
Vivek Kumar · Manoj Kumar 
Shivesh Sharma · Ram Prasad    Editors 

Probiotics in 
Agroecosystem



Probiotics in Agroecosystem



Vivek Kumar • Manoj Kumar 
Shivesh Sharma • Ram Prasad
Editors

Probiotics in 
Agroecosystem



Editors
Vivek Kumar
Himalayan School of Biosciences
Swami Rama Himalayan University
Jolly Grant
Dehradun
Uttarakhand
India

Manoj Kumar
Amity Institute of Microbial Technology
Amity University
Noida
Uttar Pradesh
India

ISBN 978-981-10-4058-0    ISBN 978-981-10-4059-7 (eBook)
DOI 10.1007/978-981-10-4059-7

Library of Congress Control Number: 2017953188

© Springer Nature Singapore Pte Ltd. 2017
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of 
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, 
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information 
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology 
now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication 
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant 
protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in this book 
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the 
editors give a warranty, express or implied, with respect to the material contained herein or for any errors 
or omissions that may have been made. The publisher remains neutral with regard to jurisdictional claims 
in published maps and institutional affiliations.

Printed on acid-free paper

This Springer imprint is published by Springer Nature
The registered company is Springer Nature Singapore Pte Ltd.
The registered company address is: 152 Beach Road, #21-01/04 Gateway East, Singapore 189721, Singapore

Shivesh Sharma
Department of Biotechnology
Motilal Nehru National Institute  

of Technology
Allahabad
Uttar Pradesh
India

Ram Prasad
Amity Institute of Microbial Technology
Amity University
Noida
Uttar Pradesh
India



v

Preface

 Probiotics in Agro-Ecosystems

As a general notion, probiotics are beneficial microbes for human health, and are, 
by definition, living microbes, which when administered appropriately confer a 
benefit to the host. Advertisements and recent research claim that probiotic products 
are good for our health, resulting in improved digestion, immunity, and manage-
ment of allergies and colds. However, the probiotic prospective applications in 
nondairy- food products and agriculture have not received proper recognition. 
Presently there is increased interest in food and agricultural applications of probiot-
ics, selection of new probiotic strains, and the development of new applications. The 
agricultural applications of probiotics with regard to animal, fish, and crop plants 
have increased steadily, yet a number of uncertainties concerning technological, 
microbiological, regulatory, and ignored aspects do exist.

Human systems obtain benefits from the beneficial bacteria of probiotics. 
Likewise, plants also reflect a dependency on certain eco-friendly microbes that act 
in symbiosis, i.e. plant strengtheners, bioinoculants, phytostimulators, and biopesti-
cides, which eventually benefit human health and agro-ecosystems. The way these 
microbes are associated with or inhabit plant systems and the fate of their interac-
tion are still poorly understood at a metabolic level. It most likely differs according 
to microbial plethora, age, and species of the plant, although numerous environmen-
tal factors do influence this association.

Scientists have known for decades that legume plants harbor beneficial bacteria 
in nodules, which fix unavailable nitrogen into a form the plant can easily use. On 
the other hand, the plant root surface, especially the rhizosphere region, harbors 
diverse beneficial bacteria and fungi along with various types of endophytes, which 
are present in the host tissue. This endophytic plant relationship is a matter of adap-
tation during the process of evolution. Plants have a restricted capacity to geneti-
cally adapt to rapidly changing environmental conditions such as temperature, water 
stress, pathogens, or limited nutrient resources. Therefore, plants may use microbes 
that have the potential to evolve rapidly owing to their short life cycles and simple 
genetic material, and help the plant to overcome unfavorable conditions. During the 
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process of selection, the host plant chooses or favors the right microbes for particu-
lar conditions, which helps the plants to be healthier and competitive. In this way, it 
is comparable to humans taking probiotics to improve their health.

The increasing interest in the preservation of the environment and the health of 
consumers is demanding change in production methods and food consumption hab-
its. Consumers demand functional foods because they contain bioactive compounds 
in bioavailable forms that are involved in health protection. To fulfill consumers’ 
demands, plants are inoculated with biofertilizers, which are linked to the roots or 
move inside them, thus acting as plant probiotics and to some extent they become 
reliable substitutes for chemical fertilizers.

These beneficial microbes are plant probiotics, which promote plant growth 
through diverse mechanisms such as phosphate solubilization, nitrogen fixation, 
phytohormone and siderophore production, and by mitigating abiotic and biotic 
stress. They act as vector carriers that take up unavailable nutrients, move them 
through the soil, and mobilize them to the root. This concept posits that less is 
wasted, whatever is available is utilized, and that less needs to be applied. The 
plant thrives in an environment of lower pollution, and nutrients taken up by the 
organisms are not available to be leached into the ground and surface waters. In 
addition, this concept creates a healthy soil that produces superior and healthy 
plants and involves much more than using only chemical inputs. Regular applica-
tion of only synthetic inputs leads to reduced soil quality and fortifies plants with 
chemicals, which results in unhealthy produce, imparting negative effects on 
human health.

Health-conscious society has encouraged farmers and organic growers to adopt 
these microbial-based probiotic technologies to inoculate seeds/soils/roots to pro-
vide nutrients like phosphate, nitrogen, and other phytostimulatory compounds. In 
addition, microorganisms have also attracted worldwide consideration owing to 
their role in disease management, drought tolerance, and remediation of polluted 
soils. Accordingly, selected and potentially selected microbial communities are pos-
sible tools for sustainable crop production and can set a trend for a healthy future. 
Scientific researchers draw on multidisciplinary approaches to understanding the 
complexity and practical utility of a wide spectrum of microbes for the benefit of 
crops. The success of crop improvement, however, largely depends on the perfor-
mance of microbes and the willingness and acceptance by growers to cooperate. A 
substantial amount of research has been carried out to highlight the role of microbes 
in the improvement of crops, but very little attempt is made to organize such find-
ings in a way that can significantly help students, academics, researchers, and 
farmers.

“Plant Probiotics in Agro-Ecosystems” is conceptualized by experts providing a 
broad source of information on strategies and theories of probiotic microbes with 
sustainable crop improvement in diverse agro-ecosystems. The book presents strat-
egies for nutrient fortification, adaptation of plants in contaminated soils, and miti-
gating pathogenesis, and explores ways of integrating diverse approaches to 
accomplish anticipated levels of crop production under outdated and conventional 
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agro-ecosystems. It is believed that the enthusiasm and noteworthy opportunities 
presented in this work regarding our recent understanding of the challenges and 
relationships that bring about learning plant probiotic and synergistic approaches 
towards plant and human health will inspire readers to push the field forward to new 
frontiers.

Dehradun, Uttarakhand, India Vivek Kumar
Noida, Uttar Pradesh, India Manoj Kumar 
Allahabad, Uttar Pradesh, India Shivesh Sharma
Noida, Uttar Pradesh, India  Ram Prasad 
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1Role of Endophytic Bacteria in Stress 
Tolerance of Agricultural Plants: 
Diversity of Microorganisms 
and Molecular Mechanisms

Inga Tamosiune, Danas Baniulis, and Vidmantas Stanys

Abstract
Bacterial endophytes are a group of endosymbiotic microorganisms widespread 
among plants. An association of plants with endophytic bacteria includes a vast 
diversity of bacterial taxa and host plants. In this review we present an overview 
of taxonomic composition of the bacterial endophytes identified in common 
agricultural crops with special emphasis on the most recent results obtained 
using metagenomic analysis. Endophytic microbiome constitutes a part of larger 
soil microbial community and is susceptible to direct or indirect effect of agricul-
tural practices: soil tillage, irrigation, use of pesticides and fertilizers has a major 
effect on function and structure of soil and endophytic microbial populations. 
Therefore, the use of agricultural practices that maintain natural diversity of 
plant endophytic bacteria becomes important element of sustainable agriculture 
that ensures plant productivity and quality of agricultural production. On the 
other hand, the endophytic microbiome itself have been shown to have multiple 
effects on their host plant, including modulation of phytohormone signaling, 
metabolic activity, and plant defense response pathways. It has been demon-
strated that these effects could be helpful for plant adaptation to abiotic or biotic 
stresses. Therefore, application of endophytic bacteria to improve crop perfor-
mance under cold, drought, salinity, and heavy metal contamination stress condi-
tions or to enhance disease resistance presents an important potential for 
sustainable agricultural production.
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1.1  Introduction

An intensification of agricultural production has been crucial in sustaining popula-
tion growth throughout civilization history (Ellis et al. 2013). During the last cen-
tury, the agricultural intensification has been largely achieved through improvement 
in crop productivity and the use of farm equipment, irrigation, intensive tillage, 
fertilizers, pesticides, and other manufactured inputs (Foley et al. 2005; 2011). 
However, these agricultural practices often lead to detrimental effects on environ-
ment as well as human health. Therefore, new environmentally benign pathways 
have to be employed to maintain increase in agricultural production while greatly 
reducing unsustainable uses of water, nutrients, and agricultural chemicals. This 
requires new means to overcome threats that cause loss of crop yield, including 
plant stresses associated with unfavorable environmental conditions, such as 
drought, temperature extremes, or soil salinity, as well as biotic stress induced by 
plant pathogens and pests. Therefore, the attention is drawn to exploitation of mutu-
alistic and antagonistic biotic interactions within agroecosystems that would 
increase crop productivity and improve sustainability of pest control technologies 
(Gaba et al. 2014).

Plants live in intimate association with microorganisms that fulfill important 
functions in agricultural ecosystems and represent an important resource for 
improvement of plant performance through enhancing crop nutrition or reducing 
damages caused by pathogens or environmental stress (Jha et al. 2013; Singh et al. 
2011). Bacteria constitute the most numerous group of microorganisms in soil 
(Whitman et al. 1998). They exist as free-living organisms, attached to the surface 
of roots or phyllosphere, and establish interactions with plants. The extreme forms 
of plant–microbe interactions could be categorized into commensal (acquire nutri-
ents from the plant without damaging), mutualistic (positively influence plant 
health), and pathogenic (damage plant) type, yet many microorganisms exploit dif-
ferent forms of relationship with plants during their life cycles (Newton et al. 2010). 
Endophytic bacteria are a group of endosymbiotic microorganisms that live in inter-
nal plant tissues of apparently healthy host plants and do not normally cause any 
substantial disease symptoms (Schulz and Boyle 2006).

Endophytic bacteria colonize intercellular spaces of the cell walls and xylem 
vessels of plant roots, stems, and leaves, and they are also found in tissues of flowers 
(Compant et al. 2011), fruits (de Melo Pereira et al. 2012), and seeds (Cankar et al. 
2005; Johnston-Monje and Raizada 2011; Trognitz et al. 2014). Meanwhile it is 
generally believed that endophytic bacteria reside in apoplast of plant cells, several 
studies of intracellular colonization of cytosol have been published (Cocking et al. 
2006; Koskimaki et al. 2015; Thomas and Sekhar 2014; White et al. 2014). Plant 
roots have been established as the main entry point of the potential endophytes from 
soil and provide a base camp for colonization of other plant organs. Higher density 
of endophyte populations is characteristic to plant roots and other belowground tis-
sues as compared to phyllosphere, and an ascending migration of endophytic bacte-
ria from roots to leaves of rice plants has been demonstrated (Chi et al. 2005). It has 
been also shown that plant roots are capable to take up bacteria from surrounding 
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environment (Paungfoo-Lonhienne et al. 2010). Isolation of endophytic bacteria 
from seeds suggests an alternative transmission route (Cankar et al. 2005; Johnston- 
Monje and Raizada 2011; Trognitz et al. 2014). Structure of the endophytic com-
munity is defined by abiotic and biotic factors such as environmental conditions, 
microbe–microbe interactions, and plant–microbe interactions (Ryan et al. 2008).

Diverse effects of endophytic bacteria on plant health and growth have been well 
documented. The endophytes aid nutrient availability and uptake, enhance stress 
tolerance, and provide disease resistance (Hamilton et al. 2012; Ryan et al. 2008). 
The plant growth-promoting capability of endophytes is established through activ-
ity that increases accessibility of nutrients, such as nitrogen and phosphorus, or is 
mediated by compounds produced by the microorganisms and the host cells, such 
as plant growth hormones (Brader et al. 2014; Glick 2012; Reinhold-Hurek and 
Hurek 2011). Disease protection properties are associated with ability of endophytic 
bacteria to produce compounds, such as antibiotics and fungal cell-wall lytic 
enzymes, which can inhibit growth of plant pathogens (Brader et al. 2014; Christina 
et al. 2013; Raaijmakers and Mazzola 2012; Wang et al. 2014) or priming plant 
response to pathogens by induced systemic resistance (ISR) mechanism (Pieterse 
et al. 2014). Owing to their plant growth-promoting and disease control properties, 
endophytes can be used in the form of bioinoculants in agriculture to benefit devel-
opment of sustainable agricultural production practices (Mei and Flinn 2010).

The aim of this review is to outline the understanding about diversity of endo-
phytic bacterial communities of agricultural crops and their implication in plant 
adaptation to stress and disease resistance. We provide a summary of the extensive 
information on taxonomic composition of bacterial endophytes identified in major 
agricultural crop plants that has been remarkably expanded due to application of 
advanced metagenomic analysis methods. Effect of different agricultural practices 
on the diversity of endophytic bacterial communities is assessed. Further, an impli-
cation of endophytes in plant adaptation to stress and disease resistance through 
modulation of phytohormone balance or induction of stress-related metabolites or 
systemic resistance signaling pathway is presented.

1.2  Assessment of Diversity of Bacterial Endophytes Using 
Cultivation Techniques and Metagenomic Analysis

Plants are naturally associated with continuum of other organisms, the majority of 
which are bacterial endophytes. Population densities of endophytic bacteria are 
extremely variable in different plants and tissues and have been shown to vary from 
hundreds to reaching as high as 9 × 109 of bacteria per gram of plant tissue (Chi 
et al. 2005; Jacobs et al. 1985; Misaghi and Donndelinger 1990). Initial studies of 
diversity of endophyte community were mostly based on the classic microbial cul-
ture techniques; therefore, bacterial endophytes isolated using surface sterilization 
methods have been reported for most species of agricultural plants (Rakotoniriana 
et al. 2013). One of the early reviews by Hallman et al. (1997) presented the list of 
isolated bacterial endophytes from various plant parts of different agricultural crops. 
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The list was supplemented by latter studies on endophyte diversity (Bacon and 
Hinton 2007; Lodewyckx et al. 2002; Rosenblueth and Martinez-Romero 2006; 
Ryan et al. 2008; Sturz et al. 2003).

Innovative culture-independent sequencing technologies allow much deeper 
assessment of microbial communities and improve our understanding about 
diverse microbiomes occupying plants. In recent years, extensive information 
about diversity of endophytic microbiota has been gathered using metagenomic 
sequencing platforms. Application of hypervariable regions from small subunit 
ribosomal RNA gene (16S rRNA) for the metagenomic sequencing allows precise 
taxonomic identification (Turner et al. 2013). Direct amplification of microbial 
DNA from plant tissue samples and application of modern bioinformatics tools 
allow analysis of growing numbers of plant material samples, and such studies 
have revealed rarely reported endophyte species of δ- and ε-Proteobacteria (Sun 
et al. 2008). In addition, culture-independent high-throughput sequencing tech-
nologies reflect variations of total microbial diversity and their physiological 
potential and ecological functions (Akinsanya et al. 2015; Turner et al. 2013; van 
Overbeek and van Elsas 2008). For example, Tian and associates (Tian et al. 2015) 
used second-generation sequencing technology to assess diversity of bacterial 
endophytes before and after nematode attack, and the study revealed that nema-
tode infection was associated with variation and differentiation of the endophyte 
bacterial populations.

Studies of microbial diversity using culture-independent molecular techniques 
could be limited by relatively low abundance of endophytic bacteria that results in 
underrepresentation in metagenomic library. This problem is associated with diffi-
culties in separation and high sequence homology of endophytic bacteria, plant 
nuclei, plastids, mitochondria, and plant-associated microbial DNA (Govindasamy 
et al. 2014). In recent years, gene enrichment strategies have been broadly used. 
Bacterial DNA extraction from host plant tissues and enrichment is the key step in 
preparation of the metagenomic library harboring representative sample of micro-
bial diversity. In order to recover target genes of metagenome, a suitable enrichment 
method should be used before DNA amplification (Mutondo et al. 2010). Jiao et al. 
(2006) enriched target genes from a metagenome by optimized hydrolysis of the 
plant cell walls, followed by differential centrifugation. Wang et al. (2008) effi-
ciently enriched bacterial DNA from medicinal plant by specific enzymatic treat-
ment. The same method increased representation of less abundant 
grapevine-associated bacteria (Bulgari et al. 2009). Series of differential centrifuga-
tion steps followed by a density gradient centrifugation efficiently enriched propor-
tion of microbial DNA in stems of soybean (Ikeda et al. 2009). Maropola and 
colleagues (2015) analyzed the impact of metagenomic DNA extraction procedures 
on the endophytic bacterial diversity in sorghum and found that different DNA 
extraction methods introduce significant biases in community diversities. The 
authors stated that despite the differences in results of extraction of DNA, the agri-
culturally important genera such as Microbacterium, Agrobacterium, 
Sphingobacterium, Herbaspirillum, Erwinia, Pseudomonas, and Stenotrophomonas 
were predominant. An enrichment method useful for extraction of plant-associated 
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bacteria of potato tubers was developed by Nikolic et al. (2011) and involved over-
night shaking of small pieces of potato tubers in sodium chloride solution.

Although 16S rRNA gene clone library technique provides efficient means to 
study different agricultural plant microbiota in detail (genetics and physiology), 
however, not all endophytes are easily amenable using this method as well (Sessitsch 
et al. 2012). The methods for microbe enrichment in plant tissues may lead to over-
representation of high-abundance bacterial species and reduced representation of 
low-abundance species. Therefore, a combination of microbial cultivation and 
culture- independent metagenomic analysis methods provides broader perspective 
of the diversity of endophytes.

A summary of the most widespread bacterial isolates identified in common agri-
cultural crop plants is presented in Table 1.1. Due to a vast diversity of bacterial 
species and host plants described to this day, the list is not complete and presents a 
sample of important agricultural crops and overview of associated endophytic bacte-
rial species identified using both, cultivation and metagenomic, analysis methods.

A study of direct comparison of culture-dependent and culture-independent 
approaches for assessing bacterial communities in the phyllosphere of apple has 
been published by Yashiro et al. (2011). Among the cultivated isolates only order of 
Actinomycetales has been found, while metagenomic approach has revealed the 
presence of Bacteroidales, Enterobacteriales, Myxococcales, and Sphingobacteriales. 
Differences between plant-associated microbial phyla are revealed when comparing 
the niches of rhizosphere, endosphere, and phyllosphere. The largest diversity is 
found in the roots, as it is the primary site of interaction between plants and soil 
microorganisms (Hardoim et al. 2011). Maropolla and colleagues (2015) found that 
diversity of sorghum-associated endophytic bacteria is lower in stems than that of 
rhizospheric communities. Rhizospheric endophytic species mostly belong to α-, 
β-, and γ-Proteobacteria subgroups and are closely related to epiphytic species 
(Kuklinsky-Sobral et al. 2004). The group of γ-Proteobacteria is found to be the 
most diverse. Culture-dependent methods revealed bacteria species that belong to 
the Proteobacteria, meanwhile Firmicutes, Actinobacteria, and also Bacteroides 
are less common (Reinhold-Hurek and Hurek 2011).

Culture-independent approach suggests a 100–1000-fold higher diversity of the 
bacterial communities in economically important crops (Suman et al. 2016; Turner 
et al. 2013). Sessitsch with associates (Chi et al. 2005) investigated genomic char-
acteristics of the most abundant bacterial endophytes colonizing rice roots under 
field conditions without cultivation bias. In this study, the members of 
γ-Proteobacteria, comprising mostly Enterobacter-related endophytes, were pre-
dominant. Metagenomic analyses demonstrated that rhizobia (and other 
α-Proteobacteria) were the most abundant plant-associated endophytes, including 
β-Proteobacteria, γ-Proteobacteria, and Firmicutes (Turner et al. 2013). However, 
it was found that only culture-independent techniques were able to identify endo-
phytic archaea (Euryarchaeota) (Suman et al. 2016). In general, the species of 
Pseudomonas, Bacillus, Enterobacter, Klebsiella, Rhizobium, Sphingomonas, 
Pantoea, Microbacterium, Acinetobacter, Erwinia, and Arthrobacter were defined 
as the most dominant using both methods.

1 Role of Endophytic Bacteria in Stress Tolerance of Agricultural Plants
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1.3  Effect of Agricultural Practices on Diversity 
of Endophytic Bacterial Communities

Bacteria constitute the most numerous group of microorganisms in soil (Whitman 
et al. 1998), and many endophytic bacteria originate from the population of plant- 
associated microorganisms in rhizosphere (Hardoim et al. 2008). Microbial diver-
sity of the plant rhizosphere itself is defined by overall composition of microbial 
pool of soil and further refined by specific plant–microbe interactions that are 
largely mediated by root exudates (Sorensen and Sessitsch 2006). It has been dem-
onstrated that endophytic community represents a plant genotype-specific subset of 
the wider microbial population of soil (Bulgarelli et al. 2012; Lundberg et al. 2012). 
Agricultural land management, such as tillage or irrigation, greatly alters soil char-
acteristics that may lead to reduction in soil microbial diversity due to mechanical 
destruction, soil compaction, reduced pore volume, desiccation, and disruption of 
access to food resources (Garcia-Orenes et al. 2013; Jangid et al. 2008). Several 
studies have established the effect of tillage systems on soil microbial communities 
in different soils and cropping systems (Balota et al. 2003; Dorr de Quadros et al. 
2012; Mathew et al. 2012). The effect of excessive use of pesticides can induce 
significant changes in the function and structure of soil microbial populations due to 
direct inhibition of microbial growth or overall changes in the structure of agricul-
tural ecosystems (Pampulha and Oliveira 2006). Balanced mineral or organic fertil-
izers have been shown to have positive effect on diversity and metabolic activity of 
the soil microbial community (Zhong et al. 2010).

The effect of the agronomic practices on the overall soil microbial community 
could be expected to reflect differences in endophyte populations of agricultural 
crop plants. However, the research aimed to elicit effect of agricultural practices on 
composition of the endophytic bacteria populations is limited to several studies. An 
early study by Fuentes-Ramirez et al. (1999) demonstrated that colonization ability 
of nitrogen-fixing endophytic bacterium Acetobacter diazotrophicus was largely 
decreased in the sugarcane plants fertilized with high levels of nitrogen. A recent 
study using automated ribosomal intergenic spacer analysis showed that structure of 
rice root endophytic community was affected by the nitrogen fertilization level 
(Sasaki et al. 2013). Another study assessed root bacterial endophyte diversity in 
maize grown using different fertilizer application conditions. Application of PCR- 
based group-specific markers revealed that type I methanotroph patterns were dif-
ferent for plants cultivated using mineral and organic fertilizer (Seghers et al. 2004).

Recently, culture-based and metagenomic analyses were employed to assess 
bacterial endophyte diversity of plants grown using conventional and organic prac-
tices. An extensive study by Xia et al. (2015) evaluated diversity of culturable bacte-
rial endophytes in different tissues of corn, tomato, melon, and pepper grown using 
organic or conventional practices. The endophyte diversity was significantly higher 
among all the crops grown organically versus those grown using conventional prac-
tices. There were 32 species isolated from organically grown plants and 28 species 
from plants grown using conventional practices.
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No significant effect of herbicide treatment on composition of the maize root 
endophyte population was detected using the PCR-based group-specific markers 
(Seghers et al. 2004). However, recent study using automated ribosomal intergenic 
spacer fingerprinting and metagenomic analysis using 16S rDNA pyrosequencing 
identified differences in the composition of endophytic communities in grapevines 
cultivated using organic and integrated pest management conditions (Campisano 
et al. 2014a). While a different outcome of the two studies might be a consequence 
of improvement in the capability of the analysis methods, it could as well be related 
to differences specific to the plant species or pesticide treatment conditions.

The studies described in this section showed that agricultural conditions could 
alter diversity of endophytic bacteria populations; however, further insight would be 
required to elucidate the mechanisms that mediate such changes. The variation in 
bacterial diversity could be a consequence of changes in overall soil microbial pop-
ulation upon the fertilizer treatment or application of other agronomic practices. On 
the other hand, the agronomical conditions potentially had a direct effect on the root 
endophytic bacterial community as was suggested by Xia et al. (2015). In addition, 
an important role might be attributed to differences in plant physiological state and 
changes in composition of the plant root exudates that influence growth of endo-
phytic bacteria (Paungfoo-Lonhienne et al. 2010). This notion that factors related to 
plant biochemistry regulate endophyte diversity was supported by the study demon-
strating that application of chitin resulted in changes in bacterial communities in 
soil, rhizosphere, and cotton roots, and the organic amendment supported the endo-
phytic species in cotton roots that otherwise did not occur (Hallman et al. 1999). 
Intriguingly, it was shown that composition of the endophytic community was 
largely different from that of the rhizosphere; therefore, the amendment of chitin, 
which enhanced chitinase and peroxidase concentrations, might have changed pref-
erence of the plants for certain bacterial endophytes.

Another aspect related to the effect of agricultural practices on soil and plant 
microbiome is reflected by disease-suppressive soil phenomenon that is associated 
with the capability of soils to suppress or reduce plant disease of susceptible host 
plants in the presence of virulent pathogen (Weller et al. 2002). It was shown several 
decades ago that disease-suppressive properties of soil were largely induced by 
long-term cultivation of wheat and potato monoculture leading to buildup of host- 
specific microbial community (Lorang et al. 1989; Scher and Baker 1980; Whipps 
1997). Further studies elucidated possible mechanisms of disease suppression that 
include competition for space and nutrients, antagonism due to production of sec-
ondary metabolites, and elicitation of ISR by soil microbiota (Philippot et al. 2013; 
Pieterse et al. 2014). Specific role of the endophytic bacteria in the development of 
the disease-suppressive traits was rarely addressed in the studies on disease- 
suppressive soil communities; however, bacteria of genus Streptomyces, Bacillus, 
Actinomyces, and Pseudomonas that are known to lead endophytic lifestyle were 
shown to contribute to the disease-suppressive traits of soils (Haas and Defago 
2005; Kinkel et al. 2012; Mendes et al. 2011; Siddiqui and Ehteshamul-Haque 
2001; Weller et al. 2002).
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The importance of agricultural practices that maintain natural diversity of plant 
endophytic bacteria is emphasized by the observations that agricultural plants may 
become a niche for human pathogens and a source for outbreaks of food-borne ill-
ness (Brandl 2006). Use of manures contaminated with virulent bacteria was identi-
fied as a main source of human pathogens (Brandl 2006; Holden et al. 2009; van 
Overbeek et al. 2014). Other routes included irrigation water (Erickson et al. 2010) 
or flies (Talley et al. 2009). Meanwhile a decline of species antagonistic to the 
pathogenic bacteria in soil and endosphere was associated with plant colonization 
by human pathogen species (Latz et al. 2012); it was also demonstrated that the 
presence of certain plant pathogens and other species living in soil plays an impor-
tant role in colonization of plants by human pathogens (Barak and Liang 2008; 
Brandl 2008; Brandl et al. 2013). On the other hand, typical plant-associated bacte-
ria species belonging to the genera of Enterobacter, Serratia, and Klebsiella could 
become virulent to humans by acquisition of mobile genetic elements from human 
pathogens through horizontal gene transfer (van Overbeek et al. 2014). Pathogenic 
bacteria of the family Enterobacteriaceae, including pathogenic Salmonella genus 
strains, E. coli, Klebsiella pneumoniae, and Vibrio cholerae strains, and the human 
opportunistic pathogens Pseudomonas aeruginosa and Propionibacterium acnes 
were described as endophytic colonizers of plants (Campisano et al. 2014b; Deering 
et al. 2012; El-Awady et al. 2015; Kumar et al. 2013; Kutter et al. 2006; Schikora 
et al. 2008).

1.4  Role of Endophytic Bacteria in Adaptation 
of Agriculture Crops to Biotic and Abiotic 
Environmental Stress

1.4.1  Induction of Accumulation of Stress-Related Metabolites 
and Enzymes

Plants are capable to acclimate to environmental stresses by altering physiology to 
attain state adopted to overcome stress factors such as dehydration, mechanical 
injury, nutrient deficiency, high solar radiation, or stress-induced increase in con-
centration of reactive oxygen species. This acclimation is associated with enhanced 
production of compounds that mediate osmotic adjustment, stabilize cell compo-
nents, and act as free radical scavengers. It has been observed that plant inoculation 
with endophytic bacteria leads to accumulation of such compounds, including pro-
line, phenolic compounds, carbohydrates, and antioxidants.

It was shown that bacterial endophyte Burkholderia phytofirmans PsJN enhances 
cold tolerance of grapevine plants by altering photosynthetic activity and metabo-
lism of carbohydrates involved in cold stress tolerance (Ait Barka et al. 2006; 
Fernandez et al. 2012). The presence of the bacterium in the plant promoted accli-
mation to chilling temperatures resulting in lower cell damage, higher photosyn-
thetic activity, and accumulation of cold-stress-related metabolites such as starch, 
proline, and phenolic compounds (Ait Barka et al. 2006). Fernandez et al. (2012) 
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demonstrated that bacterization of grapevine plants resulted in a twofold increase in 
soluble sugar content, and the plantlets inoculated with the bacterium displayed 
higher concentrations of the sugars known to be involved in low- temperature toler-
ance, such glucose, sucrose, and raffinose with its precursor, galactinol.

Positive effect of the B. phytofirmans PsJN strain on metabolic balance and 
reduced effect of drought stress was demonstrated in wheat plants grown under 
reduced irrigation conditions (Naveed et al. 2014). Inoculation with the bacterium 
resulted in higher antioxidant activity of plants compared to control under drought 
stress. However, in contrast to the grapevine plants in the study by Fernandez et al. 
(2012), the bacterium had no effect on sugar contents of the wheat, and phenolic 
contents decreased in the bacterized plants as compared to control.

Another endophytic bacterium, Bacillus subtilis B26, reduced a phenotypic 
effect of drought stress in Brachypodium distachyon grass compared to plants not 
harboring the bacterium (Gagne-Bourque et al. 2015). The protection from drought 
stress was associated with increase in total soluble sugars, glucose, fructose, and 
starch contents. However, no accumulation of stress response-related raffinose fam-
ily carbohydrates was observed in either inoculated or control plants.

Pandey et al. (2012) evaluated cross-species stress reducing effect of wheat 
endophytic bacterium Pseudomonas aeruginosa PW09 in cucumber. Application of 
the PW09 strain induced increase in accumulation of proline and total phenolics 
under NaCl stress and pathogen Sclerotium rolfsii inoculation. Also, increase in 
activities of the enzymes involved biosynthesis of phenolic compounds, polyphenol 
oxidase, and phenylalanine ammonia lyase, as well as the antioxidative enzyme 
superoxide dismutase (SOD) was observed under biotic and abiotic stress condi-
tions. Similarly, effect of six bacterial strains on stress-related biochemical traits of 
gladiolus plants was assessed in another study (Damodaran et al. 2014). The bacte-
ria strains were shown to induce increase in activities of SOD, phenylalanine lyase, 
catalase, peroxidase enzymes, and accumulation of higher concentrations of proline 
and phenolic compounds in gladiolus plants grown in soil with high concentration 
of sodium. However, the capability of the different bacterial strains, isolated from 
soil, roots, culms, and leaves of grasses, to colonize endophytic niche was not 
explicitly confirmed.

A proline accumulation stimulating effect by endophytic strains of Arthrobacter 
sp. and Bacillus sp. was reported in pepper (Capsicum annuum L.) plants in vitro 
(Sziderics et al. 2007). Osmotic stress caused a similar increase in the content of 
free proline in the leaves of both inoculated and non-inoculated plants. However, 
higher concentration of proline was accumulated in leaves of unstressed plants inoc-
ulated with either of the two strains compared with unstressed non-inoculated 
plants. The bacterization resulted in a significantly reduced upregulation or down-
regulation of the stress-inducible genes suggesting that both strains reduced abiotic 
stress in pepper under osmotic stress conditions.

Endophytic bacteria Pseudomonas pseudoalcaligenes was shown to induce 
accumulation of higher concentrations of glycine betaine-like compounds leading 
to improved salinity stress tolerance in rice (Jha et al. 2011). At higher salinity lev-
els, bacterization with mixture of both P. pseudoalcaligenes and rhizospheric 
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Bacillus pumilus showed better response against the adverse effects of salinity. In 
this study, bacterization with either P. pseudoalcaligenes or both P. pseudoalcalig-
enes and B. pumilus resulted in lower levels of proline accumulation under the stress 
conditions, suggesting that different strategies of accumulation of osmoprotectant 
proteins in endophyte-inoculated plants were either plant or bacterium genotype- 
specific phenomena. Related study demonstrated that both of the bacterial strains 
induced production of defense-related enzymes, chitinase, peroxidase, and poly-
phenol oxidase, under biotic stress conditions in the presence of Magnaporthe gri-
sea pathogen (Jha and Subramanian 2009).

Chen et al. (2014) demonstrated that endophytic bacteria Sphingomonas SaMR12 
influenced the contents of root exudates, which were important for chelating cad-
mium ions and resulted in alleviation of the toxic metal stress in Sedum alfredii. 
Exudation of oxalic acid, malic acid, and tartaric acid was significantly affected by 
the inoculation of the endophytic bacterium in a manner dependent on cadmium 
treatment levels.

1.4.2  Effect on Phytohormone Balance

Ethylene (ET) is important for plant growth and development and has been exten-
sively studied as mediator of plant stress response signaling (Gamalero and Glick 
2015). Stress-induced accumulation of ET is usually deleterious to plant growth and 
health. ET is formed from methionine via S-adenosyl-L-methionine, which is con-
verted into 1-aminocyclopropane-1-carboxylic acid (ACC) by the enzyme ACC 
oxidase (Bleecker and Kende 2000). ET is a key mediator of the plant defense 
response pathways that regulate colonization of plant tissue by endophytic bacteria 
(Iniguez et al. 2005). Endophytes may produce the enzyme ACC deaminase that has 
no function in bacteria but contributes to plant growth promotion and improved 
stress tolerance by cleaving the ET precursor ACC (Campbell and Thompson 1996). 
There are numerous reports on ACC deaminase-containing plant-associated bacte-
ria and their role in improved plant growth and stress tolerance that has been recently 
reviewed by (Glick 2014).

Qin et al. (2014) isolated 13 ACC deaminase-producing putative endophytic bac-
teria of genera Bacillus, Pseudomonas, Klebsiella, Serratia, Arthrobacter, 
Streptomyces, Isoptericola, and Microbacterium from the halophyte plant Limonium 
sinense. It was suggested that the bacteria might play an important role in higher 
salinity tolerance of the plant as four of the selected ACC deaminase-producing 
strains were shown to stimulate growth of the host plants. An improved growth of 
Catharanthus roseus plant in 150 mM NaCl-containing soils was demonstrated for 
the plants inoculated with the Achromobacter xylosoxidans AUM54 strain 
(Karthikeyan et al. 2012). The bacterium was one of the four isolates isolated from 
C. roseus grown in saline soil and was shown to produce ACC deaminase.

In another study, tomato plants bacterized with ACC deaminase-containing 
endophytic Pseudomonas fluorescens YsS6 and Pseudomonas migulae 8R6 strains 
exhibited higher gain of biomass and a greater number of flowers and buds when 
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grown under 165 mM and 185 mM NaCl levels as compared to the plants treated 
with ACC deaminase-deficient mutants of the bacteria or control with no bacterial 
treatment (Ali et al. 2014). Intriguingly, the study suggested the presence of differ-
ent mechanisms of salt tolerance that might be plant genotype specific or stimulated 
by ACC deaminase-producing bacteria. It was shown that endophytic Pseudomonas 
sp. used in the study limited the concentration of sodium in tomato plant shoots (Ali 
et al. 2014). This was in contrast to previously reported rhizospheric Pseudomonas 
putida UW4 strain that was shown to be able to reduce ET levels in canola plants 
due to ACC deaminase activity (Cheng et al. 2007). In this case, sodium accumu-
lated in root tissues and presumably partitioned into the vacuole.

In addition to salt stress tolerance, ACC deaminase-producing P. agglomerans 
Jp3-3 and Achromobacter xylosoxidans strain Ax10 were shown to alleviate stress 
of Brassica sp. plants grown in copper-contaminated soils and improved copper 
uptake by the plants (Ma et al. 2009; Zhang et al. 2011a). ACC deaminase- producing 
isolates from Commelina communis plants grown on lead and zinc mine soils were 
shown to improve growth of rape plants in the lead-contaminated soil (Zhang et al. 
2011b).

Abscisic acid (ABA) is another phytohormone involved in plant stress response 
and is important for regulation of plant water balance and osmotic stress tolerance 
(Tuteja 2007). Information about role of ABA in endophytic bacteria-mediated 
stress tolerance is limited. It was described that endophytic bacteria Bacillus lichen-
iformis Rt4M10 and Pseudomonas fluorescens Rt6M10 had drought stress reducing 
activity on plants grown in vitro that was associated with accumulation of high ABA 
levels in leaves of bacterized plants (Salomon et al. 2014). Cohen et al. (2009) 
showed that bacterization with Azospirillum lipoferum enhanced ABA accumula-
tion and drought stress tolerance in maize plants. It was also suggested that plant 
performance under stress conditions was further enhanced by A. lipoferum- produced 
gibberellins (GAs). It is an intriguing observation as it is commonly believed that 
response to abiotic stress is associated with reduced plant growth-promoting hor-
mone GA levels. However, GA signaling is closely integrated to ABA and ET sig-
naling during the response to abiotic stress (Colebrook et al. 2014), and the 
interaction of the stress response pathways and exogenous hormone produced by 
plant growth-promoting bacteria remains ambiguous.

1.4.3  Induced Systemic Resistance and Priming of Response 
to Biotic Stress

Pathogen defense response priming, termed as induced systemic resistance, is acti-
vated by nonpathogenic plant-associated microorganisms. The ISR primes plant 
defense mechanisms and protects non-exposed plant parts against a future attack by 
pathogenic microbes and herbivorous insects. Plant hormones jasmonic acid (JA) 
and ET play a major regulatory role in the network of interconnected signaling path-
ways involved in ISR induction; however, the details of mechanism of the defense 
priming during ISR remain vague (Pieterse et al. 2014). There is an evidence for the 
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role of transcription co-regulator NPR1 in the JA-/ET-dependent ISR and its cytosol-
specific function that is different from the function involved in pathogen-induced 
systemic acquired resistance (SAR) (Spoel et al. 2003; Stein et al. 2008). Further, the 
role of transcription factors MYB72 and MYC2 in establishment of the ISR induced 
by rhizobacteria and priming of JA-/ET-dependent defense genes has been demon-
strated (Pozo et al. 2008; Van Der Ent et al. 2008). In addition to the JA-/ET-mediated 
ISR activation pathway, an evidence that salicylic acid produced by plant growth-
promoting bacteria could elicit ISR response has been discussed (Bakker et al. 2014).

Many studies have been dedicated to the ISR mediated by free-living rhizobacte-
rial strains (Choudhary and Johri 2009); however, a number of endophytic bacteria 
have been reported to have the ISR-inducing activity as well. The first study demon-
strating that endophytic bacteria could elicit ISR in plants was published in 1991 and 
showed that inoculation of cucumber roots with endophytic Pseudomonas fluores-
cens strain 89B-61 could induce resistance against cucumber anthracnose in the plant 
leaves (Kloepper and Ryu 2006; Wei et al. 1991). Subsequently attention was drawn 
to ISR mediated by several other endophytic species of genus Pseudomonas and the 
effect was characterized in different plant–pathogen systems. Pseudomonas sp. strain 
PsJN isolated from onion roots (Frommel et al. 1991) was shown to suppress verticil-
lium wilt (Verticillium dahliae) on tomato seedlings and tissue culture plantlets 
grown in vitro, and it was proposed that the protection was mediated through the ISR 
activation (Sharma and Nowak 1998). Pseudomonas sp. strain 63–28 was shown to 
induce systemic resistance in tomato and pea plants leading to reduced damage by 
Fusarium oxysporum root pathogen (Benhamou et al. 1996; M’Piga et al. 1997). 
Pseudomonas putida MGY2 was isolated from papaya fruits and had reducing effect 
on postharvest decay of papaya fruit caused by Colletotrichum gloeosporioides (Shi 
et al. 2011). It was established that bacterization with the endophytic pseudomonad 
upregulated expression of enzymes involved in plant defense response, phenylala-
nine ammonia lyase, catalase, and peroxidase. A study by Ardanov et al. (2011) 
demonstrated that Pseudomonas sp. IMBG294 reduced symptoms of soft rot disease 
caused by bacterial pathogen Pectobacterium atrosepticum in potato plants. The 
assessment of expression of PR2 and PDF1.2, the molecular markers of the SAR and 
ISR, respectively, in Arabidopsis–Pseudomonas syringae model revealed that the 
endophytic bacterium was able to induce disease resistance via defense priming.

The asporogenous pseudomonads demonstrated poor performance when used in 
commercial plant protection products due to lack of long-term viability; therefore, 
subsequently much attention was drawn by plant growth-promoting strains of 
Bacillus sp. (Kloepper et al. 2004). ISR mediated by endophytic Bacillus pumilus 
strain SE34 was described by Benhamou et al. (1996; 1998). The bacterial strain 
reduced symptoms of root-rotting fungus Fusarium oxysporum infection in pea 
through induction of plant defense mechanism leading to accumulation of callose 
and phenolic compounds in the root epidermal and cortical cell walls and formation 
of the barriers beyond the infection sites (Benhamou et al. 1996). The same B. pumi-
lus SE34 strain induced resistance to Fusarium oxysporum infection in tomato 
plants (Benhamou et al. 1998).
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In addition, ISR mediated by endophytic Serratia sp. (Benhamou et al. 2000), 
Methylobacterium sp. (Ardanov et al. 2011), and actinobacteria Streptomyces sp. 
(Conn et al. 2008) was described. The early study by Benhamou et al. (2000) dem-
onstrated that Serratia plymuthica strain R1GC4 sensitized susceptible cucumber 
seedlings to react more rapidly and more efficiently to infection by soilborne patho-
gen Pythium ultimum (Benhamou et al. 2000). The defense reaction was associated 
with deposition of enlarged callose-enriched wall appositions, also containing pec-
tin, cellulose, and phenolic compounds.

The capability of endophytic actinobacteria Streptomyces sp. strains, isolated 
from wheat tissues, to activate the SAR or ISR pathways was assessed using 
Arabidopsis thaliana (Conn et al. 2008). It was demonstrated that the Streptomyces 
sp. EN27 was able to prime both pathways depending on the infecting pathogen. 
Resistance to Erwinia carotovora subsp. carotovora occurred via an NPR1- 
independent pathway and required salicylic acid, whereas the JA/ET signaling mol-
ecules were not essential. In contrast, induction of resistance to Fusarium oxysporum 
was mediated by NPR1-dependent pathway but also required salicylic acid and it 
was JA/ET independent.

Intriguingly, the study on induction of disease resistance to soft rot pathogen 
Pectobacterium atrosepticum in potato plants demonstrated that priming capacities 
of Methylobacterium sp. IMBG290 was inversely proportional to bacterial inocu-
lants size (Ardanov et al. 2011). The difference in plant response mechanisms was 
associated with different patterns of activity of reactive oxygen species scavenging 
enzymes SOD and catalase. Plants treated with a low titer of Methylobacterium sp. 
showed higher SOD activity and unchanged catalase activity resulting in the devel-
opment of ISR; meanwhile higher Methylobacterium sp. density caused SOD inac-
tivation and catalase activation after inoculation with the pathogen and was followed 
by hypersensitive response.

1.5  Concluding Remarks

Several decades of research on endophytes in agricultural plants have revealed an 
immense taxonomic diversity of the endophytic bacteria. The endophytic species 
have been mostly reported throughout α-, β-, and γ-subgroups of phylum 
Proteobacteria, the latter being the most diverse and dominant group that includes 
common soil and endophytic bacteria of Pseudomonas sp. Next to the pseudomo-
nads, much attention has been dedicated to members of Bacillus sp. that belongs to 
phylum Firmicutes. A number of other species of phyla Firmicutes and Actinobacteria 
have been identified as endophytic bacteria as well. During the last decade, develop-
ment of metagenomic analysis techniques has brought to light new aspects of the 
diversity of endophytic bacteria including identification of new unculturable species 
and establishment of the dynamics of endophyte diversity that provide hints about 
physiological significance and ecological functions of the complex host plant and 
endophytic bacteria interactions.
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Composition of the endophytic microbiome depends on plant genotype as well 
as environmental factors. Evidence has been presented that agricultural practices 
play an important role in shaping structure of the endophytic microbial community 
of agricultural crop plants. Therefore, assessment of the capability of modern agro-
nomical techniques to maintain natural diversity of plant endophytic bacteria should 
become an important element in the development of sustainable agricultural prac-
tices. In addition, numerous studies have demonstrated beneficial effects of the 
endophytic bacteria on plant growth and adaptability to biotic or abiotic stresses 
through modulation of phytohormone signaling, production of metabolites involved 
in stress response, and priming of plant defense response pathways. The endophytes 
play an integral role in balancing plant physiology and functioning of agroecosys-
tems; thus, understanding of composition and functioning of the plant-associated 
microbial communities has a large potential for improvement of performance of 
agricultural crops and development of integrated plant disease management 
systems.
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2The Interactions of Soil Microbes 
Affecting Stress Alleviation 
in Agroecosystems

M. Miransari

Abstract
Crop plants are subjected to different kinds of stresses, and as a result, their 
growth is adversely affected. Different mechanisms may be used by crop plants 
to tolerate the stress including the morphological and physiological ones. 
However, the efficiency of such mechanisms differs in sensitive and tolerant crop 
species, and the tolerant species can utilize such mechanisms more efficiently. 
The other important aspect of stress tolerance in crop plants is related to their 
interactions with the soil microbes. A wide range of soil microbes including 
arbuscular mycorrhizal (AM) fungi, plant growth-promoting rhizobacteria 
(PGPR), and endophytic bacteria as well as their interactions can affect stress 
tolerance in crop plants. Such a topic is among the most important research sub-
jects and can greatly affect the efficiency of crop plants under stress. Mycorrhizal 
fungi are soil fungi, developing a symbiotic association with their nonspecific 
host plants, and increase their growth by enhancing the uptake of water and nutri-
ents. PGPR are soil bacteria, which can enhance the growth of their host plant by 
different mechanisms through developing a nonsymbiotic association. The endo-
phytic microbes are able to colonize the inner parts of their host plant and affect 
its growth under different conditions including stress. The interactions of soil 
microbes in most cases can positively affect the growth of the host plant under 
different conditions including stress. The important point, which deserves 
 investigation, is the interaction of mycorrhizal fungi, PGPR, and the endophytic 
bacteria, which reside in plant roots affecting plant growth and yield production. 
Such details will be useful for the production of more tolerant microbial inocu-
lums, which are more efficient under different conditions including stress. Some 
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of the most important and recent findings related to the growth of crop plants 
under stress, as affected by the interactions of soil microbes, along with the 
future perspectives are presented, reviewed, and analyzed.

2.1  Introduction

Crop plants are subjected to different kinds of stresses, and as a result, their growth 
is adversely affected. Under stress, crop plants use different morphological and 
physiological mechanisms to alleviate the stress. However, the level of stress toler-
ance is different in sensitive and tolerant crop plants. Depending on the level of 
stress, crop response in sensitive and tolerant species is different, and accordingly 
they can tolerate the stress up to some level (Ramegowda and Senthil-Kumar 2015).

