tion found in the concentrations of the Cry1Ab protein in roots of dissimilar Bt 
corn line indicates that the manifestation of this protein varies among transgenic 
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cultivars developed using different transformation events (Zeng et al. 2015). The 
protein residues released from Bt plant roots may remain active and persist for a 
prolonged time in the soil (Crecchio and Stotzky 1998; Saxena and Stotzky 2001a; 
Stotzky 2004). Nevertheless, the low concentrations of Cry1Ab protein in the plant 
rhizosphere and bulk soil than in the plant roots of some Bt plants suggest the lack 
of accumulation of Bt proteins (Zeng et al. 2015). Further, the expression level of 
the Bt proteins in the plant roots of GMCs can also influence the AMF colonization 
(de Vaufleury 2007). Hence, the variations in the concentrations of the Cry1Ab 
protein in the plant roots of Bt and non-Bt crop cultivars could affect plant-AMF 
symbioses differently.

In addition, higher levels of AMF colonization were observed in the two Bt than 
the non-Bt corn lines suggesting that continuous cultivation of Bt corn lines does 
not adversely affect AMF colonization (Zeng et al. 2015). It also appears that the Bt 
protein remnants in the plant rhizospheres act as an organic matter amendment and 
not as a toxin (Saxena and Stotzky 2001b). However, an experimental study showed 
that GMC residues significantly reduced the proportion of colonization by indige-
nous AMF as assessed after 4 months of plant growth (Zeng et al. 2015). This could 
be related to the slower decomposition rate of the GMC residues than that of non- 
GMC residues (Saxena and Stotzky 2000; Dinel et al. 2003; Stotzky 2004; Flores 
et al. 2005; Castaldini et al. 2005; Raubuch et al. 2007; Cheeke et al. 2012a; Zeng 
et al. 2015). Moreover, there is also a probability that GMC toxic residues might 
negatively affect the organisms that biologically decompose organic matter in the 
soil, some of which are also known to stimulate mycorrhization. This effect can be 
elaborated through the discharge of toxic exudates by the plant roots of GMCs 
which subsequently get sorbed to clay particles or organic matter and maintain bio-
cidal activity (Saxena et al. 1999, 2002; Saxena and Stotzky 2000; Lehman et al. 
2008).

At harvest, large quantities of plant residue enter into the soil and are subse-
quently decomposed (Saxena et al. 1999; Saxena and Stotzky 2000). These GMC 
residues may bind to soils of humic acids and clays and retain their pursuit for a 
substantial period. Such persistence of the GMC residues may cause an adverse 
effect on AMF and other soil microorganisms (Saxena and Stotzky 2001b). The 
lower degradation rate of GMC residues was attributed to the increased lignin con-
tents in the remnant compound of GMC. However, the recent evidence put forward 
the differences in phytoconstituents and microbial communities between GMCs and 
their near isogenic lines and may be reliable for the differences in mineralization 
amounts of the GMC residues (Poerschmann et al. 2005; Naef et al. 2006; Raubuch 
et al. 2007). Moreover, the association between plants and soil microbial commu-
nity may induce changes in the phytoconstituents of plants and thus affect mineral-
ization of their residues (Roessner et al. 2000; Cellini et al. 2004; Liu et al. 2005; 
Watanabe et al. 2007; Raubuch et al. 2007).
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20.12  Impact of GMCs Cultural Practices on AMF

Sustainable agricultural practices provide various advantages like ecological bene-
fits, economical viability, and social security for the production of human food 
(Gips 1987). It aims to recycle the detritus in the farming systems with few periph-
eral inputs and to conserve the high biodiversity of the agroecosystems. Further, the 
sustainable farming also helps in biological weed control and improves exploitation 
of soil-plant-microbe interactions for plant nutrition and defends against pests and 
pathogens (Edwards et al. 1990). Traditional agricultural practices benefit several 
soil microorganisms including AMF that provide minerals to plants and are directly 
involved in crop production (Plenchette et al. 2005). There are numerous agronomic 
practices that directly influence the AMF prevalence and activity. A few crop modi-
fications comprise processes like breeding, application of pesticides or growth regu-
lators, coating the seeds with fungicides, and modifications in soils which include 
the application of fertilizers, farming to destroy weeds, biocide application, tillage, 
and fallow (Plenchette et al. 2005). The breeding programs are often conducted in 
soils where mineral nutrients are not limiting plant growth, thus indicating that plant 
breeding conditions may not support optimum AMF colonization or activity among 
GMCs (Azcon and Ocampo 1981; Plenchette et al. 2005). In addition, the applica-
tion of inorganic fertilizers to improve soil fertility decreases mycorrhizal develop-
ment. But this influence depends on the nutrient requirement of the crop that is 
selected. Therefore, crops like GMCs which have high growth rates, high nutrient 
demand, and high mycorrhizal dependency may affect the structure and function of 
AMF if the nutrient demand of these crops is satisfied through fertilizers. However, 
James (2013) repatriated that the utilization of GMCs by farmers worldwide has 
reduced the pesticide usage by half thereby saving their chemical costs substan-
tially, and this also reduced the exposure of farmers to insecticides. This clearly 
indicates that GMCs may benefit sustainable agriculture management by reducing 
the usage of synthetic chemicals in cultivation. Additionally, growth regulators pro-
duced by bioinoculants like PGPRs have the ability to increase the root proliferation 
of crops, and in turn, this facilitates the nutrient uptake of plants. This PGPR- 
mediated nutrient uptake by crops can be further enhanced by AMF resulting in 
increased crop growth and yield (Vafadar et al. 2014).

Studies on fertilizer consumption by GMC indicate that fertilizer usage would 
double for every 6% increase in GMC cultivable area. Nevertheless, the develop-
ment of GM rice plants that are capable of acquiring and metabolizing N could 
substantially diminish the need for fertilizers for increasing crop yields (Shrawat 
et al. 2008). These nutrient efficient GMCs would reduce crop dependence on AMF 
and subsequently could alter AMF communities and their actions in the soil.

Another important agronomic activity that adversely affects the distribution of 
AMF propagules and mycorrhizal colonization is soil tillage (Smith 1978; Yocum 
et  al. 1985). As this routine is common for both GMCs and non-GMCs, tillage 
would ultimately affect AMF. In summary, traditional agricultural practices may not 
be appropriate for GMCs which in turn inflict changes in AMF association and their 
community structure. Moreover, in-depth studies are necessary to evaluate and 
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develop farming practices that would suit coexistence and functioning of AMF 
GMCs in modern agroecosystems.

20.13  Future Prospects

Presently, the majority of the GMCs include simple manipulations like inserting 
genes for herbicide resistance or pest insect toxin. However, within two decades, a 
development of GMCs containing genes for desirable traits like high-temperature 
tolerance, apomixes, nitrogen fixation, denitrification inhibitor production, conver-
sion from annual to perennial habit, and increased photosynthetic efficiency can be 
expected (Godfray et  al. 2010). Nevertheless, understanding the consequence of 
GMCs on the activity of AMF colonization is an urgent practical implication to 
protect the environment, crops, and human health. The overview of the various 
study results showed that the risk evaluation of GMCs is consistent to affect AMF 
neutrally or negatively among the Bt crop plants. However, few studies demonstrate 
that GMCs positively influenced the AMF. Moreover, there is an absence of infor-
mation in respect to the long-term assessment of AMF colonization, structures, 
spore diversity, and abundance among GMCs. Generally, AMF are more sensitive, 
the leftover residues of GMCs in farming practices may possibly affect colonization 
and diversity of AMF in subsequent crops that may be non-GMCs. Thus, GMC resi-
dues may possibly have a long-term effect in reducing the population and diversity 
of AMF.  As GMCs have high Cry protein concentration, risk factor assessment 
should focus and identify the alterations in the genetics and physiology of the culti-
vated plants. Consequently, much emphasis should be laid on the different aspects 
of the risk assessment of GMCs especially in the areas of fungal ecology and com-
munity evaluation in both terrestrial and wetland ecosystems. Moreover, the effect 
of GMCs on AMF symbiosis under different observation methods and environmen-
tal situations should be performed to explore the actual benefits of the association. 
Available evidence does signify that the interaction between GMCs and AMF under 
realistic field conditions might be more complex than that can be predicted. 
However, the exploration of the GMC consequence on AMF in the line of threats 
and benefits would enable us to understand and develop strategies for the sustain-
able management of agronomy in the future. Further investigations should incorpo-
rate more molecular tools for the identification and quantification of AMF as it 
would be useful in estimating the consequences of each plant genetic insertion event 
on the AMF under different environmental and experimental conditions. 
Furthermore, it could also stretch a vibrant picture of the long-standing effects of 
GMCs on AMF formation and function with regard to plant growth in different soil 
conditions.
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20.14  Conclusions and Future Considerations

GMCs are an important advancement in fast-growing agricultural biotechnology 
that is practiced worldwide. Earlier research has proved the benefits of GMC conse-
quences on the environs and human health for the last two decades. Many experi-
mental studies have also suggested that GMCs had few negative consequences on 
soil microorganisms and microbial community especially the AMF.  In all these 
studies, several types of GMCs were investigated to test their consequences on 
AMF. However, Bt technology has been widely used to benefit cultivators to increase 
plant resistance to several diseases and to provide high yields.

A survey of the literature reporting the consequences of GMCs on AMF coloni-
zation, abundance, and community indicates that over half of the study results have 
reported a neutral effect (55%), followed by the negative (36%) and positive (9%) 
effects (Table  20.1; Fig.  20.3). Since  last two decades, research outcomes have 
reported different responses to AM fungi; however, a number of research outcomes 
suggest beneficial or neutral effects on AMF colonization and fungal communities, 
although a negative effect in certain GMCs suggests that the improvement of trans-
genic lines in these plants should be avoided in the future for sustainable crop man-
agement. Further, studies during different seasons and in different sites through 
long-term experiments are necessary to validate the long-term influence of GMCs 
on AMF. Till date, this sort of information for GMCs is seriously lacking. Moreover, 
experiments are needed to systematically examine the interfaces between Bt toxins 
and soil biochemical and soil microorganism properties. The above issues should be 
taken into consideration for acceleration of current research progress and to make a 
clear understanding to validate the assumptions of GMCs on AMF and other soil 
microbial communities.

Fig. 20.3 Effect of 
genetically modified crops 
(GMCs) on arbuscular 
mycorrhizal fungi (AMF) 
as determined by the 
literature survey for the 
last two decades. The 
important consequences of 
GMCs on AMF are 
classified as neutral, 
negative, and positive
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Abstract
The global demand for food, animal feed, and plant-based products is increasing 
with the blast of population growth putting unprecedented pressure to the agri-
culture as the natural resources become diminished and the conventional system 
of cultivation is not sufficient to cope up with this. In addition to this, recent 
public concerns to the catastrophic effect of chemical fertilizer and pesticides to 
the livestocks and the environment led to the urgency of adopting sustainable 
agricultural practices. In sustainable agriculture, the plant–microbe interaction 
plays an imperative position which mainly confers the mechanism and utilization 
of beneficial microbes and their products for crop improvement, providing abi-
otic stress tolerance and control of plant diseases. The interaction between plants 
and microbes is a very complex and dynamic biological process which has 
evolved due to thousand years of coevolution between them. The plant–microbe 
interactions can provide the new imminent in various aspects of the mechanisms 
of how the microbes respond to perturbation, how chemical exudates released 
from plant roots, and how do they affect plant health and development. In the last 
two decades, molecular biology is being a powerful and precise tool becoming 
more commonly adopted and reliable for understanding of the plant–microbe 
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interaction. For example, the introduction of next-generation sequencing giving 
multitude of nucleotide data in a very short duration also assists metagenomics 
which allows studying complete microbiota including non-culturable microbes. 
This book chapter is intended to chronicle the development of different molecu-
lar biology tools in studying the biosynthetic pathway secondary metabolites 
produced by microbes, diversity of microorganisms, and functional identifica-
tion of induced genes in a plant–microbe interaction.

Keywords
Rhizobacteria • PGPR • Next-generation sequencing • Metagenomics • Non- 
culturable • Microbiota

21.1  Introduction

In a natural ecosystem there is always a competition for food and area that leads to 
the rise of different enemies. To combat successfully with these natural enemies, 
every living organism has adapted to their native environment and developed some 
defense mechanisms. Since most of the plants are immobile, they have to manage in 
the existing environment and utilize to its utmost (Chai et al. 2005); moreover plants 
require different micro- and macronutrient for maintaining a healthy life, but some 
of the nutrients are not readily available in the prescribed format (Fageria et  al. 
2011). So, the plants have to utilize a unique strategy to overcome this hurdle by 
attracting microorganisms which have the ability to convert  the complex organic 
compounds into absorbable format. This type of phenomenon is termed as symbio-
sis, and it becomes an integral part of their survival (Ronald and Shirasu 2012). 
Various types of microbes are present in close proximity of the plants by involving 
as pathogens, saprophytes, epiphytes, endophytes, and mutualists. Pathogenic and 
mutualistic microbes are the major players that influence plant health (Goh et al. 
2013). So the plants and microbes must coexist peacefully for the battle of survival, 
and plants itself determine whether the endeavor microbes are associates or antago-
nist. From several years, the plants and microbes acquired a number of mechanisms 
which can modulate outcomes of their interactions (Jones and Dangl 2006; Oldroyd 
2013). Moreover, different abiotic ecological aspects such as temperature and light 
also effect the plant–microbe interactions (Hua 2013). Thus, plant–microbe interac-
tions are a web of very complex and dynamic interconnecting biological process 
which can be classified as symbiotic, parasitic, and neutralistic (Newton et al. 2010). 
In case of positive interactions, different beneficial microbes such as endo- and 
ecto-mycorrhizal fungi, nitrogen-fixing bacteria, and plant growth-promoting rhizo-
bacteria (PGPR) are involved as symbiotic and associative interactions which are 
yet to be explored. On the other hand, the negative interactions incorporate with the 
involvement of different types of parasitic plants, pathogenic bacteria, fungi, oomy-
cetes, nematodes, and invertebrate herbivores (Halder and Sengupta 2015).
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The rhizosphere is the junction of different interactions forming complex envi-
ronments which are very crucial for plant health, and this is due to the root exudates 
released in the rhizosphere that attract different organisms (Berendsen et al. 2012). 
Due to the inherently complex nature of plant–microbe interactions, more powerful 
techniques are needed for unraveling the overall result of microbial activities in the 
rhizosphere and help researcher for better understanding of the prospective of crop 
plant. However, advances in methods based on nucleic acid analysis of the plant- 
associated microbiota especially by advancements in genomic (DNA and RNA) 
sequencing have dramatically accelerated research and are attested (Simon and 
Daniel 2011). And to understand the underlying mechanism of the linkages between 
microbial diversity and ecosystem functioning, effective high-throughput technolo-
gies are critical for advancing this mechanistic understanding (Fitter et al. 2005; 
Levin 2006). No doubt that the NGS technologies have revolutionized our under-
standing with the advantage of low cost and less laborious, but, however, function 
of host microbiome remains unclear. So there is a need of integrated information of 
microbial communities via different meta-omic technologies (Kothari et al. 2006). 
This advancement in sequencing technologies has given the metagenomic analysis 
to explore the entire spectrum and significant insight of plant–microbe interaction 
for complete understanding and hence discovery of novel genes.

21.2  Metagenomics

Since the interaction between plant and microbes present in the surrounding envi-
ronment is very complex and dynamic, it arises some of the basic questions like 
what are the organisms acting there, how they interact, how do they affect plant 
health and development, how do they respond and adapt to environmental changes. 
Understanding these questions will lead to a better understanding of the association 
between microorganisms and plants. But while addressing these questions, tradi-
tional culture-based approach is not enough because only a tiny portion of the entire 
biomicrobiota is possible till now and the rest of the large portion is unculturable, 
and moreover, achieving culture conditions for isolating a single member from a 
consortium would be a daunting task because of (1) dependence on other organisms 
for significant practices, (2) unable to develop in vitro or (3) turn out as extinct in 
fossil records (Tringe and Rubin 2005). So there is a need of an effective technique 
to identify and to discover the knowledge treasure behind these unculturable 
microbes, and here it comes as non-culture-based approach, called “metagenom-
ics,” which has been rapidly adopted since the 1980s (Handelsman 2004). It is a 
technique which can directly access the genetic content of the whole group of 
organism by combining the genomic technology and bioinformatic tools. 
Metagenomics circumvents the requirement of isolation or cultivation of microbes 
and refers to the direct access to the total gene pool from their environment, without 
the need for prior culturing under laboratory conditions (Handelsman 2004). This 
study can lead to the discovery of new gene product and can reveal the complete 
metabolic pathways from the largely untapped microbial resource (Cowan et  al. 
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2005). The main purpose of this approach is to develop a consensus of what microbes 
are present and their role in the particular environment (Jarvie and Harkins 2007).

21.2.1  Sample Enrichment

Metagenomic study involves the construction of a soil-based library that requires 
sufficient amounts of high-quality DNA, which is representative of the soil micro-
bial community (Bertrand et al. 2005). But before that pre-enrichment of the sample 
can provide an attractive means of enhancing the screening hit rate and solving the 
problem of getting small portion of target genes from the total nucleic acid fraction 
(Cowan et  al. 2005). There are different types of enrichment method depending 
upon the need. Generally, it can be divided into three broad categories: natural, 
artificial culture enrichment, and nucleic acid enrichment. Natural sample enrich-
ment is the collection of metagenomic data from an enriched environment niches 
particularly those where the chances of expressing the target gene of interest are 
more. Example of natural enrichment is metagenomics that has been used to unlock 
novel cellulases from various natural environments (Alvarez et al. 2003). Culture 
enrichment is another method, which selectively favors the growth of only the target 
microorganisms. The selection can be based on nutritional, physical, or chemical 
criteria. Examples are the enrichment of carboxymethylcellulose in the culture for 
more chances of getting genes responsible for cellulose degrading enzymes (Rees 
et al. 2004; Eyers et al. 2004) in a study of induced xenobiotic to isolate xenobiotic 
degrading microbes. So this type of approach can be very useful for isolating genes 
from microbes which are very low in numbers in a particular environment or allows 
poorly cultivatable species to adapt culture conditions prior to isolation (Bollmann 
et  al. 2007). Nucleic acid enrichment technique involves stable isotope probing 
(SIP), phage display, differential expression analysis (DEA) (Cowan et al. 2005), 
suppressive subtractive hybridization (SSH) (Sagerstrom et al. 1997), and affinity 
capture (Demidov et al. 2000).

21.2.2  DNA Extraction and Purification

After proper enrichment procedure, one of the crucial steps in metagenomic study 
is the process of DNA extraction. The major hurdle in metagenomic DNA extrac-
tion is the myriad nature or properties of the cells since the sample is a metagenome 
and required appropriate lysis technique. As a consequence, the harsh lysis methods 
can cause degradation of the DNA from some organisms (Tringe and Rubin 2005). 
So the isolation procedure of DNA should not physically disrupt the genetic mate-
rial. Another important point of concern is that when association of a host and target 
community is taken place, the fractionation or selective lysis methods might fulfill 
the extraction of minimal host DNA (Burke et  al. 2009; Thomas et  al. 2010). A 
variety of methods are used in metagenomic studies for the isolation of nucleic 
acids directly from the soil sample (Handelsman et al. 1998) and can be broadly 
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divided into physical and chemical lysis method. Physical lysis methods include 
bead beating (Yeates et al. 1998), sonication (Purohit and Singh 2009), liquid nitro-
gen (Johnston and Aust 1994), and freeze thawing (Lee et al. 1996). Chemical lysis 
method uses chemicals like sodium dodecyl sulfate (SDS) (Gray and Herwig 1996) 
in combination with enzymes such as proteinase K and lysozyme, chelating agents 
such as EDTA and Chelex 100 (Robe et al. 2003), guanidine thiocyanate (Kauffmann 
et al. 2004), and various Tris and sodium phosphate buffers (Krsek and Wellington 
1999). Such methods are relatively gentle, recovering higher-molecular-weight 
DNA, but are not as efficient as mechanical methods at lysing cells representative of 
all microbial genomes within a given environmental sample, but mechanical lysis 
method may produce fragment of metagenomic DNA though there is a great advan-
tage of getting large amount of extracted DNA (Liesack and Stackebrandt 1992). A 
combination of both the methods, freeze thawing and lysozyme are also employed 
for some samples (Tsai and Olson 1991). Sometimes the lytic method results in 
poor yields and makes it difficult for the downstream processing since most of the 
microbes present in the soil are in the form of spores which are metabolically dor-
mant and show high resistance to lytic agents (Steele and Streit 2006). In some 
cases where DNA yield is less e.g., groundwater, preamplification methods for the 
DNA are required. Multiple displacement amplification (MDA) is a commonly used 
technique that uses random hexamers and phage phi29 polymerase to amplify DNA 
in order to get high yield (Lasken 2009) and therefore extensively used in single-cell 
genomics and to some extent in metagenomics (Ishoey et al. 2008; Kozdroj 2010). 
Different types of extraction procedures are needed to be applied more precisely 
and have to be compared for the extraction of DNA. Generally almost all extracted 
soil DNA is contaminated with proteins, humic acids, polysaccharides, lipids, min-
erals, as well as eukaryotic DNA (Cullen and Hirsch 1998; Kozdroj 2010). So in 
most of the cases, an additional purification process is required for metagenomic 
DNA. Different chemicals such as potassium acetate, PEG, ethanol or isopropanol 
are used singly or in combination for the purification of DNA. Similar separation 
methods such as sephadex gel filtration, ion exchange chromatography column, and 
agarose or PVPP/PVP gel electrophoresis are extensively used for the binding and 
precipitation of proteins present in the crude extract of the DNA (Cullen and Hirsch 
1998). Robe et al. (2003) stated the use of cesium chloride gradient centrifugation 
purification of high-quality DNA of about 100 kb size. Since, the above method is 
time consuming; therefore, other fast alternatives (yet with lower yield) have been 
applied nowadays. By using “ready-to-use” DNA extraction and purification kits, 
we can process different types of soil samples and get a relatively pure DNA in a 
short time.

21.2.3  Construction of Metagenomic Library

Isolation and purification of genetic material are followed by the construction of a 
metagenomic library. Library construction involves the cloning of environmental 
DNA fragments into a vector of choice and is transfected into an appropriate host 
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(Lorenz and Schleper 2002). On the basis of the insert capacity of vectors, libraries 
can be classified into two groups, viz., small inserts are constructed using plasmid 
vectors such as pBluescript SK+ (Stratagene, San Diego, California), lambda Zap 
II, and pCR-XL-TOPO which can carry DNA fragments up to 20 kb. Such libraries 
can be used for function-based screening, as small insert clones are better suited to 
in vitro expression than large DNA fragments (Healy et al. 1995), and for small 
insert libraries, robust lysis techniques can be employed as opposed to large insert 
(Riesenfeld et al. 2004). Large inserts are constructed in vectors like fosmids (25–
40 kb), cosmids (25–35), yeast artificial chromosome YAC (40-50Kb), and bacterial 
artificial chromosome BAC (100–300 kb) (Li and Qin 2005; Shizuya et al. 1992). 
Large inserts are generally used for the study of genes and metabolic pathways; it is 
desirable to use clones with DNA inserts of high molecular weight, increasing the 
chances of finding positive hits during the screening of the library. Green and Keller 
(2006) reported that if the inserted clones are smaller in size, more numbers of 
clones are required for the better exposure of the metagenome. The host is another 
important point during library construction and choice of suitable host is of great 
importance (Gabor et  al. 2004). A range of bacterial hosts, including E. coli, 
Bacillus, or Streptomyces strains have been used for library construction and screen-
ing. In most studies, E. coli has been the first choice and successfully been used as 
host for functional screens because its genome is well defined and easily transform-
able (Steele et al. 2009). However, the use of E. coli strains as a host has certain 
limitations as less than 0.01% of positive clones are typically identified during a 
single round of screening (Cowan et al. 2005) and as the host allows expression of 
only 40% of the genes present in a given sample which may be due to unrecognized 
signaling sequences of transcription of target genes (Craig et al. 2010; Parachin and 
Gorwa-Grauslund 2011). These types of limitations can be overcome by the intro-
duction of new host from the genera Streptomyces, Pseudomonas, and Bacillus 
(Lorenz and Eck 2005; Aakvik et al. 2009). Streptomyces has been used to construct 
broad host-range vector, i.e., VECA, using E. coli as an initial host. Streptomycete 
genomes are characterized by high (>70%) G + C content (Binnie et al. 1997) and 
are therefore a potentially valuable host system for the expression of high G+C 
content genes since E. coli is unable to express 80% of promoters of Actinobacteria, 
due to the large difference in G+C content (Strohl 1992). Some Archaea genera, 
such as Methanococcus, Pyrococcus, Sulfolobus, and Thermococcus, have been 
widely used for the scheming of the stable host-vector system (Angelov and Liebl 
2010).

21.2.4  Sequence Analysis

Metagenomics can be divided into two basic categories: a sequence-based and 
function- based technique. But both techniques start with isolation of environmental 
DNAs. Sequence-based metagenomics involves sequencing and analysis of DNA 
from environmental samples and with the advancement of new sequencing method-
ology and also with the advent of new improved bioinformatic tools, makes it more 
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useful in gene assembly, identification of new genes, exploring complete metabolic 
pathways, and analyzing the degree of diversity and the number of different bacte-
rial species existing in a particular sample. But there are some limitations in 
sequence-based technique like the lack of functionality and biochemical parameters 
of the encoded enzymes. Another problem associated with sequence-based tech-
nique is its limitation with only known genes or it can reveal only partial genes, 
compelling researcher to do more subsequent labor-intensive study like expression 
analysis and detailed biochemical analysis.

In contrast, function-based metagenomics generally employs to screen for a par-
ticular function like identification of new antibiotics and antibiotic resistance gene, 
vitamin production, and pollutant degradation by isolating DNA from microbial 
communities since many proteins and enzymes with useful functions exist within 
microbes. The advantage of this function-based metagenomics is that the system 
can allocate the detection of novel enzymes in which their functions are unpredict-
able from the single DNA sequence. Thus it enables researchers to access the tre-
mendous genetic diversity of unknown gene sequence in a microbial community, 
the structure of the desired protein or the microbe of origin. For sequence-/
homology- based screening, significant advantage has been proposed by function- 
driven screening strategies (Suenaga 2012; Tuffin et  al. 2009). Since there is no 
need of prior knowledge of the gene sequence for the target activity of interest, 
therefore it is estimated that functional screening increases the “novelty” hit rate 
and in addition increases the potential of recognizing new classes of genes for their 
known and novel functions (Sharma and Vakhlu 2014). Though the function-driven 
approach can completely identify active enzyme clones, still somehow it is lagging 
behind due to its slow, more labor-intensive and costly procedure and moreover it 
cannot tell much about what species the genetic material came from.

21.3  Next-Generation Sequencing

In the last couple of years, next-generation sequencing (NGS) technologies have 
remarkably accelerated the biological research by facilitating the production of 
large volumes of sequence data with lower price rate in comparison to traditional 
sequencing methods (Knief 2014). Sequencing technique was first introduced by 
Sanger in 1977 and involved the conventional method of DNA sequencing which is 
widely known as Sanger sequencing technology or first-generation technology. This 
technology is based on the amplification of a single-stranded DNA template (dena-
turing by application of heat) and chain termination with the use of dideoxynucleo-
tides (ddNTPs) which prevents the integration or addition of further nucleotides. 
The chemically altered fluorescently labeled ddNTPs can inhibit phosphodiester 
bond formation and can identify the presence of nucleotide in the original DNA 
template (Sanger et al. 1977). Sanger sequencing technology can have an average 
read length of 800 bps. This technology was the most commonly used sequencing 
method till the 1990s and has led to complete many projects like International 
Human Genome Sequencing (Lander et al. 2001; Venter et al. 2001), Rice Genome 
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Project (Eckardt 2000), etc. However, every technology has its own limitations so as 
the Sanger sequencing. Its main disadvantages are that very less amount of DNA 
can be processed, high cost, low throughput, and quite difficult operation and have 
very limited use in deeper and more complex genomic investigation (Fullwood et al. 
2009). So to overcome with this dilemma, newer sequencing technologies have 
been developed that can read the sequence of multiple DNA in parallel which is 
popularly known as “NEXT GENERATION SEQUENCING or High Throughput 
Sequencing technology or Second Generation Sequencing.” This technology offers 
drastically faster and cost-effective gene sequence with a throughput on the giga-
base (Gb) scale and can characterize the whole genomes and outlines the difference 
between them and is vastly superior to Sanger sequencing (Mamanova et al. 2010).

This technology also provides different possible applications such as whole- 
genome resequencing for variation analysis, quantitative detection of epigenomic 
dynamics, sequencing of RNA (RNA-seq) for transcriptome, and Chip-seq analysis 
for DNA–protein interactions (Lister et al. 2009). In addition to this interactome 
analysis for networks formed by protein–protein interactions (Arabidopsis 
Interactome Mapping Consortium 2011), hormone analysis for phytohormone- 
mediated cellular signaling (Kojima et al. 2009) and metabolome analysis for meta-
bolic systems (Saito and Matsuda 2010) have been also implicated.

21.3.1  The Next-Generation Technologies Commercially 
Available Includes

 1. Roche 454 (Margulies et al. 2005)
 2. Illumina/Solexa (Bennett 2004; Bennett et al. 2005)
 3. Ion torrent: proton/PGM sequencing (Jonathan and Rothberg 2011)
 4. SOLiD (Sequencing by Oligonucleotide ligation Detection) (Shendure et  al. 

2005)

Roche 454 is based on pyrosequencing (sequencing by synthesis) technology 
and is the first commercially available platform as NGS sequencer. The second 
complete genome of an individual was sequenced with this platform (Wheeler et al. 
2008). This technology makes the use of optical signals (here the pyrophosphate) 
released during nucleotide incorporation (Lui et al. 2012). The sequencer consists 
of a picotiter plate which has millions of wells, where the single-stranded DNA 
template along with the nucleotide reagents is released as a result of which hybrid-
ization takes place and generates an observable light which in turn is captured by an 
adapter and results in release of a sequence. At the beginning, the read length of this 
sequencer was low at around 100–150 bp. But later a new 454 GS FLX Titanium 
system has been launched which can generate a read length of ~700 bp–14 Gb data 
with accuracy of 99.9% within time period of 24 h (Huse et al. 2007).

Illumina/Solexa Genome Analyzer was the second sequencing platform to reach 
market which uses sequencing by synthesis approach (Bennett 2004) and recog-
nized as the most adaptable and easiest sequencing technology based on the 
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reversible terminated chemistry concept (Canard and Sarfati 1994). The sequencer 
consists of a flow cell in which the primers and the DNA molecule are attached and 
each fluorescently labeled reversible terminator is added simultaneously into oligo- 
primed cluster fragments in flow-cell channels along with DNA polymerase. After 
generation of extended cluster sequence strands through bridge amplification, the 
template is then ready for sequencing. This technology is effective for sequencing 
of homopolymeric stretches with shorter sequence reads than pyrosequencing 
(Bentley 2006) which does not resolve short sequence repeats due to the use of 
reversible dye terminator nucleotide; base-substitution errors have been noted in 
this technology (Hutchison 2007).

Ion torrent/PGM (Personal Genome Machine) sequencing technology does not 
make use of optical signals; instead it is based on a well-characterized biochemical 
process like the detection of the protons released during the incorporation of nucleo-
tide (Jonathan and Rothberg 2011). Emulsion PCR with 3 μ diameters of ion sphere 
particles can link and clonally amplified the DNA fragments with specific adapter. 
As sequencing proceed, incorporation of base protons (hydrogen ions) is released, 
and a signal is detected proportional to the number of base incorporated. The release 
of H+ (hydrogen ions) results in change in pH within the sensor wells and the 
change in pH is used to determine how many bases have been added in the sequence, 
and further data is analyzed.

SOLiD (Sequencing by Oligonucleotide Ligation and Detection) platform uses a 
unique sequencing by ligation approach. The ligation chemistry is based on the 
polony sequencing technique.

All the above technologies have been widely used in various field of biological 
sciences such as forensics (Weber-Lehmann et  al. 2014), disease diagnosis 
(McCarthy et al. 2013), agri-genomics (Goddard and Hayes 2009; Van Borm et al. 
2015), ancient DNA analysis (Poinar et al. 2006.), genetic diversity analysis (Fu and 
Peterson 2011), microbial diversity (Nikolaki and Tsiamis 2013), and plant–microbe 
interactions (Schenk et al. 2001; Knief 2014). This book chapter is mainly focused 
on outlying the application of next-generation technology on studying plant–
microbe interactions.

The molecular mechanisms underlying these interactions are often regulated by 
hormones and have been revealed by gene expression profiling (Memelink 2009; 
Zhao et al. 2010). The study of microbial gene expressions using the NGS technol-
ogy is known as metatranscriptomics, which is the most widely and commonly used 
approach in microbial research. The applications of these sequencing technologies 
are capable of explaining the complexity exhibited during plant–microbe interac-
tion and lead to the opening of further more interesting topics involved in plant–
microbe interaction.

Mosquera et  al. (2009) carried out transcriptome analysis on the interaction 
between rice and rice blast fungal pathogen Magnaporthe oryzae and had led to the 
identification of biotrophy-associated secreted effector proteins which may prepare 
the plant cells for hyphal invasion. Another transcriptional profiling study between 
arbuscular mycorrhiza in Petunia hybrid has revealed the role of phosphate (Pi) in 
repressing essential symbiotic genes in the host (Breuillin et  al. 2010). This 
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technology was successful to validate a hypothesis that some of the beneficial fungi 
(Trichoderma sp., Piriformospora indica) have little effect on host (barley) gene 
expression in the absence of pathogen (Pseudomonas syringae) (Brotman et  al. 
2012). Unno and Shinano (2013) did the transcriptomic analyses and have found 
that the microbiome present at the rhizosphere of Lotus japonicus leads to its better 
growth because these rhizospheric microbiome consists of some genes (such as 
alkaline phosphatase, citrate synthase) which are able to utilize the phytic acids and 
make it available for the plants in the soil which promotes its growth and develop-
ment. These suggest that the presence of essential microbes is crucial for the better 
growth of the plant. Another transcriptome study has revealed that the epiphytic 
rhizosphere microbiome of soybean (Glycine max) was found to have an active role 
related to N, Fe, P, and K metabolism enabling proper growth of soybean (Mendes 
et al. 2014). Chhabra et al. (2013) identified genes and operons responsible for min-
eral phosphate solubilization in the barley rhizosphere using pyrosequencing 454 
NGS technology. Certain phyllospheric bacteria present in association with tama-
risk (Tamarix nilotica) contain few gene-encoding proteins that are involved in 
anoxygenic photosynthesis (bchY, pufM, and pufL) (Atamna et  al. 2012). 
Metatranscriptomic and metabolomic studies of the plant microbiome are powerful 
tools that can provide complete picture of the active role of microbes toward its host 
at a given condition. Several transcripts were expressed differently at different 
stages of the host in the metatranscriptomic analysis of the rhizospheric microbiome 
of the Arabidopsis plants. Chaparro et al. (2014) reported that disease suppression 
genes (streptomycin synthesis) were significantly induced at bolting and flowering 
stages. However, in the mechanism of plant–microbe interaction, it is not always the 
microbes which are responsible for the association. Plants also exhibit developmen-
tal changes which are beneficial or harmful for the microbes. For example, in roots 
the developmental changes and expression of the genes have been well studied for 
the nodule formation in legume–rhizobium interactions (Stancey et al. 2006).

All the NGS technologies offer the useful analytical tools for the better under-
standing of plant–microbe interactions. Using such technology will be proven ben-
eficial for all the plants by identifying the disease-causing pathogen and preventing 
it by breeding pathogen resistance varieties. Recently, a new technology has come 
up with better outcomes and results which is also known as “third-generation 
sequencing technology” which gives better read and proper picture for the molecu-
lar genomics research program. This includes the following technologies:

 1. Helicos − Helicos Genetic Analysis System (Milos 2008)
 2. PacBio RS- SMRT (Eid et al. 2009)
 3. Oxford Nanopore Technologies (Clarke et al. 2009)

All the above sequencing technology emphasizes with the sequencing of a single 
molecule along with the real-time analysis.
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21.4  Future Perspective

As the technologies progress, excellence can be seen in the metagenomic studies 
with the advent of next-generation sequencing which is not only fast but also reli-
able and low cost. However, it is needed for the lowering of the cost of metagenomic 
sequencing to meet the next-generation requisite. Thus, a higher coverage is required 
to obtain data of similar quality, and low-cost technique such as Illumina or SOLiD 
will help in sequencing up to the level of 40- to 50-fold. Though it can give broad 
spectrum of knowledge in understanding plant–microbe interaction, limitations are 
inconvenient in shorter reads and higher sequencing error rates. But future develop-
ments of the sequencing technology will really be interesting to witness the untold 
story of phyllosphere and rhizosphere research in even more detail. Another major 
constraint of metagenomic sequencing studies is the large number of sequence of 
unknown genes of unknown organism. This obstacle may be tackled by going back 
to conventional methods like genomic sequencing of representative pure cultures 
and the genetic and physiological characterization of strains. Similarly advances in 
single-cell genome sequencing has hold the promise by enabling the sequencing of 
yet uncultivated microorganisms (Rinke et al. 2013) which will enable a more spe-
cific assignment of metagenome reads to taxa. The analysis of metagenomic data 
with metatranscriptomic, metaproteomic, and meta-metabolomic data will be one 
of the very spectacular future perspectives to obtain a more complete view of the 
activities and the physiological potential of plant-associated microbial communities 
under given conditions at systems level.

21.5  Conclusion

No doubt sequencing technologies are now blooming and accelerating at the peak 
speed, but the full exploitation of microbial diversity for the purpose of gene discov-
ery still remains a substantial challenge. The combinations of bioinformatic and 
next-generation sequencing technology have hugely increased the potential of 
metagenomic gene discovery to provide novel genes for industry, pharmaceutical 
production, and agriculture. EDNA strategy, using e-probes in BLAST searches, 
has the potential of assisting investigation of interactions of multiple microbes with 
each other and the plant. In conclusion, metagenomics with the help of cutting edge 
sequencing technologies provides a new window for viewing the microbial world 
that has the potential to revolutionize understanding of the entire living world. 
Metagenomics will greatly enhance our knowledge of microbial communities and 
can lead to major advancements in many areas, including human health, agriculture, 
energy production, and environmental remediation.
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Abstract
The induction of resistance in plants presents as an alternative to be explored in 
several species. This process involves the activation of defense mechanisms, 
which are inactive or latent in the plant and do not require alterations in your 
genome. This activation can be effected by biotic and abiotic agents known as 
resistance inducers. The use of resistance inducers leads to activation of the sys-
temic resistance, which leads to a marked reduction in symptoms of the disease 
after subsequent infections, including different species of pathogens. This chap-
ter gathers information about diverse compounds of biological origin that can act 
as resistance inductors, as well as an interaction between plants and rhizosphere 
microorganisms that may result in the activation of this resistance system against 
pathogens.
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22.1  Introduction

Over thousands of years, plants and microorganisms have coevolved together. 
During this interaction, plants created strategies to delay or prevent the entry of 
pathogens and subsequent tissue infection. This capacity to recognize potential 
invading pathogens and to trigger a successful defense response is defined as 
disease- induced resistance. The selective pressure on plants has led to the improve-
ment of their defense mechanisms. The disease resistance is the rule, while the 
pathogen success to cause disease, far from being the rule, is an exception (Pascholati 
and Leite 1995; Staskawicz 2001).

The defense of plants against diseases comprises a number of events related to 
the recognition, signaling, and response, defined as the plant immunity. The PAMP- 
triggered immunity (PTI) and effector-triggered immunity (ETI) mediate the 
activation of innate immunity. These defense mechanisms induce accumulation 
of salicylic acid (SA), which has an intermediary role on inhibiting the action of 
catalase, converting H2O2 in H2O and O2. This reactive oxygen species (ROS) can 
act as a secondary messenger, stimulating the expression of genes responsible for 
leading systemic acquired response (SAR) (Chen et al. 1993).

SAR is induced in plants when they respond to the primary infection by a patho-
gen, resulting in hypersensitive reaction (HR), which usually leads to local necrotic 
lesions formed by brown and desiccated tissue (Compant et al. 2005). These lesions 
are primarily characterized by the accumulation of pathogenesis-related (PR) pro-
teins (Fritig et al. 1998).The PR-protein group contains different classes of proteins, 
such as hydrolase [β-1,3-glucanase] (PR-2) and quitinase (PR-3), which can inhibit 
the growth of pathogens (Schlumbaum et al. 1986; van Loon and van Strien 1999). 
Therefore, SAR gives the plant a higher level of resistance against a subsequent 
infection by the same pathogen. These effects persist for a long period postinfection 
and can be induced by chemical or biological methods.

Another partial response mechanism is called induced systemic resistance (ISR), 
primarily mediated via jasmonic acid (JA) and ethylene (ET). It is a very important 
phenomenon, which promotes the control of phytopathogens by localized infection 
or treatment with structurally unrelated microbial products or organic/inorganic 
compounds (Pascholati and Leite 1995). ISR is effective in protecting plants against 
many types of pathogens, but the inducing microorganism does not cause disease in 
the host, differently from what happens in SAR. However, in both SAR and ISR, the 
plant recognizes the danger and triggers cellular responses through elicitation.

Elicitation is a set of events by which cells subjected to external factors trigger 
defense mechanisms that activate and regulate the expression of biochemical and 
molecular responses, increasing the synthesis of specific metabolites (Leite et al. 
1997). These factors are called elicitors and are classified according to their biotic 
nature as JA, SA, chitosan, alginate, and fungal extracts (Dong and Zhong 2002; 
Wang and Zhong 2002) or abiotic as heavy metals, thermal stress, and osmotic 
stress (Yu et al. 2005). Likewise, the plant-elicitor interaction can be classified as 
specific, when it only acts on a particular species, or general, if it triggers a defense 
response in any plant (Vasconsuelo and Boland 2007). The detection of specific 
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elicitors by plants allows recognition of pathogens. The signals are transported 
throughout the plant, activating local and systemic responses (Pascholati 2003).

Currently, several SAR and ISR elicitors – proteins, glycoprotein, peptides, chitin, 
glucan, polysaccharides, lipids, and secondary metabolites produced by fungus and 
bacteria – were found to induce the synthesis of compounds, such as phytoalexins, 
defensins, phenolic, flavonoids, and proteins that directly attack pathogens (Baker 
et al. 1997). One of the most promising strategies to control plant pathogens is by 
ISR, using natural microbial compounds (Louws et al. 2001). The elicitor molecules 
can activate a systemic resistance mechanism related to the synthesis of proteins, 
mediated by SA, JA, and ET, protecting the plant tissue against a pathogen infection 
(Hammond-Kosack and Parker 2003). Furthermore, the development of SAR and 
ISR using root colonization by plant rhizosphere microorganisms, particularly 
arbuscular mycorrhizal fungi (AMF) and plant growth-promoting rhizobacteria 
(PGPR), can also suppress plant diseases caused by a range of pathogens through 
elicitation of physical and chemical changes related to systemic plant defense 
mechanisms (Sarma et al. 2002).

The present chapter will present and discuss mechanisms involved in plant 
defense, including ISR using biocompounds and AMF/PGPR that stimulate protec-
tive mechanisms against phytopathogens. We will focus on how some commercial 
products and rhizosphere microbes act for triggering ISR and SAR and show results 
of natural microbial compounds that are used to induce expression of specific genes 
in plants.

22.2  Phytohormonal Defense

Plants and phytopathogenic microorganisms evolved together, both pursuing their 
own development and reproduction. Pathogens developed mechanisms capable of 
transposing the host defense barriers, while the plants evolved to better identify and 
prevent the successful attack of possible phytopathogens, through the activation of 
defense mechanisms. The establishment of pathogenicity occurs only when the 
pathogen is able to suppress these plant defenses or to prevent, at some point, the 
signaling pathway of the host, thus avoiding identification and consequent 
activation of the plant defense system (Muthamilarasan and Prasad 2013). The 
process of signaling and activating genes responsible for defense is mediated mainly 
by the action of three phytohormones: salicylic acid (SA), jasmonic acid (JA), and 
ethylene (ET).

In general, the SA-mediated signaling pathway is related to the activation of 
defense against biotrophic phytopathogens, those which require a living tissue to 
complete their development, whereas routes mediated by JA and ET are related to 
responses against necrotrophic phytopathogens (those which grow in dead tissue) 
(Loak and Grant 2007). After their synthesis, receptor proteins, even unknown, 
interact with SA, JA, and ET and activate a transduction signal pathway that culmi-
nates on the activation of transcription, or repression, of a large number of genes 
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involved in important processes for growth, defense, secondary metabolism, and 
plant senescence (Wasternack 2007).

Biotic and abiotic stresses like pathogen and insect attack or wounding generate 
signals/elicitors that activate a phosphorylation cascade, regulating SA and JA/ET 
biosynthesis and signaling. SA is critical for plant defense against a broad spectrum 
of pathogens, and it is involved in multiple processes, such as basal resistance, gene- 
mediated resistance, and SAR (Lu et  al. 2016). The accumulation of secondary 
metabolites by the JA/ET signaling pathway includes a wide variety of plant by- 
products, including terpenoids, flavonoids, alkaloids, phenylpropanoids, and many 
other types of secondary metabolites. These molecules can also be transported to 
distant tissues or neighboring plants that have not been directly challenged to 
activate systemic gene expression. The JA/ET signaling pathway is fundamental 
for the biosynthesis of many by-products in plants, including ISR (Kazan and 
Manners 2008).

The ROS production by SA accumulation triggers defense signaling, which 
depends on the transduction of non-expressor of PR gene1 (NPR1). NPR1 is part of 
a group of proteins known to mediate protein interactions and is directly linked to 
the production of PR proteins and induction of plant resistance (Pieterse et al. 2012). 
Moreover, NPR1 contributes to the antagonistic interaction (cross talk) between SA 
and JA (Spoel et al. 2007; Yuan et al. 2007), as well as regulates the suppression of 
JA-dependent genes (Pieterse et al. 2009). The cross talk between JA and SA signal-
ing occurs at multiple points, also modulated by ET.  This complex interaction 
among signaling networks testifies the plant ability to integrate diverse signals, from 
multiple sources, in a way that a finely tuned output is produced and hence provides 
adaptation to its environment.

SA signaling through NPR1 is required to establish SAR. Exogenous application 
of SA is sufficient to bypass the need for an initial infection on inducing the 
transcription of antimicrobial PR genes and enhancing general resistance. Besides 
SAR, NPR1 is also required for ISR in leaves triggered by PGPR. The mechanism 
of how NPR1 regulates ISR is not completely understood. In contrast to SAR, which 
demands nuclear localization of NPR1, ISR requires cytoplasmic localized NPR1 
by PGPR colonization, and it is independent of SA accumulation but requires JA 
and ET (Withers and Dong 2016).

22.3  Microorganisms on Induced Systemic Resistance (ISR)

The rhizosphere, defined as the zone of soil surrounding the plant roots, is a critical 
site for interactions between microorganisms and plants (Paul and Clark 1989). It is 
a complex and diverse microbiome, where microorganisms presenting beneficial or 
deleterious effects on plant growth can be found (Mendes et al. 2013). Beneficial 
microorganisms in the rhizosphere include nitrogen-fixing bacteria, mycorrhizal 
fungi, plant growth-promoting rhizobacteria (PGPR), and protozoa. Among these, 
the most prevalent beneficial organisms associated with plants are the mycorrhizal 
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fungi, which form mutualistic root-fungal associations know as mycorrhiza (Smith 
and Read 2008).

Much has been studied about microorganisms and their interactions with 
plants, especially in the rhizosphere. These interactions are highly beneficial to 
both, especially when they promote growth through increasing the absorption of 
nutrients, altering microbiological communities, acting on the biocontrol of patho-
gens, and promoting plant resistance (SAR/ISR).

Plant growth-promoting fungi (PGPF) and PGPR are among these highly beneficial 
microorganisms, essential for plant maintenance and nutrition, as well as arbuscular 
mycorrhizal fungi (AMF) and actinomycetes.

Nonpathogenic bacteria present in the rhizosphere can antagonize pathogenic 
organisms through competition for nutrients and production of antimicrobial 
compounds and lytic enzymes but also through the activation of plant defenses. JA, 
its derivatives, and ET induce ISR, and they are directly involved in the response to 
systemic lesions. However, ET is not always required for triggering defense 
responses, and it may not accumulate near the lesions of some plants. Despite that, 
roots of Arabidopsis thaliana demonstrated high ability to convert 1- aminocyclopr
opane- 1-carboxylate (ACC) to ET after treatment with Pseudomonas fluorescens, 
indicating that these bacteria can induce the production of large amounts of 
ET, playing a regulatory role in plant defense responses, according to the situation 
(Bent 2006).

The ISR promoted by PGPR only occurs when a minimum number of microor-
ganisms are present, 105 CFU/g of plant root, and the time of root colonization by 
the bacteria is not less than a few days (Jankiewicz and Koltonowicz 2012). Among 
the PGPR, the genera Pseudomonas and Bacillus are the most studied, mostly due 
to their abundance in the soil and their role in the suppression of soil pathogens 
(Table 22.1).

The genus Pseudomonas is widespread in nature, particularly in humid environ-
ments with pathogenic potential. It is an important gram-negative soil bacterium, 
particularly for plants with systemic root, capable of breaking aromatic polycyclic 
hydrocarbon rings. They are widely studied in relation to the production of a large 
variety of secondary metabolites that may inhibit the growth or metabolism of other 
microorganisms. Some strains have the capacity to produce antibiotic, antiparasitic, 
antitumor, and antifungal compounds, being able to produce only one class or all of 
them.

Some studies carried out with P. fluorescens WCS417 demonstrated an increase 
in resistance of plants to P. syringae pv. tomato, Hyaloperonospora parasitica, 
Alternaria brassicicola, and B. cinerea (Jankiewicz and Koltonowicz 2012). 
Basically, ET is the first compound to initiate ISR. Studies indicate that P. fluo-
rescens WCS417 activates the transcription of MYB72. This gene is essential for 
the early stages of ISR and belongs to the R2R3-MYB gene family, which results 
in the formation of the R2R3-MYB protein, with an important role on stress 
tolerance, regulation of cell death, and resistance to pathogens in Arabidopsis 
(Stracke et al. 2001).
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Table 22.1 Examples of microorganisms in induced systemic resistance (ISR) against 
phytopathogens

Microorganism Plant Phytopathogen Elicitor References
P. fluorescens 
CHAO

Arabidopsis Peronospora 
parasítica

2,4-diacetylphloroglucinol Iavicoli et al. 
(2003)

P. fluorescens 
Q2-87

Arabidopsis P. parasítica 2,4-diacetylphloroglucinol Iavicoli et al. 
(2003)

P. fluorescens 
WCS417

Clove Fusarium sp. Lipopolysaccharide Van Wees et al. 
(1997)

Radish Fusarium sp. Lipopolysaccharide, 
siderophores

Van Wees et al. 
(1997)

Pseudomonas 
putida WCS358

Arabidopsis Pseudomonas 
syringae pv. 
tomato

Lipopolysaccharide, 
flagellin, siderophores

Meziane et al. 
(2005)

Bean Botrytis cinerea Lipopolysaccharide, 
siderophores

Meziane et al. 
(2005)

Tomato B. cinerea Lipopolysaccharide, 
siderophores

Meziane et al. 
(2005)

Pseudomonas 
aeruginosa  
7NSK2

Tobacco TMV Salicylic acid De Meyer et al. 
(1999a)

Tomato B. cinerea Salicylic acid Audenaert et al. 
(2002)

Rice Magnaporthe 
grisea

Salicylic acid, pyocyanin, 
pyochelin

De 
Vleesschauwer 
et al. (2006)

Rice Rhizoctonia 
solani

Salicylic acid, pyocyanin, 
pyochelin

De 
Vleesschauwer 
et al. (2006)

Bacillus subtilis 
GB03

Arabidopsis Erwinia 
carotovora

2,3-butanediol Ryu et al. (2004)

Bacillus 
amyloliquefaciens 
IN937

Arabidopsis E. carotovora 2,3-butanediol Ryu et al. (2004)

Serratia 
liquefaciens

Tomato Alternaria 
alternata

N-acyl-L-homoserine 
lactone

Schuhegger et al. 
(2006)

Trichoderma 
harzianum T-78

Tomato Meloidogyne 
incógnita

Xylanase, proteinaceous 
nonenzymatic elicitor 
(SM1)

Martínez- Medina 
et al. (2016)

Tomato Meloidogyne 
javanica

Xylanase, SM1 Martínez- Medina 
et al. (2016)

Fusarium 
oxysporum 47 
(Fo47)

Tomato F. oxysporum Vos et al. (2014)

Pythium 
oligandrum

Tomato F. oxysporum Vos et al. (2014)

Trichoderma 
virens

Cotton Colletotrichum 
sp.