Crop plants interact with a wide range of microbes in the soil; however, the com-
bination of soil microbes in the bulk soil and in the rhizosphere is different indicat-
ing that the crop plants are able to determine their combination of microbes in the 
microbiome (Bisseling et al. 2009; Zamioudis and Pieterse 2012). A wide range of 
beneficial soil microbes including mycorrhizal fungi, plant growth-promoting rhi-
zobacteria (PGPR), and the endophytic bacteria and fungi are able to develop a 
symbiotic or nonsymbiotic association with their host plants and enhance the growth 
of their host plant. High rate of recognition and coordination between the host plant 
and the soil microbes are essential for the development of an intimate symbiosis 
association (Giovannetti et al. 2006; Berg 2009; Newton et al. 2010).

The important issue related to the growth of crop plants under stress is to provide 
them with their essential nutrients. Although chemical fertilizer can quickly provide 
crop plants with the nutrients necessary for their growth, due to the environmental 
and economic consequences, the single use of such method of fertilization is not 
recommendable. Accordingly, a suitable method of fertilization is the integrated use 
of chemical and biological fertilization (Miransari 2011a, b; Hoseinzade et al. 
2016). According to FAO (2015), the world demand for N fertilizer has been equal 
to 141 682000 T, P2O5 at 51940000 T, and K2O at 36367000 T, and the total value 
of fertilizer demand in 2015 has been equal to 223,064,000 T. The highest fertilizer 
use has been related to China, India, and the USA.

Interestingly, the soil microbes are able to determine the structure of plant com-
munity and plant traits. Accordingly, plant growth and yield production, nutrient 
uptake, and the functioning of ecosystem are affected by soil microbes (Degens 
1998; Marschner and Rumberger 2004; Bell et al. 2005; Bonkowski and Roy 2005; 
Lau and Lennon 2011; Huang et al. 2014). This is an important approach toward the 
alleviation of soil stresses by soil microbes and development of tolerant plant and 
microbial species.

There has been a great and growing research on the use of biological fertilization 
including mycorrhizal fungi and PGPR integrated with chemical fertilization during 
the recent years, mainly for increasing the efficiency use of fertilization. In the past 
time, the use of microbial inoculants has been mostly for plant growth promotion 
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and biological control. However, it has been just recently that biological fertilization 
has been used for the increased uptake of crop plants. More than 50% of N fertilizer 
is lost due to leaching and volatilization with long-time environmental consequences 
including the production of greenhouse gases, depletion of ozone, global warming, 
and acid rain (Flessa et al. 2002; Ma et al. 2007; Miransari and Mackenzie 2015).

The important role of soil microbes in the alleviation of stresses has been indi-
cated by different research works. For example, the biochemical effects of soil 
microbes on the alleviation of soil stresses are by the production of (1) biofilm and 
exopolysaccharides affecting the properties of soil and (2) different organic prod-
ucts such as osmolytes, stress proteins, etc. A set of interactions between the soil, 
the microbes, and the plant affects the biological, the physical, and the chemical 
properties of soil (Flemming and Wingender 2010; Singh et al. 2011).

The production of microbial polysaccharides by the soil microbes results in the 
binding of soil particles and as a result improves the structure of the soil and plant 
tolerance under stress. The growth of the mycrorrhizal hyphae into the soil pores can 
stabilize the structure of the soil and increase the uptake of water and nutrients by 
the host plant under different conditions including stress (Sandhya et al. 2009a, b). 
The soil microbes can be used as models for understanding how soil stresses can 
affect crop growth and hence can be genetically modified for a more efficient use 
under stress conditions (Mantelin and Touraine 2004; Grover et al. 2011; Schenk 
et al. 2012; Bashan et al. 2014).

PGPR can affect crop growth and the environment by the following mecha-
nisms: (1) the production of plant hormones, phosphorus (P)-solubilizing products, 
and siderophores; (2) biological N fixation; and (3) controlling pathogens. The 
PGPR can hence decrease the use of chemical fertilization, herbicides and pesti-
cides, which is of environmental and economic significance (Yasmin et al. 2004; 
Yu et al. 2011). Such beneficial effects have resulted in the wide use of soil microbes 
including PGPR and arbuscular mycorrhizal fungi as important sources of fertil-
ization, namely, biological fertilization (Adesemoye et al. 2009; Berg 2009; 
Miransari 2011a, b).

PGPR are also able to alleviate stress by the production of plant hormones such 
as cytokinin and antioxidants, which can scavenge the production of reactive oxy-
gen species under stress. The PGPR are also able to alleviate the stress in the host 
plant by the induction of the stress genes and the production of the enzyme 1- amin
ocyclopropane- 1-carboxylate (ACC) deaminase, which is able to degrade the pre-
requisite for ethylene production and decrease the adverse effects of the stress hor-
mone, ethylene, which its level increases under stress. The enzyme is able to 
increase root growth under drought stress and increases water uptake and water 
efficiency by the host plant (Berg 2009; Grover et al. 2011).

Although mycorrhizal fungi are able to develop an intimate symbiotic associa-
tion with their host plant, at high concentration of P (greater than 100 mg/kg) such 
a symbiosis decreases significantly (Amijee et al. 1989; Koide 1991). Accordingly, 
at high fertile soils, the use of mycorrhizal fungi may not be beneficial, as the host 
plant is able to receive its essential P from the soil (Koide and Li 1990; Stewart 
et al. 2005).
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The use of plant biostimulants such as soil microbes is an effective method to 
alleviate the adverse effect of stress on plant growth. Microbial inoculums including 
arbuscular mycorrhizal fungi, plant growth-promoting rhizobacteria, and N-fixing 
rhizobium can significantly alleviate the negative effects of stress on plant growth. 
The interactions between the soil microbes and between the plant and the soil 
microbes affect the efficiency of stress alleviation by the soil microbes (Calvo et al. 
2014; Kalita et al. 2015; Mabrouk and Belhadj 2016).

Among the most studied PGPR strains is Azospirillum spp., which is able to 
develop a nonsymbiotic association with their host plant and reside on the root sur-
face or inside the plant tissues (Hartmann and Bashan 2009; Bashan et al. 2014). 
The N-fixing ability of Azospirillum spp. has been indicated by different research 
works. For example, the rate of fixed N in wheat by Azospirillum lipoferum was in 
the range of 7–12%; however, in sugarcane, Azospirillum diazotrophicus was able 
to fix 60–80% of the plant total N (Saubidet et al. 2000; Calvo et al. 2014).

Different PGPR strains including Bacillus subtilis (Arkhipova et al. 2005), 
Pseudomonas spp. (Park et al. 2005), Streptomyces spp. (Glick 2015), Micrococcus 
spp. (Dastager et al. 2010), Achromobacter spp. (Pereg and McMillan 2015), 
Flavobacterium spp. (Glick 2015), Azospirillum spp. (Arzanesh et al. 2011; 
Miransari 2014), and Erwinia spp. (Hsieh et al. 2010) are able to increase the avail-
ability of P in the soil.

The PGPR are able to enhance the availability of P by the production of phospha-
tases and organic acids. The hydroxyl and carboxyl present in the organic acids are 
able to enhance the solubility of P by the following mechanisms: (1) chelating the P 
anions and (2) decreasing the pH of rhizosphere resulting in the release of P anion 
(Kpomblekou and Tabatabai 1994; Singh et al. 2011). The PGPR strains determine 
the types of organic acids, produced in the rhizosphere. For example, the organic 
acids including acetic, lactic, isobutyric, and isovaleric acids are produced by 
Bacillus amyloliquefaciens and Bacillus licheniformis. However, Azospirillum spp., 
Pseudomonas spp., and Erwinia spp. are able to produce gluconic acid (Martínez 
et al. 2011; Zhang et al. 2014).

The Gram-negative PGPR including Enterobacter, Pseudomonas, Citrobacter, 
etc. can increase P solubility by producing acid phosphatases. Using the organic 
source of phytate and by the production of phytase, the PGPR including Bacillus 
spp. and Pseudomonas spp. are able to increase the availability of P, for plant use 
(Martínez et al. 2011; Singh and Satyanarayana 2011).

The soil beneficial microbes are able to increase the growth of the host plant by 
the following mechanisms: (1) increased uptake of water and nutrients, (2) the fixa-
tion of nutrients such as nitrogen (N) by PGPR including rhizobium (symbiosis) 
and other microbes (nonsymbiosis), (3) production of different plant hormones, (4) 
controlling pathogens, (5) alleviating stress, and (6) interaction among soil microbes 
(Pozo and Azcon-Aguilar 2007; De Vleesschauwer and Höfte 2009; Lugtenberg 
and Kamilova 2009; Zamioudis and Pieterse 2012; Miransari et al. 2013).

The important point about the performance of soil microbes under stress is how 
the soil microbes are affected by the stress. Under stress different microbial genes 
are activated making the microbes tolerate the stress. However, if the soil microbes 
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are isolated from stressed soils, they can be used more efficiently for the alleviation 
of stresses. Different osmoregulators are produced by PGPR under stress including 
K+, proline glutamate, trehalose, betaine, glycine, etc., which are able to regulate 
the osmotic potential of cytoplasm. The important role of trehalose, in rhizobium 
during the signaling with the host plant, and its effects on plant growth and yield 
under stress has been indicated. It has also been shown that the genetic modification 
of trehalose-signaling pathway in rhizobium can significantly affect the perfor-
mance of legumes (Suarez et al. 2008).

The availability of potassium (K+) as the other important nutrient is also affected 
by the activity of PGPR. Such PGPR are able to solubilize the K+ in the minerals 
including illite, micas, and orthoclases by the production of organic acids. 
Accordingly, by dissolving K+ or chelating silicon, the solubility of K+ increases 
(Miransari 2013; Ahmed et al. 2014). Singh et al. (2010) indicated that the strains of 
PGPR such as Rhizobium spp. and Azotobacter chroococcum are able to increase 
the availability of potassium (increased solubility) from mica for maize and wheat 
use. Accordingly, plant growth, K content, chlorophyll, and crude protein rate in 
plant increased. The authors accordingly indicated that it is possible to provide the 
plant with K using PGPR and mica.

Sheng and He (2006) found that the increased solubility of K by Bacillus edaphi-
cus is due to the production of organic acids including oxalic, citric, α-ketogluconic, 
tartaric, and succinic by PGPR resulting in dissolving K and chelating silicon ions. 
The bacterial inoculants are able to enhance the availability and the uptake of differ-
ent nutrients by the host plant, although more research work will have to be con-
ducted to illustrate the related details.

With respect to the abovementioned details and importance of interactions 
among different soil microbes mainly PGPR, mycorrhizal fungi, and endophytic 
bacteria, in this chapter, the effects of soil microbes and their interactions on the 
growth of crop plants are presented, reviewed, and analyzed. Such kind of analyses 
can be useful for the development of methods and techniques, which can be used for 
the production of tolerant crop plants and efficient microbial inoculums under 
stress.

2.2  Crop and Stress

Stress significantly decreases plant growth by adversely affecting plant morphol-
ogy and physiology. Plant by itself can tolerate the stress through the modifica-
tion of its morphology and physiology. Plant roots are among the most important 
parts affecting plant response under stress. Several important functions, indi-
cated in the following, are fulfilled by the roots, making the plant grow under 
different conditions including stress: (1) maintaining the plant in the soil, (2) 
absorbing water and nutrients for plant growth and yield production, (3) affect-
ing the properties of the soil specifically the rhizosphere, (4) interacting with the 
other plant roots, (5) interacting with the soil microbes, and (6) production of 
different biochemicals.

2 The Interactions of Soil Microbes Affecting Stress Alleviation in Agroecosystems
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Accordingly, if the root traits including root architecture and functioning are 
modified using molecular techniques, it is possible to enhance the root potentials 
including its interaction with the soil microbes affecting plant tolerance under 
stress. The following indicates how the modification of plant roots may affect root 
properties including its interaction with the soil microbial activities such as the pro-
cess of symbiosis: (1) modifying rhizosphere pH affecting root functioning; (2) 
enhancing root interactions with soil microbes, which affects root functionality; (3) 
proliferation of roots enhancing nutrient uptake; (4) modifying the root exudates, 
which results in the increased uptake of nutrients (Haichar et al. 2014); and (5) the 
increased number and length of lateral roots improving nutrient uptake and its sym-
biosis with soil microbes (Meister et al. 2014).

The following mechanisms, which are the results of signaling communications 
between the host plant and the soil microbes, resulting in the subsequent coloniza-
tion of plant roots by the microbes, indicate how the two symbionts may interact 
under stress: (1) the production of volatiles by bacteria affects the translocation of 
Na + and its uptake by plant; (2) the production of ACC deaminase by bacteria 
decreases the level of ethylene in plant; (3) the bacteria produces cytokinin, result-
ing in the increased production of ABA in plant; (4) bacterial production of antioxi-
dants scavenges the production of reactive oxygen species in plant; (5) the production 
of exopolysaccharides by bacteria improves the properties of soil; and (6) the bac-
teria are able to produce IAA and some unknown growth substances, which increase 
root growth under different conditions including stress (Grover et al. 2011).

Production of tolerant crop plants under stress can increase crop growth and 
yield. Different methods have been used so far including the breeding techniques 
and the use of soil microbes, both of which have been indicated to be effective on 
the growth of crop plants under stress. The use of soil microbes has also been indi-
cated to be useful for the growth of crop plants under stress. A wide range of soil 
microbes have been tested under stress; however, more research is essential on the 
production and use of microbial inoculums under different conditions including 
stress.

2.3  Arbuscular Mycorrhizal Fungi and Stress

The symbiotic mycorrhizal fungi are able to increase plant growth under different 
conditions including stress. In such a symbiotic association, the fungi provide the 
host plant with water and nutrients for carbon, which is utilized by the fungi for 
their growth and activities. The fungi can increase plant growth under stress by the 
following mechanisms: (1) the extensive hyphal network, (2) production of plant 
hormones, (3) interaction with the other soil microbes, (4) improving the root 
growth of the host plant, and (5) increased uptake of different nutrients mainly P.

Different research works have indicated the alleviating effects of mycorrhizal 
fungi under salt stress in different crop plants mainly due to the improved produc-
tion of proline, resulting in osmoregulation. However, other processes such as the 
increased uptake of P and higher concentration of sugar can also improve the host 
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plant tolerance under salinity stress (Ben Khaled et al. 2003; Daei et al. 2009; Talaat 
and Shawky 2014; López-Ráez 2015; Garg and Singla 2016).

Numerous research works have indicated the positive effects of mycorrhizal 
fungi on plant growth and yield production under different types of stresses includ-
ing salinity, drought, acidity, compaction, flooding, heavy metals, cool temperature, 
etc. according to the following details. Among the most important potentials of 
mycorrhizal fungi under stress is their extensive network of hyphal, which is able to 
enhance plant host tolerance by significantly increasing the uptake of water and 
nutrients. The fungal hyphae are able to grow even in the finest soil micropores 
where the root hairs are not able to grow and absorb water and nutrients for the host 
plant use. Such ability is important for affecting plant growth under compaction 
stress (Miransari 2010; Garg and Chandel 2010).

The alleviating effects of mycorrhizal fungi on different stresses including salin-
ity (Al-Karaki 2000; Colla et al. 2008; Daei et al. 2009), drought (Subramanian 
et al. 2006; Wu et al. 2008), acidity (Raju et al. 1988; Vosatka et al. 1999; 
Muthukumar et al. 2014), compaction (Miransari et al. 2008, 2009), heavy metals 
(Audet and Charest 2007; Miransari 2011c), flooding (Rutto et al. 2002; Carvalho 
et al. 2003), temperature (Bunn et al. 2009; Zhu et al. 2010), and nutrient deficiency 
(Miransari 2010; Smith et al. 2010) have been indicated.

For example, the improving effects of mycorrhizal fungi on the growth of plant 
under osmotic and drought stress have been indicated by the following mechanisms: 
(1) enhanced activities of antioxidants such as catalase, peroxidase, and superoxide 
dismutases; (2) decreased production of soluble protein and malondialdehyde; (3) 
the increased levels of nonstructural carbohydrate; and (4) the increased rate of K+, 
Ca2+, and Mg2+ (Wu and Xia 2006).

2.4  Plant Growth-Promoting Rhizobacteria and Stress

Research work has indicated the enhancing effects of PGPR on plant growth under 
stress. The mechanisms, which PGPR use under stress to alleviate the stress and 
increase plant growth, are (1) the modification of plant morphology and physiology; 
(2) the production of plant hormones; (3) the increased rate of proline; (4) the 
increased uptake of nutrients by the host plant; (5) the decreased production of the 
stress hormone, ethylene, by the production of ACC deaminase; and (6) the interac-
tions with the other soil microbes (Kaymak 2010; Miransari 2014). The promoting 
effects of Rhizobium spp. and Azospirillum spp. on the growth of plant under 
drought and saline conditions have been indicated (Hamaoui et al. 2001, Arzanesh 
et al. 2011). The rhizobium and PGPR strains have been isolated from stress condi-
tions. The adaptation of soil microbes under stress is a function of gene regulation, 
resulting in the survival of the microbes (Ali et al. 2009). For example, the use of 
Pseudomonas spp. strain AMK-P6 increased the thermotolerance of sorghum seed-
lings under heat stress by the following: (1) the production of high molecular weight 
protein in plant leaf, (2) increased plant biomass, and (3) enhanced production of 
amino acid, sugar, proline, and chlorophyll II content (Ali et al. 2009).

2 The Interactions of Soil Microbes Affecting Stress Alleviation in Agroecosystems
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Under stress PGPR use different mechanisms to handle the stress. For example, 
in a saline environment, the bacterial cells lose their water and as a result the dehy-
dration of the cytoplasm decreases. Microbes also utilize the following mechanisms 
to alleviate the adverse effects of stress on their growth and activities including:

 1. The increased ionic strength, which increases the salt concentration of cytoplasm 
equal to the surrounding environment.

 2. The increased uptake of K+ as well as the enhanced accumulation of the compat-
ible solutes including amino acids, sugars, polyols, and betaines by the microbial 
cells. Such solutes are synthesized by the bacterial cells or taken up from the 
environment (Street et al. 2006; Paul and Nair 2008). The authors indicated that 
under salt stress the PGPR Pseudomonas fluorescens MSP-393 was able to toler-
ate the stress by the production of different solutes including glycine, alanine, 
serine, glutamic acid, asparatic acid, and threonine. Such solutes can also stabi-
lize the structure of proteins under stress (Street et al. 2006; Paul and Nair 2008).

 3. The alteration of cellular composition under stress, which modifies the structure 
of proteins, saccharides, and glucans, is also another mechanism used by the 
microbes to alleviate stress. The production of exopolysaccharides, which are 
able to stabilize the water content and regulate the carbon diffusion into the sur-
rounding environment of the cell by Pseudomonas under stress, increased the 
bacterial tolerance to survive the stress (Sandhya et al. 2009a).

 4. The expression of salt-responsive genes in the microbes under salinity stress can 
regulate the microbial response under stress (Paul and Lade 2014; Chakraborty 
et al. 2015).

PGPR are also able to increase the growth of the host plant by increasing the 
availability of iron (Fe III) in the rhizosphere where the concentration of Fe III is 
little. The Fe-binding chelators (siderophores) can bind FE III under little concen-
tration of FE and transfer it to the cell (Sayyed et al. 2005; Dimkpa et al. 2009; 
Marschner et al. 2011). For example, the enhancing effects of PGPR such as 
Streptomyces and Bacillus on the growth of different plants, due to the production 
of siderophores, have been indicated (Imbert et al. 1995; Fiedler et al. 2001; Temirov 
et al. 2003). The production of siderophores by PGPR is also of environmental sig-
nificance as they can chelate different heavy metals and hence can be used for the 
bioremediation of contaminated sites.

2.5  PGPR and Plant Hormones

The soil microbes not only develop the suitable mechanisms for their survival under 
stress, they are also able to enhance the host plant tolerance under stress. For exam-
ple, the production of different plant hormones by PGPR increases the growth of 
plant roots including root length, the number of root tips, and root surface area. 
Accordingly, the uptake of water and nutrients and hence plant growth increases by 
the host plant (Adesemoye et al. 2009; Egamberdieva and Kucharova 2009).
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Production of plant hormones such as auxins, cytokinins, ethylene, and gibberel-
lins is another important mechanism by PGPR affecting the growth of the host 
plant. PGPR are able to modify the production of hormones by the host plant. The 
growth of different plant parts including the roots (root length, root initiation, and 
formation of root hairs) is regulated by plant hormones. A high number of research 
works have indicated the production of auxin by PGPR; the hormone is able to 
affect plant growth by (1) affecting cellular growth and division, (2) root growth, (3) 
differentiation of vesicular bundles, (4) apical dominance, (5) ethylene production, 
and (6) expression of different plant genes (Döbbelaere et al. 1999; Spaepen et al. 
2008).

The production of plant hormones by PGPR is regulated by different mecha-
nisms. For example, the root exudates can modify the production of plant hormones 
by A. brasilense; if the production of root exudates decreases and is not at a suitable 
rate for bacterial growth, the production of IAA by PGPR increases resulting in the 
production of root hairs and lateral roots. The production of IAA by A. brasilense 
Sp245 increased leaf length and the growth of the aerial part in spring wheat, related 
to the control treatment (Spaepen et al. 2008).

The other important plant hormone, which is produced by PGPR, is cytokinin 
inducing plant cellular activities specifically cell division, as well as leaf growth and 
senescence. The production of cytokinin by Bacillus subtilis increased the rate of 
cytokinin production and the subsequent plant growth in lettuce. The cytokinin- 
producing PGPR can also increase plant growth under drought stress (Arkhipova 
et al. 2005).

Gibberellins can affect plant growth by affecting the cellular activities and 
growth (Eichmann and Schäfer 2015). The hormone can affect different stages of 
plant growth including the floral, the fruit, the aerial part, and the root growth as 
well as the seed germination. Similar to the other plant hormones, such as auxin and 
cytokinins, gibberellins can also act in combination and cross talk with the other 
plant hormones. Different species of Azospirillum can produce gibberellins affect-
ing plant growth and yield production (Piccoli et al. 1997; Spaepen et al. 2009). The 
production of gibberellins has also been indicated in the other bacterial strains such 
as Bacillus spp., Herbaspirillum seropedicae, and Acetobacter diazotrophicus. 
Although the exact mechanism, which promotes plant growth by gibberellins, has 
not been indicated, the increased root growth, specifically the density of root hairs 
by the hormone, enhances the uptake of water and nutrients by plant (Gutiérrez- 
Mañero et al. 2001; Kang et al. 2012; Cassán et al. 2014).

The other plant hormone, ethylene, regulates different plant activities such as 
fruit ripening, cell growth, the germination of seeds, and the senescence of leaf and 
flower. The production of the hormone also increases under stress, and as a result, it 
is called the stress hormone (Spaepen et al. 2009) adversely affecting plant growth, 
specifically the root growth. The production of the hormone is regulated by ACC 
synthase. Research work has indicated that PGPR are able to decrease the produc-
tion of the stress hormone ethylene in plant by the production of 1- aminocycloprop
ane- 1-carboxylate (ACC) deaminase, which is able to degrade ACC synthase into 
α-ketobutyrate and ammonia. Accordingly, the level of stress hormone in plant 
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decreases, and as a result, plant growth increases. The production of ACC synthase 
by plant roots results in the degradation of the enzyme by soil PGPR and due to the 
decreased concentration of enzyme in the rhizosphere plant exudates more enzyme 
into the soil, and as a result, the level of enzyme deceases in plant, and hence plant 
biomass increases (Jalili et al. 2009; Glick 2015).

2.6  Endophytic Microbes and Stress

The endophytic microbes colonize the endosphere and the rhizosphere. Such soil 
microbes are able to enhance plant growth under different conditions including stress. 
The endophytic microbes including bacteria and fungi are able to enter plant tissues, 
establish a systemic nonpathogenic and intercellular association with the host plant, 
and complete their life cycle. A wide range of endophytic microbes are found in a 
single plant affecting plant growth and yield production (Naveed et al. 2014a).

The endophytic microbes are able to alleviate the adverse effects of stress on 
plant growth by morphological, biochemical, and physiological adaptation. The 
microbes are also able to affect the host plant growth by affecting the availability of 
different soil nutrients by the following mechanisms: (1) the reduction of the root 
diameter, (2) enhancing the length of root hairs, and (3) the production of different 
biochemicals including the phenolic products. Such compounds are also able to 
affect root growth under acidic conditions by the sequestration of aluminum on the 
root surfaces (Malinowski and Belesky 2000; Barac et al. 2004; Bauer and Mathesius 
2004). The alleviating effects of endophytic fungi on plant growth are by the follow-
ing activities: (1) inducing systemic resistance in the host plant, (2) activation of 
stress enzymes, and (3) production of different metabolites (Yuan et al. 2010).

Naveed et al. (2014a) investigated the microbial strains, which may enhance 
maize growth under biotic and abiotic stresses. The five endophytic strains of bac-
teria were isolated from the maize roots. All strains were able to increase maize 
growth under nonstressed and stressed conditions; however, Enterobacter sp. was 
among the most efficient strain under control and stress conditions. The bacteria 
were able to enhance maize morphology and physiology and were able to colonize 
plant roots and stems as well as the rhizosphere.

In another experiment Naveed et al. (2014b) evaluated the effects of Burkholderia 
phytofirmans and Enterobacter sp. on the growth, photosynthetic activity, and water 
content of two maize genotypes grown under drought stress. The plants were sub-
jected to drought stress 45 days after planting during the vegetative growth stage by 
withholding irrigation. The bacterial inoculants were able to inoculate maize seed-
lings efficiently and be isolated from different plant parts under control and stress 
conditions. The bacteria were able to enhance plant growth under stress by improv-
ing plant morphology, physiology, and water content compared with uninoculated 
plants. Strain B. phytofirmans was the more efficient strain than Enterobacter sp. 
under the stress. The authors accordingly indicated that it is possible to alleviate 
drought stress on maize growth although such a potential is a function of plant geno-
type and bacterial strains.
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Waqas et al. (2014) investigated how soybean growth and yield are affected by 
the combined effects of biochar and endophytic fungi producing plant hormones 
under heavy metal stress. The endophytic fungi were isolated from a wetland area 
polluted with zinc. According to the results, the combined or the single use of the 
endophytic fungi and biochar (15% w/w) significantly increased soybean growth 
under nonstressed and stressed conditions (Zn at 5253.6 mg/kg). The treatments 
decreased the uptake of Zn by plant tissues. The fungi were able to inoculate the 
plant roots in the presence of biochar under nonstressed and stressed conditions. 
The treatments induced plant systemic resistance by significantly increasing the 
production of jasmonic acid. The authors accordingly indicated that the combined 
use of the endophytic fungi and biochar is recommendable under the stress of heavy 
metal for soybean production.

The alleviating effects of Enterobacter sp. EJ01 isolated from sea china pink 
(Dianthus japonicus Thunb) in salty areas of South Korea were shown by Kim et al. 
(2014). The bacteria were used for the inoculation of tomato and Arabidopsis under 
salty conditions and were able to alleviate the stress by the production of ACC 
deaminase and indole-3-acetic acid (IAA). The growth parameters of plants includ-
ing fresh and dry weight and plant height were increased by the bacteria under the 
stress conditions. The effects of the bacteria on plant growth at the molecular level 
were by the enhanced expression of the Arabidopsis genes, which are responsive 
under salt stress including RAB18, DREB2b, RD29A, and RD29B.

The bacteria were also able to upregulate the expression of genes, which results 
in the production of proline such as P5CS1 and P5CS2 and in priming such as 
MPK3 and MPK6 under stress. The bacteria also increased the scavenging process 
of reactive oxygen species in tomato plants subjected to the stress conditions. In 
conclusion, the authors indicated that the newly isolated bacteria are able to allevi-
ate the stress of salinity on tomato and Arabidopsis growth by activating a set of 
different mechanisms, most importantly the related salt stress signaling pathway.

2.7  Interactions of Soil Microbes Affecting Soil Stresses

Although the single use of soil microbes has been proved to be effective on the 
alleviation of soil stresses, their combined use has also indicated to be a great tool 
for plant growth under stress. However, more research work in this respect is essen-
tial. This is because, if the possible interactions between the soil microbes are illus-
trated under different conditions including stress, it is possible to recognize and 
select the most efficient microbial consortium for inoculum production. However, it 
has also to be mentioned that the interactions between the soil microbes may be 
positive or negative, and for the production of effective inoculums under stress, the 
microbes with positive interactions must be selected (Miransari 2011a, b). The fol-
lowing examples show how the soil microbes may interact under different condi-
tions including stress.

The coinoculation of corn plants with Rhizobium and Pseudomonas enhanced 
corn tolerance under salt stress by the following mechanisms: (1) decreased 
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electrolyte leakage, (2) increased production of proline, (3) maintaining leaf water 
content, and (4) selective uptake of K+ (Bano and Fatima 2009; Paul and Lade 
2014). Alami et al. (2000) found that rhizobium enhanced sunflower tolerance 
under drought stress by improving the structure of soil due to the production of 
exopolysaccharide.

According to Chen et al. (2007), there is a correlation between the production of 
proline under drought and salinity stresses. Accordingly, the authors inserted the 
proBA gene from Bacillus subtilis into Arabidopsis thaliana, which resulted in the 
increased production of proline in the plant and enhanced plant growth under stress. 
Proline is also able to neutralize the cellular redox potential. The coinoculation of 
corn (Zea mays L.) plants with Rhizobium and Pseudomonas enhanced the salt tol-
erance of the plant by (1) the increased production of proline, (2) decreased electro-
lyte leakage, and (3) increased uptake of K+. Under salinity and temperature stresses, 
the positive effects of proline on the cell growth are by the protection of cellular 
membranes and the proteins resulted from the adverse effects of the stress. Proline 
is also able to act as a protein like molecule and scavenge the hydroxyl radical mol-
ecules produced under stress (Bano and Fatima 2009).

The coinoculation of lettuce plants with PGPR (Pseudomonas spp.) and mycor-
rhizal fungi (Glomus sp.) increased the production of catalase under severe drought 
stress indicating that the combined use of such soil microbes can be used for the 
alleviation of drought stress. However, interestingly the alleviating effects of mycor-
rhizal fungi under salinity stress have been more evident and constant than under 
drought stress (Kohler et al. 2008).

Research work has indicated that a wide range of PGPR strains in combination 
with mycorrhizal fungi are able to increase plant growth and yield production sig-
nificantly. The related PGPR are Azospirillum spp., Pseudomonas spp., Acinetobacter 
spp., and Bacillus spp., which in combination with AM fungi increased the uptake 
of different nutrients including Ca, Mg, S, Mn, Fe, Zn, and Cu in different crop 
plants (Liu et al. 2000; Khan 2005; Kohler et al. 2008).

Kohler et al. (2010) investigated the single and the combined use of Glomus mos-
seae and Pseudomonas mendocina on the structural properties of lettuce (Lactuca 
sativa L.) soil under salt stress. The PGPR significantly increased the plant growth 
compared with the control treatment under control and saline conditions; however, 
mycorrhizal fungi just increased plant growth under the moderate level of salinity. 
With increasing the level of salinity, even in the presence of microbial inoculation, 
the aggregate stability of soil decreased, compared with the control treatment. The 
high level of salinity decreased the concentration of glomalin-related soil protein, 
although the highest level was related to the inoculated soil.

The authors accordingly indicated that the use of mycorrhizal fungi and PGPR 
may be restricted under salinity stress due to the adverse effects of salinity on the 
structure of the soil, which is due to the increased concentration of sodium and the 
less concentration of glomalin-related soil protein, compared with control 
 conditions. Under adverse conditions such as drought, the production of exopoly-
saccharides by the soil bacteria enhances the aggregate stability of soil, and as a 
result, the water retention of soil increases (Kohler et al. 2010).
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Franzini et al. (2010) investigated the tripartite symbiosis of mycorrhizal fungi 
and rhizobium in four different genotypes of bean (Phaseolus vulgaris) under mod-
erate drought stress. Surprisingly, most of the microbial treatments including one 
species of fungi and one strain of rhizobium adversely affected the growth of bean 
plants under moderate drought conditions. However, such a deleterious effect was a 
function of plant genotype and microbial species. Mycorrhizal fungi decreased 
plant growth by inhibiting nodule development and N2-fixation. At the moderate 
level of drought stress, the combined use of AM fungi and rhizobium negatively 
affected bean growth, indicating the importance of selecting the right combination 
of bean genotype and microbial species.

The interactions between soil microbes have been reviewed by different 
researchers. For example, Gopal et al. (2012) reviewed the interactions between 
mycorrhizal fungi and soil bacteria and the interactions between mycorrhizal 
fungi and spore- associated bacteria. The authors accordingly indicated that a 
more clear understating on the interaction among mycorrhizal fungi, spore-
associated bacteria, and PGPR can enhance the quality of inoculums. Franzini 
et al. (2013) suggested that although the interactions between mycorrhizal fungi 
and PGPR are usually positive enhancing the legume growth and yield, under 
drought stress such kind of interactions may negatively affect legume growth 
and yield. Accordingly, in their experiment they evaluated the combined effects 
of six rhizobium strains and two mycorrhizal species on the growth of Phaseolus 
vulgaris and Zea mays under moderate drought conditions. Their results indi-
cated that the combined combinations of rhizobium and mycorrhizal fungi in 
some cases decreased the growth of bean and corn under moderate drought 
conditions.

Abdel-Rahman et al. (2011) investigated the effects of single or combined inocu-
lation with mycorrhizal fungi and Bacillus subtilis on the growth, oil (yield and 
percentage), and nutrient uptake of three different genotypes of sweet basil under 
the salinity levels of 0, 1000, 2000, and 4000 mg/l. The results indicated that high 
salinity level (4000 mg/l) significantly decreased plant growth, oil, and the nutrient 
uptake of N, P, and K of all the genotypes. The salinity treatment also highly 
increased the concentration of sodium in the plants. The effects of mycorrhizal 
fungi on the growth of plant under salinity stress were more than the bacteria and 
the combined inoculation intensified such a positive response. The response of gen-
otypes was different under the stress. The authors accordingly indicated that it is 
possible to enhance the response of sweet basil to salinity stress using the single or 
combined use of mycorrhizal fungi and Bacillus subtilis.

Saia et al. (2015) investigated the single and the combined effects of mycorrhizal 
fungi and PGPR on the metabolic activities of durum wheat roots under N-limited 
and P-high conditions. The soil natural conditions were used as the control treat-
ment. Inoculation with AM fungi highly colonized crop roots and reduced the con-
centrations of metabolic compounds including amino acids and saturated fatty acids 
in the roots. However, the combined inoculation with the fungi and PGPR increased 
the concentration of such compounds compared with the single inoculation with 
AM fungi. The authors attributed such a difference to the mineralizing role of PGPR 
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on the organic matter and hence the release of N by PGPR for the use of the host 
plant compared with the single inoculation with mycorrhizal fungi.

The above details indicate how the soil microbes including mycorrhizal fungi and 
PGPR may interact under stress affecting plant growth and yield production. However, 
the other important point, which must be researched in great details, is how such 
microbes may interact with endophytic bacteria residing in plant roots. If such a case 
is indicated, it will be possible to use the combined use of soil microbes, including the 
endophytic microbes for inoculum production. Accordingly, the production of inocu-
lums will be more beneficial under different conditions including stress.

2.8  Conclusion and Future Perspectives

Some important details related to the effects of soil microbes on plant growth and 
yield production have been indicated. The role of the most important soil microbes 
including mycorrhizal fungi, PGPR, and endophytic microbes on the growth of crop 
plants under stress has been presented. Accordingly, research work has indicated that 
the single use of soil microbes can positively affect plant growth. Some details are also 
available on the combined use of soil microbes, specifically mycorrhizal fungi, PGPR, 
and rhizobium affecting the growth of crop plants. However, the other important 
point, which must be researched in greater details, is the interactions of soil microbes 
with the endophytic bacteria residing in plant roots. If such details are illustrated, it 
will be possible to produce microbial inoculums, which are more effective on plant 
growth and yield production under different conditions including stress.
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Abstract
In terms of global production, wheat among cereals ranks third after rice and 
maize, contributing about 35% of the total food grain production. Wheat due to 
high nutritional value is considered one of the important dietary constituents and, 
hence, has become one of the better food choices around the world. For growth 
and development, wheat requires large amounts of major plant nutrients espe-
cially phosphorus (P). Application of sufficient amounts of P has many beneficial 
impacts on wheat including its role in growth, grain formation, and development, 
and in straw yield. Phosphorus deficiency, however, may adversely affect the 
growth and, therefore, hampers the physiological processes leading eventually to 
overall stunting of the plant. In order to circumvent the phosphorus problems and 
hence to achieve optimum yields, wheat growers usually apply excessive amounts 
of chemical phosphatic fertilizer which is both expensive and destructive to soil 
fertility. To overcome these problems, a physiologically versatile array of micro-
organisms especially belonging to phosphate-solubilizing group has been intro-
duced into the agricultural system for improving wheat production. The 
P-solubilizing microorganisms (PSM) solubilize unavailable soil P and make it 
available for uptake by plants. The use of microbial phosphatic fertilizer (micro-
phos) in wheat production system is considered an eco-friendly strategy without 
adversely affecting the soil health. Despite numerous informations available on 
the impact of P-solubilizing microorganisms on various plants, literature sug-
gesting the use of PSM in wheat production is limited. Realizing the importance 
of PSM in enhancing the overall performance of wheat, attempt has been made 
to better understand as to how the PSM affects wheat production in variable 
agricultural practices. Also, efforts will be made to find PSM which could be 
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applied to facilitate the growth and development of wheat grown in different 
agroecological niches. Constant and sustainable application of PSM is expected 
to decrease the use of fertilizers in wheat production strategies.

3.1  Introduction

Wheat (Triticum aestivum) is one of the important cereal crops which is extensively 
cultivated and used as food worldwide. Wheat is cultivated in variable climatic con-
ditions that range between 47°S and 57°N latitudes on different soils including sandy 
and clayey soil and has the highest adaptation among all the crop species (Naresh 
et al. 2014). Globally, about 680 million tons of wheat was produced during 2008–
2012, while in 2011, the production rate reached to almost 700 million tons (FAO 
Stat http://faostat.fao.org/site/291/default.aspx). Moreover, the statistics reveal that 
more than 600 million tons of wheat is harvested annually. Among various wheat-
producing countries, India is the second largest wheat-producing country with 11.9% 
production from approximately 12% of total area (USDA 2010). In India, wheat is 
cultivated in about 30 million hectares land resulting in 93 million tons yield. The 
national productivity is estimated as 2.98 tons ha−1. However, despite being an 
important food crop of the country, the average production of wheat is slowly dwin-
dling due to several reasons (Ray et al. 2012). Chief among them has been the declin-
ing cultivable lands, fluctuating environmental conditions (global warming) and 
excessive usage of chemical fertilizers in order to obtain maximum yields.

The consistently increasing cost of chemical fertilizers and their deleterious 
impact on soil fertility and human health (via food chain) are some of the vital prob-
lems of farmers growing wheat across different regions (Eman et al. 2008; Singh 
et al. 2008). In order to reduce the use of fertilizers in wheat production, scientists 
require searching for some other inexpensive alternatives. In this regard, biofertil-
izers, defined as a biological product containing living microorganisms which, 
when applied to seed, plant surfaces, or soil, colonize the rhizosphere or the interior 
of the plant and facilitate growth by enhancing the supply or availability of primary 
nutrients to the host plant (Vessey 2003), involving PSM that have offered a better 
alternative to the expensive and environmentally unfriendly fertilizers in wheat pro-
duction (Sarker et al. 2014; Sharma et al. 2013). The chief benefit of applying PSM 
in wheat cultivation is their ability to better colonize and establish in the rhizosphere 
and to make P available to plants constantly (Sharma 2002). Apart from P, PSM also 
facilitates the growth of plants by providing gibberellins, cytokinins, and IAA (Priya 
et al. 2013; Sharma et al. 2012), improves uptake of water and nutrients 
(Abbasniayzare et al. 2012; Khan et al. 2007), secretes antibiotics and other toxic 
products (Shanmugam et al. 2011; Lipping et al. 2008), and supplies vitamins 
belonging to β-group (Revillas et al. 2000). Also, PSM improves the wheat growth 
by inhibiting plant pathogens (Salma et al. 2014). For instance, P-solubilizing bac-
teria like Pseudomonas and Bacillus species when used alone or in combination pro-
foundly increased grain yield, tiller formation, and seed P of wheat (Afzal et al. 
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2005). Similarly, the pre-sowing application of PSM inoculated wheat resulted in a 
considerable increase in yield relative to uninoculated wheat (Dwivedi et al. 2004). 
These and other similar studies suggest that the sole or combined application of 
PSM could be used to enhance the overall performance of wheat.

3.2  Nutritional Importance of Wheat

Wheat is one of the main staple food crops for majority of the world population and 
is the major staple food in many Asian countries. Wheat is an important cereal crop 
of human dietary systems all over the world. Nutritionally, it is highly rich in carbo-
hydrate and serves as a good source of energy. Interestingly, proteins and fibers are 
also the major constituents of wheat composition. In addition, wheat also contains 
significant amounts of vitamins, minerals, lipids, and a few phytochemicals. The 
nutrient composition of wheat is represented in Table 3.1.

Table 3.1 Dietary 
components of winter wheat

Energy 1368 KJ (327 k Cal)

Carbohydrates 71.18 g

Sugars 0.41

Dietary fiber 12.2 g

Fat 1.54 g

Proteins 12.6 g

Vitamins

  Thiamine (B1) 33% (0.383 mg)

  Riboflavin (B2) 10% (0.115 mg)

  Niacin (B3) 36% (5.464 mg)

  Pantothenic acid (B5) 19% (0.954 mg)

  Vitamin B6 23% (0.3 mg)

  Folate (B9) 10% (38 μg)

  Choline 6% (31.2 mg)

  Vit. E 7% (1.01 mg)

  Vit. K 2% (1.9 mg)

Minerals

  Calcium 3% (29 mg)

  Iron 25% (3.19 mg)

  Magnesium 35% (126 mg)

  Manganese 190% (3.985 mg)

  Phosphorus 41% (288 mg)

  Potassium 8% (363 mg)

  Sodium 0% (2 mg)

  Zinc 28% (2.65 mg)

Other constituents

  Selenium 70.7 μg

Source: USDA nutrient database
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3.3  Role of Phosphorus in Promoting Wheat Growth

Plants in general require variety of nutrient elements for survival and growth. These 
elements are categorized as macro- and micronutrients depending upon the require-
ment of various crop plants. Phosphorus among plant nutrients is required in larger 
quantities by plants, the deficiency of which severely affects the whole metabolism 
of many plants including wheat. Phosphorus plays an important part in photosyn-
thesis, energy transfer, utilization of sugar and starch, nucleus formation and cell 
division, signal transduction, macromolecular biosynthesis and respiration (Khan 
et al. 2010), and N2 fixation (Wibisono et al. 2015). It also initiates root growth and 
development and maintains the overall health of the plants.

In wheat, P plays a prime role in strengthening of the straw and results in better 
fruit production (Anonymous 1988). Presence of P also accounts for a better tiller-
ing in wheat, promotes early maturation of plant, and assists seed formation. For 
example, in a study, the combined effect of irrigation and phosphorus demonstrated 
a positive impact on the developmental stages of wheat. Furthermore, an increase in 
the number and weight of the grains was recorded. Topical application of P further 
increased the size of wheat grains (Hossain et al. 1996; Turk and Tawaha 2002). 
Phosphorus fertilization is therefore a major input in crop production across differ-
ent regions, because some soils lack sufficient P to optimize crop quality and yields 
(Griffith 2009). Effective nutrient management, hence, requires that P be available 
in adequate amounts when needed by the plant (Sarfraz et al. 2009). In order to sup-
ply available and soluble form of P to wheat plants, a group of soil microorganisms 
collectively called as phosphate-solubilizing microorganisms (PSM) have been 
applied. To substantiate this further, Islam and Hossain (2012) proposed that the use 
of synthetic phosphatic fertilizer could be reduced if the insoluble soil P is solubi-
lized naturally by PSM and is made available to plants. In some other experiments, 
P-solubilizing bacteria (PSB) when applied as bioinoculants have been shown to 
solubilize the fixed soil P, thereby improving the crop yield (Gull et al. 2004) includ-
ing those of wheat (Afzal and Asghari 2008). In addition to the sole application of 
PSM, there has been considerable reports where PSM in synergism with other 
organisms, for example, AM fungi, has been found to enhance uptake of solubilized 
soil P (Barea et al. 2002) and concurrently increased nutrient uptake and yield of 
wheat and maize (Raja et al. 2002).

3.4  Rationale for Using Phosphate-Solubilizing 
Microorganisms in Wheat Production

Phosphorus, one of the major plant nutrients, affects many stages of plant growth 
and enhances grain yield and yield components. On the contrary, in many agricul-
tural production systems, P has been identified as the most deficient essential nutri-
ent after N. And hence, nutrient supply to agronomic production systems has 
increased to achieve optimum yields in order to sustain the growing populations 
demand around the world. When soil is deficient in available P, phosphatic 
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fertilizers are applied to soils. Although inorganic fertilizers are readily available, 
they are slowly converted to unavailable forms due to precipitation/complexation. 
Among cereals, wheat requires more nutrients than other crops. Worldwide, the 
commercial production of fertilizers needs substantial amounts of energy, and, 
hence, it becomes costly. Moreover, phosphatic fertilizers are consistently used in 
wheat production to achieve higher yields. The excessive and continued application 
of phosphatic fertilizers, however, destruct the soil fertility (Younis et al. 2013). 
High dose of P fertilizers causes abrupt shoot growth, while it limits root growth. 
Also, following accumulation within soils, P can pollute the ground water resources. 
Protein digestion inhibitors deposited in plant cell vacuoles were not taken up by 
sucking herbivores but hampered the chewing herbivores (Mattson 1980). Moreover, 
the uptake of P by plants is considerably low due to its rapid fixation with Fe and Al 
oxides in acidic soils (Goldstein 1986; Norrish and Rosser 1983) and calcium in 
neutral or calcareous soils (Lindsay et al. 1989). Due to these, approximately 
75–90% of the P fertilizers applied to soil are lost, and, hence, plants generally suf-
fer from P deficiency. The combined use of the phosphatic fertilizers to maximize 
the wheat production without experiencing any toxicological hazards is therefore 
urgently required. In order to overcome the cost of production, abolish the toxic 
effect of fertilizers, and fulfill the P requirements of wheat, it has become imperative 
to search for some newer and inexpensive option that could solve such difficulties. 
To address such problems, the focus is shifted toward the use of PSM both singly 
(Kumar et al. 2014a) and as mixture with fertilizers (Babana et al. 2013) or as cocul-
ture (Upadhyay et al. 2012) to improve soil fertility leading to increase in wheat 
yields (Zaidi and Khan 2005). When applied properly, PSM in agricultural practices 
has been found to decrease the use of costly phosphatic fertilizers (Ali et al. 2014; 
Dalve et al. 2009). For example, Ramlakshmi and Bhrathiraja (2015) in a study 
conducted for marigold production have suggested that the mixture of Paenibacillus 
polymyxa (phospho-bacterium) and Glomus fasciculatum (AM fungi) could 
decrease the application of P fertilizer by 25%. The integrated nutrient management 
(Chaitra and Patil 2007) which involves the use of PSM carrying variable character-
istics has, therefore, motivated wheat growers worldwide (Naqvi and Ahmad 2012; 
Goes et al. 2012). Phosphate-solubilizing microorganisms also act as biological 
control agents (Zaidi et al. 2014) and by limiting the phytopathogens increase the 
performance of plants (Basharat et al. 2011).

3.5  PSM Improves Wheat Production

3.5.1  PSM: Definition, Origin, and Selection of Phosphate- 
Solubilizing Microorganisms

Phosphate-solubilizing microorganisms are a group of useful microorganisms 
which hydrolyze organic and inorganic P (Chen et al. 2006b). Numerous PSM have 
been recovered from non-rhizosphere (Onyia and Anyanwu 2013) and rhizosphere 
soils (Qiao et al. 2013), rhizoplane (Sarkar et al. 2012), phyllosphere (Mwajita et al. 