SM1 Djonović et al. 
(2006)

Magnaporthe 
sp.
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While ISR is associated with resistance induction by PGPR/PGPF, SAR is usually 
associated with necrotic phytopathogenic bacteria and fungi. However, this is not a 
rule. There were frequent reports of PGPR inducing resistance via SAR, suggesting 
that nonpathogenic bacteria, which commonly promote resistance through ISR, 
may have acquired genes from pathogenic microorganisms or developed these 
genes by themselves. As previously explained, induction of resistance via SAR 
involves a number of plant responses, including accumulation of SA, PR proteins, 
phytoalexin production, and enzyme expression (Bent 2006).

In E. coli, for instance, salicylate exposure inhibits the production of OmpF 
porins, which act as nonselective pores in the outer wall of bacterium, through 
which small molecules can be diffused. Reduction of OmpF porin expression results 
in smaller channels, increasing the selectivity and preventing large, usually toxic, 
molecules from permeating the bacterial cell. It is believed that the ability of a 
bacterium to colonize plant tissues and the rhizosphere is influenced by sensitivity 
to phytoalexins, indicating that the regulation of porin size, in response to plant 
defense, may help PGPR gram-negative bacteria inducing SAR to overcome the 
plant defense (Bent 2006).

P. aeruginosa 7NSK2 significantly reduces the diameter of the tobacco mosaic 
virus (TMV) infection by triggering ISR, through the release of nanograms 
(10–100  ng) of SA, and similar effect was observed on bean (De Meyer et  al. 
1999b), tomato (Audenaert et al. 2002), and rice (De Vleesschauwer et al. 2006). 
This example is an indication of how interactions between pathways of plants signal 
transduction can occur, which allows adjustments in the defense strategy to different 
environmental conditions (Verhagen et  al. 2010). P. aeruginosa 7NSK2 also 
produces pyochelin, phenazine, and pyoverdine compounds, which may be associated 
with or combined to SA, in the activation of ISR (Audenaert et al. 2002).

Similar to Pseudomonas, the genus Bacillus is broadly distributed in nature, 
being found in soil, plants, water, and others. They stand out for producing a diverse 
range of bioactive compounds with antimicrobial activity and potential ISR elici-
tors. Some species of Bacillus, such as B. subtilis GB03 and B. amyloliquefaciens 
IN937, produce volatile organic compounds (VOCs) that induce ISR in Arabidopsis 
(Ryu et al. 2003), reducing the severity of E. carotovora. Of all the VOCs produced 
by these species, only 2,3-butanediol and 3-hydroxy-2-butanone (acetoin) have 
inductive activity. They are produced under low atmospheric O2 partial pressure, in 
situations where it is not possible to perform the usual breathing (Ryu et al. 2004). 
Activation of ISR by B. subtilis GB03 is uniquely dependent on ET, unlike B. amy-
loliquefaciens IN937, which is not activated by any of the three usual pathways, 
presenting new ISR trigger pathways to be explored (Choudhary and Johri 2009).

The promotion of plant growth by fungi is performed by groups of nonpatho-
genic fungi, such as ascomycetes (Trichoderma, Fusarium) and oomycetes 
(Pythium), but some of them may be strains of hypervirulent fungi (Bent 2006).

Among the major fungi with the capacity to induce ISR in plants, those from the 
genus Trichoderma are among the most studied and well understood. Trichoderma 
spp. are normal constituents of the soil microbiota and are frequently isolated in the 
rhizosphere, as nonpathogenic and opportunistic microbes that colonize the roots of 
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many plants. These fungi present great biotechnological potential, which could 
provide important benefits to agriculture, since they have the capacity to protect 
large crops against diseases through the biocontrol of pathogenic fungi, oomycetes, 
and nematodes, besides stimulating ISR (Hermosa et  al. 2013; Martínez-Medina 
et al. 2016).

About parasitic attack, the interaction between roots and nematodes is very 
dynamic, and the plant response differs significantly between the early and advanced 
stages of the infestation. Initially, plant defense responses (callose deposition) are 
related to recognition, invasion, and migration of nematodes. In later stages of 
infection, plants defenses are directed to the development and reproduction of 
vesicles. Fungi from the genus Trichoderma have been associated with ISR against 
nematode attack, for instance, against the attack of M. javanica. The fungus 
increased the accumulation of different antagonistic compounds, such as peroxi-
dases and phenol oxidases. In a split-root experiment, T. harzianum T-78 protected 
tomato roots against Meloidogyne incognita attack at different stages of infection, 
in local and systemic root tissues, by eliciting ISR (Martínez-Medina et al. 2016).

Fusarium oxysporum is another of the most representative fungi populations in 
soil microbiota all over the world. Some strains of F. oxysporum are pathogenic, 
causing damage and disease in many cultures, but other strains are nonpathogenic. 
Moreover, some of these have the ability to protect plants against the attack of 
virulent strains. The use of nonpathogenic strains of F. oxysporum was proposed for 
the alternative control of diseases caused by pathogenic species from the same 
genus. The strain of F. oxysporum 47 (Fo47) was efficient in controlling tomato wilt, 
by inducing the expression of defense genes encoding extracellular pathogenesis- 
related proteins (PR), potentially by SAR (Aimé et al. 2013).

Another fungus that demonstrated protective potential in tomato plants against 
many fungal and bacterial pathogens via SAR is the oomycete Pythium oligandrum. 
Tomato plants pretreated with P. oligandrum typically react to subsequent infection 
by pathogenic organisms with a combination of physical and chemical responses, 
seeking to limit penetration and propagation of the pathogen. Pretreated tomato 
plants later infected with F. oxysporum f. sp. lycopersici exhibited a rise in callose 
deposition, thus preventing the penetration of pathogen in the cell cylinder. Increased 
amounts of phytoalexins and PR proteins were observed as well. Structural barrier 
formations also prevented infections of tomato plants by wilt-causing Ralstonia 
solanacearum (Vos et al. 2014).

22.3.1  Arbuscular Mycorrhizal Symbioses

The mycorrhizas are subdivided in two categories, ectomycorrhizas and endomy-
corrhizas. Ectomycorrhizas form typical structures as mantle and a Hartig net in the 
roots and are present predominantly in tree species. In endomycorrhizas, the fungal 
hyphae colonize inside the root cells. The endomycorrhizas category includes 
arbuscular mycorrhizas, ericoid mycorrhizas, arbutoid mycorrhizas, monotropoid 
mycorrhizas, and orchid mycorrhizas (Peterson et al. 2004).
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Arbuscular mycorrhizal fungi (AMF) belong to the phylum Glomeromycota. 
They are mandatory biotrophic organisms that associate with the roots, forming a 
symbiotic mutualist relationship called arbuscular mycorrhiza (AM), which occurs 
in about 80% of plant species (Giovannetti et al. 2010; Gutjahr and Parniske 2013). 
In this interaction, the AMF is benefited by the transfer of carbon compounds from 
the host plants, while AMF provides the host plant with mineral nutrients (espe-
cially phosphate and nitrogen) and water and enhances the plant defense capacity 
against pathogens (Smith and Read 2008).

The establishment of AM can be divided in distinct phases, characterized by the 
degree of AMF hyphae progression during root colonization. The process of coloni-
zation begins with the reciprocal chemical signalization between AMF and plants, 
called pre-symbiotic phase. In pre-symbiotic phase, the hyphae forms branches, 
induced by the recognition of strigolactones produced by the plant, also called 
branching factors, which helps the fungi to make contact with the root and to estab-
lish symbiosis (Fig. 22.1) (Akiyama and Hayashi 2006; Akiyama et al. 2010).

The appressorium (infection structure) is formed after contact between hyphae 
and root. During the hyphal penetration into the roots tissues, the epidermal cell 
nucleus moves toward the appressorium, forming a dense structure consisted of 
vesicles from the endoplasmic reticulum, actin filaments, and microtubules around 
the contact point. Consequently, the nucleus migrates to the opposite point of the 
epidermal cell and forms a cytoplasmic space that contains the pre-penetration 
apparatus (PPA) and connects the nucleus to its original position, below the appres-
sorium. PPA formation predetermines the pathway of hyphae penetration into the 
cells. The hyphae elongation into epidermal and cortical cells is facilitated by the 
oscillation in the concentration of Ca2+ in the cell root cytoplasm. This Ca2+ oscilla-
tion in the cytoplasm induces the expression of genes related to mycorrhizal infec-
tion, activated when the AM fungi get in contact with the root (Gutjahr and Parniske 
2013). The AMF mycelia grow into the roots, where it establishes highly branched 
hyphae called arbuscules within the cortical cells. In the arbuscule, mineral nutrients 
are transferred for host plant (Harrison 2012).

22.3.1.1  Arbuscular Mycorrhizal Symbiosis: Plant Responses 
and Resistance Induction

The interaction between plant and fungi on AM establishment induces hormonal 
alterations in host plants, modifying their responses to biotic and abiotic stresses 
(Pozo et al. 2010). These molecular responses to AM colonization can regulate the 
host tolerance to AMF colonization; on the other hand, other tissues or organs can 
develop early and enhanced defense responses to pathogen attack after AM estab-
lishment. This process is called “priming” effect (Jung et al. 2012; Selosse et al. 
2014).

Hormonal host responses to AM colonization include auxins, cytokinins, abscisic 
acid (ABA), and JA production (Ludwing-Müller 2010; Pozo et al. 2015). Auxin, 
especially indole-3-butyric acid (IBA), occurs after AMF colonization in roots 
(Jentschel et al. 2007) and has been related to modifications in root architecture on 
lateral root formation (Kaldorf and Ludwig-Müller 2000; Ludwing-Müller 2010). 
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Fig. 22.1 In vitro development of FMA Rhizophagus clarus: formation of vesicles in the presymbiotic 
phase (a); hypha contact with the root and formation of infection structure (b); spore production 
(c, d); extra-radicular mycelium architecture “running hyphae” (RH) and “branched hyphae” (BH) 
(e); spores production within the root (f)
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Cytokinins function as receptors in AM symbiosis and help the repression of defen-
sive response of host during colonization (Shaul et al. 1999). ABA levels increase 
after AM formation and contribute to drought stress tolerance in roots (Asensio 
et al. 2012). JA is a common regulator in plants. It is a signal to different abiotic and 
biotic stresses in plant cellular responses and in plant-herbivore/plant-plant interac-
tions. Several studies have related the induction of defense gene expression by JA 
(Pozo et al. 2005).

It was observed that AMF (Glomus intraradices) colonization increased the 
induction of JA biosynthesis in colonized roots of barley (Hordeum vulgare cv. 
Salome) (Hause et al. 2002) and soybean (Meixner et al. 2005). In Oryza sativa sp. 
japonica cv. Nihonmasari, high levels of JA in the roots suppressed AM develop-
ment, most likely by the induction of defense (Gutjahr et al. 2015). The induction of 
defense in plants is correlated with the synthesis of PR proteins, such as 
1,3-b- glucanases and chitinases. JA, SA, and ET induce PR proteins production, 
resulting in priming defense effect, which will modulate JA, ET, and SA production 
(Pozo et al. 2010).

In studies with tomato roots colonized by AMF, the formation of papilla-like 
structures was observed around cells infected with parasitic Phytophtora, with 
significant deposition of non-esterified pectins and callus, preventing the dis-
semination of the pathogen. Plants accumulated higher amounts of PR-1α and 
β-1,3-glucanases when compared to non-mycorrhized plants (Pozo and Azcón- 
Aguilar 2007).

Other studies evaluated the effects of AMF on diseases observed above the soil 
line, gaining notorious importance in recent years, as some of them suggested a 
greater tolerance to pathogen attacks. Campos-Soriano et al. (2012), evaluating the 
effect of mycorrhizae on rice plants, observed higher resistance against blast fungus 
Magnaporthe oryzae, due to higher expression of defense marker genes (PR genes) 
in their leaves.

The resistance of plants to herbivorous insects induced by mycorrhizal coloniza-
tion was reported, although the mechanisms involved are not well understood. Song 
et  al. (2013) evaluated the effect of Glomus mosseae colonization on the plant 
defense response against Helicoverpa armigera. They found that mycorrhization 
adversely affected the caterpillar performance. The effect was caused by a much 
stronger plant response, induced by the LOXD, AOX, PI-I, and PI-II defense genes 
in the leaves, when compared to uninoculated plants.

JA and ET interactions can present antagonistic or synergistic effects. In some 
plants, like tobacco, an antagonistic effect of JA and ET in the biosynthesis of anti- 
herbivore compounds was detected. On the other hand, synergism between JA and 
ET was observed in the pathogen-induced expression of the defensin gene PDF1.2 in 
Arabidopsis, which required simultaneous activation of the JA and ET signaling 
pathway for full expression (Pozo et al. 2005).
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22.4  Commercial Products

In the search for compounds that mimic the SA action, capable of inducing plant 
defenses, several screening methods were based on the initial work of Kurc (1982), 
leading to the discovery of 2,6-dichloroisonicotinic acid and its methyl ester (INA), 
the first synthetic compound characterized as a potent SAR inducer in plants. 
After the discovery of INA in 1987 by Syngenta (at time Ciba-Geigy), S-methyl 
benzo[1,2,3]thiadiazole-7-carbothioate acid (benzothiadiazole, BTH) was identi-
fied by the same research group, with demonstrated effects similar to INA. With 
continued sorting of benzo[1,2,3]thiadiazole-7-carboxylic acid derivatives, 
acibenzolar- S-methyl acid (ASM or CGA245704) (Bektas and Eulgem 2015) was 
obtained. Because of its ability to control a broad spectrum of phytopathogens in 
several species and its different mode of action, CGA245704 (ASM) was selected 
for commercial production, which led to the registration of the first commercial 
product with exclusive effect on the plant defense system activation named Bion® in 
Europe and Actigard® in the United States (Leadbeater and Staub 2014). Several 
compounds with elicitor and resistance-inducing properties, both of biotic and abi-
otic origin, are currently known (Walters et al. 2013), with several commercial prod-
ucts already registered for these purposes.

The acibenzolar (ASM) was initially registered as Bion® and Actigard® in the 
1990s. It is currently marketed as Blockad® and Boost®, all belonging to Syngenta 
Crop Protection Ltd. ASM is a compound of low toxicity with fast absorption and 
translocation in the plant, which can replace the salicylic acid in SAR, capable of 
inducing resistance without pathogen attack (Ziadi et  al. 2001). Their use has 
already been established for the control of bacterial spot (Xanthomonas axonopodis 
pv. vesicatoria) and bacterial speck (P. syringae pv. tomato) (Reglinski et al. 2011; 
Parkinson et al. 2015). ASM does not cause undesirable effects in the plant, and it 
has no antimicrobial effect found in exogenous SA application. ASM induces the 
activation of SAR with the same characteristics as the SA-biologically activated 
SAR (Friedrich et al. 1996). It is successful in promoting plant defense against the 
attack of fungal, oomycetes (Patel et al. 2016), bacteria (Abo-Elyousr et al. 2012; 
Kuźniak et al. 2014), viruses (Mandal et al. 2008; Tripathi and Pappu 2015), and 
nematodes (Schouteden et al. 2016).

Probenazole (3-allyloxy-1,2-benzisothiazole-1,1-dioxide, PBZ) is another 
example of commercial product capable of activating plant immune system. 
Developed and registered by Meiji Seika under the name Oryzemate®, PBZ has 
been used by Japanese farmers since 1975 to protect rice plants from the rice blast 
fungus Magnaporthe grisea (Roberts and Taylor 2016). Plants treated with PBZ 
increase the activity of phenylpropanoids biosynthetic pathway, which plays an 
important role in the plant defense system, increasing the synthesis of lignin, a barrier 
to the attack of the pathogen, and the production of phytoalexins with antimicrobial 
properties (Bektas and Eulgem 2015). Although Oryzemate® does not have antimi-
crobial action, the production of antifungal compounds in rice plants is induced by 
the application of PBZ (Zhu et al. 2015). PBZ also induces rice plants to produce 
superoxides (O2−) and defense-related genes (Iwata et al. 2004). Despite its use for 
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over 30 years, no evidence of the development of fungal resistance to probenazole 
has been found (Leadbeater and Staub 2014).

The most acknowledged use of a microbial origin compound as a commercial 
product able to activate the plant’s immune system is the application of harpin 
protein, which induces systemic resistance in plants through different mechanisms, 
guaranteeing protection against the attack of fungi, bacteria, and viruses (Zhu and 
Zhang 2016). Harpin is a naturally occurring protein found in phytopathogenic 
bacteria and is related to pathogenicity and the activation of HR in nonhost plants. 
Composed of 403 amino acids, it has a mass of approximately 44 kD, also charac-
terized by being thermostable (Dimlioğlu et al. 2015). The first harpin protein was 
successfully isolated from the bacterium causal agent of apple fire blight, Erwinia 
amylovora, at Cornell University, USA (Wei et  al. 1992). Harpins induce the 
response to plant hypersensitivity (HR), and it is encoded by a group of genes called 
hypersensitive response and pathogenicity (HRP) (Tang et al. 2015). The capability 
to induce plant defenses against diseases without causing visible HR lesions, besides 
promoting considerable plant growth, resulted in a harpin-based commercial 
product, which was named Messenger® (Eden Bioscience, USA). For commercial 
production, the DNA fragment responsible for coding harpin in E. amylovora was 
transferred into weakened strains of E. coli strain K-12, which produce large 
amounts of harpin. The protein is subsequently extracted from the culture medium, 
isolated, and purified, resulting in a protein identical to the one produced in nature. 
The E.coli K-12 strain used for harpin production presents a nutritional deficiency; 
it is not pathogenic and incapable of growing in the environment (Copping and 
Duke 2007).

The SA signaling pathway is activated when harpin (Messenger®) is applied 
exogenously. Similarly, ABA signaling is triggered, inducing tolerance to drought. 
Finally, ET signaling pathway is modified, inducing resistance to insect attack and 
promoting plant growth (Li et al. 2014). Activation of the JA signaling pathway can 
also occur when HR is elicited by harpins, which also induces the formation of 
reactive oxygen species (ROSs), callose deposition, and increased expression of 
HR marker genes (Che et al. 2011). The use of harpins has proved a satisfactory 
control in infection caused by fungi, bacteria, or viruses such as X. campestris, P. 
syringae, P. solanacearum, M. salvinii, Rhizoctonia solani, T. roseum, Guignardia 
bidwellii, Penicillium expansum, Meloidogyne spp., and TMV, effectively used in 
tomato, strawberry, cucumber, tobacco, cotton, pepper, and citrus crops (Copping 
and Duke 2007).

Different active ingredients with eliciting action are found in commercial prod-
ucts, some of them containing SA (Spotless® and Treet ™), chitosan (ARMOR- 
Zen® and Chitoplant®), phosphorous acid (Agri-Fos® 600, Aliette® WG, Fostonic® 
80WP), lamarine (Iodus 40®, Vacciplant®), prohexadione-calcium (Regalis®), and 
reactive oxygen (Oxycom ™).

Pseudomonas spp. strains are frequently associated with ISR in plants. However, 
new studies are finding that low-molecular-weight metabolites secreted by P. aeru-
ginosa LV strain may induce SAR in plant, without showing any phytotoxicity to 
plant and being effective to reduce pathogen population in infected plants under 
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greenhouse conditions (de Oliveira et al. 2011, 2016). Plants treated with a fraction 
produced by secondary metabolism of P. aeruginosa LV strain had a level of expres-
sion of PR gene resistance increased when compared to non-treated plants, based on 
RT-qPCR. The results obtained in these studies revealed that bacterial metabolites 
also have potential SAR induction (Fig. 22.2).

22.5  Conclusions

The increasing demographic demand for sustainable mechanisms that can improve 
yield and quality of world food production is a major concern. However, there is an 
ambiguity about strategies for plant protection in many cultures. Chemicals that 
pose health risks and cause other undesirable effects overwhelm pests, diseases, and 
weeds that impair production.

Therefore, a growing concern about control measures has emerged in recent 
years. Many chemicals have been questioned about their sustainability and are (or 
will be) banned. There is a current run for the development alternative management 
tools, with low biological and environmental impact.

ISR with natural products is an alternative to increase the sustainability of agri-
culture and decrease the impact on nontarget organisms. More research into the 
strategy of ISR by beneficial microbial agents is necessary, including antagonistic 
bacteria, plant growth-promoting bacteria, and natural microbial compounds.

There are many challenges and studies to be carried out for the application of 
microorganisms in the induction of resistance. However, studies with alternative 
methods are developed every day, and in the near future, they may result in products 
of biological origin, with potential to be applied in the field.
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Abstract

The most astonishing feature of plant roots is their capability of secreting a broad 
variety of compounds ranging from low molecular to high molecular weights 
into the rhizosphere. These compounds act as signals for establishing and regu-
lating the interactions among plant roots and microorganisms present in rhizo-
sphere through different mechanisms. The mechanism of establishment of these 
relationships includes complex signaling cascades and involves different trans-
porter proteins. Exudation is an important process that influences the microbial 
diversity and relevant biological activities. In addition, these secretions mediate 
the phenomena of mineral uptake in soil with low nutrient content either through 
chelation directly or by affecting biological activity of microbes. Further, 
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microbes associated with plants have the potential to upgrade phytoremediation 
efficiency by facilitating phytoextraction and phytostabilization and through 
increase in biomass production by plants. Overall these exudation-mediated 
plant-microbe interactions influence the soil structurally and functionally via 
orchestrating microbial richness, nutrient acquisition, and phytoremediation. 
Hence, in light of this, the chapter is intended to provide the perceptivity to com-
prehend the impact of root exudation-mediated plant-microbe interactions in 
enriching the structural and functional characteristics of soil.

Keywords
Root exudates • Microbial diversity • Soil • Phytoremediation • Rhizobacteria

23.1  Introduction

Among different metabolic features of plant roots, one of the utmost amazing proper-
ties is to secrete out numerous substances into rhizosphere. These secretions are out-
lined as lightweight permeable excretes which can be eliminated out without any 
trouble through passive diffusion, and for this process, plants don’t have to spend 
their energy (Bertin et al. 2003; Bais et al. 2006). Root secretions are broadly classi-
fied as (i) lightweight molecules like organic acids, amino acids, sugars, and some 
secondary metabolites, which include most of the excreted products from roots, and 
(ii) heavyweight secretions that include reminiscent of mucilage (polysaccharides) 
and proteins, which are large biomolecules in terms of weight Badr and Vivanco 
2009. This mechanism involves replenishment of soil with micro- and macronutri-
ents excreted out through roots (Hutsch et al. 2000; Nguyen 2003). The qualitative 
and quantitative nature of root secretions are reliant on the age and type of the plant, 
and other physical and biological parameters. Owing to the process of root exuda-
tion, various biochemicals excreted from plant roots have the capacity to control 
microbial growth, allow symbiotic relationship, prevent the development of parasitic 
and pathogenic species in the surrounding area of roots, and regulate the composition 
of soil (Nardi et al. 2000; Walker et al. 2003). Around 5–21% of whole photosyn-
thetic carbon is being circulated throughout the rhizosphere by means of root exuda-
tion (Nguyen 2003; Derrien et al. 2004). Although the exudates excreted from roots 
supply biomass and energy to soil, they also help the plant to establish communica-
tion with other microbes and regulate their growth. The crops facilitate each positive 
and negative communication within the rhizosphere by the means of root exudation 
(Bais et al. 2006; Philippot et al. 2013). The positive communication comprises sym-
biotic associations with useful microorganisms, similar to rhizobium, mycorrhizae, 
and plant growth-promoting rhizobacteria (PGPR). The existence of numerous 
microbes in rhizosphere impacts the soil by performing various processes like trans-
portation of water and nutrients through roots, maintaining fertility of soil, and nod-
ule formation (White 2003). These root secretions symbolize a vital role in plants for 
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maintaining interactions with rhizosphere-inhabiting microbes. To support commu-
nication, many types of substances and signaling substances are secreted from plant 
roots, known as autoinducers. However, several types of compounds are released 
from plant roots, and most of them belong to compounds having low molecular 
weight, referred to as secondary metabolites (Bais et al. 2004). Few of these second-
ary metabolic products had been recognized earlier, and their roles within the rhizo-
sphere have been studied and explained in detail.

23.2  Root Exudation and Its Mechanism

The mode of secretion of root exudates involve the release of carbon into soil from 
plant roots (Hutsch et al. 2000; Nguyen 2003; Vishwakarma et al. 2016). Roots usu-
ally retort by secretion of particular proteins and small molecules (Stotz et al. 2000). 
These secretions are utilized by bacteria present in soil for biomass and energy 
production. Root exudates might exhibit both positive and negative association 
within the rhizosphere. The investigation of these secretions released from roots 
help to have in-depth knowledge of communication among plants and microbes 
(Broeckling et al. 2008; Weir et al. 2004; Bais et al. 2004, 2006). The optimistic 
interaction includes symbiotic relationship with invaluable microbes, correspond-
ing to PGPR. Rhizobia, mycorrhizae, and negative response incorporate organiza-
tion with parasitic and pathogenic microbes. Rhizospheric bacteria are responsible 
to remove these contaminants, while the roots supply nutrients for microbial growth 
(Bais et al. 2008). Workers have explained the enhanced mechanism for isolation of 
microorganisms from soil which have the following properties: (1) breakdown of 
particular contaminant and (2) enriched medium for growth of microorganisms. 
Shukla et  al. (2010) explained the approach “rhizo-remediation” to describe the 
significance of root exudates and the rhizospheric microorganisms. 

23.2.1  Diffusion

The passive process involves transport of natural substances like phenolics, carbox-
ylic acids, sugars, and amino acids according to the formation of gradient of con-
centrations between cytosol of root cells (high concentration) and soil (low 
concentration). Due to membrane permeability for natural compounds, it allows 
movement of compounds through lipid bilayer of the plasma membrane. The fac-
tors accountable for permeability are concentration and polar nature of the com-
pounds. This system allows the transport of lipophilic substances. Under a particular 
cytosolic pH of 7.1–7.4, small polar intracellular molecules together with carbox-
ylic acids and amino acids occur as anions which move slowly through the plasma 
membrane. However, during the process of K+ ion diffusion and the transfer of 
protons with the help of ATPase, there is generation of positive-charge gradient 
which allows influx of cations and efflux of carboxylate anions by diffusion. Root 
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secretion of sugars and amino acids occurs through diffusion under stress (Jones 
and Darrah 1994a, b).

23.2.2  ABC Proteins

They are the proteins that are most widely present in nearly all families. Many sub-
stances like metabolic products, anions, and cations are transported by utilizing 
energy generated by ATP hydrolysis. Hence, they are the primary active transporters 
having the property to drive substances against the electrochemical gradient 
(Krattinger et al. 2009). In eukaryotes, these proteins help in export of substances 
from cytoplasm to apoplast and transfer from cytoplasm to organelles like mito-
chondria. About more than hundreds of ABC transporters were reported in the 
genome of rice and Arabidopsis, and few of them were observed to be associated in 
the transportation of compounds like glutathione (Martinoia et  al. 2002), auxins 
(Noh et al. 2001), and anthocyanins (Goodman et al. 2004) and antifungal compo-
nents. Furthermore, ABCs are assumed to transfer diterpene sclareol from N. plum-
baginifolia leaves (Jasinski et  al. 2002) and the isoflavone genistein (antifungal 
agent) from the roots of soybean (Sugiyama et al. 2007). These proteins also act as 
phytoalexin because of their activities against microbes (Geibel 1994). However, 
around 25 ABC transporter genes showed significant increase in gene expression 
levels in Arabidopsis root which are responsible for exudation processes (Badri 
et al. 2008). In an experiment, such genes were knocked out and secretions released 
from wild type and mutants were analyzed. It was observed that the nature of these 
secretions from wild type and mutants was different. It was concluded that ABC 
transporter proteins were in regulation of exudation process. The other example in 
which a gene responsible for powdery mold resistance in Arabidopsis codes an 
ABC transporter is known as PEN3. It is located in the membrane of the cell, and its 
movement toward infected area on the epidermis and hair of roots is regulated by 
structures present on pathogens like chitin and flagellin (Stein et  al. 2006). This 
active transporter releases antimicrobial substances including derivative of gluco-
sinolates into the apoplast to stop the pathogenic microbial movement further into 
the cell. However, PEN3 (¼AtPDR8) also inhibits toxic effect exhibited by heavy 
metal by transferring cadmium ions from cells of root (Kim et al. 2007) showing 
that the identical transporter protein is responsible for many functions in the other 
tissue.

23.2.3  Multidrug and Toxic Compound Extrusion (MATE) Proteins

Interestingly, MATE proteins facilitate the transportation of secondary metabolites. 
They are expressed in both eukaryotic and prokaryotic species (Hvorup et al. 2003; 
Magalhaes 2010), and some bacterial species and mammals are accountable for 
multidrug resistance. Although not much information is reported about these pro-
teins, MATEs act as secondary transporters that transport ions (H+ and sodium ions) 
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along the electrochemical gradient allowing the transport of substance across the 
membrane. According to data reported, Arabidopsis genome has 58 MATE genes, 
and description about these transporters has been already reported in detail. ALF5 
is expressed in cortical root cells and the epidermis and is suggested to guard 
plants from xenobiotics by removing them from root cells (Diener et al. 2001). In 
a study by Li et al. (2002), Arabidopsis gene named AtDTX1 is found to encode 
a protein located in the plasma membrane and helps in the exportation of antibiot-
ics, alkaloids, and toxic components from roots. Some other MATE genes pres-
ent in different plants like H. vulgare (HvAACT1), Sorghum (SbMATE1), and 
Arabidopsis (AtMATE1) show Al resistance by allowing an Al-activated outward 
movement of citrate ions from root tips (Furukawa et al. 2007; Magalhaes et al. 
2007; Liu et al. 2009).

23.2.4  Aluminum-Activated Malate Transporter (ALMT) Proteins

ALMT proteins are accountable for discharging malate ions from roots, thereby 
providing resistance against aluminum toxicity in both dicotyledons and monocoty-
ledons (Ryan et al. 2011). These protein families are found only in plants and not in 
animals and bacteria. These proteins form anion-transporting networks that create 
pores with selective nature in membranes and initiate flaccid transport of substrates 
along electrochemical gradients (Lynch and Whipps 1990). This clearly elucidate 
that due to movement of anions outward or cations inward along ion channels, there 
is generation of difference in potential across the cell membrane ranging from −100 
to −200 mV or across tonoplast ranging from −10 to −50 mV. They are present on 
the cell membrane of roots and help in Al resistance. Gene TaALMT1 present in 
wheat is shown to be expressed in suspension cultures of tobacco (Nicotiana taba-
cum L.), Arabidopsis, wheat, and barley and is responsible for malic acid transpor-
tation facilitating Al tolerance (Delhaize et al. 2004, 2007; Ryan et al. 2011).

23.2.5  Major Facilitator Superfamily (MFS) Proteins

This family of proteins is among the prevalent class of transporter proteins in bio-
logical systems. The release of phytosiderophores (secondary metabolites) displays 
a substantial part in providing iron (Fe) nutrition to the grasses (Marschner et al. 
1987). The produced secondary metabolites remove Fe+3 from the rhizospheric soil 
and form complex with these ions which is further delivered to plant root cells by 
H+-linked transporters of OPT family (Kim and Guerinot 2007).

MFS proteins are responsible for initial export of the compounds. These are cat-
egorized into different classes based on their function such as antiporters, co- 
transporters, or uniporters. The gene named as TOM1 expanded as “transporter of 
mugineic acid family phytosiderophores1” in rice discharges avenic acid and 
deoxymugineic acid from roots of rice plant (deficient in iron) (Nozoye et al. 2011). 
During decrease in iron supply, the gene expression of TOM1 is enhanced, and 
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overexpression of TOM1 in transgenic plants exhibited enhanced release of deoxy-
mugineic acid with better Fe tolerance.

23.2.6  Hot Spots of Exudations from Root

The spots of exudation from roots are foremost since they show a predominant 
impact on the arrangement of microbial communities alongside the plant roots. The 
most important regions of secretion are the root tip with destructive cells invading 
from the tip region to the region of death of outer cells (Bowen and Rovira 1991). 
Utilizing a 4C-labeling manner, McDougali and Rovira (1970) and Rovira (1973) 
confirmed that both main and lateral roots are among the major areas of root secre-
tion followed by the elongation of roots. Bowen (1979) used Pseudomonas fluores-
cens as a model for identifying areas of secretion on Pinus radiata by coating 
disinfected seedlings with the bacteria and analyzing their spots of progress along-
side roots. From this observation, it was elucidated that cell junctions present in 
longitudinal axis had been the major hot spots. However, the amount of root exuda-
tion of several substances from different sites of roots is inadequate.

23.3  Interaction of Root Exudates

23.3.1  Roots and Rhizosphere Interactions

Plants have the capability to adapt to the local environment by perceiving changes 
in a specific rhizospheric environment. These subsequent changes in a particular 
rhizosphere include variations in the growth of neighboring plants and microbes 
invading in close vicinity. Due to presence of any external organism, roots retort by 
secreting some proteins and molecules (Stotz et al. 2000; Stintzi and Browse 2000). 
Furthermore, the root exudates can show mutualistic or protective roles in positive 
or negative interaction, according to other constituents in the rhizosphere. Although 
numerous reports are present to show plant’s association with microbe and insect in 
the plant organs such as stems and leaves, only a small amount has been concen-
trated during interaction of root with microbes and soil inside the rhizosphere.

Root exudates are also observed as a mode of interaction among plant roots and 
PGPR inside the rhizosphere (Hirsch 2003; Bais et al. 2006) and comprise of pro-
teins, phenolics, organic acids (OAs), and sugars (Bais et al. 2006; De Weert et al. 
2002). Although root secretions deliver nutrients to PGPR, they also differentiate 
microbes inhabiting in soil (Badri et al. 2008). As per the data published about the 
low molecular weight OAs such as malate, fumarate, and citrates exuded from roots 
hairs, it was observed that it allowed PGPR growth (De Weert et al. 2002; Kamilova 
2006; Rudrappa et al. 2008; Ling et al. 2011). Organic acids of tricarboxylic acid 
cycle are also responsible for playing a key role as molecular signals (Jones 1998).
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23.3.2  Root-Root Communication

The occurrence of one root system prevents the invasion to the other by releasing 
some chemical substances. The mechanism of allelopathy inhibits the progression 
of other plant species in vicinity by excreting chemical inhibitors. It also has impor-
tance in agriculture as it does not allow growth of weeds and acts as natural weedi-
cide (Callaway and Aschehoug 2000). Bais et al. (2002c) found that (±)-catechin 
prevents growth of knapweed within rhizosphere by releasing phytotoxin from 
roots. The aforementioned example illustrates how these plant roots interact with 
neighboring roots. Plants have capability to utilize exuded secondary metabolites to 
control the rhizospheric conditions for causing damage to neighboring plants. Plants 
with this nature have the capacity to utilize metabolites released from roots as 
chemical linkers for haustorial growth needed for heterotrophic development of 
plant (Keyes et al. 2000). Some parasites of food crops including rice (O. sativa), 
legumes, millet, and sorghum (S. bicolor) and from Scrophulariaceae family par-
ticularly invade the root of nearby plants to acquire mineral, water, and other benefi-
cial growth-promoting compounds from host plant (Yoder 2001). Some of the 
allelochemicals like flavonoids, quinones, cytokines, and para-hydroxy acids are 
reported to facilitate formation of haustoria (Becard et  al. 1995; Estabrook and 
Yoder 1998; Yoder 2001); however, detailed structures of released compounds for 
formation of haustoria are not still clear.

23.3.3  Root Exudate-Mediated Mutualistic Interactions

Mutualism among plants and microbes is principally mediated by exudation of 
roots. Generally, three specific microbial groups have been observed, i.e., mycor-
rhizal fungi, N2-fixing bacteria, and other beneficial bacteria (Azcon-Aguilar and 
Barea 1996) (Fig.  23.1). One more mode of communication that characterizes 
underground zone is root-microbe interactions. The compounds which play an 
essential part in interaction between roots and microbes are flavonoids existing in 
the exudation from leguminous roots and stimulate genes of Rhizobium meliloti 
involved in the process of nodulation (Peters et al. 1986). Many molecular signaling 
mechanisms are included in the process of identifying plant secretions by bacteria. 
The mutualistic relationship between rhizobia family and their leguminous plant 
hosts from Fabaceae family is attributed to the signals produced and compounds 
secreted by both of them. During this process, the exudation by roots generates 
signals, which further stimulates the genes involved in nodulation process (nod 
genes) (Hirsch et al. 2001). According to the analysis, flavonoids are accountable 
for nod gene activation (Wang et al. 2012; Peck et al. 2006). Flavonoids are known 
to act as agonists for some rhizobia species but inhibitors for other species (Cooper 
2007). Chemical compounds like flavonoids are continuously secreted into the rhi-
zospheric soil, but their concentration is considerably enhanced in the presence of a 
particular Rhizobium species (Becard et al. 1992).
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The symbiotic interactions between Frankia (Actinobacteria) and eight families 
of dicotyledonous plants are known as actinorhizal (Wall 2000). There are series of 
regulatory events happening during the course of symbiosis and they start with an 
infection. Further, a common step both in Rhizobium and Frankia known as curling 
of the root hair is preceding nodule development. However, the phenomenon of 
nodule formation is regulated by phenolic compounds (benzoic and cinnamic acids) 
and flavonoid-like components (flavanone and isoflavanone) (Ishimaru et al. 2011; 
Benoit and Berry 1997). It was reported that curling of the root hair is improved in 
Alnus glutinosa root filtrate (Van Ghelue et  al. 1997; Prin and Rougier 1987). 
Popovici et al. (2010) observed that plants of Myricaceae family regulate their root 
secretions in the presence of Frankia and that flavonoids might determine its micro-
symbiont specificity. The chief plant substances which were modulated by inoculat-
ing Frankia are hydroxycinnamic acids, flavonoids, and phenols. It was reported 
that genes accountable for synthesis of flavonoids are stimulated in A. glutinosa 
when co-inoculated with Frankia (Kim et al. 2003; Hammad et al. 2003).

Among most of terrestrial plants, arbuscular mycorrhizal fungi (AMF) and plant 
roots are considered to form symbiotic associations (Van der Heijden and Sanders 
2002). These relationships facilitate the nutrient and mineral uptake by plants; nev-
ertheless, fungi exploit the lipids and carbohydrates from host root. By increasing 
resistance against pathogens and herbivores, AMF have shown to benefit the plants 
indirectly by modulating its tolerance against pathogens and herbivores in several 

Fig. 23.1 Root exudation-mediated microbial colonization in rhizosphere
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known systems (Pozo and Azcon-Aguilar 2007; Cameron et al. 2013; Bennett et al. 
2006). Since these are obligate organisms, therefore their survival is governed by 
their potentiality to develop rapid symbiotic relation with the roots. The branching 
and hyphae growth prior to infecting the roots need the presence of compounds 
secreted by plant roots (Giovannetti et al. 1996). A number of researches have per-
formed studies on AMF and exudation process by roots (Nagahashi 2000; Nagahashi 
and Doudes 2003; Yu et al. 2003; Vierheilig and Bago 2005; Harrison 2005). Root 
exudates were also shown to involve in the establishment of symbiotic relationships 
of AMF (Vierheilig and Bago 2005). The signals provided by host plant roots facili-
tate the development of infection structure and AMF (Czarnota et al. 2003; Smith 
and Read 1997). As flavonoids persist in root exudates, their connection with signal-
ing in establishing plant-AMF relationships has been explicated. Flavonoids are 
also regarded as a key compound for transforming nonsymbiotic AMF into symbi-
otic one (Besserer et al. 2006). Plentiful data have speculated the effects of flavo-
noids on growth of hyphae, differentiation, and colonization in the roots (Morandi 
1996). Flavonoids show chemical structure-dependent stimulatory impact on growth 
of hyphae in AMF.  However, in occurrence of CO2, the flavonoids’ stimulatory 
effects were found to be more pronounced (Bécard et al. 1992; Chabot et al. 1992; 
Poulin et al. 1993). Recently, in several studies, it is described that flavonoids show 
AMF species-specific effects through pre-symbiotic growth and its exposure to 
plants (Scervino et al. 2005). Colonization of AMF has been observed to amend the 
qualitative and quantitative nature of root exudates in the host system (Azaizeh et al. 
1995) and chemotactic response of soil microbes (Sood 2003; Buee et al. 2000). 
However, strigolactones (carotenoid-derived terpenoids) were reported to promote 
branching in G. margarita, spore germination in Glomus intraradices, and cell pro-
liferation in Gigaspora rosea (Akiyama et al. 2005).

23.3.4  Root-Insect Communication

Root-insect interaction has been localized to stems and leaves, but studies relevant 
to them are very few in numbers because of complex rhizospheric system of and 
unavailability of proper devices for experimentation (Koricheva et al. 2009). Root- 
insect interaction by bugs/pests like aphids can result in major damage to crops 
including Beta vulgaris and Solanum tuberosum (Hutchison and Campbell 1994). 
In observations made by Wu et al. (1999) on in vitro simultaneous cultures of aphids 
and hairy roots, it was elucidated that aphids decreased the vegetative growth and 
enhanced the polyacetylene synthesis with a similar response to phytoalexin (Flores 
et  al. 1988). Fluorescent-carboline alkaloids were characterized from root secre-
tions of O. tuberosa (oca) by Bais et al. (2002a). The main fluorescence showing 
compounds was recognized as harmaline (3,4-dihydroharmine) and harmine 
(7-methoxy-1-methyl-carboline). These alkaloids possess the fluorescence as well 
as phototoxic activities against insects (Larson et al. 1988).

23 Exploring the Role of Plant-Microbe Interactions in Improving Soil Structure…



476

23.3.5  Root-Pathogen Communication

The survival of root cells against pathogenic microorganisms depends on the 
release of chemicals like phytoalexins and defense proteins (Flores et al. 1999). 
This would have led the scientists to explore the chemodiversity present in root 
exudates for new biological entities including antimicrobials. Rosmarinic acid 
(RA) was found to be released from hairy root tips of cultures of Ocimum basili-
cum when stimulated by extracts of the cellular wall of fungi, i.e., Phytophthora 
cinnamon (Bais et al. 2002b). Roots were elicited to secrete rosmarinic acid by 
incorporation of Pythium ultimum in situ. This secondary metabolite exhibited 
antimicrobial activity against a diverse group of soil microbes including 
Pseudomonas aeruginosa (Bais et al. 2002b). Similarly, in other studies, hairy root 
cultures of the plant Lithospermum erythrorhizon were induced for producing cell-
specific pigmented naphthoquinones and other biochemical entities against bacte-
ria and fungi present in the soil (Brigham et  al. 1999). The abovementioned 
examples proved that RA and naphthoquinones released as root exudates had 
defensive mechanisms against pathogenic microorganisms. Both Gram-positive 
and Gram-negative bacteria comprising of essential plant pathogens such as 
Agrobacterium and Erwinia spp. hold quorum-sensing mechanisms that regulate 
the transcription of genes needed for their pathogenic activities (Fray 2002). It is 
the cell-cell interaction between bacteria controlled by autoinducers. They are pep-
tide-signaling molecules for Gram-positive bacteria and acylated homoserine lac-
tones (AHLs) for Gram-negative bacteria. After reaching to saturation level in 
bacterial growth, it automatically activates certain transcription regulatory proteins 
which regulate particular genes (Teplitski et al. 2000). Hence, these signals allow 
bacterial cells to modulate the expression of genes in variation to population. 
Therefore, roots develop defense mechanism by releasing components in the rhi-
zospheric soil that block quorum-sensing responses in bacteria, like signal block-
ers and signal-degrading enzymes. Further practices in this direction are still 
required to aid the isolation and characterization of these compounds.

23.4  Effects of Root Exudates on Soil Structure and Function

It is well known that roots of plants exude a huge number of biochemicals into the 
rhizosphere. Through this exudation, roots may regulate the microbes available in 
the vicinity of soil, deal with herbivores, restrain the development of competitors, 
and promote useful symbiosis (Rougier 1981). Abiotic stress is one of the severe 
stresses of environment that lowers the growth and yield of any crop even on irri-
gated land throughout the world (Vishwakarma et al. 2017). Root exudates mediate 
the beneficial alternations in soil function and structure by promoting microbial 
richness and facilitating mineral uptake in soil as well as removing of toxic sub-
stances from the soil (Nardi et al. 2000).
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23.4.1  Maintenance of Microbial Diversity

Plants use the exuded molecules to protect themselves against pathogenic and para-
sitic organisms and to attract positive ones. These root exudates are used by bacteria 
present in close vicinity for production of biomass and energy. In addition, 20% of 
photosynthetic products are released by plants which form the basis for plant- 
microbe interactions. These interactions support the growth of plants by increasing 
the accessibility of minerals, promoting synthesis of phytohormones, degrading 
phytotoxic compounds, and suppressing pathogenic activities of microorganisms 
(Bais et al. 2006). The reported demonstrations clearly signify the value of under-
standing the functional attributes of microbial colonies available in the soil and the 
modes by which root exudates affect activity and microbial diversity.

The bacterial and fungal growth in the rhizospheric soil are selectively influ-
enced by root exudates by altering the soil chemistry and allocating specific sub-
strates for microbial growth. In turn, microorganisms affect the constitution and 
amount of various root exudates by influencing its secretion from plant root cells 
along with metabolism and nutrition of plants. Alternations in root exudations and 
rhizodeposition in distinct zones of roots form the foundation of variation of struc-
ture of present microbial communities and other species in different locations of 
roots (Paterson et al. 2007). In addition, soil type, status of nutrition, and environ-
mental factors are also responsible for variation in rhizospheric microbial commu-
nities (Yang and Crowley 2000).

Studies depicting the close connection between root exudation and microbial 
composition in rhizosphere are increasing dramatically (Broeckling et  al. 2008; 
Badri et al. 2008, 2013a; Chapparro et al. 2012, 2013; Micallef et al. 2009). In these 
studies, chemical compounds occurring in the exudates were reported as signaling 
molecules, substrates, or attractants that mediate the variations in microbial com-
munity (Shaw et al. 2006; Jain and Nainawatee, 2002; de Weert et al. 2002; Horiuchi 
et al. 2005; Badri and Vivanco 2009; Bais et al. 2006; Badri et al. 2013a, b; Neal 
et al. 2012). Moreover, it was explicated that root seedlings secrete sugars as sub-
strates for the early development of extensive types of microbes and antimicrobial 
compounds for selecting particular microbial populations present in rhizospheric 
soil (Badri et al. 2013a; Chapparo et al. 2013). Rhizospheric microbial diversity is 
also affected by different varieties of plants (Smalla et al. 2001; Kowalchuk et al. 
2002; Costa et  al. 2006). This perhaps can be correlated with the constituents 
secreted in the form of exudates as it alters with the age, type, and location of plant 
along the root system (Lupwayi et  al. 1998; Hertenberger et  al. 2002; Yang and 
Crowley 2000).

23.4.2  Phytoremediation

Environmental pollution is a problem of concern nowadays and it is harshly affect-
ing the soil-plant systems. Phytoremediation has become the emerging topic in the 
recent days due to its environmentally safe and cost-effective properties. Root 
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exudates facilitate phytoremediation by varying the physicochemical characteristics 
of rhizosphere by affecting absorption of metals (Lebeau et al. 2008). The modes 
through which root exudates scavenge heavy metals include pH modification of 
rhizosphere, chelation, complex formation, and alternation of microbial diversity 
within the rhizosphere. Through these processes, root exudates alter the chemical 
subsistence of heavy metals, enhance their bioavailability, make soil microbes 
active, and thus reduce the pollution. Ectoenzymes present in the root exudates 
mediate the elimination of organic contaminants by either directly degrading the 
pollutants or indirectly invigorating the microbial activity (Kuang et al. 2002). In 
general, the microbial activities occurring in the rhizosphere augment the effects of 
phytoremediation by two pathways:

 1. Direct pathway in which microbes concomitant with plants increase transloca-
tion of metals and hence mediate phytoextraction or decrease mobility of metal 
pollutants from the rhizosphere contributing in phytostabilization

 2. Indirect pathway in which microorganisms attribute metal tolerance to the plants 
or increase the biomass production by plants to arrest/remove the metal 
pollutants.

The rhizosphere bacteria have gained the special interest among microbes par-
ticipating in heavy metal removal owing to their capability to improve the process 
directly by altering availability of metals by changing pH of soil and secreting che-
lators (e.g., siderophores, organic acids) and by redox reactions (Khan et al. 2009a, 
b; Gadd 2000; Kidd et al. 2009; Rajkumar et al. 2010; Ma et al. 2001, 2011; Uroz 
et al. 2009; Wenzel 2009).

There are numerous advantages for using microbe-mediated heavy metal mobi-
lization as compared to chemical methods because metabolites synthesized by 
microbes are degradable, have low toxicity, and can easily be formed under in situ 
conditions in rhizosphere. However, plant growth-enhancing substances like plant 
growth hormones, siderophores, and ACC (1-aminocyclopropane-1-carboxylic 
acid) deaminase synthesized by microbes can interact with plants to help in plant 
growth in heavy metal-polluted soils (Wu et al. 2006; Babu and Reddy 2011; Glick 
2010, 2012; Glick et al. 2007; Kuffner et al. 2010; Luo et al. 2011; Luo et al. 2012; 
Ma et al. 2011; Rajkumar et al. 2010; Miransari 2011) (Fig. 23.2).

23.4.3  Mineral Acquisition

As previously mentioned, the compounds secreted as exudates from roots serve as 
signals for numerous heterogenous, diverse, and active microbial communities 
available in soil. They make the soil system dynamic for nutrient turnover and sus-
tainable for crop productivity with improved physicochemical structure (Chandler 
et al. 2008). By modifying physicochemical properties of soil, root exudates control 
the framework of microbial community present in close proximity of root surface 
(Dakora and Phillips 2002). Few molecules are metabolized by rhizospheric 
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microbes as C and N sources, while other molecules which are secreted out by 
microbes are subsequently utilized by plant species for their development and 
growth (Kang et al. 2010).

Various agricultural soils lack adequate amount of iron, phosphorus, and nitro-
gen that results in minimal growth of plants. Majorly, the nutrients are taken up by 
the plants via rhizosphere when microorganisms interact with compounds in root 
exudates. They contain the combination of inorganic ions, organic acids, enzymes, 
vitamins, and amino acids. Aldonic acid and phenolics released by plant roots of 
N2-fixing legumes trigger the root-nodule-forming bacteria, i.e., Rhizobiaceae. 
These signals activate nod gene expression in symbiotic bacteria and thus facilitate 
nitrogen fixation. Biological nitrogen fixation represents economically and environ-
mentally favorable substitutes to the chemical fertilizers (Munees and Kibret 2014).

Root exudates are utilized by plants growing in the low-nutrition condition not 
only as symbiotic attractants of microbes involved in mineral acquisition but also in 
other ways. Extracellular enzymes present in root exudates release phosphorus from 
organic compounds and other molecules (Richardson 2001). Further by chelation, 
these enzymes make P available to the plants. In addition, organic ions can also 
mediate the mobilization of phosphorus through decreased sorption of phosphorus 
by altering soil topological properties, chelation of cations, and desorption of ortho-
phosphates from a particular region (Bar-Yosef 1991; Jones 1998).

Root exudates

(i) Chelation

Organic acids
(oxalic  acid, citric 

acid,  gluconic
acid etc)

Siderophores

pH 
change

Less soluble metals 

Metal-chelator complex Soluble
metals

Cr+3

Cr+6

(iv) Redox reaction
(iii)  Extracellular 

polymeric  
substances( EPS)

Immobilistion of 
metals by EPS

Metal uptake 
reduction

Soluble 
metals

Rhizosphere
bacteria

Ectomycorrhizae

Root 
vertical 
section

Metal contaminated soil
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Fig. 23.2 Root exudation-mediated plant-microbe interactions facilitate a phytoextraction b phy-
tostabilization process in metal-polluted soil by (i) chelation, (ii) biosorption, (iii) immobilization 
of metals by EPS, and (iv) redox reactions (modified from Rajkumar et al. 2012)
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23.5  Conclusion

Several researches have elucidated that root exudates act as key factor for establish-
ment of plant-microbe symbiotic relationships. However, there is requirement of 
investigating other factors to understand these relationships in ecological point of 
view. Recent advancements in technology have a significant role in knowing multi-
faceted interactions between plants and microbes. Furthermore, it is also important 
to study the root exudation phenomenon in specific environmental conditions for 
exploring many other soil microbes, biological activities, and related genes to dem-
onstrate their applications in acquiring nutrients, scavenging toxins from contami-
nated soils, attracting plant growth-promoting microbes, and improving the quality 
of soil. Although significant researches have been carried out in exploring the capa-
bility of rhizospheric microbes in heavy metal toxin phytoremediation, more 
advances in this aspect are still required to be anticipated. In this context, future 
researches are required to completely study the genomics of rhizospheric microbes, 
uptake mechanism of metal-chelator complex in plant, signaling cascades involved 
in activation of microbes under stress induced by heavy metal, and various factors 
affecting acquisition of minerals. Such studies might provide sufficient knowledge 
for utilizing these microbes efficiently in scavenging of soil contaminants and 
improving structural and functional properties of soil to facilitate sustainable 
agriculture.
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24Understanding Functional Genomics 
of PTGS Silencing Mechanisms 
for Tobacco Streak Virus and Other 
Ilarviruses Mediated by RNAi and VIGS

Avinash Marwal and R.K. Gaur

Abstract
Post-transcriptional gene silencing (PTGS) is a successful technology for the 
investigation of functions of gene in plants. In general, this phrase refers to the 
capability of a cell to avert the expression of a definite gene. PTGS can be 
achieved either by RNA interference (RNAi) or virus-induced gene silencing 
(VIGS). Tobacco Streak Virus (genus Ilarvirus and family Bromoviridae) con-
sists of a tripartite genome and infects plants by causing symptoms like necrosis 
and leaf puckering. Ilarvirus are the most imperative viruses, thus causing enor-
mous economic losses worldwide by plummeting crop production by its quantity 
and quality. Virus infection in plants is known to activate the silencing pathway 
in which siRNAs are produced. There are numerous reports for the genus 
Ilarvirus, which have confirmed that RNAi is engineered to target viral RNA in 
plants. RNA silencing is a high-throughput tool for restraining gene expression 
carried out by sequence-specific manner, chiefly via transcriptional repression or 
RNA degradation. As a retort to this defence mechanism, many ilarviruses pro-
gramme gene silencing suppressor proteins performing at diverse stages in the 
silencing pathway.
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24.1  Introduction

A number of plant species are vulnerable to a variety of plant viruses (Marwal et al. 
2013a). One of such kind is the genus Ilarvirus, belonging to Bromoviridae family 
(Bujarski et al. 2012). The genus Ilarvirus comprises of 19 virus species. Tobacco 
Streak Virus (Johnson 1936) is the main species of this genus prevailing in the 
world. The rest of the species of Ilarvirus are divided into six subgroups: subgroup 
1, subgroup 2, subgroup 3, subgroup 4, subgroup 5 and subgroup 6. Tobacco Streak 
Virus and Parietaria Mottle Virus belong to subgroup 1. Citrus Leaf Rugose Virus, 
Asparagus Virus 2, Elm Mottle Virus, Citrus Variegation Virus, Tulare Apple Mosaic 
Virus and Spinach Latent Virus fall in subgroup 2. Whereas subgroup 3 comprises 
of Apple Mosaic Virus (Fenner 1976), Humulus japonicus Latent Virus (Francki 
et al. 1991) and Prunus Necrotic Ringspot Virus (Candresse et al. 1998), Fragaria 
chiloensis Latent Virus (van Regenmortel et al. 2000) and Prune Dwarf Virus (Boari 
et al. 1998) belong to subgroup 4. Only one species, i.e. American Plum Line Pattern 
Virus (Matthews 1982; Alayasa et al. 2003), is in the subgroup 5. Finally subgroup 
6 contains Lilac Leaf Chlorosis Virus (James et  al. 2010). The four species, viz. 
Blackberry Chlorotic Ringspot Virus (Tzanetakis et  al. 2004), Blueberry Shock 
Virus (Jones et  al. 2006), Lilac Ring Mottle Virus (Matthews 1979; Scott and 
Zimmerman 2008) and Strawberry Necrotic Shock Virus (Tzanetakis et al. 2010), 
are unassigned ilarviruses. Tobacco Streak Virus causes serious crop production 
losses and decreases in the product quality as well (Walter et al. 1995).

These viruses are isometric in shape and acquire a single-stranded, mainly tripar-
tite RNA genome. Tobacco Streak Virus has been studied the most, and similarly a 
good deal of knowledge has been attained for Prunus Necrotic Ringspot Virus 
(Sharman et al. 2009). Developing new plant varieties with resistance to Tobacco 
Streak Virus (Ladhalakshmi et  al. 2009) and other viral pathogens is considered 
highly necessary for farmers. Even if procreation for virus-resistant varieties has 
been followed for a long time by simple breeding techniques, the advancement 
remains sluggish because of the inherent genetic complexity of resistance (Barba 
et al. 1992; Waterhouse and Helliwell 2003). Wherein molecular biology makes it 
promising to manoeuvre and improve plant resistance to Tobacco Streak Virus, such 
molecular biology skill highlights post-transcriptional gene silencing (PTGS) 
(Baulcomb 2004). The 2b protein of Tobacco Streak Virus and other ilarviruses are 
responsible for RNA silencing and the viral movement for long distances in the 
plant (Guo and Ding 2002). Here, we are presenting a mini review on silencing of 
Tobacco Streak Virus and other ilarviruses mediated via RNAi (RNA interference) 
(Watson et al. 2005) and understanding the effect of various genes through VIGS 
(virus-induced gene silencing) (Burch-Smith et  al. 2004; Constantin et  al. 2004) 
from the agronomical and horticultural point of view.
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24.2  Optimization Through RNAi-Mediated Silencing

RNA interference (RNAi) takes place in a broad range of living beings; this includes 
plants, fungi and animals (Bass 2000; Saunders et al. 2004). RNA degradation pro-
gression is a sequence-specific RNA silencing mechanism that is activated either by 
the formation of dsRNA or otherwise by unusual RNAs associated with transgenes 
viruses and transposons (Vaucheret 2006; Marwal et al. 2013b). Double-stranded 
RNA (dsRNA) is generally cleaved in plants by the cellular machinery into short 
interfering RNAs (siRNAs), which are efficient inducers of gene silencing (Fusaro 
et al. 2006; Kerschen et al. 2004). RNAs with hairpin with a loop structures are 
particularly actual inducers of PTGS in plants (Ikegami et al. 2011; Yoshikawa et al. 
2013). The dsRNAs trigger an RNA-mediated defence system resulting in their 
cleavage into small-interfering RNAs (siRNAs) by Dicer-like enzymes. In RNA- 
induced silencing complex, the siRNAs further act upon the degradation of RNAs, 
which has identical sequences to those of the inserted fragment and viral genome 
(Baulcomb 2004; Lecellier and Voinnet 2004; Marwal et  al. 2013c; Meister and 
Tuschi 2004).

Prunus species are harmfully pretentious by a major pollen scattered Ilarvirus, 
i.e. Prunus Necrotic Ringspot (PNRSV) (Amari et  al. 2007). RNA interference 
(RNAi) vector pART27–PNRSV was created, enclosed with an inverted repeat (IR) 
region consisting of PNRSV. This construct was then inoculated into two hybrid 
cherry rootstocks [‘Gisela 6’ (GI 148–1) and ‘Gisela 7’ (GI 148–8)] which were 
tolerant and sensitive, respectively, to PNRSV infection (Lacomme et  al. 2003). 
After 1 year of inoculation with PNRSV plus Prune Dwarf Virus, nontransgenic 
‘Gisela 6’ doesn’t exhibit any indication of virus disease but does possessed a note-
worthy PNRSV titre. The transgenic ‘Gisela 6’ was devoid of symptoms and 
encountered with negligible PNRSV titre. In the course of this experiment, the non-
transgenic ‘Gisela 7’ trees don’t survive, while the transgenic ones, i.e. ‘Gisela 7’ 
trees, continue to exist (Song et al. 2013).

A number of leading viruses critically impinge on Prunus L. fruit production 
(Aparicio et al. 2010). It is exceedingly required by growers and breeders that the 
expansions of new varieties resistant to these viruses are quite exigent. For engi-
neering multivirus resistance in plants, a post-transcriptional gene silencing founda-
tion was accounted. For this approach, a solo chimeric transgene, i.e. PTRAP6, was 
fashioned by the amalgam of around 400–500-base pair (bp) gene fragments from 
six major Prunus fruit viruses, consisting of Peach Mosaic Virus, American Plum 
Line Pattern Virus, Prunus Necrotic Ringspot Virus, Prune Dwarf Virus (PDV), 
Plum Pox Virus (PPV) and Tomato Ringspot Virus (ToRSV). Devoid of any splicing 
intrusion, it was found that the two strands of PTRAP6 created a 2.5 kb transcript in 
plant when being transcribed.

PTRAP6i was shaped by insertion of two copies of PTRAP6 in an inverted repeat 
under the command of the Cauliflower Mosaic Virus 35S promoter and divides by 
an intron spacer fragment for inducing gene silencing/virus resistance. Out of 28 R0 
PTRAP6i transgenic lines, only 12 were resistant to ToRSV which were earlier 
inoculated in Nicotiana benthamiana plants. The symptoms range from mild 
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visualization to phenotypes which were devoid of any symptoms. Detailed analysis 
of two of the three highly resistant homozygous R3 generation lines demonstrated 
that they were resistant to PPV, PDV and ToRSV. The rest of the three viruses tar-
geted by PTRAP6i were either unavailable for this study or were unable to systemi-
cally infect N. benthamiana (Lui et al. 2007).

In another incident, Prune Dwarf Virus (PDV) was found causing systemic infec-
tion in some almond trees and other Prunus sp. which were spread by means of 
pollen grains (Abou-Jawdah et al. 2004). An approach that was focused on the coat 
protein (cp) gene subjected to restrict PDV replication in host plant cells has been 
studied. To construct the cDNA of the cp gene, a Portuguese isolate of PDV was 
acquired from infected almond leaves. To seek for the transgenic expression of the 
new or customized Prune Dwarf Virus coat protein (cpPDVSense and cpPDVMu-
tated), a range of constructs was organized based on this sequence. Similar aspects 
were made in case of cpPDV RNA (cpPDVAntisense and cpPDV without start 
codon) for its expression. Widespread molecular characterization and controlled 
infections were achieved on transformants and their offspring, where all constructs 
were tested in a PDV host model, Nicotiana benthamiana.

As evaluated by DAS-ELISA on newly developed leaves, transgenic plants 
exhibiting cp RNA were capable of blocking the propagation of Prune Dwarf Virus 
isolate, thus contributing nearly 91% homology with the isolate used for cpPDV 
cloning. With cp expression, the obstruction of PDV propagation in lately formed 
leaves was only accomplished due to the mutated construct of cpPDV, where argi-
nine was replaced by alanine due to substitution in the coat protein at the 14th aa 
residue position. The experiment emphasizes the possible responsibility of the 
mutated amino acid in the virus capability to replicate and proliferate. The follow-
ing study expressed the likelihood for accomplishing defence against Prune Dwarf 
Virus via mutated cp sequence or by coat protein RNA (Raquel et al. 2008).

Prunus domestica L were transformed with the Plum Pox Virus coat protein gene 
(PPV-CP). Transgenic plums were extremely challenging to PPV infection since it 
exhibits post-transcriptional gene silencing (PTGS). In order to test the consequence 
of heterologous viruses on the usefulness and constancy of PTGS against PPV, 
transgenic C5 trees were graft inoculated with diverse amalgamation of Prunus 
Necrotic Ringspot Virus (PNRSV), Apple Chlorotic Leaf Spot Virus (ACLSV), 
Prune Dwarf Virus (PDV) and PPV-D strain (Sasaki et al. 2011).

The possibility for suppression of the silencing system mediated by these viruses 
was evaluated. Confront experiments were performed under greenhouse, nursery 
and field conditions in Romania and Spain, including two different environments, 
continental and Mediterranean, respectively. Virus infections were appraised by 
visual supervises of symptom and by molecular and serological study. Resistance 
against Plum Pox Virus for C5 transgenic plums was engineered, which was firm 
and was not obscured by the occurrence of the challenging heterologous viruses. 
This study was carried over a period of 3 year in all trials (Zagrai et al. 2008).

Three experiments were undertaken in Romania, where transgenic plums of 
Prunus domestica L. as the subjects were inoculated with PPV-CP (coat protein 
gene of Plum Pox Virus). With the influence of natural infection, the transgenic 
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clones such as C2, C3, C4, C5, C6 and PT3 were assessed for sharka resistance. The 
highest resistance was observed in transgenic clone C5 (named as ‘HoneySweet’). 
Up to 10 years, transgenic C5 trees were devoid of any visible symptoms caused by 
naturally infected aphids. This is due to post-transcriptional gene silencing (PTGS) 
exhibited by the resistant C5 lines. The second study evaluated the consequence of 
two heterologous viruses (i.e. Prune Dwarf Virus and Prunus Necrotic Ringspot 
Virus) based on the effectiveness and stability of PTGS-mediated resistance to Plum 
Pox Virus demonstrated by the C5 plum. This engineered resistance to Plum Pox 
Virus in the C5 transgenic plums was firm and doesn’t concealed by the existence of 
the examined heterologous viruses (Zagrai et al. 2011).

One of the most efficiently important viruses infecting several crop plants in 
India is the Tobacco Streak Virus (TSV). RT-PCR with TSV replicase gene-specific 
primers was carried on indicative samples collected from sunflower and okra fields. 
In order to build up tobacco transgenic plants resistance to Tobacco Streak Virus 
(TSV) by articulating hairpin RNA transcript (hpRNA), the replicase (Rep) genes of 
these isolates were sequenced. A 99% nucleotide sequence identity of replicase 
gene of these isolates with Tamil Nadu okra isolate was revealed. The position 
3065–3405 of the TSV replicase gene was used for building of pHANNIBAL vec-
tor, i.e. a conserved nucleotide sequence having a hairpin construct.

The Rep hairpin construct was cloned into pART27 and congregate into 
Agrobacterium tumefaciens LBA4404 and commenced into tobacco by 
Agrobacterium-mediated transformation. Taking the genomic DNA from trans-
formed tobacco plants, the T0 plants produced were subjected to PCR and Southern 
blot examination. Corresponding to nptII gene and Rep gene, the transformants 
produced ~299 bp and 340 bp amplicons, respectively. The single- and multiple- 
copy integration of the transgenes was confirmed by Southern blot analysis. Upon 
mechanical inoculation of TSV, the transgenic T0 tobacco plants illustrate resis-
tance against TSV without showing any visible symptoms; resistance was also con-
firmed by DAC-ELISA (Suppaiah et al. 2015).

24.3  Engineering by VIGS: A Versatile Tool

Viruses that derived small-interfering RNAs (siRNAs) are the hallmarks of an innate 
immune response in plants that targets invading viruses through post-transcriptional 
gene silencing (PTGS). Virus-induced gene silencing (VIGS) has a great potential 
as a reverse genetic tool in plant genomics (Burch-Smith et al. 2004; Marwal et al. 
2014; Robertson 2004). In plants, PTGS has been widely studied, and like PTGS 
that is distinguished by sequence-specific resistance against virus infection, viruses 
also induced an RNA-mediated defence system in plants. Tobacco Mosaic Virus 
(TMV) was the first RNA virus used as silencing vectors (Godge et al. 2008).

VIGS involves using a vector containing the piece of gene of interest that causes 
the silencing of specific gene expression (Gleba et al. 2007). siRNA is an important 
method for evaluating gene functionality and is being exploited for the development 
of new approaches to control plant viruses (Mourrain et al. 2000; Covey et al. 1997; 
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Marwal et al. 2012; Ratcliff et al. 1997; Lu et al. 2003). VIGS engross the release of 
a recombinant virus to plants containing a portion of the plant gene that is proposed 
to be silenced. The plant defence mechanism system then diminishes not only the 
virus but also the targeted endogenous plant gene expression through post- 
transcriptional gene silencing (Robertson 2004).

Asparagus Virus 2 (AV-2) is another member of the genus Ilarvirus. The coat 
protein (CP) and the 2b protein (2b) genes of AV-2 isolates were cloned from 
Asparagus plants from a variety of province, and it was established that the sequence 
for CP and for 2b was extremely conserved among the isolates, signifying that AV-2 
from around the world is almost indistinguishable (Xin et al. 1998). Later an AV-2 
infectious clone was created by instantaneous inoculation with in vitro transcripts of 
RNAs 1–3 of AV-2 and in vitro-synthesized CP, which is obligatory for initial infec-
tion. Because 2b of cucumoviruses in Bromoviridae can hold back systemic silenc-
ing as well as confined silencing, it was analysed whether there is practical synteny 
of 2b protein between AV-2 and Cucumovirus. By means of the AV-2 infectious 
clone, the Ilarvirus 2b job as an RNA silencing suppressor is now evident; AV-2 2b 
has suppressor bustle against systemic silencing but not confined silencing (Shimura 
et al. 2013).

For molecular characterization of gene functions in plants, RNA silencing is a 
dominant skill. Genetic transformation is a generally used method for the introduc-
tion of RNA silencing. The best potent substitute is to use a customized viral vector 
for virus-induced gene silencing (VIGS) to demean RNA molecules partaking simi-
lar nucleotide sequence. Due to a long immature stage and intractable to genetic 
transformation, unfortunately genomic studies in many allogamous woody perenni-
als such as peach are sternly delayed. The construction of a viral vector imitative 
from Prunus Necrotic Ringspot Virus (PNRSV), a prevalent fruit tree virus that is 
endemic in all Prunus fruit production countries and regions in the world, was 
reported.

It was affirmed that the modified PNRSV vector, an anchor ageing the sense- 
orientated objective gene sequence of 100–200 bp in length in genomic RNA 3, 
could impressively trigger the silencing of a transgene or an endogenous gene in the 
model plant Nicotiana benthamiana. It was further demonstrated that vector formed 
by Prunus Necrotic Ringspot Virus can be easily manoeuvre to cause silencing of 
endogenous genes in peach similar to translation initiation factor 4E isoform 
(eIF(iso)4E) of eukaryotic, a host factor of many potyviruses including Plum Pox 
Virus (PPV). Moreover, the eIF(iso)4E-knocked down peach plants were resistant to 
PPV (Cui and Wang 2016).

Functional genomics authorize knockdown of expression of individual genes or 
closely linked gene families through virus-based gene silencing systems which is a 
well thought-out influential tool. TSV shows recovery from initial symptoms and 
efficiently invades both meristems and developing embryos in soybean making it an 
excellent candidate for a virus-based silencing system for those tissues. TSV RNAs 
1, 2, 3 and 4 were cloned into pHST40, a pUC-based plasmid vector, and pCASS- 
4RZ, an Agrobacterium tumefaciens-compatible binary vector. Both sets of clones 
were infectious in soybean and tobacco. 2b gene of pHST40-RNA2 was truncated, 
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and multicloning site was introduced, and the clone was stably transmitted in soy-
bean seed.

Obvious leaf yellowing typical for silencing of MgCh mRNA was exhibited, 
when magnesium chelatase (MgCh) gene parts of 105 nt and 175 nt were put into 
the truncated 2b vector and were stable in systemic leaves of inoculated ‘Williams82’ 
plants. RNA 3 of the pCASS-4RZ clone was partitioned between two RNAs, one 
with only the movement protein (pCASS-R3Mp) and the other expressing only the 
coat protein (pCASS-R3Cp). Full-length green fluorescent protein (GFP) and phy-
toene desaturase (PDS) coding regions were inserted into pCASS-R3Mp and 
pCASS-R3Cp, respectively. Tobacco plants illustrated steady expression of GFP 
and photo bleaching symptoms when inoculated, which is reliable with silencing of 
PDS mRNA (Jossey et al. 2011).

Dahlia (Dahlia variabilis) flower colour has been credited with black, due to the 
elevated levels of anthocyanins which are cyaniding compounds (Chen et al. 2004). 
This pattern transpires because of flavone synthesis, as it is reduced for the reason 
that of post-transcriptional gene silencing (PTGS) of flavone synthase II (DvFNS). 
Apart from the black colour, purple-coloured flowers are also known, which has 
appeared from a black cultivar ‘Kokucho’. It was found that the purple colour of 
flower is not the result of mutation but due to the infection of Tobacco Streak Virus, 
which suppresses the PTGS of DvFNS. When Tobacco Streak Virus was eradicated 
from the purple flowering ‘Kokucho’ by leaf primordia-free shoot apical meristem 
culture, the resultant flowers again restore their black colour (Deguchi et al. 2015).

It was portentous that Tobacco Streak Virus has a silencing suppressor, as due to 
Tobacco Streak Virus which was infecting purple flowers showed lower numbers of 
siRNAs than black flowers. Tobacco Streak Virus-infected dahlia distorted the 
flower colour severely by the graft inoculation of other black cultivars apart from 
‘Fidalgo Blacky’, which is a very deep black cultivar with the highest amount of 
cyaniding-based anthocyanins. The flowers of all six Tobacco Streak Virus-infected 
Dahlia cultivars mount up augmented quantity of flavones and reduced quantity of 
cyaniding-based anthocyanins. There was no change in the accumulation of pig-
ments in ‘Fidalgo Blacky’ and thus remained black whereas in Dahlia plants 
infected with Tobacco Streak Virus still had higher level of cyaniding-based antho-
cyanins than other cultivars.

24.4  Conclusion

This review makes noticeable that the RNAi tactic is beneficial for developing viral 
resistance in plants and such transgenics have imminent to augment production of 
customized varieties (nongenetically) thus evading concern regarding transgene 
flow. Transgene-wide and siRNA species were detected along with vanishing of 
transgene transcript in the resistant lines, representing that PTGS underlies the 
method of resistance. This review presents confirmation that RNAi is able to bestow 
gene silencing-based resistance to multiple ilarviruses (Hamilton and Baulcombe 
1999).
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Virus-induced gene silencing (VIGS) is a successful technology for the investi-
gation of functions of gene in plants (Gronlund et  al. 2008; vanKammen 1997; 
Zhang and Ghabrial 2006). This work opens a potential avenue for the control of 
virus diseases in plants via viral vector-mediated silencing of host factors, and vec-
tor may serve as a powerful molecular tool for functional genomic studies. 
Ultimately, the two approaches discussed above are used to produce virus-resistant 
cultivars. Researchers around the world are currently developing approaches to 
engineer multivirus resistance in plants to address the serious virus problems 
encountered in agricultural practice.
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Abstract
Concomitant with the demand for chemical free food, the demand for bioinocu-
lants for plant growth promotion and protection against pests and disease causing 
organisms has also seen a phenomenal increase. This has led to the mushrooming 
of several products in the market that have met with varying degrees of success. 
Very often it has been observed that inoculant strains that perform exceedingly 
well under laboratory conditions fail under field conditions. This can be primar-
ily attributed to the utilization of non-rhizocompetent strains. Since the inocu-
lated strain has to compete with a multitude of native microbes in the rhizospheric 
region, strains lacking rhizocompetence traits often fail to establish and perform 
in the rhizosphere. Rhizocompetence traits such as biofilm formation, sidero-
phore production, antagonism, ability to utilize root exudates, motility, and pro-
tease activity can prove to be game changers under field conditions. This chapter 
attempts to highlight the importance of rhizocompetence traits in inoculant 
selection and development, in order to harness the benefit of applied inoculants.
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25.1  Introduction

The rhizosphere is a hub of microbial activity that influences plant growth and 
development in a myriad fashion. Some rhizospheric microbial associations are 
beneficial to plant growth, while some are detrimental and few others are neutral in 
nature. Though the term rhizosphere was coined in the previous century (Hiltner 
1904), its importance in sustaining microbial activity and subsequently plant growth 
and development came to the forefront with the coining of the term plant growth 
promoting rhizobacteria (PGPR) by Kloepper and Schroth (1978). Considering the 
harmful effects of chemical fertilizers and pesticides, environment friendly bioin-
oculants have received widespread acceptance worldwide when introduced into soil 
or on seeds, roots, and bulbs for decades. Many bacterial and fungal inoculants have 
been commercialized and are currently available in the market. But root coloniza-
tion remains the fundamental element that determines the persistence of the bioin-
oculant and its subsequent success. Most commercial inoculants are either coated 
onto the seed or applied in furrows; the organism has to first multiply in the spermo-
sphere and subsequently colonize the emerging roots (Nelson 2004; Kloepper et al. 
1985). Both these processes are fraught with several obstacles for the applied micro-
bial strains. These factors include competition from other native microbes; presence 
of grazers; edaphic factors like soil pH, concentration of mineral nutrients, soil type, 
and moisture content; and ultimately the presence of a suitable host plant root, all of 
which determine the success of the applied inoculant. It is said that a true root colo-
nizer is a bacterial/fungal strain which can colonize the roots under competitive 
conditions, i.e., in natural field conditions (Kloepper and Beauchamp 1992). But 
there are many practical constraints, since the applied inoculant population is usu-
ally not sufficient to compete with the indigenous microflora. An earlier approach to 
solve this was proposed by Rao (1993), who advocated the application of higher 
concentrations of microbial preparations of interest in order to ensure better func-
tionality. But very often this approach fails due to the overriding competitive factors 
and the high costs of blanket inoculation. An alternative to this is the assessment of 
the rhizocompetence of the strains along with their functional traits during the 
screening stages in order to select rhizocompetent strains for microbial inoculant 
preparation. Rhizocompetence is endowed upon a microbial strain by a number of 
functional traits like the ability to form biofilms and produce siderophores, antibio-
sis, motility, utilization of root exudates, and ability to exhibit protease activity, all 
of which collectively confer upon a strain the ability to survive and function in the 
highly competitive rhizosphere.

25.2  Significance of Rhizocompetence in Microbial Inoculant 
Technology

While the importance of microbial inoculants and their benefits have been overem-
phasized by numerous workers, the issues related to survival of inoculants over 
extended periods in the rhizosphere have been largely overlooked. The primary 
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reasons for inoculant failure are the unpredictable soil environment and insufficient 
adherence of the applied inoculant strain to the root surface. The heterogenous soil 
environment can throw up surprises in terms of soil microbial community structure, 
even if different types of soils are exposed to the same cropping patterns over a 
period of time. This is primarily due to the prevalence of stress factors such as soil 
salinity, acidity, heavy metal accumulation and water stress, which have a signifi-
cant bearing on soil microbial community structure and the fate of the applied inoc-
ulant. This problem has been compounded the “one-size-fits-all approach” that has 
been widely followed in microbial inoculant technology, wherein the same micro-
bial inoculant strain has been recommended across geographies and soil types, 
resulting in the lack of desirable results. It is not uncommon to come across micro-
bial strains that perform very well under laboratory conditions but fail miserably 
under field conditions thereby defeating the very purpose of the inoculation exer-
cise. There are plentiful commercial products of either single strains or consortia, 
but there is dearth of peer-reviewed publications on validation of such products 
(Owen et al. 2015; Bowen and Rovira 1999). The advocacy of non-rhizocompetent 
stains has led to the decline in the interest and usage of microbial inoculants across 
the world. Hence there is an urgent need to select rhizocompetent strains alone for 
commercial inoculant production.

25.3  Rhizocompetence Traits

25.3.1  Biofilm Formation

Biofilms are a thin mucilaginous layers or films that adhere to biotic or abiotic sur-
faces. Biofilms primarily comprise a community of bacteria and other microorgan-
isms which are enclosed in extracellular polymeric substances (Rossi and Roberto 
2015). Life within a biofilm offers the inhabitants various advantages, viz., protec-
tion against harsh environmental conditions like high salinity, tannin concentra-
tions, low pH, heavy metals, predation by earthworms, competition by native soil 
populations (Seneviratne et  al. 2008), and resistance to grazing by protozoans 
(Weitere et  al. 2005). Since most rhizospheric microorganisms exist as biofilms 
rather than in the planktonic mode (O’Toole et al. 1999; Davey and O’Toole 2000), 
the ability of inoculated strains to form biofilms can confer upon them a distinct 
advantage in terms of their survival and competition with indigenous microflora. 
Bacterial biofilms are known to protect plants against pathogens as well as against 
abiotic stress conditions (Haggag and Timmusk 2008; Timmusk et  al. 2009; 
Timmusk and Wagner 1999). Timmusk et al. (2005) demonstrated that the endo-
spore forming bacterium Paenibacillus polymyxa colonizes the root tips as biofilms. 
Members of the genus Pseudomonas form biofilms on roots, leaves, and soil (Ude 
et al. 2006), which greatly enhances their functionality in the rhizosphere. A novel 
approach has been the development of biofilmed inoculants in order to enhance the 
survival and functionality of the applied strains. The cyanobacterial exocellular 
polymeric matrix (EPM) is an excellent niche for biofilm formation which confers 
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structural stability to the biofilm, besides improving surface adhesion and nutrient 
uptake (Mager and Thomas 2011). Biofilmed bacterial inoculants involving the cya-
nobacterium Anabaena torulosa have been observed to accumulate nitrogen, carbon 
and phosphorous and increase plant growth by defense enzyme production and 
enhanced micronutrient concentrations during pathogen attack (Prasanna et  al. 
2012, 2013). Jayasinghhearachchi and Seneviratne (2004) developed a fungal bio-
filmed inoculant of rhizobia which increased nitrogen fixation by 30% as compared 
to conventional Rhizobium inoculant when applied to soybean. But it is surprising 
that the basic and crucial aspect like biofilm formation ability of the formulated 
strains has not received sufficient attention of the microbial inoculant industry.

25.3.2  Siderophore Production

The estimated concentration of total iron in soil is 10−17 M which is too scanty for 
microbial growth. Most of the available iron in the aerobic soil environment occurs 
in the insoluble form (Fe3+) and not freely accessible to plants or microbes, though 
it is crucial for the major physiological processes like N fixation, photosynthesis, 
respiration, etc. (Dudeja et  al. 1997). To sequester this crucial element, several 
PGPR produce siderophores, which are low molecular weight and extracellular 
compounds with high affinity for iron. The siderophore-bound Fe3+ ions get trans-
ported into microbial cells and are made available for microbial growth (Sharma 
and Johri 2003). The transportation into the cell is mediated through membrane 
receptor molecules regulated by an operon (Crosa 1989). The ability to produce 
siderophores enhances the survival of inoculant strains in a highly competitive soil 
environment. Members of Pseudomonas, Azotobacter, Bacillus, Enterobacter, 
Serratia, Azospirillum, and Rhizobium produce siderophores in large quantities 
under iron limited conditions (Sharma et al. 2003; Loper et al. 1999; Leong and 
Neilands 1981). Fluorescent Pseudomonads have been extensively examined for 
their capacity to produce siderophore under iron stress conditions. Siderophores 
pigments like pyoverdine (fluorescent), pyocyanin (non-fluorescent), and pseudo-
bactin (fluorescent chelator of iron) possess plant growth promoting properties 
(Rovira and Campbell 1975). Though siderophore production is one unique trait 
that greatly enhances the survivability of the applied inoculant strain in the highly 
competitive root zone, this aspect has received attention only in the case of biologi-
cal control strains, while biofertilizer strains have largely remained outside the 
ambit of this important trait.

25.3.3  Motility

Root colonization is a complicated process where ecological parameters such as 
motility and chemotaxis play an important role in the early stages. Flagellar motility 
is considered to be an important trait for successful plant root colonization by bac-
teria. The applied bioinoculant reaches the root surfaces by active motility 
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facilitated by flagellar locomotion and guided by chemotactic responses (Pinton 
et al. 2007). Several studies have revealed that chemotaxis intensifies the capacity 
of soil bacteria to colonize the roots of diverse plant hosts (Ames and Bergman 
1981; Bais et al. 2006; Bauer and Caetano-Anollés 1990; Berendsen et al. 2012; 
Caetano-Anollés et al. 1988; Dharmatilake and Bauer 1992; Gulash et al. 1984). 
Flagellar movement plays an early role in attachment to surfaces by surface adhes-
ins but also plays a role in biofilm development and maturation in bacterial species 
like Pseudomonas aeruginosa, Yersinia enterocolitica, Listeria monocytogenes, and 
E. coli (Nogales et al. 2016). The movement of bacteria usually involves several 
mechanisms like swarming, swimming, twitching, gliding, and sliding (Kearns 
2010). Swarming motility across a surface is propelled by the rotating flagella 
(Henrichsen 1972). Swimming motility involves the swift movement of individual 
cells in liquid environments, guided by chemotaxis and powered by rotating fla-
gella. Twitching, gliding and sliding motilities involve the surface agitation at minor 
velocities that do not require flagella. Bacterial motility provides aided superiority 
in acquiring nutrients, escaping from toxic matter, approaching the desired host, and 
colonizing preferred sites within them (Macnab and Aizawa 1984). The whole 
genome sequences of plant-associated bacterial species demonstrate the existence 
of heterogenous chemotaxis systems and chemoreceptors. The flagellar formation 
requires multiple genes for regulating and expressing the movement in an organized 
manner (Macnab 2003). The chemotaxis systems of beneficial rhizospheric micro-
organisms are diverse, and the response is guided by root exudate compounds such 
as sugars, organic acids, and amino acids (Barbour et al. 1991; Heinrich and Hess 
1985; Mandimba et al. 1986). At the laboratory level, the screening of elite bioin-
oculant strains for motility through simple tests can go a long way in ensuring that 
the most motile strains are promoted for inoculant formulation.

25.3.4  Antagonism

Antagonism is the single most important trait for the biocontrol strains, in order to 
exclude plant pathogens and safeguard the plant roots from pathogen attack. 
Antagonism is achieved by the synthesis of antibiotic compounds and synthesis of 
hydrolytic enzymes such as chitinases, glucanases, proteases, and lipases (Glick 
and Bashan 1997; Van Loon 2007). But very often the antagonistic activity exhib-
ited by elite strains under laboratory conditions is not observed under soil condi-
tions in order to achieve desired levels of biological control. This is mainly due to 
the influence of various edaphic factors and influence of indigenous microbial com-
munities (Van Veen et al. 1997). While antagonism toward pathogenic microbes is a 
preferred rhizocompetence trait, it has to be ensured that the inoculated strain does 
not alter the microbial diversity of the rhizosphere and its immediate vicinity; there-
fore a careful evaluation of strains for antagonism has to be carried out while arriv-
ing at the threshold levels of this trait.

25 Rhizocompetence of Applied Bioinoculants



506

25.3.5  Ability to Utilize Root Exudates

The discharge of exudates from living plant roots to the rhizosphere is a universal 
process. The root mucilage comprises polysaccharides released from the root cap in 
the form of oxidized organic compounds like sugars, organic acids, and amino acids 
(Jones et al. 1995). There are two classes of organic compounds, viz., low- molecular- 
weight compounds (amino acids, organic acids, sugars, phenolics, and variety of 
secondary metabolites) and high-molecular-weight compounds like mucilage and 
proteins. Based on the nature of the exudates, the plant-microbe interaction may be 
either positive or negative. The positive interactions are symbiotic associations with 
beneficial microbes, such as mycorrhizae, rhizobia, and plant growth promoting 
rhizobacteria (PGPR), which provide defense against pathogenic microorganisms 
and form grounds for chemotaxis to attract and repel a particular microbial species 
or populations (Abbott and Murphy 2003; Kumar et al. 2007). Negative interactions 
are the partnerships with parasitic plants, pathogenic microbes and invertebrate her-
bivores. Several environmental factors affect the root exudate composition qualita-
tively and quantitatively (Singh et al. 2006), the most important being the growth 
stage of the plant since the composition of root exudates varies at different stages of 
growth of the plant (Li et al. 2013). The nature of the inoculants also influences the 
root exudate pattern of the plant; Raja et al. (2006) performed the biochemical anal-
ysis of root exudates, orienting from plants inoculated with a consortium of inocu-
lants and observed that the total sugars, reducing sugars, and amino nitrogen content 
were higher compared to the root exudates pattern of plants inoculated with a single 
inoculant. Considering the ability of a bioinoculant stain to utilize different types of 
available exudates available in soil would therefore determine its rhizospheric com-
petence to a great extent. Among the root exudate compounds, organic acids act as 
significant metabolic regulators for rhizospheric survival (Robinson and Bauer 
1993). Many beneficial soil bacterial species possess specific receptors for a wide 
variety of structurally different organic acids (Sampedro et al. 2015). It is postulated 
that since the concentration of bioinoculant is always higher in comparison to the 
indigenous beneficial microflora, it would catabolize the organic compounds that 
are present in the root exudates quite efficiently (Barraquiro et al. 2000). But this 
has to factor the influence of culturable and nonculturable microflora and different 
soil and climatic conditions. Therefore, profiling of bioinoculant strains for their 
root exudate utilization ability should form a crucial step in bioinoculant 
technology.

25.3.6  Protease Activity

The protease group of enzymes performs proteolysis by the hydrolysis of the pep-
tide bonds and is therefore an intrinsic component of all microorganisms. Based on 
their mode of secretion, proteases have been classified as exopeptidases and endo-
peptidases, while based on their pH preference, they have been classified as acidic, 
neutral, and alkaline proteases (Banerjee et al. 1993). Acid proteases function at a 
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pH range of 2.0–5.0 and are derived from fungi. Proteases having optimum pH in 
the range of 7.0 are known as neutral proteases and are mainly derived from plants, 
whereas alkaline proteases have pH optima of 8 or above (Alnahdi 2012). Among 
the various microbial groups, bacteria are leading producers of alkaline proteases, 
with the genus Bacillus being the predominant source (Gupta et al. 2002). Some of 
the potential alkaline protease-producing bacterial species are B. licheniformis, B. 
subtilis B. amyloliquefaciens. Pseudomonas, Flavobacterium, Halobacterium, 
Vibrio, Serratia, Staphylococcus Brevibacterium, and Alcaligenes (Gupta et  al. 
2005). Among Actinobacteria, strains of Streptomyces, Nocardia and Nocardiopsis 
are potential producers, while Aspergillus spp. remain the most studied group 
among the fungi. Other fungal genera include strains of Neurospora, Penicillium, 
Ophiostoma, Myxococcus, and Rhizopus (Gupta et al. 2005). Protease being a lytic 
enzyme hydrolyzes N compounds to NH4 (Tabatabai 1982). Most commonly prote-
ase enzymes are coupled with inorganic and organic colloids in soil (Burns 1982; 
Ladd et al. 1996). The presence of this extracellular enzyme not only reflects the 
biological capacity of a soil for the enzymatic conversion of the substrate but also 
plays an important role in ecosystem sustainability (Burns 1982). From the point of 
view of rhizospheric competence, inoculants with significant protease producing 
abilities have a distinct edge over inoculants with weak activities, owing to their 
ability to hydrolyze nitrogenous compounds that are plentifully available in the rhi-
zospheric region. Apart from conferring rhizospheric competence, protease enzymes 
can also serve as excellent indicators of the shelf life of the microbial inoculants 
since protease activity is a direct indicator of microbial viability (Kumar and Takagi 
1999).

25.4  Visual Demarcation of Inoculated Microbial Strains 
from Native Microflora

The complicated correlation between the applied inoculants, plant, and its associ-
ated ecological factors is vital for understanding the rhizosphere competence of 
microbial strains. The major factors that influence rhizospheric microbial commu-
nity composition are the root exudate patterns, the specific native microbial popula-
tion of different soil types, and the metabolic profile of the inoculant strains 
(Neumann 2014). A distinctive scheme is therefore needed to discriminate between 
the inoculated strain and the indigenous rhizosphere communities. The earlier 
methods used to distinguish the inoculated strain and indigenous rhizosphere 
included antibiotic resistance, immunological approaches, and insertion of foreign 
DNA sequences all which possessed advantages and disadvantages in equal mea-
sures. Later, a lot of emphasis was placed on statistical methods to determine the 
colonization levels (Kloepper 1992). Methods to quantify the inoculant densities in 
rhizosphere of field grown crops have been described by Scherwinski et al. (2008), 
Lottmann et al. (2000), Chowdhury et al. (2013), Scher et al. (1984), Ahmad and 
Baker (1987), and Sivan and Chet (1989). The denaturing gradient gel electropho-
resis (DGGE) can reveal the multilevel association between plant, inoculant, 
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pathogen, and indigenous microbial community (Schreiter et al. 2014). Cardinale 
(2015) used the fluorescence in situ hybridization methods with oligonucleotide 
probes and specific gfp-tagging for inoculants Pseudomonas strains in combination 
with confocal laser scanning microscopy, with a certain degree of success. But it is 
highly desirous to quantify the bacterial density of viable nonculturable cells 
because there are chances that the introduced microbe undergoes transformation to 
nonculturable state and is therefore not culturable by conventional means. The 
drawbacks of the methods listed above are the costs involved and the technical 
expertise needed to perform these studies. It would be therefore ideal to devise strat-
egies that overcome these drawbacks and are commercially viable.

25.5  Conclusion

The term bioinoculant is self explanatory in nature, i.e., “live microorganism” that 
will be beneficial to soil and plant in terms of better plant growth, yield, nutrient 
acquisition, and biocontrol, while continuing to multiply in soil for unspecified peri-
ods. The primary way to achieve this is by the establishment of the inoculant strain 
in the rhizosphere. This requires a certain degree of functional rhizocompetence, 
conferred by multiple traits that need to operate in in a synchronous fashion at vari-
ous stages of the associated plant growth. While choosing rhizocompetent strains, 
we need to keep in mind that the inoculated strain should not alter the soil popula-
tion dynamics to a great extent while simultaneously establishing its functional 
superiority in the rhizosphere. This requires screening of elite strains additionally 
for rhizocompetence traits. But unfortunately, this aspect has received scant atten-
tion at present and has led to multiple instances of bioinoculant failure in the field 
level, thereby diminishing the confidence of growers in the technology itself. To 
overcome this, suitable screening strategy that identifies rhizocompetent elite bacte-
rial strains needs to be developed. Another crucial factor is the determination of the 
proportion of inoculated strains in the soil system by inexpensive, commercially 
viable technologies. If both these issues are addressed, the popularity and usage of 
bioinoculants can be boosted to a great extent.
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26Beneficial Bacteria for Disease 
Suppression and Plant Growth 
Promotion

Ying Ma

Abstract
Beneficial plant-microbe interactions in the rhizosphere are major factors in 
determining soil fertility and thus plant productivity and health. Plant growth- 
promoting bacteria (PGPB) can establish intimate associations with host plants 
via a great variety of mechanisms, which enhance plant growth and protect them 
from various biotic (e.g., phytopathogens) and abiotic stresses (e.g., drought, 
extreme temperature, salinity, and heavy metals). To meet the needs of sustain-
able and eco-friendly approach of agriculture, the use of transgenic plants and 
PGPB has been recommended as a part of mainstream agricultural applications. 
Since PGPB inoculation is more easily manipulated compared to transgenic 
plants, the application of PGPB in agriculture has attracted increasing attention. 
This article reviews the importance of plant-microbe interactions to the develop-
ment of efficient PGPB inoculants and progresses of the recent researches on the 
role of PGPB to improve plant growth and health for sustainable agriculture.
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Plant-microbe interactions • Plant growth-promoting bacteria (PGPB) • Bacterial 
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26.1  Plant Growth-Promoting Bacteria

Bacteria that beneficially affect plant growth, known as abundant symbiotic partners 
of plants, are defined as plant growth-promoting bacteria (PGPB). The PGPB usu-
ally migrate from bulk soil to plant rhizosphere and then colonize the rhizosphere 
(rhizobacteria) and tissues interior (endophytic bacteria) of host plants in an aggres-
sive manner (Kloepper and Schroth 1978). In general, bacteria are in far greater 
abundance in the rhizosphere than in bulk soil, due to the presence of various nutri-
ents (e.g., sugars, amino and organic acids) from plant root exudates (Badri et al. 
2009). Regardless of the abundance of bacterial communities in a particular soil 
domain, soil bacteria can affect plants in a beneficial, harmful, or neutral way, and 
bacterial effects could vary as soil conditions change (Lynch 1990). For instance, a 
bacterium that increases plant growth by facilitating nutrient uptake via nitrogen 
(N2) fixation and phosphate (P) and potassium (K) solubilization could not exert 
beneficial effects on plants when the soil is rich in chemical nutrients, such as N2, P, 
and K fertilizers. Likewise, bacteria that can protect plant from various biotic and 
abiotic stresses are improbable to positively affect plant growth under favorable 
conditions (Ma et al. 2011a).

The PGPB include those that are free living in the rhizosphere/rhizoplane [plant 
growth-promoting rhizobacteria (PGPR)] and those that inhabit plant tissue interior 
and establish an intrinsic endophytic relationship with host plants [plant growth- 
promoting endophytic bacteria (PGPE)]. All these PGPB utilize the same plant 
growth promotion (PGP) mechanisms, despite the difference between these types of 
bacteria. PGPB can enhance plant growth directly by facilitating nutrient acquisi-
tion or producing phytohormones (as biofertilizers) or indirectly by suppressing 
diseases caused by phytopathogens via synthesis of allelochemicals and/or induced 
systemic resistance (ISR) (as biocontrol agents/bioprotectants) (Fig.  26.1). The 
basic requirement of the effective of PGPB is their capacity to colonize the rhizo-
sphere, rhizoplane, or tissue interior of host plants.

26.2  Bacterial Colonization

Notwithstanding the fact that PGPB have great potential as bioinoculants to enhance 
crop production and health, application of PGPB fails to induce the desired perfor-
mance in field tests due to their poor rhizosphere competence (Compant et al. 2010). 
As a prerequisite of active biocontrol (Fig. 26.1), rhizosphere competence of PGPB 
over indigenous microbes, such as effective root colonization, survival, and prolif-
eration along living plant roots over a considerable period of time, contributes to 
enhance PGPB efficiency and reliability (Lugtenberg and Dekkers 1999).

Y. Ma



515

26.2.1  Competition for Nutrient-Rich Niches

Various suitable nutrient-rich niches existing along root surface and surrounding 
rhizosphere attract a great diversity of microbes, including phytopathogens. 
Competition for appropriate nutrient-rich niches is a major mechanism by which 
PGPB utilize to protect host plants against phytopathogens (Duffy 2001). In gen-
eral, PGPB reach root surfaces by flagellum-mediated bacterial motility (Szurmant 
and Ordal 2004). Among chemoattractants from root exudates (e.g., specific sug-
ars, organic and amino acids), some function as antimicrobial agents and provide 
ecological niche advantage to those microbes possessing adequate enzymatic 
detoxification machinery. Since the nature of chemoattractants in root exudates is 
under environmental control, PGPB competence is greatly dependent on their abil-
ities to either exploit a particular environment or acclimate to changing conditions 
(Bais et  al. 2004). PGPB may be uniquely equipped to sense chemoattractants, 
because of their capacity to synthesize various metabolites, such as lipopolysac-
charides (LPS), fibers, vitamins, and nicotinamide adenine dinucleotide (NADH) 
dehydrogenase (Compant et al. 2005). For instance, root exudates of Oryza sativa 
(e.g., amino acids and carbohydrates) induced a greater chemotactic response for 
bacterial endophytes than for non-PGPR (Bacilio-Jiménez et al. 2003). Similarly, 

Fig. 26.1 Role of PGPB in plant development and health
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a surface-exposed fiber type IV pili produced by N2-fixing bacterium Azospirillum 
sp. plays a significant role in the colonization of plant tissues (Steenhoudt and 
Vanderleyden 2000).

26.2.2  Chemotaxis Toward Root Exudates

Root exudates (such as carbohydrates, sugars, amino and organic acids, etc.) are 
utilized as the primary nutrient sources by soil microbes for their rhizosphere com-
petence (Walker et  al. 2003). Microbes can be chemoattracted and move toward 
plant root exudates, empowering them to colonize and reproduce in the rhizosphere 
and/or rhizoplane (Lugtenberg and Kamilova 2009). In addition, root mucilage is 
known to stimulate soil bacteria as it is secreted from growing root cap cells. For 
instance, a complex polysaccharide mucilage secreted by roots of Pisum sativum 
provided a carbon source for PGPB Rhizobium leguminosarum to use for the com-
petitive rhizosphere colonization (Knee et  al. 2001). Dissimilarly, it was investi-
gated that root mucilage from Zea mays inhibits root colonization by Pseudomonas 
fluorescens (Humphris et al. 2005). As mentioned above, the polyamines (such as 
putrescine, spermine, and spermidine) from root exudates have a bacteriostatic 
effect; thus, uptake rate of polyamines must be effectively regulated by PGPB for 
ensuring bacterial growth and competitive root colonization (Kuiper et al. 2001). 
Hence, different responses to root exudates or mucilage can be attributed to the 
temporal and spatial differences of bacterial colonization along plant root system.

26.2.3  Root Colonization

In general, root exudates and mucilage attract beneficial, neutral, and deleterious 
soil microorganisms (Walker et al. 2003). PGPB are highly competitive to success-
fully colonize the root zone, as the secondary metabolites synthesized by PGPB 
confer themselves a selective and competitive advantage against other microbes and 
thus enhance their competence and root and/or rhizosphere colonization (Compant 
et al. 2005, 2010; Lugtenberg and Kamilova 2009; Ma et al. 2011a). The secondary 
metabolites such as siderophores, lytic enzymes, antibiotics, and biocidal volatiles 
are major biocontrol mechanisms involved in growth inhibition of rhizosphere phy-
topathogens and deleterious microbes (van Loon and Bakker 2005). Certain PGPB 
may produce one or more of these metabolites facilitating better competition with 
indigenous microflora in root environment (Haas and Défago 2005). Paulsen et al. 
(2005) reported that metabolite gene clusters possessed by P. fluorescens, which are 
responsible for siderophore production and detoxification, contributed to efficient 
bacterial colonization and biocontrol properties.
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26.2.4  Endophytic Colonization

Some PGPB deriving from the rhizosphere soil can penetrate the roots to establish 
endophytic populations, thereafter colonizing xylem vessels and move through the 
plant parts (Gray and Smith 2005; Compant et al. 2010). The success of endophyte 
colonization depends on compatibility of plant host. Miche et al. (2006) dissected 
responses of rice roots to N2-fixing endophytic bacterial colonization and jasmonic 
acid application by using a proteomic approach. Data imply that induced plant 
defense responses may contribute to restricting endophytic colonization. Moreover, 
plant cell wall-hydrolyzing enzymes (such as cellulase and pectinase) play a key 
role in the mechanisms by which endophytic bacteria penetrate into, persist, and 
then colonize the tissues of host plant (Hung et al. 2007; Ma et al. 2011b). It has 
been observed that Alcaligenes faecalis and Bacillus cereus, possessing endophytic 
colonization ability, were pectinase-producing isolates (Abdallah et al. 2016).

26.3  Plant Growth Promotion Mechanisms

Plants are constantly confronted to various abiotic and biotic stresses that cause 
major losses in their productivity. Nevertheless, PGPB are found to help the host 
plants to avoid or partially overcome such environmental stresses by various PGP 
mechanisms as discussed below (Fig. 26.1).

26.3.1  Facilitating Nutrient Acquisition

Plants usually confront significant challenges in obtaining adequate supplies of 
nutrients to meet the demands of basic cellular processes. PGPB are known to con-
vert the insoluble mineral nutrients into soluble forms in soil and make them avail-
able for plants to uptake (Ma et al. 2011a).