3 Phosphate-Solubilizing Microorganisms in Sustainable Production



56

2013), rock phosphate (RP) deposit area soil (Mardad et al. 2013), marine environ-
ment (Mujahid et al. 2014), and polluted soils (Susilowati and Syekhfani 2014). 
Some of the important P-solubilizing bacteria belongs to genera Achromobacter 
(Ma et al. 2009), Acinetobacter (Gulati et al. 2010), Sphingomonas and Burkholderia 
(Panhwar et al. 2014; Song et al. 2008), Bacillus (Tallapragada and Usha 2012), 
Serratia (Selvakumar et al. 2008), Enterobacter (Frank and Julius 2012), 
Micrococcus (Reena et al. 2013), Pseudomonas (Mehnaz et al. 2010), rhizobia 
(Kumar et al. 2014; Kenasa et al. 2014), and actinomycetes (Saif et al. 2014). The 
important P-solubilizing fungi belong to genera Penicillium (Reena et al. 2013), 
Aspergillus (Coutinho et al. 2012), and Trichoderma (Yasser et al. 2014). However, 
among various phosphate solubilizers, P-solubilizing fungi (PSF) in general have 
been found superior P solubilizer compared to PSB (Venkateswarlu et al. 1984). 
Like any other plant, wheat too represents a habitat for diverse PSM, which colonize 
the (i) rhizosphere (Majeed et al. 2015; Kundu et al. 2009), (ii) the phyllosphere 
(Verma et al. 2016a), (iii) PSM living inside tissues (endophytes) (Verma et al. 
2016a), and (iv) stressed environment.

Rhizosphere PSM The region of soil that is directly influenced by root exudates 
and associated soil microbiota is generally termed as rhizosphere. The term rhizo-
sphere (Greek word “rhizo” meaning root and “sphere” is one field of action, influ-
ence, or existence) was introduced by Hiltner in 1904. The rhizosphere is generally 
rich in rhizodeposition (sloughed-off plant cells), proteins, and sugars released by 
roots. These exudates support the growth of various microbial communities includ-
ing PSM. Like many other microbial communities, PSB have been recovered from 
many crop rhizospheres including those of wheat. Some of them have been identi-
fied as Pseudomonas aeruginosa (Kumar et al. 2015), P. fluorescens, P. putida 
(Zabihi et al. 2011), P. stutzeri (Venieraki et al. 2011), Bacillus (Ogut and Er 2016; 
Ogut et al. 2011), Lysinibacillus sphaericus, Paenibacillus polymyxa, Staphylococcus 
succinus, Sporosarcina sp. (Verma et al. 2016b), Azotobacter chrococcum (Kumar 
and Narula 1999), Thiobacillus sp. (Babana et al. 2016), Vibrio splendidus (Babana 
et al. 2013), Proteus sp. (Billah and Bano 2015), Azospirillum brasilense (Venieraki 
et al. 2011), Acinetobacter (Ogut et al. 2010), Stenotrophomonas sp. AJK3 (Majeed 
et al. 2015), Enterobacter sp., Arthrobacter chlorophenolicus (Kumar et al. 2014a), 
and Serratia marcescens (Lavania and Nautiyal 2013). Of the filamentous fungi 
involved in solubilization of insoluble P, Aspergillus niger (Shrivastava and D’Souza 
2014), Penicillium bilaii (Ram et al. 2015), Penicillium oxalicum (Xiao et al. 2013), 
and Mucor ramosissimus (Xiao et al. 2009) are the most important PSF, while 
strains of Candida krissi (Xiao et al. 2009) have also been identified as P solubilizer 
which solubilized insoluble P by secreting organic acids.

Phyllosphere PSM The term phyllosphere refers to the total aboveground portions 
of plants inhabited by microorganisms (Last 1955; Ruinen 1956). Phosphate- 
solubilizing microbes in the wheat phyllospheres have been reported and identified 
using PCR technique. For instance, Verma et al. (2014) isolated wheat-associated 
epiphytic bacteria from five locations in central zone (one of the wheat agroecologi-
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cal zones) in India. The phosphate-solubilizing bacteria isolated from phyllosphere 
(N = 89) belonged to genera Arthrobacter, Bacillus, Corynebacterium, 
Methylobacterium, Paenibacillus, Pseudomonas, and Psychrobacter. Of these, 
Arthrobacter humicola showed the highest P-solubilizing activity. Other genera 
identified to species level using 16S rRNA gene sequencing and subsequent molec-
ular phylogeny analysis included Paenibacillus amylolyticus, Bacillus aryabhattai, 
Methylobacterium extorquens, Methylobacterium mesophilicum, Methylobacterium 
radiotolerans, Psychrobacter fozii, and Pseudomonas fuscovaginae.

Endophyte PSM An endosymbiont (bacterium or fungus) often called an endo-
phyte resides inside plant tissues (Hardoim et al. 2008) for longer periods of its life 
cycle but causes no diseases to plants (Vijayabharathi et al. 2016; Puri et al. 2015; 
Hardoim et al. 2015). Also, the endophytic bacteria improve plant growth and nutri-
tion more efficiently compared to rhizospheric bacteria because they show more 
intimate relationship with plant tissues. The endophytes have an ecological advan-
tage over epiphyte microbes because they are shielded from unfavorable environ-
mental conditions such as high temperature, salinity, drought, pH, osmotic 
potentials, and ultraviolet radiation (Seghers et al. 2004). The endophytes generally 
adhere to root hair zone of apical roots and enter through a crack or damage. 
Following entry inside, they colonize the differentiation zone and intercellular 
spaces in epidermis (Raven et al. 2009). After crossing the exodermal barrier, they 
colonize different regions such as point of entry, deep inside cortex, and the cortical 
intercellular spaces. The plant tissue type, plant growth stage, and soil fertilizer 
treatment all contribute to composition of endophyte bacterial community in wheat 
(Robinson et al. 2015). Like rhizosphere/phyllosphere microbial communities, 
endophytes also facilitate the growth of plants by various mechanisms (Gaiero et al. 
2013) including P-solubilization (Wakelin et al. 2004). There are other studies also 
which suggest that soil inoculation with P-solubilizing Bacillus spp. can solubilize 
unavailable soil P and applied P, leading to a better plant development and greater 
yields (Canbolat et al. 2006). The root endophytes Bacillus, Enterobacter, 
Micrococcus, and Pseudomonas genera identified by Mbai et al. (2013) have also 
shown to have potential to solubilize P. In other study, Jha and Kumar (2009) iso-
lated a diazotrophic bacterium identified as Achromobacter xylosoxidans 
WM234C–3 from surface-sterilized roots and culms of wheat variety Malviya 234 
which had a significant P-solubilizing activity. Zinniel et al. (2002) also isolated 
diazotrophic endophytic bacteria from wheat, whereas the filamentous Actinobacteria 
and some fungi were observed in wheat plants by Coombs and Franco (2003). 
Recently, Oteino et al. (2015) reported that majority of the endophytic Pseudomonas 
strains produced gluconic acid (GA) (14-169 mM) and demonstrated moderate to 
high P-solubilizing activity (400–1300 mgl−1). Thus, the study of endophytes is 
important primarily for two reasons – (i) it helps to better understand its ecology 
and (ii) the bioactive molecules secreted by endophytes facilitate the growth of 
plants in sustainable agricultural practices. Therefore, concerted efforts should be 
directed to find some new and potentially exciting endophytes for ultimate use in 
different agricultural production systems across different ecological niches.
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Stress-Tolerant PSM Phosphate-solubilizing microorganisms in general have regu-
larly been isolated from conventional environment. However, the isolation of PSM 
from derelict/stressed environment would be advantageous because such stress-toler-
ant PSM could be beneficial for crops growing in stressed/polluted soils. In this con-
text, various P-solubilizing bacteria have been recovered from wheat growing in 
disturbed environments, for example, low temperature (Mishra et al. 2011; Verma 
et al. 2015a), drought (Verma et al. 2014), acidic soil (Verma et al. 2013), and salinity 
(Egamberdieva et al. 2008; Tiwari et al. 2011) using culture- dependent techniques. 
Verma et al. (2016a) in a recent investigation assessed the diversity and functional 
attributes of thermotolerant bacteria hosting leaves, shoots, roots, and rhizospheric 
soils of wheat growing in the peninsular zone of India. Majority of the isolated genera 
demonstrated P-solubilizing activity and belonged to genera Achromobacter, 
Alcaligenes, Arthrobacter, Bacillus, Methylobacterium, Pseudomonas, Rhodobacter, 
Salmonella, and Staphylococcus. Verma et al. (2016b) in a follow-up experiment 
recovered the epiphytic bacterial strains identified as B. amyloliquefaciens, A. faeca-
lis, and P. poae from the wheat phyllosphere. In a similar study, A. faecalis and P. poae 
were isolated from wheat growing at arid land and high-temperature regions and were 
identified for the first time as epiphytic PGPB (Joo et al. 2005). Similar studies were 
carried out by Verma et al. (2013) to reveal acidotolerant P-solubilizing bacteria 
exhibiting other PGP activities from phyllosphere of two varieties of wheat growing 
in acidic soil in the southern hills zone of India. Among these PSB, Variovorax soli 
(21.52 ± 1.3 μg P mg−1 day−1) was isolated from wheat var. HD2833 and 
Methylobacterium sp. (36.35 ± 1 μg P mg−1 day−1) and M. radiotolerans (21.35 ± 1 μg 
P mg−1 day−1) from wheat var. HW3094. Apart from bacteria and fungi, the 
P-solubilizing actinomycetes can also survive in extreme environments (e.g., drought, 
fire), and through their ability to secrete antibiotics and phytohormone-like com-
pounds, they can enhance plant growth. Micromonospora aurantiaca and Streptomyces 
griseus, for example, have shown the greatest stimulatory effect on wheat due to their 
P-solubilizing efficiency and plant growth- promoting activities (Hamdali et al. 2008, 
Jog et al. 2012). This ability of actinomycetes of surviving under extremes of environ-
mental conditions has therefore attracted greater attention toward their use as biologi-
cal agents in stressful conditions. Stress-tolerant microbial inoculants are required for 
inoculation under extreme environments like high temperature so that such organisms 
could survive under such adverse environment while maintaining their plant growth-
promoting activities. And hence, the selection of thermotolerant P-solubilizing micro-
organisms carrying numerous PGP traits could be used to produce inoculants for 
crops grown in the arid, subarid, high-plateau, and high-temperature zones. 
Furthermore, considering the variety of PSM’s widely spread in different habitats, 
there is ample scope to find many more prospective microorganisms from variable 
environments for eventual transfer to end users/farmers.

3.6  Selection of Phosphate Solubilizers

P-solubilizing microorganisms have been recovered from conventional (Surapat 
et al. 2013) to derelict soils (Susilowati and Syekhfani 2014) and from rhizosphere 
(Ranjan et al. 2013) to endophytic (Resende et al. 2014) environment. They have 
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subsequently been used in various agronomic practices with greater positive impact 
on different crops (Sonmez and Tufenkci 2015) including wheat (Sial et al. 2015) 
under different production systems. And hence, the use of P-solubilizing organisms 
in crop production is increasing which is likely to substitute or/decrease the use of 
phosphatic fertilizers considerably (Adesemoye et al. 2009). Considering the impor-
tance of PSM in sustainable crop production, many workers have isolated such ben-
eficial microbes (Ahemad and Khan 2012) employing serial plate dilution technique 
or enrichment culture method. Generally, the PSM are isolated using media contain-
ing insoluble tricalcium phosphate (TCP), and the best suitable and most widely 
used medium for this purpose has been the Pikovskaya medium (Pikovskaya 1948) 
(g/l: glucose 10, Ca3 (PO4) 2 5, (NH4)2 SO4 0.5, NaCl 0.2, MgSO4.7H2O 0.1, KCl 
0.1, yeast extract 0.5, MnSO4 and FeSO4 trace, and pH 7). Rhizospheric or non- 
rhizospheric soil samples are diluted serially and spread plated (100 μl) or streaked 
or spot (10 μl) inoculated on Pikovskaya agar plates or any plates having insoluble 
P and properly incubated for 5–7 days (bacteria) and 3–5 days (fungi and actinomy-
cetes) at 28 ± 2 °C. Organisms showing PS activities are identified by the appear-
ance of zone of solubilization (clear halo) near microbial growth (Plate 3.1) on TCP/
insoluble P supplemented plates. The consistency of this technique is, however, not 

a b

c d

Plate 3.1 Tricalcium phosphate solubilization on Pikovskaya plates by (a) Pseudomonas sp.,  
(b) Serratia sp., (c) Bacillus sp., and (d) fungal species
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accepted by many workers since numerous bacterial isolates in other studies have 
even though failed to yield any visible zone of P-solubilization on agar plates but 
instead solubilized insoluble P in culture medium. However, considering halo for-
mation as a positive indicator of P-solubilizers, the organisms (colonies) showing 
halo on plates are picked up and used to determine their capability to solubilize 
insoluble P under liquid medium. After evaluating their P-solubilizing ability on 
agar plates and in liquid medium, the PSM are assessed for their in vitro potential to 
secrete plant growth-promoting bioactive molecules. The most putative strains are 
then identified to species level employing molecular techniques, for example, 16S 
rDNA sequencing and phylogenetic method. The organisms identified by biochemi-
cal (identified up to genus level only) or molecular methods (identified up to species 
level) and showing single or many plant growth-promoting activities apart from 
their intrinsic P-solubilizing activity are selected and checked in pots and fields 
using seed treatment, seedling dipping, or soil application methods for their final 
transfer to growers for consequent application in agronomic practices as an inex-
pensive phosphatic option.

3.7  Phosphate Solubilization: How It Occurs?

The heterogenous microbial populations in different habitat include PSM also. Out 
of the total P-solubilizing microorganisms, 1–50% is contributed by PSB, whereas 
only 0.1–0.5% populations account for PSF (Chen et al. 2006a). Both phosphate- 
solubilizing bacteria and fungi convert the insoluble form of phosphorus (inorganic 
and organic) into soluble and available form of P which is taken up as a source of 
P by plants. Broadly, the solubilization/mineralization of inorganic/organic P 
occurs by one of the three mechanisms: (a) production of organic acids, (b) excre-
tion of H+ions, and (c) synthesis of enzymes (Kapri and Tewari 2010; Arcand and 
Schneider 2006). Of these, solubilization of inorganic P through the organic acids 
secreted by PSM (Khan et al. 2014) is one of the most extensively accepted theo-
ries of P-solubilization. The organic acids produced by PSM largely include glu-
conic acid, oxalic acid, ketogluconic acid, citric acid etc. (Table 3.2). The release 
of organic acids is directly associated with the lowering of pH of the medium 
(Mardad et al. 2013; Whitelaw 2000; Maliha et al. 2004). The effectiveness of 
solubilization/mineralization, however, depends on the types and amounts of 
organic acids/enzymes secreted into the liquid medium. Also, the inherent proper-
ties of the organic acids are vital than the whole amount of acids released by 
P-solubilizers (Scervino et al. 2010). Moreover, the insoluble P is also converted 
into soluble P without the secretion of OA by microbes (Illmer and Schinner 1992). 
For example, ammonia assimilation resulting in proton extrusion has been found as 
an alternative mechanism for P-solubilization (Parks et al. 1990; Ogut et al. 2011). 
Phosphate solubilization by PSM also occurs by enhancing the process of chela-
tion of cations that are bound to the soil P or by generating soluble compounds 
with cations linked with insoluble soil P so as to discharge the P into the soil sys-
tem. Another mechanism of P-solubilization includes the production of enzymes 
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Table 3.2 Organic acids produced by phosphate-solubilizing microorganisms

P-solubilizing 
microorganisms

Organic acids 
produced

Initial pH 
of medium

Final pH 
of medium

Amount of P 
solubilized 
(mg/l) Reference

Aspergillus sp.; 
Penicillium sp.

Citric, gluconic, 
oxalic, succinic, 
glycolic, malic

7.0; 7.0 3.2; 3.3 392 ; 381 Sane and 
Mehta (2015)

Aspergillus niger Oxalic, lactic 3640 Padmavathi 
(2015)

Trichoderma 
harzianum

Lactic, succinic, 
tartaric, citric

5.4 4.3 ND Li et al. (2015)

Rhizobium tropici, 
Paenibacillus 
kribbensis, 
Acinetobacter sp.

Malic, 
2-ketoglutaric, 
lactic, succinic, 
tartaric, 
propionic, 
gluconic

5.0; 7.0 5.0; 4.0 70 ; 75; 75 
(approx.)

Marra et al. 
(2015)

Pseudomonas sp. 
R7

Lactic, isocitric, 
tartaric, pyruvic

7.03 4.92 19.5 Mihalache 
et al. (2015)

Pseudomonas 
fluorescens L228

Gluconic 7.0 4.06 1312 Oteino et al. 
(2015)

Rhizobium sp. 
VM-2

Organic acids 7.0 4.93 799 Satyanandam 
et al. (2014)

Rhizobium sp. 
RASH6

Succinic, 
gluconic

7.0 3.4 275 Singh et al. 
(2014)

Bacillus 
megaterium

Malic, quinic 7.0 4.0 ND Kang et al. 
(2014)

Trichoderma 
harzianum

Citric, lactic, 
succinic

7.2 4.68 9.31 Promwee et al. 
(2014)

Pantoea 
agglomerans, 
Burkholderia 
anthina, 
Enterobacter 
ludwigii

Gluconic, 
oxalic, citric

7.0 3.2; 3.5; 
4.0

575.16; 
384.28; 600

Walpola  
and Yoon  
(2013a, b)

Enterobacter 
hormaechei sub 
sp. steigerwaltii

Gluconic, 
succinic, malic, 
glutamic

7.0 3.5 505 Mardad et al. 
2013

Azospirillum, 
Bacillus, 
Enterobacter

Acetic, citric, 
gluconic

7.0 Reduced 
pH

218.1; 
298.3; 258.6

Tahir et al. 
(2013)

Burkholderia 
ambifaria KS 01, 
B. Tropica KS 04

Acetic, citric, 
gluconic, lactic, 
succinic, 
propionic

6.6 4.86; 
4.05

433.81; 
499.85

Surapat et al. 
(2013)

Penicillium sp. Gluconic, citric 6.25 3.22 39.2–86.1 Nath et al. 
(2012)

Acinetobacter sp. 
WR 1222

Gluconic 7.0 4.21 414 Ogut et al. 
(2010)

ND not determined
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like (a) phosphatases (meant for dephosphorylation of phospho-ester bonds), (b) 
phytases (responsible for the release of P from phytic acid), and (c) phosphatases 
(enzymes that cleave the C-P linkage in organophosphonates). The phosphatases 
and phytases together mediate the P mineralization process. The phosphatases play 
an important role in releasing the inorganic phosphates through scavenging of 
phospho-ester bonds, whereas most of the phytases are involved in the cleavage of 
C-P bonds. Another interesting role attributed to these enzymes is the degradation 
of phytate, thereby leading to mineralization of organic P present within the soil 
(Behera et al. 2014).

3.8  How Phosphate Solubilizers Facilitate Wheat Growth

Indeed, the plant growth enhancement by P-solubilizing microorganisms in 
P-deficient soil occurs greatly through solubilization of insoluble P. The soluble 
P is then taken up as a major nutrient element by plants. Apart from making 
soluble P available to plants, the PSM also secretes some important active bio-
molecules (Table 3.3) that directly or indirectly enhance the growth and produc-
tivity of crop plants (Fig. 3.1). Chief among them is the release of siderophores 
(Ghosh et al. 2015), indole acetic acid (Chitraselvi et al. 2015), and gibberellic 
acid (Jha and Subramanian 2014). Synthesis of siderophores, an iron-chelating 
substance by PSB, for instance, Pantoea agglomerans and Burkholderia anthina, 
may indirectly affect the growth of plants (Datta and Chakrabartty 2014; Walpola 
and Yoon 2013b, c). Siderophores released by PSB form a complex with iron 
(Fe3+) in the rhizosphere and limit its availability to the phytopathogens and con-
comitantly prevent phytopathogens from causing damage to plants. Thus, PSB 
due their ability to secrete siderophores could be developed as biocontrol agent 
as well. Secretion of IAA by phosphate solubilizers, for example, Azospirillum, 
Bacillus, and Enterobacter, (Tahir et al. 2013) is yet another microbiological trait 
that has shown greater positive impact on overall performance of wheat plants. 
IAA secreted as a secondary metabolite due to rich supply of substrates by PSB 
control cell elongation and division, phototropism, and apical dominance in 
plants (Remnas et al. 2008; Ali et al. 2009). Also, IAA helps in the expansion of 
roots and increases the number of root hairs and lateral roots which participate in 
uptake of nutrients from soil (Datta and Basu 2000). Indole acetic acid also 
inhibits or impedes the abscission of leaves inducing flowering and fruiting 
(Zhao 2010). Interestingly, phosphate-solubilizing organism, for example, 
Bacillus, also secretes cyanogenic compounds (Agrawal and Agrawal 2013), and 
Burkholderia tropica (Tenorio-Salgado et al. 2013) and phosphate-solubilizing 
actinomycetes Streptomyces spp. (Jog et al. 2014) exhibited antifungal activity 
which suppress the fungal phytopathogens and indirectly promote the growth of 
plants (Singh et al. 2014). Among various P-solubilizing bacteria, some bacterial 
strains, like Stenotrophomonas rhizophila, Enterobacter cloacae etc., have been 
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Table 3.3 Examples of plant growth regulators synthesized by phosphate-solubilizing microor-
ganisms with reference to wheat

Phosphate-solubilizing 
microorganisms Source PGP activities Reference

Pantoea sp. Wheat seeds IAA, siderophore, N2 
fixation

Herrera et al. 
(2016)

Burkholderia sp.
Enterobacter sp.

Wheat rhizosphere IAA, siderophore Moriera et al. 
(2016)

Pseudomonas fluorescens Wheat rhizosphere Siderophore, IAA Safari et al. 
(2016)

Serratia marcescens
P. aeruginosa

Vegetables 
rhizosphere

IAA
NH4 and HCN

Kumar et al. 
(2015)

Psychrobacter maritimus
Serratia proteamaculans
Bacillus anthracis

Wheat rhizosphere IAA, siderophore Amara et al. 
(2015)

Serratia grimesii
Serratia marcescens

Wheat rhizosphere N2 fixation, zinc 
solubilization, EPS 
activity, ACC deaminase, 
biocontrol activity, IAA 
production

Abaid-Ullah 
et al. (2015)

Stenotrophomonas 
rhizophila

Wheat rhizosphere N2 fixation, IAA, catalase 
and cytochrome oxidase

Majeed et al. 
(2015)

Bacillus sp. Wheat rhizosphere Catalase and cytochrome 
oxidase production

Enterobacter cloacae
subsp. Dissolvens

Soyabean 
rhizosphere

IAA production, 
siderophore production, 
ammonia production, 
potassium and zinc 
solubilization

Ramesh et al. 
(2014)

Pseudomonas 
fuscovaginae

Wheat phyllosphere N2 fixation, biocontrol 
activity,
IAA, siderophore 
production,
and NH4 production

Verma et al. 
(2014)

Psychrobacter fozii Wheat phyllosphere ACC deaminase activity, 
biocontrol activity,
IAA, siderophore 
production,
Gibberellic acid 
production, HCN and 
NH4 production

Streptomyces sp. Wheat rhizosphere Chitinase, phytase, 
siderophore production, 
IAA production

Jog et al. 
(2014)

Planococcus rifietoensis Wheat rhizosphere IAA production, ACC 
deaminase activity

Rajput et al. 
(2013)

(continued)
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Table 3.3 (continued)

Phosphate-solubilizing 
microorganisms Source PGP activities Reference

Providencia sp. Wheat rhizosphere NH4 production, 
siderophore, HCN, 
indolic compound, 
antifungal activities, Zn 
solubilization, 
antibacterial activity

Rana et al. 
(2012)

Azospirillum isolates Wheat rhizosphere N2 fixation, IAA 
production

Venieraki 
et al. (2011)

Pseudomonas aeruginosa Wheat 
endorhizosphere

Siderophore, ACC 
Deaminase, IAA 
production, NH4 
production, antifungal 
enzyme production as 
cellulase, protease, 
pectinase

Sharma et al. 
(2011)

Abbreviations used in this table are: IAA indole acetic acid, HCN hydrogen cyanide, NH4 ammo-
nia, ACC 1-aminocyclopropane-1-carboxylate, and EPS exopolysaccharide

Fig. 3.1 Mechanism of phosphate solubilization and wheat growth enhancement by phosphate- 
solubilizing microorganisms

M.S. Khan et al.



65

reported to fix atmospheric nitrogen (Majeed et al. 2015; Singh and Jha 2015). 
This property of N2 fixation by PSB could be of special interest for growers for 
soils deficient in both N and P since application of single PSB expressing dual 
activity of P-solubilization and N2 fixation together are likely to overcome the N 
and P deficiency in P- and N-deficient soils. Among plant growth regulators, 
ACC deaminase is an important plant growth regulator that induces metabolic 
changes and, hence, increases the growth of plants indirectly by hindering/reduc-
ing ethylene secretion (Glick et al. 2007; Bal et al. 2013; Magnucka and Pietr 
2015). In a recent study, Singh and Jha (2015) isolated a phosphate-solubilizing 
bacterium Enterobacter cloacae from rhizospheric roots of Aerva javanica car-
rying various plant growth-promoting activities such as the isolate was able to 
produce ACC deaminase, display nitrogen fixation ability, synthesize IAA, and 
secrete ammonia. Considering the multifarious traits of this bacterium, it was 
suggested that such bacteria could be used as biofertilizers for increasing the 
production of crops including those growing in salt-stressed environment.

3.9  Examples of Sole and Composite Effects of PSM 
on Wheat

With ever increasing human populations, there is greater pressure on agriculture 
to satisfy human food demands across different regions. Indeed, modern agri-
culture especially green revolution has reduced some of the human problems by 
producing more and more foods. To achieve optimum yields, practitioners have, 
however, extensively used agrochemicals including fertilizers and pesticides in 
agronomic practices. The expensive and injudicious applications of agrochemi-
cals have undoubtedly increased food production, but their use over the years 
has backfired as well. The excessive application of agrichemicals has resulted in 
destruction of microbial diversity and consequently the loss of soil fertility. To 
obviate such threatening problems of soil pollution and to restore soil fertility, 
the use of inexpensive natural resources, for example, PSM, has been practiced 
in different production systems in recent times. Wheat is a high P-demanding 
cereal crop, and at global scale, wheat production suffers from certain prob-
lems; one of the key limitations in enhancing wheat production is the inappro-
priate use of plant nutrients, especially P and K, and the mean P uptake of wheat 
is about 3.8 kg P/t of grains (Timsina and Connor 2001). The recovery of P by 
wheat from fertilizers is quite low, and it is estimated that about 15–20% of the 
applied P is recovered, while the 80–85% P is fixed as insoluble soil P (Rodríguez 
and Fraga 1999). It is reported that only 0.1% of the total P remains in soluble 
form which is available for uptake by plants. Constantly increasing costs of 
synthetic phosphatic fertilizers together with its high complexation ability in 
soil have warranted the search for alternative and viable means of P nutrition of 
wheat. In this context, the sole (Agrawal and Pathak 2010) or composite (Saxena 
et al. 2014) application of PSM have been considered as a suitable and practi-
cable choice for providing soluble P to wheat while reducing dependence on 
chemical fertilizers (Table 3.4).
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3.10  Inoculation Impact of Phosphate-Solubilizing Bacteria 
on Wheat

Numerous bacterial species identified as PS bacteria have been used as biofertilizer 
(microbial inoculants) in agricultural practices largely because of their immense 
ability to improve the availability of applied and soil P (Vessey 2003). In general, 
the valuable effects of PSB on crop production have been extensively reported 
(Khan et al. 2007; Zaidi et al. 2009), but the application of PSB as microbial inocu-
lants (biofertilizer) in wheat cultivation is limited. Considering the importance of 
PSB and lack of sufficient information on the role of PSB in wheat productivity, an 
attempt is made here to highlight the impact of single or dual culture of PSB in the 
improvement of wheat grown under different agroecological niches.

Table 3.4 Influence of single and multiple applications of phosphate-solubilizing microorgan-
isms on biological and chemical characteristics of wheat

PSM inoculants Growth parameters of wheat References

Single microorganism

Penicillium bilaii Grain yield, spike density Ram et al. 
(2015)

Pseudomonas fluorescens Growth traits and yield Zia-ul-Hassan 
et al. (2015)

Pseudomonas sp. Nutrient uptake and seedling 
growth

Sarker et al. 
(2014)

Bacillus megaterium var. 
phosphaticum

No. of kernels/spike, grain yield, 
grain protein ratio

Bulut  (2013)

PSB strain MR1 Grain and straw yield Haque et al. 
(2013)

Aspergillus awamori Dry matter accumulation at tillering 
and ear emergence, grain and straw 
yield

Sharma et al. 
(2012)

Pseudomonas sp. Straw yield and P uptake Babana et al. 
(2012)

Penicillium oxalicum Shoot and root dry weight, grain 
yield, P accumulation

Singh and 
Reddy (2011)

Azotobacter chroococcum Grain and straw yield Narula et al. 
(2005)

Composite culture

Azotobacter sp. +mycorrhiza Seed protein, NPK in seeds and 
root colonization

Amraei et al. 
(2015)

Bacillus megaterium BHU1+ 
Arthrobacter chlorophenolicus 
BHU3

Plant height, grain yield, straw 
yield and nutrient acquisition

Kumar et al. 
(2014)

P. fluorescens + B. cepacia + G. 
etunicatum

Growth, yield and nutrient uptake Minaxi et al. 
(2013)

B. lentus + P. putida Tiller number, grain yield, total 
biomass

Saber et al. 
(2012)
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Application of PS bacterium Bacillus megaterium var. phosphaticum [M-13] in 
the presence of P fertilizers greatly increased the grain and straw yield of wheat 
when grown in pots. Also, an increase of 27.3%–53.3% in number of spikes per 
square meter was observed in the presence of inoculated PSB strain over control 
treatment (Bulut 2013). In a follow-up study, Hossain and Sattar (2014) investigated 
the effect of mineral P fertilizer and phosphate-solubilizing bacteria (Pseudomonas 
sp. and Klebsiella sp.) used singly or as mixture on the growth, yield, nutrient 
uptake, and P use efficiency of wheat grown in field soils treated with varying levels 
of inorganic phosphorus (triple super phosphate) fertilizer. The highest grain and 
straw yield (2.13 and 2.84 t ha−1) were observed when Pseudomonas sp. and 
Klebsiella sp. were applied with 15 kg P ha−1 at Pabna and Rajshahi, respectively. 
Inoculation of Pseudomonas sp. for Pabna and Klebsiella sp. for Rajshahi in the 
presence of triple super phosphate resulted in better yield and nutrient uptake of 
wheat and quality of soil compared to other treatments. When used alone, PS bacte-
ria increased the efficiency of P during crop production, and a positive significant 
correlation was found between yield contributing characters and grain yield of 
wheat. This study clearly indicated that PSB could solubilize unavailable P to avail-
able form and made it available to crops resulting in greater nutrient uptake and 
yield of wheat.

Similarly, Afzal et al. (2005) found a significant enhancement in grain and bio-
logical yield of wheat grown in presence of PSB (Pseudomonas and Bacillus spe-
cies) used either alone or in combinations. Moreover, a statistically significant 
improvement in seed P content and tillers per m2 over control was recorded. It was 
concluded from this study that P-solubilizing microorganisms when used singly or 
jointly with other organisms showed a significant impact on grain and biological 
yield, tillers per m2, and seed P content. An increase in straw and grain yields of 
wheat following interaction between levels of phosphatic fertilizers and PSB inocu-
lations have been reported (Dwivedi et al. 2004). In a similar study, a synergistic 
relationship between P-solubilizing microorganisms, for example, Pseudomonas 
striata and Penicillium, and asymbiotic N2 fixer A. chroococcum facilitated a better 
uptake of poorly soluble P and, consequently, enhanced dry biomass, grain yield, 
and P uptake of wheat plants (Zaidi and Khan 2005). Later on, Sarker et al. (2014) 
observed a considerable increment in growth and nutrient uptake of Pseudomonas 
inoculated wheat plants. Following inoculation with Pseudomonas sp., the dry bio-
mass of shoots increased significantly over uninoculated control. Additionally, the 
concentration of macronutrients like, N, P, and K in root and shoot tissues were 
found maximum in inoculated wheat plants. Kumar et al. (2001), in a pot experi-
ment carried out in greenhouse, assayed the survival of P-solubilizing strains of A. 
chroococcum, including soil isolates and their mutants, in the rhizosphere, and their 
influence on biological characteristics (growth and root biomass) of three geneti-
cally diverse wheat cultivars. Wheat plants inoculated with/without microbial cul-
tures were grown in soils treated with different dose rates of N and P fertilizers. 
Seeds of wheat bacterized with P-solubilizing and plant hormone producing A. 
chroococcum displayed superior response relative to uninoculated controls. 
Furthermore, grain and straw yields were increased significantly by 12.6% and 
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11.4%, respectively, following inoculation of mutant strains of A. chroococcum over 
control. The survival of mutant strain of A. chroococcum in the rhizosphere was 
enhanced by 12–14% as compared to parent soil isolate. Of the mutant strain, strain 
M37 was found superior for all three varieties and significantly increased grain 
yield and root biomass by 14% and 11.4%, respectively, over control. In an experi-
ment, the application of P-solubilizing bacteria (Thiobacillus thiooxidans) in com-
bination with fertilizers (Tilemsi rock phosphate) has resulted in a tremendous 
increase in wheat yields. Formulation of RP fertilizers along with T. thiooxidans 
AHB411 and T. thiooxidans AHB417 increased the yield up to 33.3% and 11.9%, 
respectively. Other biological parameters like number of tillers per plant and length 
of panicle and seed characteristics such as grains per panicle and 1000 grain weight 
were significantly improved. Mixed inoculation of T. thiooxidans and Bio TRP1 
increased the grain yield of wheat by 46%, whereas straw yield was enhanced by 
74% relative to control (Babana et al. 2016).

3.11  Response of Wheat to PSF Inoculations

Apart from phosphate-solubilizing bacteria, fungi have also been found as a better 
P-solubilizing organism (Khan et al. 2010; Yasser et al. 2014), and upon inocula-
tion, they have shown considerable improvement in wheat production (Wahid and 
Mehana 2000). For instance, Ram et al. (2015) in a recent field experiment deter-
mined the effect of seed treatment with PSF, Penicillium bilaii at varying levels of P 
on growth, P concentration in leaves, and production of wheat. In the absence of P, 
the single application of PSF profoundly enhanced grain yield by 12.6% over unin-
oculated control. On the contrary, PSF in the presence of 50% P fertilizer aug-
mented wheat yield which was equal to the application of 100% P but without PSF 
inoculation. The interaction between PSF inoculation and P levels affected the spike 
density significantly. When the P levels were 0 and 50%, the spike density increased 
significantly to about 7% as compared to control, without PSF application. The PS 
fungus Penicillium bilaii was capable of enhancing the number of grains per spike 
and grain yield of wheat remarkably when compared with uninoculated treatments. 
A 3.7% increase in the 1000 grain weight was recorded following PSF application 
in wheat relative to control. Also, the application of P. bilaii and phosphatic fertil-
izer together increased the concentration of P both in grains and straw of wheat 
plants. When measured at 30 DAS, the P content in the leaves of P. bilaii inoculated 
wheat plants was found to increase. The study in general reflected a growth enhance-
ment in wheat as a result of PSF inoculation as well as application of phosphatic 
fertilizer (Ram et al. 2015). In a similar experiment performed by Singh and Reddy 
(2011), the growth of wheat plants was enhanced due to inoculation with Penicillium 
oxalicum. Penicillium oxalicum in combination with rock phosphate (RP) increased 
the shoot length by 1.5 times compared to uninoculated plants. Moreover, the dry 
biomass of shoots and roots of inoculated plants grown in soil treated with rock 
phosphate was comparatively higher than control. The mixture of P. oxalicum and 
RP, however, also increased the yield by 42%. The total P content of wheat plants 
also increased in the presence of P. oxalicum. Generally, the P accumulation within 
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various plant organs like shoot, root, and grains of wheat plants inoculated with 
mixture of P. oxalicum and RP was almost three times higher than the P accumu-
lated in untreated plants. Apart from increase in P, the phosphatase and phytase 
activity were also enhanced following P. oxalicum. The overall improvement in the 
performance of wheat plants was, therefore, attributed to the inoculation of 
phosphate- solubilizing fungus P. oxalicum which increased the soil available P and 
concurrently facilitated the growth of wheat plants.

3.12  Influence of Composite Inoculations on Wheat 
Production

Wheat crop requires a larger quantity of some essential plant nutrients, such as N 
and P. The deficiency of such nutrient elements restricts the growth of plants 
severely. And hence, to supply such plant nutrients, inoculation of inexpensive and 
favorably interacting microorganisms have been found effective and viable. Also, 
where P is limited, it has been reported that plants inoculated with AM-fungi, 
either singly or as co-culture with PSM enhanced the uptake of P by wheat plants 
(Raja et al. 2002). In view of this, Saxena et al. (2014) studied the interactive effect 
of an AMF, for instance, Glomus etunicatum, and a PSB, Burkholderia cepacia 
BAM-6, on wheat plants sown in pots having low available P in order to find bio-
inoculants for semiarid regions. The composite application of G. etunicatum and B. 
cepacia increased the growth and yield in comparison to the single application of 
G. etunicatum and B. cepacia. Crop yield was increased by more than 50%, while 
N concentration was enhanced by 90%, due to the co-inoculation. The root coloni-
zation infected by AMF and population of PSB in rhizosphere also increased with 
time in soil. This study suggested that B. cepacia BAM-6 interacted synergistically 
with AMF and enhanced the growth and nutrient uptake of wheat plants. Therefore, 
the mixture of two unrelated organisms could be used as biofertilizer for wheat 
crop grown in arid to semiarid regions. In other study, Tomar et al. (1998) used 
various combinations of Azotobacter, AM fungi, PSB, and NPK fertilizers in 
wheat production practices. The highest (3.80 tons ha−1) grain yield was recorded 
with dual inoculation of AM fungi and P-solubilizing bacteria in the presence of 
NPK which was followed by 3.41 tons ha−1 with NPK only and 2.63 tons ha−1 for 
control. In a similar experiment, the synergistic effects of plant growth-promoting 
rhizobacteria and an AM fungus G. fasciculatum on plant growth, yield, and nutri-
ent uptake of wheat plants grown under field conditions were assayed by Khan and 
Zaidi (2007). The tripartite combination of asymbiotic nitrogen fixer A. chroococ-
cum with PS bacterium Bacillus and G. fasciculatum significantly augmented the 
dry biomass by 2.6- fold compared to control. At 135 days after sowing (DAS), the 
grain yield of wheat plants bacterized with A. chroococcum, Bacillus sp., and G. 
fasciculatum was twofold greater in comparison to non-inoculated plants. Grain 
protein (GP) was maximum (255.2 mg g−1) in plants treated with four cultures 
namely, A. chroococcum, Bacillus sp., G. fasciculatum, and Penicillium variabile 
(PSF), while the minimum GP (113.7 mg g–1) was obtained with sole application 
of G. fasciculatum. The N and P contents were maximum (33.6 and 67.8 mg 
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plant−1, respectively) in wheat plants co-inoculated with A. chroococcum, Bacillus 
sp., and G. fasciculatum. However, the N and P contents of soil measured at 135 
DAS varied among treatments. Use of P. variabile along with single or dual cul-
tures had negative impact on the measured parameters. Percentage root infection, 
spore density of the AM fungus, populations of A. chroococcum, and P-solubilizing 
microorganisms were enhanced at 80 DAS. This result demonstrated that the vari-
ous combinations of PGPR constantly amplified the growth and yield, N and P 
contents, and grain quality of wheat. In a field study conducted consecutively for 2 
years, Kaur and Reddy (2015) used two phosphate-solubilizing bacteria, Pantoea 
cypripedii (PSB-3) and Pseudomonas plecoglossicida (PSB-5), which were 
applied singly or as mixture with RP against maize and wheat crops, and their 
impact was compared with chemical P fertilizer (diammonium phosphate, DAP). 
Application of PSB along with RP improved the shoot height, shoot and root dry 
matter, grain yield, and total P concentration in both maize and wheat crops in 
comparison to the other treatments. Available soil P, enzyme activities, and PSB 
populations in both maize and wheat rhizosphere were significantly increased due 
to inoculation of PSB X RP fertilization relative to DAP application. The mixed 
application of PSB and RP was found more economical, and, hence, it was sug-
gested that the composite application of PSB and RP would be a suitable alterna-
tive to phosphatic fertilizer in sustainable production of wheat. The composite 
culture of phosphate-solubilizing bacterial strains Pseudomonas fluorescens 
(BAM-4) and B. cepacia (BAM-12) and Glomus etunicatum enhanced the shoot 
and root dry biomass and grain yields of wheat plants relative to the uninoculated 
plants (Saxena et al. 2013). The solubilization of insoluble P is carried out effec-
tively by PSB, whereas the process of P uptake by plant roots is attributed to AM 
fungi which assist the transportation of solubilized P through plant roots. A com-
posite inoculation of PSB and AM fungus showed better growth and yield of wheat 
plants in comparison to the plants inoculated with single microbial culture (Minaxi 
et al. 2013). Also, the AM fungi enhance the P uptake of plants by enhancing the 
contact surface and volume of soil (Clark and Zeto 2000).

3.13  Inoculation Effects of Immobilized Culture on Wheat 
Production

Immobilization of bacterial cells has commonly been used in agriculture, pharma-
ceutical, food, and other industries to obtain a defensive structure or a capsule that 
could allow immobilization, protection, release, and function of active ingredients. 
And hence, bacterial cells face little challenge from adverse environmental condi-
tions since encapsulation helps bacterial cells to stabilize and enhance their viability 
and stability during production, storage, and handling of cultures. Also, encapsula-
tion provides extra protection to bacterial cells during rehydration and lyophiliza-
tion. In addition, the use of microbial cultures into soil has shown that some 
microbial inoculants can augment plant uptake of nutrients and consequently 
increase the use efficiency of applied chemical fertilizers (Adesemoye and Kloepper 
2009). In this context, rhizobacteria can play an important role in creating a suitable 
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system for crop production. However, the application of free-living PSB into soil is 
difficult because it is not easy to maintain the survivability of cells around plant 
roots largely because they are highly susceptible to environmental variables, for 
example, temperature, humidity, and stressor molecules. The variation in PSB effect 
on plants is chiefly due to the differences in the quality of microbial inoculants. Due 
to these, the efforts should be directed to find an adequate formulation that could be 
developed as a commercial inoculants product. Considering these, Schoebitz et al. 
(2013) evaluated the P-solubilizing ability of rhizobacteria using RP as insoluble P 
and the assimilation of soluble P by wheat plants in quartz sand potted experiments. 
For this, two P-solubilizing bacteria such as P. fluorescens and Serratia sp. were 
encapsulated in sodium alginate and potato starch beads. They were further tested 
for enzyme activity (alkaline and acid phosphatase) and P-solubilization in 
Pikovskaya liquid medium. A considerable decrease in pH was obtained following 
P-solubilization. A total of 89 and 93 μg P ml−1 was solubilized by immobilized 
P-solubilizing bacteria, which was significantly greater than those observed for 
autoclaved alginate-starch beads. An appreciable increase of 64% in P uptake by 
wheat plants was observed after 60 days of growth when wheat plants were treated 
with immobilized P. fluorescens + 3.25 ppm of P. This finding suggests that use of 
the immobilized rhizobacteria could be a viable option for increasing the P level in 
wheat grown in different agroecological niches.

 Conclusion

The phosphate-solubilizing microorganisms are a boon to the agricultural sys-
tem. It is indeed an inexpensive and an environmentally friendly strategy to 
reduce the use of chemical fertilizers in farming practices. The enhancement in 
biological and chemical properties of wheat plants has been reported due to inoc-
ulation with variety of phosphate solubilizers including bacteria, fungi, actino-
mycetes, and mycorrhizae etc. The yield and other growth parameters of wheat 
have been enhanced, in general, following inoculation with PSM when used sin-
gly or as mixture with other free-living PGPR/AM fungi. Another positive aspect 
of using these microorganisms is that the health of soil is not compromised at any 
stage of plant growth. Thus, the phosphate-solubilizing microorganisms in gen-
eral are considered a useful soil microflora which could be developed at com-
mercial scale as bioinoculants for enhancing the production of wheat while 
reducing dependence on chemical fertilizer.
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Abstract
Because of their potential to increase plant nutrition and yield, the use of some 
microorganisms in low-input agriculture and forestry has been addressed for suc-
cessful agroecological investigations. A pot experiment was conducted to study 
the effects of some plant growth-promoting rhizobacteria (PGPR) on arbuscular 
mycorrhizal fungi (AMF) and growth of KP29’s peanut variety grown in the 
northwest of Morocco. Seeds were inoculated with three Pseudomonas (PP22, 
GP70, and GR1) and two Aeromonas strains (PR29 and GR70). Then, they were 
grown in two unsterilized soils collected from subsistence farmers’ fields of 
Laaouamra and Moulay Bousselham. Plant harvesting was made after 60 days of 
cultivation under growth chamber conditions, and the roots were removed and 
rinsed carefully. Results showed positive and negative effects of these rhizobac-
teria on growth and mycorrhization of peanut. Pseudomonad strains gave the 
greatest plant nutrient content (N, P, and K) and growth parameters. Also, bacte-
rial inoculation had a positive impact on peanut mycorrhization by enhancing 
arbuscular abundance. Highest stimulation was noticed with pseudomonad 
strains on both soils. In addition, PR29 exhibited maximum values of mycorrhi-
zal colonization on the soil of Laaouamra. However, the magnitude effect of 
inoculation on plant growth and mycorrhizal infection varied according to the 
origin of soils. On the other hand, only PP22 stimulated nodules formation on the 
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soil of Laaouamra. In conclusion, this study reveals that GP70, GR1, and PP22 
can enhance growth, yield, and nutrient uptake of peanut. They can also enhance 
biological nitrogen fixation and mineral uptake in combination with AMF.

4.1  Introduction

An intensive farming practice that warrants high yield and quality requires exten-
sive use of chemical fertilizers, which are costly and can create serious environ-
mental problems. Large amounts of chemical fertilizers are used to replace soil 
nitrogen and phosphorus. Despite the deleterious environmental effects, the total 
amount of inorganic fertilizers used worldwide is expected to produce more food 
via intensive agriculture for the increasing world population (Adesemoye et al. 
2009). The challenge therefore is to continue more agricultural productivity in a 
way that minimizes harmful environmental effects of fertilizers. Current efforts 
have been focused on the decreased use of inorganic fertilizers in agriculture, 
prompting the search for alternative ways to improve soil fertility and crop pro-
duction. Beneficial plant- microbe interactions in the rhizosphere are the determi-
nants of plant health and soil fertility (Jeffries et al. 2003). Soil microorganisms 
are very important in the biogeochemical cycles of both inorganic and organic 
nutrients in the soil and in the maintenance of soil health and quality (Jeffries 
et al. 2003). The growth-promoting activities of some microbiota on plants can be 
explained in various ways, including through biocontrol and induction of disease 
resistance in the inoculated plant, biological N2 fixation, phosphorus solubiliza-
tion, and/or production of phytohormones (Mia et al. 2012). The symbiotic asso-
ciation between arbuscular mycorrhizae (AM) fungi and root provides a significant 
contribution to plant nutrition and growth; they are frequently associated with 
species from around 90% of plant families. AMF provide many benefits to plants 
and the environmental stability which includes nutrient uptake enhancement, 
drought tolerance, root pathogens, and soil aggregation improvement (Smith and 
Read 2008). In the last decades, the interest concerning elucidation of the mecha-
nisms involved in establishing the complex interactions of microorganisms in the 
rhizosphere and their role in protecting and stimulating plant development had 
increased. The present study is designed to evaluate the effect of some PGPR 
inoculations on mycorrhization, yield, and nutrient uptake of peanut grown in the 
northwest region of Morocco.

4.2  Materials and Methods

4.2.1  Plant Material and Soils Used

The commercial KP29’s variety of peanut (Arachis hypogaea L.), currently culti-
vated by farmers in various parts of Moulay Bousselham and Laaouamra, was used 
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as plant material. This peanut variety is a legume that belongs to the botanical group 
of “Valencia.”

Sampling of soils, cultivated previously by peanut, is performed in the first 20 cm 
deep on both sites of Laaouamra (clay 10.10%, silt 6.11%, sand 80.81%, pH (H2O) 
6.1, total organic matter 1.1%, P2O5 97.47 ppm, total nitrogen 50 ppm) and Moulay 
Bousselham (clay 5.03%, silt 8%, sand 85.43%, pH (H2O) 6.5, total organic matter 
0.71%, P2O5 62.91 ppm, total nitrogen 35 ppm). The soil was air dried, sieved on 
2 mm mesh sieves, and placed in favorable conditions throughout the duration of the 
study.

4.2.2  Inoculation of Seedlings with PGPR

The bacterial strains used as inocula are isolated from the rhizosphere of three vari-
eties of rice (Puntal, Elio, and Guadiamar). There are three Pseudomonas (PP22, 
GP70, and GR1) and two Aeromonas (PR29 and GR70) (Aarab et al. 2015a, b). 
These bacterial strains were chosen because of their ability to solubilize the trical-
cium phosphate and to secrete indole acetic acid (IAA). The peanut’s seeds were 
surface sterilized with 0.5% sodium hypochlorite for 5 min, rinsed, and left to soak 
for 6 h in sterile distilled water. Seeds were then transferred aseptically to Petri 
dishes filled with 1% (w:v) water agar medium, and plates were incubated at 28 °C 
in the dark for 72 h. After germination, seedlings were planted in both soils of 
Laaouamra and Moulay Bousselham. In fact, two groups of plastic pots (18 cm 
diameter, 20 cm height) were filled with 3 kg of non-sterilized soil. One germinated 
seed was sown in each pot, of both soils, and inoculated directly with 1.5 ml of 
bacterial culture (108 cfu ml−1) grown in TSB. All pots were placed in a growth 
chamber with a 16:8 h light:dark photoperiod at 28 ± 2 °C and a photosynthetically 
active radiation (PAR) of 400 μE m−2 s−1. Four replications were maintained for 
each treatment.

4.2.3  Mycorrhizal and Growth Parameters

Sixty days after sowing, plants were harvested. The leaf area was calculated by 
using the equation described by Ahmed and Morsy (1999): Leaf area (cm2) = 0.70 
(length × width) – 1.06. Then, plants were uprooted carefully from the soil and 
washed with water. The presence of root nodules was checked visually on each 
plant replicate. Plant growth was evaluated by measuring the dry mass of shoots 
(62 °C for 72 h) for each of the four plant replicates per treatment. A part of the root 
of each plant was collected, cleared, and stained as described by Phillips and 
Hayman (1970) and finally mounted on slides. Quantification of arbuscular mycor-
rhizal infection and colonization was evaluated using the notation scale described 
by Trouvelot et al. (1986). Parameters of mycorrhization were calculated with 
MYCOCALC software, available at: http://www.dijon.inra.fr/mychintec/Mycocalc-
prg/download.html.
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4.2.4  Plant Mineral Analysis (N, P, K)

Shoot samples were oven-dried at 62 °C for 72 h, ground and passed through a 
1 mm sieve. Then, the Kjeldahl method was used to determine total nitrogen (N) 
after wet digestion with concentrated sulfuric acid. Also, phosphorus (P) and potas-
sium (K) were determined using the method “ICP: inductively coupled plasma 
spectrophotometer” at the National Center for Scientific and Technical Research 
(CNRST) in Rabat, Morocco.

4.2.5  Statistical Analysis

Statistical analyses of the experimental data were carried out using ANOVA test; 
p-value ≤0.05 was considered statistically significant. Data analysis was performed 
on mycorrhizal infection, vegetative growth, and mineral nutrition.

4.3  Results

Most published works on study of PGPR and AMF have been focused as alternative 
fertilizers to improve yield and productivity of legume plants. The soil microorgan-
isms may play a decisive role on nutrient uptake and ecological growth of peanut in 
the northwest of Morocco. As plants are valuable sources of nutrients for many 
categories of soil microorganisms, they represent the center of different types of 
interrelations, competition, or cooperation, in order to gain access to mineral 
nutrient.

4.3.1  Nodulation and Mycorrhization of Peanut 
After Inoculation with PGPR

The results of nodules number and mycorrhizal root colonization are shown in 
Table 4.1. No nodules were observed on hairy roots of uninoculated control and 
inoculated plants with PGPR on both soils, except with PP22 (three nodules/plant) 

Table 4.1 Effect of PGPR inoculations on nutrient uptake (N, P, K) of peanut plants

Parameters* Soils Control GP70 GT1 PR29 GR70 PP22

N (mg 
plant−1)

MB 7.59 ± 1.90bc 9.50 ± 1.91ab 9.86 ± 1.57ab 7.89 ± 1.56bc 5.76 ± 1.19c 11.29 ± 2.40a

Laa 7.89 ± 2.09b 8.87 ± 2.36ab 9.52 ± 1.48ab 8.63 ± 1.13ab 7.66 ± 1.97b 11.28 ± 3.65a

P (mg 
plant−1)

MB 1.58 ± 0.51bc 2.58 ± 0.41a 2.43 ± 0.64a 2.23 ± 0.66ab 1.07 ± 0.31c 2.19 ± 0.64ab

Laa 1.86 ± 0.12c 2.07 ± 0.43bc 2.48 ± 0.14ab 1.99 ± 0.15c 2.01 ± 0.38c 2.66 ± 0.39a

K (mg 
plant−1)

MB 12.10 ± 0.89ab 14.39 ± 5.95a 11.47 ± 1.99ab 10.28 ± 3.40ab 09.37 ± 0.90b 12.04 ± 0.90ab

Laa 8.06 ± 0.83b 10.37 ± 2.14ab 12.51 ± 1.82a 9.51 ± 1.50b 8.77 ± 1.90b 12.38 ± 2.57a

*Values in lines followed by letter a, b and c differ significantly according to Fisher-protected LSD 
test (p < 0.05)
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on the soil of Laaouamra. The promotion of mycorrhizal infection of peanut plants 
by native AM fungi after inoculation with PGPR was expressed by the frequency of 
root colonization, mycorrhizal intensity of the root cortex colonization, and abun-
dance of arbuscules. On the soil of Moulay Bousselham, plants inoculation with 
GP70, GR70, and PP22 reduced frequency of root colonization (F%) compared to 
control (Fig. 4.1). Also, mycorrhizal intensity (M%) was decreased significantly by 
PR29, GR70, and PP22 strains. On the soil of Laaouamra, PR29 increased signifi-
cantly the frequency of root colonization, and only GR70 had a negative impact on 
this mycorrhizal parameter. On the other hand, plant inoculation with GP70, GR1, 
PR29, and PP22 improved (sometimes not significantly) arbuscular abundance in 
the mycorrhizal root cortex (A% and a%), especially on the soil of Laaouamra.

4.3.2  Response of Peanut Plants to Inoculation with PGPR

In this experiment, inoculation with PGPR had a positive effect on yield and peanut 
growth, except with GR70 which presents sometimes negative effects. Generally, 
the significant improvements were registered after inoculation with Pseudomonas 
strains.

4.3.3  Shoot and Root Length

The results show significant differences due to bacterial inoculation. Significant 
increases in shoot length were observed after inoculation with GP70 and PP22 on 
the soil of Moulay Bousselham. On the soil of Laaouamra, all bacterial inoculants 
increased shoot length, but only PR29 had significant effect. On the other hand, a 
significant root shortening due to GR70 inoculation was detected on the soil of 
Moulay Bousselham. The roots of plants treated with GR1 and PR29 on the soil of 
Laaouamra and GP70 on the soil of Moulay Bousselham were significantly longer 
than roots of control plants.
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Fig. 4.1 Mycorrhizal parameters of peanut (KP29 variety) on the soil of Moulay Bousselham (a) 
and Laaouamra (b)
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4.3.4  Leaf Area

On the soil of Laaouamra, all bacterial treatments increased significantly peanut’s 
leaf area as compared to the control (Table 4.2), and maximum values were obtained 
with the GR1 and PP22 inoculants. However, only PR29 and PP22 increased this 
parameter growth on the soil of Moulay Bousselham.

4.3.5  Fresh and Dry Shoot Weight

Inoculation of plants with GP70 and PP22 increased significantly fresh shoot weight 
on the soil of Moulay Bousselham. In addition to these two bacterial strains, GR1 
had the same effect on peanut’s dry shoot weight. On the soil of Laaouamra, bacte-
rial strains had a positive impact on fresh shoot weight of peanut’s plants. Indeed, 
they all had a significant effect on dry shoot weight.

4.3.6  Macroelement Content

Concerning mineral content, the studied macroelements varied in a similar way 
depending on treatments. The P and K contents were significantly favored by GR1 
and PP22 on the soil of Laaouamra. On the soil of Moulay Bousselham, inoculation 
had no significant effect on K content of plants. Nevertheless, GR1 had a positive 
significant impact on P content, compared with the control plants. Results showed 
also that only PP22 inoculants contributed to the significant increase of mineral N 
on both soils of Moulay Bousselham and Laaouamra.

Table 4.2 Effect of PGPR inoculations on growth and yield of peanut plants

Parameters* Soils Control GP70 GT1 PR29 GR70 PP22

Root length 
(cm)

MB 17.00 ± 2.94ab 20.85 ± 4.57a 17.30 ± 4.42ab 15.21 ± 1.29b 7.83 ± 1.65c 14.93 ± 1.65b

Laa 11.12 ± 2.65b 13.25 ± 3.30ab 18.66 ± 3.09a 20.00 ± 8.64a 14.42 ± 2.38ab 15.00 ± 2.16ab

Shoot height 
(cm)

MB 28.75 ± 3.20c 40.38 ± 1.25a 33.75 ± 3.77b 33.50 ± 2.08b 27.63 ± 2.13c 38.25 ± 2.06a

Laa 34.50 ± 4.2b 37.50 ± 5.50b 43.25 ± 2.75a 36.13 ± 3.42b 37.63 ± 1.70b 39.75 ± 3.30ab

Leaf area 
(cm2)

MB 1.01 ± 0.47b 1.37 ± 0.17ab 1.01 ± 0.22b 1.51 ± 0.13a 1.39 ± 0.17ab 1.47 ± 0.23a

Laa 0.73 ± 0.2d 1.07 ± 0.108c 1.49 ± 0.342a 1.12 ± 0.116bc 1.36 ± 0.139ab 1.45 ± 0.035a

Nodules 
number

MB 00 ± 00a 00 ± 00a 00 ± 00a 00 ± 00a 00 ± 00a 00 ± 00a

Laa 00 ± 00b 00 ± 00b 00 ± 00b 00 ± 00b 00 ± 00b 03 ± 1.29a

Fresh root 
weight (g)

MB 0.30 ± 0.02ab 0.35 ± 0.05a 0.21 ± 0.04c 0.23 ± 0.06bc 0.13 ± 0.03d 0.25 ± 0.05bc

Laa 0.19 ± 0.09b 0.20 ± 0.04b 0.27 ± 0.05ab 0.34 ± 0.09a 0.22 ± 0.03b 0.27 ± 0.04ab

Fresh shoot 
weight (g)

MB 2.06 ± 0.69bc 3.23 ± 0.71a 2.80 ± 0.37ab 2.24 ± 0.37bc 1.78 ± 0.59c 3.13 ± 0.55a

Laa 2.12 ± 0.36c 2.71 ± 0.24abc 3.24 ± 0.59a 2.98 ± 0.48ab 2.58 ± 0.35bc 3.18 ± 0.41ab

Dry root 
weight (g)

MB 0.05 ± 0.008ab 0.07 ± 0.017a 0.046 ± 0.012b 0.048 ± 0.012b 0.02 ± 0.008c 0.045 ± 0.012b

Laa 0.042 ± 0.017a 0.042 ± 0.012a 0.045 ± 0.008a 0.046 ± 0.015a 0.042 ± 0.010a 0.045 ± 0.023a

Dry shoot 
weight (g)

MB 0.30 ± 0.089b 0.46 ± 0.054a 0.36 ± 0.064a 0.30 ± 0.073b 0.20 ± 0.041c 0.37 ± 0.09a

Laa 0.30 ± 0.036c 0.43 ± 0.055a 0.45 ± 0.109a 0.36 ± 0.091ab 0.36 ± 0.051ab 0.46 ± 0.084a

*Values in lines followed by letter a, b, c and d differ significantly according to Fisher-protected 
LSD test (p < 0.05)
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4.4  Discussion

Our results demonstrate that soils origin influences magnitude and inoculum 
impact degree on plant growth and symbiosis establishment between peanut and 
microorganisms. In fact, the response of peanut yield and nutrient uptake to bacte-
rial inoculation is of great relationship with soils’ physicochemical characteristics. 
The inferred data suggest that inoculations might determine which bacterial strain 
can be exploited to increase such parameter of peanut growth on both soils of 
Moulay Bousselham and Laaouamra. Reduction of mycorrhizal frequency and 
intensity on the soil of Moulay Bousselham could be explained by negative impact 
of bacteria. They can establish biofilms on the surface of peanut root after inocula-
tion. Thus, Frey-Klett et al. (2007) proposed that the bacteria exert two opposite 
effects on plant growth: the obvious beneficial ones independent of cell density 
and some detrimental ones toward the plant or fungus when at high densities. 
Then, bacteria may have physical effects on peanut mycorrhization through bio-
film formation, as well as chemical effects through the release of compounds in the 
exudates. A harmful impact of bacterially derived volatiles (acids, alcohols, meth-
ane, ethyl acetate, acetaldehyde, acetoin, and diacetyl) on mycorrhiza formation 
has been previously demonstrated (Mackie and Wheatley 1999; Bruce et al. 2003). 
Moreover, significant negative effects on mycorrhiza formation were observed in 
the case of the spent broth experiment, particularly for spent broth produced dur-
ing exponential phase growth (Aspray et al. 2005). On the other hand, GP70, GR1, 
PR29, and PP22 can positively influence the efficiency of mycorrhization by 
increasing arbuscular exchange area. The so-called mycorrhiza helper bacteria 
(MHB) have been shown to promote mycelial growth and mycorrhiza formation 
(Frey-Klett et al. 2007; Garbaye 1994). These bacteria can facilitate hyphal pene-
tration through the soil, and when hyphae colonize plant tissues, they can continue 
their functions. The bacteria located on hyphae can be released to the intercellular 
spaces after hyphae penetration in roots. In the intercellular spaces, this bacteria 
cause dilatation of the cortical root cells and establish highly branched hyphae that 
develop between the fungal cell wall and the plasma membrane of plant cells.

In response to bacterial treatments, N, P, and K contents were favored by all 
bacterial inoculations. Among bacterial strains, which might be estimated as 
MHB, pseudomonads bacteria (PP22, GP70, and GR1) had higher positive impact 
on plant N and P content. Solubilizing phosphate is one of the most important 
actions of these three bacterial strains (Aarab et al. 2015b). Thus, they were also 
estimated as phosphate-solubilizing bacteria (PSB). Moreover, AMF provide 
more necessary mineral nutrients to plant in easily assimilated via improvement 
of arbuscular exchange area. Therefore, they could explain the increase of plant 
mineral content. Enhancement of leaf area, shoot height, and biomass might be 
attributed to P-solubilizing ability and the adequate uptake of other nutrients to 
roots. By increasing P availability and its uptake, PP22 stimulated nodule forma-
tion and nitrogen fixation on the soil of Laaouamra. Improvement of plant growth 
parameters could be also a result of the increased synthesis of IAA (Aarab et al. 
2015b), which is a plant growth promoter. The production of IAA has been 
reported by many species, and Pseudomonas spp. has always been to produce 
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more auxin, thus increasing plant height, shoot weight, and more biomass produc-
tion. Glick (1995) viewed that the mechanism most commonly invoked to explain 
the various effect of PGPR on plants is the production of phytohormones, and 
IAA may play the most role in growth promotion. Also, there is evidence that 
mycorrhizal plants contain higher concentration of growth hormones than their 
non-mycorrhizal equivalents. Effective nutrient acquisition by AMF is generally 
attributed to the extensive hyphal growth beyond the nutrient depletion zone sur-
rounding the root and principal avoidance.

 Conclusion

Our results confirm the suitability of PGPR inoculation to improve plant peanut 
growth. The management of the application of these rhizobacteria represents 
considerable extent especially with pseudomonads strains. The positive interac-
tions with other beneficial microorganisms such as native AMF can also be taken 
into account as a method of enhancing peanut yield and growth. However, due to 
the high specificity involved in these types of bacterial inoculations, a previous 
screening to select the best microbe-host plant combination should be done in 
order to optimize results.
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Abstract
An assuring novel technique in the field of micro-biotechnology is the applica-
tion of potential microbes for producing inorganic nanoparticles. These biologi-
cal agents are safe, eco-friendly, and good source of producing green 
nanoparticles. Since large species of microbial agents with different metabolic 
complexities have potential of producing metal nanoparticles (NPs), the exact 
means or procedure of nanoparticle synthesis is not well understood. The interest 
in the nanotechnology field is triggered by exclusive assets of nanoparticles and 
their possible and probable fields of application including electronics, medica-
tion, and agriculture. With the ever enhancement in global populace and demand 
for food, the nanotechnology technique may be the most hopeful and reassuring 
way to improve the overall agricultural production. The potential applications of 
nanoparticles in agriculture sector include biosensors; gradual, time-consuming, 
and controlled delivery of chemical fertilizers and pesticides; detection and con-
trol of plant diseases; soil and water remediation; etc. At present however the use 
and employment of nanotechnology in the agricultural field is in the infant stage; 
however, if discovered gradually and used in a sustainable way, this new technol-
ogy can help in the orientation of our agriculture and society today to new heights 
in the future.
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5.1  Introduction

Agriculture is one of the significant area that gives food to human, in a roundabout 
way or straightforwardly notwithstanding bolster, fiber, fire, and fuels. The perpetu-
ally expanding population results in expansion of interest of all above immensely 
regardless of constant availability of natural resources. Nowadays, the agriculture 
system in Indian scenario has guaranteed far-reaching acceptance and implementa-
tion of genetically superior novel seeds, synthetic fertilizers, pesticides, escalated 
watering system, ideal agronomic conditions, and advanced hardware. These pro-
cesses plainly take out unique genotype from the nature. Right away the agricultural 
production system faces the confront of enhancing the crop production and provid-
ing adequate diets for the expanding population from nutritional points of view, 
under indeterminate climatic extremes, water lack, in restricted (and debased at 
numerous spots) land zone, and generally with poor quality water and air, associ-
ated with quick changes in natural biodiversity. In this context, nanotechnology 
might be an expectation for better agrarian advancement (Anonymous 2009).

The father of nanotechnology, Richard Feynman, a physicist, and Nobel Laureate 
begat the term and clarified the roll of nanotechnology at the yearly meeting of the 
American Physical Society in 1959 as “There is plenty of room at the bottom,” in 
which he alluded to the boundless number of potential outcomes of manipulating 
and controlling things on the small scale (Drexler 2009). As of now the above 
remark holds impeccably and execute in all areas under the umbrella of nanotech-
nology (Anonymous 2009; Marchiol 2012). Indeed, “nano” is produced from the 
Greek word signifying “dwarf.” In more specialized terms, “nano” implies 10−9, or 
one billionth of meter (for instance, a virus is approximately 100 nm in size). 
Actually, the word nanotechnology developed because of the use of nanometer-size 
particles (size of 1–100 nm), nanoparticles (Lyons 2010). Nanotechnology is a 
developing and promising field of interdisciplinary research and opens up a wide 
cluster of chances in various area including drug, pharmaceuticals, gadgets, and 
agriculture. However, the application of this technology possesses a great deal of 
difficulty in agriculture sector, but still it is worthwhile at large due to its immense 
importance in agriculture. This novel technology is helpful in the nano-DNA crys-
tals process, recycling of agricultural waste, and management of insect and pest 
through potential formulations of nanomaterial-based chemical pesticides and 
insecticides. The augmentation of agricultural products may be achieved by employ-
ing bio- conjugated nanoparticles (encapsulation) especially for sluggish liberation 
of macro and micronutrients and also water (Bhattacharyya et al. 2014).

There are several techniques related to physical, chemical, and fusion methods 
which are available to manufacture diverse types of nanoparticles (Liu et al. 2011; 
Luechinger et al. 2010; Tiwari et al. 2008; Mohanpuria et al. 2008). Though the 
chemical and physical approaches are more common and prevalent in the synthesis 
of nanoparticles, due to these techniques we are able to get good amount of nanopar-
ticles with defined size and morphology in a comparatively short duration. 
Furthermore, these nanoparticles are complicated, multifaceted, expensive, and 
inefficient and produce dangerous and risky toxic wastes that are injurious, not only 
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to the environment but also to the human health which momentously limits their 
uses. Consequently, the development of dependable, harmless, and environmentally 
friendly or green methods for the synthesis of nanoparticles is very important to 
diversify their applications. To achieve this goal, one option could be the application 
of potential microbes to prepare or manufacture unique nanoparticles. The nanopar-
ticles generated by biogenic enzymatic process are distantly excellent, in numerous 
ways, compared to those nanoparticles prepared by other methods. Employing an 
enzymatic procedure, the use of costly chemicals will not be required, and there-
fore, more suitable and acceptable, green method is not energy and cost intensive 
compared to the chemical method employed; moreover, it is also environment 
friendly. The application of “biogenic” tactic is further maintained by the point that 
the bulk of microbes dwell ambient conditions of varying environmental factors 
such as temperature, pH, and pressure (Li 2011). The nanoparticles produced by 
these methods have greater catalytic reactivity, better specific surface area, and an 
enhanced, updated contact between enzyme and the metal salt in question due to the 
microbial carrier matrix (Bhattacharya and Mukherjee 2008; Simkiss and Wilbur 
1989). For the synthesis of nanoparticles, among the biological agents exploited, 
microbes like fungi, bacteria, Actinomycetes, and yeasts are majorly utilized 
(Mohanpuria et al. 2008; Rai et al. 2008; Thakkar et al. 2010; Sharma et al. 2009). 
Additionally, there are reports that some algae and blue green algae have also been 
efficaciously used for nanoparticle synthesis (Govindraju et al. 2008). Thus, it can 
be suggested that different microbes prove and validate enormous biodiversity for 
the nanoparticles synthesis which leads to the development of eco-friendly 
nanotechnology.

5.2  Why Microbes Synthesize Nanoparticles?

Microorganisms are present almost everywhere in nature. They can survive even in 
extreme conditions. In order to adapt in different environmental conditions, organ-
isms have developed special cell functions, and nanoparticle synthesis is one of 
them. There are three main motives for them to manufacture nanoparticles, which 
are as follows:

 1. Chemolithotrophy for the production of energy
 2. Employment of nanoparticles for distinct purposes
 3. Detoxification for survival in toxic the environments

In the chemolithotrophy technique, inorganic substrates (generally of mineral 
origin) are metabolized by organisms to get reducing equivalents for biosynthesis or 
energy storage through an aerobic or anaerobic respiration approach (Krumov et al. 
2009). One of the best examples is sulfate-reducing bacteria (SRB) which reduce 
sulfate as oxidizing agent to sulfide. Most SRB can also take up other oxidized sul-
fur compounds, such as sulfite and thiosulfate, or the elemental sulfur. Frequently, 
the metal sulfides are produced as a side product, e.g., in the case of yeast Torulopsis 
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sp. where nanoparticles PbS are created (Kowshik et al. 2002). In order to begin 
special cell functions, some microbial species manufacture inorganic materials at 
nanoscale and assimilate them as the functional components (Slocik et al. 2004), 
one of the best examples is synthesis of magnetosomes by magnetotactic bacteria. 
Several microaerophilic microbes employ intracellular chains of magnetic crystals 
of Fe3O4 or Fe3S4 to position them according to the earth’s geomagnetic field. 
Microbes such as Aquaspirillum sp. live in aquatic systems ca. 2–6 m below the sea 
level (Slocik et al. 2004; Balkwill et al. 1980). In order to survive under the toxic 
environments, microbes have developed several cleansing or decontamination 
methods and techniques. The metal ions such as Cd and Hg are unnecessary and 
prove toxic; other metals like Cu and Zn are vital and indispensable for normal 
physiological functions in living organisms (Mehra and Winge 1991). Nevertheless, 
augmented levels of crucial metal ions can also become fatal and toxic. Consequently, 
the production of nanoparticles from these metal ions is one of the means to control 
the intracellular concentration of ions. Insoluble nontoxic nanoclusters of Ag0, Au0, 
ZnS, CdS, and Ag2S have been found in dissimilar microbes (Slocik et al. 2004).

5.3  Microbial Groups Producing Nanoparticles

5.3.1  Bacteria

The study has focused deeply on prokaryotic organisms as methods of manufactur-
ing the nanoparticles. Potential bacteria are an excellent pick for study owing to 
their plenty in environment and their capability to acclimatize to the acute and 
extreme conditions. Moreover, these microbes are also fast growing, easily cultiva-
ble, and simple to handle and manipulate. Most of the bacteria are also known to 
manufacture either intracellularly or extracellularly inorganic materials. The com-
mon examples of bacteria manufacturing inorganic metal nanoparticles include the 
magnetotactic bacteria (also known as magnetite nanoparticles) (Bazylinski and 
Frankel 2004), S layer bacteria, and many others (Table 5.1) (Pum and Sleytr 1999). 
Different bacterial groups synthesize nanoparticles having different size and mor-
phology. In the last few years, the reports on synthesis of silver nanoparticles have 
been increased extensively due to its immense applications as antimicrobial agents.

5.3.2  Fungi

Synthesis of nanoparticles using fungal systems is referred to as mycosynthesis. 
The expression “mycosynthesis” was first time expressed by Ingle and his cowork-
ers in 2008, to describe the manufacture of nanoparticles by fungal strain Fusarium 
acuminatum. Rai et al. (2009) suggested the expression “myconanotechnology” 
with reference to research carried out on fungal nanoparticles. This is a novel field 
which includes cohesive subject of mycology (study of fungi) and nanotechnology. 
There are several fungal species which have been used for synthesis of diverse metal 
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nanoparticles, which are of many shapes and sizes (Table 5.2). Application of fungi 
in manufacturing metallic nanoparticles has obtained noteworthy interest as these 
offer some benefits over employment of bacteria in synthesis of the nanoparticles. 
The comfort and simplicity of scaling up and downstream processing, the monetary 
possibility, and the increased surface area owing to large size of mycelium are some 

Table 5.1 Synthesis of nanoparticles by different bacteria

Bacteria Nanoparticles Size (nm) Shape References

Brevibacterium casei Ag
Au

10–50
10–50

Spherical Kalishwaralal 
et al. (2010)

Bacillus indicus (MTCC 
4374)

Ag 2.5–13.3 Spherical Shivaji et al. 
(2011)

Pseudomonas aeruginosa Ag 13 Spherical Kumar and 
Mamidyala (2011)

Klebsiella pneumoniae Ag 1–6 Spherical Mokhtari et al. 
(2009)

Lactobacillus casei subsp. 
casei

Ag 25–50 Spherical Korbekandi et al. 
(2012)

Serratia nematodiphila Ag 10–31 Spherical, 
crystalline

Malarkodi et al. 
(2013)

Rhodopseudomonas 
capsulata

Au 10–20 Spherical Shiying et al. 
(2007)

Desulfovibrio desulfuricans Au 20–50 Triangular, 
hexagonal, 
rods

Deplanche and 
Macaskie (2008)

Pseudomonas fluorescens Au 50–70 Spherical Rajasree and 
Suman (2012)

Escherichia coli K12 Au 50 Circular Srivastava et al. 
(2013)

Geobacillus sp. Au 5–50 Quasi-
hexagonal

Correa-Llantén 
et al. (2013)

Stenotrophomonas 
maltophilia

Au 40 Spherical Sharma et al. 
(2012)

Escherichia coli CdS 2–5 Spherical, 
elliptical

Sweeney et al. 
(2004)

Streptomyces sp. HBUM 
171191

MnSO4, 
ZnSO4

10–20 Polymorphic Waghmare et al. 
(2011)

Selenium respiring bacteria Se 200–400 Spherical Oremland et al. 
(2004)
Ajayan et al. 
(2004)

Rhodobacter sphaeroides ZnS 8 Spherical Bai et al. (2006)

Lactobacillus strains Ag–Au alloys 100–300 Crystalline, 
cluster

Nair and Pradeep 
(2002)

Magnetospirillum 
magnetotacticum

Magnetite – Cluster Philipse and Maas 
(2002)
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significant benefits that can be considered (Nasreen et al. 2014). Mohanpuria et al. 
(2007) also recommended that since fungi excrete meaningfully higher quantities of 
proteins compared to bacteria, this will increase the nanoparticle production. 
Biosynthesis of the nanoparticles by employing fungal strains is widely accepted 
because monodisperse particles with distinct and definite sizes and with dissimilar 
chemical compositions and sizes can also be obtained. Fungi have the probability to 
provide comparatively rapid and ecologically “green” metallic nanoparticles and, 
therefore, can be treated as eco-friendly bio-factories (Rai et al. 2009). Therefore, 
the fungal strains can be considered as extremely good nominees for synthesis of 
the metal nanoparticles.

5.3.3  Yeasts

The numerous publications have revealed that all yeast genera can accumulate dif-
ferent heavy metals as well as a majority of them are capable of synthesizing intra-
cellular nanomaterials (Table 5.3), with few exceptions. They have the ability to 
accumulate significant amounts of highly toxic metals. Yeasts synthesize nanopar-
ticles as one of the mechanisms for overcoming the toxic effects of heavy metals 
(Breierova et al. 2002). Stringent control of intracellular metal ions is required by 

Table 5.2 Synthesis of nanoparticles by different fungi

Fungi Nanoparticles Size (nm) Shape References

Alternaria alternata Ag 20–60 Spherical Gajbhiye et al. (2009)

Fusarium oxysporum Ag 5–15 Spherical Duran et al. (2005)

Aspergillus niger Ag 20 Spherical Gade et al. (2008)

Phanerochaete 
chrysosporium

Ag 50–200 Pyramidal, 
hexagonal

Vigneshwaran et al. 
(2006)

Penicillium fellutanum Ag 5–25 Spherical Kathiresan et al. 
(2009)

Colletotrichum spp. Au 20–40 Spherical Shankar et al. (2003)

Trichothecium spp. Au 5–200 Triangle, 
hexagonal

Ahmad et al. (2005)

Verticillium luteoalbum Au 10 Spherical Gericke and Pinches 
(2006)

Fusarium oxysporum Au 20–40 Triangular, 
spherical

Mukherjee et al. 
(2002)

Fusarium oxysporum Au–Ag alloy 8–14 Spherical, 
ellipsoidal

Senapati et al. (2005)

Coriolus versicolor CdS 25–75 Spherical Sanghi and Verma 
(2009)

Fusarium oxysporum Silica 5–15 Quasi-spherical Bansal et al. (2005)

Fusarium oxysporum Ti 6–13 Spherical Bansal et al. (2005)

Aspergillus terreus ZnO 54.8–82.6 Spherical Baskar et al. (2013)
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yeast cells to avoid negative or lethal effects. Toxicity to the cells results due to 
over storage of essential metal ions or by the exposure of the cell to metals which 
do not have any biological significance such as mercury, lead, or cadmium. 
Detoxification mechanisms in yeast cells are brought about by glutathione and two 
groups of metal-binding ligands—metallothioneins and phytochelatins. In most of 
the yeasts species studied, these molecules determine the mechanism for the forma-
tion of nanoparticles and stabilize the complexes. The considerable variations in 
size, particle location, monodispersity, and properties are due to different mecha-
nisms employed by yeast strains of different genera for nanoparticle synthesis 
(Nasreen et al. 2014). The yeasts are usually known as “semiconductor crystals” or 
“quantum semiconductor crystals” (Dameron et al. 1989). Yeasts are mainly known 
for their ability to synthesize semiconductor nanoparticles, particularly cadmium 
sulfide. Among the eukaryotes, yeast species are the most studied and used in bio-
processes. This aspect selects them as a prominent object for nanoparticle 
synthesis.

Table 5.3 Synthesis of nanoparticles by yeasts, algae, and actinomycetes

Type of 
organism Name of organism Nanoparticles Size (nm) Shape References

Yeasts Pichia jadinii Au <100 Spherical Gericke and 
Pinches 
(2006)

Candida glabrata CdS 0.20 ± 0.03 Spherical Dameron et al. 
(1989)

Sachharomyces 
cerevisiae

CdS 2.5–5.5 Spherical Prasad and Jha 
(2010)

Yarrrowia lipolytica Au 15 Hexagonal, 
triangular

Agnihotri 
et al. (2009)

Schizosaccharomyces 
pombe

CdS ~0.18 Spherical Dameron et al. 
(1989)

Algae Plectonema 
boryanum

Au 10–6000 Octahedral 
platelets

Lengke et al. 
(2006)

Spirulina platensis Ag
Au
Au core and 
Ag shell

7–16
6–10
17–25

All spherical Govindraju 
et al. (2008),
Tsibakhashvili 
et al. (2010)

Cyanobacteria Cyanobacteria Au
Ag
Pd
Pt

5.4 ± 0.6 to 
25.0 ± 3.2
10.0 ± 1.2 to 
40.0 ± 4.2
35.0 ± 0.3 and 
10.0 ± 1.2
3.2 ± 0.3

Triangular, 
hexagonal
Spherical
Spherical
Not 
mentioned

Brayner et al. 
(2007)

Actinomycetes Rhodococcus sp. Au 5–15 Spherical Ahmad et al. 
(2003)

Thermospora spp. Au 9–10 Spherical Sastry et al. 
(2003)
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5.3.4  Algae and Actinomycetes

A limited number of scientific reports describe the biosynthesis of nanoparticles by 
actinomycetes and algae. In algae, most of the reports are on the synthesis of gold 
and silver nanoparticles and in actinomycetes on gold (Table 5.3). Shape and size of 
the nanoparticles varies depending upon the target organism and experimental con-
ditions (Rai et al. 2013).

5.4  Synthesis of Nanoparticles by Different Microorganisms

The precise mechanism for the synthesis of nanoparticles employing microorgan-
isms has not been conceived yet. This is because different microbes react differently 
with metal ions leading to the formation of nanoparticles. Many microorganisms 
produce inorganic materials either intra- or extracellularly. In the intracellular syn-
thesis of nanoparticles, the cell wall of the microorganisms plays an important role. 
The mechanism involves electrostatic interaction of the positive charge of the metal 
ions with negative charge of the cell wall. A special ion transportation system in the 
cell wall is employed for the transfer of ions in the cell. The enzymes which are 
present in the cytoplasm reduce the ions to nanoparticles. After synthesis, nanopar-
ticles are capped by different molecules of microbes to make them stable (Fig. 5.1). 
Later, these nanoparticles either get diffused off through the cell wall or get accu-
mulated in the cell (Nasreen et al. 2014). In the synthesis and stabilization process 
of nanoparticles, many enzymes such as reductases, synthases, hydrolases, and 
hydrogenases are involved in different microbial species. Among reductases NADH 
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Fig. 5.1 Generalized mechanism of synthesis of nanoparticles by different microbes
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and NADPH, dependent enzymes are most commonly employed. In addition to this, 
many other compounds such as phytochelatins, quinones, glutathione, and some 
proteins are also important (Ramezani et al. 2010).

The mechanism of extracellular synthesis of nanoparticles involves secretion 
of microbial enzymes in the medium and subsequent reduction of metal ions to 
their respective nanoparticles by these enzymes. In extracellular synthesis, usu-
ally the enzyme which synthesizes nanoparticles is also responsible for their 
capping.

5.5  Control of Size and Morphology of Nanoparticles

It is well known that the electronic and optical properties of nanoparticles are heav-
ily dependent on their size and shape. Thus, there has been tremendous interest in 
controlling the size and shape of nanoparticles. Particular emphasis has recently 
been placed on the control of shape, because in many cases it allows properties to 
be fine-tuned with a great versatility that gives the particles a unique nature. 
Microbes, which are regarded as potent eco-friendly green nanofactories, have the 
potential to control the size and shape of biological nanoparticles. The rate of par-
ticle formation, particle size, and morphology could, to an extent, be manipulated 
by controlling parameters such as pH, temperature, substrate concentration, and 
exposure time to substrate (Li et al. 2011). In some cases some proteins or peptides 
of host microbe also affect shape and size of nanoparticles, e.g., Magnetospirillum 
magneticum AMB-1 Mms6 protein has a strong effect in regulating the size and 
shape of magnetite particles during the synthesis process (Amemiya et al. 2007). 
Once the reaction conditions are standardized for a specific microbe, particles of 
uniform size and morphology can be obtained.

5.6  Mechanism of Synthesis of Gold Nanoparticles 
by Different Microorganisms

Gold NPs are formed by a various potential microbes; however, the usual underly-
ing means involved in synthesis remains the same. There are number of biomole-
cules which are involved in the manufacture and maintenance of the nanoparticles. 
In spite of huge quantity of scientific reports on the microbial mediated gold 
nanoparticle synthesis, the exact mechanistic facets have not been deciphered fully, 
and there is great need to find out the real mechanism.

5.6.1  Mechanism of Au Reduction

In the biosynthetic process of nanoparticles, there are two chief precursors of gold 
nanoparticles: (i) HAuCl4 which dissociates to (gold) Au3+ ions (Khan et al. 2013) 
and (ii) AuCl which further dissociates to Au+ (Zeng et al. 2010). This gold (Au+) 
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precursor is less studied, owing to the greater solubility of the Au3+ ions compared 
to the Au+ ions. Das et al. (2012) studied the single electron reduction of Au+ to Au0 
is completed in a single step; the three e− (electron) reduction process of Au3+ to Au0 
is the arrangement of number of the chemical transformations. Gold nanoparticle 
formation could happen either in extracellular or intracellular space. Extracellular 
gold nanoparticle creation is informed when the Au3+ ions are imprisoned and 
reduced by the cell wall proteins or by excreted enzymes in medium. In case of the 
intracellular gold nanoparticle formation, the Au3+ ions dispersed through cell mem-
brane and are also reduced by the cystolic redox intermediaries. Conversely, it is not 
very clear whether the dissemination of Au3+ ions through the cell membrane occurs 
via active bioaccumulation process or by the passive biosorption methods in various 
microorganisms (Das et al. 2012). On the other hand, the responsible enzymes for 
the biosynthesis of gold nanoparticles may be the same or may differ in diverse 
microbes (Xiaorong et al. 2011).

In addition to the enzymes and proteins, some other biomolecules are also 
responsible for the nanoparticle biosynthesis process. In fungus Fusarium oxyspo-
rum, there is NADH-dependent reductase enzyme involved in the bioreduction pro-
cess (He et al. 2007; Xiaorong et al. 2011). However, the definite protein(s) involved 
in Au (gold) reduction has not been identified hitherto. The probable participation 
of aromatic amino acids such as tyrosine and tryptophan in reduction of Au3+ ions 
has been detected in fungus Phanerochaete chrysosporium (Sanghi et al. 2011). 
Other means for fungal gold nanoparticle synthesis have also been proposed, though 
the fungal pathogen Candida albicans is also proficient of producing phytochela-
tins. This also helps in biosynthesis of gold nanoparticles, which are capped by the 
antioxidant glutathione (Chauhan et al. 2011). Organic phosphatic compounds have 
also been reported to play a significant role in nanoparticle biosynthesis in bacte-
rium Bacillus subtilis (Beveridge and Murray 1980). In bacteria Escherichia coli 
and Desulfovibrio desulfuricans, the hydrogen gas (H2) acts as an electron donor, 
and periplasmic hydrogenase enzymes are proposed to contribute in Au3+ ion reduc-
tions and bioaccumulation of gold nanoparticles (Deplanche and Macaskie 2008). 
In fungus Phanerochaete chrysosporium, the enzymes such as ligninase and laccase 
have been reported to biosynthesize the intracellular and extracellular gold nanopar-
ticles correspondingly (Sanghi et al. 2011). In the actinomycete Thermomonospora 
sp., enzymes are known to play a significant role in the reduction of the metal ions 
along with the stability of nanoparticles. This results in proficient production of 
monodispersed gold nanoparticles (Ahmad et al. 2003). The algae Shewanella could 
also reduce the Au3+ ions in an anaerobic environment by employing hydrogen gas 
(Konishi et al. 2004).

5.6.2  Capping Process

Little gold nanocrystals are unsteady, and owing to this reason, microbes employ 
proteins and certain other combinations as capping agents to lessen the gold nanopar-
ticles accumulation and, therefore, stabilize the nanocrystals. This procedure is 
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similar to dispersion of AuNPs through the chemical agents and results in develop-
ment of dispersed AuNPs with a bigger particle size distribution. The full complete 
control of capping step in AuNPs synthesis procedure may result in the production 
of AuNPs with fine size and shape distribution that could be promptly employed in 
the industrial, agricultural, and biomedical applications. The morphology of Au0 
nanoparticles is also influenced by various abiotic factors such as pH, temperature, 
humidity, and substrate concentration, shaky and stationary conditions in all micro-
organisms (Gericke and Pinches 2006). Subsequently a diversity of microbial and 
also enzymes and proteins are involved in the biosynthesis and maintenance pro-
cess; therefore, the precise carbon-based molecule that acts as capping agent cannot 
be noticed. The proteins and amino acid residues such as cysteine, tyrosine, and 
tryptophan are also stated to play a significant role in the stabilization of AuNPs.  
In some of the cases, the amino acid tyrosine can bind to gold surface through amine 
groups and reduce silver ions at high pH, thus producing gold core silver shell 
nanoparticles. Antioxidant glutathione also plays a vital role in steadiness of AuNPs 
in some microbes (Sastry et al. 2003; Gole et al. 2001; Selvakannan et al. 2004; Si 
and Mandal 2007).

5.7  Importance of Nanoparticles in Agriculture

Nowadays, nanotechnology plays a very important role in apparently all areas of 
research and development. The role of nanoparticles in agriculture is an emerging 
area, and till now, it is mostly theoretical. In spite of this, using this technology, one 
can deliver insecticides encapsulated in nanomaterials for measured and restrained 
release, steadiness of biopesticides, slow release of nanomaterial-assisted fertiliz-
ers, bioinoculants, and including the vital micronutrients for well-organized use 
along with the field applications of agrochemicals. One can also apply this technol-
ogy in transfer of genetic material for crop development (Bhattacharyya et al. 2014). 
Recognition of potential plant pathogens based on nanosensor technology helps in 
controlling plant diseases. It is also reported that silver nanoparticles as antifungal 
and antibacterial agents have role in agricultural crop protection where these parti-
cles also regulate proper nutrition to plants (Ghormade et al. 2011). Consequently, 
the application of nanotechnology in agriculture segment can overawed several 
problems associated with traditional farming, and agricultural production can be 
increased in an eco-friendly way. Certain uses of nanotechnology in agriculture sec-
tor are mentioned below.

5.7.1  Nanobiosensors

Nanoparticles possess interesting electronic and optical properties which provide an 
opportunity to use them as biosensors. These biosensors basically generate signals 
depending on the concentration level of target, i.e., pathogens, herbicides, pesti-
cides, nutrients, etc. (Bhattacharyya et al. 2014). Factors like plant growth and 
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important field conditions such as crop disease, moisture level, soil potency, tem-
perature, crop nutrient status, insects, type of weeds, etc. can be supervised using 
the bionanosensors. The application of these sensors delivers a significant and 
essential data for agronomic practices, viz., ideal time of crop planting and harvest-
ing of the produce. It is also beneficial in monitoring the time and quantity of irriga-
tion, fertilizer application, pesticide use (herbicides), and other important treatments. 
This has moved meticulous agriculture system to much higher level of control, such 
as in water usage, leading ultimately to water conservation (Agrawal and Rathore 
2014). It is known that under nutrient limitation, crops secrete carbonaceous com-
pounds into rhizosphere to enable biotic mineralization of N and/or P from soil 
organic matter. So, these root exudates can be considered as environmental signals 
and be selected to prepare nanobiosensors that will be incorporated into novel 
nanofertilizers.

Characteristics of an ideal nanobiosensor (Rai et al. 2012):

• Very explicit for the analysis purpose means thereby a sensor must be able to 
differentiate between analyte and any “other” material.

• Should be unchanging under normal storing conditions.
• Sensor and analyte should be independent of physical parameters such as tem-

perature, stirring, and pH.
• Responses achieved should be exact, specific, and actual, results can be repro-

duced, and there is also no electrical noise.
• Minimal reaction time.
• Should be inexpensive, transportable, and easy to use.
• Bionanosensor should be miniature, biocompatible, non-antigenic, and 

nontoxic.

5.7.2  Nanofertilizers

In Indian scenario, chemical fertilizers, seed quantity and quality, and time of irriga-
tion are primarily responsible for higher production of food grain. It has been estab-
lished conclusively that chemical fertilizers contribute about 35–40% of the 
productivity of majority of crops. Excessive application of chemical fertilizers leads 
to unfair and unnecessary fertilization, vital and micronutrient deficiencies, and 
reduction in soil organic matter. Therefore, it is imperative to develop a nano-based 
fertilizer preparation having manifold functions. The use of nanofertilizer know- 
how is very state of the art, but it is meagerly reported in the literature.

Presently, research is under process to create nanocomposites to supply all the 
essential important and vital nutrients in suitable proportion through the smart 
delivery system. Keeping the above in view, the chemical fertilizers are encapsu-
lated within nanoparticles, which helps to coordinate the discharge of fertilizers 
with their uptake and transportation by crops, which prevent the unwanted nutrient 
losses. Furthermore, noteworthy upsurge in yields has also been observed due to the 
foliar application of nanoparticles as chemical fertilizers (Tarafdar 2012; Tarafdar 

D. Chaudhary et al.



105

et al. 2012). It is a significant point that nanotechnology can be employed to enhance 
the fertilizer preparations and manufacture of more eco-friendly fertilizers. It can 
enhance the performing and working of fertilizers in other ways also. Such as owing 
to its photocatalytic characteristics, nanosize titanium dioxide has also been included 
into chemical fertilizers as a bactericidal adjunct. Additionally, nanosilica particles 
up taken by plant roots have been demonstrated to form films at the cell wall level, 
which can significantly enhance plant’s resistance to abiotic and biotic stresses and, 
therefore, increases the crop production.

5.7.3  Nano-herbicide

Weeds are great threats to the agriculture. The common herbicides that are available 
in market are designed in such a way to suppress or destroy the aboveground part of 
the weeds. None of the prevalent herbicides prevent the function or activity of viable 
belowground plant parts such as rhizomes or tubers or roots, which perform as a 
main source of new weeds in the subsequent season. Enhancements and upgradation 
in the effectiveness of herbicides by applying nanotechnology can result in superior 
crop production. Encapsulated nano-herbicides are pertinent and keeping in view the 
necessity to plan and make a nano-herbicide that can be protected under natural envi-
ronmental conditions and should act only when it is required such as in a spell of 
rainfall, which can actually mimic the rain-fed system. Objective-specific herbicide 
particle which is encapsulated within a nanoparticle is designed in a way that it aims 
at precise receptors in the target weeds’ roots. The nanoparticle enters into the weed 
root system and is transported to other parts of the plant which inhibits the growth of 
weeds (Chinnamuthu and Kokiladevi 2007). Several adjuvants for herbicide applica-
tion are presently available in market that claims to contain nanomaterials.

5.7.4  Nano-pesticide

The application of pesticides in the early stage of crop growth aids in lowering the 
pest population below the economic threshold level, which guarantees an effective 
method of control for a longer duration. Henceforth, the application of effective 
ingredients applied on the surface remains effective in controlling insect pests and 
also as one of the most cost-effective and multipurpose means. The nano- 
encapsulation method can be effectively employed to protect the active ingredient 
from the hostile environmental conditions. This approach also promotes persis-
tence, which is an effective nanotechnology approach which is used to progress the 
insecticidal value.