26.3.1.1  Nitrogen Fixation
Nitrogen is an important element and a major limiting factor for plant development. 
In many symbiotic or mutualistic relationships, plants generally provide an ecologi-
cal niche for carbon fixation to bacteria and exchange for fixed N2. In previous stud-
ies, PGPB possessing N2-fixing ability facilitate plants to survive or adapt to N2-poor 
environment and contribute majorly to improve plant growth and health (Hurek and 
Reinhold-Hurek 2003). For instance, N2-fixing PGPB Azotobacter chroococcum 
was found to ameliorate saline stress and promote growth of Z. mays by improving 
plant antioxidative capacity and mineral nutrition (Rojas-Tapias et  al. 2012). 
Recently, Gupta et  al. (2013) also reported that N2-fixing endophytic bacteria 
increased fixation rate and accumulation of N2 in plants exposed to long-term N2- 
poor ecosystems.
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26.3.1.2  Phosphate Solubilization
As a major essential macronutrient, phosphorus plays a key role in the biological 
growth and development (Ehrlich 1990). Only P in monobasic (H2PO4

−) or dibasic 
(HPO4

2−) soluble forms can be taken up by plants for biomass production (Glass 
1989). PGPB are known to enhance P bioavailability by solubilizing inorganic 
phosphates and/or mineralizing organic P in soil (Pradhan and Sukla 2005; Chen 
et al. 2006). The inoculation of P-solubilizing bacteria has been found responsible 
for the enhancement observed in growth and production of several crops such as 
Arachis hypogaea (Bhatia et al. 2008), Glycine max (Yasmeen and Bano 2014), O. 
sativa (Trivedi et al. 2007), and Phaseolus vulgaris (Kumar et al. 2016) in either pot 
or field trials. Recently, Kang et al. (2014) demonstrated the ability of P-solubilizing 
Bacillus megaterium to improve the growth of Brassica juncea by regulating carbo-
hydrates and amino acids concentrations.

26.3.1.3  Iron Sequestration
Iron (Fe) is an essential nutrient element for plant, the limited bioavailable Fe in soil 
provokes a serious competition. Under such stressful Fe-limiting conditions, PGPB 
can synthesize low-molecular-weight siderophores (Fe-chelating agents) to help 
plant acquire sufficient Fe3+ for its uptake, as phytosiderophores released from 
plants normally have lower affinity (Ma et al. 2011a). In general, plant root can take 
up Fe from siderophores-Fe complexes via direct uptake, chelate degradation, and a 
ligand exchange reaction (Rajkumar et al. 2010). Several studies have detected the 
enhanced plant Fe uptake with concurrent plant growth stimulation as a conse-
quence of PGPB inoculations (Ma et al. 2010; Scagliola et al. 2016). Bacterial sid-
erophore synthesis can be affected by a variety of environmental factors, such as 
pH, concentration and form of Fe, and content of other trace and nutrient elements 
in soil (Duffy and Défago 1999).

26.3.2  Phytohormone Production

Phytohormones produced by PGPB mainly including indole-3-acetic acid (IAA), 
cytokinins, gibberellins, and ethylene can stimulate plant establishment, growth, 
and development and and protect plants from various environmental stresses 
(Taghavi et al. 2009).

26.3.2.1  Indole-3-Acetic Acid
IAA plays an important role in plant growth and development. It is able to stimulate 
both rapid (cell elongation) and long-term (cell division and tissue differentiation) 
physiological responses in plants (Kumar et al. 2016). Approximately 80% of rhizo-
bacteria can produce IAA to modulate plant growth and defense (Patten and Glick 
1996; Navarro et al. 2006). Several studies have demonstrated that IAA-producing 
PGPB are capable of regulating root development, morphology, and other growth 
mechanism, such as ethylene biosynthesis, vascular tissue differentiation, and 
 phototropism (Aloni et  al. 2006; Ferrara et  al. 2012). The IAA biosynthesis 
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pathways play a crucial role in the plant-microbe interactions. For example, benefi-
cial bacteria (e.g., PGPB) synthesize IAA via indole-3-pyruvate pathway, while 
pathogenic bacteria mostly use indole-3-acetamide pathway (Hardoim et al. 2008).

26.3.2.2  Cytokinins
As adenine derivative phytohormones, cytokinins can stimulate cell division, cycle 
and nucleotide synthesis, and developmental and environmental response of plants 
(Srivastava 2002). Numerous studies have demonstrated stimulatory effects of cyto-
kinins produced by various PGPB (such as Halomonas desiderata, Pseudomonas 
aeruginosa, Klebsiella pneumoniae, Bacillus licheniformis, B. cereus, and B. subti-
lis) on the growth and morphology (e.g., shoot branching, apical dominance, chlo-
roplast development, and leaf senescence) of various plants (e.g., Cucumis sativus, 
Lactuca sativa, and Solanum lycopersicum) under environmental stress and non- 
stressed conditions (Arkhipova et al. 2007; Hussain and Hasnain 2009). Moreover, 
cytokinins synthesized by PGPB may stimulate amino acid rhizodeposition and 
enhance rhizoplane colonization (Kudoyarova et al. 2014).

26.3.2.3  Gibberellins
Gibberellins are tetracyclic diterpenoid acids that are essential for plant growth and 
development (e.g., germination and emergence, seedling establishment, tissue 
growth, flowering, and fruiting) (King and Evans 2003). Gibberellins assist plants 
to absorb nutrients and water for their development by acting cooperatively with 
other phytohormones (e.g., IAA) via highly integrated signaling pathways 
(Radhakrishnan and Lee 2016). Recently, a numbers of gibberellins were identified 
in several bacterial species (such as Bacillus amyloliquefaciens, B. licheniformis, B. 
pumilus, and Penicillium sp.), which assisted to enhance plant establishments and 
development under harsh environmental stress conditions (Gutierrez-Manero et al. 
2001; Leitão and Enguita 2016; Shahzad et al. 2016).

26.3.2.4  Ethylene
Plant stress hormone ethylene can modulate plant growth and cellular metabolism, 
which is involved in plant stress resistance, plant-microbe interactions, and nutrient 
cycle (Ping and Boland 2004). PGPB are known to alleviate ethylene stress-induced 
impact on plants (e.g., inhibition of root elongation, lateral root growth, and root 
hair formation) (Mayak et al. 2004) by enzymatic hydrolysis of 1- aminocyclopropa
ne- 1-carboxylic acid (ACC) (Glick et al. 2007). PGPB can take up ACC (a precur-
sor of ethylene) from root exudates, cleave it to α-ketobutyrate and ammonia by 
bacterial ACC deaminase before its oxidation, and then utilize the ammonia as a 
sole N2 source, thereby lowering ethylene level in plant (Penrose and Glick 2001). 
Many studies have demonstrated the ACC deaminase produced by PGPB is involved 
in the stress (such as salinity, flood, extreme temperature, and heavy metals) allevia-
tion and plant productivity enhancement (Grichko and Glick 2001; Cheng et  al. 
2007; Dell’Amico et al. 2008; Yim et al. 2013; Ali et al. 2014; Subramanian et al. 
2015; Khan et al. 2016).
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26.4  Mechanisms of Disease Suppression

In addition to the above-described PGP mechanisms, PGPB can protect plants 
against pathogens and harmful microbes by disease suppression mechanisms, which 
comprise synthesis of allelochemicals and ISR (Fig. 26.1).

26.4.1  Synthesis of Allelochemicals

Efficient root colonization and defensive retention of rhizosphere niches by PGPB 
are enabled by synthesis of various bacterial allelochemicals, such as siderophores, 
antibiotics, and lytic enzymes (Compant et al. 2005).

26.4.2  Siderophores

Apart from the use of siderophores as nutrient uptake agents, siderophore produced 
by PGPB can out-compete fungal phytopathogens by depriving Fe from them, since 
fungal siderophores possess lower affinity (Loper and Henkels 1999). The competi-
tion for Fe by PGPB siderophores has been considered as an important antagonistic 
activity against phytopathogens (de Boer et al. 2003). Yu et al. (2011) found that 
catecholic siderophore produced by Bacillus subtilis significantly reduced the inci-
dence of Fusarium wilt and enhanced pepper yield. Similarly, Kumar et al. (2016) 
reported the growth and production enhancement of Phaseolus vulgaris by applica-
tion of siderophore-producing Bacillus sp., Pseudomonas sp., Rhizobium legumino-
sarum, and their combination. Therefore, siderophore-producing PGPB may serve 
as effective biological control agents.

26.4.3  Antibiotics

The antibiotics synthesized by PGPB, such as amphisin, 2,4-diacetylphloroglucinol 
(DAPG), hydrogen cyanide, phenazine, pyoluteorin, pyrrolnitrin, tensin, tropolone, 
cyclic lipopeptides, oligomycin A, kanosamine, zwittermicin A, and xanthobaccin 
have been considered as major biocontrol traits (Compant et al. 2005). Antibiotic 
production mainly depends on the metabolic status of cells, which in turn is domi-
nated by plant host genotype and environmental stimuli, such as pH, temperature, 
nutrient availability, carbon content, and minerals (Nielsen and Sørensen 2003). For 
instance, antibiotic macrosphelide A could be produced by Coniothyrium minitans 
at 10–30 °C or at pH 3–5; however, the optimum temperature and pH for bacterial 
antibiotic production and biocontrol capacity was at approximately 15–20 °C and at 
pH 3 (Tomprefa et  al. 2011). Moreover, biotic stresses can also affect antibiotic 
biosynthesis (Compant et al. 2005). The bacterial metabolites, e.g., salicylates and 
pyoluteorin have been found to repress antimicrobial metabolite DAPG biosynthe-
sis by P. fluorescens CHA0 (Schnider-Keel et  al. 2000). Furthermore, antibiotic 
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synthesis can be affected by plant development stage. Picard et  al. (2000) have 
reported that the frequency and bioactivity of DAPG-producing bacterial population 
in the rhizosphere soil were very low in the first stage of maize growth and increased 
over time.

26.4.4  Lytic Enzymes

The microbial hyperparasitic activity is considered as an important component of 
disease suppression mechanisms. PGPB are known to attack phytopathogens or 
inhibit their growth through secretion of cell wall hydrolases and production of vari-
ous enzymes such as chitinases, dehydrogenase, β-glucanase, lipases, phosphatases, 
proteases, etc. (Nagarajkumar et  al. 2004; Anitha and Rebeeth 2010; Lanteigne 
et al. 2012; Kumar and Dubey 2012; Gupta et al. 2015). For instance, the production 
of extracellular lytic enzymes (e.g., chitinase and β-1,3-glucanases) by P. fluores-
cens has been found to be responsible for degrading fungal cell wall (Tewari and 
Arora 2016) and digesting mycelium of fungal phytopathogens (Khabbaz et  al. 
2015). Numerous studies indicated the effectiveness of PGPB (such as A. chroococ-
cum, P. fluorescens, P. putida, etc.) as biocontrol agents in protecting plant hosts 
from a variety of biotic and abiotic stresses by suppression of pathogenic fungi 
including Botrytis cinerea, Fusarium oxysporum, Macrophomina phaseolina, 
Phytophthora capsici, Pythium ultimum, Sclerotium rolfsii, Sesamum indicum, 
Rhizoctonia solani, and Thielaviopsis basicola (Arora et al. 2007; Maheshwari et al. 
2012; Upadyay et al. 2012; Nadeem et al. 2013). Recently, P. fluorescens has been 
suggested as an efficient biocontrol agent, due to its ability to colonize the rhizo-
sphere and protect plants against various fungal diseases, such as damping off, root 
rot, and black root rot (Arora et al. 2007, 2008; Khabbaz et al. 2015). Similarly, it 
has been demonstrated that inoculation of Trichoderma sp. with plants was a perfect 
choice for being a biocontrol agent against pathogenic fungi (Kottb et  al. 2015; 
Samuelian 2016). Moreover, Singh et al. (2013) recently reported that synergistic 
effects of triple microbial consortium (e.g., Pseudomonas sp., Trichoderma sp., and 
Rhizobium) on the alleviation of stress response of Cicer arietinum to S. rolfsii. 
Thus, the application of multiple PGPB inoculants in a synergistic manner could be 
a good option enabling microbes to successfully survive and reproduce in the 
rhizosphere.

26.5  Induced Systemic Resistance

ISR is a physiological state of improved defensive capacity triggered by specific 
environmental stimuli, and consequently the plant innate defenses are induced or 
potentiated against pathogen attack (van Loon 2000). The capacity of PGPB to act 
as bioprotectants via ISR has been demonstrated in the protection of plants from 
soilborne phytopathogens (e.g., fungi, bacteria, insects, and nematodes) (Avis et al. 
2008). Several bacterial traits, such as flagellation; production of siderophores, 
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LPS, and cyclic lipopeptides; and secretion of volatile organic compounds (VOCs) 
(e.g., acetoin and 2, 3-butanediol), are involved in triggering ISR (Compant et al. 
2005). For instance, VOCs such as salicylic acid and jasmonic acid secreted by B. 
subtilis and B. amyloliquefaciens were found to activate an ISR pathway in seed-
lings of Arabidopsis thaliana under biotic stress induced by Erwinia carotovora 
subsp. carotovora (Ryu et al. 2004). In general, most of PGPB activate ISR via a 
sialic acid-independent pathway involving jasmonate and ethylene signals within 
plants and these phytohormones stimulate the plant’s defense responses against 
various phytopathogens (Compant et al. 2005).

26.6  Conclusions

The use of PGPB as microbial inoculants in agriculture offers considerable advan-
tages, due to their competitive colonization and their abilities to suppress phyto-
pathogens and to enhance plant growth. Therefore, PGPB hold the prospect of 
reducing the input of chemical fertilizers, pesticides, and artificial growth regula-
tors, and their inoculation can be regarded as an eco-friendly approach and biotech-
nological tool for sustainable agricultural applications. The productive efficiency of 
a specific PGPB can be further enhanced with the optimization and acclimatization 
considering the prevailing soil conditions. The important advances on plant-PGPB 
association will be brought in the future by combining ecological and functional 
biological approaches (Table 26.1).

Table 26.1 Plant growth-promoting bacteria enhanced plant productivity

PGPB strain
Plant growth-promoting 
traits Mechanisms References

Enterobacter cloacae, 
E. cloacae, 
Pseudomonas putida

ACC deaminase 
production

Enhanced tolerance to 
flooding stress, plant 
growth, ACC deaminase 
activity, and leaf 
chlorophyll 
concentration

Grichko and 
Glick (2001)

Bacillus licheniformis, 
Bacillus subtilis, 
Pseudomonas 
aeruginosa

Cytokinin production Enhanced cell division, 
fresh weight, and 
cotyledon size of 
Cucumis sativus

Hussain and 
Hasnain (2009)

Pseudomonas 
fluorescens

Production of antibiotic 
2,4-diacetylphloroglucinol

Inhibited plant-parasitic 
nematodes on 
Gossypium hirsutum, 
Zea mays, Arachis 
hypogaea, and Glycine 
max

Timper et al. 
(2009)

Azotobacter 
chroococcum

Production of IAA, HCN, 
siderophore, N2 fixation, P 
solubilization, antagonistic 
activity

Increased plant growth 
parameters and yield, oil 
and protein yield in 
Sesamum indicum

Maheshwari 
et al. (2012)

(continued)
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(continued)

PGPB strain
Plant growth-promoting 
traits Mechanisms References

Azotobacter 
chroococcum

IAA production, N2 
fixation, P solubilization

Alleviated saline stress 
and promoted growth of 
Zea mays

Rojas-Tapias 
et al. (2012)

Methylobacterium spp. ACC deaminase 
production

Reduced disease 
symptom, lowered stress 
ethylene level, and 
increased PR proteins in 
Solanum lycopersicum

Yim et al. 
(2013)

Pseudomonas 
fluorescens sp., 
Pseudomonas  
migulae

ACC deaminase 
production

Alleviated saline stress 
and enhanced fresh and 
dry biomass, chlorophyll 
contents, number of 
flowers, and buds of 
Solanum lycopersicum

Ali et al. (2014)

Pseudomonas 
fluorescens, 
Pseudomonas sp., 
Bacillus subtilis

Production of antibiotics, 
metabolites, volatiles, 
phytohormones, and lytic 
enzymes

Inhibited pathogen 
growth and suppressed 
seedling diseases of 
Cucumis sativus 
(Phytophthora capsici) 
and Raphanus sativus 
(Rhizoctonia solani)

Khabbaz et al. 
(2015)

Pseudomonas 
brassicacearum,  
P. veronii, Pseudomonas 
fluorescens

ACC deaminase 
production

Increased length and 
biomass of wheat 
seedlings under in vitro 
conditions

Magnucka and 
Pietr (2015)

Flavobacterium sp., 
Pseudomonas 
frederiksbergensis

ACC deaminase 
production

Induced ethylene 
emission, ACC content, 
and ACO activity in 
inoculated Solanum 
lycopersicum under 
chilling stress

Subramanian 
et al. (2015)

Sphingomonas sp., 
Bacillus sp., 
Methylobacterium sp.

Production of IAA and 
ACC deaminase, P 
solubilization

Promoted growth of 
Solanum lycopersicum 
(B. subtilis)

Khan et al. 
(2016)

Bacillus sp., 
Halobacillus sp., 
Staphylococcus 
succinus, Zhihengliuella 
halotolerans, 
Oceanobacillus 
oncorhynchus, 
Exiguobacterium 
aurantiacum, Bacillus 
atrophaeus, 
Zhihengliuella sp., 
Halomonas sp., 
Virgibacillus picturae, 
Oceanobacillus sp., 
Thalassobacillus sp.

Production IAA, ammonia 
and ACC deaminase, N2 
fixation, P solubilization

Increased the root and 
shoot length and fresh 
weight of Triticum 
aestivum

Orhan (2016)

Table 26.1 (continued)
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Bacillus 
methylotrophicus

Production of gibberellins 
and IAA

Increased plant biomass, 
nutritional and pigment 
contents in Lactuca 
sativa

Radhakrishnana 
and Lee (2016)

Trichoderma spp. Antagonistic activity Protected Musa 
acuminata against the 
leaf pathogens 
Mycosphaerella 
musicola, Cordana 
musae, and 
Deightoniella torulosa

Samuelian 
(2016)

Pseudomonas sp., 
Enterobacter sp., 
Azotobacter sp., 
Stenotrophomonas sp., 
Chryseobacterium sp., 
Rhizobium sp.

Production of IAA and 
siderophores, P 
solubilization

Modulated plant 
Fe-chelate reductase, 
affecting Fe 
bioavailability

Scagliola et al. 
(2016)

Bacillus 
amyloliquefaciens

Gibberellins production Increased biomass of 
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Shahzad et al. 
(2016)

Pseudomonas 
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Abstract
This chapter presents the study about some wild leguminous plant’s nodule and 
rhizosphere bacteria from Ciuc Mountains with beneficial traits related to min-
eral nutrition and their multiple plant growth-promoting activities as a part of 
plant-bacteria interaction.

The isolated bacterial strains have nutrient mobilisation abilities and plant 
growth stimulation effect as phosphate solubilisation, nitrogen fixation and sid-
erophore and indole-3-acetic acid production. During this study, we identified, 
on the basis of 16S rDNA sequence, 21 bacterial strains originated from different 
leguminous plants nodules and rhizosphere. These bacterial strains belong to 
diverse bacterial genus and were identified as Rhizobium leguminosarum 
(CM2,  CM3, CM9, CM11, CM13, CM14, CM15), Rhizobium yanglingense 
CM1, Bacillus sp. CM4, Mitsuaria chitosanitabida CM5, Variovorax paradoxus 
CM6 and CM8, Rhizobium rhizogenes CM7, Sinorhizobium meliloti CM10, 
Rhizobium etli CM12, Pseudomonas abietaniphila CM16, Pseudomonas bras-
sicacearum CM17, Acinetobacter johnsonii CM18, Ensifer (Sinorhizobium) sp. 
CM19, Serratia proteamaculans CM20 and Serratia sp. CM21. The present 
study revealed two interesting strains, Mitsuaria chitosanitabida CM5 and 
Acinetobacter johnsonii CM18 with beneficial characteristics as improving the 
availability of different nutrients.
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The identified and denotated allochthonous bacterial strains with beneficial 
characteristics confer beneficial effects to plants as a part of the plant functional 
diversity and microbial composition and are important in sustainable 
agriculture.

Keywords
Beneficial strains • Nodule bacteria • Rhizospheric bacteria • Nutrient 
mobilisation

27.1  Introduction

Ciuc Mountains belongs to Eastern Carpathians, as a part of the Carpathian flysch. 
The altitude of the Ciuc Mountains varies between 680 and 1553  m. The forest 
cover is relatively low, representing about 50% of the area. The higher altitude 
grasslands are represented by hay meadows with specific diversity and secondary 
grasslands created due to the traditional agriculture in the past two to three 
centuries. The vegetation is represented by an outstanding plant species richness 
including rare and endemic plant species as Elder-flowered orchid (Dactylorhiza 
sambucina), red vanilla orchid (Nigritella rubra), lady’s-slipper orchid (Cypripedium 
calceolus), narcissus-flowered anemone (Anemone narcissiflora), a Carpathian 
endemic primrose species (Primula leucophylla) and stemless and spring gentian 
(Gentiana acaulis, G. verna) (Demeter et al. 2011). The region is characterised also 
by special climate, like an annual average temperature between 6 and 7 °C and 700 
and 1000 mm precipitation. The high biodiversity of the region favours the develop-
ment of a diverse microbial community (Grigulis et al. 2013), being adapted to the 
specific climate conditions.

Microorganisms have a key role in ecosystem function, maintaining healthy soil. 
They take part in the biogeochemical cycling of the nutrients, thus enhancing the 
soil productivity and structure (Parmar and Dufresne 2011; Trivedi et  al. 2011). 
Application of Bacillus megaterium or Rhizobium species besides the plant growth 
promotion caused an increase in the soil organic matter correlated with untreated 
soil (Sharma et al. 2012). Soil bacteria also influence plant nutrient availability, and 
hence plant productivity, through nutrient mineralisation, whereby soil microbes 
convert organic matter into inorganic plant-available form (van der Heijden et al. 
2008).

Thus, in terrestrial and agroecosystems, plant productivity is in correlation with 
soils with high microbial diversity (van der Heijden and Wagg 2013). To predict the 
response of the agroecosystems to the continuous environmental changes and vari-
ous biotechnological applications, functional diversity analysis of microorganisms 
is crucial (Prosser 2002; Parmar and Dufresne 2011).

Bacteria-plant interactions are defined as complex, intimate associations that 
rely on signalling events at the molecular level. Specificity of plant-bacteria rela-
tionship is based on two fundamentals: (a) bacterial strain-specific adaptation to a 

É. Laslo et al.



533

non-specific trait of host plant and (b) bacterial non-specific adaptation to a genotype 
specific trait of the host plant (Drogue et al. 2012; Bulgarelli et al. 2013).

The bacterial cooperation with plants indicates a specific chemoattraction, based 
on specific molecular and genetic patterns. Through the combination of these 
patterns results the plant-bacteria relationship, for example, supplying nutrients and 
phytohormones. Thus, the beneficial effects of the plant growth-promoting bacteria 
(PGPR) are related to specific plant compounds or exudates. As example, the indole- 
3- acetic acid (IAA) production is regulated by the presence of tryptophan or 
tyrosine, nitrogen fixation by wheat germ agglutinin and phosphate mobilisation 
by glucose or glycerol. The main step of the establishment of plant-bacteria 
relationship is the colonisation of plant root surface by bacteria. This process is 
based on plant-bacteria surface components, molecular interactions. Specialised, 
strain- specific molecules are involved, as outer membrane proteins, lipopolysac-
charides, exopolysaccharides and capsular polysaccharides (Drogue et  al. 2012; 
Drogue et al. 2013).

Soil microbes facilitate plant growth and development through different direct 
mechanisms as mediating nutrient accessibility and assimilation (e.g. nitrogen and 
phosphorus) and producing iron-binding molecules and phytohormones (Young 
et al. 2012). These beneficial bacteria are called as plant growth-promoting bacteria 
(PGPR) (Babalola 2010) and include different species from the genera Pseudomonas, 
Azospirillum, Azotobacter, Bacillus, Klebsiella, Enterobacter, Serratia and 
Rhizobium (Parmar and Dufresne 2011; Verma et al. 2013).

The biological nitrogen fixation contributes to the nitrogen acquisition of plants. 
Bacteria belonging to different taxonomic groups – able to provide for plants one of 
the limiting macronutrients – are called diazotrophs. They include symbiotic, asso-
ciative and endophytic bacteria (Franche et al. 2009). The expression of nitroge-
nase, necessarily for the reduction of the nitrogen, is rigorously regulated and based 
on molecular signalling (Glick 2012).

The phosphorus mobilisation from organic and inorganic phosphates by the bac-
teria is realised through various mechanisms: increasing the root growth, secreting 
metabolically different organic acids, producing phosphatases and realising proton 
extrusion (Richardson and Simpson 2011; Singh and Satyanarayana 2012; Glick 
2012). These beneficial bacterial traits are manifested due to different processes as 
acidification of the environment, metal complexing and reduction and direct (enzy-
matic) and indirect phosphate dissolution (Bashan et al. 2013). Phosphorus mobili-
sation also influences the symbiotic interaction between rhizobia and legumes 
contributing in this way to nitrogen acquisition (Castagno et al. 2011).

Beneficial bacteria owing to the production of iron-binding molecules as a 
response to iron deficiency called siderophores improve the plant growth. The plant 
growth-promoting bacteria contribute to the iron nutrition of plants and also sup-
press phytopathogenic microorganisms due to the competition for the limiting 
micronutrient, iron (Lemanceau et al. 2009).

Another mechanism of PGPR bacteria to increase plant growth is phytostimula-
tion. Production of auxin like IAA is detected in different bacterial species. These 
plant hormones are synthesised in bacteria through different pathways, are involved 
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in physiological processes and have a role in bacteria-plant interactions and coloni-
sations (Spaepen et al. 2007). The biosynthesis of the phytohormone can be one of 
the driving forces for the selection of effective PGPR bacteria. IAA is implicated in 
the plant growth due to the stimulation of rapid and long-term responses in plants 
like enhanced elongation, cell division and differentiation (Chaiharn and Lumyong 
2011). The IAA biosynthesised by bacteria is involved in the growth and develop-
ment of root length and surface area. This facilitates the accessibility of plants to the 
soil nutrients (Bhattacharyya and Jha 2012; Glick 2012).

In meadow and grassland ecosystems from Ciuc Mountains, the biological 
productivity remains high even if nutrient supply is not provided. Therefore, a nutri-
ent recycling and supply is realised by rhizosphere bacteria. A strong relationship 
between plants and soil microbes was observed (Bardgett et al. 2005). It is shown 
that agricultural management has an impact on PGPR bacteria and has a lot of 
research reports on diversity of cultivated plants’ rhizosphere microbial spectrum 
and their biotechnological use in agricultural practices (Yuan et al. 2011; Martínez 
et al. 2011).

27.2  Isolation of the Rhizobacteria

Sample prelevation of rhizospheric soils was realised in Ciuc Mountains. The soil 
of this region is umbric podzols that have the following characters: skeletal character 
has 30–90 % detrital sandstones, the humus content is very high (2.87–7.39%) and 
the pH values are low with acidic properties (5.0–5.2). The base saturation grade is 
very low (37–51%), the phosphorus (P) content is low (3.03–4.50 ppm) and the 
potassium (K) content is very high (522–421 ppm) (Pásztohy 2013).

A number of 101 bacterial strains were isolated from 14 leguminous plant root 
nodule and rhizosphere, belonging to the spontaneous flora of Ciuc Mountains, as 
follows: Anthyllis vulneraria L., Trifolium pannonicum L., Trifolium medium L., 
Cytisus hirsutus L., Lathyrus transsilvanicus (Spreng.) Fritsch, Trifolium monta-
num L., Onobrychis montana DC. ssp. transsilvanica, Medicago lupulina L., 
Trifolium repens L., Vicia sepium L., Lotus corniculatus L., Trifolium alpestre L., 
Vicia cracca L. and Tetragonolobus maritimus L. (Roth).

The nodules were surface-disinfected with sodium hypochlorite solution (Merck, 
6–14% active chlorine) and rinsed with sterilised water. Surface-sterilised tissues 
were smashed in a sterile mortar and homogenised with 9 ml sterilised water. An 
amount of 0.1 ml of the homogenised extract was spread on the surface of yeast 
extract mannitol agar (YEM medium) (10.00 g mannitol, 0.50 g K2HPO4, 0.20 g 
MgSO4·7H2O, 0.10  g NaCl, 1.00  g yeast extract, 0.20  g CaCl2·2H2O, 0.01  g 
FeCl3·6H2O, 20.00 g agar, 25.00 mg bromothymol blue in 1 l of distilled water).

From the soil samples, dilution series were prepared and 0.1 ml of each solution 
was plated on YEM. The plates were incubated at 28 °C for 48 h. The isolates were 
maintained on YMA agar slants (10.0 g mannitol, 0.5 g K2HPO4, 0.2 g MgSO4·7H2O, 
0.4 g yeast extract, 15.0 g agar in 1 l of distilled water).
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As the result of the isolation of rhizobacteria from an ecosystem in Ciuc 
Mountains, we obtained a total number of 101 bacterial isolates. On the basis of 
biochemical and phenotypic characterisation, 21 bacterial strains were selected. 
Among the 21 strains studied, 13 (61.9%) bacterial strains were isolated from the 
rhizosphere, whereas 8 (38.1%) strains were isolated from the nodule of 14 
indigenous leguminous plant species.

27.3  Genotypic Characterisation and Identification 
of the Selected Bacteria

Identification at the species level of the 21 bacterial isolates was realised using 16S 
rDNA gene sequence analysis. Genomic DNA was isolated using Promega wizard 
genomic DNA isolation kit, following the manufacturer’s protocol. The ampli-
fication of partial sequence of bacterial 16S rDNA gene was realised with the 
universal oligonucleotides 27f 5′ AGAGTTTGATCMTGGCTCAG 3′ and 1492r 
5′TACGGYTACCTTGTTACGACTT3′ primers flanking the bacterial 16S rDNA 
region. The amplification reaction was completed in an ESCO Swift mini-thermo- 
cycler and included an initial denaturation at 94 °C for 5 min, which was followed 
by 30 cycles of denaturation at 94 °C for 30 s, annealing at 55 °C for 30 s, extension 
at 72 °C for 1 min and a final extension at 72 °C for 7 min.

In order to check for the presence of false-positive samples due to reagent con-
tamination, negative controls were used. For separation of amplified products, 1% 
agarose gels were run in 1x TAE buffer at 100 V/cm, using ethidium bromide stain-
ing. Amplification products were observed with a Bio-Rad UV transilluminator 
(Gel Doc XR software). The purification of amplification products was realised 
using PCR purification kit (Fermentas), and the 16S rDNA fragments were analysed 
by sequencing. The sequences were edited and aligned with Chromas and MEGA 4 
system. The comparison of the sequences with those found in the NCBI database 
was done with a BLAST algorithm.

The 16S rDNA BLAST data resulted in bacterial isolates belonging to eight 
genera, showing 98–100% similarity with species described in the GenBank 
(Table 27.1). 16S rDNA gene BLAST data suggest that ten of the strains belong to 
the Rhizobium genus, with seven Rhizobium leguminosarum strains: CM2, CM3, 
CM9, CM11, CM13, CM14 and CM15, showing similarity between 99 and 100% 
with previously described strains (Table 27.1). The other Rhizobium sp. strains iso-
lated from Ciuc Mountain hay meadows were as follows: Rhizobium yanglingense 
CM1, Rhizobium rhizogenes CM7 and Rhizobium etli CM12.

Two isolates were identified as belonging to genus Pseudomonas, Pseudomonas 
abietaniphila CM16 and Pseudomonas brassicacearum CM17. Two of the charac-
terised 21 bacterial strains are Serratia species, Serratia proteamaculans CM20 and 
Serratia sp. CM21. Two isolates according to the 16S rDNA BLAST data were 
identified as Ensifer (Sinorhizobium) sp. CM19 (99.1% similarity) and Sinorhizobium 
meliloti CM10 (99.8% similarity), belonging to genus Sinorhizobium. Other two 
isolates CM6 and CM8 were identified as Variovorax paradoxus with 100% 
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Table 27.1 Identification of the beneficial strains isolated from different indigenous leguminous 
plants

Isolates 
code Origin

Most closely related organism % Gene 
identitySpecies (strain)

CM1 Onobrychis montana DC ssp. 
transsilvanica, rhizosphere

Rhizobium yanglingense (SH 
22623(T))

100

CM2 Onobrychis montana DC ssp. 
transsilvanica, nodule

Rhizobium leguminosarum 
(CCBAU65673)

99.8

CM3 Onobrychis montana 
DC ssp. transsilvanica, rhizosphere

Rhizobium leguminosarum 
(USDA 2370(T))

99.2

CM4 Trifolium montanum L., rhizosphere Bacillus sp. 99.2
CM5 Medicago lupulina L., rhizosphere Mitsuaria chitosanitabida 

(3001(T))
98

CM6 Lathyrus transsilvanicus (Spreng.) 
Fritsch, rhizosphere

Variovorax paradoxus 
(12373(T))

100

CM7 Trifolium montanum L., rhizosphere Rhizobium rhizogenes 
(13257(T))

100

CM8 Lathyrus transsilvanicus (Spreng.) 
Fritsch, rhizosphere

Variovorax paradoxus 
(12373(T))

100

CM9 Trifolium medium L., nodule Rhizobium leguminosarum 
(USDA 2370(T))

99.3

CM10 Trifolium hybridum, rhizosphere Sinorhizobium meliloti 
(CCNWXJ203)

99.8

CM11 Trifolium pannonicum L., nodule Rhizobium leguminosarum 
(USDA 2370(T))

99.2

CM12 Trifolium alpestre L., nodule Rhizobium etli (CCBAU 
85027)

99.8

CM13 Vicia cracca L., nodule Rhizobium leguminosarum 
(CCBAU 43229)

99.3

CM14 Vicia sepium L., rhizosphere Rhizobium leguminosarum 
(CCNWXJ0177)

100

CM15 Trifolium pannonicum L., nodule Rhizobium leguminosarum 
M14

99

CM16 Cytisus hirsutus L., rhizosphere Pseudomonas abietaniphila 
(ATCC 700689 (T))

100

CM17 Vicia sepium L., rhizosphere Pseudomonas 
brassicacearum (MA250)

100

CM18 Lotus corniculatus L., nodule Acinetobacter johnsonii 
(DSM 6963(T))

99

CM19 Vicia cracca L., nodule Ensifer (Sinorhizobium) sp. 99.1
CM20 Vicia sepium L., rhizosphere Serratia proteamaculans 

wg-2 16S
99.8

CM21 Trifolium montanum L., rhizosphere Serratia sp. 100
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similarity. One bacterial isolate CM5 was annotated to belong to Mitsuaria genus 
showing 98% similarity with Mitsuaria chitosanitabida. One isolated strain CM4 
was more than 99.2% matched with the Bacillus sp. (Table 27.1).

27.4  Nitrogen Fixation Capacity

The ability of the isolated bacteria to fix molecular nitrogen was tested using 
acetylene reduction assay. Five millilitre of YMA liquid medium was inoculated 
with the bacterial isolates in an air-tight bottle, and 10% of the air was replaced with 
acetylene gas. To realise the reduction of acetylene, the bottles were incubated at 
28 °C for 24 h. After incubation, 25 μl of gas mixture was transferred in gas chro-
matograph (Varian CP-3380) using 100 °C for injection temperature and 27 °C for 
detector temperature (Laslo et al. 2012). Ethylene peaks were detected using FID 
detector, fitted with fused silica WCOT (25 m × 0.25 mm) CP-Sil 5 CB-coated col-
umn. Out of  twenty-one studied strains 13 (61.9%) gave positive result, whereas 
eight strains (38.1%) gave negative result for acetylene reduction. The 13 strains 
able to reduce the acetylene possess active nitrogenase enzyme; therefore, they can 
contribute to the atmospheric nitrogen fixing in order to supply the N necessary for 
host plants.

27.5  Siderophore Production

The basis of siderophore production analysis lies on the competition for iron 
between the ferric complex of an indicator dye (chromeazurol) and a chelator or 
siderophore produced by microorganisms. The iron is removed from the complex 
by the siderophore, which apparently has a higher affinity for iron (III). The positive 
reaction results in a colour change of the dye reagent (usually from blue to orange). 
The siderophore production capacity of the bacterial isolates was evaluated qualita-
tively using chromazurol-S medium (Oldal et al. 2002). A 10 μl quantity of over-
night bacterial culture in YMA and nutrient medium was spotted onto a CAS agar 
plate in triplicate and incubated at 28 °C for 5 days.

From the assayed bacterial isolates at 17 (80.95%), the siderophore production 
capacity was detected. The siderophore production index (SPI) in case of the stud-
ied isolates varied between 2.1 and 2.69. The majority of the isolates showed 
medium siderophore production ability, with an index value between 2.3 and 2.5. 
Three from the assayed bacterial strains (Rhizobium leguminosarum CM9, 
Rhizobium leguminosarum CM11 from the nodule and Sinorhizobium meliloti 
CM10 from rhizosphere) were found as having a maximal siderophore production 
capacity. Seven isolates resulted in low siderophore production index (values 
between 2.1 and 2.3).
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27.6  Inorganic Phosphate Solubilisation

The phosphate solubilisation capacity of isolated strains was determined using 
Pikovskaya’s agar with Ca3(PO4)2. Each bacterial culture was spot-inoculated and 
incubated at 28 °C for 48 h. A clear zone around the colony indicated inorganic 
phosphate solubilisation. The bacterial isolates were ranked based on the phosphate 
mobilisation capacity using the measurement of the halo zone diameter (Laslo et al. 
2012). From the assayed isolates, seven (33.33%) were able to solubilise the 
calcium phosphate, showing measurable halo around the colony. The inorganic 
phosphate solubilisation efficiency of the isolates was compared on the basis of the 
solubilisation index (SI) that ranged from 2.08 to 2.83. Three of the strains have 
higher SI, Pseudomonas abietaniphila CM16 (2.83), Mitsuaria chitosanitabida 
CM5 (2.80) and Acinetobacter johnsonii CM18 (2.67). In the case of two bacterial 
strains, Pseudomonas abietaniphila CM16 and Mitsuaria chitosanitabida CM5 are 
isolated from the rhizosphere of Cytisus hirsutus L. and Medicago lupulina L., and 
the solubilisation index was above average, compared to others.

27.7  Organic Phosphate Mobilisation Capacity

The selected isolated bacteria were screened for organic phosphate mobilisation 
capacity. The bacterial strains were spot-inoculated on phytase-specific medium, 
containing sodium phytate, and incubated at 28 °C for 5 days. A transparent halo 
generated around the bacterial colonies indicated phytase production and activity 
(Hosseinkhani et al. 2009).

In case of 14 (66.66%) strains from the isolated and characterised strains, the 
organic phosphate mobilisation capacity was detected. The phytate mobilisation 
index values varied between 2.49 and 4.49 for the studied bacterial strains. The 
highest value was detected in the case of Bacillus sp. CM4. Three bacterial strains 
from the 21 showed outstanding performance; they are Bacillus sp. CM4, Serratia 
sp. CM21 and Mitsuaria chitosanitabida CM5 strains. The index value was above 
three in the case of nine (42.85%) bacterial strains. Our results showed week phos-
phate mobilisation ability of the rhizobial strains.

27.8  Indole-3-Acetic Acid Production

The qualitative assay of IAA was realised on LB agar containing 100  μg/ml 
L-tryptophan. After the spot inoculation of the bacterial strains, nitrocellulose 
membranes were placed on agar plates. After 2 day incubation on 28 °C, the 
nitrocellulose membranes were removed and placed in Salkowski reagent. The IAA 
production is indicated by the development of a pink colour.

The amount of the IAA produced by the selected bacterial strains was deter-
mined using colorimetric method. The bacterial strains were inoculated in soy pep-
tone liquid media, with the exception of Rhizobium strains (inoculated in YMA), 
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containing 100 μg/ml L-tryptophan, and incubated at 28 °C for 72 h. After incuba-
tion, the cultures were centrifuged at 5000 rpm for 15 min, and the supernatant was 
mixed with Salkowski reagent using 1:2 ratio. The mixture was incubated for 25 min 
in dark on room temperature before absorbance was measured at 530 nm. The 
concentration of each sample was calculated using a calibration curve equation, 
with the help of standard IAA solution with concentration varying from 2.5 to 
30 μg/ml (Bric et al. 1991).

From the assayed bacterial strains, 17 (80.95%) have IAA production ability. 
The amount of IAA released in culture media varied from 3.09 to16 μg/ml 
(Table 27.2). A remarkable amount of IAA was released in case of seven (33.33%) 
bacterial strains. An amount of 9.67 μg/ml of IAA was released by Serratia prote-
amaculans CM20, whereas 11.06 μg/ml IAA was released by Serratia sp. CM21. 
From Pseudomonas genus, two bacterial strains with high IAA production ability 
(Pseudomonas brassicacearum CM17 (15.88 μg/ml) and Pseudomonas abietaniph-
ila CM16 (12.52 μg/ml)) were detected. The highest value was measured in case of 
Bacillus sp. CM4 (16.00  μg/ml), whereas Acinetobacter johnsonii CM18 and 
Mitsuaria chitosanitabida CM5 bacterial strains produced 14.31  μg/ml and 
10.48 μg/ml IAA.

Table 27.2 Beneficial traits of bacteria isolated from plant nodules and rhizosphere

Bacterial strains Ac.R. Sid. PrI IP SI OP SI IAA (μg/ml)
Rhizobium yanglingense CM1 + 2.14 ± 0.032 − − 9.61 ± 4.15
Rhizobium leguminosarum CM2 − − − − −
Rhizobium leguminosarum CM3 + − − − −
Bacillus sp. CM4 + 2.45 ± 0.144 2.27 ± 0.063 4.49 16.00 ± 0.28
Mitsuaria chitosanitabida CM5 + 2.44 ± 0.097 2.80 ± 0.068 3.90 10.48 ± 0.145
Variovorax paradoxus CM6 + 2.28 ± 0.096 − − 6.25 ± 0.86
Rhizobium rhizogenes CM7 + 2.30 ± 0.089 − 3.21 4.77 ± 1.12
Variovorax paradoxus CM8 − 2.31 ± 0.026 − 2.52 6.78 ± 3.33
Rhizobium leguminosarum CM9 − 2.69 ± 0.194 − 3.26 −
Sinorhizobium meliloti CM10 + 2.62 ± 0.072 − 2.57 5.69 ± 0.22
Rhizobium leguminosarum CM11 + 2.58 ± 0.012 − − 4.37 ± 1.42
Rhizobium etli CM12 − 2.10 ± 0.053 2.08 ± 0.026 2.78 3.55 ± 0.00
Rhizobium leguminosarum CM13 + − − − −
Rhizobium leguminosarum CM14 + 2.31 ± 0.051 2.09 ± 0.014 − 4.71 ± 1.397
Rhizobium leguminosarum CM15 − 2.46 ± 0.026 − 2.78 5.56 ± 1.56
Pseudomonas abietaniphila CM16 − 2.21 ± 0.034 2.83 ± 0.118 2.49 12.52 ± 0.435
Pseudomonas brassicacearum CM17 − 2.12 ± 0,055 − 3.28 15.88 ± 0.87
Acinetobacter johnsonii CM18 + 2.13 ± 0.043 2.67 ± 0.124 3.26 14.31 ± 1.60
Ensifer (Sinorhizobium) sp. CM19 − 2.31 ± 0.144 − 3.16 3.09 ± 0.02
Serratia proteamaculans CM20 + 2.37 ± 0.030 − 3.77 9.67 ± 0.465
Serratia sp.CM21 + − 2.07 ± 0.049 3.95 11.06 ± 0.69

AcR acetylene reduction, Sid. siderophore/PrI production index, IP inorganic phosphate, OP 
organic phosphate, SI solubilisation index
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27.9  Plant Growth Promotion Activity

The selected two bacterial strains (Acinetobacter johnsonii CM18 and Mitsuaria 
chitosanitabida CM5) with the highest PGPR potential were tested for their effect 
on wheat and pea seedling growth under controlled conditions. The surface sterili-
sation of wheat and pea seeds was realised by soaking in sodium hypochlorite solu-
tion (Merck, 6–14% active chlorine), followed by germination under gnotobiotic 
conditions. The germinated seeds were sown in a plastic box (34 × 23 × 16 cm) 
containing 5 L sterilised soil placed in a growth chamber with controlled conditions 
of light (16/8 h light/dark cycle), temperature (22 ± 2 °C) and relative humidity 
(70%), for 3 weeks. During this period, the seedlings were treated once with 1 ml 
bacterial suspension (0.8 transmittance, 108 CFU/ml), whether the control plants 
were treated with sterile distilled water.

The plants were harvested after 3 weeks of growing under controlled condition. 
The following morphological data were recorded: total weight, shoot length, wet 
shoot and root weights, dry shoot and root weights. In order to determine the dry 
weights of the separated root and shoot systems for each plant, samples were dried 
to constant mass in an oven at 105 °C.

Each of the two bacterial strains, Acinetobacter johnsonii CM18 and Mitsuaria 
chitosanitabida CM5, has significant effect on different plant growth parameters in 
pea and wheat (Tables 27.3 and 27.4).

In the case of pea, the inoculation with bacterial strains significantly (p < 0.001) 
increased biomass (26.67%) and shoot dry weight (29.9%). The individual inocula-
tion was more effective than the co-inoculation. Mitsuaria chitosanitabida CM5 
was the most effective strain, where the biomass increased up to 50% and the shoot 
dry weight up to 46%. Another bacterial strain, Acinetobacter johnsonii CM18, 
increased the shoot dry weight up to 35.5%.

In the case of wheat inoculation with the single strains and also in co-inoculation 
conferred enhanced plant growth in comparison to the control. In all cases, inocula-
tion resulted in higher plant biomass, shoot length and root and shoot dry weight. 
Treatment with Acinetobacter johnsonii CM18 on wheat seedlings resulted in 
increased biomass up to 44.7%, shoot length up to 25%, root dry weight up to 40% 
and shoot dry weight up to 22.9%. In the case of Mitsuaria chitosanitabida CM5 
inoculation, the biomass of the wheat increased up to 42.8%, shoot length up to 
19%, root dry weight up to 9.4% and shoot dry weight up to 20%.

27.10  Isolated Bacterial Strains Efficiency

This study revealed that the bacterial strains that originated from nodules and rhizo-
sphere of different plant species from mountain hay meadows show phenotypic 
diversity. The isolated bacterial strains play a crucial role in the soil ecosystem 
being involved in biogeochemical cycles. Due to the nutrient availability improve-
ment and other beneficial traits, the bacterial strains were able to exert direct effect 
on the growth of wheat and pea plants. The cooperation of microorganisms with 
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host plants can result in multiple positive patterns for both parties. The plant growth- 
promoting processes can be realised through direct and indirect mechanisms. The 
enhancement of plant nutrition was detected and evaluated in many studies 
(Adesemoye et al. 2008; Luna et al. 2012; Souza et al. 2013). Complex processes, 
with specialised proteins, are responsible for molecular interactions between plants 
and bacteria (Drogue et al. 2012).

Here we report eight genera of PGPR bacteria (Rhizobium sp., Pseudomonas sp., 
Acinetobacter sp., Ensifer (Sinorhizobium) sp., Variovorax sp., Serratia sp., Bacillus 
sp., Mitsuaria sp.) and 21 strains, respectively, which originated from spontaneous 
mountain flora. In the case of bacterial isolates, at least one beneficial characteristic, 
either related to phytostimulation or to nutrient mobilisation, was detected. Among 
the tested bacterial strains, 80% possessed at least three beneficial traits. Due to this 
pattern, they contribute to the increased accessibility of plant nutrients such as the 
N detected in many cases (Anand and Chanway 2013).

From the 21 characterised bacterial strains, ten belong to Rhizobium genus. We 
detected in case of isolated rhizobia strains the following beneficial properties: sid-
erophore and IAA production in the case of Rhizobium yanglingense CM1 and 
Rhizobium rhizogenes CM7; the last one also possesses the ability to solubilise the 
organic phosphorus. The most efficient strain from this group was Rhizobium etli 
CM12 that possesses four beneficial properties from the five studied ones. Seven 
bacterial strains identified as Rhizobium leguminosarum were isolated from differ-
ent host plants and differ in the beneficial characteristics that can be explained by 
the specific plant-bacteria interaction. It was reported in other studies that symbiotic 
rhizobia delivered from leguminous plants can promote plant growth through other 
beneficial traits beside the biological N fixation capacity (Biswas et  al. 2000; 
Granada et al. 2014). Our findings agree with those of Souza et al. (2016) that rhi-
zobia strains were weak or non-IC producers.

Two Pseudomonas strains were identified from the isolated ones, as follows: 
Pseudomonas abietaniphila CM16 and Pseudomonas brassicacearum CM17. The 
PGPR traits identified for Pseudomonas strains in this study were siderophore pro-
duction, organic phosphate solubilisation and IAA production in both strains, 
whereas in case of Pseudomonas abietaniphila CM16 strain, the inorganic phos-
phate solubilisation trait was also detected. Our data show concordance with litera-
ture data, reporting bacterial strains belonging to Pseudomonas genera as having 
phytostimulation and biofertilisation PGPR abilities (Pérez-Montaño et al. 2014). 
Here we report new PGPR traits of Pseudomonas abietaniphila, with previously 
known role in bioaugmentation and biodegradation processes (Rico-Martínez et al. 
2014).

Two bacterial strains belonging to Serratia genera were identified in our study 
annotated as CM20 and CM21, the first one identified as Serratia proteamaculans. 
PGPR traits as acetylene reduction, organic phosphate solubilisation and IAA pro-
duction were identified in both strains, whereas Serratia sp. CM21 showed inor-
ganic phosphate and Serratia proteamaculans CM20 siderophore production. 
Serratia sp. strains isolated from leguminous plants were reported as having 

27 Bacterial Strains with Nutrient Mobilisation Ability from Ciuc Mountains…



544

biofertilisation and phytostimulation ability due to phosphate mobilisation and phy-
tohormone production (Pérez-Montaño et al. 2014).

From the 21 isolated strains, two were identified as belonging to Variovorax 
paradoxus species, CM6 and CM8, showing PGPR traits as siderophore and IAA 
production. Variovorax paradoxus CM6 was able to reduce acetylene, whereas 
CM8 was able to solubilise organic phosphate. Variovorax paradoxus strains were 
previously reported as having PGPR traits (Zhao et al. 2016), phosphate solubilisa-
tion and N fixation (Yolcu et al. 2011).

One Acinetobacter johnsonii CM18 strain was isolated from the nodule of Lotus 
corniculatus L. plant showing positive results for all the assayed beneficial traits. 
The plant growth stimulation effect of Acinetobacter johnsonii strain was reported 
previously by Shi et al. (2009). Strains of a closely related species Acinetobacter 
pittii are known as PGPR bacteria having phosphate solubilisation (Liu et al. 2014) 
or Acinetobacter calcoaceticus bacteria having siderophorogenic activity, phyto-
hormone production (ABA and gibberellins) and inorganic phosphate solubilisation 
(Kang et al. 2009; Patel et al. 2015).

One of the most promising strain isolated from mountain hay meadows of Ciuc 
Mountains was identified as Mitsuaria chitosanitabida CM5, being positive for all 
studied PGPR traits. Mitsuaria chitosanitabida strains were previously described as 
biofungicide, showing inhibition against Pythium aphanidermatum, Phytophthora 
sojae, Rhizoctonia solani and Alternaria solani and the least against Pythium syl-
vaticum (Benitez and McSpadden Gardener 2009). The Mitsuaria chitosanitabida 
CM5 showed positive result for siderophore production, a compound that besides 
iron nutrition contributes also to the suppression of deleterious microbes affecting 
the health of the plants (Sayyed et al. 2013), conferring biocontrol property.

One of the most frequently studied PGPR bacterial genera is Bacillus sp. The 
CM4 isolate was identified as Bacillus sp., possessing all the assayed beneficial 
traits. Bacillus sp. strains were previously described having PGPR traits as nitrogen 
fixing capacity, phytohormone production (gibberellic acid, cytokinins), phosphate 
mobilisation and antagonistic against a wide range of phytopathogens (Pérez- 
Montaño et al. 2014).

In the case of three strains, Mitsuaria chitosanitabida CM5, Acinetobacter john-
sonii CM18 and Bacillus sp. CM4, all the assayed beneficial nutrient mobilising and 
phytostimulating traits were positive. The bacterial strain Mitsuaria chitosanitabida 
CM5 isolated from the mountain pasture ecosystem was detected as showing PGPR 
traits as acetylene reduction, siderophore and IAA production and organic and inor-
ganic phosphate mobilisation. This bacterial strain was not previously mentioned as 
PGPR bacteria. PGPR attributes of Acinetobacter johnsonii CM18 reported in this 
study were as follows: acetylene reduction, siderophore and IAA production and 
organic and inorganic phosphate mobilisation. Bacteria from genera Acinetobacter 
were previously described as having PGPR characteristics.

Mitsuaria chitosanitabida as a novel species was first described by Amakata 
et al. (2005), and the draft genome sequence was described for one Mitsuaria sp. 
strain only (Rong et  al. 2012). Mitsuaria chitosanitabida was isolated also by 
Nascimento et  al. (2015) as endophytic bacteria from Piper tuberculatum Jacq., 
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whereas Acinetobacter johnsonii was isolated from economical important crops as 
maize and sugar beet as endophytic bacteria (Shi et al. 2009; Liu et al. 2013).

The difference in the beneficial traits of bacterial isolates originated from plants 
rhizosphere and nodule can be attributed to their rhizosphere competence, including 
place, nutrition and plant growth cycle in the ecological niche (Barret et al. 2011; 
Ghirardi et al. 2012).

27.11  Conclusion

This study shows that the inoculation with the bacterial strains originated from the 
pasture plants confers benefits to the crops, showing enhanced plant growth in both 
pea and wheat. In the case of wheat root and shoot dry weight, our results are similar 
to those observed for winter wheat treated with different phyllospheric and rhizo-
spheric beneficial bacteria (Egamberdieva 2008).

Here we report two bacterial strains Acinetobacter johnsonii CM18 and Mitsuaria 
chitosanitabida CM5 that were able to promote plant growth of pea and wheat 
plants under controlled conditions. Due to the novel PGPR characters and adapta-
tions to local conditions, the above-mentioned bacterial strains are promising for 
sustainable agriculture.

References

Adesemoye AO, Torbert HA, Kloepper JW (2008) Enhanced plant nutrient use efficiency with 
PGPR and AMF in an integrated nutrient management system. Can J Microbiol 54:876–886. 
doi:10.1139/w08-081

Amakata D, Matsuo Y, Shimono K et al (2005) Mitsuaria chitosanitabida gen. nov., sp. nov., an 
aerobic, chitosanase-producing member of the “Betaproteobacteria”. Int J Syst Evol Microbiol 
55:1927–1932. doi:10.1099/ijs.0.63629-0

Anand R, Chanway C (2013) N2-fixation and growth promotion in cedar colonized by an 
endophytic strain of Paenibacillus polymyxa. Biol Fertil Soils 49:235–239. doi:10.1007/
s00374-012-0735-9

Babalola OO (2010) Beneficial bacteria of agricultural importance. Biotechnol Lett 32:1559–
1570. doi:10.1007/s10529-010-0347-0

Bardgett RD, Bowman WD, Kaufmann R, Schmidt SK (2005) A temporal approach to link-
ing aboveground and belowground ecology. Trends Ecol Evol 20:634–641. doi:10.1016/j.
tree.2005.08.005

Barret M, Morrissey JP, O’Gara F (2011) Functional genomics analysis of plant growth- promoting 
rhizobacterial traits involved in rhizosphere competence. Biol Fertil Soils 47:729–743. 
doi:10.1007/s00374-011-0605-x

Bashan Y, Kamnev AA, de-Bashan LE (2013) Tricalcium phosphate is inappropriate as a universal 
selection factor for isolating and testing phosphate-solubilizing bacteria that enhance plant 
growth: a proposal for an alternative procedure. Biol Fertil Soils 49:465–479. doi:10.1007/
s00374-012-0737-7

Benitez M-S, McSpadden Gardener BB (2009) Linking sequence to function in soil bacteria: 
sequence–directed isolation of novel bacteria contributing to soilborne plant disease suppres-
sion. Appl Environ Microbiol 75:915–924. doi:10.1128/AEM.01296-08

27 Bacterial Strains with Nutrient Mobilisation Ability from Ciuc Mountains…

https://doi.org/10.1139/w08-081
https://doi.org/10.1099/ijs.0.63629-0
https://doi.org/10.1007/s00374-012-0735-9
https://doi.org/10.1007/s00374-012-0735-9
https://doi.org/10.1007/s10529-010-0347-0
https://doi.org/10.1016/j.tree.2005.08.005
https://doi.org/10.1016/j.tree.2005.08.005
https://doi.org/10.1007/s00374-011-0605-x
https://doi.org/10.1007/s00374-012-0737-7
https://doi.org/10.1007/s00374-012-0737-7
https://doi.org/10.1128/AEM.01296-08


546

Bhattacharyya PN, Jha DK (2012) Plant growth-promoting rhizobacteria (PGPR): emergence in 
agriculture. World J Microbiol Biotechnol 28:1327–1350. doi:10.1007/s11274-011-0979-9

Biswas JC, Ladha JK, Dazzo FB (2000) Rhizobia inoculation improves nutrient uptake and growth 
of lowland rice. Soil Sci Soc Am J 64:1644–1650

Bric JM, Bostock RM, Silverstone SE (1991) Rapid in situ assay for indoleacetic acid production 
by bacteria immobilized on a nitrocellulose membrane. Appl Environ Microbiol 57:535–538

Bulgarelli D, Schlaeppi K, Spaepen S et al (2013) Structure and functions of the bacterial microbi-
ota of plants. Annu Rev Plant Biol 64:807–838. doi:10.1146/annurev-arplant-050312-120106

Castagno LN, Estrella MJ, Sannazzaro AI et al (2011) Phosphate-solubilization mechanism and 
in  vitro plant growth promotion activity mediated by pantoea eucalypti isolated from lotus 
tenuis rhizosphere in the Salado River basin (Argentina). J Appl Microbiol 110:1151–1165. 
doi:10.1111/j.1365-2672.2011.04968.x

Chaiharn M, Lumyong S (2011) Screening and optimization of indole-3-acetic acid production and 
phosphate solubilization from rhizobacteria aimed at improving plant growth. Curr Microbiol 
62:173–181. doi:10.1007/s00284-010-9674-6

de Souza R, Beneduzi A, Ambrosini A et al (2013) The effect of plant growth-promoting rhizo-
bacteria on the growth of rice (Oryza sativa L.) cropped in southern Brazilian fields. Plant Soil 
366:585–603. doi:10.1007/s11104-012-1430-1

de Souza E, Bassani V, Sperotto RA, Granada CE (2016) Inoculation of new rhizobial isolates 
improve nutrient uptake and growth of bean (Phaseolus vulgaris) and arugula (Eruca sativa). 
J Sci Food Agric 96:3446–3453. doi:10.1002/jsfa.7527

Demeter L, Csergő AM, Sándor A, Imecs I, TCs V (2011) Natural treasures of the Csík basin 
(Depresiunea cicului) and Csík mountains (Munţii ciucului). In: Knowles B (ed) Mountain hay 
meadows – hotspots of biodiversity and traditional culture. Society of Biology, London

Drogue B, Doré H, Borland S et al (2012) Which specificity in cooperation between phytostimulat-
ing rhizobacteria and plants? Res Microbiol 163:500–510. doi:10.1016/j.resmic.2012.08.006

Drogue B, Combes-Meynet E, Moënne-Loccoz Y et al (2013) Control of the cooperation between 
plant growth-promoting Rhizobacteria and crops by rhizosphere signals. In: de Bruijn FJ (ed) 
Molecular microbial ecology of the rhizosphere, vol 1. Wiley, Hoboken, pp 279–293

Egamberdieva D (2008) Plant growth promoting properties of rhizobacteria isolated from wheat 
and pea grown in loamy sand soil. Turk J Biol 32:9–15

Franche C, Lindström K, Elmerich C (2009) Nitrogen-fixing bacteria associated with leguminous 
and non-leguminous plants. Plant Soil 321:35–59. doi:10.1007/s11104-008-9833-8

Ghirardi S, Dessaint F, Mazurier S et  al (2012) Identification of traits shared by rhizosphere- 
competent strains of fluorescent pseudomonads. Microb Ecol 64:725–737. doi:10.1007/
s00248-012-0065-3

Glick BR (2012) Plant growth-promoting bacteria: mechanisms and applications. Scientifica 
2012:e963401. doi:10.6064/2012/963401

Granada CE, Arruda L, Lisboa BB et al (2014) Diversity of native rhizobia isolated in south Brazil 
and their growth promotion effect on white clover (Trifolium repens) and rice (Oryza sativa) 
plants. Biol Fertil Soils 50:123–132. doi:10.1007/s00374-013-0840-4

Grigulis K, Lavorel S, Krainer U et  al (2013) Relative contributions of plant traits and 
soil microbial properties to mountain grassland ecosystem services. J  Ecol 101:47–57. 
doi:10.1111/1365-2745.12014

Hosseinkhani B, Emtiazi G, Nahvi I (2009) Analysis of phytase producing bacteria (Pseudomonas 
sp.) from poultry faeces and optimization of this enzyme production. Afr J  Biotechnol 
8(17):4229–4232

Kang S-M, Joo G-J, Hamayun M et al (2009) Gibberellin production and phosphate solubiliza-
tion by newly isolated strain of Acinetobacter calcoaceticus and its effect on plant growth. 
Biotechnol Lett 31:277–281. doi:10.1007/s10529-008-9867-2

Laslo É, György É, Gy M, Szentes S, Salamon RV, András Cs D, Sz L (2012) The management of 
N and P nutrition of plants using nitrogen fixing and phosphorus solubilizing bacteria. Environ 
Eng Manag J 11(2):371–375

É. Laslo et al.

https://doi.org/10.1007/s11274-011-0979-9
https://doi.org/10.1146/annurev-arplant-050312-120106
https://doi.org/10.1111/j.1365-2672.2011.04968.x
https://doi.org/10.1007/s00284-010-9674-6
https://doi.org/10.1007/s11104-012-1430-1
https://doi.org/10.1002/jsfa.7527
https://doi.org/10.1016/j.resmic.2012.08.006
https://doi.org/10.1007/s11104-008-9833-8
https://doi.org/10.1007/s00248-012-0065-3
https://doi.org/10.1007/s00248-012-0065-3
https://doi.org/10.6064/2012/963401
https://doi.org/10.1007/s00374-013-0840-4
https://doi.org/10.1111/1365-2745.12014
https://doi.org/10.1007/s10529-008-9867-2


547

Lemanceau P, Expert D, Gaymard F et al (2009) Role of iron in plant–microbe interactions. In: 
Van Loon LC (ed) Advances in botanical research, vol 51. Elsevier. Academic Press, London, 
pp 491–549

Liu Y, Zuo S, Zou Y et al (2013) Investigation on diversity and population succession dynamics of 
endophytic bacteria from seeds of maize (Zea mays L., Nongda108) at different growth stages. 
Ann Microbiol 63:71–79. doi:10.1007/s13213-012-0446-3

Liu FP, Liu HQ, Zhou HL, Dong ZG, Bai XH, Bai P, Qiao JJ (2014) Isolation and character-
ization of phosphate-solubilizing bacteria from betel nut (Areca Catechu) and their effects 
on plant growth and phosphorus mobilization in tropical soils. Biol Fertil Soils 50:927–937. 
doi:10.1007/s00374-014-0913-z

Luna MF, Aprea J, Crespo JM, Boiardi JL (2012) Colonization and yield promotion of 
tomato by Gluconacetobacter diazotrophicus. Appl Soil Ecol 61:225–229. doi:10.1016/j.
apsoil.2011.09.002

Martínez OA, Jorquera MA, Crowley DE, Mora ML (2011) Influence of nitrogen fertilisation 
on pasture culturable rhizobacteria occurrence and the role of environmental factors on their 
potential PGPR activities. Biol Fertil Soils 47:875–885. doi:10.1007/s00374-011-0593-x

Nascimento SB, Lima AM, Borges BN, de Souza CRB (2015) Endophytic bacteria from Piper 
tuberculatum Jacq.: isolation, molecular characterization, and in vitro screening for the control 
of fusarium solani f. sp. piperis, the causal agent of root rot disease in black pepper (Piper 
nigrum L.) Genet Mol Res 14(3):7567–7577

Oldal B, Jevcsák I, Kecskés M (2002) A sziderofortermelő képesség szerepe Pseudomonas-törzsek 
növénypatogén-antagonista hatásának biológiai vizsgálatában. Biokémia 26:57–63

Parmar N, Dufresne J (2011) Beneficial interactions of plant growth promoting rhizosphere micro-
organisms. In: Singh A, Parmar N, Kuhad RC (eds) Bioaugmentation biostimulation biocon-
trol. Springer, Berlin, pp 27–42

Pásztohy Z (2013) The soils and the biological diversity of the Pogány-havasmicroregion.
In:International conference papers: mountain hay meadows – economic, social and environ-
mental value.Gyimesközéplok, Romania23–24 May 2013

Patel K, Goswami D, Dhandhukia D, Thakker J (2015) Techniques to study microbial phytohor-
mones. In: Maheshwari DK (ed) Bacterial metabolites in sustainable agroecosystem. Springer, 
Switzerland, pp 1–27

Pérez-Montaño F, Alías-Villegas C, Bellogín RA et al (2014) Plant growth promotion in cereal and 
leguminous agricultural important plants: from microorganism capacities to crop production. 
Microbiol Res 169:325–336. doi:10.1016/j.micres.2013.09.011

Prosser JI (2002) Molecular and functional diversity in soil micro-organisms. Plant Soil 244:9–17. 
doi:10.1023/A:1020208100281

Richardson AE, Simpson RJ (2011) Soil microorganisms mediating phosphorus availability update 
on microbial phosphorus. Plant Physiol 156:989–996. doi:10.1104/pp.111.175448

Rico-Martínez M, Medina FG, Marrero JG, Osegueda-Robles S (2014) Biotransformation of diter-
penes. RSC Adv 4:10627–10647. doi:10.1039/C3RA45146A

Rong X, Gurel FB, Meulia T, Gardener BBM (2012) Draft genome sequences of the biocontrol 
bacterium Mitsuaria sp. strain H24L5A. J Bacteriol 194:734–735. doi:10.1128/JB.06537-11

Sayyed RZ, Chincholkar SB, Reddy MS, Gangurde NS, Patel PR (2013) Siderophore producing 
PGPR for crop nutrition and phytopathogen suppression. In: Maheshwari DK (ed) Bacteria in 
agrobiology: disease management. Springer, Heidelberg, pp 449–471

Sharma S, Gupta R, Dugar G, Srivastava AK (2012) Impact of application of biofertilizers on soil 
structure and resident microbial community structure and function. In: Maheshwari DK (ed) 
Bacteria in agrobiology: plant probiotics. Springer, Heidelberg, pp 65–77

Shi Y, Lou K, Li C (2009) Promotion of plant growth by phytohormone-producing endophytic 
microbes of sugar beet. Biol Fertil Soils 45:645–653. doi:10.1007/s00374-009-0376-9

Singh B, Satyanarayana T (2012) Plant growth promotion by phytases and phytase-producing 
microbes due to amelioration in phosphorus availability. In: Satyanarayana T, Johri BN, 
Prakash A (eds) Microorganisms in sustainable agriculture and biotechnology. Springer, 
Dordrecht, pp 3–15

27 Bacterial Strains with Nutrient Mobilisation Ability from Ciuc Mountains…

https://doi.org/10.1007/s13213-012-0446-3
https://doi.org/10.1007/s00374-014-0913-z
https://doi.org/10.1016/j.apsoil.2011.09.002
https://doi.org/10.1016/j.apsoil.2011.09.002
https://doi.org/10.1007/s00374-011-0593-x
https://doi.org/10.1016/j.micres.2013.09.011
https://doi.org/10.1023/A:1020208100281
https://doi.org/10.1104/pp.111.175448
https://doi.org/10.1039/C3RA45146A
https://doi.org/10.1128/JB.06537-11
https://doi.org/10.1007/s00374-009-0376-9


548

Spaepen S, Vanderleyden J, Remans R (2007) Indole-3-acetic acid in microbial and microorganism- 
plant signaling. FEMS Microbiol Rev 31:425–448. doi:10.1111/j.1574-6976.2007.00072.x

Trivedi P, Spann T, Wang N (2011) Isolation and characterization of beneficial bacteria associated 
with citrus roots in Florida. Microb Ecol 62:324–336. doi:10.1007/s00248-011-9822-y

van der Heijden MGA, Bardgett RD, van Straalen NM (2008) The unseen majority: soil microbes 
as drivers of plant diversity and productivity in terrestrial ecosystems. Ecol Lett 11:296–310. 
doi:10.1111/j.1461-0248.2007.01139.x

van derHeijden MGA, Wagg C (2013) Soil microbial diversity and agro-ecosystem functioning. 
Plant Soil 363:1–5. doi:10.1007/s11104-012-1545-4

Verma JP, Yadav J, Tiwari KN, Kumar A (2013) Effect of indigenous Mesorhizobium spp. and plant 
growth promoting rhizobacteria on yields and nutrients uptake of chickpea (Cicer arietinum 
L.) under sustainable agriculture. Ecol Eng 51:282–286. doi:10.1016/j.ecoleng.2012.12.022

Yolcu H, Turan M, Lithourgidis A et al (2011) Effect of plant growth-promoting rhizobacteria and 
manure on yield and quality characteristics of Italian ryegrass under semi arid conditions. Aust 
J Crop Sci 5(13):1730–1736

Young C-C, Shen F-T, Singh S (2012) Strategies for the exploration and development of biofer-
tilizer. In: Maheshwari DK (ed) Bacteria in agrobiology: plant probiotics. Plant probiotics. 
Springer, Berlin, pp 127–139

Yuan C-L, Mou C-X, Wu W-L, Guo Y-B (2011) Effect of different fertilization treatments on 
indole-3-acetic acid producing bacteria in soil. J Soils Sediments 11:322–329. doi:10.1007/
s11368-010-0315-2

Zhao S, Zhou N, Zhao Z-Y, Zhang K, Wu G-H, Tian C-Y (2016) Isolation of endophytic plant 
growth-promoting bacteria associated with the halophyte Salicornia europaea and evalua-
tion of their promoting activity under salt stress. Curr Microbiol 73(4):574–581.  doi:10.1007/
s00284-016-1096-7

É. Laslo et al.

https://doi.org/10.1111/j.1574-6976.2007.00072.x
https://doi.org/10.1007/s00248-011-9822-y
https://doi.org/10.1111/j.1461-0248.2007.01139.x
https://doi.org/10.1007/s11104-012-1545-4
https://doi.org/10.1016/j.ecoleng.2012.12.022
https://doi.org/10.1007/s11368-010-0315-2
https://doi.org/10.1007/s11368-010-0315-2
https://doi.org/10.1007/s00284-016-1096-7
https://doi.org/10.1007/s00284-016-1096-7


549© Springer Nature Singapore Pte Ltd. 2017
D.P. Singh et al. (eds.), Plant-Microbe Interactions in Agro-Ecological 
Perspectives, DOI 10.1007/978-981-10-5813-4_28

S. Ullah • M.B. Hussain • H.N. Asghar (*) 
Institute of Soil and Environmental Sciences, University of Agriculture, Faisalabad, Pakistan
e-mail: naeemasghar@yahoo.com 

M.Y. Khan 
University of Agriculture, Faisalabad, Sub-Campus Burewala, Vehari, Pakistan

28Ameliorating Salt Stress in Crops 
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Abstract
Abiotic stresses are emerging vicious environmental factors limiting agricultural 
productivity around the world, while food demand is increasing with growing 
population. Among these abiotic stresses, salt stress is a serious threat to put 
down crop production especially in arid and semiarid regions of the world. 
Therefore, some serious steps are required to stop or slow down the lethal effects 
of salinity for ensuring food security. Various strategies are adopted to tackle the 
deleterious impacts of salinity to crops including breeding techniques and genetic 
engineering, but these techniques have their level of significance and cannot 
satisfy the whole demand. However, some biological strategies are cost-effective, 
environment friendly, and easy to adopt/operate. In this scenario, the use of various 
microorganisms (bacteria, fungi, algae) to enhance salinity resilience in crops 
is encouraged due to their vital interactions with each other and crop plants. 
Bacteria are widely used to mitigate deleterious impacts of high salinity on 
crop plants because they possess various direct and indirect plant beneficial 
characteristics including exopolysaccharide and siderophore production, biofilm 
formation, phosphate solubilization, induced systemic resistance, and enhanced 
nutrient uptake, and they act as biocontrol agents to protect crop plants from 
many diseases by killing pathogens. This chapter focuses on the negative effects 
of high salinity on plants, bacterial survival in salt stress, and their mechanisms 
to mitigate salinity stress and the role of beneficial microbes to enhance crop 
tolerance against salinity stress.
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28.1  Introduction

The world agriculture is confronting to various threats and challenges like addi-
tional demand of 70% food for 2.3 billion of people by the year 2050 with consump-
tion of scarce natural resources, hunger, and poverty (FAO 2009), but crop production 
is not increasing in pace with the demand of food. About 14.6 million hectares 
(Mha) of agriculture land has been degraded in 75 countries of the world in the last 
20 years (Qadir et al. 2014; Fan et al. 2016). There are various types of environmen-
tal stresses which leave hazardous impacts on plants including salinity, drought, 
alkalinity, low and high temperature, pathogen infections, and ultraviolet stress 
(Van et al. 2001). These stresses are the main factors which lower agriculture pro-
duction; therefore, management of stresses is required to meet increasing food 
demands (Shanker and Venkateswarlu 2011). Salinity in water and/or soil is harmful 
which lowers the crop production especially in arid and semiarid regions 
(Allakhverdiev et  al. 2000; Koca et  al. 2007; Parvaiz and Satyawati 2008) and 
affects 6% of the total cultivable area (Munns and Tester 2008). A soil with electri-
cal conductivity of saturated extract more than 4 dS m−1 at 25 °C and 15% exchange-
able sodium contents is regarded as saline sodic soil (Munns 2005). It is a main 
environmental threat for our agriculture around the world which is indicated by 
surplus inorganic salts. Primary or natural salinity occurs under climatic conditions 
such as high rate of evaporation and less leaching which are prominent in arid and 
semiarid regions (Jouyban 2012). Accumulation of salt due to weathering of rocks, 
seawater, aerosol deposits, and rainfall in the world especially in Pakistan, India, 
America, Iran, and China leads to natural salinization; moreover, approximately 
4 Mha of land becomes uncultivable annually because of excess salt accumulation 
globally (Beresford et al. 2001; Hulsebusch et al. 2007). Secondary salinity occurs 
due to anthropogenic activities such as inefficient and/or excessive irrigation, grow-
ing shallow-rooted vegetation in place of native vegetation, and adopting modern 
practices of land use. It affects about 74 Mha of land all over the world (Beresford 
et al. 2001). Salinity affects the ecosystem, deteriorates productive lands, stimulates 
erosion and growth of salt bushes, and causes discharge of saline surface and 
groundwater (Beresford et al. 2001; Bridgman et al. 2008).

28.2  Salinity Impacts on Plant

Soil degradation due to excess salts is common in arid and semiarid areas of the 
world. Salinity is increasing because of inappropriate agricultural practices like the 
use of brackish or saline water for irrigation of farmlands (Cao et al. 2016: Fan et al. 
2016). Soil salinization is a main threat to yield loss of major crops in countries like 
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Pakistan, where average losses in wheat and rice yields are 32% and 48%, respec-
tively (Qadir et al. 2014). Other crops like onion, corn, and bean show 50% reduc-
tion in yield when soil electrical conductivity (EC) exceeds 5 dS m−1 (Horneck et al. 
2007; Metwali et al. 2015). Keeping in mind the salt sensitivity and/or tolerance, 
plants are categorized into glycophytes and halophytes. Glycophytes are those 
plants which are unable to tolerate high salinity (Sairam and Tyagi 2004; Parvaiz 
and Satyawati 2008). In salt-affected soils, higher concentration of sodium ions 
deteriorates soil structure by deflocculating the clay particles which cause poor or 
no aggregation and compaction leading to decreased porosity, permeability, and 
drainage (McDowell 2008). Basic deleterious impacts of salinity stress on plants 
include (1) salt stress or specific ion effect, (2) decrease in soil solution osmotic 
potential leading to water-deficit stress, (3) nutrient imbalance, and/ or (4) combina-
tion or any two of them. Firstly, salinity stress affects plant by disrupting photosyn-
thesis, lipid, energy metabolism, and protein synthesis. Plants reduce leaf expansion 
with increase in salinity as initial response to salt stress, but expansion is resumed 
as salinity is relieved (Parida and Das 2005; Singh and Jha 2016). Soil salinity 
induces metabolic and physiological changes in plant body, affecting seed germina-
tion, morphological characters, survival percentage, growth, development, and 
grain/plant yield (Jouyban 2012). Salinity causes reduction in stomatal conduc-
tance, chlorophyll contents, leaf area, and efficiency of photosystem II; ultimately, 
the process of photosynthesis is hampered (Netondo et al. 2004). It inhibits stamen 
elongation and microsporogenesis, enhances ovule abortion and cell death, and 
weakens fertilized embryo leaving hazardous impacts on reproductive growth. 
Overall, salinity stress affects growth and development of plant through osmotic 
stress, nutrient imbalance, salt stress, and/ or combined effect of all these factors 
(Ashraf 2004; Shrivastava and Kumar 2015). Under salt stress, production of reac-
tive oxygen species (ROS) increases (Hasegawa et al. 2000) which damages pro-
teins, lipids, nucleic acid, and cell structure, i.e., hydroxyl ions disrupt DNA by 
damaging pyrimidine and purine bases (Halliwell and Gutteridge 1999; Valko et al. 
2006), and lipid peroxidation in intracellular organelles and plasmalemma occurs 
when ROS react with unsaturated fatty acids (Karabal et  al. 2003; Sen and 
Chandrasekhar 2015). High sodium ion concentration in leaves causes necrosis, 
while in soil solution, it restricts nutrient uptake by hampering entry of essential 
nutrients, affecting potassium ion channels, and reducing root growth (Tester and 
Davenport 2003). Under salt stress, restricted supply of hormones and photosyn-
thetic products toward growing parts of plant (Ashraf 2004) can badly affect the 
growth and development of plant. Ionic potassium (K+) acts as cofactor of certain 
enzymes and vital for protein synthesis, but its replacement by Na+ (Zhu 2002; 
Shrivastava and Kumar 2015) may cause its deficiency and/or imbalance, hence 
damaging plant’s developmental processes. Elements like boron, sodium, and chlo-
rine have toxic impacts on plant growth and development under salinity as excessive 
sodium accumulation causes cell death (necrosis) and osmotic stress (Munns 2002). 
Salinity reduces uptake of essential nutrients (such as phosphorus, potassium, cal-
cium, nitrogen, zinc, and iron) in plants; moreover, it reduces phosphorus uptake 
significantly due to binding or precipitation with calcium ions (Bano and Fatima 
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2009; Shrivastava and Kumar 2015). High concentration of salt may disturb the 
uptake and balance of other essential ions (Blaylock 1994). Among phytohormones, 
ethylene regulates plant’s physiological processes but regarded as stress hormone 
because 1-aminocyclopropane-1-carboxylic acid (ACC, a precursor of ethylene) is 
enhanced under abiotic stress to inhibit root growth (Morgan and Drew 1997; Wang 
et  al. 1990; Arshad and Frankenberger 2002). Osmotic stress with ion toxicity 
causes imbalance in plant metabolic reactions or activities and stimulates oxidative 
stress (Chinnusamy et al. 2006). Salinity affects plants at vegetative and seedling 
stage which is obvious in Oryza sativa plants where salt stress decreased the plant 
height, leaf area, and number of tillers (Hasanuzzaman et al. 2009), while in wheat, 
it reduces fertility, decreases the number of spikelets, delays spike emergence, and 
causes reduction in grain yield (Munns and Rawson 1999). High salinity levels 
inhibit nodulation in legumes by affecting signal transduction between two partners 
(legume and rhizobia) to reduce nodulation (Miransaria and Smith 2009) and 
decrease the legume crop yield. The abovementioned deleterious effects of salinity 
can reduce crop yield at large scale; therefore, plausible approaches are required to 
dilute the effect of salinity on crops to achieve the desired yield potential.

28.3  Strategies to Tackle Salt Stress

Various strategies are adopted by the researchers to ameliorate the impact of salinity 
on plants such as breeding techniques, agronomic approaches, and use of plant 
growth-promoting microbes described as following.

28.3.1  Agronomic Approaches

These may include using of salinity-tolerant plant, improved management practices, 
salt leaching from the root zone, and suitable irrigation method like micro-jet or drip 
irrigation, growing of perennial plants with deeper roots which grow throughout the 
season, and using water which is extra from annual and/or desired crop. These 
perennial crops prevent salt movement toward the soil surface by reducing water 
table rise. Precision farming, intercropping, alley cropping, and crop rotation are 
also adopted to ameliorate salt stress, but all these are limited due to cost and short-
age of good quality irrigation water (Munns et al. 2002; Manchanda and Garg 2008; 
Shrivastava and Kumar 2015).

Usually, the soils which have heaps of salt on the surface are treated physically 
where no organic amendment or inorganic chemicals are applied. For the purpose, 
heavy machinery is required for inverting the subsoil to the surface and surface soil 
to the depth, plowing deeply, sand mixing, profile mixing, and using drip irrigation 
system. As salinity reduces the soil permeability, these treatments tend to increase 
soil physical condition for water infiltration which is a prerequisite for salinity 
remediation. In soils where gypsum is present in subsoil, deep plowing is proven to 
be a very useful strategy (Ahmed and Qamar 2004). Irrigation with good quality 
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water or high rainfall may also be helpful in leaching or draining the excess soluble 
salts from the upper layers of soil (root zone) to the lower soil layers (Qadir and 
Schubert 2002; Zhang et al. 2008). Drip irrigation is considered a very effective 
technique for reclaiming saline soils. Bresler et al. (1982) recorded a higher rate of 
leaching with drip irrigation system as compared to traditional irrigation schemes. 
Cultivation of crops along with drip irrigation system accelerates the reclamation 
process of salt-affected soils particularly in the root zone (0–5 cm). The most limit-
ing factor in the physical reclamation/remediation of salt-affected soils is the avail-
ability and cost of good quality irrigation water in the region (Qadir and Schubert 
2002; Zhang et al. 2006). Therefore, to make saline soils workable for crop produc-
tion, the integration of physical approach with plantation is recommended (Li et al. 
2008; Qadir and Schubert 2002; Zhang et al. 2006). Various seedbed preparation 
strategies have been devised to grow crops in saline soils while avoiding or reducing 
the harmful impacts of salt stress such as furrow irrigation to crops where seedbeds 
are shaped to remove salts away/at a distance from the germinating seeds (Horneck 
et al. 2007). Physical approach is expensive because it requires heavy machinery, 
fuel, and irrigation costs where initial plantation is lost to be mixed in the soil.

The approach also includes the application of elemental sulfur (S), gypsum 
(CaSO4.2H2O), sulfuric acid (H2SO4), and hydrochloric acid (HCl) to the saline and 
saline sodic soils. These amendments reduce the impact of salinity stress on plants 
by replacing Na+ ions from the exchange sites and lower the pH to increase the solu-
bility of salts in soil. These soluble salts can be moved/removed either by leaching 
or drainage after dissolution in the irrigation water (Ahmed and Qamar 2004). 
These amendments are also in use with the standing field crops to enhance nutrient 
use efficiency and ameliorate the damaging impacts on plants. Application of gyp-
sum improves the physicochemical properties (Ayers and Westcot 1985), porosity 
(Shainberg and Letey 1984; Oster et al. 1996), and hydraulic conductivity (Scotter 
1978) of salt-affected soils. Similarly, Southard and Buol (1988) observed a signifi-
cant decline in the soil bulk density with the application of phosphor gypsum. 
Gypsum application also produced significant increases in wheat crop grain yield 
(Ghafoor et al. 1985).

28.3.2  Breeding and Engineering Techniques

Planting salt-tolerant (halophytes) crops on saline soils decreases the water evapo-
ration from the surface significantly which is considered the main cause of salinity 
(Qadir and Schubert 2002). Many of the field trials have demonstrated improve-
ment in soil physical characteristics by the plantation of forages, where thick and 
extensive plant root system penetrates the deeper layers of soil to facilitate the 
leaching of excess soluble salts. For this reason, genes of salinity-tolerant (halo-
phytes) crop species are identified and tried to be transferred in the desired high-
yielding crop plants using breeding or genetic engineering tools. Plants obtained 
using these techniques could be beneficial for sustainable agriculture at marginal 
lands. In the same way, plant growth-promoting rhizobacteria or bacteria may play 
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a key role for improving or sustaining growth and production of crops under salt-
affected conditions.

Salt stress limits crop growth, yield, and utilization of land resource leading to 
decrease in agricultural productivity. Plant breeding techniques have served as a 
tool to the scientists since a long time and play an important role for the improve-
ment of salt-tolerant varieties. Conventional breeding techniques have been reported 
at intergenic, interspecific, and intraspecific level to get the desired salt-resistant 
lines but remained less successful due to little variation in the gene pool and repro-
ductive barriers while transforming the desired gene(s) from wild relative to domes-
ticated cultivar (Turan et al. 2012). Genetic engineering is a technique related to the 
insertion or transfer of desired gene(s) to generate new salt-tolerant plants (Turan 
et  al. 2012). In quantitative trait loci (QTL) engineering technique, segments of 
genetic material associated with salt tolerance are studied to understand the stress 
response of salt-tolerant plants. New techniques including gene mapping and tran-
scriptional and expression profiling help in the identification of gene linked with 
QTLs (Salvi and Tuberosa 2005; Sahi et al. 2006; Walia et al. 2007; Marino et al. 
2009; Pandit et al. 2010). Furthermore, in molecular marker technique, markers are 
used to analyze the quantitative and inherited traits and identify individual gene in 
the genome set which is controlling the trait of interest (Turan et al. 2012). Another 
engineering approach is a single gene level management for salt tolerance to design 
transcription factors. A variety of transcription factors (TF) belonging to different 
families such as WRKY, MYC, DREB, MYB, NAC, Bzip, and Cys2His2 zinc finger 
are involved in salinity stress tolerance. These TF control stress tolerance by bind-
ing to respective genes linked in stress response. This approach is not an easy and 
effective management because the same factors may associate with different kinds 
of stress or different groups which are linked to the same and/or single response 
(Turan et al. 2012). For example, ONAC045 encodes an NAC transcription factor 
gene which is involved in salinity and drought tolerance in rice plants (Zheng et al. 
2009). Engineering of molecular chaperones is also used for enhancing salinity tol-
erance in plants. Chaperones are different groups of proteins which are involved in 
protein synthesis or degradation through folding or unfolding and assembling or 
disassembling of these proteins under stress condition (Boston et al. 1996). asp-
gHsc70 encoding for HSP70 isolated from Pennisetum glaucum has to be known for 
its role in salinity tolerance (Reddy et  al. 2011). Other genetic engineering 
approaches include the engineering of genes closely linked to osmoprotectants. 
Osmoprotectants are the compounds which are produced by plants under stress con-
dition to avoid/reduce the water loss and to maintain cell turgidity such as soluble 
sugars, amino acids, organic acids, lipids, and polyamines (Guy 1990). 
Overexpression of the gene OsTPS1 (encoding trehalose-6-phosphate synthase) 
improves salinity tolerance and tolerance to other abiotic stresses in rice (Li et al. 
2011). Different breeding techniques including conventional selection and trans-
genic approach are used to improve salt stress resilience in crop plants, but these 
techniques are time-consuming, expensive, and successful for target species only 
(Ashraf 2002; Sairam and Tyagi 2004; Singh and Jha 2016; Habib et al. 2016).
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28.3.3  Microbial Strategies

The use of microbes for improving crop growth, development, and yield is consid-
ered a cost-effective and environment-friendly approach (Vejan et al. 2016); as such 
application of mycorrhizae and bacteria dilutes the adversities of salinity and 
improves plant growth (Kohler et al. 2010) by ameliorating the disturbed soil envi-
ronment. Stress-tolerant microbes such as cyanobacteria, diazotrophs, polymer- 
releasing algae, and phosphate solubilizers from arid regions can convert saline and 
barren soils into arable lands (Bhatnagar and Bhatnagar 2001).

28.4  Mechanisms of Bacterial Survival Under Salt Stress

Bacteria which can endure wide and/or high range of NaCl concentration are called 
as halotolerant bacteria. These bacteria are categorized into extremely, moderately, 
slightly, and non-tolerant groups on the basis of their growth on media containing 
32%, 18–22%, 6–8%, and 1% NaCl salt (w/v), respectively (Hezayen et al. 2010; 
Hassan and Mahgoub 2011). Literature has confirmed a variety of bacteria isolated 
or purified from saline environments which are capable of tolerating extreme salin-
ity in soil, for example, Pseudomonas, Actinobacterium, Azospirillum, 
Flavobacterium, Alcaligenes, Virgibacillus, Thalassobacillus, Planococcus, 
Sporosarcina, Staphylococcus, Halomonas, Halobacillus, Brevibacterium, 
Enterobacter, Terribacillus, and Oceanobacillus (Ventosa et al., 1983; Moral et al., 
1988; Upadhyay et al., 2009; Ilyas et al., 2012; Roohi et al., 2012; Hossain et al., 
2016). Potent traits and/or silent features of bacteria which enable them to survive 
under salinity stress are given in Table 28.1. For influencing growth and develop-
ment of plants, PGPB should colonize the plant roots, survive, and multiply inside 
the plants or rhizosphere (Barea et al. 2005).

28.4.1  Organic Osmolytes and Inorganic Osmoprotectants

Salt-tolerant species of bacteria adopt two major mechanisms, accumulation of 
stress protectant or osmoprotectant organic compounds (ectoins, polyols, betaines, 
sugars, amino acids) and selective influx of inorganic ions like K+ which support 
their survival (Santos and da Costa 2002) through osmotic adjustment and proper 
cell functioning/metabolism under high salt concentration. Bacteria produce low 
molecular weight, hydrophilic molecules which help them to compensate osmolar-
ity (osmotic difference) outside the cell; moreover, bacteria also uptake certain 
compounds from their external environments (Da Costa et al. 1998). Salt-resistant 
rhizobia bring some metabolic, morphological, and structural modifications to sur-
vive and adopt to saline environment (Ahmad et al. 2011). Likewise, under hypo- 
osmotic environment, Agrobacterium tumefaciens and Rhizobium meliloti release 
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certain compounds called cyclic β-(1,2)-glucans which mediate stress resilience. 
Sucrose, glycine betaine, glucose, and trehalose are found to be very effective to 
stimulate the cyclic glucan synthesis (Ingram-smith and Miller 1998). These spe-
cific glucans are found in cell periplasm (Breedveld and Miller 1994) and serve as 
principal osmoprotectants. Moreover, they are modified with succinyl substitute 
and/or phosphoglycerol functional groups (Breedveld and Miller 1995). 
Accumulation and synthesis of glycine betaine during osmotic stress have been 
observed and studied in bacteria such as R. meliloti (Geremia et al., 1987). These 
types of bacteria may play a prominent role in salt stress adaptation of plants. Hua 
et  al. (1982) observed that Rhizobium sp. (strain WR1001) produces glutamate 
under salinity which helps to survive or grow up to 500 mM sodium chloride media. 
Literature has confirmed that B. subtilis produce certain proteins which help in their 
survival under abiotic stresses including oxidative stress, heat shock, and salt stress. 
These proteins are known as general stress proteins such as Rsbw, Ctc, and GsiB 
(Volker et  al. 1994). Paul and Nair (2008) carried out a proteome analysis of 
Pseudomonas fluorescens (strain MSP-393); the result revealed that salinity facili-
tated the production of osmolytes and stress proteins which nullified the deleterious 
impacts of high osmolarity. In this strain, buildup of compatible solutes, i.e., glu-
tamic acid and aspartic acid, enhances with increasing levels of salt concentration. 
Further, amino acids synthesized in cytosol which act as osmolytes under high salt 
concentration include Ala (alanine), Gly (glycine), Ser (serine), and Thr 
(threonine).

Table 28.1 Potent traits and/or salient features of bacteria which enable them to survive under 
salinity stress

Bacteria Salinity Survival mechanism References
Mesorhizobium alhagi 
CCNWXJ12-2

0.4 M 
NaCl

Upregulation of gene encoding 
YadA domain containing protein 
(yadA)

Liu et al. 
(2014)

Tistlia consotensis 0.5%, 
4% NaCl

Greater amounts of the HpnM 
protein for biosynthesis of 
hopanoids

Rubiano- 
Labrador et al. 
(2015)

Exclusion of Na+

Transport of glycine betaine or 
proline

Oceanobacillus profundus 
(Pmt2), Staphylococcus 
saprophyticus (ST1)

0.5 M 
NaCl

Biofilm formation, 
exopolysaccharide production, 
proline and glycine betaine 
accumulation

Qurashi and 
Sabri (2011)

Bacillus spp., Halobacillus 
spp.

20% 
NaCl

– Ramadoss et al. 
(2013)

Pseudomonas fluorescens, 
Bacillus megaterium, 
Variovorax paradoxus

2%, 5% 
NaCl

– Nadeem et al. 
(2016)
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28.4.2  Exopolysaccharides and Biofilm Formation

A variety of bacteria are capable of synthesizing and releasing extracellular bio- 
polymeric compounds known as exopolysaccharides (EPS) which help them to 
resist extreme environmental conditions (Pereira et al. 2009; Jittawuttipoka et al. 
2013), such as Planococcus rifietoensis (RT4) and Halomonas variabilis (HT1) 
which produce EPS during salt stress which help in their survival under varying 
conditions of the ecosystem (Qurashi and Sabri 2012). In EPS synthesis, different 
steps are involved; firstly monosaccharides are produced and then converted into 
sugar nucleotides in cytoplasm; then glycosyltransferase adds sugars sequentially 
on the lipid carrier for the assemblage of repeated units; these repeated units pass 
through polymerization process in plasma membrane; and finally polymers are 
exported toward the cell surface (Jittawuttipoka et al. 2013). Bacteria form well- 
structured microcolonies attached to the nonliving or living material to survive 
adverse conditions called “biofilms” (Salta et  al. 2013; Qurashi and Sabri 2016) 
which gives functional and physical protection to residing bacteria (Ashraf et al. 
2005). These microcolonies are made of proteinaceous surface structures called 
curli, outer membrane proteins, fimbriae, flagella, and EPS matrix having voids/
water channels/canals through which flow of liquids occurs assisting diffusion and 
exchange of gasses like oxygen, ions, antimicrobial agents, and nutrients. Curli 
structures and membrane proteins help in adhesive attachment to the surface and 
between bacterial cells, while flagella aid in motility toward surface attachment 
against repulsive forces (Pratt and Kolter 1998; Lewandowski 2000) which could be 
helpful under adverse environments like salinity, heavy metal, and drought stress. 
EPS keep the layers hydrated around biofilms which protect bacterial colonies or 
biofilms from desiccation stress (Sutherland 2001).

28.4.3  Fatty Acids

Phospholipid fatty acid (PLFA) profile acts as an indicator for the survivability 
potential of various microbial groups/communities (bacteria, fungi, archaea) under 
different abiotic stresses (salinity, heavy metal, flooding). Thereby, physiology of 
microbial group can be perceived by using PLFA profile technique (Baath et  al. 
2005; Azarbada et al. 2016). The principal component analysis of bacteria showed 
an increased production of both straight-chain and long-chain fatty acids under 
increasing salt levels. This increasing fatty acid production and accumulation reduce 
the permeability and fluidity of the cell membrane under high salt concentration 
which would make microorganisms compatible to saline environment by preventing 
solute leakage and controlling osmotic pressure of the living cells (Nicolaus et al. 
2001; Azarbada et al. 2016).
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28.5  Salt Stress Mitigation by Salt-Tolerant PGPB

Bacteria possessing plant growth promotion potential residing in the rhizosphere 
are used as biofertilizer to enhance soil fertility and eventually the crop yield for 
more sustainability in the field of forestry and agriculture (Garcia-Fraile et al. 2015). 
Beneficial microbes ubiquitously colonize the plant roots and assist plant growth 
(Hussain et al. 2009, 2014a, b, 2016) in horticulture, silviculture, and agriculture 
and in cleaning of polluted environment such as phytoremediation (Santoyoa et al. 
2016).

Various bacterial species including Serratia, Pseudomonas, Flavobacterium, 
Burkholderia, Rhodospirillum, Agrobacterium, Rhodobacter, Clostridium, 
Acetobacter, Azotobacter, Acinetobacter, Aerobacter, Achromobacter, Arthrobacter, 
Erwinia, Alcaligenes, Rhizobium, Xanthomonas, Bacillus, Azospirillum, and 
Enterobacter can act as PGPB (Kloepper et al. 1989; Kim and Kim 2008; Joshi and 
Bhatt 2011; Hossain et al. 2016). These PGPB can be applied either through seed 
inoculation or directly into soil when there is danger of antagonistic or inhibitory 
microbes on and in the plant body, whereas seed priming is preferred generally 
because bacteria can adhere, enter, and acclimate with/within the seeds in prevalent 
environment. Moreover, it ensures uniform germination and rapid and more crop 
establishment resulting in higher yields of crops (Mahmood et al. 2016). They pos-
sess various properties which may be beneficial for growth and development of crop 
under salinity stress (Table 28.2). These properties or mechanisms include resis-
tance against salinity, interaction with respective crop, biocontrol agents against 
diseases, production of phytohormones, and compatible solute (Shrivastava and 
Kumar 2015) as given in Fig. 28.1. Bacteria increase growth and development of 
plant through direct and indirect mechanisms; direct mechanisms and/or processes 
include resistance against stresses, increased availability and uptake of nutrients, 
phosphate solubilization, and production of useful substances like phytohormones 
(auxin, cytokinin, gibberellins, abscisic acid), siderophores, and enzymes (1- amino
cyclopropane- 1-carboxylate (ACC) deaminase), while indirect mechanisms include 
biocontrol or protection against pathogens and diseases by the production of hydro-
gen cyanide, parasitism, antibiosis, and nutrient competition (Jha and Saraf 2015), 
increasing rhizosphere exploring area, and interaction with microbes that are also 
beneficial for plant health (Hussain et al. 2009, 2014a, b, 2016). After inoculation of 
stress-tolerant bacterial strains, the plant shows increase in growth, physiological, 
and yield parameters including biomass, proteins, chlorophyll contents, and shoot 
and root length (Tiwari et  al. 2011). Besides rhizobial functioning under normal 
condition, rhizobia performance with their partner has vital importance especially 
under stress environments; for this reason, rhizobia must be resistant to promote 
plant growth and development under stress condition. So, treating legumes with 
salt-tolerant microbes can improve nitrogen fixation efficiency of plants in saline 
environments (Zou et al. 1995). Rhizobia of woody legumes such as Prosopis rhi-
zobia selected and then isolated from desert soils facing adverse environmental con-
ditions like drought, salinity, and heat stress could be used as stress-tolerant inocula 
for legume crops (Jenkins et al. 1987; Zahran 1999). PGPB also interact with other 
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Table 28.2 Impact of plant growth-promoting bacteria on the growth and yield parameters of 
different crops under salinity

Test crop Salinity level Bacteria
Increase over 
control References

Soybean NaCl = 20 dS m−1 
(50 mM)

PGPB strains Rkh1, 
Rkh2, Rkh3, and 
Rkh4

Shoot length 
(54%)

Naz et al. (2009)

Root length 
(75%)
Root weight 
(227%)
Shoot weight 
(90%)

Tomato NaCl = 60 mM PGPB (plant 
growth-promoting 
bacteria)

Germination 
index (60%)

Chookietwattana 
and Maneewan 
(2012)Root length 

(61%)
Basil EC = 6 dS m−1 Bacillus lentus and 

Pseudomonades sp.
Dry weight 
(12.3%)

Golpayegani and 
Tilebeni (2011)

Wheat NaCl = 320 mM Bacillus 
halodenitrificans 
PU62 and 
Halobacillus sp. SL3

Root length 
(90%)

Ramadoss et al. 
(2013)

Dry weight 
(17.4%)

Wheat ECe = 8 dS m−1 Pseudomonas 
syringae (strain 
MAS129), Bacillus 
amyloliquefaciens 
(strains MAS526 and 
MAS4), 
Microbacterium sp. 
(strain MAS133), and 
B. insolitus (strains 
MAS26 and MAS10)

Root length 
(167%)

Ashraf et al. (2006)

Roots dry matter 
(380%)

Wheat ECe = 8 dS m−1 Bacillus insolitus 
(strain MAS17), 
Aeromonas 
hydrophila/caviae 
(strain MAS765), and 
Bacillus sp. (strains 
MAS617, MAS620, 
and MAS820)

Shoot dry matter 
(85–281%)

Ashraf et al. (2004)

Root dry matter 
(149–522%)
Mass of 
rhizospheric soil 
(176–790%)

Maize ECe = 11.8–13.6 dS 
m−1

Enterobacter and 
Pseudomonas sp.