The nano-encapsulation of pesticides such as insecticides, fungicides, or nema-
ticides will help in manufacturing a combination which will offer actual control of 
pests while preventing or reducing the buildup of residues in the soil. The applica-
tion of nano-pesticides will also lessen the rate of application since the amount of 
product actually being effective is usually at least 10–15 times reduced than that 
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applied with classical formulations, henceforth a much smaller compared to the 
normal amount which is required to have much better and prolonged management. 
There are many pesticide manufacturers which are developing pesticides which are 
encapsulated in nanoparticles (OECD and Allianz 2008). These encapsulated pesti-
cides may be time released or discharged upon occurrence of required environmen-
tal trigger (abiotic factors such as light, temperature, and humidity). It is still not 
well known whether these pesticide products will be commercially available for 
short term.

5.7.5  Detection and Control of Plant Diseases

Any stage of plant growth may be attached by plant microbial pathogens, which 
results in vast damage of food and produce. If we can detect the plant diseases at an 
early stage, then we can save million tons of food and produce from the probable 
outbreak of microbial diseases. Using the help of precise nanotechnology microbial 
plant diseases can not only be detected but also can be easily monitored and con-
trolled. The combination of micro-biotechnology and nanotechnology in sensor 
development will create equipment having increased sensitivity, allowing an earlier 
response to ecological changes and infections. Linking of autonomous nanobiosen-
sors into a global positioning system (GPS) will help to monitor the field, soil condi-
tions, and crop conditions; certainly it would be of great help to farmers and 
scientists. Certain nanoparticles which have entered into the field to control plant 
diseases are mainly nanoforms of silver, silica, and aluminosilicates (Biswal et al. 
2012). Among the biosynthesized nanoparticles, nano-silver is the most studied par-
ticle and has been utilized for controlling the plant diseases. It has long been under-
stood that nanoparticles have tough inhibitory and bactericidal effects as well as a 
wide-ranging range of antimicrobial activities. Even though the Ag ions do have 
excellent antimicrobial function, the silver nanoparticles, owing to its high surface 
area and high fraction of surface atoms, are more potential compared to the bulk 
silver. It eradicates unsolicited microbes in planter soils and also in hydroponics 
systems. It is being employed as foliar spray to stop pathogens like fungi, molds, 
rot, and numerous other potent plant pathogens. In addition in controlling the dis-
eases, Ag is also an exceptional plant growth stimulator. The silver nanoparticles 
were found to effectively control the powdery mildew disease of rose caused by 
fungus Sphaerotheca pannosa var rosae. Furthermore, nanosilica-silver composite 
“silicon” (Si) is also known to be absorbed by the plants to upsurge the disease 
resistance along with stress resistance (Brecht et al. 2003). The aqueous silicate 
solution, which is used to treat plants, has been reported to display brilliant preven-
tive effects on pathogenic microbes causing powdery mildew disease or downy mil-
dew disease in plants. Additionally, it also promotes the physiological activities and 
plant growth and induces the disease resistance in crop plants (Garver et al. 1998; 
Kanto et al. 2004). Since the silica has no direct disinfection effects on pathogenic 
microbes in plants, it does not display any effect on well-known diseases. Moreover, 
the effects of silica meaningfully differ with the physiological environmental 
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conditions, and consequently, they are less employed compared to Ag nanoparticles 
in agriculture sector.

5.7.6  Soil Remediation

The nanoparticles can also be applied in dissimilar ways in soil remediation owing 
to its sorption capability. These can also be employed to interact with polymorphs, 
contaminants, minerals, and macro and micronutrients. Particularly, they can be 
applied to absorb and adsorb metal and anionic soil contaminants such as arsenic 
(As), chromium, lead (Pb), mercury, selenium, copper (Cu), and uranium, natural 
organic matter, organic acids, and also heavy metals (Changa and Chen 2005; 
Mercier and Pinnavaia 1997; Yang et al. 2006). Lü et al. (2007) reported that con-
taminant sequestration is attained by surface complexation or by encapsulation 
technology in interior interfaces of the nanoparticle aggregates; Tungittiplakorn 
et al. (2005) also supported this concept. Particularly, the copper oxide (CuO) 
nanoparticles have also been applied for As III and V adsorption (Martinson and 
Reddy 2009) and zero valent iron for remediation of organic pollutants (Ponder 
et al. 2001).

5.7.7  Water Remediation

The nanotechnology proposes the probable of innovative and unusual nanomaterials 
for treatment of the ground water, surface water, and wastewater which has been 
contaminated by toxic metal ions, inorganic and organic solutes, and various 
microbes. Owing to their exceptional activity toward recalcitrant contaminants, 
many nanomaterials are under studies and research for their application in water 
purification. Performance of nanoparticles, in combination with some other meth-
ods, improves significantly. Waterborne pathogens are traditionally removed by 
chlorination or ozonation which results in the formation of unsafe and hazardous 
byproducts (Shannon et al. 2008; Zhang et al. 2010). To overcome this, some new 
methods have been developed; one of these is the use of ultraviolet light merged 
with the nanotechnology to increase the photon effect by means of photocatalytic 
nanostructures. Tayade et al. (2006) reported that some nanoparticles such as transi-
tion metal oxide (TiO2) nanoparticles are able to eradicate various bacteria and 
viruses by producing oxygen-based radicals after irradiation. Mura et al. (2011) also 
supported this notion. These nanoparticles are not spent or used up during the pro-
cess and are, consequently, referred as “Green technology” for water purification 
and disinfection. By applying the principle of photocatalysis, the other metal oxide 
nanoparticles such as SnO2 and ZnO could also be employed for decomposition of 
lethal herbicides and pesticides, which usually under normal climatic conditions 
take a long period to be degraded (Malato et al. 2002). Positive and fruitful results 
have been reported for degradation of some of the herbicides, such as Dicamba 
(Prevot et al. 2001), 2,4-D (Herrmann and Guillard 2000), atrazine (Zhanqi et al. 
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2007), and some other common pesticides, such as cyproconazole (Lhomme et al. 
2007), 2,4-dichlorophenoxyacetic, also known as the DPA (Shankar et al. 2004), 
carbofuran (Mahalakshmi et al. 2007), and dichlorvos (Evgenidou et al. 2005).

5.8  Disadvantages and Challenges

The very minute size makes the nanoparticles of huge and enormous usefulness; sadly 
the same feature also causes numerous contrary and opposing effects and may signify 
noteworthy risks to the animals, microbes, environment, human beings, and plants 
when used non-sensibly (Mueller and Nowack 2010; Zhan 2009). The researchers are 
developing novel ways to observe probable and potential nanoparticle toxicity to 
macro and microorganisms of interest such as bacteria, fungi, plants, human, and 
animals (Grieger et al. 2010; Karn et al. 2009). A decrease in the size to the nanoscale 
level has resulted in huge upsurge in the surface to volume ratio, so comparatively 
more particles of the chemical nature are present on surface, consequently increasing 
the intrinsic toxicity. This could be one of the reasons why nanoparticles are com-
monly more lethal compared to larger particles of the same material while comparing 
on a mass dose base ratio. In the soil, the eco-toxicity is likely to be changed by sev-
eral environmental issues that affect the colloid behavior of the particles. These fac-
tors include temperature, pH, humidity, ionic strength, divalent ions such as Ca2+, and 
the presence of organic matter (Handy et al. 2008; Mühlfeld et al. 2008).

The nanoparticles employed as pesticides, chemical fertilizers, or in other prepa-
rations may deposit on aboveground parts of crop plants, if they are airborne. These 
NPs may clog stomata and create a very fine corporeal and toxic barrier layer on the 
stigma, which prevents the pollen tube penetration. These particles may also go in 
the vascular tissue and harm transportation of minerals, water, and other photosyn-
thates. Harmfulness of ZnO nanoparticles was established on rye grass and in corn 
crop where it inhibited the germination process (Lin and Xing 2007). Ma et al. (2010) 
conducted an experiment and showed that in plants aluminum oxide NPs could be 
lethal to a variety of crops such as corn, soybeans, carrots, cabbage, and cucumbers 
as inhibitors of root elongation. Nanoparticles can also be absorbed and adsorbed 
from soil into the plants, as established in a study conducted by Gardea- Torresdey 
et al. (2002) on gold nanoparticles. Effect of these tiny materials on a living organism 
can occur once absorbed, which is not understood properly, and one may ask a ques-
tion “whether the nanoparticles are taken up by plants could be toxic or nontoxic”? 
To assess the environmental risk of NPs, a clear understanding of these nanoparti-
cles’ stability, mobility, bioavailability, reactivity, eco-toxicity, and above all persis-
tency is also required. Presently, we do not know much about the biodegradation 
aspects of nanoparticles, though this could be an area of potential research.

The animals may also inhale nanoparticles which may result into various nega-
tive effects and illness. These nanoparticles may enter into the bloodstream, which 
may cause serious ailments. The airborne nanoparticles present may cause precise 
threats for human health; these may enter the body through the respiratory system 
and may settle down deep in alveoli. Due to the entry of these nanoparticles into 
the lungs and then in the blood stream, there is probability of ailments like 
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inflammation, protein fibrillation, and induction of genotoxicity. The scientists 
noted that nanoparticles breathed in by rats settled in the brain and lungs, which 
may led to noteworthy upsurges in biomarkers for swelling and stress response.

On the other hand, the nanoparticles do have harmful effect on valuable and 
beneficial microorganisms. Particularly, it was observed that nanoparticles such as 
TiO2, SiO2, and ZnO suspended in water for bacteria Bacillus subtilis and Escherichia 
coli are lethal for other Gram-positive and Gram-negative bacteria. Negative aspects 
of nanoparticles have also been exhibited on soil bacterial communities as applica-
tion of ZnO nanoparticles in soil was found to lessen the soil enzyme activities, 
microbial biomass, and their diversity (Ge et al. 2011). Additionally, the process of 
immobilization and aggregation of these nanoparticles in soil displays phytotoxic 
effects and results in reduced biomass and plant root length (Kim et al. 2011).

Owing to these risk factors, the application of nanotechnology in agriculture sec-
tor has to be addressed very carefully and thoughtfully, and this permits obligatory 
need to critically examine and observe the risks involved with nanoparticle 
formulations.

5.9  Conclusion and Future Perspectives

Even though the nanotechnology is a developing and an emergent field of science 
greatly manipulated in different sectors mainly electronics, energy, and medical sci-
ence, its application in agriculture is rarely exploited in India and abroad though it 
has tremendous potential as a new effective tool in the agricultural field to gain solu-
tions to unresolved field problems. This technology enhances agricultural produc-
tivity in many ways such as by remediating soil and water, enabling smart delivery 
systems for fertilizers and pesticides, and detecting and controlling plant diseases at 
early stage. Moreover, synthesis of nanoparticles using microorganisms is an eco- 
friendly approach. Since many prokaryotic and eukaryotic groups of microorgan-
isms can synthesize nanoparticles and they possess a well-regulated cellular system, 
they could be a beneficial substitute to common physical and chemical approaches 
which release many harmful chemicals and radiations in the environment during 
nanoparticle synthesis. So, in future, the use of nanotechnology in agriculture can 
not only increase production but also solve many problems associated with tradi-
tional farming. However, the toxic effects of nanoparticles on living organisms and 
environment must be of concern.
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Abstract

The soil microbiome is a diverse system composed of microorganisms with dif-
ferent functions. Microorganisms known as plant growth-promoting microor-
ganisms (PGPMs) can help plants with nutrient uptake and consequently with 
crop yields. From this class of microorganisms, we can isolate nitrogen-fixing 
bacteria (NFB), phosphorus-solubilizing microorganisms (PSMs), and the 
microbes that are able to produce phytohormones. The use of these microorgan-
isms in improving nutrient uptake by plants has been acceptable because of 
reduced costs and the safety of application for humans and the environment. It is 
for this reason that inoculant products have been developed. During the process 
of inoculant development, it is possible to use molecular biology techniques, 
such as 16S rRNA gene sequencing. This technique helps with the identification 
of potential microorganisms adapted for different conditions and crops. Moreover, 
these microorganisms can be used in degradable areas or as pathogen controls. It 
is also important to consider the siderophore, which is a biological molecule 
produced by various bacteria, and which has an immense application in agricul-
ture. Another important symbiosis that occurs is realized by mycorrhizas, which 
are essential for transferring nutrients and water from the soil to plants.

6.1  Introduction

The association between plants, soil, and soil microbes is like a system, which influ-
ences plant health and productivity. To illustrate this, recent advances in “omics” 
research can provide a common understanding and management of these interac-
tions (Chaparro et al. 2012).
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The phytomicrobiome is characterized by microbial communities related to 
plants (Smith and Zhou 2014; Smith et al. 2015). This phytomicrobiome can be 
divided into the rhizomicrobiome, which is located in and around the roots or the 
rhizosphere (Lundberg et al. 2012), the phyllomicrobiome, which refers to the 
microbiome present in aerial parts of the plant (Rastogi et al. 2012; Kembel et al. 
2014), and the endosphere, which is inside the plant (Berg et al. 2014). The structure 
of these microbial communities can vary according to the interactions between 
plant – microorganism and/or microorganism-microorganism. These connections 
are mediated by compounds that are released by plants or microorganisms as exu-
dates (East 2013). Understanding the form and function of these compounds is 
essential for the possibility of using these microbes to develop new technologies for 
crop growth promotion, industrial process optimization (e.g., fermentation), and 
biocontrol mechanism development (East 2013).

Of all the microbial communities, the rhizomicrobiome shows most relevance for 
field crops. This group of microorganisms is very diverse and dynamic in response to 
environmental conditions and the interactions between plants and microbes, which in 
some cases are specific. Plant growth–promoting microorganisms (PGPMs) are one 
group from the rhizomicrobiome which live in soil or close to plant roots (Gray and 
Smith 2005; Mabood et al. 2014). These groups of bacteria are distinguished by some 
inherent characters: (i) able to be established at the root surface; (ii) remain and com-
pete with other microbes; (iii) promote plant growth (Kloepper 1994).

PGPMs have acquired relevance in agriculture because they are considered an 
alternative to the traditional management of crops (Bhattacharyya and Jha 2012), 
and an environmentally friendly practice. A huge miscellanea of microbes have 
been used as PGPMs (Ahemad and Kibret 2014); one of the most used is Rhizobia, 
due to the high yield increases that result when inoculated in plants (Rathore 2014). 
Moreover, PGPMs are classified according to their functionality (Gray and Smith 
2005; Mabood et al. 2014). As biofertilizers, they can intensify the acquisition of 
nutrients by plants, through nitrogen fixation (Vessey 2003; Bhattacharyya and Jha 
2012) and phosphate solubilization (Inui-Kishi et al. 2012; Trabelsi and Mhamdi 
2013). Other uses of PGPMs are as phytostimulators (inducing plant growth through 
phytohormes), rhizomediators (used for restoration of degraded environments) 
(Antoun and Prévost 2005), and for the production of metal chelators and sidero-
phores (Vessey 2003; Bhattacharyya and Jha 2012).

Other mechanisms of PGPMs include the production of 1-aminocycloropropane- 
1-carboxyla deaminase (maintaining ethylene levels in plant tissues under stress 
situations) (Penrose and Glick 2003), the induction of innate resistance or suppres-
sion of disease by antibiotics produced by fungi or bacteria (Antoun and Prévost 
2005; Bhattacharyya and Jha 2012), the production of cell wall lytic enzymes (Haas 
and Defago 2005; Rathore 2014), and quorum sensing and interference on biofilm 
formation (Bhattacharyya and Jha 2012).

PGPMs can be divided into two groups according to the proximity of bacteria to 
the root (Gray and Smith 2005). One group is called ePGPM (extracellular) and is 
present in the rhizosphere or on the rhizoplane. Agrobacterium, Arthobacter, 
Azospirillum, Pseudomonas, and Serratia are just some examples of ePGPMs 
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(Bhattacharyya and Jha 2012). Another group is iPGRM (intracellular), which are 
present inside roots cells and are represented by Allorhizobium, Azorhizobium, 
Bradyrhizobium, Mesorhizobium, and Rhizobium (Gray and Smith 2005).

In summary, microorganisms can act in coordination with the soil microbiome 
for the purpose of benefiting plant health and development. Much evidence shows 
that plants are able to determine microbial communities through root exudates. 
These exudates maintain a molecular conversation according to the plants’ pheno-
logical stage, interaction with others species, and management techniques (Chaparro 
et al. 2012). This chapter discusses the detail and actual knowledge about the impor-
tance of the soil microbiome on nutrient acquisition together with other applications 
of these microorganisms.

6.2  Soil Microbiome Diversity and Function

The rhizosphere of plants is a huge source of soil microbes (Köberl et al. 2013), 
which are captivated by root secretions and/or rhizodeposits (Compant et al. 2010). 
Plant species can co-ordinate the rhizosphere microbiome, which is dependent on 
the soil microbial community (Smalla et al. 2001). Furthermore, microbial com-
munities are contingent on soil type, pedoclimatic conditions, plant health, pheno-
logical stage, and edaphoclimatic factors (Singh and Mukerji 2006).

The higher activity observed by microbes in the rhizosphere brings several bio-
logical and ecological benefits to the environment and improves plant yield. The 
rhizosphere contains a large number of microorganisms with the ability to fix nitro-
gen, solubilize phosphorus (P), enhance plant pathogen resistance (Arjun and 
Harikrishnan 2011), and help recover degraded environments (Antoun and Prévost 
2005). These microorganisms assume an important aspect from an agronomic point 
of view, as we can outline below.

Knowledge of the diversity of the rhizosphere is very limited. It has been estimated 
that less than 1% of the soil microbiome has been isolated in pure culture. In order to 
understand the soil microbiome, metagenomics can help in analyzing complex 
genomes of microbial communities through culture-independent molecular 
approaches (Peix et al. 2007). Moreover, with molecular approaches it is possible to 
verify the existence and determine the quantity of microorganisms (Oliveira et al. 
2009). For bacterial diversity analysis, the molecular marker 16S rRNA gene is uti-
lized (Richardson et al. 2011). Arjun and Harikrishnan (2011) investigated the micro-
bial diversity present in the rice rhizosphere from a paddy field ecosystem in Kerala, 
India. They used culture-independent molecular techniques, 16S rRNA clone library 
generation obtained by RFLP, sequencing, and phylogenetic analysis. Through 
sequence analysis of 16S rRNA genes, they observed major diversity in the bacterial 
community, with the majority of microbes being related to Proteobacteria. Just a small 
portion of the 16S rRNA sequences were highly similar to rRNA from the 
Acidobacteria, Firmicutes, and Bacterioides groups. Knowledge of the less known 
microbial community is very useful for the comprehension of their individual roles as 
related to plant health, yield, and metabolic capabilities. Moreover, metagenomics 
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promises to bring many more questions regarding the uncultivable fraction of the 
rhizosphere community.

Köberl et al. (2013) present a study performed with the purpose of analyzing the 
microbiome of medicinal plants (Matricaria chamomilla L., Calendula officinalis 
L., and Solanum distichum Schumach. and Thonn.) planted in an organic desert 
farm in Egypt. These plants have a distinguished microbiome due to their particular 
and structurally divergent active secondary metabolites. These secondary metabo-
lites present the major reason for their high specificity for related microorganisms 
(Qi et al. 2012). Soil microbiomes of desert environments are more abundant in 
Gram-positive bacteria related to pathogen suppression. These authors observed an 
evident selection of specific microbes by plants, as well as highly specific diazotro-
phic communities that demonstrated the importance of plant species on microbial 
diversity. Moreover, they found Bacillus spec. div. strains were able to promote 
plant growth and improve flavonoid production. These results emphasize the numer-
ous connections between the plant microbiome and the plant metabolome.

Several surveys have demonstrated that the soil microbiome diversity has been 
reduced due to the intensification of land use in in the agriculture (Maeder et al. 2002; 
de Vries et al. 2013), This demonstrates some of the negative effects of agriculture on 
the environment and the unsustainability of agricultural production (Sala et al. 2000). 
The decline in soil biodiversity is sometimes discussed in terms of functional redun-
dancy. Functional redundancy suggests that different species can have the same func-
tion in an ecosystem, and therefore declines in species diversity do not necessarily 
affect ecosystem functioning. Research by Philippot et al. (2013) counters this view-
point, suggesting that microbial diversity loss can affect ecosystem processes.

Mendes et al. (2015) hypothesize that the microbial community diversity and 
functional diversity are much lower in undisturbed than disturbed soils, with conse-
quences for functional redundancy in the soil microbiome. To explain this hypoth-
esis in detail, they used soil DNA shotgun metagenomics to assess the soil 
microbiome in a chronological sequence of land use with native forest, followed by 
deforestation and cultivation of soybean and pasture in different seasons. The results 
obtained by these authors demonstrated that an agriculture and pasture soil shows 
the most diversity and higher functional redundancy. Conversely, the equilibrium in 
forest ecosystems was maintained with a lower diversity and higher abundance of 
microorganisms. These results indicate that land use is an important factor in the 
composition of the soil microbiome. Knowledge of the diversity of the soil micro-
bial community could help in the identification of microbial candidates to act as 
PGPMs and for development of inoculant products.

6.3  Biological Nitrogen Fixation

Nitrogen (N) is one of the most important elements for plant development because it 
is an essential part of nucleic acids, enzymes, and proteins. Seventy-eight percent of 
N is in gaseous form. Despite this, N is unavailable to plants and is thus considered 
one of the most growth-limiting nutrients (Dalton and Krammer 2006). To become 
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available to plants, atmospheric nitrogen (N2) needs to be modified or fixed to ammo-
nia (NH3) by nitrogen-fixing microorganisms (Kim and Rees 1994). Biological nitro-
gen fixation (BNF) contributes to two-thirds of the nitrogen fixed worldwide. Mild 
temperature is generally one of the conditions that promotes BNF by diazotrophic 
microorganisms, which are dispersed in nature (Raymond et al. 2004).

Microorganisms with BNF activity are separated into groups as being (a) symbi-
otic N2-fixing bacteria, including the rhizobiaceae family (Ahemad and Khan, 2012b); 
(b) non-leguminous trees (e.g. Frankia); and (c) non-symbiotic (free living and endo-
phytes) nitrogen-fixing forms like cyanobacteria Anabaena, Nostoc, Azospirrilum, 
Azoarcus, and others (Battacharrya and Jha 2012). Non-symbiotic microorganisms 
provide a small amount of the fixed nitrogen that is required by plants (Glick 2012) 
due to the limitation of carbon and the inhibition of nitrogenase by oxygen, which is 
the enzyme responsible by nitrogen fixation (Oldroyd and Downie 2004).

For the purpose of acquiring nutrients, plants have formed symbiotic interactions 
with microorganisms such as legumes and rhizobia. In this symbiosis, the bacteria 
penetrate the plant root and remain restricted in intracellular space, such as nodules, 
where N2 is transformed into ammonia, which is then absorbed by plants (Oldroyd 
and Downie 2008).

6.3.1  Molecular Signaling in Nitrogen-Fixing Bacteria

The molecular communication between plant and bacteria occurs due to the detec-
tion of flavonoids and related molecules that are secreted from legume roots by 
rhizobia (Perret et al. 2000). Flavonoids are transcriptional regulators recognized by 
NodD proteins that bind to a signaling molecule and have the possibility to activate 
gene expression (Long 1996).

The formation of nodules in legume roots is activated by nodulation (Nod) com-
ponents (NC), which are signaling molecules that induce developmental changes in 
plants. Nod components have in their structure a chitin backbone with an N-linked 
fatty acid moiety connected with a non-reducing terminal sugar. Some modifications 
can occur in NC structure among species of rhizobia. These modifications can define 
the specificity between the rhizobia and the host plant (Oldroyd and Downie 2008).

Bacterial invasion normally happens by root hair cells or disruption of root cells. 
The entry via root hair cells begins by bacterial attachment to root hairs (Oldroyd and 
Downie 2004). Concurrently, cortical cells activate cell partitioning to establish the 
nodule meristem. The epidermal response to the entry of roots is correlated with the 
recognition of nodulation components that govern calcium spiking-subordinate signal-
ing pathway, and with root hair distortion through a signaling pathway autonomous to 
calcium spiking. Cortical cell division is correlated with an increase in the concentra-
tion of cytokinin and auxin. Transcription factors (TFs) from nodulating signaling 
pathway, NSP1 and NSP2, are essential for nodulation and are obligatory in the epider-
mis with induction of initial nodulation genes (INODs), cortical cell division, and nod-
ule inception (NIN). These TFs are responsible for activating NC gene expression. 
In disruption invasion, violation occurs through the epidermis and the microbes receive 
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access to cortical cells. The relation with Nod components is considered important in 
some species, which endure disruption entry, but NC-independent of disruption inva-
sion also exists and may be associated with rhizobial modifications of cytokinins 
(Fig. 6.1) (Oldroyd and Downie 2008; Oldroyd et al. 2011).

After the nodule formation occurs, the bacteria enlarge and differentiate into 
nitrogen-fixing forms, and are denominated as bacteroids. These bacteroids are sur-
rounded by plant membrane, known as a symbiosome that is a kind of organelle, 
which has the function of reducing nitrogen (Oldroyd and Downie 2004).

The enzyme responsible for nitrogen fixation in diazotrophs is generally molyb-
denum nitrogenase. As an alternative to molybdenum nitrogenase, some diazotro-
phic microorganims have vanadium and/or iron nitrogenases. The structure of the 
molibidenum nitrogenase enzyme is composed of nifDK and nifH genes (Rubbio 
and Ludden 2008).

6.3.2  Optimization of Elements of Biological Nitrogen-Fixing 
System

One of the main topics discussed in the Edinburg Declaration on Reactive Nitrogen 
(2011) was related to improving nitrogen availability to plants (Gutierrez 2012). 
Here we can consider biological nitrogen fixation (BNF) (Galloway et al. 2004).
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Fig. 6.1 Changes in the roots during the nodulation process. NC nodulation components, INODs 
initial nodulation genes, NS nodule start, LysM-RLK lysin motif receptor kinase, LHK1 
Lothushistidine kinase (Adapted from Oldroyd and Downie 2008)
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Due to the importance of BNF in decreasing the necessity for chemical nitrogen 
fertilizers, it will be interesting to understand how to improve the biological pro-
cess. For this, we can verify what happens during the optimal use of a nitrogen- 
fixing system, search for new plant-microorganism fixing associations, and transfer 
the ability of BNF to non-fixing microbes (Olivares et al. 2013).

There are many ways to improve the BNF through legumes, like legume adop-
tion by farmers during combined cultivation and rotations between crops (Sessitsch 
et al. 2002). With the purpose of maximizing BNF by legumes, nodulation with the 
appropriate rhizobia should be evaluated. However, there are soils with low num-
bers of compatible rhizobia, thus it is necessary to carry out inoculation and to select 
an inoculant strain. For the selection of this strain it is necessary to verify the bacte-
rial compatibility and nitrogen-fixing efficiency with the plant. Moreover, environ-
mental conditions need to be analyzed because they may limit BNF activity and 
periodical inoculation must also be adopted (Hungria et al. 2005).

The election of inoculants is usually based on existing microbe diversity. 
Therefore, there are some genetic modifications that can be done with the purpose of 
enhancing the BNF of a given strain, by reiteration or overexpression of genes related 
to nitrogenase enzyme activity. Peralta et al. (2004) investigated improving the sym-
biotic efficiency in Rhizobium etli – Phaseolus vulagris. With the purpose of improv-
ing nitrogenase production, these authors built a chimeric nifHDK operon regulated 
by a strong nifHc promoter and verifed it in symbiosis with P. vulgaris. Bacterial 
strains with overexpression of nitrogenase had increased nitrogenase activity, plant 
weight (improved around 32%), concentration of nitrogen in plants and seed, and 
seed yield. Moreover, the overexpression of the chimeric nifHDK operon contributed 
to increased symbiosis. In another study, Wang et al. (2013) recognized a cluster 
consisting of nine nif genes in the genome of Paenibacillus sp. WLY78. With the 
purpose of analyzing the genetic requirements for fixing nitrogen, they inserted a 
Paenibacillus nif gene cluster in Escherichia coli. A minimum nif gene cluster allows 
the production of active nitrogenase in E. coli. However, on deletion analysis it was 
verified that in addition to the core nif genes, hesA (one of the genes of nif clusters) 
participates in an important aspect on nitrogen fixation and is sensitive to molybde-
num. Wang et al. (2013) wanted to demonstrate the possibility of transferring the 
BNF activity with a short set of nif gene cluster. Breeding for enhanced nitrogen fixa-
tion is not an easy task, but you can analyze characteristics such as plant and seed 
yield, and others, to quantify the efficiency of BNF (Olivares et al. 2013).

6.4  Phosphorus in Soil

Phosphorus and nitrogen are important to keeping a healthy nutritional life for 
plants, but, unlike nitrogen, phosphorus is not present in large amounts that can 
become available to plants.

Many peculiarities are associated with phosphorus nutrition and this element 
shows an important role in metabolic processes (Khan et al. 2010). Microbial asso-
ciations are associated with P-fixation as with N-fixation in legumes. Phenological 
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development, crop yield, and resistance to plant diseases are also described in rela-
tion to P nutrition (Hao et al. 2002).

A considerable amount of inorganic P is quickly retained in insoluble mineral 
complexes after frequent application of phosphate fertilizers (Rodriguez and Fraga 
1999; Igual et al. 2001). The retention of P is around 75% of the total amount 
applied. Organic forms (20–80% of P in soils) are the other important storage of 
immobilized P (Richardson et al. 1994). Phosphorus is present in soil on average at 
around 0.05% (w/w); however, only 0.1% of it is usable by plants (Zhu et al. 2011). 
Physicochemical (adsorption – desorption) and biological (immobilization- 
mineralization) means are responsible for soil P dynamics and consequently for P 
fixation. Most P that is administrated as fertilizer becomes static through a conden-
sation reaction with Al3+, Fe+3, and Ca+2 (Hao et al. 2002).

The application of chemical fertilizers represents an extra cost to agricultural 
production and moreover causes negative impacts on different environments 
(Tilman et al. 2001). Reduction of fertility by lost microbial diversity, which conse-
quently reduces the crop yields, is also observed (Gyaneshwar et al. 2002). Beyond 
that, P has limited sources in rock phosphate and there are estimations that the 
reserve of P will be exhausted in the current century (Cordell et al. 2009). The high 
cost of P chemical fertilizers and problems with P availability make it necessary to 
search for an environmental alternative and a production strategy for improving 
crop yields without environmental problems. One option available to achieve this 
purpose is the use of microbe inoculated fertilizer with P-solubilizing properties in 
agriculture (Sharma et al. 2013).

6.4.1  Phosphorus-Solubilizing Microorganisms

In 1903 the natural occurrence of phosphorus-solubilizing microbes (PSMs) was 
observed. These have the ability to use diverse means to solubilize and mineralize 
P, with the purpose of converting inorganic and organic soil P into available forms 
for plants (Khan et al. 2007).

Bacteria represent the majority of the microbial community with 1–50%, with 
fungi constituting only 0.1–0.5% of the total respective population. Several species 
of bacteria and fungi have been tested in relation to their potential as a PSM. Generally, 
these microbes are found in the phytomicrobiome and soil areas with P deposits. 
The isolation can be done by serial dilution methods or through enhancement cul-
ture techniques (Zaidi et al. 2009). Another area that a PSM could be isolated in is 
in stressful environments, such as the moderately halophic bacterium, Kushneria 
sp., found by Zhu et al. (2011), in the solid residue of Daqiao saltern on the east 
coast of China, YCWA18.

Many factors could affect the potential of these PSMs, such as the amount of iron 
ore, temperature, carbon, and nitrogen origin. One of the biggest problems that 
generates controversy is the source of insoluble P used to isolate PSMs: tricalcium 
phosphate (TCP). The TCP is able to select a huge number of isolates. However, 
when these isolates are evaluated in relation to the available P provided to plants, 
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many of them fail as PSMs because there are often other sources of P that are less 
soluble than TCP such as iron/aluminum/calcium phosphate (Bashan et al. 2013). 

Soil is complex and shows a lot variation depending on pH and chemical proper-
ties; in this way no P source can be used as a universal selection factor. Thus, the 
best way to assess how these microbes are evaluated is in which type of soil (alka-
line, acid, or rich in organic matter) the PSMs will be applied. Bashan et al. (2013) 
suggested the use of specific compounds such as calcium phosphate (alkaline soils), 
iron/aluminum phosphate (acidic soils), and phytases (organic soils). The PSMs 
that show greater solubilization in vitro are selected for field trials before the pro-
duction of biofertilizer (Sharma et al. 2013).

Excessive numbers of microorganisms show PSM capacity, and include bacteria, 
fungi, and actinomycetes. Among the bacterial communities, Pseudomonas and 
Bacillus have been described as PSMs. Some of the bacteria with PSM skills are 
Rhodococus, Arthrobacter, Serratia, Chryseobacterium, Gordonia, Phyllobacterium, 
Delftia sp. (Wani et al. 2005), Enterobacter sp., Pantoea, Klebisiella (Chung et al. 
2005), Vibrio proteolyticus, Xanthobacter agilis (Vazquez et al. 2000) (Sharma 
et al. 2013), and Burkholderia (Inui-Kishi et al. 2012).

There are some nitrogen-fixing microorganisms such as rhizobia that have also 
shown PSM activity (Ahemad and Kibret 2014; Zaidi et al. 2009). Among fungi 
Penicillium and Aspergillus represent the most effective solubilizers (Reyes et al. 2002).

6.4.2  Mechanisms of P-Solubilization by Soil Microbial 
Communities

Microorganisms are able to increase the ability of plants to obtain P from soil 
through different mechanisms, such as increased root extension by mycorrhizal 
associations, or by hormonal stimulation of root hair development and root growth 
(Hayat et al. 2010; Richardson and Simpson 2011). Another method is through 
metabolic mechanisms that are efficient in providing unavailable P present in soil as 
organic and inorganic forms (Fig. 6.2). Moreover, the existence of labile C in these 
microorganisms appears as a reservoir of P, through immobilization. Thus, the 
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Fig. 6.2 Diagram of phosphorus cycle (Adapted from Richardson and Simpson 2011)

6 Soil Microbiome and Their Effects on Nutrient Management for Plants



126

dispensation of P retained by microbes occurs when the cell dies (Richardson and 
Simpson 2011).

6.4.3  Inorganic P-Solubilization

The majority of available inorganic phosphate is H2PO4
−, which normally occurs at 

a lower pH. Nevertheless, with the increase in pH, other phosphate forms such as 
HPO4

2− and HPO4
3− become more predominant.

The availability of inorganic P through PSMs occurs mainly by organic acid 
production (Zaidi et al. 2009). Other ways include: lowering pH by H+ extrusion 
(Parks et al. 1990), improved capitation of cations ligated with P, or establishment 
of a soluble compound with metal ions (calcium, aluminum, and iron) that releases 
P (Maliha and Samina 2004) and the release of protons accompanying respiration 
or NH4+ assimilation when the solublization occurs without acid production 
(Illmer and Schimer 1995). The effect on pH is due the liberation of organic acid, 
originated from microbial metabolism, mostly by oxidative respiration or fermen-
tation processes (Trolove et al. 2003). The predominant acids that are related to 
PSM activity are gluconic, oxalic, citric, succinic (Khan et al. 2007), lactic, tar-
taric (Venkateswarlu et al. 1984; Khan et al. 2007), and aspartic (Venkateswarlu 
et al. 1984) acids. There are also inorganic acids (sulphur and nitric acid) (Siqueira 
and Franco 1988). One example of higher potential in solubilizing P is caused by 
gluconic and 2-keto gluconic acids synthetized by direct oxidation in Erwinia 
herbicola and Pseudonomas cepacea (Goldstein et al. 1993; Goldstein 1994; 
Goldstein 1995). The capacity of PSMs to utilize inorganic phosphate is regulated 
by specific genes. Understanding these genes is very important because it is pos-
sible to use them in biotechnology applications. Genes correlated with PSMs are 
glucose dehydrogenase (GDH), gluconate dehydrogenase (GADH), and pirrolo-
quinoline–quinone (PQQ), which are already identified and cloned in different 
bacteria (Sashidhar and Podile 2010). However, the recombinant bacteria that 
express these genes need to be studied in more depth and approved by regulatory 
laws, because the use of these PSMs can enhance the eutrophication of rivers 
(Siqueira et al. 2004). Fraga et al. (2001) observed accumulation of extracellular 
phosphatase when the napA phosphatase gene from Morganella morganii was 
cloned in Burkholderia cepacia IS-16 (strain used for inoculant). There may be 
more advantages in developing genetically modified microorganisms (PSMs) over 
transgenic plants for improved plant development. It is possible to combine more 
than one plant growth–promoting characteristic in a unique organism, and develop 
an inoculant that can be used for different cultivated plants (Ahemad and Kibret 
2014; Rodriguez et al. 2006). Molecular genetics yield information that elucidates 
the mechanisms associated with PSMs. Comparative genomic and transcriptomic 
sequencing of the microbiome, and differential gene expression analyses have 
found potential targets such as enzymes, metabolites, and transport proteins that 
are related to the PSM process that leads to the enhancement of P availability and 
use by plants (Krishnaraj and Dahale 2014).
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6.4.4  Organic P-Solubilization

While inorganic P becomes unavailable by precipitation and chemical adsorption, 
the organic P is retained in the organic matter of soil (Sharma et al. 2013).

Organic P represents 30–80% of the total soil (Menezes-Blackburn et al. 2013). 
It is found as inositol phosphate (30–50% of total amount of organic P), nucleic 
acids, and nucleotides (3–5%), phospholipids, and others (low quantities) (Siqueira 
et al. 2004). The use of organic P by plants and microbes requires hydrolysis of 
organic P from soil (Richardson and Simpson 2011; Sharma et al. 2013). Hydrolysis 
is known as the mineralization of organic P in soil and occurs mainly by the action 
of phosphatase enzymes (Fig. 6.3).

In general, fungi have more hydrolytic activity on phytate than bacteria; how-
ever, bacteria and plants can produce phytate. The nucleases are mainly produced 
by rhizospheric microorganisms and phospholipases by actinomycetes (Siqueira 
et al. 2004).

Phytate is the main stock form (60–80%) of organic P in several soils and plant 
tissues (1–5% of weight) (Singh and Satyanarayana 2011). In plants, phytases cause 
the liberation of P from phytate degradation. However, the capacity of plants to 
obtain P immediately from phytate is very limited. Arabidopisis plants supple-
mented with phytate were considerably benefited with P when they were engineered 
with the phytase gene (phyA) originated from Aspergillus niger (Richardson et al. 
2005).

Phosphatases are a class of abundant enzymes that are used by PSMs and are 
widely present in studies. These enzymes can be set into acid and alkaline phospha-
tase, according to soil characteristic (acid or alkaline) (Jorquera et al. 2008). In 
plants the production of acid enzymes is more predominant than alkaline phospha-
tase, suggesting that this is a specific characteristic of PSMs (Criquet et al. 2004).

Microorganisms are the main source of phosphorus mineralization enzymes 
(Richardson 1994). The activity and synthesis process of these enzymes depends 
on environmental conditions that are suppressed with high contents of phosphorus 
or stimulated in limited conditions. In conditions with low availability of P, bacte-
ria have the ability to acquire P in their biomass, which at the final cycle will be 
mineralized and become available to plants and other organisms (Gyaneshwar 
et al. 2002).

(A) Phytate Inositol + Phosphoric acid

(B) Nucleic Acids Mononucleotides Nucleotides + Phosphoric acid

(C) Phospholipids Fatty acid + Aminoalchool + Phosphoric acid

1

2 3

4

Fig. 6.3 Mineralization reaction of organic phosphorus by (1) phytases, (2) nucleases, (3) nucleo-
tidases, (4) phospholipases (Adapted from Siqueira et al. 2004)
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6.5  Phytohormone Production

A phytohormone is defined as an organic signal molecule synthesized in plant organs 
or tissues that can be translocated to other regions and presents a specific response. 
However, phytohormones can also be active in tissues where they are created (Baca 
and Elmerich 2007). Their production has been studied as one of the main instruments 
by which PGPMs may increase plant growth (Iqbal and Hasnain 2013).

Auxins, cytokinins, gibberellins, ethylene, and abscisic acid are classes of widely 
recognized phytohormones (Zahir et al. 2004).

In nature, two modes of phytohormones are accessible to plants. They are endog-
enous production by the plant tissues, and phytohormones that are made available 
by associated microbes (Patten and Glick 1996).

Fungi inoculants are advantageous compared with bacterial ones because of their 
efficiency at spreading over the rhizosphere. Trichoderma species represents a class 
of fungi found in the rhizosphere. Trichoderma strains can colonize plant roots and 
improve plant progress in growth and development. These effects are influenced by 
microbial production of indole-3-acetic acid (IAA) and indolic compounds (Ortíz- 
Castro et al. 2009).

During plant growth and development, signaling molecules intermediate the 
contact with microorganisms, performing a relevant communication. Microbes have 
the means to recognize a plant host and start colonizing the rhizosphere by produc-
tion of plant growth–regulating substances like phytohormones. Furthermore, these 
microbial-produced compounds are perceived by plants, which respond and further 
influence the type of microorganisms found. This represents a molecular conversa-
tion that determines the relationship between plants and microbes from pathogene-
sis to symbiosis (Bais et al. 2004).

Many bacteria and fungi can produce auxins using different pathways, which 
increases the potential to form associations with plants. Moreover, epiphytic and 
rhizospheric microfloras of plants are of utmost relevance in the conversion of tryp-
tophan (which is present in plant exudates) into IAA (Tsavkelova et al. 2006).

The main known phytohormone is IAA. At least 80% of the rhizospherical bac-
teria synthetize IAA (Patten and Glick 1996). In addition to IAA, other indolic 
compounds that are physiologically active for plants are also produced by rhizo-
spheric microbes (Lebuhn et al. 1997; El-Khawas and Adachi 1999).

On the other hand, IAA and cytokinins derived from bacteria are also related to 
the virulence of several interactions between microorganisms like genus 
Agrobacterium, Pseudomonas, and pathogenic Erwinia (Lichter et al. 1995; Morris 
1986; Spaepen et al. 2007).

Cytokinins are other relevant phytohormones. The physiological effect of cyto-
kinin is the enhancement of cell division (Frankenberger and Arshad 1995). 
Although it is difficult to identify these molecules, they can be detected using bioas-
says (Nieto and Frankenberger 1990).

Microorganisms have the ability to synthetize kinetin, zeatin, isopentenylade-
nine, and other cytokinin derivatives. Rhizobacteria of the genera Azotobacter, 
Azospirillum, Arthrobacter, Bacillus, Rhizobium, Pseudomonas, and also strepto-
mycetes are capable of synthetizing cytokinins (Tsavkelova et al. 2006).
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PGPMs also produce gibberellins (GAs). There are over 89 known GAs 
(Dobbelaere et al. 2003), which are numbered GA1 through GA89 in approximate 
order of their discovery (Frankenberger and Arshad 1995; Arshad and Frankenberger 
1998). The most accepted gibberellin is GA3, while the most active is GA1. The 
main physiological role of gibberellins is stem elongation and increased internode 
length (Davies 1995).

The fourth phytohormone to be discovered is abscisic acid (ABA). This was 
detected by radioimmunoassay or thin-layer chromatography in supernatant cul-
tures of plant-associative bacteria Azospirillium and Rhizobium sp. (Dangar and 
Basu 1987; Dobbelaere et al. 2003). ABA responses are related to stomatal closure 
and root proliferation. Therefore, its presence in the rhizosphere is of paramount 
relevance for plant growth in water-deficient environments (Frankenberger and 
Arshad 1995).

Ethylene is another important phytohormone. Its role is related to root elongation 
inhibition, auxin transport, senescence, and abscission promotion of various organs, 
and fruit ripening (Bleecker and Kende 2000; Glick et al. 2007). Reducing levels of 
ethylene in plants may be one of the growth-promoting activities of PGPMs. These 
reductions are due to the activity of enzyme 1-aminocyclopropane-1-carboxylate 
(ACC) deaminase, which reduces ACC, the precursor of ethylene (Yang and 
Hoffman 1984).

Cadaverine, a poliamine that enhances root growth and helps to reduce osmotic 
stress, was reported in rice inoculated with Azospirillim brasilense Az39 (Cassán 
et al. 2009).

6.5.1  Applications

Associative rhizobacteria may provide favorable progress in plant development due 
to production of phytohormones, nitrogen fixation, biosynthesis of antimicrobial 
substances, and enhanced water or mineral nutrition uptake (Saharan and Nehra 
2011).

There are many reports presenting the beneficial impact of bacteria inoculation 
on orchids. An early paper was published by Knudson (1922), who inoculated the 
seeds of Epidendrum and Laeliocattleya with a diazotrophic strain, Rhizobium legu-
minosarum, to stimulate germination. Wilkinson et al. (1989, 1994) described the 
propagation of Pterostylis vittata seeds co-inoculated with a mycorrhizal fungus 
and strains of orchid-associated bacteria belonging to Pseudomonas putida, Bacillus 
sphaericus, B. cereus, and Arthrobacter sp.

The in vitro germination of mature seeds of the species Dendrobium moschatum 
was enhanced by inoculation of bacterial cultures (Tsavkelova et al. 2007). Seed 
germination was enhanced by Mycobacterium sp. and Sphingomonas sp. in in vitro 
inoculations.

Strains of Bacillus sp. and Enterobacter sp. isolated as endophytic bacteria were 
used to stimulate Cattleya walkeriana seedlings. This was done by increasing such 
characteristics as fresh weight, dry weight, and plant survival during ex vitro accli-
matization, which is considered the bottleneck stage for orchid seedling 
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propagation (Galdiano Júnior et al. 2011). One of these isolates, Enterobacter 
asburiae, produces an acid ectophosphatase, which can be a mechanism for the 
solubilization of mineral phosphates (Sato et al. 2016), configuring a PGPM with 
two growth- promoting activities (IAA production and solubilization of mineral 
phosphate).

Growth promotion was also observed when seedlings of Cattleya loddigesii gen-
erated in vitro were inoculated with a bacterial suspension of Paenibacillus lenti-
morbus and P. macerans strains (Faria et al. 2013). Sphingomonas paucimobilis 
ZJSH1 significantly promoted the growth of D. officinale seedlings, enhancing 
fresh weight and stem length (Yang et al. 2014).

6.6  The Importance of Siderophores

The siderophore is a biological molecule produced by various bacteria and has wide 
applications in various fields, such as improving soil fertility in agriculture. Bacterial 
strains that do not use any other means of biocontrol can act as biocontrol agents by 
using the siderophores that they produce. Therefore, siderophores from PGPMs pre-
vent phytopathogens from acquiring iron and can be a limiting factor for their pro-
liferation (Kloepper et al. 1980).

Available results indicate PGPM siderophores have a much better affinity for 
iron than to pathogens (Schippers et al. 1987). As a result, lack of iron in the rhizo-
sphere incapacitates proliferation of fungal pathogens. By reason of biocontrol, 
PGPMs out-compete fungal pathogens for accessible iron.

However, plant growth is not altered by the iron reduction in the rhizosphere 
caused by the siderophores, because most plants use less iron than microorganisms 
(O’Sullivan and O’Gara 1992). Also, some plants can bind and consequently make 
up the biocontrol PGPM iron-siderophore complex (Bar-Ness et al. 1991; Wang 
et al. 1993).

6.7  Mycorrhizae

Mycorrhizal symbioses are widespread and common in terrestrial ecosystems 
around the globe, occurring in nearly all soils (Smith and Read 2008). The symbi-
otic fungi are often crucial for absorbing water and nutrients from the soil and trans-
ferring them to plants (Orwin et al. 2011).

Mycorrhizae are grouped into two types: ectomycorrhizae and endomycorrhizae. 
Endomycorrhizae are defined by dense mycelial sheaths near the roots with inter-
cellular hyphal invasions of the root cortex. They are limited to forest trees in tem-
perate regions. All other plants represent endomycorrhizae, characterized by fungi 
forming external hyphal networks in the soil and penetrating the cortical cells of 
roots (Bolan 1991).

Mycorrhizal fungi are known to secrete phytohormones such as GA3, IAA, 
ABA, zeatin, and zeatin riboside (Wu et al. 2002; Liu et al. 2010). The mycorrhizal 
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fungus Trichoderma sp., isolated from Pleione bulbocodioides, increased seed ger-
mination up to 84.6%, while the control presented lower germination (77.6%) on 
OMA medium (Yang et al. 2008).