Plant height 
(29%)

Nadeem et al. 
(2009)

Grain yield 
(60%)

Rice NaCl = 1.5% Bacillus pumilus and 
Pseudomonas 
pseudoalcaligenes

Root length 
(18%)

Jha and 
Subramanian 
(2014)Shoot length 

(8.3%)
Dry biomass 
(39%)

(continued)
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Table 28.2 (continued)

Test crop Salinity level Bacteria
Increase over 
control References

Rice NaCl = 1.5–2.5% B. pumilus and P. 
pseudoalcaligenes

Plant height 
(70%)

Jha et al. (2011)

Dry biomass 
(11–22%)
Glycine betaine 
(3.5%)

Wheat ECw = 12 dS m−1 Azospirillum Plant height 
(35%)

Nia et al. (2012)

Tiller per plant 
(104%)
Proline conc. 
(84%)

Wheat NaCl = 320 mM Azospirillum 
brasilense sp. 245

RWC (18%) Creus et al. (1997)
Shoot dry weight 
(30%)

Mung bean ECe = 5.59–6.56 dS 
m−1

Pseudomonas and 
Rhizobium

Stomatal 
conductance 
(105%)

Ahmad et al. 
(2013)

SPAD 
chlorophyll conc. 
(38.73%)
Photosynthetic 
rate (83%)
WUE (37%)
Leaf K+ (28%)
Leaf Na+ 
reduction (50%)
Grain N (61%)
Grain P (64%)

Mung bean ECw = 6 dS m−1 Pseudomonas 
syringae Mk1, 
Pseudomonas 
fluorescens biotype 
GMk25, 
Pseudomonas 
fluorescens Mk20, 
Rhizobium phaseoli 
strains M1, M6, and 
M9

Shoot length 
(51%)

Ahmad et al. 
(2011)

Root length 
(62%)
Shoot fresh 
biomass (234%)
Root fresh 
biomass (196%)

Cotton Total salts = 3.50 g 
kg−1 soil

Pseudomonas putida 
Rs-198

IAA (51%) Yao et al. (2010)
ABA reduction 
(23.25%)
Plant height 
(12.8%)

(continued)
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Table 28.2 (continued)

Test crop Salinity level Bacteria
Increase over 
control References

Chickpea NaCl = 100 and 
200 mM

Planococcus 
rifietoensis (RT4) and 
Halomonas variabilis 
(HT1)

Germination 
(178%)

Qurashi and Sabri 
(2012)

Seedling length 
(114%)
Seedling fresh 
weight (177%)
Total soluble 
sugar contents 
(256%)
Protein contents 
(219%)
Mass of 
aggregated soil 
(808%)

Cotton NaCl = 0.7% Pseudomonas putida 
RS-198

Germination rate 
(42.35%)

He et al. (2015)

Plant height 
(21%)
Soluble proteins 
(500%)

Vicia 
pannonica

NaCl = 60 mM Agrobacterium rubi 
A1, Bacillus 
megaterium M3, 
Bacillus subtilis 
OSU-142

Plant N (97%), 
plant P (19%), 
plant K (69%), 
plant Ca (69%), 
plant Mg (57%), 
proline reduction 
(93.6%)

Esringua et al. 
(2016)

Cucumber NaCl = 10 dS m−1 Bacillus megaterium, 
Pseudomonas 
fluorescens, and 
Variovorax paradoxus

Shoot growth 
(55%),

Nadeem et al. 
(2016)

Root length 
(67%)
Total biomass 
(118%)

Lettuce ECw = 7 dS m−1 Serratia 
proteamaculans and 
Rhizobium 
leguminosarum

Dry weight 
(7.86%)

Han and Lee 
(2005)

Total chlorophyll 
(14.78%)
P (17%), K 
(9.25%), Ca 
(25.3%)

Rice NaCl = 100 mM Pseudomonas strains 
TDK1 and PF1

Nitrate reductase 
activity (11%)

Sen and 
Chandrasekhar 
(2015)Catalase activity 

(31%)
Peroxidase 
activity (20%)

(continued)
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Table 28.2 (continued)

Test crop Salinity level Bacteria
Increase over 
control References

Sunflower ECe = 9.42 and 
7.51 dS m−1

PGPB strains KS 7, 
KS 41, KS 42, and 
KS 44

Grain yield 
(110%), plant 
height (56%)

Kiani et al. (2016)

Shoot dry weight 
(182%)

Wheat ECe = 11.8 and 
14.2 dS m−1

Enterobacter cloacae, 
Pseudomonas 
fluorescens, Serratia 
ficaria, and 
Pseudomonas putida

Plant height 
(29.6%)

Nadeem et al. 
(2013)

No. of tillers 
(21%), grain 
yield (24%)
P uptake (92%), 
K uptake (17%)
K+/Na+ ratio 
(31%)

Wheat NaCl = 150–
200 mM

Serratia sp. SL- 12 K uptake (39%) Singh and Jha 
(2016)Na uptake 

reduction (65%)
Proline reduction 
(65%)
MDA reduction 
(63%)
Ch “a” (76%), 
Ch “b” (24%)
Auxins (58%), 
total proteins 
(43%)

Wheat NaCl = 200 mM Klebsiella sp. SBP-8 Shoot length 
(47%)

Singh et al. (2015)

Root length 
(36%)

Pistachio NaCl = 2000 mg 
kg−1 soil

PGPB Zn conc. in shoot 
(48%)

Azarmi et al. 
(2016)

H2O2 reduction 
(12%)
Carotenoids 
(35%), SOD in 
leaf (18%), PPO 
in leaf (62%), 
POX in shoot 
(15%)

(continued)
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Table 28.2 (continued)

Test crop Salinity level Bacteria
Increase over 
control References

Pea NaCl = 70 and 
130 mM

Variovorax  
paradoxus 5C-2

Total biomass 
(54%)

Wang et al. (2016)

Ca (52%), Mg 
(167%), P (23%)
Root to shoot 
Na+ supply 
reduction (9%), 
shoot Na+ 
reduction (13%)

Okra NaCl = 100 mM Enterobacter sp. 
(UPMR18)

Seed germination 
(100%)

Habib et al. (2016)

Bacillus megaterium 
(UPMR2)

Root fresh 
weight (91%)
Root dry weight 
(50%)
Shoot fresh 
weight (68%)
Shoot dry weight 
(57%)

bacteria, fungi, and algae in the rhizosphere, showing synergistic or antagonistic 
effect which augment plant growth indirectly (Vejan et al. 2016), such as coculture 
of bacterial strains Rs-198 (Pseudomonas sp.) and Rs-5 (Klebsiella sp.) having syn-
ergistic relation which can be used as biofertilizer for plant growth promotion under 
salt stress (Yuan-yuan et al. 2008; Zhong-hong et al. 2009). Dynamic interactions 
among plant roots, soil, water, and microbes occurring in the rhizosphere bring 
physicochemical and structural changes in soil (Haynes and Swift 1990) which are 
very beneficial for plant health especially under stress environment, for example, 
microbial-produced exopolysaccharides improve soil structure by forming micro- 
and macroaggregates of soil particles. For example, EPS-producing strains of bac-
teria enhance plant tolerance against drought and salinity stress by improving soil 
structure (Sandhya et al. 2009). In salt-affected soils, increasing population of EPS- 
producing bacteria can ameliorate hazardous effects of salinity on crops because 
they restrict influx or uptake of sodium ions due to cation bindings (Chen et  al. 
2007). It can be speculated from previous studies that EPS production and forma-
tion of biofilm augment the fertility of soil and significantly improve plant growth 
(Ashraf and Harris 2004; Ashraf et al. 2005; Liaqat et al. 2009; Davey and Toole 
2000). Moreover, biofilm formation and EPS production ability of PGPB increase 
with increase in salinity levels which facilitate aggregation of the soil particles in 
the vicinity of plant roots (Qurashi and Sabri 2012). Biofilms are assemblage of 
microbes like bacteria with their extracellular released compounds such as EPS at 
biotic or abiotic surface; these biofilms help in soil aggregation near plant roots 
which facilitate plant growth (Batool and Hasnain 2005).With the aid of biofilms, 
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bacteria form microcolonies on root or soil particle surfaces, assisting soil particle 
cementation (soil aggregation) which improve physicochemical properties of soil 
like water retention capacity (Batool and Hasnain 2005; Ashraf et  al. 2005) and 
develop favorable environment for plant growth. Bacterial inoculation enhanced the 
uptake of macronutrients such as potassium (K), nitrogen (N), phosphorus (P), and 
calcium (Ca) and improved K+/Na+ ratio by restricting the entry of sodium ions in 
the plant body under salinity stress (Alamri and Mostafa 2009; Nadeem et al. 2013). 
PGPB solubilize P from P complex and make it available for plants under salt stress 
(Hamdali et al. 2008; Palaniyandi et al. 2014). They also enhance the availability of 
essential micronutrients like magnesium (Mg+2) and calcium (Ca+2) ions with 
reduced uptake of sodium ions under saline conditions, ultimately increasing growth 
and development of crop plants under stress (Yao et al. 2010). In the literature, it has 
been observed that K+/Na+ ratio plays a significant role in sustaining osmotic poten-
tial of the plant body; hence, restricted sodium ion uptake is beneficial for maintain-
ing plant turgor under salinity (Song and Fujiyama 1996; Ashraf et al. 2004, 2006). 
Planococcus rifietoensis M8T is a bacterium which can withstand saline conditions 

Flow chart
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Plant defense
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and disease
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growth regulation
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EPS Antioxidants Bio-film Phytohormones N2 fixation, Phosphatase

These all mechanisms contribute to normal growth and development of plant leading to good crop
productivity under salt stress.
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osmolytes, exclusion of Na+,
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Fig. 28.1 The negative influences of salt stress on crop plants, i.e., nutrient imbalance, root inhibi-
tion, necrosis, ROS production, rupturing of lipid and proteins, and cell death. The potent traits 
(EPS, biofilms, osmoprotectants) of PGPR to resist salinity and salt stress amelioration through 
various mechanisms include ACCD, EPS, antioxidants, phytohormones, biocontrol, ISR, and 
nutrient availability
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(halotolerant) and possesses phosphate metabolism, potassium homeostasis genes, 
glutamine synthetase, glutamate dehydrogenase, hydroxyl methyltransferase, and 
glycine dehydrogenase (See-Too et al. 2016). Planococcus rifietoensis is capable of 
improving wheat growth by enhancing soil fertility and nitrogen availability and 
metabolizing potassium under saline conditions (Rajput et  al. 2013). Plants can 
maintain this balance under high salinity through HKT transporters also called K+ 
transporters which control Na+ uptake (Zhang et al. 2008). Production of osmopro-
tectants (proline, betaine, glycine, glutamate, trehalose, ectoin, and K+) to sustain 
osmolarity of plant cytoplasm and EPS to make Na+ unavailable for plant through 
binding mechanism is of vital significance under salinity and other stresses (Grover 
et  al. 2011; Nishma et  al. 2014). Production of antioxidants includes enzymatic 
(ascorbate peroxidase, glutathione reductase, catalase peroxidase, superoxide dis-
mutase) and nonenzymatic compounds (carotenoids, α-tocopherol, ascorbate) 
which facilitate plant protection against the dangerous effects of reactive oxygen 
species (ROS) (Baniaghil et  al. 2013; Nishma et  al. 2014). PGPB dilute salinity 
effects by enhancing activities of different antioxidant enzymes such as catalase, 
peroxidase, and nitrate reductase (Sen and Chandrasekhar 2015).

Plant beneficial bacteria induce systemic tolerance in plants which refers to 
chemical and physical changes in the plant body to withstand different stresses or 
enhance stress resilience (Yang et  al. 2009; Shrivastava and Kumar 2015). Plant 
beneficial bacteria containing ACC deaminase stimulate plant growth under salinity 
by restricting Na+ uptake (Wang et  al. 2016) and alleviating negative effects of 
higher ethylene level by hydrolyzing ACC into ammonia and α-ketobutyrate which 
are later used by bacteria as food; this process is done by an enzyme called ACC 
deaminase released by bacteria (Glick et  al. 1998). ACC deaminase producing 
PGPB strain A. piechaudii ARV8 induced systemic tolerance in pepper and tomato 
against drought and salinity stress (Mayak et al. 2004). Growth-promoting bacteria 
produce antioxidants and cytokinins which neutralize ROS and stimulate abscisic 
acid (ABA) accumulation, while antioxidant enzyme production also confers oxida-
tive stress (Stajner et  al. 1997). Colonization ability of PGPB determines their 
potential whether they can efficiently enhance salt tolerance and increase the plant 
root growth. Free release into the soil and/or direct inoculation of PGPB to plant 
seed/root like Klebsiella oxytoca Rs-5 may face numerous difficulties in survival 
and better colonization because bacterial strains are susceptible to various environ-
mental factors including temperature and pH fluctuations and competitive indige-
nous microbes (Vassileva et  al. 1999; Rekha et  al. 2007; Wu et  al. 2011, 2012). 
Therefore, encapsulation form of desired inocula can be an alternative to free dis-
persal/release of bacteria into rhizosphere. Due to controlled dispersal of bacteria, 
they can grow and survive more efficiently; hence, better results or positive influ-
ences can be attained for a long period (Wu et al. 2011, 2014).

Auxins (IAA) can mitigate effect of salinity stress and enhance plant growth by 
lessening ABA levels which act as growth inhibitors especially under stress condi-
tion (Patten and Glick 2002; Yao et al. 2010). It has been confirmed that PGPB like 
IAA producing Pseudomonas sp. Rs-198 can help the growth of plants under salt 
stress (Yuan-yuan et al. 2008). PGPB enhance the release of lipopolysaccharides 
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and flavonoids and produce IAA in rhizosphere which could assist root growth in 
saline condition (Dardanelli et  al. 2008; Metwali et  al. 2015). Due to chemical 
nature, siderophores act as chelating agents and play a vital role in phytoremedia-
tion, biocontrol, biosensor, and weathering of soil minerals to support plant growth 
(Ahmedm and Holmstrom 2014). Generally, iron is made available in the form of 
Fe+3-siderophore complex at the mineral surface which is later transferred to solu-
tion phase of soil where it is taken up by plants or microbes (Kalinowski et al. 2000; 
Kraemer 2004).

Bacterial isolates B. subtilis, P. putida, and P. fluorescens have a great potential 
for inducing salinity tolerance in faba bean under salinity up to 8000 ppm (Metwali 
et al. 2015). However, P. fluorescens has significantly increased germination per-
centage (96%), plant length (10.66%), shoot fresh weight (9.52%), and leaf area 
(61.86%) in faba bean cultivar Wadi-1 under salinity (Metwali et  al. 2015). 
Inoculation of pea plants with ACC deaminase producing Variovorax paradoxus 
(strain 5C-2) under NaCl salinity (70 and 130 mM) depicted a significant increase 
in plant biomass, photosynthetic efficiency, and K uptake and decreased Na+ deposi-
tion in shoot by 54% and 25%, 19% and 12%, 28% and 26%, and 6% and 13% at 
130 and 70  mM, respectively, as compared to uninoculated plants (Wang et  al. 
2016). Similarly, the inoculation of salt-tolerant and EPS-producing rhizobacterial 
strains (Bacillus insolitus strain MAS17; Bacillus sp. strains MAS820, MAS617, 
and MAS620; and Aeromonas caviae/hydrophila strain MAS-765) in wheat showed 
increases in the dry matter of shoot, root, and mass of rhizospheric soil up to 281%, 
527%, and 790%, respectively, as compared to control (Ashraf et al. 2004). These 
EPS-producing bacteria significantly reduced the concentration of Na+ ion in roots 
and shoots of inoculated plants up to 61% and 60%, respectively (Ashraf et  al. 
2004). Singh and Jha (2016) demonstrated a significant decrease in the proline and 
MDA contents of wheat leaves by 65% and 63%, respectively, with the inoculation 
of ACC deaminase containing bacterium (Serratia strain SL-12) at 200 mM NaCl 
salinity. They also recorded a significant increase in length of root, shoot, dry 
weight, fresh weight, and chlorophyll a and b, by 27%, 35%, 34%, 31%, 76%, and 
24%, respectively, over uninoculated control at 200  mM NaCl salt stress. 
Pseudomonas putida Rs-198 (isolated from alkaline soil) modulated the impact of 
salinity on cotton seed and increased fresh weight (30.7%), dry weight (10%), plant 
height (12.8%), and IAA contents as compared to uninoculated plants (Yao et al. 
2010). ACC deaminase containing Klebsiella sp. SBP-8 induced salinity tolerance 
in wheat at 200 mM NaCl salinity modulating K+ content in plant tissues (Singh 
et  al. 2015). Similarly, Nadeem et  al. (2016) elucidated Variovorax paradoxus, 
Bacillus megaterium, and Pseudomonas fluorescens on cucumber for inducing 
salinity tolerance. They suggested Pseudomonas fluorescens as a potential inoculant 
for cucumber as it increased root weight, root length, shoot weight, and total bio-
mass by 87%, 67%, 73%, and 118%, respectively. However, Qurashi and Sabri 
(2016) described that osmolyte accumulation and biofilm formation by 
Staphylococcus sciuri HP3 augmented soluble sugar and soluble protein contents 
by 60% and 11% of Lens esculenta under stress (200 mM of NaCl).
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28.6  Conclusions and Future Prospects

Maintenance of a sustainable agriculture system is the dire need for upholding the 
economic stature of the growers, safeguarding the environment, and producing suf-
ficient quality food for the ever-increasing population of the world. But abiotic 
stress conditions are causing a major threat to the world’s agriculture production 
where salinity carries the highest importance. Salinity has injurious impacts on 
plant, disrupting its normal functioning at physiological, biochemical, and molecu-
lar levels, which ultimately reduces the yield. Understanding the plant’s response to 
salinity from cell to organism levels has been studied using the tools of breeding and 
genetics which lead to the development of cultivars or transgenes capable of grow-
ing under high salinity. But these breeding and engineering tools are very expensive 
and time intensive. Similarly, various physical and chemical approaches have also 
been tried to reduce or remove the impacts of high salinity on plant growth and 
productivity which proved to be unsustainable in the long run. These physical and 
chemical approaches have mostly environmental consequences and also expensive 
to adopt. Therefore, the use of plant growth-promoting bacteria seems to be a good 
opportunity for sustaining the production of crops under high salinity. These bacte-
ria could be rhizospheric, phyllospheric, or endophytic. In either case of associa-
tion, they perform plant beneficial attributes which induce salinity tolerance in 
plants. PGPB are specific to specific crops for particular conditions, which can be 
formulated as a biofertilizer and conveyed to the farmers in an easy-to-use formula-
tion. Though beneficial relationship of plants with PGPB has been elaborated in 
several studies, still there is no sound clue for plant-microbe cross talk leading to 
that beneficial association which needs to be studied. Moreover, the integrated 
approach utilizing molecular techniques and genetic engineering tools along with 
biochemical modifications may precisely describe the mechanisms involved in 
plant-microbe interaction.
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the Interaction of Entomophagous Fungi
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Abstract
The application of biological control agents (BCAs) is considered as an effective 
alternative for pest control. However, factors such as the formulation of the prod-
uct, whose quality can affect the inoculant viability and persistence in soil, the 
stabilisation of the biocontrol effect under field conditions and the influence of 
agronomical practices as well as of the environmental conditions (weather and 
soil) are hampering a wider use of BCAs. After a brief review of these factors, we 
present some results concerning agronomical and ecological aspects from a case 
study carried out using different entomopathogenic fungi on organic strawberry 
plantations, which underline the possibility of improving BCAs efficacy, particu-
larly when integrated into a more general strategy of pest control.

Keywords
Biocontrol • Pests • Entomophagous fungi • Soilborne • Agronomy

29.1  Introduction

Biological control of arthropods was defined as ‘the study and uses of parasites, 
predators and pathogens for the regulation of host (pest) densities’ (DeBach 1964). 
Even though a number of important crops’ pests can be kept at a low population 
density by biological control over long periods of time, a more efficient approach is 
that of integrated pest management (IPM; Stern et  al. 1959) where additional 
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agronomical methods, including resistant plants, cultural techniques, physical bar-
riers and semiochemicals, are applied to achieve an adequate level of control.

Fungal entomopathogens have been known as important mortality factors of 
insects for more than 100  years and are employed in pest biocontrol strategies 
throughout the world (Vega et al. 2009). Over 170 products have been developed 
based on at least 12 species of these fungi and are used as inundative biological 
control agents of insects, mites and ticks (de Faria and Wraight 2007).

In the last decade, the application of biological control agents (BCAs) has started 
to be considered as an effective alternative for pest control (Jackson et al. 2010; 
Mazid et al. 2011). Different microorganisms, belonging to several species of bac-
teria and fungi, are being used as inoculants (Malusá et al. 2016). However, the utili-
sation of BCAs in agricultural practice is still hampered by factors such as the 
formulation of the product, whose quality can affect the inoculant viability and 
persistence in soil, the stabilisation of the biocontrol effect under field conditions, 
the use of single BCA strains and the development of appropriate methods for risk 
assessment studies including tracing the inoculant in the environment (Berg et al. 
2013; Canfora et al. 2016).

The impact of ‘inoculative’ BCAs is conditioned by several factors, particularly 
agronomical practices, the environmental conditions (weather and soil) as well as 
the plant holobiome (Bordenstein and Theis 2015). For example, DGGE and pyro-
sequencing analyses revealed significant modifications of bacterial community 
composition of lettuce rhizosphere following application of the BCA P. jessenii 
RU47 in alluvial loam, but not in sand or loess loam (Schreiter et al. 2014).These 
effects were much less distinct in comparison with the influence of soil types: dif-
ferent taxonomic groups responded to the BCA application depending on the soil 
type, particularly in alluvial loam. It is thus deemed important to devise methods 
which can be sensitive enough to detect the changes after BCA application on the 
microbiome to assess their impact on the environment. The development and use of 
next-generation molecular methods for the characterisation of soil microbial diver-
sity and structure is expected to enable a more rapid and thorough assessment of the 
impact of ‘inoculative BCA’ (Trabelsi and Mhamdi 2013; Schwieger and Tebbe 
2000; Hirsch et al. 2010; Canfora et al. 2015). However, the same techniques can be 
used to assess the persistence of a single strain or that of a consortium of the applied 
BCA.

The application of BCA consortia has been considered in order to gain a better 
control of plant pests and diseases (Chandler et al. 1993; Inglis et al. 1997, 1999). 
For instance, the combined application of Beauveria bassiana and Metarhizium fla-
voviride overcame some of the temperature constraints encountered in the use of 
entomopathogenic Hyphomycetes to control grasshoppers’ populations, especially 
in countries where temperatures fluctuate or are high for a significant period of time 
(Inglis et al. 1997). However, particularly in the case of microorganisms showing 
different mechanisms of action or growth behaviours, it is important to analyse their 
compatibility when co-inoculated.

Furthermore, considering that the penetration and lysis of the host insect cell 
wall has been demonstrated to be an important step in the mycoparasitic attack 
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(Fang et  al. 2005), in order to enhance the overall efficacy of BCA consortia, it 
could be important to evaluate the effect of the combined inoculum on the chitino-
lytic activities of the strains. Indeed, the improvement of entomopathogenic fungi 
virulence can be achieved by understanding mechanisms of pathogenesis and viru-
lence factors. Chitinolytic genes, encoding chitinases and b-N- 
acetylglucosaminidases, represent markers for fungal activity against host insects 
(Fan et al. 2007; Sahai and Manocha 1993). Since chitin is often used in commercial 
formulations to enhance conidia production and fungal virulence (Gupta et al. 1994; 
Boldo et al. 2009), the role of chitin and other compounds, as well as the use of 
mixed inocula in triggering or depressing the eso- and endo-chitinolytic activity of 
biocontrol fungi, could be a method to assess the potential efficacy of new BCA 
strains or consortia.

29.2  Evaluation of Entomopathogenic Fungi

May beetle Melolontha melolontha L. (Coleoptera: Scarabaeidae) is an important 
soilborne pest damaging different crops in several European countries (Dolci et al. 
2006; Łabanowska and Olszak 2003; Łabanowska and Bednarek 2011; Mayerhofer 
et al. 2015). In several European countries, the entomopathogenic fungi Beauveria 
bassiana (Bals.-Criv.) Vuill. and Beauveria brongniartii (Saccardo) Petch (De Hoog 
1972) are used for specifically controlling soilborne pests, particularly M. melolon-
tha and other pests such as strawberry root weevil, Otiorhynchus sulcatus, and wire-
worms (Elateridae), since no chemical active substances are registered for such 
purpose in fruit crops. Therefore, we have been looking for alternative methods to 
control these pests, mainly based on the use of BCAs. Several trials have been car-
ried out under different soil conditions and in association with diverse agronomical 
practices. Two trials are considered in the following headings, both carried on 
strawberry cv. Polka plantations conducted according to organic farming practices 
in Poland. Trial A (location Nowa Wola) was established in spring 2014, on a 
2-year-old plantation which experienced up to 50% damage from M. melolontha 
larvae; the BCAs were applied twice during the 2014 and 2015 growing seasons 
with a total dose of 7.5 and 10 kg˖ha−1, respectively. The field of trial B (location 
Brzostówka) was treated in August 2014 with soil steam disinfection (Tesi et al. 
2007) and the plantation established in late summer applying the BCA at planting 
and once more before the end of the growing season, as well as twice in 2015, with 
the same doses as above.

29.2.1  Efficacy Under Different Soil Conditions and Agronomical 
Practices

The efficacy of BCAs was checked by evaluating the number of damaged plants 
carried out at the end of the 2014 season and at the beginning and end of the follow-
ing season.
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Both trials showed that the two entomopathogenic fungi require a certain period 
of time and several applications to pursue a substantial effect in controlling the pest 
(Table 29.1). After the first assessment, in September 2014, a very low efficacy was 
noted in trial A; however, a significant reduction of plant damage was recorded in 
trial B. Such outcome could support the hypothesis of increasing the efficacy of 
BCA treatment through the creation of favourable soil microbiological conditions: 
the reduction of population pressure from autochthonous microorganisms and of 
fungistasis (Pereira et al. 1993), as obtained by the soil steaming, would prompt a 
faster development of the inoculated strains. A rapid increase in Trichoderma spp. 
and other bacteria and fungi was indeed recorded after soil steaming (Triolo et al. 
2004; Meszka et al. 2014).

The effect of the treatment was maintained also at the beginning of the following 
season, though not statistically significant. However, at the end of the 2015 growing 
season, the percentage of damaged plants in the plots treated with BCAs was sig-
nificantly reduced in comparison to the not treated control. The plant damage reduc-
tion was between 43% and 62% compared to the control plants, depending on the 
BCA used: the highest efficacy was recorded for B. bassiana.

Efficacy of BCAs incorporated into the soil depends on several ecological factors 
that are difficult to be controlled. Soil texture, temperature and moisture are the 
most relevant among those related to the soil environment (Jaronski 2007; Kabaluk 
et al. 2007). Beside microbial flora, also microfauna can affect the efficacy of ento-
mopathogenic fungi (Jaronski 2010 and references therein). Therefore, considering 
the very high level of initial infestation by M. melolontha, the reduction in damaged 
plants achieved in only two seasons has been deemed a very good result by the 
farmers themselves; producing under organic management has indeed taught them 
that re-equilibrating the agro-environment requires time and continuous application 
of BCAs.

Table 29.1 Effect of soil inoculation with B. bassiana and B. brongniartii on the number of 
strawberry plants cv. Polka damaged by M. melolontha

Treatment
Damaged plants (%)
September 2014 June 2015 October 2015

Trial A (Nowa Wola)
Control 22.5 a 7.2 a 29.0 b
B. bassiana 15.0 a 2.2 a 12.7 a
B .brongniartii 22.7 a 2.2 a 13.7 a
Trial B (Brzostòwka)
Control 21,5 b 5,2 a 29,5 b
B. bassiana 8,5 a 1,5 a 13,7 a
B. brongniartii 11,7 a 2,0 a 13,7 a
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29.2.2  Effect Entomopathogenic Fungi on Soil Bacterial 
and Fungal Communities

To compare the effect of the treatments on the soil microbial population, a molecu-
lar analysis using two sequences specific for bacteria and fungi from the genes 
encoding 16S rRNA and ITS region was carried out on samples of soil from the two 
trials. Table 29.2 showed data obtained in T-RFLP analysis of fungal and bacterial 
operational taxonomic unit (OTU) number. The application of the two BCAs 
induced a general increase in the bacterial and fungal OTU number both in the bulk 
and root zone soil (Table 29.2 – trial A). The only exception to this trend was for the 
bacteria in the root zone soil treated with B. bassiana. It is worthy to note that while 
the inoculation with B. bassiana induced a higher increase of bacterial OTUs in 
comparison to B. brongniartii, the latter induced a higher number of OTUs in the 
fungal population. The diversity H′ index for both bacterial and fungal populations 
was always increased by B. brongniartii, while B. bassiana had a small impact in 
case of bacterial, high for fungal populations. It is interesting to underline the impact 
of the plant on the behaviour of the soil microbial populations. The root zone had, 
as expected, a higher number of OTUs and H′ index in comparison to the bulk soil, 
which balanced, to a certain degree, the effect of the two BCAs, differentiating their 

Table 29.2 Average number of microbial operational taxonomic units (OTUs) and diversity 
index (H′) of microbial populations of the soil from the two trials

Trial A (Nowa Wola)
Treatments Bacteria Fungi
Bulk soil OTU number H′ index OTU number H′ index
Control 9 1.9 11 1.1
B. bassiana 14 1.3 30 2.0
B. brongniartii 37 2.1 20 1.8
Root zone soil
Control 21 1.3 14 1.6
B. bassiana 15 1.3 29 1.9
B. brongniartii 35 2.1 17 1.8
Trial B (Brzostòwka)
Treatments Bacteria Fungi
Not steamed OTU number H′ index OTU number H′ index
Control 19 2.0 16 1.8
B. bassiana 23 1.9 23 2.6
B. brongniartii 5 1.1 11 0.9
Steamed
Control 5 0.8 15 1.9
B. bassiana 11 1.2 4 0.6
B. brongniartii 21 1.9 6 5.0

Soil samples were collected from the root zone or the bulk soil (trial A) or only from the root zone 
(trial B) from the field where the soil was treated before the application of BCAs with stem disin-
fection or not steamed
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impact on bacterial and fungal populations. These differences could be ascribed to 
the different behaviours of the two entomopathogenic fungi (Vega et al. 2009). The 
ability of endophytic development of B. bassiana (Vidal 2015) could also be a fea-
ture inducing the observed differences in soil bacterial and fungal populations after 
its application. Nevertheless, the recent finding that B. brongniartii can also func-
tion as plant growth promoter (Jaber and Enkerli 2016) could also account for its 
impact on bacterial populations.

When considering the application of BCAs under different soil management 
conditions (Table 29.2 – trial B), it should be underlined that the effect of soil steam-
ing, an agronomical practice to control soilborne pathogen alternative to chemical 
fumigation (Tesi et al. 2007), has resulted into a strong reduction of bacterial OTUs, 
and consequently on the H′ diversity index, but to a limited reduction of fungal 
population. This confirms the outcomes of previous studies on the overall effect of 
this method on soil microbiology (Triolo et al. 2004). The successive application of 
the two BCAs impacted in a different way on the two kinds of microbial popula-
tions. B. bassiana induced an increase of bacterial and fungal OTUs in not-steamed 
soil and doubled the genetic diversity, while only the bacteria population was modi-
fied in the soil previously treated with the steam. On the contrary, the application of 
B. brongniartii induced a decrease in both kinds of OTUs in not-steamed soil while 
increased bacterial OTUs and decreased fungal OTUs in the steam-disinfected soil.

Monitoring of the soil microbial genetic diversity for both trials in the following 
season, after additional application of the BCAs, has shown no negative impact on 
OTUs number and H′ diversity index, even when the two entomopathogenic fungi 
were co-inoculated (Tartanus et al. 2016).

The monitoring of the structure and diversity of soil microbial communities is a 
key task to comply with ecotoxicological requirements of the registration process. 
Indeed, considering that the soil microbial biodiversity is pivotal and crucial for 
crop productivity, the structure and diversity of soil microorganisms are important 
indicators of soil health and fertility (Sparling 1997; Yao et al. 2000; Canfora et al. 
2015). Consequently, changes in structure and diversity of fungal and bacterial 
communities may indicate changes in soil quality and functions. Cultivation- 
independent monitoring analyses offer a feasible approach supporting risk assess-
ment of microbial biological control agent.

The application of the two BCAs in different soil conditions, where different 
cultivars were grown and different agronomical practices (steam fumigation) were 
applied, showed that the control strategy did not negatively affect soil fungal and 
bacterial communities. Schwarzenbach et al. (2009) in a microcosm study reported 
significant changes in the soil fungal communities for treatments that contained 
BCA but showed a smaller and transient effect in comparison with chemical control 
agent. Hirsch et al. (2013) in a study performed to evaluate the potential effect of a 
treatment with B. bassiana on the diversity of soil fungal communities in an agricul-
tural field in India showed that the overall fungal diversity was not influenced by 
application of BCA during the 7 weeks of investigation. Registration authorities in 
the European Union require information on long-term nontarget effects on soil qual-
ity, such as effects on native soil microbial communities which may face a potential 
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competition by the BCA. Our long-term study in Poland showed that the overall 
fungal and bacterial genetic diversity was only transiently influenced by application 
of BCAs during the 2 years of monitoring in two agricultural fields.

29.2.3  Metabolic Behaviour of Single and Co-inoculum

Based on the interest in the potential effect of co-inoculation and nutrition on fungal 
virulence maintenance under saprotrophic growth conditions, we analysed in vitro 
the compatibility and degree of niche overlap between B. bassiana and B. brong-
niartii on 95 different carbon sources, in order to reveal which substrate could affect 
or trigger fungal metabolism and co-inoculum success (Read and Taylor 2001). To 
this aim, we utilised the Biolog® Phenotype MicroArrays™ (PMs) system, which 
represents an integration to molecular techniques related to gene expression 
(Bochner 2011; Borglin et al. 2012; Pinzari et al. 2016). The analysis was aimed at 
(1) evaluating the overall differences in metabolism of the two fungal isolates and 
(2) determining the carbon sources differently catabolised by the mixed inoculum.

For some C-source, differences were observed between the three inocula and in 
particular a greater efficiency of the catabolism by the co-inoculum with respect to 
the single strains (Table 29.3). B. bassiana resulted to be more active on all sub-
strates with respect to B. brongniartii. The joint inoculum of the two fungal strains 
showed an overlap with the strain of B. bassiana, thus indicating the prevalence of 
the latter on B. brongniartii. The carbon sources that triggered the metabolic activity 
(respiration) of the joint fungal inoculum were some of the sugars that can have a 
role in the natural mechanism of infection. This is the case of melezitose, which is 
a non-reducing trisaccharide that is produced by many plant sap-eating insects. This 
sugar along with fructose and palatinose (a disaccharide carbohydrate composed of 
glucose and fructose, naturally present in some plant extracts) can act as attractants 
for insect larvae in soil and thus has a role in the activation of virulence in entomo-
pathogenic fungi (Hsiao and Khachatourians 1997). Other compounds, like serine, 
could be involved in stimulating the production of proteases that showed to play a 
role in the infection process (Xu et al. 2006).

Table 29.3 Average values of 490 nm optical density after 176 h of incubation of the substrates 
that among the 95 tested triggered the respiration of the co-inoculum of the two strains in compari-
son to single strain

BA BR BA+BR
G10 L-asparagine 1.133 0.421 2.276
B4 i-erythritol 0.481 0.538 1.879
H6 L-serine 1.768 1.470 1.878
D3 D-melezitose 0.815 0.149 1.874
B5 D-fructose 1.601 0.661 1.708
D9 palatinose 0.287 0.225 0.346

The data are all significant for p<0.05 (ANOVA and post hoc test)
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Even though some differences were recorded, especially after a long incubation 
period, the principal component analysis (PCA) of these data showed that the meta-
bolic pattern of B. bassiana is very close to that of the co-inoculum, while that of B. 
brongniartii is markedly different from that of the B. bassiana (Fig. 29.1). Such 
behaviour could derive from the possibility that B. bassiana has a stronger metabo-
lism when growing as a saprotroph in comparison to B. brongniartii and thus over-
grow the latter in vitro, on most of the carbon sources. The higher performance of 
the co-inoculum on some carbon sources suggests a competition or stress-related 
reaction between the two fungal species that in nature have a different ecological 
niche, with B. bassiana, capable of living free in soil as saprophytic species but also 
found in a wide host range of nearly 750 insect species (Ghikas et al. 2010) and B. 
brongniartii showing a narrower host specificity, being a selective pathogen of M. 
melolontha (St Leger et al. 1992), and scarcely capable of a saprophytic lifestyle. 
However, once forced to overlap in  vitro (and in the field when artificially co- 
inoculated), the two fungal species could interfere at the presence of some C-sources 
and exhibit both a cooperative behaviour and a mutual repression.

29.2.4  In Vitro Chitinolytic Activity of the Single and Co-inoculum

Chitinases are widely distributed in plants, bacteria, fungi, insects and vertebrates 
(Seidl 2008). They synergistically act with proteases in order to degrade the insect’s 

BABA

BABA

BA
BA

BRBR

BR
BRBRBR

BR+BABR+BA

BR+BABR+BA

BR+BABR+BA

BABA
BABA
BA
BA

BRBR

BR

BR

BRBR

BR+BABR+BA

BR+BABR+BA

BR+BABR+BA

-8

-6

-4

-2

0

2

4

6

8

10

-15 -10 -5 0 5 10 15

F2
 (1

7.
18

 %
)

F1 (61.29 %)

PCA 72 hours incuba�on, 490 nm data
Observa�ons (axes F1 and F2: 78.47 %)

Fig. 29.1 Principal component analysis of respiration data obtained after 72 h of incubation. BA 
Beauveria bassiana, BR Beauveria brongniartii, BA + BR co-inoculum

E. Malusá et al.



585

Ta
bl

e 
29

.4
 

C
om

pa
ri

so
n 

of
 d

if
fe

re
nt

 c
hi

tin
as

e 
en

zy
m

es
’ 

ac
tiv

ity
 (

ch
ito

bi
os

id
as

e,
 b

-N
- a

ce
ty

lg
lu

co
sa

m
in

id
as

e 
an

d 
en

do
ch

iti
na

se
) 

w
he

n 
si

ng
le

 s
tr

ai
ns

 o
r 

co
-

in
oc

ul
um

 w
er

e 
gr

ow
n 

in
 v

itr
o 

w
ith

 o
r 

w
ith

ou
t c

hi
tin

E
nz

ym
e

B
R

B
A

B
A

B
R

B
R

 +
 c

h
B

A
 +

 c
h

B
A

B
R

 +
 c

h
E

nd
oc

hi
tin

as
e

69
.4

2 
±

 5
9.

42
31

.6
0 

±
 1

1.
60

67
.9

0 
±

 4
7.

92
53

.5
2 

±
 4

4.
52

17
.3

9 
±

 6
.5

0
26

.7
3 

±
 1

2.
82

N
A

G
as

e
52

3.
77

 ±
 2

88
.0

9
47

1.
75

 ±
 2

31
.2

7
16

5.
90

 ±
 2

21
.9

3
88

.7
4 

±
 5

8.
02

30
0.

41
 ±

 2
33

.0
5

12
4.

51
 ±

 9
5.

23
C

hi
to

bi
os

id
as

e
20

2.
06

 ±
 1

22
.3

5
59

.2
5 

±
 1

07
.2

0
20

.2
8 

±
 1

4.
27

26
.0

4 
±

 7
.2

6
17

.8
6 

±
 1

9.
17

17
.4

1 
±

 1
1.

09

L
ab

el
s:

 B
A

 B
. b

as
si

an
a,

 B
R

 B
. b

ro
ng

ni
ar

ti
i, 

B
A

B
R

 c
o-

in
oc

ul
um

 o
f 

B
A

 a
nd

 B
R

, c
h 

gr
ow

n 
on

 a
ga

r 
ch

iti
n.

 T
w

o-
sa

m
pl

e 
t-

te
st

, b
ol

d 
va

lu
es

 w
ith

in
 e

ac
h 

en
zy

m
at

ic
 

ac
tiv

ity
 a

re
 s

ig
ni

fic
an

tly
 d

if
fe

re
nt

 f
or

 p
<

0.
05

. D
at

a 
ar

e 
ex

pr
es

se
d 

as
 μ

M
 o

f 
un

its
 o

f 
en

zy
m

at
ic

 a
ct

iv
ity

 f
or

 e
ac

h 
μL

 o
f 

fu
ng

al
 s

po
re

s’
 s

us
pe

ns
io

n 
(o

ne
 u

ni
t 

of
 

ch
iti

na
se

 a
ct

iv
ity

 r
el

ea
se

d 
μM

 o
f 

4-
m

et
hy

lu
m

be
lli

fe
ro

ne
 f

ro
m

 th
e 

ap
pr

op
ri

at
e 

su
bs

tr
at

e 
at

 p
H

 5
.0

 a
t 3

7 
°C

)

29 Improvement of Soilborne Pests Control with Agronomical Practices Exploiting…



586

cuticle and are associated to the different stages of entomopathogenic fungi cycles 
and virulence. The filamentous fungi genome contains between 10 and 25 chitinases 
for different physiological functions (Li 2006).

Chitinases catalyses the hydrolytic cleavage of the b(1-4)-glycoside bonds pres-
ent in biopolymers of N-acetylglucosamine, primarily in chitin. The chitinolytic 
enzymes are categorised based on their enzymatic activity on chitin substrates 
(Seidl 2008). Endochitinases are the enzymes catalysing the random cleavage at 
internal points in the chitin chain. Exochitinases catalyse the progressive release of 
acetylchitobiose or N-acetylglucosamine from the non-reducing end of chitin, thus 
referred to as chitobiosidase and b-N-acetylglucosaminidase, respectively (Seidl 
2008).

The assay used to determine chitinolytic activity of B. brongniartii and B. bassi-
ana was based on the enzymatic hydrolysis of fluorescent chitinase substrates 
(Miller et al. 1998). Moreover, the ability of chitin as a growth media to elicit the 
expression of chitinolytic enzymes in fungal spores was also investigated. Conidia 
of the two fungal isolates were obtained by cultivation in the dark for 10 days at 
25 °C on both Czapek agar and on Chitin-Czapek agar (Czapek medium added with 
5% chitin) in separate trials.

Three substrates were used to determine the activity of different chitinases:

 1. 4-Methylumbelliferyl N,N-diacetyl-b-D-chitobioside for exochitinase activity 
detection (chitobiosidase activity)

 2. 4-Methylumbelliferyl N-acetyl-b-D-glucosaminide for exochitinase activity 
detection (b-N-acetylglucosaminidase activity)

 3. 4-Methylumbelliferyl b-D-N,N,N-triacetylchitotriose for endochitinase activity 
detection

The exochitinolytic NAGase activity (b-N-acetylglucosaminidase) resulted on 
average higher in all inocula with respect to the chitobiosidase and endochitinase 
activities (Table 29.4). The presence of chitin in the medium depressed on average 
the chitinolytic activities of all the inocula, although data were statistically signifi-
cant only for B. brongniartii strain. The latter strain showed the highest chitinolytic 
activity, in particular of NAGase and chitobiosidases activities with respect to both 
B. bassiana and the co-inoculum. Nevertheless, B. brongniartii showed a signifi-
cantly lower NAGase and chitobiosidases activity when the fungus was grown on 
agar chitin.

Gupta et al. (1994) have shown a correlation between the virulence of B. bassi-
ana against Galleria mellonela L and the production of high levels of chitinases and 
proteases. Furthermore, Fang et al. (2005) proved that an overexpression of a chitin-
ase gene (Bbchit1) enhanced the virulence of B. bassiana to aphids, compared with 
a wild-type strain. Besides a positive direct correlation between chitinolytic activity 
and virulence, the mechanisms of regulation of chitinase expression during fungal 
growth have been shown to be complex. The synthesis of chitinolytic enzymes by 
some entomopathogenic fungi, like Metarhizium anisopliae, has been found being 
regulated by products of chitosan and chitin degradation through an inducer- repressor 

E. Malusá et al.



587

mechanism (St Leger et al. 1986). The most effective regulators of chitinase and 
chitosanase synthesis were the principal monomeric constituents of chitin 
(N-acetylglucosamine) and chitosan (glucosamine). Increasing the release rate of 
N-acetylglucosamine decreased chitinase synthesis by about 87% and was paral-
leled by an increase in fungal growth.

The results of our study showed that the conidia of the fungus B. brongniartii, 
which has a narrower host specificity than B. bassiana, being a selective pathogen 
of the European cockchafer (M. melolontha) (St Leger et al. 1992), had a signifi-
cantly lower expression of chitobiosidase and b-N-acetylglucosaminidase activities 
when grown on chitin agar. On the other hand, the fungus B. bassiana, a worldwide 
diffuse genus of soilborne entomopathogenic filamentous fungus, produced conidia 
that showed a significantly lower endo-chitinolytic activity when grown on chitin 
agar. The co-inoculum of the two fungi showed, as a general trend not confirmed 
statistically, a lower chitinolytic activity of the conidia obtained from mycelia grown 
in the presence of chitin.

When entomopathogenic fungi are given to crops to control pests, a high dosage 
of conidia/spores is generally used (Jackson et al. 2010; Kim et al. 2014). The mass 
production of spores of these fungi is thus important for commercial use of the 
entomopathogenic species, and an adequate yield of spores is important for the 
practical application of fungi as BCA. A factor that is also preventing the wider 
application and use of fungal entomopathogens is a generally slow or low activity 
against target pests. Therefore, the enhancement of conidia yield and maintenance 
of virulence during the production process are important to improve the efficacy of 
entomopathogenic fungi for insect biocontrol. The yield of B. brongniartii spores, 
for example, was found to vary depending on the combination and doses of addi-
tives, such as chitin, used for their production (Srikanth and Santhalakshmi 2012). 
This study provided evidence that Beauveria species can produce conidia with dif-
ferent enzymatic potentiality, and therefore a variable degree of virulence, accord-
ing to the presence or absence of chitin in the nutritive medium. Our results are 
supporting those of Rodrıguez-Gomez et al. (2009) who showed, for larvae of the 
insect Tenebrio molitor, a mortality of 80% reached after 11 days with B. bassiana 
conidia collected from a commercial Sabouraud-dextrose agar medium and between 
15% and 35% with conidia from other media like colloidal chitin or wheat bran. 
Subculturing of the fungus directly on chitin or insect larvae negatively affected its 
virulence (Loesch et al. 2010). On the other hand, an inoculum produced on natu-
rally infected host insects resulted highly infective, whereas that produced on artifi-
cial media often had a lower virulence (Hallsworth and Magan 1994).

29.3  Final Remarks

The best use of BCAs for pest control, and for pathogen control as well, is for the 
prevention of outbreaks rather than curative of infestations. Indeed, the length of 
time needed to reduce the pest population below the economic threshold level is 
among the main limitations of biological control (Bale et al. 2008). However, even 
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when used for prevention, to increase BCA efficacy, it is necessary to integrate their 
application with other biological tools and/or with cultural practices that are favour-
ing their action. In our approach we have developed an innovative strategy based on 
the adoption of an array of integrated treatments tested in association with different 
BCAs (different species of entomopathogenic fungi and nematodes): soil steam dis-
infection, pre-planting cultivation of phytosanitary plants, mechanical cultivation, 
mass trapping of adults, attractant or repellent plant extracts. Such approach allowed 
to drastically reduce the population of European cockchafer affecting strawberry 
plantations (Tartanus et al. 2016).

When applying a BCA, we should also consider the complex network of interac-
tions that can affect its efficacy in the field. Among the biotic ones, there is the need 
to consider that BCAs can have an impact on the plant microbiome (Bruck 2010). 
The host-parasite interactions are crucial to understand the functioning of BCAs 
and thus to improve their efficacy (Baverstock et al. 2010; Engel and Moran 2013). 
This is particularly true when more than one BCA is applied or when microbial 
consortia with strains having different functions (e.g. plant nutrition and protection) 
are utilised. The complex chemical signalling among all ‘actors’ is also playing a 
key role in determining the efficacy of a BCA application (Cory and Ericsson 2010; 
Watrous et al. 2012; Badri et al. 2013). Furthermore, efforts must aim also at design-
ing appropriate application technologies, considering the agronomical practices uti-
lised by the farmers (e.g. use of chemical pesticides and fertilisers), which can have 
a dramatic effect on the BCA persistence in soil as well as its overall efficacy in the 
biological control of pests. Despite the complexity of all the biotic, technical and 
abiotic variables that could interfere or modulate the efficacy and performance of 
BCAs in pests control, the valuable results obtained with an integrated approach are 
very tempting and worthy of further studies. What emerged is that there is no single 
standard strategy, but a set of measures should be considered, which require a deep 
knowledge of both the agricultural system and the host-pathogens ecology, with 
their main drivers and variables.
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Abstract
Agriculture is the largest food-producing sector. The productivity of agriculture 
depends on climate change, nature of soil, and cultivation type. Arbuscular 
mycorrhizal fungi (AMF) are agriculturally important fungi that produce glomalin 
protein. The hyphae of AMF release glomalin in soil and mycorrhizal roots. The 
two fractions are easily extractable glomalin (EEG) and total glomalin (TG). The 
glomalin fractions sequester soil organic carbon and help to maintain the soil 
fertility. The present study analyzes the variations of soil fertility determinants 
according to the variations of climatic change, soil nature, and cultivation. Athani 
(11°31′18″ N, 77°34′49″ E), Erode district, Tamil Nadu, India, is prevalent for 
turmeric cultivation. Periodically every month the samples were collected from 
August 2006 to March 2007. The samples used were rhizosphere, turmeric root, 
and rhizome. The extraction methods of glomalin proteins were followed as per 
the methodologies adopted by Wright and Upadhyaya (Soil Sci 161:575–586, 
1996). The root easily extractable glomalin (EEG-R) and soil easily extractable 
glomalin (EEG-S) concentrations increased in the months of October 2006 and 
January 2007, respectively. On February 2007, soil and root total glomalin 
concentrations were increased. The present study represents climatic factors 
are playing a significant role on soil nutrients, microbial communities, plant 
growth, and mycorrhizal proteins.
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30.1  Introduction

Soil fertility represents the sufficient accessibility of mineral nutrients dissolved in 
soil solution by plants. Generally, soil fertility is influenced by biotic and abiotic 
factors. Soil microorganisms actively participate in cycling of soil nutrients, whereas 
they are restricted to upper organic soil. The plant roots and the associated microor-
ganisms penetrate deep into the soil to assess nutrients and water. Arbuscular 
mycorrhizal fungi (AMF), a type of mycorrhizal fungi, forms symbiotic association 
with most of the plant species. AMF involve in three important mechanisms such as 
influence on plant physiology, soil ecological interactions, and soil engineering. 
AMF carry out mechanisms like disease resistance, phosphate translocation, and 
nutrient uptake (Rillig 2004). AMF increases the soil quality by supporting the for-
mation of soil aggregates. Thus, AMF is not only a factor but also a key determinant 
of soil quality. An additional point to be paid attention about AMF is the production 
of soil fertility proteins lining the hyphal strands and excreted into the rhizosphere.

The mycorrhizal proteins are named after the phylum Glomeromycota as “glo-
malin.” Glomalin is a glycoprotein produced by hyphae of AMF with a molecular 
weight of >60  KDa in size and may be a hydrophobin-like protein (Wright and 
Upadhyaya 1996). The protein occurs as lining of mycorrhizal hyphae. The protein 
concentration was influencing the formation of aggregates in crop soils (Wright 
et al. 1999; Wright and Anderson 2000; Rillig et al. 2001a). The amino acid sequence 
of glomalin is highly related to stress proteins; hence, the production of protein was 
increased with limited hyphal growth (Rillig and Steinberg 2002; Lovelock et al. 
2004). Glomalin acts as “soil glue” and makes the soil particles bind together. 
Mycorrhizal protein is strongly correlated with soil aggregation. Frequent distur-
bance of soil by tillage, cropping, and grazing reduced glomalin and soil aggrega-
tion (Nichols and Miller 2013). This property is related to climatological influence, 
soil type, and cropping systems. The concentrations of glomalin in soil seem to be 
responsive to global change factors such as elevated atmospheric CO2 (Rillig et al. 
1999). Glomalin is highly heat stable and extractable from soil by autoclaving. 
Recent non-autoclaving method of extraction was introduced by Driver et al. (2005). 
The factors influencing the concentration of glomalin include soil nutrients, 
temperature, season, moisture, species and diversity of AMF, and host plant metab-
olism (Rillig et al. 2001a, b). Gadkar and Rillig (2006) identified and characterized 
glomalin protein. In order to assess the role of AMF under crop cultivation condi-
tions, the changes in the colonization and glomalin concentrations were recorded. 
So far mostly the concentration of glomalin was characterized in the grassland, 
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rain forest, floodplain soils, and river foam (Nichols and Miller 2013). A very few 
studies had been carried out over the distribution of glomalin in soil under various 
agroecosystems. In the present study, the characterization of glomalin in turmeric 
rhizosphere was done; the likely relationships that occur between glomalin and cli-
matic factors, soil fertility, plant growth, and survival of rhizosphere microbial pop-
ulation were studied.

30.2  Materials and Methods

30.2.1  Site Description and Sample Collection

The prevalent turmeric cultivation area Athani (11°31′18″ N, 77°34′49″ E) of Erode 
district, Tamil Nadu, India, was selected for the study. The rhizosphere, turmeric 
roots, and rhizomes were used as samples and collected periodically every month 
from August 2006 to March 2007. The surface soil of turmeric plant was removed 
and dug near the rhizosphere zone. The samples collected were used to assess the 
seasonal patterns of turmeric plant. Rhizospheres were air-dried. The root-adhering 
soil particles were removed by gently washing with tap water, blot dried, and stored 
at 4° C for further analysis.

30.2.2  Climatic Data

Climatological data [maximum and minimum temperature, rainfall, number of 
rainy days, relative humidity (RH%), sunshine, and evaporation] were collected 
from Tamil Nadu Agricultural University and Research Station, Bhavanisagar, 
Tamil Nadu, India.

30.2.3  pH

Measured 10 g of air-dried soil sample and 100 ml of distilled water were added to 
make a suspension of 1:10 (w/v) dilution and read with a digital pH meter 
(Systronics-335).

30.2.4  Electrical Conductivity

Ten grams of air-dried rhizosphere was weighed, and suspension was made by add-
ing 100 ml of distilled water and was measured with a digital electrical conductivity 
meter (DEC-1-USA).