Pathogenic and growth-promoting fungal species are IAA yielders (Tsavkelova 
et al. 2006). Four different Fusarium species isolated as endophytic fungi from 
Dendrobium moschatum also produced IAA (Tsavkelova et al. 2003, 2012), while 
mycorrhizal fungus in association with Dendrobium densiflorum produced vitamins 
and GA (Wu et al. 2002).

6.8  Alternative Use of Plant Growth–Promoting 
Microorganisms

Several bacterial genera are necessary elements in maintaining the balance of soils. 
They are implicated in distinct biotic activities of soil ecosystems, making them a 
functional for nutrient turnover and enhancing maintenance for agricultural produc-
tion (Ahemad et al. 2009; Chandler et al. 2008). The association of plants with 
bacteria can be considered good, pernicious, or neutral depending on the motif of 
their action on plant growth (Dobbelaere et al. 2003).

The use of PGPMs has become a habitual practice in various regions of the 
world. PGPMs are native to the soil and plant rhizosphere, and play an important 
function in biological control of plant pathogens, suppressing a broad spectrum of 
bacteria, fungi, and nematodes. PGPMs can also give protection against viral dis-
eases (Sivasakthivelan et al. 2013).

Bacteria in the genera Agrobacterium, Bacillus, Burkholderia, Pseudomonas, 
and Streptomyces are frequently studied biocontrol agents. They eliminate plant 
disease through at least one mechanism: induction of systemic resistance and pro-
duction of siderophores or antibiotics (Tenuta 2003). Among others, actinobacteria 
commonly inhabit the rhizosphere making it possible to characterize them as 
PGPMs (Franco-Correa and Chavarro-Anzola 2016).

These microorganisms are found very close to the roots epidermis, which secretes 
signal molecules for defense versus invasion of distinct microorganisms in the root 
area. At this stage, the distinction takes place between symbiotic, associative, patho-
genic, or neutralistic association of the microorganisms with the plant (Hayat et al. 
2010).

PGPM strains occur in many taxonomic groups and are present in the rhizo-
sphere of plants in any given soil (Kyselková et al. 2009; Almario et al. 2013). This 
suggests that PGPMs colonize and coexist in the same rhizosphere soil as non- 
PGPM groups of the bacterial community. Studies have shown the existence of a 
particular gene (Table 6.1) and of relevant properties of PGPMs, which provide 
positive effects on plant growth, health, and their ability to inhibit phytopathogens 
(Bertrand et al. 2001; Barriuso et al. 2005; Upadhyay et al. 2009).

The biological control lineage Pseudomonas fluorescens Psd was analyzed for 
IAA organic synthesis and the logical preparation on it as a PGPM. While the indole 
pyruvic acid (IPyA) route usually connected with PGPMs was absent, the indole 
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acetamide (IAM) pathway is commonly noticed in plant pathogens and was 
expressed in the Psd strain. Overexpression of IAM pathway genes iaaM-iaaH, 
from P. syringae subsp. savastanoi radically increased IAA levels and demonstrated 
a prejudicial effect on sorghum root development (Saranraj et al. 2013; 
Sivasakthivelan and Saranraj 2013).

PGPMs are efficient in secreting molecules as antibiotics into the rhizosphere to 
control pathogenic microbes, producing iron-chelating molecules (Raaijmakers 
et al. 2002). They also induce phytoalexin production in association with plants, and 
have broad acceptance as providing an agricultural advantage (Lifshitz et al. 1986; 
Halverson and Handelsman 1991). Phytoalexins are antimicrobial compounds with 
low molecular weights that are both synthesized by and accumulated in plants after 
exposure to microorganisms (Dakora 1985; Dakora et al. 1993; Van Peer et al. 1990, 
1991).

In the rhizosphere of various leguminous and non-leguminous crops, species of 
Pseudomonas and Bacillus have been identified (Table 6.2) that help in plant colo-
nization and suppression of phytopathogens (Parmar and Dufresne 2011).

Table 6.1 Gene functions of plant growth–promoting microorganisms studied in plants

Function Gene Phylum References

Phosphate solubilization pqqB
pqqC
pqqD
pqqE
pqqF
pqqG

Proteobacteria Bruto et al. (2014)

2,4-Diacetylphloroglucinol 
synthesis

phlA
phlB
phlC
phlD

Hydrogen cyanide synthesis hcnA
hcnB
hcnC

Acetoine/2,3-butanediol 
synthesis

budA
budB
budC

Nitric oxide synthesis nirK

Auxin synthesis ipdC
ppdC

ACC deamination acdS

Nitrogen fixation nifD
nifH
nifK

Biosynthesis of tryptophan Trp Zahir et al. (2010)

Nitrogenase nifH Actinobacteria Valdés et al. (2005)
Gauthier et al. (1981)

Nitrogenase nifDK Fedorov et al. (2008)
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PGPMs produce beneficial effects on plant health by accelerating nutrient avail-
ability, assimilation, and growth by suppressing diseases caused by phytopathogens 
(Franco-Correa and Chavarro-Anzola 2016). In the quest to improve soil fertility 
and crop yield while reducing the negative impact of chemical fertilizers on the 
environment, there is a need to exploit PGPMs for beneficial agriculture. Moreover, 
PGPMs can also prevent the deleterious effects of stresses from the environment 
(Paul and Nair 2008). They are also able to increase the capacity of plants to seques-
ter heavy metals and can help plants withstand abiotic stresses (Jing et al. 2007; 
Saharan and Nehra 2011; Tak et al. 2013).

Bio-inoculants with diverse symbiotic (Bradyrhizobium, Mesorhizobium, 
Rhizobium) and non-symbiotic (Azomonas, Azospirillum, Azotobacter, Bacillus, 
Klebsiella, Pseudomonas) microbes are used to promote plant growth and develop-
ment under various stresses like heavy metals (Ma et al. 2009a, b; Wani and Khan 

Table 6.2 Plant growth–promoting microorganisms (PGPMs)

PGPM
PGPM and 
agricultural crop

Plant growth promoting 
traits References

Bacillus cereus  
UW 85

Grain legumes Lowers the toxicity of 
chromium to seedlings by 
reducing Cr (VI) to Cr (III)

Vessey and Buss 
(2002)

P. fluorescens CHA0 Arabidopsis sp. Increased plant growth Iavicoli et al. (2003)

Bacillus spp. Banana Promoted significantly the 
root and shoot growth

Jaizme-Vega et al. 
(2004)

P. putida KD Tomato and 
cucumber

Promoted the plant growth, 
reduced Pb and Cd uptake

Rezzonoco et al. 
(2005)

P. fluorescens PCL1606 Avocado Increased plant growth Cazorla et al. (2006)

Bacillus Raspberry Promoted significantly the 
root and shoot growth

Orhan et al. (2006)

B. pumilus Wheat variety 
Orkhon

Increased plant growth Hafeez et al. (2006)

B. mucilaginosus Cucumber Increased plant growth Han et al. (2006)

B. mucilaginosus Pepper Increased plant growth Supanjani et al. (2006)

P. Marginali Indian mustard 
and rape

Increased plant growth Belimov et al. (2007)

P. oryzihabitans

P. putida

Alcaligenes 
xylosoxidans

P. brassicacaerum

Agrobacterium 
amazonense

Rice Nitrogen accumulation Rodrigues et al. (2008)

Pseudomonas BA-8 Strawberry Increased plant growth Pirlak and Kose (2009)

Bacillus OSU-142

Bacillus M-3

Comamonas 
acidovorans

Kiwi Increased plant growth Erturk et al. (2010)
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2010), herbicides (Ahemad and Khan 2010), insecticides (Ahemad and Khan 2009), 
fungicides (Ahemad and Khan 2012a), and salinization (Mayak et al. 2004). Diverse 
varieties of rhizobacteria help to improve plant nutrition thus increasing plant health 
or stress tolerance (Vacheron et al. 2013).

Ferreira et al. (2010) showed similarities between cepacian exopolysaccharide 
(EPS) produced by members of the Burkholderia cepacia complex (BCC complex) 
and the EPS synthesized by B. graminis, B. phytofirmans, B. phymatum, and B. 
xenovorans (Estrada-De Los Santos et al. 2001). According to Ferreira et al. (2010), 
EPS may have a role in the tolerance of Burkholderia species to ion stress and 
desiccation.

Bloemberg and Lugtenberg (2001) showed the expression of some genes 
involved in the defensive response as well as genes expressed under conditions of 
drought, salt, and stress. The experiments with isolates of B. graminis, a species that 
has been isolated from the rhizosphere of pasture, corn, and wheat, resulted in an 
improvement in shoot height and neck diameter, as well as inducing a protective 
response to salt and drought stress in tomato plants (Barriuso et al. 2005, 2008).

PGPMs are able to produce gibberellic acid or ABA, or to control the level of these 
hormones in plants (Richardson et al. 2009; Dodd et al. 2010). The ABA is well known 
for its involvement in drought stress. Bauer et al. (2013) showed that during water 
stress, increases in ABA levels cause closing of stomata, thereby limiting water loss.

Habib et al. (2016), studying the ACC deaminase-containing PGPM isolate 
Enterobacter sp. UPMR18, concluded that it could be an effective bio-resource for 
enhancing salt tolerance and growth of okra plants under salinity stress. Microorganisms 
synthesizing the ACC deaminase enzyme can cleave ACC to 𝛼-ketobutyrate and 
ammonia, thus decreasing ethylene stress in plants (Rashid et al. 2012).

Ethylene is a simple gaseous hormone critical for many plant developmental 
stages (Abeles et al. 1992). The ethylene-mediated stress response can be activated 
by many environmental factors such as heavy metal contamination, high salinity, 
flooding, drought, and phytopathogens. Ethylene can also inhibit stimulation of cell 
proliferation and elongation by repressing auxin response factor synthesis 
(Dugardeyn and Van Der Straeten 2008). PGPMs, besides promoting plant growth 
by employing certain mechanisms and protecting the plant from salinity, can also 
increase plant tolerance against stress conditions (Shrivastava and Kumar 2015).

 Conclusion

Understanding the mechanisms used by PGPMs enables the elucidation of their 
impact on nutrient cycling and on the protection of crops against disease. 
Moreover, functioning analysis, diversity, and gene expression patterns of PGPM 
populations in soil will be a precondition to developing a management action 
plan for sustainable agriculture. Future research and understanding of the mecha-
nisms of PGPMs will pave the way to finding more competent rhizobacterial 
strains. These yet-to-be- found strains may work under diverse agro-ecological 
conditions to protect the environment, and produce enough food for an increas-
ing world population.
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7Rhizobacterial Biofilms: Diversity 
and Role in Plant Health
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Abstract
The diverse nature of rhizobacteria and their interaction with plant roots involves 
complex processes and provides a unique microbial niche in the rhizosphere both 
beneficial and harmful to plant health depending on nature of bacteria. Biofilms 
are defined as the bacterial populations which stick to living and nonliving sur-
faces and encased in a self-produced extracellular polymeric substances (EPS). 
Both disease-causing and beneficial plant growth-encouraging bacteria may 
form biofilm on abiotic and biotic surfaces including plant surface and in soil. It 
is now well known that a microbe under natural condition forms mixed/polymi-
crobial biofilm. The process of biofilm development and their regulation are well 
studied among human pathogenic bacteria such as Pseudomonas aeruginosa. 
However, recent investigations indicated an increased interest in the research on 
biofilm on plant-associated rhizobacteria such as Azotobacter, Acinetobacter, 
Bacillus, Burkholderia, Klebsiella, Pantoea, Pseudomonas and Rhizobium. In 
this chapter we have made an attempt to review recent studies on rhizobacterial 
biofilms and their possible impact on plant health under natural and stress 
conditions.
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7.1  Introduction

Biofilms are bacterial populations associated with living and nonliving surfaces and 
encased in self-produced medium of extracellular polymeric substances (EPS). The 
chemical nature of EPS is heterogeneous largely made up of polysaccharides, extra-
cellular proteins and enzymes, DNA and other substances. A significant benefit of 
the biofilm lifestyle for rhizobacteria is safety against drought or osmotic stress. The 
rhizosphere serves as a dynamic microbial habitat for environmental microniches 
and is continuously studied to understand microbial diversity and their regulation. 
Both traditional (culture-based) and molecular (culture-independent) approaches 
(polyphasic) are used to understand such niches (Hinsinger et al. 2009; Bogino et al. 
2013). The rhizosphere is the soil niche influenced by plant root and root exudates. 
The colonization of root by soil microorganisms is largely associated with the 
movement of bacteria from bulk soil to rhizospheric soil/rhizoplane. Successful 
establishment of rhizobacteria in association with plant roots depends on the adher-
ence and microcolonies formation. Biofilm formation contributes a necessary step 
in bacterial survival and physiology. The bacterium has to interact with several 
microorganisms and should set up themselves as polymicrobial biofilm at the rhizo-
sphere level (Fujishige et al. 2006; Compant et al. 2010). The interactions of biofilm 
bacteria with plants may be positive or negative; biofilm also results in nutrient 
turnover and reduction of biotic and abiotic stress factors (Angus and Hirsch 2013).

Recent studies on microbial biofilms associated with plants have gain momen-
tum in the last few years. Excellent review articles have been published on bacterial 
biofilms highlighting agricultural, environmental and ecological significance in the 
both positive and negative ways (Morris and Monier 2003; Danhorn and Fuqua 
2007; Angus and Hirsch 2013; Vlamakis et al. 2013).

Importance of polymicrobial biofilm and their role in plant health and disease 
have been recently reviewed (Angus and Hirsch 2013). However, the diversity of 
biofilm-forming rhizobacteria and their role on plant health is less explored. In this 
article we address the function of plant growth-promoting bacteria in forming bio-
film and the impact of plant root exudates and stress conditions on biofilm and plant 
health. Further general methods of studying biofilm and its characterization have 
also been briefly elaborated.

7.2  Common Steps in Biofilm Formation

Biofilms are multi-structured, mixed population of bacterial cells encased in an EPS 
medium that are permanently adhered to a living and nonliving surface. Basic and 
fundamental research on biofilm is extensively studied on medical and environmen-
tal pathogens. Pioneer work was contributed by John William Costerton group who 
is regarded as father of biofilm (Geesey et al. 1977; Costerton et al. 1978). Plant- 
associated biofilm by plant pathogens and other plant-associated bacteria have been 
investigated in the last few years (Timmusk et al. 2011; Beauregard et al. 2013; 
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Lugtenberg 2015). The process of biofilm formation involves several steps. An ini-
tial step implicated in biofilm development includes the scattering of surface 
attached cells by surface motility and multiplication. Originally, bacterial cells are 
small motile sticks, but as the biofilm grows, they change their appearance to lengthy 
chains of non-motile cells that stick together and to the surface by producing EPS 
(Branda et al. 2006). The EPS is necessary for the entireness of the biofilm, as it 
grasps the community together (Flemming and Wingender 2010). Upon maturation 
the microcolonies increase in size, and the colony is protected and organized by 
EPS. The maturing biofilm contains EPS producers and motile cells and is socially 
organized within the maturing biofilm (Lopez et al. 2010). Sequence involved in the 
biofilm development is depicted in Fig. 7.1.

The occurrence and localization of the different bacterial cell varieties are 
vibrant, and they give the impression to be a planned progression of segregation 
such that motile bacterial cells turn into matrix-producing cells. Notably, this 
method of segregation is not final; as ecological circumstances alter, it is possible 
for bacterial cells to change their gene expression (in the case of motile or matrix- 
producing cells) or to germinate (in the case of spores). Under laboratory environ-
ment, biofilms have a restricted natural life, and ultimately the biofilm was dispersed 
in reply to self-developed signals (Kolodkin-Gal et al. 2010).

7.3  Methods of Studying Biofilm

Biofilm is a bacterial lifestyle widespread in microbial world. Nearly in all previous 
microbiology studies, microorganisms have been studied as free-living cells. Our 
understanding of biofilms, their physiology and structures is based on microscopic 
techniques. Research related to biofilm develops in several directions. In vitro 

a b c d e

Fig. 7.1 Steps associated with biofilm formation. (a) Adherence of bacteria to barren surface. (b) 
Secretion of extracellular polymeric substances (EPS) and irreversible attachment of cells. (c, d) 
Maturation and development of biofilm architecture. (e) Dispersion of cells (planktonic) from 
biofilm (Red arrows showing flowing system)
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methods of biofilm study have been well established in medical, food and environ-
mental areas. Similar methods are now applicable for other bacteria of soil- and 
plant- associated biofilms (Otto 2013; Angus and Hirsch 2013). These techniques 
involved the use of several types of microscopy including light and electron micros-
copy (Figs. 7.2 and 7.3).

However, with new research and development in microscopic techniques like 
confocal laser scanning microscopy (Fig. 7.4), electron microscopy and atomic 
force microscopy have significantly contributed to the biofilm studies as reviewed 
by Ahmad and Khan (2012), Pantanella et al. (2013) and Altaf and Ahmad (2016).

These techniques have been found instrumental in (i) revealing and understand-
ing the mechanism and morphology of biofilms embedded in EPS matrix, (ii) 
assessment of nanoscale arrangement of living bacterial cells in biofilm and (iii) 
structural and functional characteristics of biofilm. A brief account on various com-
mon methods used for studying biofilms applied by different workers is depicted in 
Table 7.1.

Fig. 7.2 Representative photograph of Pseudomonas fluorescens biofilm formed on glass cover-
slip as viewed by light microscopy (magnifcation 100×)
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Fig. 7.3 Scanning electron micrograph of Pseudomonas fluorescens colonization and biofilm for-
mation on root of  Triticum aestivum

Fig. 7.4 Confocal laser 
scanning microscopy 
image of Klebsiella 
pneumoniae biofilm 
formed on wheat root. 
Biofilm stained with 
acridine orange 
(magnification 20×. Scale 
bar-50 μm)
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Table 7.1 Methods used for the study of microbial biofilm

Assays Applications References

Congo red agar method Biofilm detection on agar media 
supplemented with Congo red dye

Freeman et al. (1989), Kaiser 
et al. (2013)

Crystal violet (CV) 
assay

Assessment of biofilm formation on 
abiotic surface like polystyrene 
plate, catheter disc, glass 
coverslips/slides, stainless steel

Christensen et al. (1985), 
O’Toole and Kolter (1998), 
Nweze et al. (2012), Peters 
et al. (2013), Craveiro et al. 
(2015)

BioFilm Ring Test Evaluation of biofilm formed by 
clinical isolates

Chavant et al. (2007), Crémet 
et al. (2013)

1,9-Dimethyl- 
methylene blue 
(DMMB) assay

Colorimetric assay for biofilm 
detection

Toté et al. (2008)

Fluorescein-di-acetate 
(FDA) assay

Quantification of Candida albicans 
biofilm

Honraet et al. (2005), 
Tawakoli et al. (2013)

LIVE/DEAD BacLight 
assay

Detection of live and dead cells in 
biofilm

Boulos et al. (1999), Leuko 
et al. (2004)

Resazurin assay Detection and estimation of living 
cells in biofilm

Sandberg et al. (2009)

XTT assay Detection and quantification of 
living cells in biofilm

Ramage et al. (2001), Adam 
et al. (2002)

BioTimer assay (BTA) Colorimetric assay for counting of 
viable bacteria in biofilm

Pantanella et al. (2008)

qRT-PCR assay Identification of specific genetic 
sequences of bacterial species in 
biofilm

Xie et al. (2011)

Fluorescence in situ 
hybridization (FISH) 
assay

Study of multispecies biofilm in 
natural environment

Almeida et al. (2011)

Light microscopy For rapid, inexpensive qualitative 
and quantitative information of 
biofilm

Ahmad and Khan (2012)

Confocal laser 
scanning microscopy 
(CLSM)

In vitro and in vivo studies of 3D 
structure of biofilm

Gorman et al. (1994), Ahmad 
and Khan (2012), Janczarek 
et al. (2015), Altaf and 
Ahmad (2016)

Confocal-RAMAN 
microscopy

For acquiring information on 
chemical fingerprint of different 
biofilms

Yuanqing and Tong (2012)

Transmission electron 
microscopy (TEM)

To study internal structure of 
biofilms and intracellular features

Ahmad and Khan (2012)

Scanning electron 
microscopy (SEM)

To visualize the surface of biofilm 
formed on biotic and abiotic 
surfaces

Ahmad and Khan (2012), 
Nongkhlaw and Joshi (2014), 
Altaf and Ahmad (2016)

Cryo-SEM To acquire high-magnification 
photographs of biofilm nearer to the 
original condition of the sample

Allan-Wojtas et al. (2010), 
Kumar et al. (2012)
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7.4  Bacterial Characteristics Under Planktonic 
and Biofilm Mode

For several years microorganisms in environment have been studied as free-living 
cells, which help in the easy characterization of the microorganisms. On the other 
hand, free-living method of development is not the normal condition for microorgan-
isms, and concern should be needed then to infer these results in their normal state. 
Throughout the previous decades, in-depth knowledge was generated through the 
comprehensive research that has been performed in the field of biofilms like medical, 
industrial and environmental and plant root-associated biofilms (Timmusk and Nevo 
2011). Generally, biofilms are defined as intricate microbial populations adhered to 
the surface or boundary encased in an extracellular medium of microbial and host 
origin to construct a spatially structured three-dimensional configuration (Costerton 
et al. 1995). Genotypically bacteria enclosed in similar biofilms are naturally different 
from the planktonic counterpart. Single cells in biofilm population manage their gene 
expression to regulate cell differentiation (O’Toole et al. 2000; Lopez et al. 2009). In 
bacterial ecosystems biofilm is a natural phenomenon. Inside the biofilms bacteria 
have mutual cooperation, and they may be vulnerable to adverse ecological situa-
tions. Biofilm acts as a favoured state of survival because bacterial colony provides 
defence and various mechanisms of existence and increases its robustness. Bacterial 
cells also secure their right to use resources and habitats that need significant mass 
and cannot efficiently be consumed by planktonic cells (Monds and O’Toole 2009). 
Attainment of novel genetic traits, nutrient accessibility, metabolic collaboration and 
tolerance to high levels of toxicants has also been recommended as ways to enhance 
community existence in biofilms (Lopez et al. 2010; Buchholz et al. 2010).

Among the plant root-connected bacteria, the aerobic endospore-developing 
bacteria, mostly those associated to Bacillus and related genera, which are univer-
sally present in agronomical structure due to the presence of multiple-layer cell wall 
structure, are potential to develop resistant endospores and to generate an extensive 
diversity of antibiotic compounds. Utilizing these capabilities, the microorganisms 
can colonize different habitats in agroecology and can displace other microbes in 

Table 7.1 (continued)

Assays Applications References

Environmental SEM 
(ESEM)

Imaging in gaseous environment of 
hydrated and nonconductive 
bacterial biofilms

Karcz et al. (2012), Timmusk 
et al. (2014)

Scanning transmission
X-ray microscopy 
(STXM)

Used to investigate the composition 
of bacterial cells and biofilms with 
nominal resolution of 25 nm

Dynes et al. (2006), Behrens 
et al. (2012)

Atomic force 
microscopy (AFM)

Applied to visualize the surface of 
bacteria and biofilm, quantitative 
measurement and mapping of 
biofilm elasticity

Wright et al. (2010), Dong 
et al. (2011), Ahmad and 
Khan (2012)
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rhizosphere/rhizoplane. Consequently, the colonization habitats for the microbes 
are additionally reproducibly constant, and these bacteria are likely to be used in 
accuracy organization of agroecosystems. For instance, it was revealed that an 
endospore-developing species Paenibacillus polymyxa inhabits as biofilms in rhizo-
plane (Timmusk et al. 2005). The microbial biofilms can shield plants not only 
against pathogens as well as against abiotic stress environments (Milošević et al. 
2012; Timmusk et al. 2013).

7.5  Functional Diversity of Rhizobacteria and Their Biofilm

In the rhizosphere, ecological limits are common, and among the concentrations of 
different microbial species which exists in the soil, it is significant to comprehend 
how polymicrobial communications are implicated in plant growth and develop-
ment during the creation of biofilms. On the other hand, biofilm formation by plant 
pathogens has been investigated in vitro and on plant surfaces as described by 
Guimaraes et al. (2011), Fuente et al. (2013) and Zimaro et al. (2014) and is consid-
ered as a significant trait of pathogens.

The ability to form biofilm by a large number of nitrogen-fixing rhizobacteria 
both symbiotic (Rhizobium alamii, R. leguminosarum bv. viciae 3841, R. legumino-
sarum, Rhizobium sp. NGR234, Rhizobium, Sinorhizobium) and non-symbiotic 
nitrogen fixers (Azospirillum brasilense, Azorhizobium caulinodans, Azotobacter 
chroococcum) have been documented by several scientists (Kumar et al. 2007; 
Shelud’ko et al. 2010; Krysciak et al. 2011; Robledo et al. 2012). Similarly biocon-
trol microbes such as the species of Bacillus and Pseudomonas were also docu-
mented to form biofilm by a number of workers (Beauregard et al. 2013; Yasmin 
et al. 2014) that protect the plant from pathogens by biocontrol mechanism in a 
biofilm mode of growth. Moreover, several other plant growth-promoting rhizobac-
teria like Burkholderia cepacia, Enterobacter agglomerans, Klebsiella pneumoniae, 
Micrococcus sp. and Pantoea agglomerans were also investigated for biofilm for-
mation and their role in plant growth and development (Ji et al. 2010; Liu et al. 
2011). Therefore, the recent trends on plant-associated biofilm indicated a rising 
trend of research in this area and resulted in their understanding.

7.6  Cell-to-Cell Communications and Root Exudates 
in PGPR Biofilm

Plant-associated bacteria use small signal molecules for cell-to-cell communica-
tions called as quorum sensing (QS). The term quorum sensing explains the circum-
stances where microbes are able to detect and respond to auto-produced signal 
compounds to accommodate their behaviour in reply to their community size 
(Fuqua et al. 1994). The capability of microbes to talk and act as a set for commu-
nity communications like a multi-cellular creature has contributed important sup-
port to bacteria in the form of protection against contenders, colonization of host, 
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formation of biofilms and adjustment to altering environmental conditions (Li and 
Tian 2012). Generally, bacteria elicit quorum sensing only when they acquire a 
certain level of colony size, after which the target gene is either activated or sup-
pressed. The requirement of a minimum concentration of bacterial cells to enhance 
plant growth robustly supports the notion that AHL-mediated QS by microbes has a 
significant role in plant–rhizobacteria communications (Hartmann et al. 2014).

Since the detection of a diversity of QS signal molecules, N-acyl-homoserine 
lactones (AHL) have been explored extensively and have been demonstrated in 
regulation of different characters, for instance, biofilm development, biolumines-
cence, conjugation, motility, production of antibiotics, toxins, symbiosis, sidero-
phore production and virulence (Williams 2007; Barriuso et al. 2008). Within 
biofilms microbes can reply to QS-like compounds generated by other rhizospheric 
bacteria and through plants and can obliterate the QS molecules formed by other 
bacterial species (Dong et al. 2002). Elasri et al. (2001) accounted that majority of 
plant-associated bacteria produce AHL molecules. Role of QS in plant health pro-
tection by PGPR has also been reviewed by other worker (Ahmad et al. 2008). 
Majority of the strains of genera Agrobacterium, Bacillus, Erwinia, Pantoea, 
Pseudomonas and Rhizobium produce detectable limits of AHL molecules com-
pared to Xanthomonas where only few isolates were found to produce few AHL 
molecules as reported by Suppiger et al. (2013). Direct task of AHL-mediated QS 
in biofilm development by plant growth-promoting rhizobacteria like Burkholderia, 
Pseudomonas, Serratia, Sinorhizobium, Pantoea and Bacillus has been reported by 
Morohoshi et al. (2007) and Beauregard et al. (2013).

It is now commonly believed that root exudates participate in important func-
tions in plant–microbe communications (Bais et al. 2004; Sun et al. 2012). Root 
exudates not only provide nutrition to rhizospheric microorganisms but also work as 
signal in attracting and repelling soil microorganisms (Badri and Vivanco 2009). 
The content of plant root discharge depends on plant type, species, age and environ-
mental factors. Moreover, the composition of root discharge participates directly in 
selection of microbial populations from the pool of soil microbiota (Hartmann et al. 
2009; Schnitzer et al. 2011).

Rhizospheric microenvironments are largely influenced by the presence of plant 
root exudates (RE). For example, carbon-rich photosynthates in RE help in survival 
of large microbial populations and activity in rhizosphere, compared to bulk soil. 
The destiny of rhizosphere–microbe interactions are largely determined by plant 
root exudates and their composition (Fan et al. 2012). Generally, most of the root 
exudates contain free sugars (e.g. glucose, sucrose), amino acids (e.g. glycine, glu-
tamate), organic acids (e.g. citrate, malate and oxalate), fatty acids (e.g. linoleic, 
linolenic), sterols (e.g. campesterol, cholesterol), vitamins (e.g. p-aminobenzoic 
acid, biotin), enzymes (e.g. amylase, invertase), flavonones and nucleotides (e.g. 
adenine, flavonone) and miscellaneous and inorganic compounds (e.g. auxins, sco-
poletin, hydrocyanic acid) (Curl and Truelove 1986; Uren 2001; Dakora and Phillips 
2002; Jones et al. 2009). Chen et al. (2012) highlighted the deciding task that the 
organic acids showed in plant–microbe interactions. Rudrappa et al. (2008) con-
firmed that L-malic acid as root exudates from plant roots exclusively invites 
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Bacillus subtilis FB17. Similarly Ling et al. (2011) also establish the function of 
watermelon root discharge in recruitment of Paenibacillus polymyxa SQR-21.

PGPR are capable of establishing thick biofilm on the surface of root and can 
respond to root exudates that help in aggregation and formation of stable biofilm 
(Walker et al. 2004). Several authors documented the direct role of root exudates in 
biofilm formation by PGPR. Fan et al. (2012) reported that two genes ycmA and 
luxS of Bacillus amyloliquefaciens responsible for biofilm formation were enhanced 
by maize root exudates. Comparable incident was described by Espinosa-Urge et al. 
(2002) and Zhang et al. (2014) for Pseudomonas putida and Bacillus amyloliquefa-
ciens SQR9.

Root exudates/seedling extracts have been documented in inhibiting quorum 
sensing of bacteria (Teplitski et al. 2000; Fatima et al. 2010). QS in Pseudomonas 
and other bacteria fully or partially regulate biofilm formation (Li and Tian 2012).

7.7  Understanding Polymicrobial Biofilm

Majority of biofilm-related studies have taken radical approach, where only single- 
species biofilm were widely studied. However, biofilms in nature exist mainly as 
multispecies biofilm, where interspecies communications are capable to support the 
growth, configuration and behaviour of these populations compared to single- 
species biofilms (Lee et al. 2014). Solitary benefit of population supported biofilms 
is the conservation of the rhizosphere community itself. Whether sustaining specific 
plant growth-encouraging bacteria or thwarting pathogens from colonizing plant 
roots, polymicrobial biofilms offer benefits to the roots of plants that they inhabit. 
How distant microbial species talk to start and arrange biofilms or manipulate gene 
expression in other species is hardly inferred (Angus and Hirsch 2013). Lee et al. 
(2014) developed a model of polymicrobial biofilm containing Pseudomonas aeru-
ginosa, Pseudomonas protegens and Klebsiella pneumoniae and investigated how 
interspecies communication influences biofilm growth, composition and shock 
reactions. Elias and Banin (2012) documented that multispecies biofilm cooperation 
involved cell–cell communications via quorum sensing, metabolic collaboration 
and competition. He also reported that communications within biofilm species can 
be antagonistic or synergistic. The synergistic interactions encourage biofilm for-
mation, metabolic cooperation and increased resistance to antibiotics.

7.8  PGPR Biofilm in Plant Disease Suppression

Efficient colonization and biofilm development on plant root surfaces determine the 
biocontrol potential of PGPR. Efficiency of biocontrol agents depends upon suc-
cessful colonization of plant surface that plays a crucial role in increasing plant 
growth. Plant root-associated biofilm can secure the habitation site and work as a 
reservoir for supply of food in the rhizosphere, therefore minimizing the accessibil-
ity of root exudates and other nourishing ingredients for pathogens and their 

M.M. Altaf et al.



155

subsequent adherence to root surface (Weller and Thomashow 1994, Bais et al. 
2004). Plant growth-promoting rhizobacteria can enhance the growth and yield by 
several mechanisms such as better mineral nutrient absorption, phytohormone man-
ufacturing and biocontrol mechanism (Trivedi et al. 2011). Bacillus subtilis, univer-
sally present in soil, is able to increase plant growth, provide protection against 
fungal pathogen assault and participate in the deterioration of organic polymers in 
the soil (Vlamakis et al. 2013). Lugtenberg and Kamilova (2009) also demonstrated 
that B. subtilis is used as biocontrol agent against various phytopathogens. 
Beauregard et al. (2013) analysed Arabidopsis root surfaces treated with B. subtilis 
using confocal laser scanning microscopy to disclose a three-sided configuration of 
B. subtilis biofilm. Similarly root-associated pseudomonads have been evaluated 
comprehensively, and several of them help in the development of host plants or are 
exploited as biocontrol agents. Pseudomonas fluorescens is capable to react quickly 
to the existence of root discharge in soils, congregating at root inhabitation area, and 
can set up consistent biofilm system (Couillerot et al. 2009). Haggag and Timmusk 
(2008) and Chen et al. (2012) explored the task of biofilm-forming Paenibacillus 
polymyxa and Bacillus subtilis strains in restricting Aspergillus niger and Ralstonia 
solanacearum, respectively, and displayed the significance of biofilms in biocon-
trol. Similar result was also reported by Dietel et al. (2013) for Bacillus amylolique-
faciens FZB42. To make biocontrol efficient and reproducible, competent 
inhabitation and biofilm formation by means of the biocontrol agent should be 
established.

7.9  Role of Biofilm in Reducing Toxicity and Abiotic Stress 
Conditions to Plants and Microbes

Bioremediation employs microorganisms to eliminate, detoxify or immobilize pol-
lutants and eliminates the needs that do not involve adding of dangerous substances. 
Bioremediation is mainly appropriate for big area wherever pollutant concentration 
is relatively small and the hydrology of the soil not able to sustain chemical reme-
diation (Pastorella et al. 2012). Biofilm-associated bioremediation confers a skilful 
and secure choice to bioremediation with free-living microbes since cells in a bio-
film can survive and adjust easily to harsh environment as they got protection from 
EPS (Decho 2000; Hall-Stoodley et al. 2004; Flemming and Wingender 2010). 
Buchholz et al. (2010) reported that biofilm can tolerate 1,000 times more toxicants 
compared to their planktonic counterparts. Moreover, the EPS matrix produced by 
biofilm can help in biodegradation of organic pollutants and heavy metals in less 
toxic form (Flemming and Wingender 2010). Pal and Paul (2008) and Morel et al. 
(2009) found that Stenotrophomonas biofilms grown with chromium (VI) produce 
more EPS compared to control biofilms. Recently, Ivanova et al. (2015) found that 
a consortium of Rhodococcus erythropolis S26, Acinetobacter baumannii 1B, 
Acinetobacter baumannii 7 and Pseudomonas putida F701 was successful in the 
degradation of oil and efficiently colonizes the roots of barley.
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Timmusk et al. (2013) reported that biofilm improved soil collection, developed 
water stability and increased microbial biomass which consecutively encourage 
root discharge under stressful conditions. Therefore, there is a tough selective ben-
efit for the secretion of a mucilaginous deposit of extracellular matrix in the rhizo-
sphere, especially under demanding situations. The medium might support to 
involuntary strength of the biofilm and cooperate among other macromolecules and 
low molecular mass solutes, providing a large number of microenvironments inside 
the biofilm.

Survival of agriculturally important microorganisms in rhizosphere under vari-
ous stress full conditions is an interesting part of investigation, straightforwardly 
affecting our food safety (Angus and Hirsch 2013). Plant growth-promoting rhizo-
bacteria (PGPR) alleviate most efficiently the influence of abiotic pressure (famine, 
frostiness, salinity, metal toxicity and intense heat) on plants throughout biofilm 
formation, which under normal conditions enhance plant development and under 
traumatic situations help in better survival (Milošević et al. 2012; Bogino et al. 
2013). Vanderlinde et al. (2009) reported that the LPS mutant of Rhizobium legumi-
nosarum with no biofilm-forming capacity was unable to tolerate the draught condi-
tions. Sandhya et al. (2009) also found that colonization and biofilm formation 
ability of Pseudomonas putida strain GAP-P45 help in mitigation of drought stress 
effects. Similar results were reported by Timmusk and Nevo (2011). Qurashi and 
Sabri (2012) reported that two salt tolerant isolates of Halomonas variabilis (HT1) 
and Planococcus rifietoensis (RT4) can stimulate chickpea growth through biofilm 
formation and EPS production. Timmusk et al. (2014) found that application of 
rhizobacterial isolates can mitigate drought stress in Triticum aestivum through bio-
film formation and alginate production.

7.10  Conclusion and Future Prospects

In the past decade, considerable amount of research has been carried out on plant–
microbe interaction highlighting role of biofilm. Microbes receive various benefits 
by forming biofilms, along with defence from predation, drought, exposure to anti-
biotics and better acquirement of nutrients present in the rhizosphere. Biofilms offer 
better survival equally to beneficial plant growth-promoting rhizobacteria and 
opportunistic phytopathogens. The biofertilizer industry also gains by developing 
biofilmed-based PGPR. Interdisciplinary investigations by means of novel advance-
ment will elucidate the approaches in which bacteria move and intermingle in a 
diversity of surface microenvironments throughout biofilm growth. These kinds of 
studies are necessary to exploit the potential of biofilm in enhancing plant growth 
and to fight crop diseases caused by bacteria. Further molecular plant–microbe 
interactions are required that focus on multispecies biofilm because single-species 
communications do not reveal the real picture of natural phenomenon. It is expected 
that better molecular understanding of complex interaction of bacteria with plant 
root will help in ecological engineering in favour of plant growth promotion and 
protection in the future.
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8How Can Bacteria, as an Eco-Friendly 
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Cultivation?
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Abstract
To contribute to the sustainability of tomato production, the use of bacteria capa-
ble of promoting plant growth are discussed in this chapter, with a focus on the 
bacterial modes of action regarding their biofertilizer and phytostimulation abili-
ties. The bacterial effects on tomato plant development stages, from seed to fruit 
and finally on yield, are also covered. The bacterial abilities for phosphate solu-
bilization, release of phytase, siderophores, ACC deaminase, and plant hor-
mones, are reported. Their effects on seed germination, seedling growth, plant 
growth in the field, fruit quality, and yield are also characterized. It is concluded 
that the use of plant growth–promoting bacteria should be an eco-friendly tool 
that contributes to sustainable tomato cultivation.

8.1  Introduction

Through its use in natura or in processed forms as a part of many food cultures, the 
tomato (Solanun lycopersicum) is one of the most consumed products worldwide 
and, because of this, is intensively cultivated with large amounts of synthetic input. 
Valenciano and Uribe (2015) reported the impact of fertilizers and agrochemicals 
(pesticides and plant growth regulators) on tomato production cost, which besides 
cost implications, pose risks for the environment, consumers, and growers when 
used excessively (Aktar et al. 2009).

Looking forward, the use of bacteria capable of promoting plant growth arises as 
an environmental friendly and sustainable tool to get good tomato yields.
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Among the soil living microorganisms, bacteria are the most common. The high-
est concentrations are found around the roots of plants (rhizosphere) because of the 
presence of nutrients including sugars, amino acids, organic acids, and other small 
molecules from plant root exudates. The bacteria that can promote plant growth 
include those that are free-living and those that form symbiotic relationships with 
plants either in the rhizosphere or by endophytic colonization (Glick 2012). The 
difference between these bacteria is they can promote plant growth directly by facil-
itating nutrient uptake by plants (i.e., siderophores, phosphate solubilization) or by 
modulating plant hormone levels (i.e., release of indolic compounds) thus improv-
ing plant growth, development, and yield (Szilagyi-Zecchin et al. 2016).

Recent reports have indicated the positive effect of various bacterial strains on 
promoting tomato plant growth and yield. According to Ahirwar et al. (2015), 
Pseudomonas fluorescence (SS5) enhanced the growth of tomato plants with sig-
nificant increases in root and shoot length, and fruit yield. Almaghrabi et al. (2013) 
found beneficial effects of Bacillus strains on the yield of tomatoes grown in green-
houses. Szilagyi-Zecchin et al. (2015) reported improvement of tomato seedling 
growth by inoculation with Bacillus amyloliquefaciens subsp. plantarum FZB42. 
Abbamondi et al. (2016) investigating the plant growth–promoting abilities of bac-
terial strains isolated from different tomato cultivars, detected that inoculation 
increased the surface area of the plant’s root system, improving the capacity to 
acquire nutrients and water.

Among many others, those results indicated that by using such plant growth–pro-
moting bacteria (PGPB) on tomato production systems, it would be possible to 
lower the fertilizer and pesticide inputs and grow the plants in a more sustainable 
way. Below we discuss the plant growth–promoting mechanisms related to tomato 
plants and PGPB interaction, and those effects on growth and tomato yield.

8.2  Action Mode of Plant Growth-Promoting Bacteria

Beneficial bacteria are a powerful tool for promoting plant growth because they 
have various action modes to accomplish this. The improvement of plant growth 
follows two main methods, biofertilizers and phytostimulation. The bacterial bio-
fertilizer improvement in growth is achieved by providing plants with better uptake 
of nutrients such as phosphorus and iron (Neilands 1957), while phytostimulation is 
related to plant phytohormone modulation by bacteria.

8.2.1  Phosphate Solubilization and Production of Phytase

Phosphorus (P) is a component of many important molecules such as nucleic acids, 
phospholipids, and ATP (Taiz and Zeiger 2013). The quantity of phosphorus in soil 
is generally high, but most of this is insoluble and thus plants cannot utilize it 
(López-Bucio et al. 2002). Phosphorus limitation affects photosynthesis through 
changes in the activity of Calvin-cycle enzymes, RuBP regeneration, and/or rubisco 
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activity as long as P plays an important regulatory role in starch and sucrose biosyn-
thesis, and is also part of ATP and NADPH/NADP+ (Marschner 2011).

When chemical fertilization is carried out, it typically uses soluble inorganic 
phosphorus, the major part of which is immobilized after application and thus 
wasted because it becomes unavailable to plants (Feng et al. 2004). On the other 
hand, the phytates, an organic P form that is present in great quantity in soils, might 
be mineralized by phytases (i.e., a group of enzymes capable of releasing phos-
phates from phytates) and in this way may be ready to use by the plant (Richardson 
et al. 2001a; Yao et al. 2012).

A viable way to convert the insoluble forms of inorganic P to a form accessible 
by plants is the use of phosphate-solubilizing bacteria, which release organic acids 
such as gluconic and citric acid in the rhizosphere (Richardson et al. 2001b). 
Therefore bacteria that can produce both phytase and organic acids are very useful 
in providing P to plants with more efficiency. Many bacterial strains have some of 
these abilities: Burkholderia cepacia DA23 isolated from cultivated soil showed 
solubilization of insoluble inorganic phosphate (Song et al. 2008), and Advenella 
spp., PB-05, PB-06, and PB-10 and Cellulosimicrobium sp. PB-09 were positive for 
phytase and phosphorus solubilization (Singh et al. 2014).

Turan et al. (2007) used five different phosphorus fertilizers (superphosphate, 
triple superphosphate, di-ammonium phosphate, phosphoric acid, and rock phos-
phate) in combination with or without the phosphate-solubilizing bacteria Bacillus 
FS-3. They found that in all fertilizer treatments, FS-3 converted approximately 
20% of less available phosphorus into labile forms.

8.2.2  Siderophores

According to the classic definition, siderophores (also called chelating agents) are 
low molecular weight compounds produced by microorganisms, which allow ions 
to be transported into the cell (Neilands 1957). Many of them can form complexes 
with elements such as copper, aluminum, and manganese, but mainly with iron 
(Fe3+) (Benite et al. 2002).

Iron is an essential nutrient for plants, the deficiency of which can affect plant 
metabolism, because iron is a co-factor in many important enzymes that participate 
in processes like respiration, photosynthesis, and nitrogen fixation (Marschner 
2011).

In several types of soils, plants do not easily assimilate iron (Fe+3). The Fe3+ 
form is not available for plants because it is insoluble, forming oxides or hydroxides 
and limiting their bioavailability (Zuo and Zhang 2011).

The benefits of bacterial siderophores for plants are notorious, especially using 
Pseudomonas. Jurkevitch et al. (1992) while studying why plants inoculated with 
Pseudomonas putida had the chlorotic aspect reduced when iron deficiency was 
induced, described the action of P. putida on iron uptake by plant. This was similar 
to studies with Pseudomonas fluorescens, in which the bacteria improved the perfor-
mance of Arabdopsis plants by increasing their iron content (Vansuyt et al. 2007).
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8.2.3  Auxin

Auxins are a class of plant hormones in which indoleacetic acid (IAA) is the main 
representative. IAA acts in physiological processes like photosynthesis and pigment 
formation, responses to light and florescence, resistance to stressful conditions, con-
trolling the processes of vegetative growth specifically in cell elongation, and stimu-
lateing root development, initiating lateral and adventitious root formation (Taiz 
and Zeiger 2013).

The IAA secreted by bacteria acts in conjunction with the plant’s endogenous 
IAA, with plant response varying according to plant species, IAA concentration, 
tissue sensitivity, and developmental stage of the plant. For example, the optimal 
level of IAA for supporting root growth is around five orders of magnitude lower 
than for shoot growth (Taiz and Zeiger 2013).

Besides that, the bacteria can act on signaling to improve or reduce plant endog-
enous auxin synthesis. In the case of molecular signals involved in communication 
with host plants, the microbial auxin has a role in interfering with developmental 
pathways and altering auxin biosynthesis (Contesto et al. 2010).

Studies indicated that the bacteria were acting on the growth of plants through 
the possible action of auxins. For example: Bacillus amyloliquefaciens FZB42 
increased the shoot length of tomato seedlings (Szilagyi-Zecchin et al. 2015), and 
plants inoculated with wild-type Pseudomonas putida increased root length com-
pared with both IAA-deficient bacteria mutant and the uninoculated control, thus 
relating growth promotion to the IAA released by the wild strain (Xie et al. 1996).

8.2.4  ACC Deaminase and Ethylene

The hormone ethylene has a wide range of biological activities in plants: it affects 
seed germination, promotes root initiation or inhibits root elongation, has a role in 
leaf abscission, flower wilting, fruit ripening, and activating the synthesis of other 
plant hormones and enzymes (Taiz and Zeiger 2013).

There is a connection between 1-aminocyclopropane-1-carboxylate (ACC) 
deaminase and ethylene, by the pathway in the biosynthesis of ethylene. In the first 
step a reaction occurs when S-adenosyl-methionine is converted to ACC by the 
ACC synthetase enzyme (ACCS) reaction. Then, in the second step, the ACC is 
metabolized by ACC oxidase (ACCO), which needs oxygen and iron, wherein it is 
activated through CO2 to produce ethylene (Yang and Hoffman 1984).

Bacteria can produce the enzyme ACC deaminase, which degrades ACC to 
αketobutyric acid (Honma and Shimomura 1978), which in turn has effects on 
plants linked to the decrease in ethylene rates. The main visible effect of inoculation 
with bacteria that produce ACC deaminase is the enhancement of plant root elonga-
tion, as seen by Xu et al. (2008) in tomato plants.

The capacity of the bacteria Pseudomonas putida to reduce the deleterious effect 
of exogenous IAA was investigated using seedlings, indicating that the roots grown 
in the presence of increasing concentrations of IAA (0–10 mg/ml−1) were longer 
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when seeds were previously treated with P. putida. This reduction in the detrimental 
effect of IAA on root elongation could be associated with reduced ethylene produc-
tion resulting from a decrease of its precursorACC by bacterial degradation of IAA 
in the rhizosphere, and/or by ACC deaminase activity present in bacteria (Gravel 
et al. 2007).

8.2.5  Gibberellins

Gibberellins (GAs) consist of a group of hormones involved in cell division and 
elongation; they have a key role in internode elongation, seed germination, pollen 
tube growth, and flowering (Taiz and Zeiger 2013).

The bacterial biosynthesis of gibberellins can modify the hormonal balance in 
plants causing structural changes (Morrone et al. 2009). Plants inoculated with 
Bradyrhizobium sp., a GA producing bacteria, increased the internode elongation 
(Dobert et al. 1992). Plant dwarf phenotypes induced by paclobutrazol (an inhibitor 
of gibberellin biosynthesis) were reversed by applications of extracts of Bacillus 
pumilus and Bacillus licheniformis, and also by exogenous GA, indicating the effect 
of bacterial GAs (Gutiérrez-Manero et al. 2001). Bacillus cereus, B. macroides, and 
B. pumilus promote the growth of plants because GAs were detected in the culture 
broth of those bacteria (Joo et al. 2004).

8.3  Tomato Growth Promotion in Different Stages 
of Development

8.3.1  Early Stage of Development

The first stage of plant development is seed germination, where many physiological 
processes are initiated to generate a new plant. In this stage, the bacteria can act on 
germination and plantlet growth.

On a paper towel germination test, Pseudomonas oleovorans strains improved 
tomato seed germination, while Agrobacterium tumefaciens strains displayed higher 
seedling fresh weight, improving the tomato seedling’s vigor index (Thomas and 
Upreti 2015). Also, Pseudomonas aeruginosa and Bacillus subtilis showed improve-
ment in tomato germination rates (Adesemoye et al. 2008).

In the same way, the germination percentage of seed, total length, and dry mass 
of germinated tomato seedlings were increased by 30.2%, 71.1%, and 270.8%, 
respectively, compared with those of the uninoculated control 7 days after inocula-
tion by Rhodopseudomonas sp. (Koh and Song 2007). The strains Bacillus subtilis 
GBO3, Bacillus amyloliquefaciens IN937a, and Brevibacillus brevis inoculated on 
tomato seeds showed enhancement in the seed quality parameters like seed germi-
nation and seedling vigor (Girish and Umesha 2005). Many of these results on ger-
mination and plantlet growth could be related to the capacity of bacteria to release 
auxin and gibberellins, as discussed above.
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In addition, studies of these first stages of plant development focusing on how the 
physiology of the plants react to inoculation, show that plantlets grown from tomato 
seeds inoculated with Azospirillum brasilense FT326, 15 days after inoculation, had 
FT362 localized on roots and in xylematic tissue. This promoted increases in shoot 
and root fresh weight, and in root hair length in the plantlets. The levels of indole- 
3- acetic acid (IAA) and ethylene were higher in inoculated plants, but exogenously 
supplied ethylene mimicked the bacteria effect and the addition of an inhibitor of its 
synthesis or activity, completely blocked FT326 growth promotion. Therefore, the 
process of growth promotion triggered by A. brasilense involves a signaling path-
way in which ethylene is a central regulator (Ribaudo et al. 2006).

8.3.2  Seedling Production

The tomato seedling production period is generally 30–40 days after germination, 
and is well studied because of its commercial importance. Accelerated seedling 
growth in the nursery contributes to healthier and vigorous seedlings, which in turn 
facilitates better establishment of plants in the field, that can reflect a better yield at 
the end of cycle (Thomas and Upreti 2015). The effects of bacteria at this stage can 
be seen, because bacteria can change many aspects of the primary and secondary 
metabolism of the plant (Szilagyi-Zecchin et al. 2016).

In this regard, the effects of Bacillus amyloliquefaciens subsp. plantarum in two 
concentrations was evaluated on the production of organic seedlings of “Santa Clara 
I-5300” and “Cereja 261” tomato cultivars through seed inoculations. This strain, 
isolated from soil (Krebs et al. 1998), was positive for production of indole com-
pounds and siderophores, enhanced the contents of chlorophyll in the seedling 
leaves, and promoted shoot growth with additions of 47.7% for Santa Clara and 
15.5% for Cereja when compared to the control (Szilagyi-Zecchin et al. 2015).

Besides indolic compounds, some bacteria, such as Promicromonospora sp. 
SE188, isolated from soil, can exhibit a phosphate solubilization potential and 
release physiologically active (GA1 and GA4) and inactive (GA9, GA12, GA19, 
GA20, GA24, GA34, and GA53) gibberellins (Kang et al. 2012). Hormone regula-
tion by bacteria was also reported when abscisic acid, a plant stress hormone, was 
significantly down-regulated in the presence of Promicromonospora sp. SE188, and 
contrarily, salicylic acid was significantly higher compared to the controls. In con-
sequence, 4-week-old tomato seedlings inoculated with SE188 showed a signifi-
cantly higher shoot length, number of leaves and biomass, with roots significantly 
longer and the secondary and tertiary root formation more prominent in treated 
plants (Kang et al. 2012).

In addition, some endophytic bacteria isolated from tomato and chili (Capsicum 
annuum) plants (Bacillus sp. BETL9, Serratia marcescens BECL8, both phos-
phate solubilizer and Bacillus pumilus BETL13, Bacillus licheniformis BECS1 
and Bacillus megaterium BECS7, all siderophores and IAA releasers) were also 
tested on tomatoes and chilis, in which 3 weeks after their emergence increases 
were observed in root and shoot length, and in the number of secondary roots 
(Amaresan et al. 2012).
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The bacteria Sphingomonas sp. LK11, isolated from the leaves of Tephrosia 
apollinea, release physiologically active gibberellins GA4 and inactive GA9 and 
GA20, and also produce IAA. When inoculated on tomato seeds 5-week-old plants 
showed significant increases in shoot length, chlorophyll content, and shoot and 
root dry weights (Khan et al. 2014).

In the same hormone-regulation way, Onofre-Lemus et al. (2009) observed that 
Burkholderia unamae was able to endophytically colonize tomato and had ACC 
deaminase activity. Tomato plants inoculated with the wild-type B. unamae strain 
presented better growth that was reflected in higher shoot and root dry weight than in 
those plants inoculated with a mutant strain deficient for ACC deaminase activity.

8.3.3  Plant Growth and Development

Researchers focusing on plant development after the seedling stage have in part 
elucidated how bacterial strains act near to the flowering stage and in the beginning 
of fruiting.

Adesemoye et al. (2008) comparing seed inoculations of Pseudomonas aerugi-
nosa and Bacillus subtilis, found that the dry biomass of the tomato plants 65 days 
after sowing was increased around 31 % by both bacteria. According to Koh and 
Song (2007), Rhodopseudomonas sp., a purple nonsulfur bacteria, produced 
5.56 mM/min/mg protein and 67.2 μM/min/mg protein of IAA and 5- aminolevulinic 
acid (ALA), respectively, which may be one of the mechanisms of tomato plant 
growth enhancement. Tomato plants cv. Río Fuego cultivated in greenhouses and 
inoculated with Bacillus subtilis BEB-lSbs improved the radical system 50 days 
after transplant, and showed improved root dry weight, and increased root length by 
26 % and 15 %, respectively (Mena-Violante & Olalde-Portugal, 2007).

García et al. (2004), inoculating Bacillus licheniformis CECT 5106 isolated from 
alder tree (Alnus glutinosa), and applied on two tomato varieties (‘Daniela’ and 
‘Brillante’), found that the bacteria increased the height and the leaf area in both 
cultivars. Also in greenhouse assays, those authors found that the number and diam-
eter of tomatoes produced in sand and in hydroponic medium were increased sig-
nificantly by inoculation with CECT 5106.

The Burkholderia tropica strain MTo-293, isolated from maize stems, able to 
colonize the root hairs, root tips, lateral root emergence sites, and stomata of tomato 
leaves, was used in two tomato crop seasons in greenhouse experiments, and showed 
a consistent increase in both number and weight of fruit. The number of fruit 
increased at an average of five fruit per m2 in the first season and 7.6 fruit per m2 in 
the second season (Bernabeu et al. 2015).

8.3.4  Yield

The main aim of the use of bacteria is to improve the yield by inoculation, and also to 
reduce the use of synthetic fertilizers. As was reported above, this aim is possible, and 
has also been shown to be feasible according to the following studies.
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Gram-positive bacteria strains could be used to improve nutrient uptake as they 
have abilities like endospore formation that can provide more viability to formulate 
and survive in inhospitable environments such as sandy, saline soils. Inasmuch as 
Adesemoye et al. (2008), using 75% of the recommended fertilizer rate in associa-
tion with the Gram-positive bacteria Bacillus amyloliquefaciens IN937a and 
Bacillus pumilus T4 inoculation, had tomato yield and nutrient (nitrogen and phos-
phorus) uptake equivalent to the full fertilizer rate without inoculation. The cultivar 
Río Fuego had a higher yield per plant (around 23% more) and higher marketable 
yield when inoculated with Bacillus subtilis BEB-lSbs (Mena-Violante and Olalde- 
Portugal 2007). Also, the application of B. amyloliquefaciens increased the yield of 
the tomato plants by 8–9% (Gül et al. 2008).

It is not only Gram-positive bacteria that have the agronomic abilities to improve 
yield, some genus Gram-negative bacteria have also been reported. Pseudomonas 
putida B strain 1, IAA producer, was evaluated to determine the promoting effect on 
the growth of mature healthy tomato plants, cv. Trust F1, under hydroponic condi-
tions. It has also been shown to improve fruit yields in rockwool (688 g per plant) 
and in organic medium (630 g per plant) (Gravel et al. 2007). Siderophores from 
Chryseobacterium sp. C138 isolated from the rhizosphere of rice (Oryza sativa) are 
effective in supplying Fe to iron-deficient tomato plants of var. Marglobe by the 
roots on experiments conducted in greenhouses under iron hydroponic conditions. 
The media free of bacteria and with bacterial cells applied both significantly 
increased plant yield and chlorophyll and iron content compared with the positive 
controls with full Hoagland solution (Guerinot and Ying 1994; Radzki et al. 2013).

 Conclusion

Plant growth–promoting bacteria are an eco-friendly tool that should contribute 
to sustainable tomato cultivation through many mechanisms. These include 
improved germination, increased plantlet and seedling growth, increased plant 
growth and development in the field, and consequent yield gains. These benefi-
cial effects happen through many means of action that can act together depend-
ing on the bacteria strains present. These effects are related to the biofertilizer 
bacteria releasing siderophores and phosphate solubilization compounds and 
thus improving nutrient uptake by plants, and also to the phytostimulaton or 
biostimulation abilities of bacteria, modulating plant growth by release of hor-
mones and enzymes.
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9Development of Future Bio-formulations 
for Sustainable Agriculture

Veluswamy Karthikeyan, Kulliyan Sathiyadash, 
and Kuppu Rajendran

Abstract
Integrated agriculture based on the basis of the use of chemical fungicides, pesti-
cides, herbicides, and fertilizers. From the point of environmental and human 
health concern, the prolonged usage of these chemicals is causing drastic damage. 
The development of biological control methods of plant disease control is cost 
effecting and eco-friendly approach integrated and sustainable agriculture. 
Compared to chemical control, the biological control of plant disease is a pres-
ently prominent strategy for disease control and growth promotion by means of 
increasing shoot and root length. Biocontrol agents are proved as potential agents 
for disease management. The other parts of the beneficial microbes are efficient 
plant growth promoters (PGPR). Many microorganisms from the rhizosphere can 
positively influence plant growth and plant health and are referred to as PGPR.

9.1  Introduction

Hary Smith of the University of California was the pioneer of the term biological 
control; the definition appears as “the suppression of insect population by the 
actions of their native or induced enemies,” and the term biological control was 
defined by Garret as “the reduction in disease through the agency of one or more, 
living organisms other than the host or man” (Baker 1968). Later, Cook and Baker 
(1983) described it as “the reduction of inoculums density or disease-producing 
activities of a pathogen or a parasite in its active or dormant state, by one or more 
organisms other than man.” The modified definition for biological control by the 
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U.S. National Academy of Sciences is “ the use of natural or modified organism, 
gene or gene products to reduce the effects of undesirable organisms, and to favor 
desirable organisms such as crops, trees, animals, beneficial insects and microor-
ganisms.” So far the bacterial antagonists agents like Pseudomonas and Bacillus are 
good candidates for biological control.

9.2  Bacillus

The gram-positive, endospore-forming Bacillus strains are the bacteria that are tolerant 
to heat and dehydration, which are highly suitable for field application for crop pro-
duction. The Bacillus spp. promote plant biological control (Emmert and Handelsman 
1999). Recently this group of bacteria has been employed widely as introduced antag-
onists for the biocontrol of various pathogens (Hervas et al. 1988; Landa et al. 2001).

B. subtilis have been reported as good biological control agents against fungal 
pathogens such as Botrytis, Phytophora, Pythium (Li et al. 1998), and Aspergillus 
niger (Sailaja et al. 1998; Manjula and Podile 2001). Bacillus cereus UW 85 is a 
prominent biocontrol agent against damping off alfalfa (Kazmar et al. 2000), tomato 
(Smith et al. 1999), cucumber root rot (Smith et al. 1993), and sclerotina blight of 
peanut (Phipps 1992). The Bacillus is also against bacterial leaf blight (Vasudevan 
2002), blast and sheath blight (Kavitha 2002) of rice. Brindha Priyadarisini and 
Gnanamanickam (1999). Along with the disease suppression, the bacillus strains 
enhance the growth and yields of rice (Vasudevan and Gnanamanicakam 2002; 
Veluswamy 2003) (Fig. 9.1).

Fig. 9.1 Bacillus 
bacterium morphology on 
Petri plate
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9.3  Pseudomonas

The pseudomonades are gram-negative, motile rods, chemoheterotrophic with 
polar flagella, and are grouped in rRNA homology group (Palleroni et al. 1973), 
and they have minimum nutritional requirements; they are efficient colonizers and 
are widely available in rice rhizosphere. These rhizobacteria associate the plant 
growth by secreting plant hormones (Lifshitz et al. 1987; Yoshikawa et al. 1993; 
Jacobson et al. 1994; Hong et al. 1991; Glick et al. 1997). The increased root 
length of certain crops has been definitely associated with the activity of these 
plant growth- promoting rhizobacteria (PGPR) (Schroth and Hancock 1981; Barret 
et al. 1986).

The fluorescent and non-fluorescent strains of antagonistic bacteria coupled 
with upland and lowland rice rhizosphere soils have been found effectual in vitro, 
greenhouse, and the field against R. solani (sheath blight). Around 23 bacterial 
antagonists strains belongs to the genera, Bacillus, Pseudomonas, Serratia, 
Erwinia, etc. institute to inhibit the mycelia growth of R. solani, while some of 
them also inhibited the growth of other fungal pathogens like Sclerotium oryzae 
(stem rot), B. oryzae (brown spot), M. grisea (blast), Sarocladium oryzae (sheath 
rot), and Fusarium fujikuroi (bakanae). Laboratory studies also exposed that a 
great number of bacterial strains acquire the ability to defend rice plants from 
disease such as blast, sheath blight, sheath rot, and stem rot. Forty bacterial iso-
lates antagonistic to the rice sheath blight pathogen have been recognized so far 
(Vasudevan 2002).

Significant fungal antagonists comprise Trichoderma spp., Pencillium, 
Myrothecium verrucaria, Chaetomium globosum, and Laetisaria arvalis. 
Hashioka and Fukita (1969) reported that the hyperparasitic potential of 
Gliocladium deliquescens on M. grisea and the mechanism of parasitism were 
well characterized. Chung (1988) found that seed bacterization and seed treat-
ment with Trichoderma decreased the occurrence of seedling blast. Gnanamanickam 
and Mew (1992) studied the possibilities of using antagonistic microorganisms 
such as Pseudomonas fluorescens and Bacillus spp. for controlling blast disease. 
There were some peculiar mechanisms which were observed for disease suppres-
sion as follows.

Plants are uncovered to quite a lot of phytopathogenic microorganisms; they 
exhibit forbearance to these pathogens, due to their diverse structures and biochemi-
cal mechanisms (such as phytotoxins, phenols, protease inhibitors, cyanogenic gly-
cosides, and hydrolyses) (Caramori et al. 2004; Oliveira et al. 2003; Pascholati et al. 
1992). The preceding study has demonstrated that pathogen-related proteins like 
PAL and β-1,3-glucanases implicated in the defense of the plant against bacterial, 
viral, and fungal pathogens.

The generally documented mechanism of biocontrol mediated by PGPR is com-
petition for an ecological niche or production of inhibitory allele chemicals and 
stimulation of induced systemic resistance (ISR) in host. ISR induced by PGPR has 
not yet been reported as a biological control of disease but is being paid attention to 
because it has led to disease incidence reduction and supports for plant growth in 
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field condition (Chanway et al. 2000). ISR is brought about by PGPRs through 
reinforcement of physical and mechanical potency of the cell wall as well as alter-
ing the physiological and biochemical reaction of host principal to the synthesis of 
defense chemicals against the pathogen. PGPRs could act as strong elicitors of plant 
defense reaction (M’Piga et al. 1997) (Fig. 9.2).

9.4  Production of Siderophores

Under iron-inadequate conditions, the subsequent competition with DRMO (delete-
rious rhizosphere microorganisms) for ferric iron content in the rhizosphere, the 
root-colonizing fluorescent pseudomonads produce siderophores. The action of 
these Fe-binding molecules enhances the plant growth. The siderophores of PGPR 
have superior attraction to iron than those of DRMO, which lack the iron absorption 
(or siderophore receptor) systems of these PGPR siderophores. Meanwhile, sidero-
phore production can control the propagation of phytopathogens (Dowling et al. 
1996) by depriving the pathogen of iron available in the rhizosphere (Buysons et al. 
1996; O’sullivan and O’Gara 1992; Kloepper et al. 1980).

In adding together, the PGPR strains of bacteria secrete some growth hormone- 
like compounds for the plant growth or they make possible the uptake of nutrients 
from the environment (Glick et al. 1999).

Fig. 9.2 Pseudomonas 
strain under UV light 
illumination
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9.5  Production of 2,4-Diacetylphloroglucinol

The function of Phl in biocontrol of plant disease was reported some 25 years before 
(Garagulya et al. 1974; Pidoplichko and Garagulya 1974). Recently the Phl was 
reported to be an effective principle contributing to the “take-all decline” in the 
USA. Take-all disease is caused by Gaeumannomyces graminis. Phl is also effective 
in the suppression of tobacco black root rot disease caused by Thielaviopsis basic-
ola (Keel et al. 1990, 1991, 1992; Vincent et al. 1991). Two parts of chromosomal 
DNA necessary for Phl production were cloned and DNA probes are obtainable 
(Vincent et al. 1991; Keel et al. 1992).

Furthermore, a gene, gacA, regulating the production of several metabolites 
including Phl during the stationary growth phase, has been identified and 
sequenced (Laville et al. 1992). Phl-producing Pseudomonas strains were found 
to be more consistent biocontrol strains. The derivatives of Phloroglucinol with 
antifungal activity have been found in some plant species, and many play a vital 
role as a biochemical defense mechanism against fungi (Tomas Loronte et al. 
1989). In the year 2001–2005, a number of Phl-producing strains of P. fluores-
cens were identified in the rhizosphere of rice in southern India, and these were 
also implicated in the suppression of rice bacterial blight up to 63% (Velusamy 
and Gnanamanickam 2003). The application of these to rice led also to enhanced 
growth. P. fluorescens strains produce also other fungi toxic compounds; pyolu-
teorin is more effective on cucumber disease caused by Pythium ultimum, and 
this strain shows an adverse toxic effect on cress and sweet corn (Maurhofer 
et al. 1992).

9.6  Hydrogen Cyanide (HCN)

The hydrogen cyanide is a secondary metabolite generally produced by rhizo-
sphere pseudomonads (Bakker et al. 1987; Lambers 1980; Schippers et al. 
1990). The level of HCN production is quite linked to available nutritional pre-
cursors such as methionine, glycine, and root exudates containing cyanogenic 
glycosides (Alstrom and Burns 1989; Schippers et al. 1990; Owen and Zdor 
2001). From P. fluorescens CHAO, a negative mutant for HCN, was produced by 
gene replacement technique, and it afforded a greater level of protection of 
tobacco plants than the wild-type CHAO strain. The capability of the mutant 
strain to restrain black root disease of tobacco was studied by complementation 
analysis.

Literature has clearly demonstrated the potential of antibiotic-producing bacte-
rial agents (Gnanamanickam et al. 1994; Viji and Gnanamanickam 1996) for blast 
control. Also the possible mechanism of induced systemic resistance (ISR) by using 
biocontrol agents (Krishnamurthy and Gnanamanickam 1998) to control blast 
appears to hold much promise.
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9.7  Rice Blast

Half of the world population depends on rice as their staple food. The annual yield 
losses of rice production are majorly due to diseases. Biological control is cost 
effective, eco-friendly and an alternative strategy of disease management (Roy 
Manidipa et al. 2013). Rice blast disease caused by Magnaporthe grisea Barr (ana-
morph Pyricularia grisea Sacc. synonym Magnaporthe grisea Cav.) is dissemi-
nated in about 85 countries. When the blast disease occurs in epidemic magnitude, 
the yield loss can be as high as 50% (Babujee and Gnanamanickam 2000).

Magnaporthe grisea is one of the major production constraints particularly in 
tropical Asia where rice farmers generally have less access to chemical fungicides 
and often cannot afford the same economically (Gnanamanickam and Mew 1992). 
Extensive studies were made about the interaction between biocontrol agents and 
pathogens in rice (Zarandi et al. 2009), and application of biocontrol agents to con-
trol certain commercially valuable crops also has been reported (de Vasconcellos 
and Cardoso 2009; Anand et al. 2010).

Magnaporthe oryzae is an ascomycete fungus which infects the plants by devel-
oping specialized infection structures known as appressoria. The dome-shaped 
aspersorium generates massive physical force and turgor pressure, allowing the fun-
gus to penetrate into host tissue by breaking host cuticle to invade plant tissue 
(Talbot 2003). The aptitude of rice blast fungus to develop new races is responsible 
for the limited success in control of blast through breeding resistance (Gnanamanikam 
and Mew 1992). The conventional method for the fungal disease control that relies 
mainly on synthetic fungicides has become less acceptable nowadays due to their 
increase incidence of development of resistance up on prolonged usage (Fernandez- 
Acero et al. 2006; MgGrath 2001).

Due to the lack of specificity toward the target pathogen leads to the adverse 
effect on environment, beneficial microbes, humans and animals (Leroux 2003). 
Thus, there is a necessity for alternative disease management methodology that pro-
vides effective control without their side effects on the environment. Use of benefi-
cial bacteria as a biological control to inhibit plant disease offers a potential 
eco-friendly alternative to the extensively used chemical fungicides (Kiss 2003; 
Nagorska et al. 2006; Romero et al. 2007). Some bacterial species, viz., Pseudomonas 
(Lee et al. 2003; Vleesschauwer et al. 2008), Streptomyces (Gomes et al. 2001), and 
Bacillus (Cottyn et al. 2001; Leelasuphakul et al. 2006; Tendulkar et al. 2007), have 
been reported for their antagonistic action against Magnaporthe grisea, a causative 
agent of rice blast. Among them, potentiality of biocontrol agents of Pseudomonas 
fluorescence, Bacillus subtilis strain IK-1080, and Streptomyces sindeneusis have 
been demonstrated for the rice blast disease suppression (Gnanamanikam and Mew 
1992; Yoshihiro et al. 2003; Zarandi et al. 2009). B. subtilis strains have been found 
to suppress the growth of 23 types of plant pathogens in vitro by virtue of their 
capability to produce a wide variety of biologically active compounds (Stein 2005; 
Nagorska et al. 2007).

Numerous research results have described the potential of B. subtilis strains as 
biocontrol agents for diversity of plant disease (Bais et al. 2004; Mizumoto and 
Shoda 2007; Cavglieri et al. 2004; Nagorska et al. 2007). The Pseudomonas belongs 
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to the family Pseudomonadaceae, rod shaped gram negative bacteria having one or 
more flagella, non-spore-producing aerobic some bacteria have anaerobic respira-
tion with nitrate as their terminal electron acceptor (Palleroni 2008).

In order to protect themselves from pathogen attack, the plant possesses different 
inducible defense mechanisms. Some nonpathogenic, root-colonizing rhizobacteria 
may also activate disease resistance in the host; this phenomenon is termed as 
induced systemic resistance (ISR) (Van Loon et al. 1998). The triggering of disease 
resistance by nonpathogenic bacteria depends on plant species to a different level. 
Biocontrol is therefore being measured as a substitute or supplemental way of 
decreasing the use of chemicals in agriculture. The potential use of plant-associated 
rhizobacteria as agents stimulating plant growth, soil administration, and plant fit-
ness is well documented (Glick 1995; Sturz et al. 2000). The widest groups of such 
bacteria are PGPR (Klopper et al. 1997) which colonize the root plane and closely 
adhering soil boundary of the rhizosphere.

Rhizobacteria have a vast potential in agriculture to employ as biofertilizer, 
biocontrol agent, and bioremediation due to their plant growth-promoting capac-
ity, antagonistic activity, and deprivation of pollutants (Ahmad et al. 2008).The 
bacterial strains, either singly or as a mixture, were assessed to their competence 
in suppressing rice blast under greenhouse conditions. Spore suspension of 
Magnaporthe grisea with a spore load of 104 conidia ml−1 was sprayed on the 
plants, which caused more than 75% infection under glass house condition 
which was recorded. In addition, growth parameters like plant height, root 
length, tiller number, and biomass were also measured. The observation on the 
present disease occurrence of rice blast production was observed on 45 days 
after planting (maximum tillering) as grades 0–5. (Sriram et al. 1999). Microbes 
play a vital role in seed germination and seedling establishment. An outsized 
number of confirmations suggest that PGPRs enhance the growth, crop yield, 
and seed emergence and assist to the protection of plants against definite patho-
gens and pests (Dey et al. 2004; Herman et al. 2008; Kloepper et al. 2004; 
Minorsky 2008). This relationship between bacteria and plants has been well 
recognized (Holland et al. 2002).The recent study robustly supports the improve-
ment of biocontrol strategies using endophytic bacteria strains to lessen the dam-
age caused by plant pathogens in cost-effectively significant crops like paddy 
(Lucas et al. 2009).

The in vitro growth inhibition of Magnaporthe grisea is associated with in vivo 
pathogenicity disease suppression between the two isolates of bacteria. P. pseudoal-
caligenes showed a large zone of inhibition in its vicinity than B. pumilus. Marjan 
et al. demonstrated that there was a direct association between in vitro antagonism 
and in vivo disease suppression by Pseudomonas in radish (de Bore et al. 1999).

Brevibacillus was established as novel genera arising from the reclassification of 
the Bacillus brevis assembly of species (Shida et al. 1994). The pathogenicity pro-
spective of B. laterosporus against insects has been demonstrated earlier (Ruiu et al. 
2008). B. laterosporus has the possibility to be used as a biological control agent in 
comparison with strains of Bacillus thuringiensis and Bacillus sphaericus, which 
demonstrated a very broad range of biological activities (de Oliveira et al. 2004). 
Plants respond to a variety of chemical stimuli produced by various soil- and 
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plant- related microbes, and these stimulus can either provoke or condition plant 
defenses through biochemical changes that amplify resistance against subsequent 
infection by pathogen (Zhang and Reddy 2001; Baysal et al. 2008).

9.8  Mechanism of Blast Suppression

Strains of Pseudomonas fluorescens produce many antifungal antibiotics that inhibit 
germination of conidia of the blast pathogen. The exact chemical scenery of the 
antibiotics was not recognized. However, later the metabolite appeared to be a phen-
azine. Transposon (Tn5)-derived mutants that lacked the production of this antifun-
gal antibiotic (afa minus mutants) were less effective in protecting rice from blast 
(leaf and neck blasts) and sheath blight, while the afa + wild-type strains of Pfl-14 
suppressed blast and sheath blight up to 80–82% in the field (Chatterjee et al. 1996; 
Valasubramanian 1994) (Fig. 9.3).

Many fluorescent pseudomonads and some other plant growth-facilitating rhizo-
bacteria cause induced systemic resistance (ISR) in rice in reaction to treatments 
with P. fluorescens strains Pf7–14 and Ppvi4i. This is an imperative mechanism of 
biological suppression of blast. Treatment increases the level of salicylic acid that 
increases ISR, which in turn suppresses rice blast by up to 25% (Krishnamurthy and 
Gnanamanickam 1998). The initiation of systemic resistance in rice to bacterial 
blight by 1,2,3-benzothiadiazole 7-carbothioic acid-S-methyl ester (BTH) treat-
ments was done by Karthikeyan and Gnanamanickam in 2011. In 2008 the fertility 
status of Setaria infecting Magnaporthe grisea isolates with standard testers were 
identified by Karthikeyan and Gnanamanickam (2008a), and its virulence charac-
teristic analysis and identification of new pathotypes of rice blast fungus from India 
were also reported by Karthikeyan et al. in 2013.

Fig. 9.3 Leaf blast symptoms
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9.9  Setaria Blast

Biocontrol mechanism to suppress bacterial and fungal pathogens of rice crop by 
Pseudomonas sp. generally participates in the production of antibiotics, volatile 
compounds, siderophoers, hydrocyanic acid (HCN), enzymes, and phytohormones. 
There were many fungicides reported as follows. Among five fungicides, viz., 
Carbendazim, Thiophanate-methyl, Mancozeb, Fosetyl-aluminum, and copper 
oxychloride, employed against the Magnaporthe oryzae, only Mancozeb appeared 
as the extremely efficient fungicide that completely inhibited the mycelial growth 
of the fungus. All other fungicides showed modest effect at superior concentra-
tions. Among the extracts of garlic (Allium sativum L.), neem (Azadirachta indica 
L.), and calotropis (Calotropis procera L.) when used against M. oryzae by food 
poisoning method, only higher dose of garlic completely inhibited the mycelial 
growth of the test fungus. Six biocontrol agents, viz., Trichoderma harzianum, 
Trichoderma polysporum, Trichoderma pseudokoningii, Gliocladium virens, 
Paecilomyces variotii, and Paecilomyces lilacinus, were used. Maximum mycelial 
inhibition of M. oryzae was induced by P. lilacinus followed by Trichoderma spp. 
(Hajano et al. 2012).

A combined biological and chemical control of millet blast disease with antago-
nistic rhizobacteria Pseudomonas fluorescens and resistance inducing chemical 
salicylic acid was evaluated. In pot trial, Pseudomonas fluorescens tested in combi-
nation with salicylic acid was highly efficient in management of rice blast diseases. 
Biological control of Setaria blast (Magnaporthe grisea) with chosen bacterial 
strains of Bacillus and Pseudomonas species were reported by Karthikeyan and 
Gnanamanickam in 2008a, b. Biological control of Pyricularia oryzae with P. fluo-
rescens was effective but less so than chemical alone at the standard dose. However, 
combination of the antagonistic rhizobacteria with chemical dose was as effective 
as the standard chemical alone. Application of P. fluorescens along with salicylic 
acid significantly increased the disease resistance. Further, there were increases in 
activities of polyphenol oxidase and showed least activities of peroxidase and ascor-
bic acid oxidase treated with P. fluorescens plus salicylic acid. From south India 
biological control of blast disease (Magnaporthe grisea) on minor millets using 
potential antagonistic bacteria prevails in selected areas of Madurai District by Pal 
Pandi et al. (2016). The results indicate that the combined biological and chemical 
inoculation showed a better response to fight against rice blast pathogen P. oryzae 
than the treatment alone.

Application of valuable bacteria as seedling root dip and spraying method to pro-
tect against the disease may be a substitute approach to chemical control. The subse-
quent bacteria consortium that may manage blast disease on millet plants includes 
Bacillus firmus E65, Serratia marcescens E31, Pseudomonas aeruginosa C32b, 
Bacillus cereus II.14, and its combination for their suppression capacity against P. 
oryzae under in vitro conditions. The outcome showed that A2 (Bacillus firmus E65) 
and A6 consortium (Bacillus firmus E65, Bacillus cereus II.14, and Pseudomonas 
aeruginosa C32b) considerably abridged the mycelial growth of P. oryzae with the 
percentage inhibition of 73–85% and 66–83%, correspondingly. Further greenhouse 
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testing conducted with use of formulated research of the two selected best treatments 
using talc, bentonite, palm oil, and suspension-based carriers showed that spraying 
with suspension formulation had high-quality effect in suppressing blast disease com-
pared with that of other carriers evaluated (Suryadi et al. 2013).

Millet-associated microorganisms, Bacillus spp. and Pseudomonas spp., were 
isolated and tested for antagonism against the rice blast fungus Pyricularia oryzae. 
Field test of four selected strains in an upland rice farm in the Philippines afforded 
significant leaf blast reduction with rice var. UPLRi-5. Strain 7-14, identified as P. 
fluorescens, was the most effective. The crude extract prepared from this strain pro-
vided 70–100% inhibition of conidial germination at 1.0 ppm. The anti-blast extract 
also protected IR 50 rice seedlings from infection of P. oryzae. Evidence suggested 
that siderophore was unlikely to be involved in the mechanism of strain 7-14 in its 
antagonism against the rice blast fungus. In vitro test showed that inhibition of P. 
oryzae by strain 7-14 was not reversed by Fe amendments. Thus, the anti-blast anti-
biotic, instead of siderophore production from Pseudomonas strain 7-14, protected 
rice seedlings from infection by P. oryzae (Gnanamanickam and Mew 1992).

Besides the bacterium some of the soil actinomycetes predominantly Streptomyces 
spp. have antagonistic action against s wide range of plant pathogens. In the current 
decades, high benefit as biocontrol agents is being paid attention to. In search for 
finding such principles, in vitro suppression of Magnaporthe oryzae, the causal 
agent of millet blast disease, was studied by use of Streptomyces sindeneusis isolate 
263 in greenhouse. Spray of rice seedling leaves with mixed spore suspension of the 
pathogen and S. sindeneusis isolate 263 resulted in strong inhibition of the pathogen 
and inhibition of leaf symptoms. Proliferation of the antagonist crude sap was per-
formed in aqueous cultures, and bioactivity was monitored in shacked cultures. 
Using PCR method, the blast disease caused by Magnaporthe grisea in Setaria 
italica was identified rapidly by Karthikeyan and Gnanamanickam (2005) (Fig. 9.4).

Fig. 9.4 Setaria blast
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9.10  Bacterial Blight and Sheath Blight

Significant yield losses from diseases still occur in rice in spite of continuous 
improvements in rice breeding bacterial blight (BB) caused by Xanthomonas oryzae 
pv. oryzae and sheath blight (shb) caused by Rhizoctonia solani which are some of 
the most devastating rice diseases of global occurrence and are particularly destruc-
tive causing annual crop losses that range from 10% to 50% in tropical Asia (Mew 
1987). In India, planting of resistant rice cultivars has been the most successful 
disease management strategy. However, breakdown of varieties carrying a single 
R-gene is more frequent in the field because of the rapid evolution of subpopula-
tions of the pathogen the overcome these resistances (Venkatesan and 
Gnanamanickam 1999; Brindha Priyadarisini et al. 2003). In recent years, we had 
constructed, through molecular marker-assisted backcross breeding and transfor-
mation, transgenic elite indica rices (cv.CO39 and IR50) that carry a pyramid of 
genes for blast and resistance (Pi-1 + Pi-z + Xa21) rice cultivars BB (Narayanan 
et al. 2002, 2004). There were very limited studies done on the biological  suppression 
of BB and ShB in indica rices with specific antibiotic (2,4-DAPG)  producing bacte-
rial agents.

The polyketide metabolite 2,4 is one of the majority efficient antimicrobial 
metabolite produced by fluorescent pseudomonads and is successful against bacte-
ria, fungi, and helminthes. Recently, we identified using the PCR-based screening 
method (Raaijmakers et al. 1997) fluorescent pseudomonads which produced 
2,4-diacetylphloroglucinol (DAPG) in our tropical rice rhizospheres (Velusamy and 
Gnanamanickam 2003; Velusamy et al. 2004, 2006).

There has been no preceding account from India on the production of DAPG by 
plant-associated bacteria or on its inhibition of rice bacterial blight and sheath blight 
DAPG production which has been an extremely well-known mechanism in the bio-
logical control of some of the major fungal pathogens of the temperate regions and 
has assumed much importance as the factor that contributed to the “take-all” decline 
in wheat (Raaijmakers et al. 1999; Raaijmakers and Weller 1998; Raaijmakers et al. 
1997). Further, its antibacterial activity against soft-rot Erwinia was also formerly 
known. Yet, in the present study, DAPG production has been implicated as an anti-
bacterial and antifungal compound implicated in the suppression of the most impor-
tant and devastating bacterial and fungal crop diseases of the tropics.

9.11  Fusarium

“Bakanae” disease of rice is caused by Gibberella fujikuroi (Sawada) Wollenworth 
(teleomorph), a disease of rice first reported in Japan, and now extensively distrib-
uted in Asia. On rice, G. fujikuroi induces foot rot, seedling elongation, seedling rot, 
grain sterility, and grain discoloration (Ou 1985). Apart from that the crop damage 
up to 20% to 50% because of reduced tillering, partially filled grains, drying of 
leaves. During later stage of infection, dry seedlings, sterile, or empty grains 
appears.
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The fungus not only causes substantial damage on many plants but also is para-
sitic on plants without producing noticeable symptoms (Hsieh et al. 1977). It can be 
isolated even from kernels that are healthy in appearance. Rice seedlings that grow 
from these infected seeds tended to display bakanae symptoms (Padwick 1950). 
Currently, the most common management practice for bakanae is seed treatment 
with fungicides like thiram, thiophanate-methyl, or benomyl which is effective 
before planting. The rapid development of resistance against benomyl, carbendazim 
and resistance of the fungal pathogen to the fungicides has also been reported 
(Ogawa 1988). Worldwide occurring major groups of Fusarium associated with 
maize and rice with the ability to produce fumonisins were confirmed (Moretti et al. 
2004, 2007).

There are some reports available about contamination of grains with fumonisins 
being associated with human esophageal cancer in South Africa (Nelson et al. 
1993). Real-time RT-PCR assay of gene fumonisin fum5 responsible for mycotoxin 
production on rice was done by Karthikeyan and Rajendran (2016). Fumonisins 
also cause leukoencephalomalacia in horses, cancer in experimental animals, and 
lung edema in swine. PCR-based detection of fumonisin producing strains of 
Fusarium verticillioides and gene related to toxin production was reported by 
Karthikeyan et al. (2011). The potentiality of Fusarium verticillioides to produce 
fumonisin and its responsible gene detection assay was reported by Karthikeyan 
et al. (2008).

There are some reports available about contamination of grains with fumonisins 
which has been associated with human esophageal cancer in South Africa (Nelson 
et al. 1993). Unknowingly the infected rice grains and rice straw serve as disease 
inoculums and enter our food chain. So the present urge is to eliminate the myco-
toxin contamination in rice.

 Conclusion

The soil dweller microbiome especially plant growth-promoting microbes 
(PGPM) has been reported to possess many beneficial properties and potential 
to augment the plant growth and production using direct and indirect approaches. 
These are provision of providing insoluble phosphate and potassium and 
 making available the unavailable atmospheric nitrogen. Other mechanisms such 
as by providing vital micronutrients to plants and theryby indirectly suppress-
ing the plant diseases in different cropping systems using simple techniques of 
 excreting antibiotics. The potential ability of PGPM to produce proteinaceous 
 compounds, siderophores, cyanogenic compounds, and potential chemicals  
in the form of antibiotics in order to control phytopathogens could be of  
applied significance in balanced crop production. The PGPM gifted with 
 growth-promoting and pathogen inhibitory properties might be useful in formu-
lating novel bioinoculants which will offer an inexpensive, low-cost, reason-
able, and appealing substitute to the costly agrochemicals, and consequently 
such PGPM are likely to enhance crop production without any adverse impact 
on the ecosystem.
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At the plant population level, the adaptive capacity of plant and pathogen 
populations may prove to be one of the most significant forecasters of the signifi-
cance of climate change effects. The ecologists are now trying to figure out the 
role of plant disease in ecosystem processes and the challenge of scaling up from 
individual infection probabilities to epidemics and broader impacts (Garrett et al. 
2006). Therefore, the following implications have been suggested for prospec-
tive balanced cropping system:

 1. The biological control is a potential strategy.
 2.  The biological control is slow but a persistent method to control pathogens 

for a long time.
 3.  Therefore, the biological controls are cost effective in the long-term appli-

cation, although the biocontrol agents do act as potential bioinoculants.

There were many success stories to control the many plant pathogens and 
enhance the plant growth by using potential benefits of microbes. Integrated sus-
tainable development of future bio-formulations leads to effective management 
of plant pathogens and also by enhancing the plant growth. The future bio-for-
mulation will rely upon the efficacy of microbes related to their beneficial aspects 
and their long time persistence at storage and field.
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10Plant Growth-Promoting Rhizobacteria 
and Its Role in Sustainable Agriculture

Sunita J. Varjani and Khushboo V. Singh

Abstract
Soil is a dynamic living matrix which serves as a potential resource of food and 
agricultural applications. It is also a matrix for maintenance of life processes. 
Sustainable agriculture today has become an indispensable move for plant health 
which is continuously and invariably affected by pathogenic organisms. These 
pathogenic organisms have become a major and chronic threat to sustainable 
agriculture and ecosystem stability worldwide. Increase in yield, growth of 
plants, and protection from weeds and pathogens contribute to plant health by 
enormous use of chemical fertilizers. However the use of such chemical fertil-
izers has also lead to the side effects of agrochemicals. With respect to these 
considerations and public concerns about side effects of agrochemicals, today 
there is an urgent need for the biological agents which could be accepted world-
wide. The use of plant growth-promoting rhizobacteria (PGPR) is a better alter-
native to resolve this problem. PGPR exerts potential health benefits to plant 
health thereby playing important role in increasing soil fertility, plant growth 
promotion, and suppression of phytopathogens in order to build an eco-friendly 
sustainable agriculture. This review provides an eco-friendly approach to 
increase crop production and plant health by growth-promoting rhizobacteria 
with global applicability.
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10.1  Introduction

In nature plants are always affected by biotic and abiotic factors corresponding to 
their environment which directly or indirectly affect the plant growth and health 
(Vessey 2003). A profound diversity of microbial community mostly bacteria thrive 
in the soil. It has been reported that soil bacteria in communication with rhizo-
spheric organisms exert beneficial effects to plants. These rhizospheric microorgan-
isms are the organisms that colonize the plant roots (especially legumes) with high 
density. Kloepper and Schroth (1981) termed these beneficial rhizobacteria as plant 
growth-promoting rhizobacteria (PGPR). PGPR can be defined as the indispensable 
part of rhizosphere biota that when grown in association with the host plants can 
stimulate the growth of the host (Vejan et al. 2016).

The rhizospheric zone is the area surrounding the roots of plants which is 
highly colonized by the rhizobacteria. This particular region surrounding the 
live creatures is affected qualitatively and quantitatively by vital activities of 
root like breath and root secretion (Alizadeh and Ordookhani 2011). Rhizosphere 
constitutes a mixture of solid particles, an active community of microbes, and 
nutritional constituents which enhance plant growth by a wide variety of mecha-
nisms. Various factors responsible for plant growth promotion by PGPR are root 
hair proliferation, hair deformation and branching, increase in seedling emer-
gence, early nodulation and nodule functioning, enhanced leaf surface area, bio-
mass, vigor, increasing plant hormonal level, mineral and water uptake, 
promoted accumulation of carbohydrates, and yield in various plant species 
(Podile and Kishore 2006). Between the rhizobacteria and growing plants, three 
types of relationships, viz., positive, negative, and neutral can be observed 
(Whipps 2001).

An incredible demand for the use of PGPR biofertilizers is observed day by day 
with an increase in the importance of organic agriculture with minimum input of 
chemicals. The rhizospheric population in and around the soil roots is highly vari-
able and is greatly dependent on the crop species cultivated and plant health (Tilak 
et al. 2005). Sustainable agriculture production can be achieved by emphasizing the 
use of PGPR as biofertilizer inoculants (Schippers et al. 1995). These biofertilizer 
inoculants could be a particular isolate or group of organisms that confer plant 
health. The potential role of PGPR to confer plant health could be imparted through 
direct or indirect mechanisms. Direct mechanisms facilitate nutrient uptake or 
increase nutrient availability by nitrogen fixation, solubilization of mineral nutrient, 
mineralization organic compounds, and production of phytohormones (Arora et al. 
2012; Bhardwaj et al. 2014). On the contrary indirect mechanisms include antibiotic 
production, hydrolytic enzyme production, siderophore production, induced sys-
temic resistance, exopolysaccharide production (Lugtenberg and Kamilova 2009; 
Tariq et al. 2014).

The present review focuses on microorganisms and PGPR, various mechanisms 
for PGPR action, role of PGPR in crop production, bioformulation as well as the 
future research, and development strategies to develop sustainable agriculture.
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10.2  Plant Growth-Promoting Rhizobacteria 
and Microorganisms

Cook (2002) considered PGPR as a significant component in the management of 
agricultural practices with innate genetic potential. The concept of PGPR has now 
been confined to the bacterial strains that can fulfill at least two of the three criteria 
such as aggressive colonization, plant growth stimulation, and biocontrol (Weller 
et al. 2002; Vessey 2003).

According to Whipps (2001), there are three basic categories of interactions 
(positive, negative, and neutral) generally exists between the rhizobacteria and 
growing plants. Rhizobacterial colonizations with plant roots sometimes are com-
mensals in which the bacteria form an innocuous interaction with host plants thereby 
exerting no growth and overall physiology of the host (Beattie 2006). With respect 
to negative interactions, phytotoxic substances are produced by phytopathogenic 
rhizobacteria such as hydrogen cyanide (HCN) or ethylene, thus exerting negative 
influence on the growth and physiology of the plants. On the contrary to these harm-
ful bacteria, there are different PGPR criteria that can exhibit a positive plant health 
through direct mechanisms, such as solubilization of nutrients, nitrogen fixation, 
production of growth regulators, etc., or by stimulation of mycorrhizae develop-
ment, competitive exclusion of pathogens, or removal of phytotoxic substances 
through indirect mechanisms (Bashan and de Bashan 2010).

According to the type and degree of association with the plant root cells, PGPRs 
can be bifurcated into extracellular plant growth-promoting rhizobacteria (ePGPR) 
and intracellular plant growth-promoting rhizobacteria (iPGPR) (Martinez-Viveros 
et al. 2010). The bacterial genera including the Agrobacterium, Arthrobacter, 
Azotobacter, Azospirillum, Bacillus, Burkholderia, Caulobacter, Chromobacterium, 
Erwinia, Flavobacterium, Micrococcous, Pseudomonas, and Serratia belong to 
ePGPR (Gray and Smith 2005). Endophyte comprises a wide range of soil bacterial 
genera such as Allorhizobium, Azorhizobium, Bradyrhizobium, Mesorhizobium, 
and Rhizobium of the family Rhizobiaceae that generally invades the root systems 
in crop plants to form nodules (Wang and Martinez-Romero 2000) and stimulates 
growth either through direct or indirect processes. This group of rhizobacteria is 
mostly Gram-negative and rod shaped with a lower population being Gram-positive 
rods, cocci, and pleomorphic. In addition to the above bacterial species, several 
actinomycetes also occur which serve as one of the major constituents of rhizo-
sphere microbial populations and are also useful as they play major significant eco-
logical roles in soil nutrient cycling (Elliot and Lynch 1995) as well as in plant 
growth-promoting activities (Merzaeva and Shirokikh 2006). Up till now a number 
of reports are available on the potential activities of actinomycetes as plant growth- 
promoting agent (Gomes et al. 2000; Sousa et al. 2008). Actinomycetes strains like 
Micromonospora sp., Streptomyces spp., Streptosporangium sp., and Thermobifida 
sp. are recorded as best species which colonize the plant rhizosphere, showing enor-
mous potential as biocontrol agent against a range of root pathogenic fungi (Franco- 
Correa et al. 2010).
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10.3  Mechanism of Action for Plant Growth Promotion

Plant growth promotion is a well-known process in which organic agriculture is 
often aided by certain traits of plant growth-promoting rhizobacteria. A number of 
mechanisms are followed by such potential bacteria to enhance the plant growth and 
health under diverse drastic environments. Plant growth promotion mediated by 
rhizobacteria occurs through modification of the whole microbial community 
inhabited near the rhizospheric niche by the production of certain compounds. 
Generally plant growth promotion by rhizobacteria is often mediated directly 
through availability of nutrients to plants through their solubilization or through the 
production of phytohormone and indirectly through the inhibition of pathogens, 
thereby increasing crop production, and development of plant health as biocontrol 
agents or root colonizers (Kloepper and Schroth 1981).