30 Influence of Climate Change, Rhizosphere, and Cultivation on Soil Fertility…
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30.2.5  Analysis of Soil Nutrients

The total nitrogen (N) and available phosphorus (P) were determined, respectively, 
by micro-kjeldahl and molybdenum blue methods (Jackson 1973). Using ammo-
nium acetate solution (pH 7), exchangeable potassium (K) was extracted and mea-
sured with a digital flame photometer (Jackson 1973), and soil organic carbon 
(SOC) and soil organic matter (SOM) were estimated using rapid dichromate oxida-
tion method (Walkey and Black 1934). The micronutrients, viz., Cu, Zn, Fe, and 
Mn, were also estimated as described by Lindsay and Norvell (1978).

30.2.6  Turmeric Growth and Yield

The plant height, root length, shoot and root biomass, and number of leaves present 
in each plant were recorded. The shoot and root dry weights were measured by oven 
drying at 80° C to get a constant weight.

30.2.7  Analysis of Phytochemical Status

The total chlorophyll of turmeric leaves was estimated by following Witham’s 
method (Witham et al. 1971). The total carbohydrate and protein concentration was 
estimated by anthrone and Lowry’s method, respectively (Hedge and Hoftreiter 
1962; Lowry et al. 1951). The phenol contents of turmeric leaves were analyzed 
using sodium carbonate-folin phenol reagent (Malick and Singh 1980). The spec-
trophotometric estimation of curcumin (cur) was followed to assess the quality of 
turmeric (ASTA 1997).

30.2.8  AM Fungal Factors

EEG and TG of turmeric root and rhizosphere were extracted and quantified accord-
ing to Bradford assay (Wright and Upadhyaya 1996). The AM fungal colonization 
in turmeric roots was calculated by trypan blue method (Philips and Hayman 1970).

30.2.9  Population of Rhizosphere Microorganisms

The standard serial dilution and sterile microbial plating techniques were employed 
for the enumeration of soil microbial population in the rhizosphere. Nutrient agar 
for isolation of bacteria, actinomycete isolation agar for actinomycetes, and 
Sabouraud agar for fungus isolation were used.

C.S. Sumathi and V.R. Kannan



597

30.2.9.1  Statistical Analysis
Analysis of variance (ANOVA) was calculated for the data obtained and the means 
separated using Duncan’s multiple range test (DMRT). Pearson’s bivariate correla-
tion analysis (SPSS version 10) was used to assess the relationships between gloma-
lin and climatic factors, soil nature, plant growth, and rhizosphere microbial 
communities (Zar 1984).

30.3  Results

30.3.1  Climatic Factors

The climatic factors existed at the period of study is given in Table 30.1. The maximum 
temperature reached was 35.6° C during the month of March 2007 (time of harvest), 
and the minimum temperature was recorded in the month of January 2007 (16.9° C).

The winter season was noted to have minimum temperature levels consequently. 
The same time, the relative humidity (RH%) was greater starting from November 
2006 to February 2007. The RH% was low during the month of August 2006. The 
total rainfall was high at November 2006 with 180.6 mm, and the number of rainy 
days was 9. Rainfall occurred from August 2006 to February 2007, except in the 
month March 2007 had no rainfall.

The maximum wind velocity was 6.0 Km/h. On November 2006, wind velocity 
had declined, and the rainfall was maximum. On January and February 2007, 

Table 30.1 Meteorological factors in turmeric (Curcuma longa) plantations of Erode district, 
Tamil Nadu, India

S. 
no. Month

Temperature (°C)
Relative 
humidity 
(%)

Rainfall
Wind 
velocity 
(Km/h)

Sunshine 
(h/day)

Evaporation 
(mm)Maximum Minimum

Total 
rainfall 
(mm)

No. of 
rainy 
days

1. Aug 
2006

34.8 24.0 80.1 39.9 3.0 6.0 5.9 4.6

2. Sep 
2006

33.9 23.6 85.5 81.5 7.0 3.0 5.7 3.4

3. Oct 
2006

33.1 23.3 88.3 176.3 6.0 2.2 5.6 3.2

4. Nov 
2006

31.2 21.9 95.8 180.6 9.0 0.7 5.2 2.5

5. Dec 
2006

30.6 17.4 91.6 4.0 1.0 1.0 7.3 3.4

6. Jan 
2007

31.4 16.9 91.6 5.2 1.0 1.3 8.2 4.1

7. Feb 
2007

33.2 18.8 90.3 43.4 2.0 2.0 8.4 4.2

8. Mar 
2007

35.6 20.8 88.0 0.0 0.0 2.0 7.6 5.2
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brighter sunshine was recorded at 8.2 and 8.4 h/day, respectively. Water evaporation 
rate, brighter sunshine, nil rainfall, and maximum temperature were the factors that 
played role for dry conditions on March 2007. The influence of biotic and abiotic 
factors on turmeric growth is given in Table 30.5. The maximum temperature had 
significantly negative correlation with relative humidity at the level of P < 0.05. 
Rainfall had shown significantly positive correlation with the number of rainy days 
(r = 0.902, P < 0.01). The wind velocity and RH had significantly negative correla-
tions with each other with the level of P < 0.01. Sunshine was found to have signifi-
cantly negative correlations with minimum temperature, rainfall, and number of 
rainy days. Evaporation had significantly negative correlation with rainfall and 
number of rainy days.

30.3.2  Turmeric Growth and Yield

The variations among the morphological parameters like number of leaves, shoot 
height, root length, and biomass of shoot, root, and rhizome had increased during its 
growth period up to 7 months (February 2007), and growth was reduced at the har-
vest period of 8 months (March 2007). The maximum leaf number reached to 9 
(Table 30.2). The plants measured with shoot height of about 53 cm. The plants 
were noted to reach the maximum heights sequentially growing until January 2007 
and slightly attained pause to their growth phase thereby declined in the shoot 
height. Till February 2007, growth of roots occurred consequently increased and 
supported plant growth. The maximum shoot and root biomass were recorded dur-
ing the months of December 2006 and January 2007, respectively. At harvesting 
stage, the rhizome biomass was estimated to extend at peak, ranging from 7.0 to 
177.2 g.

The number of leaves showed significantly positive correlation with manganese 
(r = 0.791, P < 0.05). Plant height had negative correlation at significant levels with 
minimum temperature, wind velocity, total nitrogen, and exchangeable potassium 
and showed significant positive correlations with relative humidity and sunshine. 
Root length had significant negative correlation with wind velocity, soil K and plant 
height. Shoot biomass showed significant negative correlation with maximum tem-
perature and water evaporation, and it was having positive correlation with relative 
humidity and copper. Root biomass had equally significant positive as well as nega-
tive correlation with sunshine, plant height and root length, minimum temperature, 
wind velocity, and total nitrogen, respectively. Rhizome biomass mostly had signifi-
cant positive correlation with sunshine, zinc, and plant height but negatively corre-
lated with exchangeable potassium content (Table 30.5).
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30.3.3  Microbial Population in Turmeric Rhizosphere

In the rhizosphere, the bacterial population was found maximum (117 × 105 CFU/g) 
and 11 × 105 CFU/g as minimum. The population of actinomycetes was high in soil 
sample with a colony count of about 117 × 104 CFU/g. The fungal population was 
minimum during September 2006 and maximum during October 2006 (Table 30.3). 
The AMF root colonization varied from 63.6% to 85%.

The rhizosphere bacterial population had significantly positive correlation with 
shoot biomass (r = 0.726, P < 0.05). The actinomycete population was significant 
and negatively correlated the factors like relative humidity, plant height, root length, 
root biomass, turmeric leaf protein, TG-S, TG-R, and curcumin. It was positively 
correlated to minimum temperature and wind velocity (Table 30.5). AMF was found 
to have significantly positive correlation with sunshine (r = 0.756, P < 0.05) and 
negative correlation with nitrogen (r = −0.778, P < 0.05) and potassium (r = −0.764, 
P < 0.05).

30.3.4  Phytochemical Variations in Turmeric

From December 2006 to January 2007, the turmeric leaves were estimated to have 
highest levels of Chl a (Fig. 30.1). While nearing the harvesting stage, the Chl a 
concentration was declined. Chl a showed positive correlation with copper 
(r  =  0.792, P  <  0.05) and negative correlation with maximum temperature, and 
available phosphorus at significance level of P < 0.05. Chl b showed significant 

Table 30.2 Seasonal variations in growth and yield of turmeric under agrochemical application 
practices

Month
No. of 
leaves

Shoot height 
(cm)

Root length 
(cm)

Shoot biomass 
(g)

Root biomass 
(g)

Rhizome 
biomass (g)

Aug 2006 5.0bc ± 1.1 53.0a ± 1 14.1a ± 0.3 17.3b ± 0.4 7.1a ± 0.1 7.0a ± 0.1
Sep 2006 9.0f–i ± 0.5 60b ± 1.1 16.6b–f ± 0.4 16.6b–f ± 0.4 9.62bc ± 0.2 7.6a ± 0.1
Oct 2006 5.0bc ± 1.1 61.5bc ± 2 16.7f ± 0.2 24.89d ± 0.5 10.43cd ± 0.1 20.8ab ± 0.4
Nov 2006 5.0bc ± 1.1 92.0d–g ± 2 16.8fg ± 0.1 41.1i ± 0.8 11.97e ± 0.1 40.0bc ± 0.5
Dec 2006 5.0bc ± 0.5 97.5h ± 2.3 17g ± 0.2 36.45gh ± 0.6 13.85f ± 0.2 59cd ± 1.4
Jan 2007 6.0de ± 1.1 103.2i ± 2 18i ± 0.4 33.1efg ± 0.6 17.5hi ± 0.2 78.2de ± 1.7
Feb 2007 5.0bc ± 0 103i ± 1 18.1i ± 0.4 18.95b ± 0.2 14.65g ± 0.1 106f ± 1.5
Mar 2007 5.0bc ± 0.5 101.5hi ± 1 17.7h ± 0.2 15.35a ± 0.2 12.5e ± 0.1 177.2g–i ± 3.5

Means followed by common letter(s) are not significantly different at 5% level according to 
DMRT. ± values represent standard error at 5% level of significance
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positive correlation with iron at the level of 1%. Total chlorophyll content was nega-
tively correlated to maximum temperature and available phosphorus and positively 
correlated to copper, shoot biomass, and Chl a at significant levels.

The carbohydrate contents were increased gradually from the period of August 
2006 to December 2006; there occur a sudden increase in the value on March 2007 
(Fig. 30.2). Carbohydrates had significant and positive correlation only to rhizome 
biomass (r = 0.757, P < 0.05) (Table 30.5).

There occurred a collinear increase in the phenol throughout the study period and 
higher during the plant’s older stages (Fig. 30.3). The total phenolic compounds have 
negative significant correlation with minimum temperature and soil total nitrogen 
and positively correlated to sunshine at the significance level of 5%. The protein 
contents slope upward gradually till January 2007 (0.564 mg/0.1 g) and were found 
to turn down during the last period of 2 months (Fig. 30.4). Protein content has sig-
nificantly positive correlation with relative humidity, plant height, and root biomass 
whereas negatively correlated to maximum temperature (Table 30.5). The quantity of 
curcumin increased linearly throughout the sampling period (Fig. 30.5). It was esti-
mated that curcumin had reached its maximum level at the final rhizome harvesting 
time. It was having positive correlation with sunshine (r = 0.834, P < 0.05).

30.3.5  Status of Soil Fertility Determinants

EEG-S was found maximum during the months of October and November 2006 
(1.47 μg/g soil). Though there was a sudden reduction of EEG-S on December 2006 
and in subsequent months, moderate concentrations were maintained. During the 
middle of the sampling period, a zigzag phase of soil total glomalin concentrations 
appeared but initially with lesser concentrations of protein. On January 2007, 
EEG-R was estimated as peak value of 2.565 μg/g (Fig. 30.6). In general, total root 
glomalin initially had lowest protein concentrations and rose up on later sampling 
periods. The months of February and March 2007 were pronounced to have higher 
protein concentration (Fig. 30.7).

Table 30.3 Influence of biotic and abiotic factors on microbial populations in turmeric 
rhizosphere

Month
Bacteria (10−4/g 
soil)

Actinomycetes (10−3/g 
soil)

Fungi (10−3/g 
soil) AMF%

Aug 2006 11a ± 1 117fgh ± 3 18e ± 1.1 70c ± 1.5
Sep 2006 84def ±  2.5 69de ± 1.5 8.0a ± 0 80def ± 2
Oct 2006 28a ±  1.5 40c ± 1.1 25h ± 1.1 68b ± 1.5
Nov 2006 117gh ± 3 20a ± 0.5 14bc ± 0.5 63a ± 1.5
Dec 2006 86f ± 2 14a ± 0.5 16d ± 0.5 71c ± 1.5

Jan 2007 54bc  ±  2 9a ± 0.5 18e ± 1.1 80def ± 2
Feb 2007 22a ± 1.1 4a ± 0 10a ± 0.5 85h ± 2
Mar 2007 52bc ± 1.5 28ab ± 1.1 21fg ± 1.1 82g ± 1.5

Means followed by common letter(s) are not significantly different at 5% level according to 
DMRT. ± values represent standard error at 5% level of significance
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EEG-S had positive correlation with rainfall (r = 0.749, P < 0.05) and negative 
correlation with EC (r = −0.733, P < 0.05) at significant levels. Soil total glomalin 
(TG-S) had significantly positive correlation with plant height and root length at the 
level of P < 0.01 and P < 0.05, respectively. EEG-R had significant and negative cor-
relation with OC (r = −0.798, P < 0.05) and OM (r = −0.800, P < 0.05). TG-R had 
significantly positive correlations with sunshine, plant height, root length, rhizome 
biomass, and TG-S and negative correlation with potassium at significant level.
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30.3.6  Soil Fertility Status

The pH of the turmeric rhizosphere was alkaline in nature. The electrical conductiv-
ity was maximum in December 2006 and minimum in March 2007, and it showed 
significant negative correlation with both rainfall (r = −0.832, P < 0.05) and num-
ber of rainy days (r = −0.801, P < 0.05). On January 2007, the SOC content was 
minimum and showed maximum values on September 2006. Corresponding results 
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were also observed in the case of organic matter (OM). Total soil nitrogen showed 
highest on October 2006 (91.5 × 1000 Kg/acre). The available phosphorus content 
was minimum and maximum during the months of August 2006 and March 2007, 
respectively. The exchangeable potassium was higher during the initial stages of the 
plant growth and reduced when the plant growth increases. The iron contents were 
showing reduced results during the harvest stage of the plant, i.e., February and 
March 2007. In this period, the iron levels were showing statistically similar values. 
The maximum Fe levels were estimated during October 2006 of about 28.23 ppm. 
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In succession, the rhizosphere samples were noticed to have reduced values of man-
ganese during middle of the study period. The maximum level of manganese was 
detected during the initial stages of the study period. The maximum copper values 
were present on rhizosphere on March 2007 measuring of 2.3 ppm. The zinc content 
was maximum during January 2007, but it suddenly dropped to lower extend on 
February 2007 (Table 30.4).

The organic carbon content of the rhizosphere had significantly positive correla-
tion with rainfall (r = 0.902, P < 0.01) (Table 30.5). The correlation between OC 
and OM was highly significant and positive (r = 0.100, P < 0.01). The exchangeable 
potassium found to have significantly negative correlation with number of rainy 
days (r = −0.876, P < 0.01) and significant positive correlation with total nitrogen 
(r = 0.795, P < 0.05). Zinc was found to have significant negative correlation with 
number of rainy days, organic carbon, organic matter, and phosphorus content, but 
it was positively correlated to water evaporation.

30.4  Discussion

Agriculture is a highly vulnerable sector and is sensitive to climatic factors. Soil 
fertility is an important factor which determines the success of agricultural produc-
tivity. As soil fertility is concerned, the climatic factors have strong impact; one 
such example is influence of temperature on nutrient uptake (Kristoffersen et  al. 
2005), and cool conditions affect uptake due to reduced mineralization, less diffu-
sion toward roots (Barber 1995), lower uptake kinetics (Bravo and Uribe 1981), and 
reduced root growth. From the present study, it was observed that climatic factors 
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have significant correlation and they do showed positive and negative significant 
influence on soil nutrients like nitrogen, potassium, and zinc. This indicates the role 
of climatic factors on the soil fertility and nutrient uptake. In addition, relative 
humidity, rainfall, and sunshine are the most notable climatic factors which had 
positive correlations with plant morphological and biochemical characters. The cli-
matic factors play an eminent role in the growth of a plant; studies on emergence 
pattern, growth, development, and quality of a plant species influenced by edaphic 
factors are necessary for better crop production (Ghorbani et al. 1999). The correla-
tions of the climatic factors are supported by Zhang et al. (2006), who found signifi-
cant relations between the meteorological factors, viz., maximum and minimum 
temperature, evaporation, sunshine, and wind speed. Climatic factor also acceler-
ates many vital processes of the plant thereby involving the metabolic activities of 
the plant growth and development, thus showing the significant positive correlation 
with the plant growth and yield.

The seasonal modifications of morphological parameters like number of leaves, 
shoot height, root length, and shoot, root, and rhizome biomass had increased dur-
ing its growth period up to 7 months (February 2007) and suddenly reduced on 
March 2007. This may be the attaining of senescence phase by the plant. The 
growth, quality, and yield of turmeric were studied by Hossain et al. (2005), which 
revealed that a steady state rises in the rhizome biomass throughout the study.

Microbial community structure was greatly influenced by seasonal variation 
(Dunfield and Germida 2003), thereby affecting the fatty acid composition or the 
genetic diversity. In contrast to that, the differences in the microbial communities 
are not related to the growth of the plants. The seasonal fluctuations of bacterial 
diversity in agricultural soils were studied by Meier et al. (2008).

The influence of seasonal variation on AMF colonization and structural estab-
lishment was supported by Rajesh Kannan et al. (2006). The variation in the coloni-
zation by AMF occurred according to the growth of the plant (Rajesh Kannan et al. 
2009). Several biotic and abiotic factors are responsible for such microbial popula-
tion variations (Sumathi et al. 2008).

In the present study, a special context is given to soil fertility determinants, glo-
malin. The significant positive correlation between rainfall and EEG-S and sunshine 
and TG-R proves the role of climatic factors on soil fertility. Not only to the climatic 
factors, both the fractions interlinked within themselves and showing significant 
correlations. In addition to that, total glomalin also contributes the increase in the 
curcumin production. The increased concentration of glomalin showed the soil as 
fertile one, which implies that there is an increased and active life cycle of AMF.

30.5  Conclusion

The information about the seasonal dynamics of AMF hyphal product (glomalin) 
are very few; these findings may be helpful to understand the life cycle of AMF and its 
applications. From this study, the protein content of the turmeric was compared with 
the level of mycorrhizal proteins both in the soil and curcumin (Sumathi et al. 2008). 
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To our knowledge no such works had been published; this novel idea expresses the 
strength of mycorrhizal colonization, involvement of mycorrhizal proteins in the 
translocation of elements, and improvement of the turmeric quality and yield.
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31Bacterial Endophytes: Potential 
Candidates for Plant Growth Promotion
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Abstract
Decreasing resources and enhancing needs have made the situation imperative to 
boost the agricultural productivity. Agrochemical mediated improvement in pro-
ductivity has reached to a phase where it has more disadvantages than benefits. 
Degrading soil quality, water quality, polluting food chain, etc. has driven the 
interest for the minimal use of these agrochemicals. The moment we think of 
reducing agrochemical use, one must have an alternative productivity enhancer 
and essentially sustainable enhancer. Microorganisms have promising roles in 
fulfilling this need. Microbes take part in enhancing nutrient mobilization, 
 nutrient availability and nutrient use efficiency. This makes it potential agent for 
partially substituting agrochemicals. Endophytes are a class of microbes living 
inside the plants with a complex effect in plant growth. A lot of workers have 
reported significance of endophytic microbes in boosting crop production and 
minimizing agrochemical load. In this regard, this chapter focuses on various 
studies conferring the constructive role of bacterial endophytes. Endophytes 
have tremendous roles in stimulating plant growth, inducing systemic resistance, 
and alleviating abiotic stresses, nutrient use efficiency, and many more. Exploring 
the endophytic treasure can make sizable contribution in sustainable agriculture. 
Understanding, inducing, and/or inoculating these bacterial endophytes can 
enhance plant growth and health. This chapter also deals regarding the mode of 

mailto:pramod15589@gmail.com


612

entry, colonization, and isolation techniques of bacterial endophytes, which will 
widen the arena of understanding about bacterial endophytes.

Keywords
Bacterial endophytes • Surface sterilization • Plant growth promotion • Biocontrol 
• Abiotic stress alleviation

31.1  Bacterial Endophytes

Plants endorse the life in soil and are required for essential soil development. In 
sustaining soil microbes, the plants never live detached (Kobayashi and Palumbo 
2000). It constitutes a vast niche of endophytic organisms and not a single plant 
species lack at least single endophytes (Strobel et al. 2004). Endophytic bacteria are 
a class of microorganism that dwell in internal plant tissue and do not impart any 
negative effects to the plant (Schulz and Boyle 2006; Backman and Sikora 2008). 
The term endophyte was coined by Anton de Bary in 1886 to describe “microorgan-
isms that colonizes internal tissues of stems and leaves” (Wilson 1995). Endophytes 
are defined as microorganisms living in plant tissues free from disease symptoms. It 
colonizes inner parts of host tissues and the entire plant without damaging or elicit-
ing robust defense responses.

As an internal colonizer, they could provide a boundary across the invading 
pathogens directly or by producing bioactive compounds (Thomas and Upreti 2014; 
Podolich et al. 2015). There are more than 200 genera and 16 bacterial phyla that are 
correlated with endophytic diversity such as Actinobacteria, Proteobacteria, and 
Firmicutes (Golinska et  al. 2015). As the diversification of bacteria ranges from 
gram positive to gram negative, most of the endophytic bacterial species belong to 
α-, β-, and γ-proteobacteria subgroup (Kuklinsky-Sobral et al. 2004). Out of these, 
the γ-proteobacteria group is the most diverse and dominant.

Bacterial endophytes can be isolated from internal parts of the surface-sterilized 
plant tissue. It makes a way through the plant tissue from the root hair and also from 
the aerial part of the plant. It enters the tissue via germinating radical, secondary 
roots, stomata, or a result of foliar damage and uses the apoplastic route (Sattelmacher 
2001; Reinhold-Hurek et al. 2007). By unique behavior with plants, they can be 
notable from the nonbacterial endophytes. Utmost bacterial endophytes interact 
with plants in a biotrophic and mutualistic association (Hallmann et al. 1997; Bacon 
and Hinton 1996; Kobayashi and Palumbo 2000). They are also associated with the 
exchange of nutrients, enzymes, functional agents, and signals (Parsek and 
Greenberg 2000; Hardoim et al. 2015).

Bacterial endophytes colonize above (vegetation) and beneath soil (root) host 
tissues establishing long-haul natural associations, without doing substantive harm 
to the host. They can be further perceived by predominating the growth of many 
fungi, bacteria, and nematodes (Bacon and Hinton 1996; Hallmann et  al. 1997; 
Parsek and Greenberg 2000; Hardoim et al. 2015). Tight coalition between the host 
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plant and endophyte is intervened through the action of admixture produced by the 
microorganism and the host cells (Reinhold-Hurek and Hurek 2011; Brader et al. 
2014). Literature documented that distinct effect of endophytic bacteria on plant 
health and growth endophytes benefited to the host by enhancing nutrient availabil-
ity, uptake, stress tolerance, disease resistance, etc. Enhanced plant growth can be 
established through plant growth-promoting efficacy of endophytes, an interaction 
that alters internal plant hormone production, increases receptiveness of nitrogen- 
and phosphorus-like nutrients (Glick 2012), etc. Therefore, it is also used in the 
form of bioinoculants in agriculture to increase plant yield.

It produces a wide spectrum of compounds such as antibiotic, exoenzymes, sid-
erophores, and other antimicrobial compounds which can suppress the growth of 
pathogens and act as a biocontrol agent (Raaijmakers and Mazzola 2012; Christina 
et al. 2013; Brader et al. 2014; Wang et al. 2014). It has found to be stimulating an 
underlying pathogen defense mechanism, called as induced systemic resistance 
(ISR) that provides an increased level of protection to a wide variety of pathogens 
(Pieterse et al. 2014).

31.2  Interaction with Plants

Bacteria can prevail as free-living organisms in soils or adhere to the surface of 
roots or phyllosphere and may also create the symbiotic relationship with plants 
(Smith and Goodman 1999). The external colonization of microbes can be apart in 
two categories on the basis of localization, phyllospheric microorganisms in which 
it gets across with the exterior part of the leaf surface of the plant and rhizospheric 
microorganisms which relate with roots. Low humidity and high irradiation are 
adapted by a phyllospheric microorganism that helps to shield plants from airborne 
pathogens, and nutritionally rich zone deposition containing compounds, such as 
amino acid, organic acid, vitamins, sugars, etc., is disguise by the roots in the rhizo-
sphere part of the plant. Plants live in close coalition with microorganisms that ful-
fill significant functions in agricultural ecosystems. Sustainability of the different 
ecosystems has an important role in the synergy between microorganism and other 
biotic factor. It is thus necessary to understand the association and functions carried 
out by microbial communities. Plant microbe interaction plays crucial role in bal-
ancing the ecosystem. Organic and inorganic compounds that are produced by a 
plant create nutritionally enriched environment and favor heavy colonization of 
diverse microbes.

Microbial communities affect the plant physiology directly or indirectly, in a 
positive or negative manner, by various interactions like mutualism, commensalism, 
amensalism, and pathogenic consequences. In plants, commensalism or mutualism 
is one of the most common interaction found (Campbell 1995). An endophytic bac-
terium is an example of plant–microbe interaction wherein bacteria live in a less 
competitive environment of the host plant tissue without any extreme damage to 
host cells (James and Olivares 1998). The Rhizobium-legume symbiosis and arbus-
cular mycorrhizal (AM) symbiosis are established by molecular cross talk for 
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mutual identification of signals generated from both plants and microbial partners. 
Rhizospheric bacteria or fungi produced symbiotic signals, which occur in the form 
of lipochitooligosaccharides (LCOs). It is activated by symbiotic pathway and sig-
nals are perceived via lysine-motif receptors situated on the plasma membrane of 
the plant cell, and it triggers the CSP which regulates the interaction among the 
plant and rhizospheric microorganism.

Secondary metabolites and hydrolytic enzymes are known to be produced by 
endophytic bacteria. Studies on plant metabolites provided a wide opportunity for 
discovery of novel endophytic secondary metabolites (Brader et  al. 2014). The 
majority of compounds produced by endophytes possess antibacterial or antifungal 
activity. Abundant endophytic bacteria with their metabolic signal pathway intricate 
the interaction in the endosphere of the plant. It creates great difficulty for model 
in vitro experiments. Quorum sensing is a complex interaction that occurs among 
the bacteria as observed in the case of the Methylobacterium–plant colonization by 
quorum sensing signals (Dourado et al. 2014). Metagenomic analysis confers the 
occurrence of three quorum sensing systems, autoinducer-2 system, diffusible sig-
nal factor system, and N-acyl homoserine lactone (AHL) system in endophytic 
microbiome of rice (Sessitsch et  al. 2012). The AHL signaling was commonly 
reported in endophytic microbiome of Populus deltoides (Schaefer et al. 2013). In 
plant–pathogen interaction, quorum sensing was affirmed in olive (Olea europaea 
L.) disease caused by Pseudomonas savastanoi pv. savastanoi, Pantoea agglomer-
ans, and Erwinia toletana. They all yield AHLs and impaired virulence was observed 
in AHL quorum sensing mutant E. toletana. Knot development competency by the 
pathogen was retaken when olive was co-inoculated with P. savastanoi AHL syn-
thase mutant (Hosni et  al. 2011). Plants intensely associate in AHL signaling as 
existence of the AHL modified the expression of a number of plant genes in addition 
to those convoluted in plant defense response, and sometimes plant also mimics the 
bacterial AHLs (Hartmann et al. 2014).

31.3  Method of Isolation

Isolation of endophytes is one of the most crucial steps in bacterial endophyte 
research. Bacterial endophytes are isolated from surface-sterilized plant tissue by 
various methods. Surface sterilization is done to ensure removal of the entire sur-
face microflora. The method used for surface sterilization must be strong enough to 
remove the entire surface microflora; at the same time, it should be gentle on endo-
phytes (i.e., surface sterilants shouldn’t kill the endophytes). This may be a little 
difficult to achieve, because if we use a very strong surface sterilization to ensure 
complete removal of surface microflora, it kills some of the endophytes near the 
surface. On the other hand, if we use relatively diluted sterilants in order to “not 
kill” any endophytes near the surface, the surface microflora may not be eradicated. 
The culture-dependent surface sterilization methods, sometimes, may not eradicate 
surface organisms (Anand et al. 2006; Manter et al. 2010). Therefore, the method 
used for surface sterilization should be standardized according to different types of 
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tissues and sterilants used, so that eradication of surface flora can be achieved with 
minimum harm to endophyte population.

31.3.1  Surface Sterilization and Endophyte Isolation

A healthy plant tissue is washed to harvest root and shoot with the least damage. 
Plantlets are surface sterilized by using standard protocols, root and shoot sepa-
rated, and grounded in phosphate buffer. The filtrate is plated on nutrient agar (NA)/
TSA plates (strictly monitored up to a week to ensure freedom from all accidental 
contaminants) in appropriate dilutions. Tissue imprints of surface-sterilized roots 
and shoots are also plated to ensure elimination of surface microflora (Sessitsch 
et al. 2002). Here, care should be taken to judgment of sterilization, as the tissue 
imprint of a surface sterile tissue may also give microbial colony from cut edges of 
tissue because of sap coming out from tissue that contains some endophytes. This 
shouldn’t be considered as contaminants. Plates after incubation at 30  °C are 
observed for distinct colony types for 2–5 days. All colonies found to be distinct 
morphotypes are streaked on NA plates to get a pure culture. The common method-
ology used for isolation of the bacterial endophyte (Zinniel et al. 2002; Upreti and 
Thomas 2015) is depicted in Fig. 31.1.

The surface sterilization for metagenomic studies in endophytes has been evalu-
ated by Burgdorf et al. (2014) by spraying yeast cells on wheat and checking its 
presence by DGGE analysis after surface sterilization. They found that the physical 
surface sterilization methods are more consistent and effective than chemical steril-
ants. There are several variants of surface sterilization method according to the 
nature of tissue used (Table 31.1).

31.4  Mode of Entry

The endophyte gets the benefit of the close niche to host, which bypasses the com-
plex competition for food and space with other microbes as observed in the rhizo-
sphere. Great efforts have been taken in research to confer the mode of entry of the 
endophyte to the plant. Due to the absence of penetration structure, bacteria cannot 
enter through physical force. The pathogenic bacteria enters through stomata, lenti-
cels, wounded parts, lateral root emerging points, and germinating radicals or by 
degrading cell wall-bound polysaccharides of host plant roots. It was also proposed 
that bacteria may enter through the epidermal junction (Sprent and De Faria 1998) 
or by passive plant uptake during transpiration (Quadt-Hallman et al. 1997).

The colonization process of bacteria Enterobacter asburiae JM22 and 
Pseudomonas fluorescens 89B-61 was demonstrated by applying bacteria on seeds 
and leaves (Quadt-Hallmann et  al. 1997). The tracing of bacterial endophyte 
Enterobacter asburiae JM22 was done by immunological technique using immune 
gold labeling coupled with transmission electron microscopy. Surface-sterilized 
seeds of cotton were treated with bacterial cells, dried, and planted. After 2 weeks 
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of planting, different plant parts were sampled, surface sterilized, and subjected to 
tracking by various methods. It was found that JM22 had the capacity to penetrate 
the root for its entry. There was indirect indication of production of cellulose by 
JM22, similar to plant pathogenic bacteria (Quadt-Hallmann et  al. 1997). Also, 
entry through wounds was observed.

Apart from seed-transmitted endophytes which are already present in plants, the 
root is the major source of entry. However, there are other possible sites where 
endophytes in fruits can enter, namely, through flowers (Sharrock et al. 1991) and 
natural openings of leaves (stomata or stem lenticels; Kluepfel 1993), via the mealy 
bug in sugarcane (Ashbolt and Inkerman 1990), etc.

Entry of Burkholderia sp. strain PsJN in Vitis vinifera L. cv. Chardonnay was 
determined under gnotobiotic conditions. The visualization of the mode of entry 
and colonization was done by tagging with gfp (PsJN::gfp2x) or gusA (PsJN::gusA11) 
gene. Secretion of cell wall-degrading endoglucanase and endopolygalacturonase 

Last wash
Plating on to pre-
monitored sterile 

Imprinting sterile
tissue on to pre-
monitored sterile

Tissue 

Select a disease free 

Clean the dirt by rinsing 

90% Ethanol 

2% NaOCl dip for

2% Na2 S2 O4 dip 

Macerate the tissue in 12.5 mM

Serial

Plating it on agar

3 wash in 

3 wash in 

1 wash in 

No sign 
of 

contami
nants

Fig. 31.1 General method for bacterial endophyte isolation
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Table 31.1 Different surface sterilization methods for endophyte isolation

S. No Plant tissue
Sterilants 
used Duration Post sterilization References

1. Stem of wild 
rice

70% ethanol 1 min shaking Transferred to 
media

Elbeltagy 
et al. (2001)

2. Stem of rice 0.01% 
Tween- 20

30 min Maceration in 0.8% 
saline and 
transferred to media

Elbeltagy 
et al. (2001)

3. Tomato roots 
and 
hypocotyl

90% ethanol 
(washed in 
autoclaved 
distilled 
water)

Quick dip Macerated in PBS, 
dilute, inoculate to 
media

Zinniel et al. 
(2002)

2% NaOCl 
(washed 
thrice in 
autoclaved 
distilled 
water)

1–3 min

2% Na2S2O3 
(washed 
thrice in 
autoclaved 
distilled 
water)

10 min (to 
remove 
chloramines 
residues)

4. Any plant 
material

70% ethanol, 
sometimes 
flamed, 
air-dried in 
laminar 
airflow

Thoroughly 
treated with 
alcohol

Outer tissues 
removed with sterile 
scalpel, inner 
tissues carefully 
excised and placed 
on water agar plates

Strobel and 
Daisy (2003)

5. Soybean roots 
and stem 
soaked in 
distilled water 
and drained

70% ethanol 30 sec Macerated, diluted, 
and inoculated to 
media

Hung and 
Annapurna 
(2004)

0.1% HgCl2 3 min for roots 
and nodule; 
5 min for stem

Washed ten 
times in 
distilled water

6. Tomato roots 
washed in tap 
water to 
remove dirt

70% ethanol 5 min Roots divided into 
small fragments and 
placed onto S media 
(for endophytic 
actinomycetes 
isolation)

Cao et al. 
(2004)0.9% NaOCl 

(washed 
thrice in 
distilled 
water)

20 min

10% NaHCO3 10 min (to 
retard growth 
of fungi)

(continued)
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Table 31.1 (continued)

S. No Plant tissue
Sterilants 
used Duration Post sterilization References

7. Rye grass and 
alfalfa roots

Roots washed 
in deionized 
water

– Final rinse was 
plated in 1/10th 
TSA, same water 
was used for PCR 
using eubacterial 
primers to ensure 
sterility

Phillips et al. 
(2008)

Shaken in 
rotary shaker 
for 0.5 h

−95% ethanol

−5.25% 
NaOCl
Five rinses in 
sterile 
distilled water

8. Stem pieces 70% ethanol 
and flamed

– Aseptically placed 
on LB agar plates

Bhore et al. 
(2010)

9. Leaf (cleaned 
in 5% Teepol 
washed)

70% ethanol 30 s Leaves were cut 
into pieces of 1 cm2 
size using sterile 
scalpel, placed on 
sterile media

Bhore et al. 
(2010)5% NaOCl 3 min

100% ethanol 
(washed in 
autoclaved 
distilled 
water)

10 s

10. Ginseng 
leaves

Tap water 
wash

10 min Dried with sterile 
filter paper, 
macerated in PBS 
with sterile quartz, 
and plated on PDA

Gao et al. 
(2015)

5% NaOCl 5 min
Sterile water 
rinse

4 times

70% ethanol 30 s
11. Turmeric 

rhizomes
70% ethanol 3 min Rhizomes were 

dried, sliced, and 
placed onto agar 
media

Kumar et al. 
(2016)0.5% NaOCl 3 min

70% ethanol
(washed 
thrice in 
distilled 
water)

30 s

12. Rambutan 
fruit

70% ethanol 10 min 1 g tissue mixed 
with 1 ml 0.85% 
NaCl, inoculate into 
sugar agar plate

Suhandono 
et al. (2016)2.5% NaOCl 10 min

70% ethanol 
(rinse three 
times in 
sterile 
deionized 
water)

10 min
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was observed as the mode of entry (Compant et al. 2005). After entry into the plant 
tissue, it remains localized inside the plant and spread systemically by vascular 
bundle or apoplastic movement (Quadt-Hallman et al. 1997). Sharma et al. (2005) 
studied the colonization pattern of one endophyte isolate in wheat by tagging it with 
gusA/gfp genes. They found that cracks developed near lateral root emergence are 
major sites from where the endophyte enters and spreads to intercellular spaces as 
well as vascular bundles. A similar mode of endophyte entry was also observed in 
rice roots (Hallmann et al. 2001).

31.5  Role of Bacterial Endophytes in Plants

Endophytic bacteria have a significant role in supporting plant growth. They differ 
from biocontrol strains and involve in the plant growth promotion by improved 
nutrient cycling and minerals such as nitrogen, phosphorus, and other nutrients.

Endophytic bacteria promote plant growth through several mechanisms, which 
include nitrogen fixation (Elbeltagy et al. 2001), phosphate solubilization (Wakelin 
et al. 2004), production of indole acetic acid (Lee et al. 2004), and siderophore pro-
duction (Costa and Loper 1994). They are also known to supply vitamins to the 
plants (Pirttila et  al. 2004) and exert plant growth. They increase availability of 
nutrients in the rhizosphere, influence root growth and morphology, and promote 
other beneficial plant–microbe symbioses. Endophytic bacteria reside in specific 
plant tissues and develop a close relationship with the plant, by exchanging nutri-
ents, enzymes, siderophores, and biosurfactants and also stimulating plant signals 
(Hardoim et al. 2015).

Several endophytes positively affect plant growth promotion by phenomena like 
stomatal regulation, osmotic adjustment, altered root morphology, enhanced nutri-
ent uptake, and alteration of metabolism (Compant et al. 2005).

31.5.1  Role in Plant Growth Promotion

Endophytic bacteria provide a large array of beneficial effects to their host plant. It 
promotes plant growth by producing plant growth-enhancing substances such as 
indole acetic acid (IAA, Naveed et  al. 2015) and cytokinins (CK, Garcia de 
Salamone et al. 2001) and improving nutrient absorption, including nitrogen fixa-
tion (Mirza et  al. 2001). Besides growth enhancement, endophytic bacteria also 
benefit the host plant by enhancing adaptation for abiotic or biotic stress via phyto-
hormone signaling. The endophytic bacteria get advantage of being close to the host 
and protected from the harsh external environment (Sturz et al. 2000). The endo-
phytic bacterial population density varies with the bacterial species, host genotypes, 
developmental stage of host, inoculum density, and environmental conditions 
(Pillay and Nowak 1997; Tan et al. 2003).

Endophyte Burkholderia phytofirmans PsJN is reported to enhance cold toler-
ance by altering metabolism of carbohydrates and photosynthetic activity in 
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grapevine (Ait et al. 2006; Fernandez et al. 2012). The bacterium promotes the host 
plant to acclimatize to cold condition, lowering the cell damage by accumulation of 
metabolites such as starch, proline, and phenolic compounds and increasing photo-
synthetic activity. The same was observed in the wheat grown under reduced irriga-
tion conditions. The presence of endophytic bacteria balances the metabolism and 
reduces the effect of drought stress in wheat (Naveed et al. 2014). In the rice plant, 
it was observed to improve the salinity stress tolerance by the accumulation of gly-
cine betaine-like compounds like Pseudomonas pseudoalcaligenes.

ABA is a crucial phytohormone for growth and development, which increases 
under stress condition. Endophytic Azospirillum spp. are reported to accumulate the 
abscisic acid (ABA) in mitigating water stress tolerance in maize. Plant growth- 
promoting hormones IAA and gibberellins further enhance the effect (Cohen et al. 
2009). ABA majorly affects water balance and osmotic stress tolerance in plants 
(Tuteja 2007).

The major sources of nitrogen for agricultural soil are from mineral fertilizer and 
biological nitrogen fixation. A number of endophytic diazotrophic bacteria have 
already been reported to colonize the interior roots of maize, rice, and grasses 
(Barraquio et al. 1997) and are believed to be capable of contributing nitrogen nutri-
tion in sugarcane (Boddey et al. 1995), rice (Yanni et al. 1997), and wheat (Webster 
et al. 1998). N2-fixing bacteria constitute only a small proportion in the total endo-
phytic pool of the plant (Barraquio et al. 1997; Martínez et al. 2003).

Reiter et al. (2003) identified the nitrogen-fixing bacteria in nitrogen-poor soils 
from sweet potato by PCR amplification of nitrogenase (nifH) gene. In this analysis, 
the sequences to those from rhizobia, including Sinorhizobium sp. strain NGR234, 
Sinorhizobium meliloti, Rhizobium etli, and also Klebsiella spp. and Paenibacillus 
odorifer, are detected (Reiter et al. 2003). In legume nodules, also endophytic bac-
teria are found. Along with R. leguminosarum bv. trifolii, which is the normal clover 
symbiont, few other species of rhizobia were also found in red clover nodules, 
including Rhizobium (Agrobacterium) rhizogene (Sturz et  al. 1997). Generally, 
other endophytic bacteria are unable to form nodules.

Ethylene, a gaseous hormone, exhibits a diverse range of biological effects in 
plants, even at low concentrations (Abeles et al. 2012). It is involved in germination, 
differentiation, root and shoot primordial formation, branching and elongation of 
roots, lateral bud development, flowering, flower senescence, fruit ripening, abscis-
sion, anthocyanin production, synthesis of volatile organic compounds (VOCs) for 
aroma formation in fruits, hydrolysis of storage products, leaf senescence, and 
abscission (Glick 2014). The enzyme ACC deaminase degrades 1- aminocyclopropa
ne- 1-aarboxylate (ACC) which is an immediate precursor of ethylene in plants 
which is produced during normal plant development and when the plant is exposed 
to various environmental stresses (Abeles et al. 2012). The bacterium is acting as a 
sink for ACC after it cleaved into α-ketobutyrate and ammonia, thereby lowering 
plant ACC levels, which starts its conversion into ethylene. The presence of ACC 
deaminase-producing bacteria protects the plant from ill effects of inhibiting the 
level of ethylene during abiotic stress.
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Production of ACC deaminase was reported by the endophytic diazotrophic 
Achromobacter xylosoxidans AUM54 isolated from Catharanthus roseus grown in 
saline soil (Karthikeyan et al. 2012). It was showed that endophytic bacteria might 
play an important role in higher salinity tolerance of the halophyte plant Limonium 
sinense which was naturally associated with ACC deaminase-producing putative 
endophytes (Qin et al. 2014). Thirteen isolates possessing ACC deaminase activity 
were obtained that belonged to genera Bacillus, Pseudomonas, Arthrobacter, 
Serratia, Klebsiella, Microbacterium, Isoptericola, and Streptomyces. Out of them, 
four ACC deaminase-producing strains were shown to stimulate growth of the host 
plants. In a study with tomato plants pretreated with ACC deaminase-producing 
Pseudomonas fluorescens YsS6 and P. migulae 8R6, grown under 165 and 185 mM, 
NaCl levels showed enhanced biomass and flowering than the treatment with ACC 
deaminase-deficient mutants of the bacteria (Ali et al. 2014).

The potential of bacterial endophytes in fixing dinitrogen and promoting plant 
growth has renewed the interest in such interactions. Non-rhizobial nitrogen fixers 
like Azoarcus spp., Herbaspirillum spp., Gluconacetobacter diazotrophicus, etc. 
have been isolated from the endosphere of kallar grass, rice, and sugarcane, respec-
tively (Cocking 2003).

31.5.2  Role of Bacterial Endophytes in Biocontrol

The roles of plant-associated microorganisms have been extensively studied in 
inducing suppressiveness of soilborne diseases. Mostly, these microorganisms are 
root-associated bacteria, and rhizobacteria are a major group of them. Rhizobacteria 
have the capacity to colonize the developing root system in the presence of compet-
ing soil microflora; some rhizobacteria are able to enter in the root and establish its 
association with the host plant internally, i.e., endophytic phase. The association of 
rhizobacteria with the host plant is considered as a sign of healthy plant and also 
contributes in general soil suppressiveness.

The disease can be controlled by applying either the specific introduction of 
biological control agent or various agronomic and cultural practices to enhance the 
suppressiveness by altering the rhizosphere microorganism. The application of suit-
able PGPR is reviewed, to control some specific soilborne fungal pathogen 
(Kloepper 1993). Few of the soilborne pathogens like Fusarium oxysporum, 
Pythium spp., Phytophthora spp., Aphanomyces spp., Sclerotium rolfsii, 
Gaeumannomyces graminis, Rhizoctonia solani, Verticillium spp., and Thielaviopsis 
basicola are found to be negatively affected by PGPR. The approach to introducing 
a specific PGPR is to manipulate the indigenous bacterial communities of the rhizo-
sphere, as biological control agents, in a manner that can help in enhancing soil 
suppressiveness for nematodes and few other soilborne plant pathogens. The work 
on nematode control strategies demonstrates that it is possible to achieve at least 
limited induced soil suppressiveness by modification in microbial community struc-
ture and function and by several cultural practices like inclusion of antagonistic 
plants, organic amendments, applications of biorational nematicides, etc.

31 Bacterial Endophytes: Potential Candidates for Plant Growth Promotion



622

31.5.2.1  Endophyte Bacteria Induced Systemic Resistance
The endophyte is not only effective for plant growth but it is also related to PGPR- 
mediated biological control of several soilborne plant pathogens with the strategy 
called induced systemic resistance (ISR) (Kloepper and Ryu 2006). Since 1991, 
from the first report of induction of resistance in cucumber by endophyte bacterium 
Pseudomonas fluorescens strain G8-4 against anthracnose disease (Wei et al. 1996), 
there have been intensive reports of ISR by endophytes. Microbe-associated molec-
ular patterns (MAMPs) play a key role here in mimicking the pathogen for induc-
tion of host resistance and provide resistance against diverse groups of plant 
pathogens. Cucumber endophyte Bacillus pumilus strain INR7, isolated from a sur-
viving plant from heavily infested cucumber field with Erwinia tracheiphila wilt, is 
shown to reduce severity of wilt disease in further field trials (Zehnder et al. 2001). 
The ISR induced by long-run application of INR7 also reduced a number of cucum-
ber beetles which are vectors for Erwinia tracheiphila.

ISR against viruses by endophytic bacteria was reported by Zehnder et al. (2000) 
in Bacillus pumilus strain SE34, Bacillus subtilis strain IN937b, and Bacillus amy-
loliquefaciens strain IN937a against CMV in tomato. Similarly, Murphy et  al. 
(2003) reported a reduction of CMV in tomato using different strains of endophyte 
bacterium B. subtilis. Co-elicitation of ISR and plant growth was reported by Zhang 
et al. (2004) by seed application followed by soil drench of endophytic bacteria B. 
pumilus strain SE34 and S. marcescens strain 90-166. Biohardening with endo-
phytic bacteria was found to induce systemic resistance in banana against bunchy 
top virus. Few strains of endophytic bacteria are found to enhance defense-related 
enzymes and PR proteins with 60% disease control. Apart from disease control, 
morphological and physiological traits also improved (Harish et al. 2008).

Wheat endophytic actinobacteria capable of suppressing many fungal pathogens 
were studied for induction of host resistance in Arabidopsis. Induction of systemic 
acquired resistance (SAR) for fungal pathogen Fusarium oxysporum and ISR 
against bacterial pathogen Erwinia carotovora mediated by JA/ET pathways was 
observed by application of endophytic actinobacteria (Conn et al. 2008). There have 
been many such reports where endophytes have been successfully demonstrated to 
induce systemic resistance against an array of plant pathogens.

31.5.2.2  Endophytic Bacteria in the Control of Pest Insects 
in Agriculture

Many studies have also revealed the use of endophytic bacteria for the control of 
insect pest. Pseudomonas maltophilia is reported to cause alternation in larval 
growth and reduction in the emergence of adult Helicoverpa zea of Plutella xylo-
stella (Bong et.al.1991). The reduction in viability has been reported to be 80–50% 
by isolate EN 4 of Kluyvera ascorbata and EN5 of Alcaligenes piechaudii. The 
strains of Bacillus thuringiensis S 1905 and S 2122 are shown to cause 100% of 
mortality in caterpillar in the third instar of Plutella xylostella after 48 h of bioassay 
exposure, whereas S 2124 showed 98.33% of mortality after 96 h (Praca 2012). 
About 100% of mortality of Plutella xylostella was observed in the second instar 
with the application of B. thuringinesis. Macedo et al. (2012) reported that the few 

P.K. Sahu et al.



623

strains of B. thuringiensis which are toxic to Diatraea saccharalis (Lepidoptera: 
Crambidae) cause more than 75% of mortality.

Melatti et  al. (2010) found that the strains S 29, S 40, S 616, and S1576 of 
Bacillus aizawai and S1168 of Bacillus kurstaki were toxic to the cotton aphid 
(Aphis gossypii) and showed a mortality of more than 50%. Out of these strains, S 
29 and S 1168 were the most effective and showed 76% and 73% of mortality 
against A. gossypii, respectively. In the case of Spodoptera frugiperda, among 58 
subspecies of Bacillus thuringiensis, only Bacillus thuringiensis morrisoni is proven 
to cause 80% of mortality in caterpillar of Spodoptera frugiperda (Polanczyk et al. 
2003). Along with this, five isolates of Bacillus thuringiensis were the best obtained 
among 24 isolates which showed 31.6–100% of mortality. In the pathogenicity 
study of Spodoptera frugiperda and Sphenophorus levis, the isolates of Bacillus 
thuringiensis IB 17.3 and IB 8.2 are found to be the most efficient against caterpillar 
of Spodoptera frugiperda, and isolate IB 26.2 is efficient in the control of larvae of 
Sphenophorus levis and showed 75% of mortality.

31.5.3  Role in Alleviating Abiotic Stress

Productivity of agricultural crops as well as the microbial activity in soil affected by 
abiotic stress plant and soil microorganism is significantly affected by extreme con-
ditions such as extended drought, excessive rain flooding, high temperatures, frost, 
and low temperatures, Microorganisms could play a crucial role in enhancing crop 
tolerance in stress-prone areas. Endophytic bacteria are associated with plant roots 
and alleviate the ill effects derived from abiotic stresses (such as drought, low tem-
perature, salinity, metal toxicity, high temperatures, etc.) on plants through the 
assembly of exopolysaccharides and biofilm formation.

When plants are exposed to stress conditions, bacterial endophytes affect plant 
cells by particular systems like induction of osmoprotectants and heat shock pro-
teins. As compared to rhizospheric counterparts, endophytes are proven better 
against abiotic stresses (Hallmann et al. 1997; Ryan et al. 2008; Turner et al. 2013). 
In plants, many rhizosphere microorganisms trigger defense systems and activate a 
systemic feedback as the root zone bacteria activate signaling pathways. This results 
in induction of resistance (ISR) in the host. Bacillus sp. has been shown to induce 
ISR as most of the nonpathogenic bacteria are well studied for beneficial effect 
under abiotic stress situation (Chakraborty et al. 2006).

Rhizosphere microbes can elicit physical or chemical changes relevant to plant 
resistance in the form of ISR and tolerance to abiotic stress. PGPR induced differ-
ence in plants. IST depicts to elevate resistance to abiotic stress (Yang et al. 2009). 
Signal transduction in plant defense responses can interconnect with other plant 
stress responses by metabolic pathway. The genes involved in plant responses 
toward biotic and abiotic stresses can be correlated (Dimkpa et al. 2009).

Bacterial existence in the plant endorses acclimation to chilling temperature, 
minor cell damage, higher photosynthetic activity, and aggregation of cold-stress- 
related metabolites such as starch, proline, and phenolic compounds. In wheat 
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plants grown under reduced irrigation condition, bacteria are found to alleviate the 
effects of drought stress and maintain metabolic balance (Naveed et  al. 2014). 
Pseudomonas pseudoalcaligenes was exhibited to induce accumulation of higher 
concentrations of glycine betaine-like compounds leading to enhanced salinity 
stress tolerance in rice (Jha et al. 2011).

Water stress alleviation was reported in maize by abscisic acid (ABA) accumu-
lating endophytic Azospirillum spp. Further, the effect was also seen in IAA and 
gibberellin accumulation (Cohen et al. 2009). Under stress condition, ABA level 
increases and regulates plant growth.

Plant-synthesized ethylene causes secondary effects of biotic and abiotic stress 
(Bleecker and Kende 2000); at the same time, it is also involved in vital physiologi-
cal processes such as seed germination, plant growth, fruit ripening, senescence, 
and pathogen resistance (Abeles et  al. 2012). ACC-deaminase-producing strains 
lower the effect of stress by degrading ACC, the precursor of ethylene (Grichko and 
Glick 2001; Mayak et al. 2004).

31.5.4  Other Benefits from Bacterial Endophytes

Bacterial endophytes have many other potential uses in agriculture including phy-
toremediation, heavy metal tolerance to plant, enhancing nutrient use efficiency, 
etc.; some of the important roles are listed in Table 31.2. In nature plants are grown 
with a number of microorganisms; some are harmful directly or indirectly, and to 
reduce the effect of these, nature also recruited some endophytes. The cost of reme-
diation can strongly decrease by using some biological techniques, and for that 
bioremediation is the only alternative which is economical. Combined action of 
plants and associated microbes forms the basis of phytoremediation.

The degradation of copious nitro-aromatic compounds like 2,4,6-trinitrotoluene 
has been reported by the endophytic bacteria Methylobacterium of hybrid poplar 
trees (Van Aken et al. 2004). The genetically constructed endophytes Burkholderia 
cepacia and Herbaspirillum seropedicae were proven by increasing the ability of 
accumulation of nickel and tolerance to the inoculated plants of yellow lupine 
(Lodewyckx et  al. 2001). Similarly, Barac et  al. (2004) demonstrated the use of 
engineered bacterial endophytes, Burkholderia cepacia G4, for increasing tolerance 
to toluene (aromatic hydrocarbons) and also for reducing transpiration of the same 
to the atmosphere. Toluene is among the four components of BTEX contamination 
(benzene, toluene, ethylbenzene, and xylene isomers); therefore, it increases phy-
toremediation by reducing toxicity.

Degradation of organochlorine herbicide 2,4-dichlorophenoxyacetic acid (2,4- 
D) by bacterial endophyte Pseudomonas was demonstrated in an experiment in 
which the treated plant did not accumulated 2,4-D in plant, and there were no signs 
of phytotoxicity (Germaine et al. 2006). The untreated plant showed accumulation 
of herbicide and sign of phytotoxicity like leaf abscission, callus development, and 
reduction in biomass. During this experiment more numbers of other rhizosphere 
bacterial populations were observed to enhance degradation of 2,4-D.
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Table 31.2 List of some other beneficial activities of bacterial endophytes

S. No. Beneficial effects of endophytes Plant References
1. Useful for biotization step in 

micropropagation
Micropropagated plants Nowak (1998)

2. Endophyte with genetically constructed 
nickel resistance system (Burkholderia 
cepacia L.S.2.4 and Herbaspirillum 
seropedicae) enhances plant tolerance to 
nickel

Lupinus luteus L Lodewyckx 
et al. (2001)

3. Genes for nitro-aromatic compound 
degradation is more prevalent than 
rhizosphere microflora

– Siciliano et al. 
(2001)

4. Genetically engineered Burkholderia 
cepacia G4 increased plant tolerance to 
toluene

Yellow lupine Barac et al. 
(2004)

5. Degradation of 2,4,6-trinitrotoluene by 
phytosymbiotic strain Methylobacterium

Hybrid poplar tree 
(Populus deltoids x P. 
nigra)

Von Aken et al. 
2004

6. Toluene degradation Poplar Taghavi et al. 
(2005)

7. Degradation of herbicide 2,4-D 
(2,4-dichlorophenoxyacetic acid) by 
Pseudomonas sp. for reducing 
phytotoxicity

Pea (Pisum sativum) Germaine et al. 
(2006)

8. Lead accumulation by heavy metal- 
resistant endophytic bacteria and 
providing tolerance to plant

Rape (Brassica napus) 
roots

Sheng et al. 
(2008)

9. PAH degradation by Brevundimonas and 
Pseudomonas spp.

Prairie plants Phillips et al. 
(2008)

10. Antitumor activity of endophytic 
Streptomycetes

Pharmaceutical plants Li et al. (2008)

11. Remediation of contaminated soils and 
groundwater

– Weyens et al. 
(2009)

12. ABA and GA produced by endophyte 
Azospirillum lipoferum for drought stress 
alleviation

Maize Cohen et al. 
(2009)

13. Endophytic bacteria (Elsholtzia splendens 
and Commelina communis) providing 
copper tolerance in copper mine 
wasteland

Rapeseed Sun et al. (2010)

14. Improving shelf life of agricultural 
produces

– Bhore et al. 
(2010) and Ali 
et al. (2012)

15. Herbaspirillum seropedicae produce 
amphiphilic lipopeptides serobactin A, B, 
and C; act as siderophores

Colonizing crops of 
grass family

Rosconi et al. 
(2013)
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The benefits of using endophytes for xenobiotic remediation are its ability to 
manipulate more genetically easily than plants (Newman and Reynolds 2005). The 
bacteria required genetic engineering of a xenobiotic degradation pathway to 
improve xenobiotic remediation. Also, the gene expression studies of contaminant 
catabolic genes can reveal efficiency of the remediation process. The uptake of any 
toxic xenobiotics and its degradation in plant is another significant advantage of 
employing endophytic pollutant degraders, so that the effect of phytotoxicity gets 
reduced and eliminates toxic effect on herbivores of the nearby area.

The horizontal gene transfer is a general phenomenon in bacteria, and the endo-
phyte niche became a hot spot for that. The natural transfer of degradative plasmid, 
pTOM-Bu61, was reported to a large number of different other endophytic bacteria 
in plants (Taghavi et al. 2005). The horizontal gene transfer also supported efficient 
degradation of toluene in poplar plants. The application of natural endophytic bac-
teria having the capacity to degrade contaminants is the best approach for 
phytoremediation.

31.6  Future Prospects in Utilizing Endophytes for Plant 
Growth

The enormous potential of endophytes can be harnessed in a much efficient way by 
precisely understanding the ecology and behavior inside the plant. Research on 
plant-specific mode of entry and survival during off-season may help in designing 
crop-specific strategy for endophyte application/augmentation. Studying one endo-
phyte in isolation may give a different picture than reality. Knowing its interaction 
with other microflora inside the plant is much more important when field perfor-
mance is concerned. Understanding of their numbers and mode of action should be 
deciphered with respect to yet-to-culture organisms and their possible impacts on 
plant physiology.

A lot is yet to be known in endophytes. Real-time measurement of entry, move-
ment, and activity in plant like antagonism to harmful and beneficial microflora, 
nutrient acquisition, nutrient use efficiency, induction of host resistance, crop- 
specific production of primary and secondary metabolites, dependency of plants on 
endophytes or dependency of endophytes on plants, etc. will give new insight of 
endophyte ecology. Upcoming research on these all aspects may add to the potential 
of bacterial endophytes in various aspects of plant growth promotion.
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32Microbial Community Composition 
and Functions Through Metagenomics

Vivek Kumar, Anjali Singh, Madhu Bala Tyagi, 
and Ashok Kumar

Abstract
Metagenomic approaches have provided a better understanding of microbial 
diversity and function across the terrestrial biome. Initial studies on soil metage-
nomics involved construction of libraries and sequencing of cloned genes to 
know the product encoded, but now a days direct sequence-based information 
plays an important role in functional profiling of environmental DNA. The rich 
information obtained from soil metagenome provides new insight into the taxo-
nomic and functional diversity of soil microorganism. Some of the techniques of 
molecular biology research such as clone-based gene sequence analysis, molecu-
lar fingerprinting, next-generation sequencing, and many others have proved 
very useful in analyzing unknown environmental DNA sample and opened a flux 
gate of exciting research finding. Additionally, development of new environmen-
tal DNA isolation method as well as improved cloning systems has accelerated 
the pace of research. More importantly, metagenomic tools have resulted in dis-
covery of several novel genes coding for protease, lipase, amylase, alcohol oxi-
doreductase, antibiotic resistance, etc., from ecological niches including 
meadows, crop fields, and others. With metagenomic approaches, new dimen-
sion in the characterization of complex microbial community has been attained. 
Surely, metagenomic approaches can be used to build a predictive understanding 
of how microbial diversity and function vary across terrestrial biome.

mailto:kasokbt@rediffmail.com


634

Keywords
Microbial community • Metagenomics • Function • Plant-microbe interaction

32.1  Introduction

Among all natural environments, soil is the most challenging environment for 
microbiologists. A diverse assemblage of microbes belonging to bacteria, archaea, 
fungi, algae, and protozoa constitutes the soil microbial community and plays an 
important role in biogeochemical cycling of essential elements, maintenance of 
plant health, and regulation of soil fertility. The soil microbes are also important for 
industry as they are important sources of new natural products. Soil microbial diver-
sity is greatly affected by spatial heterogeneity and complex physical, chemical, and 
biological properties of the soil environment. Root exudates, physico-chemical 
changes, crop rotation, and plant growth stages have major influence on native 
microbial community (Buee et al. 2009). Every plant has the capacity to be colo-
nized by more than thousand microbes. One gram of soil is known to have thou-
sands to millions of different bacterial, archaeal, and eukaryotic members whose 
taxonomic diversity is accompanied by physiological and functional diversity 
(Delmont et al. 2011). Several indices of microbial diversity measures exist in natu-
ral environments. Notable among them are gene, phylogenetic, functional, protein, 
and metabolic diversity. Until recently, microbial diversity in the environment was 
estimated employing culture-dependent approaches which were based on analysis 
done on microbes cultured in artificial growth media under laboratory conditions. 
Based on the size of population estimated by serial dilution plating and microscopy, 
only about 1% of soil’s microorganisms have been cultured till date (Staley and 
Konopka 1985). Lately, it has been realized that culture-dependent techniques do 
not accurately describe the microbial communities present in natural environment 
(Handelsman 2004). During the last three decades, the application of culture- 
independent approaches has allowed more accurate estimation of the microbial 
community. Pace et al. (1986) were the first to suggest the use of culture- independent 
methods to study microbial community. The approach was based on cloning of DNA 
directly from environmental samples followed by sequencing and functional analy-
sis of the cloned fragment. Subsequently, the word “metagenomics” was coined by 
Handelsman et  al. (1998) which refers to the study of collective genomes in an 
environmental community or genomic analysis of a population of microorganisms. 
Several synonyms for this word such as community genomics, environmental 
genomics, and population genomics also exist. The term metagenome has been used 
to represent the collective DNA of the entire indigenous microorganisms present in 
a community. A metagenomic library from a mixture of organisms was enriched on 
dried straw in the laboratory, and clones expressing cellulolytic activity were 
observed (Pang et al. 2009). Stein et al. (1996) identified a clone of 40 kb insert 
derived from a marine picoplankton assemblage that contained a 16S rRNA gene of 
archaea. Burgmann et al. (2004) took lead in initiating metagenomic approach in the 
analysis of free-living diazotrophs in soil. They were able to show diversity in nifH 
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gene in soil bacteria. Choudhury et al. (2009) reported diversity of 16S rRNA and 
nifH genes derived from rhizosphere soil and roots of an endemic drought-tolerant 
grass, Lasiurus sindicus. A detailed account of works done in the area of metage-
nomics specifically of plant growth-promoting rhizobacteria (PGPR) is available in 
the review article of Leveau (2007) and Nelson (2013). Sorensen et al. (2009) have 
lucidly described the molecular tools in rhizosphere microbiology from single cell 
to whole community analysis. Besides works on rhizosphere metagenome, several 
researchers have studied soil-derived metagenomic library and reported new genes/
enzymes (Yun et al. 2004). However, till date, most of the metagenomic approaches 
have focused studies on bacterial community although analysis of archaean and 
fungal communities is equally important (Fierer et  al. 2012). Furthermore, com-
pared to other habitats, only a few soil environments have been studied so far 
because construction of libraries with DNA extracted from soil has faced difficulties 
in extraction and purification of DNA (Daniel 2005). Henceforth, cataloguing of 
microbial diversity in soil is still very difficult and challenging.

32.2  Metagenomic Approaches for Community Composition 
and Functional Analysis

Molecular techniques are very useful in studying structural and functional diversity 
of total microbial community. To this effect, detailed analysis of rRNA gene mostly 
shows existence of three domains of life, namely, bacteria, archaea, and eukarya 
(Sait et al. 2002). Several types of molecular techniques including in situ and ex situ 
hybridization, cloning of desired gene in a suitable vector and high-throughput 
sequencing technology, etc., are now used in the analysis of total microbial com-
munity structure (Fig. 32.1).

Fig. 32.1 Metadata generation and analysis

32 Microbial Community Composition and Functions Through Metagenomics



636

32.2.1  In Situ and Ex Situ Hybridization Techniques

In situ hybridization is used for detection of live and dead cells in their native habi-
tats. For the study of microbial community, universal 16S and 18S fluorescent (Cy3- 
labeled) oligonucleotide probes are used. Cy3 is a photostable carbocyanine dye 
with good bright signals and high quantum yield (Mujumdar et  al. 1989). 
Additionally, specific hybridization probes for tracing microorganisms and confirm-
ing their presence are used. These include Eub338 (bacteria), Euk516 (eukarya), 
arch915 (archaea), Alflb (α-subdivision of proteobacteria), Bet42a (β-subdivision of 
proteobacteria), Gam42a (γ-subdivision of proteobacteria), SRB385 (δ-subdivision 
of proteobacteria), HGC69a (Gram-positive bacteria with high G+C content), and 
CF319a (Cytophaga-Flavobacterium cluster of the CFB phylum) (Amann et  al. 
1990a, b; Stahl and Amann 1991; Manz et al. 1992; Roller et al. 1994). A nucleic 
acid intercalating dye, 4, 6-diamidino-2′-phenylindole (DAPI), is used for fluores-
cence staining, and DNA microarrays are used for in vitro total population analysis 
of the soil sample. Herein, metagenomic PCR products are hybridized with known 
molecular probes attached to microarrays (Gentry et al. 2006). As such signal inten-
sity found after hybridization is presumed to be directly proportional to the abun-
dance of organism. Several researchers have applied the above approach for the 
analysis of microbial diversity as well as population size. Employing the above 
approaches, a 16S rRNA gene-based microarray comprising 30,000 probes to detect 
several cultured microbial species has been used (DeSantis et al. 2007). Similarly, 
PhyloChip technology has been employed for the analysis of soil microbial com-
munity profiling of mine site (Rastogi et al. 2009). However, one of the major limi-
tations of applying hybridization technique in studying metagenome samples is the 
lack of probes as the available probes have been designed only for known sequences 
which are not suitable for the study of novel organisms. Besides chip technology, 
confocal laser scanning microscopy is also used in the identification of positive 
clones from total microbial community. Functional gene arrays (FGAs) are also 
used for the detection of specific metabolic group of microbes (He et al. 2007). This 
technique is not only beneficial for microbial community analysis but is also useful 
for metabolically active functional gene community analysis. GeoChip contains 
2400 different functional probes for detecting ammonia oxidation, methane oxida-
tion, nitrogen fixation, etc. (He et al. 2007). Yergeau et al. (2009) used FGA for the 
study of carbon and nitrogen biogeochemical cycle of Antarctica soil microbial 
community.

32.2.2  Clone-Based Gene Sequence Analysis

Since amplification of all the templates occurs during PCR of metagenomic DNA 
samples, it is very difficult to reveal the source and identity of the template. However, 
within a microbial community of prokaryotic and eukaryotic taxa of soil, 16S and 
18S rRNA genes are conserved for respective domains. Additionally, certain other 
genes such as RNA polymerase beta unit (rpoB), gyrase beta subunit (gyrB), 
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recombinaseA (recA), and heat shock protein (hsp60) also have conserved functions 
(Ghebremedhin et al. 2008). Analysis of 16S and 18S rRNA gene is helpful in the 
detection of novel organisms that exist in nature and whose detection is not possible 
by traditional methods. As such these organisms are novel for researcher but not for 
their habitat. To overcome these difficulties, shotgun cloning strategy is now used 
wherein metagenomic PCR products are ligated in vector and transferred in surro-
gate. Each host cell receives individual gene of interest, whose sequencing is per-
formed (DeSantis et  al. 2007). Data obtained from sequencing is confirmed by 
matching with database of different types of public domain, viz., NCBI, GenBank, 
Ribosomal Database Project (RDP), Greengenes, etc. Sequencing of metadata con-
firms the microbial population size including their prokaryotic and/or eukaryotic 
origin. Based on reference sequences, their phylum, class, order, family, genus, and 
species are determined. Phylogenetic analysis of clones is also done to determine 
correlation between and among samples for α and β diversity.

32.2.3  Molecular Fingerprinting

Generally, fingerprinting of diverse microbial community is done by using 16S and 
18S rDNA clone libraries. Soil microbial fingerprints are generated by direct analy-
sis of PCR products of metagenomic DNA samples and are mainly based on restric-
tion fragment length polymorphism. A number of molecular biology strategies, 
namely, denaturing gradient gel electrophoresis (DGGE)/temperature gradient gel 
electrophoresis (TGGE), single-strand conformational polymorphism (SSCP), ran-
dom amplified polymorphic DNA (RAPD), amplified fragment length polymor-
phism (AFLP), amplified ribosomal DNA restriction analysis (ARDRA), terminal 
restriction fragment length polymorphism (T-RFLP), ribosomal intergenic spacer 
analysis (RISA), length heterogeneity polymerase chain reaction (LH-PCR), etc., 
are more commonly used for fingerprinting, but all these approaches are not always 
fruitful for metagenomic analysis. Recent advancements in genetic fingerprinting 
techniques have allowed simultaneous analysis of multiple samples in microbial 
habitats as well as comparative studies of microbes in mixed samples. Importantly, 
recent developments in bioinformatics tools have greatly helped the analysis of data 
obtained by community fingerprinting.

32.2.4  Next-Generation Sequencing

For several years, progress in the area of metagenomic study of microbial communi-
ties lagged behind mainly due to the high cost of conventional sequencing methods, 
but emergence of new technology specifically the next-generation sequencing (NGS) 
has provided cheaper option. In fact progressive advancement in techniques of next-
generation sequencing and advanced microscopy has changed the scenario of micro-
bial community structure and function (Zwolinski 2007; Jansson et  al. 2012; 
Cardinale 2014; Mendes and Raaijmakers 2015). NGS is considered as a blessing for 
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metagenomics because it provides high number of metadata in a short time and is 
cost-effective. This technology has many high-throughput sequencing platforms, i.e., 
Illumina (HiSeq & MiSeq), Roche/454, GS FLX, SOLiD 5500 series, Life/APG, 
HeliScope, and Ion Torrent/Ion Proton platforms. Employing NGS, several bacteria 
and archaea have been characterized using high-throughput sequence of 16S rRNA 
gene. Sequences of other genes such as nifH (for nitrogen fixation) and amoA (for 
ammonia monooxygenase) have been frequently used for functional characteriza-
tion. The procedure in brief consists extraction and purification of total DNA and 
amplification of targeted genes with conserved primer having short oligonucleotide 
tags as well as sequence adapters. Employing bioinformatics tools search for opera-
tional taxonomy unit (OTU) for phylogeny and sequence assembly for annotations 
purpose as well as prediction of function of genes/proteins is made.

32.2.5  In Silico Tools for Metadata Analysis

As such biostatistical  metadata analysis of individual soil habitat is done in terms 
of abundant and rare population. Earlier metagenomic shotgun sequencing data 
were used to identify microbes present in a microbial community along with their 
proportions, but existing taxonomic profiling methods are inefficient for increas-
ingly large data sets. Segata et  al. (2012) reported an approach that uses clade- 
specific marker genes to unambiguously assign reads to microbial clades more 
accurately and much faster. Herein, metagenomic data profile (taxonomic clades) of 
abundant microbial population is analyzed by phylogenetic analysis tool such as 
BLAST v2.2.22 and MetaPha1An (Altschul et al. 1990; Segata et al. 2012). Clade- 
specific marker gene is used for MetaPha1An database, and sequence similarity 
search of query is followed by non-default parameters. MetaPhlAn is used to esti-
mate higher score of species. Significant micro-biomass co-occurrence and coexis-
tence interactions are studied by Cytoscape plugin CoNet1.0b2 (http://pssweb05.
psb.urgent.be/conet/). Kruskal-Wallis test is used for the analysis of diversity among 
different samples for alpha and beta diversity, and analysis of different microbial 
communities is done by Bray-Curtis measurement (Goodrich et al. 2014). R (http://
www.r-project.org) function verdict package vegan is helpful for comparing multi-
variate pairwise taxonomic abundances, and 2D stress value is estimated by 
permutation- based multivariate analysis of variance. Nonmetric multidimensional 
scaling (NMDS) is used for watching dispersion of community structure on the 
basis of Bray-Curtis similarity distance matrix. Linear discriminate analysis (LDA) 
is used as biomarker (Segata et al. 2011). An automated analysis platform MG-RAST 
server has been used for quantitative analysis of microbial populations based on 
sequences (Meyer et al. 2008). Publicly available website (http://vamps.mbl.edu/.
projectAB_SAND_Bb6) is used for visualization and analysis of microbial popula-
tions structure (VAMPS). Comparative studies of abundance of species are done by 
web server METASTAT (White et al. 2009). Moran’s I test is used for autocorrela-
tion of residual of the alpha diversity by APE R package. Hellinger-transformed 
taxonomic is used for data transformation, where p values play important role and 
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corrected for multiple comparisons using the Benjamini-Hochberg method. 
HUMAnN v0.98 and MEGAHIT v0.3.3 are commonly used for functional analysis 
of metadata (Abubucker et al. 2012). MEHAHIT v0.3.3 is used for assembling of 
forward and reverse metadata for determining contig length distribution. Prodigal 
v2.60 is helpful for assembled metadata prediction (Hyatt et al. 2012). Annotation 
of gene is done by DIAMOND v0.7.9 with BLASTp command (Buchfink et  al. 
2015). Protein functional database KEGG Orthology v54 is useful for initial map-
ping of protein and functional characterization and determination of activity (Edger 
2010). Functional gene distribution in metagenomic sample is predicted by COG 
categories and SEED classes by Kruskal-Wallis test (Table 32.1).

32.2.6  Functional Analysis

Functional metagenomic approaches are dominant over genomic approach because 
they deal with multiple microbial populations at a time. In this approach, mostly 
two types of strategies are used: (a) obtaining clone-based information of soil DNA, 
and (b) obtaining direct sequence-based information. Soil DNA is directly cloned in 
vectors like pCC1FOS, pCC2FOS, Fosmid pFL12, pUC18, pUCNHD, pGEXC1066, 
and pGEXC2066 for library preparation (Fig. 32.2). More recently, pCC1FOS and 
pCC2FOS vectors are used for cloning of large metagenomic DNA. Other vectors 
used for cloning have limitations mainly due to insert size. Sequence information 
obtained from library of direct sequence and/or cloned sequence is used for func-
tional annotation of new gene. Together with this, the known bias of prepared library 
from the soil sample is considered. As such revealing the function of extracted DNA 
of mixed microbial population is very difficult as it contains a number of unknown 
organisms with undefined genes and their function. To overcome the problems, 
functional analysis is done by preparing physical library followed by functional 
screening. First requirement is the selection of a good vector for metagenomic 
library preparation according to desired function. Preparation of metagenomic soil- 
based library is same as the cloning of genomic DNA of individual microorganism. 
Soil DNA is fragmented by mechanical shearing, and restriction digestion is done 
for obtaining the desired size of fragment. Desired fragment of DNA  is ligated in 
vector followed by transformation and recombinant selection. Selected recombi-
nants are further used for sequencing by primer walking or NGS methods. Sequences 
obtained are used for annotation of functional gene using bioinformatics tools. 
Several factors such as type of microbial community present in soil, collection and 
storage of soil, and quality of extracted DNA influence the functional analysis of 
soil metagenome (Daniel 2005).
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32.3  Soil Microbial Community Structure

Soil microbiota includes microorganisms present on the soil particle surface and 
those entrapped in soil pores. These include members from bacteria, archaea, algae, 
and fungal groups. As compared to eukaryotes, prokaryotes are more abundant in 
soil microbial community. The soil microbial community helps in increasing the 
fertility of agricultural soil by using their enormous genetic pool that promotes plant 
growth and increases nutrient availability to plants through biogeochemical cycling 
of essential elements. They also play important role in degradation of complex 
organic compounds present in soil including the xenobiotics (Hacquard et al. 2015). 
Soil microbes secrete different types of compounds such as polysaccharides, gums, 
and glycoproteins which adhere to minerals and improve soil structure (Arwidsson 
et al. 2010). It is very crucial for plant to survive and establish themselves against 
toxic compounds like polychlorinated biphenyls (PCBs) and polyaromatic hydro-
carbons (PAHs) (Musilova et al. 2016). Richness and evenness of microbial diver-
sity are very important for agriculture soil health and productivity (Tardy et  al. 
2015). Nitrogen, the most important nutrient required for plant growth and abun-
dantly present in the form of N2 gas in the atmosphere is made available to plants 
through nitrogen-fixing organisms present in soil. In general rhizospheric microbial 
community is known to play a beneficial role in plant growth promotion by influ-
encing metabolism of nitrogen, iron, phosphorus, and potassium (Mendes et  al. 
2014). Several studies have shown that alterations in environmental conditions are 
important drivers for causing changes in soil microbial diversity (Yin et al. 2015; 
Johnston et al. 2016). Predicting the response of dryland ecosystems to a changing 

Fig. 32.2 Strategy adopted for the search of novel enzyme/gene from metagenomics
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environment is a significant challenge because multiple perturbations, such as land- 
use changes and regional climate shifts, occur simultaneously. Increased herbivores, 
recreation, and energy/mining activities also alter surface soil conditions in dry 
lands, with significant ecological impacts (Belnap 2002). Global warming is on 
increase with modernization of world, and an average of 0.25 °C increase in earth’s 
temperature occurs per decade (Aydemir et al. 2014). Global anthropogenic changes 
are known to have also negative effect on soil microbial community composition 
and function. In a comparative study of OTUs from different habitats like tundra, 
temperate grassland, and agricultural land, several taxonomical differences were 
observed. Microbial community from tundra soil was more complex (92%) than 
those from temperate habitat (80%) (Johnston et al. 2016). The structure of bacte-
rial, archaeal, and fungal community also shows variations during dry and rainy 
seasons. It has been reported that the members from Planctomycetes, Thermoprotei, 
and Glomeromycota decreased, whereas Proteobacteria and Ascomycota became 
more abundant during dry season (de Castro et al., 2016). Interestingly, microbial 
communities from metal-contaminated sites showed higher number of members 
from Firmicutes, Chloroflexi, and Crenarchaeota in comparison to Proteobacteria 
and Actinobacteria (Yin et al. 2015). It has been reported that Brazilian soils support 
more complex microbial communities than others, with an unexplored genetic 
diversity (Araujo et al. 2012). Siles et al. (2016) analyzed soil microbial community 
at four sites of Alpine forest across an altitudinal gradient (545–2000 m above sea 
level) and found no shift in abundance or diversity of archaeal community, but there 
was dominance of Thaumarchaeota. However, they reported changes in abundance 
and diversity of bacterial and fungal community from lower to higher altitudes. The 
bacterial community was mainly represented by Proteobacteria, Acidobacteria, and 
Bacteroidetes, whereas the fungal members belonged to Ascomycota, Basidiomycota, 
and Zygomycota. Sites at the lowest altitudes had the highest bacterial richness, and 
diversity was found correlated to environmental and edaphic factors specially soil 
pH. An increase in relative size of fungal community along the gradient was also 
observed and ascribed to soil pH and C/N ratio (Siles et al. 2016). Yang et al. (2014) 
employed a microarray-based metagenomic tool to study the response of microbes 
to climatic change at four sites/elevation of mountainous grassland and found cold- 
shock genes more abundant at higher elevation. Similarly, metagenomic analysis of 
some potential nitrogen-fixing bacteria in arable soils at different formation pro-
cesses revealed significant differences in bacterial community structure (Wolińska 
et al. 2017). Their study showed dominance of β-Proteobacteria among the repre-
sentative of potential N2 fixers belonging to genus Burkholderia. For the benefit of 
readers, a brief detail of community structure of different groups is presented below 
under separate heading.

32.3.1  Bacteria

Till date majority of soil bacterial communities are reported as uncultured or 
unknown bacteria because their references are not available in any database. 
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Henceforth, metagenomics has given new insights in determining the structure and 
the role of native bacterial communities in increasing the fertility of agricultural 
soils. Most cultured bacteria from soil have been reported from phyla Proteobacteria, 
Firmicutes, Bacteroidetes, and Actinobacteria. Among noncultured bacteria maxi-
mum percentage (20%) is reported from Acidobacteria (Riesenfeld et  al. 2004). 
Certain bacteria like species of Pseudomonas, Azospirillum, Azotobacter, Klebsiella, 
Enterobacter, Alcaligenes, Arthrobacter, Burkholderia, Bacillus, and Serratia have 
been isolated from rhizosphere of various agricultural crops (Kloepper et al. 1989; 
Glick 1995; Ladha and Reddy 2000; Franche et al. 2009; Venieraki et al. 2011). 
Among these most of the species are involved in plant growth-promoting (PGP) 
activity including fixation of atmospheric N2, solubilization of insoluble phosphate, 
production of phytohormones (indole acetic acid and gibberellic acid), and antago-
nistic compounds which are effective in the plant disease control (Miyamoto et al. 
2004; Richardson et al. 2009).

A few researchers have analyzed bacterial community structure from contami-
nated or uncropped soil (Le et al. 2016; Souza et al. 2016). Community profiling of 
long-term oil-contaminated soil revealed the abundance of members from 
Chromobacterium and Proteobacteria (Patel et al. 2016). In another study, microbial 
community from crude oil-contaminated soil showed about 40% lesser fungal pop-
ulation than those of bacterial population (Le et al. 2016). Likewise uncropped and 
soil cropped by maize/soyabean for 23 years showed significant variations in micro-
bial community composition both in terms of taxonomical and functional attributes. 
Cropped soil showed abundance of members from Proteobacteria and Ascomycota 
and a decrease in abundance of Planctomycetes, Thermoprotei, and Glomeromycota 
(Souza et al. 2016). Uncropped soil community revealed bacteria like Rhizobium, 
Azospirillum, Xanthomonas, Pseudomonas, Acidobacterium, etc., and fungal mem-
bers from Ascomycota (Souza et al. 2016). A study conducted on bacterial commu-
nity from the southwestern highland soil of Saudi Arabia which is highly susceptible 
to environmental changes and known as hotspot for biodiversity revealed a total of 
33 different phyla dominated by Proteobacteria, Actinobacteria, and Acidobacteria 
(Yasir et al. 2015). In an interesting study conducted on microbiomes and metage-
nomes of forest biochar, it was noted that microbial community of biochar had 
lower prokaryotic diversity and higher eukaryotic diversity compared to surround-
ing soil (Noyce et  al. 2016). Detailed analysis of biochar bacterial community 
showed lower abundance of prokaryotic microorganisms including Acidobacteria, 
Planctomycetes, and β-Proteobacteria, and eukaryotic biochar community was rep-
resented by protists (11%).

Fertilizers and climate are crucial for plant growth; when their ratio varies, bacte-
rial community also changes. For example, winter wheat (Triticum aestivum) and 
summer maize (Zea mays) showed significant differences in proportion of bacterial 
groups, i.e., Acidobacteria, Chloroflexi, Actinobacteria, Proteobacteria, Bacteroidetes, 
etc. (Xun et al. 2016). Bacterial community structure also showed appreciable differ-
ences not only with the types of soil but also with cultivars therein. Li et al. (2016) 
reported that γ-Proteobacteria, α-Proteobacteria, and Actinobacteria were the main 
phyla from tea orchard soil. On the other hand, species of Pseudomonas, 
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Stenotrophomonas, Rahnella, Agrobacterium, Serratia, Bacillus, Lysinibacillus, 
Flavobacterium, and Chryseobacterium were identified from the maize rhizosphere 
(Vigliotta et al. 2016). Analysis of microbial community from notoginseng (Panax 
notoginseng), a herbal medicinal plant, showed positive correlation with bacterial 
community like Burkholderiales, Syntrophobacteraceae, Myrmecridium, and 
Phaeosphaeria for colonization to diseased plants (Dong et al. 2016).

32.3.2  Archaea

Four decades ago, a new domain of living world called archaea was recognized 
through 16S rRNA analysis. These bacteria are able to survive in extreme environ-
mental conditions (Rousk et al. 2010). Archaea constitute up to 20–30% of the total 
prokaryotes in pelagic marine environments but constitute only 0–10% of the total 
prokaryotes in soil community (Bomberg and Timonen 2009). Soil archaeal research 
has focused mainly on a subgroup of archaea involved in ammonia oxidation and 
designated as ammonium-oxidizing archaea (AOA) (Leininger et  al. 2006). The 
presence of archaeal amoA gene (Francis et al. 2005) in AOA plays an important 
role in the global cycling of nitrogen (Konneke et al. 2005). One of the most impor-
tant factors in determining composition of microbial communities is soil pH. Relative 
abundance and diversity of archaea of soils collected from biomes of North and 
South America were found to be greatly affected by soil pH; a shift of pH from 4 to 
8 resulted in two-fold increase in diversity (Bengtson et al. 2012).

32.3.3  Cyanobacteria

Cyanobacteria are photosynthetic prokaryotic group of organisms and regarded as 
eco-friendly alternative for chemical fertilizer. They directly enhance plant growth 
through N2 fixation and production of various plant growth-promoting substances 
such as auxin, gibberellins, and cytokinins. They indirectly promote plant growth 
through secretion of extracellular polysaccharides which help in soil aggregation 
and water retention and increase the nitrogen status of soil. Wang et  al. (2013) 
applied metagenomic approach to study the nitrogen fixation potential of terrestrial 
bacterial/cyanobacterial community from soil sample. They used targeted metage-
nomics selecting the gene for nitrogenase reductase (nifH) and obtained 1.1 million 
nifH 454 amplicon sequences from 222 soil samples collected from four different 
states in the USA. On the basis of FrameBot (a tool for frameshift correction and 
nearest neighbor classification), they reported that nifH sequences showed the dom-
inance of the phylum Proteobacteria followed by Cyanobacteria in Alaska and Utah 
sites. On the other hand, cyanobacterial nearest matches were much less common in 
Hawaii and Florida sites. The majority of the reads showed similarity to Anabaena 
sequences and the corresponding free-living species, but a small percentage (0.05% 
of the  total Alaska reads) were associated with Nostoc, a genus containing free- 
living as well as lichen- and moss-associated members. An Utah site, with arid 
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conditions showed the presence of Utah “indicator” Nostoc punctiforme, a 
desiccation- resistant form whose filaments are known to be important in holding 
together desert soil crusts. In addition, many Nostoc strains were found to be impor-
tant in nitrogen-fixing desert soil crusts. Another recent study showed the compara-
tive metagenome analysis of cyanobacteria dominated  hypolithic communities in 
hot desert (Namibia) and cold hyperarid deserts from Antarctica (Le et al. 2016). 
The most abundant hypolith metagenomes showed the presence of Actinobacteria, 
Proteobacteria, Cyanobacteria, and Bacteroidetes with Cyanobacteria dominating 
in Antarctic hypoliths. Interestingly, Cyanobacteria contributed a statistically lower 
percentage of Namib desert sequences (10%) as compared to Antarctic sequences 
(~13%). Members of the Oscillatoriales, Chroococcales, and Nostocaceae lineages 
were the dominant Cyanobacteria in both metagenomes. Nostocales, the member 
from the family Nostocaceae, were more abundant in the Namib desert (19%) than 
in the Antarctic desert (7%). Within the Oscillatoriophycideae, Chroococcales were 
more abundant in the Antarctic metagenome (47%) than in the Namib desert (18%). 
Dorokhova et al. (2015) studied soils of an administrative district of Moscow and 
found that the algal-cyanobacterial communities of undisturbed soddy-podzolic 
soils were predominant by the high species diversity of yellow-green algae and rela-
tively low proportion of non-heterocystous Cyanobacteria. In most of the studied 
soils in Moscow, diatom dominated in the algal-cyanobacterial communities 
whereas the industrial zone was characterized by the least species diversity of algae, 
especially yellow-green algae, and had the highest proportion of Cyanobacteria in 
the algal-cyanobacterial communities.

32.3.4  Fungi

Fungi grow abundantly in soil and have the capacity of decomposition and accumu-
lation of organic matter which later becomes available to the plant. They also pro-
vide protection to plants against several plant pathogens. Based on sequencing, it 
has been reported that members from phyla Ascomycota (Dothideomycetes, 
Eurotiomycetes, Sordariomycetes, and Leomycetes) and Basidiomycota 
(Agaricomycetes) are abundantly present, while fungal genera from Zygomycota, 
Microsporidia, and Glomeromycota are rare in soil. Antarctic soil crust has approxi-
mately just doubled the population of fungi present in dry soil (Bates et al. 2011; Jung 
et al. 2011). Poplar growing at a metal-contaminated phytoremediation sites showed 
colonization of roots by arbuscular, mycorrhizal endophytic fungi. Members 
belonging to Helotiales and Serendipita vermifera were found to be highly tolerant 
to heavy metals such as Cd, Zn, Pb, and Cu and possessed ability to degrade com-
plex carbohydrates like xylose and cellulose. They could possibly enter the root 
cells by partially degrading the cell wall (Foulon et al. 2016). Saprotrophic fungi 
work like chelating agent and play an important role in the removal of metals from 
contaminated soil (Arwidsson et al. 2010). Tetracladium maxilliforme are dominant 
fungal endophytes in root samples (Foulon et  al. 2016). Higher death rates of 
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notoginseng, a herbal medicinal plant, during continuous cropping have been cor-
related to significant decrease in soil fungal community over successive years of 
cropping (Dong et al. 2016). Due to limitation of space, it is not possible to pro-
vide all the information related to fungal metagenomics; readers may find excellent 
recent reviews dealing with this topic.

32.4  Outcomes of Metagenomics

New bio-products are useful in pharmacy and agro- and food industries. During the 
last decade, approximately 70,000 natural products derived from microorganisms 
have been identified; among them, about 50% show bioactivity (Berdy 2012). Most 
of the industrially useful biomolecules are recovered from environmental samples 
and can be used commercially for maintaining crop health. Now a days, demand of 
biologically synthesized molecules is more than chemically synthesized, because 
most of the bio-products are eco-friendly. Metagenomics has tremendous potential 
to change the world of microbial biotechnology by discovering cheap and most suit-
able products for mankind. Acylases, phosphatases, proteases, oxidoreductases, 
glycosyl hydrolases, lipases/esterases, etc., are the abundant products obtained from 
metagenomic library. In a comparative study on the occurrence of glycosyl 
hydrolase- related genes in microbial community, it was noted that this type of genes 
comprise 0.05–6% of bacterial genome (Countinho et al. 2003), 1.7% of archaeal 
genome (Werner et al. 2014), and 1.5% of fungal genome (Islam et al. 2012). Most 
approaches used in metagenomic study proved fruitful for the recovery of novel 
compounds/natural products from environmental samples. Details of enzymes/
genes recovered from soil metagenome are presented in Table 32.2.

32.4.1  Novel Genes/Enzymes

Functional analysis of metadata from soil community has revealed the presence of 
several novel genes and enzymes in the native community. Metagenomic screening 
of Korean soil sample library showed an Fe (II)-dependent, nonheme oxygenase, 
and a novel 4-hydroxyphenylpyruvate dioxygenase (HPPD) that converts 
4- hydroxyphenylpyruvate to homogentisate (Lee et  al. 2008). This was indeed a 
breakthrough as plastoquinone and tocopherol are produced by HPPD-dependent 
anabolic pathway in plants. Furthermore, HPPD plays an important role both for 
plants and animals. Plant HPPD targets several β-triketones which are used as her-
bicides including sulcotrione and mesotrione and animal drug for treating heredi-
tary hypertyrosinemia. HPPD  also inhibits carotenoid biosynthesis in plants. 
Similarly, two novel lipase-encoding genes pwtsB (301 amino acid) and pwtsC (323 
amino acid) have been screened from metagenomic library. These are highly active 
at 20 °C (pH 8.0) and 40 °C (pH 7.0) and utilize p-nitrophenyl palmitate (p-NPP) as 
the substrate. pwtsB is a cold-adapted lipase, while pwtsC is a thermostable lipase 
acting on long-chain p-nitrophenyl esters (Wei et al. 2009). One of the frequently 
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Table 32.2 Important enzymes/genes obtained from soil metagenome

S. No Enzyme/gene Sources Roles/functions References
1 Alpha-xylosidase Forest soil Glycoside hydrolase 

activity towards 
4-Nitrophenyl 
α- D-xylopyranoside

Matsuzawa et al. 
(2016)

2 Amylolytic (amyM) 
gene

Ground soil Hydrolysis of soluble 
starch and cyclodextrins

Yun et al. (2004)

3 β-Glucanase Paddy soil Exoglucanase and 
transglycosylation activity

Zhou et al. 
(2016)

4 Nitrous oxide 
reductase

Sandy soil Reduction of N2O to N2 Orellana et al. 
(2014)

5 Phytase gene Agricultural 
field soil

Histidine acid 
phosphatase family 
phytase

Tan et al. (2014)

6 Chitobiosidase Agricultural 
field soil

Salt tolerance Cretoiu et al. 
(2015)

7 GH16 family Sugarcane field 
soil

Carbohydrate metabolism Alvarez et al. 
(2015)

8 D-Amino acid 
oxidase (DAAO)

Agricultural 
soil

D-amino acid oxidases Ou et al. (2015)

9 Oxygenase genes Artificially 
polluted soil

Indigo-forming activity Nagayama et al. 
(2015)

10 Styrene 
monooxygenase

Loam soil Catalyzes the actual 
monooxygenation 
reaction, and a flavin 
reductase (StyB), which 
reduces FAD to FADH2

van Hellemond 
et al. (2007)

11 Lipolytic enzymes Forest top soil Tributyrin hydrolysis 
activity

Lee et al. (2004)

12 Lipase gene LipHim1 Normal soil 
sample

Lipase activity Pindi et al. 
(2014)

13 Endoxylanase family 
GH10

Sugarcane soil Xylanase activity Alvarez et al. 
(2013)

14 Endoglucanase Rice straw 
compost

Cellulolytic activity Pang et al. 
(2009)

15 Alkaline protease Saline habitat Acts as a serine protease Purohit and 
Singh (2013)

16 Esterase MH lip Antarctic soil Haloperoxidases and 
proteases activity

Berlemont et al. 
(2013)

17 Trehalose synthase 
gene

Saline-alkali 
soil

Shows 4.1-fold higher 
catalytic efficiency (Kcat/
km) for maltose than 
trehalose

Jiang et al. 
(2013)

18 Xylanase gene 
(Mxyl)

Compost soil Thermostable at 80 °C Verma et al. 
(2013)

19 Chitinases (chiA) Agricultural 
soil

Chitobiosidase activity Cretoiu et al. 
(2012)

20 Xylanases and 
cellulase

Grassland soil High activity over a wide 
range of temperatures and 
pH

Nacke et al. 
(2012)

(continued)
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used herbicides in agriculture is phenoxy-alkanoic acid (PAA). Soil microbes are 
responsible for the degradation of  PAA  into α-ketoglutarate through an Fe2+-
dependent dioxygenases encoded by tfdA-like gene. Putative degradation of 
phenoxy- alkanoic acid, by tfdA-like gene, encoding herbicide-degrading dioxygen-
ases has been demonstrated in soil samples (Zaprasis et  al. 2010). 
Polyhydroxyalkanaote synthase-encoding gene phaC occupies a central position 
among bacterial enzymes; it catalyzes the polymerization of hydroxyacyl-CoA mol-
ecule. A novel polyhydroxyalkanaote (PHA) synthase-encoding gene derived from 
a soil metagenomic library was found to be useful in the engineering of more effi-
cient systems for the industrial production of bioplastics (Schallmey et al. 2011). 
Tao et al. (2011) reported that alluvial metagenomes contain a novel esterase gene 
(estDL30) with 1524 nucleotides and produce a 507 amino acid peptide similar to 
B-carboxylesterases. A phylogenetic study of gene estDL30 showed similarity to 
family VII lipase and esterase of Bacillus subtilis, Streptomyces coelicolor, and 
Arthrobacter oxydans. Soil metagenomic DNA library has also been used for iden-
tification of a novel tryptophan dimerization biosynthetic gene cluster, which works 
as indolotryptoline antiproliferative agent (Chang and Brady 2013). In another 
interesting study, saline-alkali soil metagenomic library showed a new novel gene 
trehalose synthase (TreS) encoding a 552 amino acid protein (molecular weight 
63.3 kDa). This enzyme functions like glycosyl hydrolase family 13 enzyme cataly-
sis (Jiang et al. 2013). Compost soil microbial habitat with hot environment con-
tained microbes with novel thermostable and alkalistable xylansase enzyme encoded 
by mxyl gene (Verma et  al. 2013). This novel enzyme showed highest catalytic 
activity towards p-nitrophenyl butyrate. Functional screening of mangrove soil 
metagenome library revealed a novel endoglucanase gene mgce144 encoding a 

Table 32.2 (continued)

S. No Enzyme/gene Sources Roles/functions References
21 Esterase Antarctic desert 

soil
Extremely alkaliphilic 
and cold active

Hu et al. (2012)

22 Endo-β-1,4-
glucanase gene

Red soil Thermal stability, 
halotolerance activity

Liu et al. (2011)

23 EstD2 Plant 
rhizosphere soil

Esterases and lipolytic 
activity

Lee et al. (2010)

24 β-Galactosidase 5–10 cm depth 
soil

Hydrolyzes lactose to 
glucose and galactose

Wang et al. 
(2010)

25 Multicopper oxidase Mangrove soil Laccases as biocatalysts Ye et al. (2010)
26 Family VIII alkaline 

esterase
Compost soil Tolerant to methanol Kim et al. (2010)

27 Endoglucanase Compost soil Activity against 
carboxymethyl cellulose

Pang et al. 
(2009)

28 Lipases Normal soil 
sample

High specificity for 
p-nitrophenyl palmitate

Wei et al. (2009)

29 Esterase Vegetable soil Pyrethroid hydrolyzing Li et al. (2008)
30 Poly (DL-lactic acid) 

depolymerases
Compost soil Biodegradable aliphatic 

polyesters
Mayumi et al. 
(2008)
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648- long polypeptide with a molecular mass of 70.8  kDa and catalytic domain 
activity like glycosyl hydrolase 44 (Mai et  al. 2014). A novel bacterial chitinase 
(Chi18H8) with antifungal role against several agricultural crops was identified 
from uncultured bacterial community (Hjort et  al. 2014). A study conducted to 
reveal the metabolic potential of two soil-derived lignocellulolytic microbial con-
sortia, denoted as RWS and TWS (bred on wheat straw), showed the plant polysac-
charide-degrading capability of microbial consortia (Jimenez et al. 2015). A study 
on the functional screening of soil metagenomic library confirmed the presence of 
genes conferring tolerance against lignocellulose-derived inhibitors (Wang et  al. 
2015). Before the release of fermentable sugar, lignocellulosic raw materials were 
treated with thermostable lignocellulose that makes harsh conditions and generates 
numerous small inhibitor molecules responsible for hindering microbial growth and 
fermentation (Forsberg et al. 2016). Sequence-based screening of plasmid library of 
contaminated agricultural soil showed the presence of a novel daoE gene, closely 
related to D-amino acid oxidase (DAAO) gene. The maximum activity of the recom-
binant protein occurred at temperature 37  °C and pH 8.0 with a Km  value of 
2.96 mM, Vmax of 0.018 mM/min, kcat of 10.9/min, and kcat/Km value of 1.16 ×  
104/mol/min (Ou et al. 2015). It is known that methanesulfonate (MSA), a catabolic 
oxidative compound produced during sulfur cycle, is used by bacteria as carbon and 
energy source, and a specific enzyme methanesulfonate monooxygenase (MSAMO) 
is used for the first catalytic step of MSA oxidation. To this effect, novel genes 
msmA and msmE have been reported from marine habitat which is involved in the 
synthesis of large (alpha) subunit of the MSAMO enzyme (Henriques and De Marco 
2015). A novel gene coding for 343 amino acid polypeptide residue and functioning 
like putative lipolytic enzyme related to the hormone-sensitive lipase family has 
been characterized from Permafrost sample. The amino acid sequence of this poly-
peptide showed maximum similarity with the properties reported for the uncharac-
terized protein from Sphingomonas species (Petrovskaya et al. 2016).

32.4.2  Other Novel Biomolecules

For the first time, Gillespie et al. (2002) introduced antibiotics turbomycin A and B 
from a metagenomic library of soil microbial community DNA. Subsequently, nine 
genes conferring high level of resistance to tetracycline due to production of enzyme 
tetracycline destructases, were identified by soil functional metagenome screening 
(Forsberg et al. 2015). The environmental “resistome” is the collection of genes that 
directly or indirectly influence antibiotic resistance. It deals with the composition of 
local resistome which is involved in gene transfer due to human activity such as 
agriculture (Perry and Wright 2013). Notably, metagenomics plays a crucial role in 
studying horizontal gene transfer of antibiotic resistance genes from the environ-
ment to the clinic. A number of bacteria under abnormal growth conditions synthe-
size natural polyester polyhydroxyalkanoates (PHAs). Metagenomics is also fruitful 
in exploring knowledge about the production of a variety of PHA polymer and 
copolymer mixtures (Cheng and Charles 2016). Ring-hydroxylating dioxygenases 
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(RHDs) play a crucial role in the biodegradation of a range of aromatic hydrocar-
bons found on polluted sites, including those containing polycyclic aromatic hydro-
carbons (PAHs) (Chemerys et al. 2014). PCR amplicon sequences of ketosynthase 
gene have been used to explore the structural and biosynthetic diversities of pentan-
gular polyphenols (PP) (Kang and Brady 2014). Polyketide, a secondary metabolite 
having antibiotic or/and anticancer activity has been isolated from soil Acidobacteria 
which also produce a few other secondary metabolites (Parsley et  al. 2011). 
Metagenome-derived short-chain dehydrogenase/reductase has a role in the attenu-
ation of P. aeruginosa (PAO1) which results in reduced pyocyanin production, 
decreased motility, and poor biofilm formation (Bijtenhoorn et al. 2011).

32.5  Challenges for Soil Metagenomics

Isolation of pure metagenomic DNA from the soil sample is problematic because 
several types of impurities coprecipitate with metagenomic DNA. Humic acid, the 
main impurity that coprecipitates with metagenomic DNA, chelates Mg2+ ions dur-
ing PCR and also affects the activity of Taq DNA polymerase (Tsai and Olson 
1992). The presence of minute quantities of humic compound hinders all the molec-
ular approaches used in metagenome study and affects the activity of enzyme. 
Cloning of metagenomic DNA is a crucial step, and the choice of a suitable cloning 
vector and suitable surrogate is very critical. Construction of metagenomic library 
using cosmid or fosmid vector is more appropriate as they have large insert size and 
have high cloning efficiency. The length of extracted DNA must be sufficient for 
lambda packaging because self-ligated and false colonies are frequently detected 
(Lam and Charles 2015). Each step of metagenomic library construction is vital and 
requires high level of molecular biological expertise. Metagenomics also requires 
the knowledge of bioinformatics tools which are required for annotation and statis-
tical analysis applicable for probability and correlation.
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