10.3.1  Direct Mechanisms

Plant growth promotion by rhizobacteria exhibits direct mechanisms that facilitate 
nutrient uptake by nitrogen fixation, solubilization of mineral nutrients (phosphate, 
iron, potassium), siderophore production, and phytohormone production (ethylene, 
indole acetic acid, jasmonic acid) (Arora et al. 2012; Bhardwaj et al. 2014).

10.3.1.1  Nitrogen Fixation
Nitrogen is an essential element for all life forms inhabiting on earth and is the most 
vital nutrient for the plant growth and health. Nearly 78% of nitrogen constitutes the 
environment but is still unavailable to the plants. Surprisingly today no such plant spe-
cies has been found which could fix atmospheric dinitrogen into ammonia and 
expends it directly for its growth. A solution to the above problem is the biological 
nitrogen fixation (BNF), a process which converts atmospheric nitrogen to plant uti-
lizable forms. This nitrogen is further converted to ammonia by nitrogen-fixing organ-
isms using complex enzyme system, i.e., nitrogenase (Gaby and Buckley 2012).

BNF is a major source of nitrogen for plants, which not only complements and 
substitutes the mineral fertilizers but can also be an economically beneficial and 
ecologically sound alternative (Glick et al. 1999). In today’s era for sustainable crop 
production, the use of biological inoculants is gaining popularity in various parts of 
the world, and biological nitrogen fixation serves as a major source of nitrogen in 
the agricultural fields. Bacterial genera contributing to symbiotic nitrogen fixation 
involve Cyanobacteria, Rhizobium, Bradyrhizobium, Sinorhizobium, Azorhizobium, 
Allorhizobium, Mesorhizobium, and Frankia (Brock et al. 2000). Paynel et al. 
(2001) have studied the nitrogen fixation mechanism extensively between rhizo-
bium and leguminous plants. Apart from symbiotic nitrogen fixation in legumes, 
rhizobia as PGPR are also able to contribute growth promotion in non-legume spe-
cies (Hoflich 2000). Certain substances produced by rhizobacteria as metabolites 
include cytokinins, riboflavin, lumichrome, auxin, abscisic acid, and vitamins which 
promote crop growth (Matiru and Dakora 2004).

S.J. Varjani and K.V. Singh



199

10.3.1.2  Phosphate Solubilization
Next to nitrogen, phosphorus remains the most important key element in the plant 
nutrition. It virtually plays an important role in all the metabolic processes occur-
ring in plant including photosynthesis, energy transfer, signal transduction, macro-
molecular biosynthesis, and respiration (Khan et al. 2010). Both the organic and 
inorganic forms are abundantly available in the soil. But plants are not able to utilize 
phosphate as 95–98% of its proportion is immobilized, insoluble and in the precipi-
tated form. Hence plants obtain phosphorus only in the form of monobasic (H2PO4) 
and dibasic (HPO4

2−) ions (Pandey and Maheshwari 2007). Basic mechanisms 
employed by the plant for PO4 solubilization include (1) expulsion of complex and 
mineral-dissolving compounds like organic acid anions, protons, OH− ions as well 
as CO2; (2) production of extracellular enzymes; and (3) biological phosphate min-
eralization (Sharma et al. 2013). PGPR genera-contributing phosphate solubiliza-
tion involves Arthrobacter, Flavobacterium, Microbacterium, Pseudomonas, 
Rhizobacterium, Pseudomonas, Rhodococcus, Erwinia, Enterobacter, Bacillus, 
Burkholderia, and Serratia (Pandey and Maheshwari 2007).

10.3.1.3  Siderophore Production
Almost all organisms constituting the biosphere need iron as an essential micronu-
trient. Though iron is the fourth most abundant element on earth, still it is not read-
ily assimilated by any bacterial or plant species, because ferric ion which is 
predominantly present in nature is sparingly soluble, and hence for assimilation, the 
amount of iron available by living organisms is extremely low (Ma 2005). 
Siderophores being low molecular weight are the iron-chelating molecules which 
are released under iron-deficient conditions. In order to facilitate bioavailability of 
iron in the biological cells, siderophores possess high binding affinity and specific-
ity of iron (III) (Schalk et al. 2001). Specialized mechanisms are evolved in micro-
organisms for assimilation of iron and thereby production of low molecular weight 
compounds, i.e., siderophores (Arora et al. 2013). Presently siderophores are classi-
fied into three main functional groups hydroxymates, catecholates, and carboxyl-
ates. Both direct and indirect enhancements are achieved by siderophores to 
accomplish plant growth by PGPR. A large number of PGPR that are capable to 
absorb the labeled iron include Aeromonas, Azotobacter, Rhizobium, Serratia, 
Bacillus, Pseudomonas, and Strepotomyces (Sujatha and Ammani 2013).

10.3.1.4  Phytohormone Production
A wide range of PGPR traits are found in the rhizospheric zone that produce certain 
substances that regulate plant growth and improvise plant health. Plant growth- 
promoting rhizobacteria produce phytohormones such as auxins, indole acetic acid 
(IAA), gibberellins, and abscisic acid ethylene and are well documented. 
Phytohormones exert profound impacts on root and shoot elongations and also 
affect cell proliferation in the root architecture. Such effects were achieved by over-
production of lateral roots and root hairs and subsequently increase in the nutrient 
and water uptake (Arora et al. 2013). The most common auxin found in plants 
occurs as indole-3-acetic acid that regulates many aspects of plant growth and 
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development. PGPRs may be synthesized in various organs and can be translocated 
to other sites where they trigger their morphological, physiological, and biochemi-
cal effects which enhance plant growth and development (Hayat et al. 2011). 
Figure 10.1 represents the possible mode of action used by plant growth-promoting 
rhizobacteria (PGPR) toward growth promotion in plants. The flow and location of 
nitrogen fixation, phosphorus solubilization, and siderophore production are shown 
in this figure (Vejan et al. 2016).

10.3.2  Indirect Mechanisms

Phytopathogenic microorganisms are the prime and the foremost threat to agricul-
ture. This chronic threat to ecosystem stability worldwide subverts the soil ecology, 
disrupt environment, degrade soil fertility, and consequently show harmful effects 
on human health, along with contaminating ground water. Today PGPR remains a 
positive approach toward sustainable agriculture which inspires a wide range of 
exploitation of PGPR thus leading to reduction in the use of agrochemicals in order 
to improvise soil fertility by a variety of mechanisms via production of antibiotics, 
siderophores, HCN, and hydrolytic enzymes (Lugtenberg and Kamilova 2009).

10.3.2.1  Antibiosis
One of the most powerful and studied biocontrol mechanisms of PGPR against 
phytopathogens is the production of antibiotics. Amphisin, 2,4-diacetylpholoroglu-
cinol (DAPG), oomycin A, phenazine, tropolone, tensin, cyclic lipopeptides, oligo-
mycin A, kanosamine, zwittermicin A, and xanthomycin are some of the antibiotics 
studied up till now for antibiotics production. These antibiotics prevent the 
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proliferation of plant pathogens (Compant et al. 2005; Looper and Gross 2007). 
One disadvantage of using such PGPR traits is that they may develop an antibiotic 
resistance toward specific antibiotics. Glick (2012) have utilized biocontrol agents 
that synthesize one or more antibiotics as a solution of this problem. Excluding the 
production of antibiotics, some PGPR also produce volatile compounds like hydro-
gen cyanide (HCN) for biocontrol of black root rot of tobacco which is caused by 
Thielaviopsis basicola (Sacherer et al. 1994).

10.3.2.2  Induced Systemic Resistance
Induced systemic resistance may be defined as a physiological state of enhanced 
defensive capacity elicited in response to specific environmental stimuli, and conse-
quently the plants innate defenses are potentiated against subsequent biotic chal-
lenges (Avis et al. 2008). Systemic resistance against a broad spectrum of plant 
pathogens can also be provided by bio-priming plants with some plant growth- 
promoting rhizobacteria. The application of PGPR can also cause reduction in dis-
eases caused by bacteria, fungi, virus, and in some instances even damage caused by 
insects and nematodes (Naznin et al. 2012). Moreover jasmonate and ethylene sig-
naling within the plant is also facilitated by induced systemic resistance, and these 
hormones also stimulate host plant’s defense responses against a variety of phyto-
pathogens (Glick 2012). Many individual bacterial components can induce induced 
systemic resistance such as lipopolysaccharide (LPS), flagella, siderophores, cyclic 
lipopeptides, homoserine lactones, 2,4-diacetylphloroglucinol, and volatiles like 
acetoin and 2,3-butanediol (Doornbos et al. 2012).

10.3.2.3  Exopolysaccharide (EPS) Production/Biofilm Formation
A wide spectrum of multifunctional polysaccharides like intracellular, extracellular, 
and structural polysaccharides is produced by bacteria. The production of EPS is 
very important for the formation of biofilm. Root colonization can affect the interac-
tion of microbes with roots appendages. The production of EPS by microbes helps 
in effective colonization of plant roots that helps to hold the free phosphorus from 
its insoluble form in soil and circulating essential nutrient to the plant for proper 
growth and development and protect it from attack by foreign pathogens. Other 
functions of EPS-producing microbes include shielding from desiccation, protec-
tion from stress (Qurashi and Sabri 2012), attachment to plant surfaces invasion, 
and plant defense response in plant-microbe interaction (Tewari and Arora 2014). 
Some EPS-producing PGPR can also bind cations, including Na+, suggesting a role 
in mitigation of salinity stress by reducing the content of Na+ available for plant 
uptake (Arora et al. 2013).

10.4  Role of PGPR in Crop Production

The three major staple food crops around the world are rice, wheat, and maize.  
A variety of PGPR isolates efficiently interact with C3 and C4 plants and can pro-
foundly increase the yield of crops (Kennedy et al. 2004). Around 16–17 kg N is 
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removed by rice crops to produce 1 t dry weight of rice crop with straw. Similarly 
wheat crop requires about 16–28 kg N which is removed by wheat crops to produce 
1 t dry weight of grain with straw (Angus 2001). In case of maize plants, they 
require 9–11 kg N to produce 1 t biomass. Some of the obligatory anaerobic hetero-
trophs like clostridia can fix nitrogen in the complete absence of oxygen and are 
generally isolated from rice fields (Kennedy et al. 2004). Addition of organic source 
like straw presumably as a result of microbial breakdown of cellulose into cellobi-
ose and glucose can increase the activity of isolates in rice production. A number of 
microorganisms can increase yield of rice by the application of Azotobacter, 
Azospirillum lipoferum, and Azospirillum brasilense, Klebsiella pneumoniae, 
Enterobacter cloaca, Citrobacter freundii, Pseudomonas putida, and P. fluores-
cence (Reis et al. 2000; Kennedy et al. 2004).

Some strains can supplement the use of urea-N in wheat production either by 
BNF or growth promotion. These strains include Azospirillum, Azotobacter, 
Bacillus, Herbaspirillum, and Klebsiella. Because of higher grain protein content, 
the N requirement of wheat is higher than rice depending on inherent soil fertility, 
amount of applied fertilizer, wheat variety, diseases and other management prac-
tices, and environmental conditions; wheat yields can vary widely from 1–7 t ha−1 
(Angus 2001). The positive effects of Azospirillum on maize growth are mainly 
derived from physiological changes of the inoculated plant roots which enhance 
water and mineral uptake (Okan and Kapulnik 1986).

10.5  Commercialization of PGPR

The linkages and interaction between scientific organizations and industries decide 
the success and commercialization of plant growth-promoting rhizobacterial strains. 
The isolation of antagonistic strains, screening, fermentation methods, mass pro-
duction, formulation viability, toxicology, industrial linkages, quality control, and 
field efficacy are the different stages in the process of commercialization under 
which abundance of work has been performed. Moreover factors which affect the 
commercial success of PGPR strains involve economical and viable market demand, 
consistent and broad spectrum market, longer shelf life, safety and stability, low 
capital costs, and easy availability of career materials (Nandakumar et al. 2001).

10.6  Plant Growth Promontory Bioformulations

Bioformulations may be defined as biologically active products in which one or 
more effective and beneficial microbial strains are present in an easy to use and 
economical carrier material. Most of the applications of bioformulations are meant 
under field applications for which the use of suitable carrier materials is very impor-
tant in order to maintain cell viability under adverse environmental conditions.  
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A good quality and efficient formulation promotes survival of bacteria maintaining 
available population sufficient to exude growth-promoting effects on plants. 
Therefore plant growth-promoting rhizobacterial bioformulations refer to microbial 
preparation that may be considered as partial or complete substitute for chemical 
fertilizers and pesticides and most importantly offer an environmentally sustainable 
approach to increase crop production and health (Singh et al. 2014).

10.7  Future Research and Development Strategies 
for Sustainable Agriculture

The demand of high output yield and enhanced crop production with soil fertility in 
an eco-friendly manner is the necessary requirement of today’s world. Hence fur-
ther research must be focused on the new concept of rhizo-engineering based on 
favorable partitioning on exotic molecules, which creates a unique setting for inter-
action between plant and microbes (Tewari and Arora 2014). Future research in 
rhizosphere biology depends upon the development of molecular and biotechno-
logical fields to increase our knowledge on rhizosphere biology and to achieve an 
integrated management of soil microbial populations. Based on the use of bio- 
inoculants, fresh inoculants must be used in order to increase other high-value crops 
such as fruits, vegetables, and flowers. With respect to reduce harmful impacts of 
stress on plant growth, an application of multi-strain consortium is always an effec-
tive approach as compared to a single bacterial inoculum. Another effective technol-
ogy for enhancing plant growth at low temperature could be the addition of 
ice-nucleating PGPR (Nadeem et al. 2013).

Though research on nitrogen fixation and phosphate solubilization by PGPR is at 
progressed path, still research on other criteria for organic sustainable agriculture 
must also be considered. In addition, future marketing of such bio-inoculant active 
products when utilized in environment as eco-friendly alternatives against the exog-
enous pathogens or synthetic agrochemicals depends upon efficient protective and 
biosafety data required for the registration of plant growth-promoting rhizobacterial 
agents.

 Conclusions

The present review indicates the development and formulations of PGPRs in 
biological promotion of different characteristics of plant growth. Most of the 
PGPR isolates significantly increased plant height, root length, and dry matter 
production in various agricultural crops like rice, maize, wheat, etc. To increase 
the crop yield on sustainable basis, the knowledge of microbial flora in the rhizo-
spheric region of crops is very important. PGPR bio-inoculants not only enhance 
the plant yield directly but also protect it from the adverse environmental condi-
tions. Therefore consistent use of plant growth-promoting rhizobacteria is an 
effective approach towards the development of organic sustainable agriculture.
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Abstract
Application of beneficial rhizobacteria as plant biofertilizers and biocontrol 
agents may be a promising alternative to chemical control. To perform this aim, 
the present work is an evaluation of three phosphate-solubilizing Aeromonas 
strains isolated from the rhizosphere of rice. These selected rhizobacteria were 
checked for quantitative assay of tricalcium phosphate (TCP) solubilization and 
P concentrations were between 119.56 and 165.85 mg l−1. Then, they were evalu-
ated for extracellular hydrolytic enzymes production (chitinase, cellulase, amy-
lase, lipase, and protease). The results showed that they were all able to hydrolyze 
different substrates apart from carboxymethyl cellulose. These test bacteria were 
checked in vitro as well for antagonism ability against six fungal phytopatho-
gens, Colletotrichum acutatum, Verticillium dahliae, Phytophthora cinnamomi, 
Phytophthora cactorum, Botryotinia fuckheliana, and Fusarium oxysporum, and 
also against five phytopathogenic bacteria, Pseudomonas savastanoi, Clavibacter 
michiganensis, Ralstonia solanacearum, Erwinia amylovora, and Pseudomonas 
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syringae. GT70 was the only isolate that showed antifungal effect against two 
fungi, V. dahliae and P. cactorum. For antibacterial activities, the best inhibition 
was obtained in the presence of GT70 and PT29 against R. Solanacearum. 
Finally, these bacteria were used for rice inoculation substituting soluble P by 
TCP. The results demonstrated significant increases in plant length and dry 
 matter, especially in the presence of both strains GT70 and PT29 after 30 days 
under controlled conditions. However, more evaluation of these isolates under 
field conditions is needed before recommending them as biofertilizers.

11.1  Introduction

The beneficial bacterial group referred to as plant growth-promoting rhizobacteria 
(PGPR) can affect positively the plant in three different ways: synthesizing particular 
compounds for the plants, facilitating the uptake of certain nutrients, and lessening or 
preventing the plants from diseases (Hayat et al. 2010). The solubilization of mineral 
phosphate is one of the most important PGP activities. Mineral P solubilization is a 
common phenotype in several rhizobacteria called “phosphate-solubilizing bacteria” 
(PSB) (Pérez et al. 2007), and Aeromonas is one of the important bacterial genera able 
to dissolve mineral P. In the context of increasing concern for biofertilization and 
biocontrol instead of chemicals to assure a sustainable agriculture, the use of PGPR as 
bioinoculants is of great importance. Besides, many authors have shown that inocula-
tion of rice with PGPR could significantly increase different parameters such as plant 
height, root shoot biomass, and grain yield and improve plant health (Beneduzi et al. 
2008; Lucas et al. 2009; Ng et al. 2012). Conclusively, this present work was con-
ducted to evaluate phosphate-solubilizing Aeromonas obtained from rice rhizosphere 
cultivated in the northwest of Morocco for biocontrol activities.

11.2  Materials and Methods

11.2.1  Aeromonas Strains

Three strains of Aeromonas, namely, GT70, PT66, and PT29 isolated from rice 
rhizosphere, were obtained from the collection of the Laboratory of ERBGB, 
Faculty of Sciences and Technologies of Tangier. These strains have been evaluated 
in vitro for many PGP activities and their ability to promote the growth of rice and 
peanuts under greenhouse conditions.

11.2.2  Quantitative Assay of Phosphate Solubilization

The test isolates were inoculated in 50 ml PVK’s (Pikovskaya 1948) broth (500 μl 
of 108 CFU ml−1) and negative control consisted of uninoculated broth. All flasks 
were incubated at 28 ± 2 °C with shaking for 7 days. The cultures were 
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centrifuged at 13,000 rpm for 20 min and the P of supernatant was determined by 
the colorimetric method as described by Ames (1966). The amount of soluble P 
was detected from the standard curve of KH2PO4. Dissolved P concentration was 
determined by subtracting the P concentration of control from the final concentra-
tion of soluble P obtained in the inoculated broths. The pH was determined using 
a pH meter.

11.2.3  Evaluation of Extracellular Hydrolytic Enzymes Production

The activities of extracellular hydrolytic enzymes were detected according to a 
qualitative assay in plates by streaking test bacteria on the medium containing 
enzyme substrate and detecting the zone of degraded substrate formed around the 
colony after an incubation period of 5–7 days at 28 °C. Chitinase activity was stud-
ied using colloidal chitin, amylase using soluble starch as substrate, cellulase using 
carboxymethyl cellulose (CMC), lipase using tributyrin, and protease using milk 
agar.

11.2.4  Evaluation of Antifungal Activities

To screen the PSB for in vitro antifungal activity, they were streaked on potato dex-
trose agar (PDA) plates at 3 cm in distance opposite to fungal phytopathogens 
(Colletotrichum acutatum, Verticillium dahliae, Phytophthora cinnamomi, 
Phytophthora cactorum, Botryotinia fuckheliana, and Fusarium oxysporum) inocu-
lated at the center of the plate. The dishes were incubated at 22 °C for 5 days. The 
antifungal effect of antagonistic bacteria was characterized as a contact inhibition 
(C) or a distance inhibition (D).

11.2.5  Evaluation of Antibacterial Activities

To test selected PSB against phytopathogenic bacteria, plates containing Mueller- 
Hilton medium were inoculated with 100 μl of overnight grown culture of bacterial 
phytopathogens (Pseudomonas savastanoi, Clavibacter michiganensis, Ralstonia 
solanacearum, Erwinia amylovora, and Pseudomonas syringae). When the plates 
became dry, they were inoculated with the test bacteria and incubated at 28 °C. The 
inhibition halos around PSB were measured.

11.2.6  Inoculation of Rice

Rice (Oryza sativa) was used to evaluate the performance of strains under culture 
chamber conditions. The seeds were surface and germinated in 1% agar water 
(w/v) plates for 48–72 h at 25 °C. Each pot (12 cm diameter, 18 cm height) filled 
with vermiculite mixed with perlite (4:1) and 200 ml of nutrient solution (Rigaud 
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and Puppo 1975) received 230 μl of 10% TCP as the sole source of P and then 
autoclaved. Every pot was sown by five germinated seeds, and each seed was 
inoculated directly with 1 ml of bacterial culture (108 CFU ml−1) grown in 
TSB. Uninoculated pots and uninoculated pots containing soluble P in the form 
PO4H2K were used as controls (negative (C–) and positive (C+), respectively). All 
pots were maintained at 26 ± 2 °C under a 16 h photoperiod. Three replications 
were maintained for each treatment. Plants were harvested after 30 days and 
washed and dehydrated at 80 °C for 24 h. The dry weight biomass and shoot size 
were measured.

11.2.7  Statistical Analysis

The data are reported as means ± standard deviation (SD) for three replications or 
more. The results were subjected to analysis of variance (ANOVA) according to 
Fisher protected LSD test (p < 0.05) using the Statgraphics Plus version 4.0.

11.3  Results and Discussion

11.3.1  Quantitative Assay of TCP Solubilization

In the present work, three phosphate-solubilizing Aeromonas strains isolated from 
rhizosphere of rice were evaluated for TCP solubilization, and results are showed in 
the Table 11.1. The concentration of dissolved P was between 119.56 and  
165.85 mg l−1 (Table 11.1).

Phosphorus is an essential macronutrient for plants and is often a limiting 
mineral nutrient, and the need of frequent application of P fertilizers has become 
a costly affair and also environmentally undesirable (Vassilev and Vassileva 
2003). The solubilization of inorganic phosphate precipitated in the soil and 
make it available to plants is one of the most important activities exhibiting by 
some rhizobacteria termed PSB or phosphobacteria (Chen et al. 2008; Muleta 
et al. 2013).

This biosolubilization was accompanied by a significant decrease in pH  
(6.38–5.25) compared to uninoculated control (pH 6.8 ± 2). There is a statistically 

Table 11.1 Quantitative test of TCP 
solubilization by the PSB isolates and pH  
values of media

P (mg l−1) pH

PT66 165.85a ± 8.11 5.25a ± 0.03

GT70 119.56b ± 3.55 6.18b ± 0.08

PT29 158.33a ± 7.15 5.25a ± 0.01

Values in lines followed by letter a and b differ 
significantly according to Fisher-protected 
LSD test (p < 0.05)
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significant relationship between final pH of the culture media and P concentrations 
(r = −0.96, p < 0.01). According to several studies, this acidification is caused by the 
production of organic acids by bacteria, and the negative relationship between pH 
and P indicates the significant role of these organic acids in mineral P solubilization 
(Chen et al. 2006; Pérez et al. 2007; Keneni et al. 2010).

11.3.2  Extracellular Hydrolytic Enzymes Production

PSB can also stimulate plant growth by other mechanisms such as the inhibition 
of phytopathogenic microorganisms by the production of biocontrol compounds 
(Bhattacharyya and Jha 2012). So, these test strains were checked for extracellu-
lar hydrolytic enzymes production. Chitinase, amylase, lipase, and protease activ-
ities were detected for all bacteria, while no strain was able to degrade CMC 
(Table 11.2).

11.3.3  Antagonist Effect Against Phytopathogenic Fungi 
and Bacteria

GT70 strain was the only isolate that showed an antifungal effect. It inhibited the 
growth of V. dahliae and P. cactorum (Table 11.3). On the contrary, PT66 and PT29 
strains had no antifungal effect even if they have proven capable of solubilizing 
chitin.

Furthermore, GT70 and PT29 strains showed suppression of R. solanacearum as 
compared to PT66 isolate. But no important antibacterial effect was obtained against 
the rest of the phytopathogenic bacteria (Table 11.4).

Table 11.2 Extracellular hydrolytic enzymes production by test bacteria

Isolates Chitinase Amylase CMCase Lipase Protease

PT66 + + – + +

GT70 + + – + +

PT29 + + – + +

Table 11.3 Effect of test bacteria on growth in vitro of phytopathogenic fungi

C. acutatum V. dahliae P. cinnamomi P. cactorum B. fuckheliana F. oxysporum

PT66 – – – – – –

GT70 – + (D) – + (C) – –

PT29 – – – – – –

D distance antagonism, C contact antagonism

11 Simultaneous P-Solubilizing and Biocontrol Activity of Rhizobacteria Isolated



212

These results confirm what was reported earlier in literature about the effi-
ciency of some rhizobacteria in biological control against both fungal and bacte-
rial phytopathogens (Haas and Defago 2005). Besides, it was reported that the 
both isolates GT70 and PT29 are able to produce siderophores, while PT66 does 
not (Aarab et al. 2015). Thus, the significant antagonism effect obtained in the 
presence of GT70 and PT29 strains might be due to a synergistic combination of 
different metabolites such as siderophores, antibiotics, and various hydrolytic 
exoenzymes, which has been confirmed also by previous study (Shyamala and 
Sivakumaar 2012).

11.3.4  Effect of Seed Inoculation on Rice Growth

In the current study, P was the limiting factor for plant inoculation experiment 
(Oryza sativa, Puntal variety), as it is clearly shown by rice response to P fertiliza-
tion (positive control, C+). The inoculation results showed a significant stimulating 
effect of strains on rice growth (p <0.05) compared to negative control (C−). Shoot 
length significantly increased in the presence of three test bacteria (Fig. 11.1). For 
dry matter, the best results were obtained in the presence of PT29 followed by GT70 
compared to non-inoculated control (C−). However, PT66 isolate had no effect on 
dry biomass of rice plants (Fig. 11.1).

This stimulating effect of PSB exhibiting other phytobeneficial traits on rice 
growth is well documented (Lucas et al. 2009; Ng et al. 2012; Ramyasmruthi et al. 
2012). Moreover, it has been shown that the inoculation with PSB stimulates the 
growth of other cereals such as maize (Hameeda et al. 2008; Frank and Julius 2012) 
and wheat (Afzal and Bano 2008). Recently, Bouhraoua et al. (2015) reported that 
inoculation of peanut plants (Arachis hypogaea L.) with GT70 has increased root 
dry biomass.

Table 11.4 Effect of test bacteria on growth in vitro of phytopathogenic bacteria

P. savastanoi C. michiganensis R. solanacearum E. amylovora P. syringae

Halo (mm) Halo (mm) Halo (mm) Halo (mm) Halo (mm)

PT66 − − − − −
GT70 +/− − 3a − −
PT29 − +/− 3a − −

Values in lines followed by letter a differ significantly according to Fisher-protected LSD test 
(p < 0.05)
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 Conclusion
The results of this study make some isolates of PSB living in rice rhizosphere 
attractive as biofertilizers with biocontrol aspect, especially PT29 and GT77. 
These multiple intrinsic characteristics give these isolates a particular interest for 
their use in biological approaches for agriculture improvement. However, further 
studies are required to assess their effect under field conditions before they are 
recommended as bioinoculants for the plant-soil system.
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12Efficient Nutrient Use and Plant 
Probiotic Microbes Interaction

Moses Awodun, Segun Oladele, and Adebayo Adeyemo

Abstract
The use of organic and inorganic fertilizers excessively to enhance soil fertility and 
crop productivity in the quest towards food security achievement has resulted in 
detrimental environmental effects, water and soil pollution and ecosystem imbal-
ance. Exploitation of eco-friendly beneficial microbes, emerging microbial bioen-
gineering technologies and the identification of novel microbial gene resources 
which can be used in transgenic and designer plant technologies for efficient nutri-
ent management have been touted to be the next transformational revolution in 
food security and mitigation of agro-environmental degradation. Research studies 
in this direction have demonstrated that these plant–microbe interaction technolo-
gies can enhance plant uptake of nutrients, increase the use efficiency of organic 
and inorganic fertilizers and a decrease in farming cost. The focus of this chapter is 
on recent findings in areas of plant–microbe interaction for nutrient management, 
major beneficial microbes, their mechanism of action and plant–microbe interac-
tions using transgenic technologies for efficient nutrient use.

12.1  Introduction

Soil fertility depletion and crop productivity are a global challenge which requires 
concerted effort towards the realization of food security for an escalating world 
population. Soil quality is a critical component for food security and sustenance of 
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the living terrestrial ecosystem and soil biota. However, soil quality has been eroded 
globally due to intensive crop production, soil erosion, excessive use of agrochemi-
cals and heavy machinery usage coupled with climate change, fluctuating precipita-
tion patterns and incidence of extreme weather events. It is estimated that by 2050, 
there is a need for food production to increase by over 50% (Godfray et al., 2010). 
Major challenge in meeting this anticipated increase in food demand will be the 
development of a sustainable enhanced crop production framework under an envi-
ronmentally sound approach (Gruhn et al., 2000). One of the most realistic 
approaches in increasing crop productivity is conventional crop production practice 
(Singh and Macdonald 2014). However, it comes with an environmental cost and 
associated health problems. The use of synthetic fertilizers and organic materials to 
improve soil fertility and farm productivity has often negatively affected the biogeo-
chemical cycles in a complex way (Perrott et al., 1992; Steinshamn et al., 2004 cited 
by Adesemoye et al., 2009a). Despite the deleterious environmental effects, an 
upsurge in amount of fertilizers used for intensive crop production worldwide is 
being projected to increase in other to meet increased food demands (Vitousek et al., 
1997; Frink et al., 1999). However, recent statistics suggest declining or stagnating 
crop yields in developed and developing areas of the world despite heavy chemical 
fertilization.

This has been attributed to the deterioration in soil structure and fertility level of 
arable land in developed countries (Cassman et al., 2010), which resulted in stag-
nant and reduced crop yield. In the developing countries, scarce and expensive 
nutrient input affects farm productivity with associated decline in crop yield quan-
tity and quality. Multiple nutrient limitations have been identified as a factor limit-
ing nutrient-use efficiency required for efficient crop productivity (Singh and 
Macdonald 2014). For example, phosphorus (P) deficiency or unavailability as a 
result of chemical fixation into the A horizon of the soil layer could reduce crop 
performance due to its deleterious impact on nitrogen (N)-use efficiency (Bell and 
Lester 2011). The relationships that occur between soil characteristics and biologi-
cal environments are important factors essential for crop productivity (NRC 2008). 
Improving nutrient-use efficiency is a necessity for increased crop productivity as 
current nutrient-use efficiency is very low in various cropping systems across the 
world. The phosphorus (P) and nitrogen (N)-use efficiency is considered below 
30% and 50% of total inputs, respectively (Holford 1997). The major constraints 
in nutrient-use efficiency of plants arise from unavailability of nutrients for plant 
as nutrients applied to crops undergo biochemical transformation and become less 
available for plant uptake (Singh and Macdonald 2014). Nitrogenous fertilizers are 
utilized by microbes as a substrate for nitrification and denitrification (Inselsbacher 
et al. 2010). This can lead to a significant amount of applied-N being immobilized, 
leached as nitrate into water bodies causing eutrophication or released into the 
atmosphere as N2O, a potent GHG. Furthermore, applied P fertilizers are distrib-
uted into different pools, and the majority of this becomes unavailable for plant 
uptake (Richardson and Simpson 2011). It is obvious that increasing nutrient-use 
efficiency will reduce cost and improve environmental benefits by reducing GHG 
emissions, leaching and losses, thus improving soil quality (Singh and Macdonald 
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2014). Regrettably, beneficial plant–microbe interaction has often been overlooked 
in breeding programmes for efficient nutrient use by plants despite its promising 
environmentally friendly potentials and important ecosystem functions for plant 
and soils. Due to these concerns, researchers and crop breeding scientists have 
directed their attention towards breeding nutrient efficient plants with dense roots 
attracting beneficial rhizospheric microbial communities for efficient nutrient and 
water uptake, thereby increasing crop yields, farm productivity and reducing envi-
ronmental degradation. Research has repeatedly demonstrated the important roles 
beneficial plant growth-promoting microorganisms play in exerting various mech-
anisms such as biological nitrogen fixation, growth hormone production, phos-
phate solubilisation siderophore production, hydrolytic enzymes production and 
plant protection activity when activated, solely applied or synergised with starter 
nutrients (Bunemann et al., 2006; Huang et al., 2014; Tailor and Joshi 2014). In 
this regard, an integrated nutrient management (INM) plan is being promoted 
worldwide to reduce the negative impacts of nutrient loss (Adesemoye et al., 2008). 
Integrated nutrient management plan promotes Oladele and Awodun 2014b; Zou et 
al., 2014; Srivastava et al. 2015; Zhang et al., 2015); however AMF colonization 
performance could be determined by soil phosphorus pools (Stewart et al., 2005; 
Liu et al., 2014). Research has demonstrated that PGPF, PGPR or co-inoculants of 
PGPR and AMF can enhance nutrient-use efficiency of fertilizers and reduce 
chemical fertilizer rates (Bhardwaj et al., 2014). Studies have also demonstrated 
that inoculating banana with Azotobacter could substitute for up to 50% nitrogen 
requirement of banana (Tiwari et al., 1999) and 25% phosphorus requirement of 
papaya (Padma and Kandasamy 1999). Adesemoye et al., 2009a reported a syner-
gistic interaction between PGPR and AMF with a better performance when com-
pared to 70% synthetic fertilizer for P uptake. Similar trends was also observed in 
N uptake on a plant tissue analysis which presented that between 75% and 90%, 
fertilizer plus inoculants were significantly comparable to 100% synthetic fertilizer 
(Adesemoye et al. 2009b). A lot of study carried out worldwide has affirmed that a 
synergized plant–microbe interaction could spur plants to mobilize and accumu-
late required nutrients with regard to metabolic nutrient demand (Berg 2009; 
Shylaja and Rao 2012; Wu and Srivastava 2012). The outstanding diversity of ben-
eficial microorganism which has been identified but yet to be put to use is dwarfed 
by the untapped potential of the microbial world. Reconnoitring this massive 
untapped microbial community is expected to bring to light new microbes with 
potentials for efficient plant nutrient management and crop productivity. The sci-
entific community is now in a position to produce a timeless revolution where food 
security is achieved in a sustainable and environmentally friendly manner by 
selecting and associating crop plants with appropriate beneficial microbial com-
munities to reduce or replace reliance on chemical inputs and breeding crop plants 
for positive microbe associations coupled with conservative soil management strat-
egies. This chapter focuses on recent developments in areas of plant–microbe 
interaction for nutrient management, major beneficial microbes and their mecha-
nism of action and plant–microbe interactions using transgenic technologies for 
efficient nutrient use.
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12.2  Potentials of Beneficial Microbes in Nutrient 
Management and Use Efficiency: Recent Findings

In recent time, scientists have placed emphasis on exploiting safe, cost-effective and 
eco-friendly beneficial microorganisms for efficient nutrient management in sustain-
able crop production. These diverse naturally occurring beneficial microbes modify 
and enhance soil physical and chemical properties, plant nutrient-use efficiency, soil 
microbial biodiversity, soil health and crop productivity when introduced into the soil 
ecosystem (Sahoo et al., 2013). Beneficial microbial population includes PGPR, 
PGPF, nitrogen-fixing cyanobacteria, nitrogen-fixing rhizobia and mycorrhizal fungi. 
Dhanasekar and Dhandapani (2012) reported that efficient strains of Azotobacter, 
Azospirillum, Phosphobacter and Rhizobacter provided a vital and significant amount 
of nitrogen to Helianthus annuus while increasing plant height, leaf numbers, stem 
circumference, percentage of seed filling and seed dry weight. Furthermore, inocula-
tion of rice plants with Azotobacter, Azospirillum, mycorrhizal fungi and Rhizobium 
improved the physiology, root morphology and plant tissue nutrient composition 
(Mishra and Sinha 2000; Choudhury and Kennedy 2004; Oladele and Awodun 2014a, 
b; Oladele 2015). Azotobacter with its diverse species such as A. chroococcum, A. 
vinelandii, A. beijerinckii, A. nigricans, A. armeniacus and A. paspali has also been 
reported earlier to have played a vital role in nitrogen fixation, nitrogen cycle in nature 
as well as a variety of metabolic functions. It also has the ability to produce vitamins 
such as thiamine and riboflavin (Revillas et al., 2000; Sahoo et al., 2014a). Azospirillum 
is another motile free- living aerobic bacterium that can survive under waterlogged 
conditions. Diverse species of the genus Azospirillum which includes A. lipoferum, A. 
brasilense, A. amazonense, A. halopraeferens and A. irakense has been reported to 
improve productivity of various inoculated crops. Research has shown that crops 
inoculated with Azospirillum experience changes in root morphology by producing 
plant growth-regulating substances via siderophore production (Sahoo et al., 2014b), 
which increases the number of root hairs formation and lateral roots to provide more 
root surface area to absorb sufficient water and nutrients. Furthermore, co- inoculation 
of Azospirillum brasilense, Rhizobium meliloti and 2, 4 D proved complementary as 
increased effect on grain yield, N, P and K content of Triticum aestivum was observed 
(Askary et al., 2009). Azospirillum-inoculated plants have been reported to have 
enhanced root growth and activities (i.e. acidification of the root surroundings) that 
increase phosphorous and other macronutrient and micronutrient uptake (Dobbelaere 
and Okon 2007). Azospirillum spp. has also been reported to enhance plant N uptake 
and plant growth promotion. Its nitrogen fixation abilities, phytohormone production, 
water adsorption, mineral uptake, proton and organic acid exudates were first reported 
by Dobbelaere et al., (2001) and Bashan et al., (2004). A significant increase in grain 
yields of lentil, pea, alfalfa and sugar beet rhizosphere, berseem, ground nut and soy-
bean across different ecological zones and soil types has been reported due to inocula-
tion with rhizobium inoculants. Rhizobium isolates from wild rice have also been 
reported to fix nitrogen in rice plants, thereby promoting growth and development 
(Hussain et al., 2002; Peng et al., 2008; Sharma et al., 2011; Grossman et al., 2011; 
Ramachandran et al. 2011; Rashid et al., 2012). PGPRs have demonstrated significant 
roles in N cycling and plant utilization of fertilizer N in plant–soil interactions 
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(Adesemoye et al., 2009a). Shaharoona et al., (2008) reported that pot and field trials 
with inoculation of Pseudomonas fluorescens (strain ACC50) and P. fluorescens bio-
type F (strain ACC73) showed increased use efficiency of N and P in all applied NPK 
fertilizer levels in wheat with strain ACC50 causing 115%, 52%, 26% and 27% 
increase over the non-inoculated control at NPK application rates of 25%, 50%, 75% 
and 100% of recommended doses, respectively. A field experiment conducted in India 
assessed the effectiveness of PGPR (Azotobacter chroococcum and A. brasilense) and 
AMF (Glomus mosseae and G. fasciculatum) on the growth, nutrient uptake and bio-
mass production of pomegranate (Punica granatum L.). Strains were applied indi-
vidually or in combinations. Results showed that dual inoculation of PGPR and AMF 
led to higher biomass production and increase in the uptake of N as well as P, K, Ca 
and Mg in pomegranate seedling. The suggested results from improved symbiotic N2 
fixation lead to increase in N and P uptake and improved phosphatase activity (Aseri 
et al., 2008). Pseudomonas, Bacillus, Micrococcus, Flavobacterium, Fusarium, 
Sclerotium, Aspergillus, Penicillium, Enterobacter and Burkholderia vietnamiensis 
have all been reported to be active in the phosphate-solubilising processes in the soil 
(Park et al., 2010; Pindi and Satyanarayana 2012). PGPR such as Pseudomonas and 
Acinetobacter strains have also been reported to enhance uptake of Fe, Zn, Mg, Ca, K 
and P by crop plants. Kohler et al. (2008) reported the effects of PGPR (Pseudomonas 
mendocina Palleroni) and AMF (G. intraradices and G. mosseae) on uptake of N, P, 
Fe, Ca and Mn (manganese) in lettuce (Lactuca sativa L. cv. Tafalla) under three dif-
ferent levels of water stress in Spain. Sheng and He (2006) cited by Adesemoye et al. 
(2009b) reported improved uptake of K through the inoculation of PGPR B. edaphi-
cus strains NBT and suggested that the production of organic acids (citric, oxalic, 
tartaric, succinic and α-ketogluconic) by the strain and its mutants lead to chelation of 
metals and mobilization of K from K-containing minerals. Beneficial microorganism 
with such genus as Aspergillus, Bacillus and Clostridium is also found to be efficient 
in potassium solubilisation in the soil and mobilization for different crop uptake 
(Mohammadi and Sohrabi 2012). Nitrogen- fixing cyanobacteria such as Aulosira, 
Tolypothrix, Scytonema, Nostoc, Anabaena and Plectonema are also important con-
tributors of nitrogen and growth-promoting substance to associated plants. Plant-
associated beneficial microorganisms can supply macronutrients and micronutrients 
as required by associated plants. PGPRs are known to metabolize root exudates of 
associated plants and in turn provide nitrogen to the plant for amino acid synthesis in 
a nonparasitic beneficial relationship termed symbiosis. Free-living bacteria like 
Azospirillum, Burkholderia and Stenotrophomonas are known to be active in this 
regard with intrinsic ability to fix nitrogen and sulphate, which can be provided to the 
plant via oxidation mechanism (Banerjee and Yesmin 2002; Dobbelare et al., 2003). 
Apart from fixing atmospheric nitrogen and solubilising phosphate, PGPRs could also 
help sequester iron for plants by releasing siderophores (Raaijmakers et al., 1997; 
Bakker et al., 2007); producing plant hormones (Gutierrez-Manero et al., 2001) such 
as gibberellins, cytokinins and auxins and synthesizing the enzyme 1-amino 
cyclopropane-1- carboxylate (ACC) deaminase, which lowers plant levels of ethylene, 
thereby reducing environmental stress on plants (Glick et al., 2007). Most agricultural 
soils have large amounts of inorganic and organic P, which are immobilized and 
mostly unavailable, making many soils to be P deficient. PGPR and AMF can play 
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significant roles in the solubilisation of inorganic phosphate and mineralization of 
organic phosphates (Tawaraya et al., 2006). Organic P usually accounts for 30–65% 
of total P in soils and must be converted to inorganic or low-molecular-weight organic 
acid compounds before they can be assimilated by plants (Adesemoye et al. 2009a). 
Beneficial microbes could also liberate phosphorous from organic compounds such as 
phytates and thus indirectly promote plant growth. Inorganic nutrients that is poorly 
soluble can be made available through the solubilisation of bacterial siderophores and 
the secretion of organic acids (Unno et al., 2005 cited by Berg 2009). AMF’s ability 
to enhance water uptake, nutrient uptake (high-affinity for P uptake) and content and 
plant growth has been widely reported over the years. AMF’s ability to mine the soil 
for available P through their extra radical hyphae with large surface areas acting as an 
interface between the soil and plant roots has enhanced P nutrition in plants. Liu et al., 
(2000) reported an increase in acquisition of Fe, Zn, Cu and Mn in mycorrhized 
maize; Giri and Mukerji (2004) also reported significant increase in Mg concentra-
tions in seedling tissues of Sesbania aegyptiaca and S. grandiflora after application of 
AMF Glomus macrocarpum, compared with non- mycorrhized seedlings in saline 
soil. Bearing in mind the capacity of both PGPRs and AMF or PGPRs and PGPFs to 
help plants in uptake of nutrients, a quadruple interaction of PGPR–plant–AMF/
PGPF has also been explored especially with the suggestion that AMF could possibly 
act as a vehicle to spread PGPR throughout the rhizosphere (Morrissey et al., 2004; 
Adesemoye et al., 2009b). In exploring the interactions between PGPR/PGPF and 
AMF for better plant-use efficiency of inorganic fertilizers or organic fertilizers, syn-
ergism is likely, but one must be aware that un-synergetic interactions between these 
microbes could also be a possibility (Fig. 12.1).

Exudates

Plants
Rhizosphere

microorganisms

Root morphology

Capacity/affinity of
nutrient transporters

Nutrient
availability

Fig. 12.1 Mechanisms involved in enhancing nutrient availability and uptake (Diagram culled 
from Rengel and Marschner 2005)
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12.3  Integrated Nutrient Management: Microbe–Plant–
Fertilizer Tripartite Interaction

Researchers and policymakers have suggested integrated nutrient management 
(INM) as the key towards mitigating agro-environmental problems. It is perti-
nent to note that this plan (INM) does not intend to eradicate inorganic fertilizer 
use permanently but to reduce its use and diminish the negative impacts of 
excessive use of inorganic fertilizers. The INM plan only encourages the com-
bined use of low chemical input, organic input and beneficial microbes (biofer-
tilizers) for efficient nutrient management and nutrient-use efficiency not 
compromising crop productivity while safeguarding the environment signifi-
cantly on a long term and sustainable basis. A long-term field study conducted 
in India using the INM plan and Citrus reticulata as test crop on a Vertic 
Ustochrept showed much better effectiveness of beneficial microbes when used 
with inorganic fertilizers, organic manure and farmyard manure which resulted 
in increased fruit yield, fruit quality and improved soil quality (Srivastava et al. 
2002, 2015). A study conducted on banana (Musa acuminata L.) using INM 
plan in a tripartite combination of farmyard manure (FYM) 12 kg/plant – 
Azospirillum sp. 50 g/plant – phosphate-solubilising bacteria 50 g/plant T. har-
zianum 50 g/plant resulted in fruit yield increase and quality (Hazarika and 
Ansari 2010). Patil and Shinde (2013), using the INM plan, validated Hazarika 
and Ansari (2010) findings on Musa acuminata L. by reporting significant 
increase in fruit yield and quality when 50% recommended dose of chemical 
fertilizer (RDM), FYM 20 kg/plant, Azotobacter sp. 50 g/plant, phosphate-sol-
ubilising bacteria 50 g/plant and VAM 250 g/plant was applied. Furthermore, a 
study on Mangifera indica L. conducted by Singh and Banik (2011) using the 
IPN plan which consists of 500 g N, 250 g P2O5, 250 K2O g/plant 50 kg FYM 
and Azospirillum sp. 250 g/plant recorded significant increase in flowering, fruit 
setting, fruit and yield quality. This findings were also validated by Hasan et al. 
(2012) who conducted similar research on Mangifera indica L. using the IPN 
plan consisting of 250 N, 425 P2O5, 1000 K2O, Azospirillum sp. 250 g/plant, 
PSB 250 g/plant, ZnSO4 100 g/plant and Borax 100 g/plant, which observed 
significant increase in fruit setting and fruit quality. Similar trend was reported 
by Yadav et al. (2007) on Emblica officinalis Gaertn 50% of N-P-K-S 105 kg 
N – 7.20 kg P2O5–125.25 kg K2O/ha, beneficial Azotobacter sp., Azospirillum 
sp., phosphate-solubilising bacteria and FYM (2 tonnes/ha) and validated by 
Mandal et al. (2013) 100 g N, 25 g P2O5, 150 g  K2O/plant, FYM 10 kg/plant and 
phosphate-solubilising bacteria 50 g/plant with significant increase observed in 
fruit setting, yield and quality. In a field study conducted by Adesemoye et al. 
(2008) using an INM plan, it was reported that PGPR enhanced maize plant N 
uptake which impacted plant growth. The increase in maize plant N content is 
believed to have resulted from increased fertilizer N utilization efficiency. 
Results from these findings have revealed significant results which affirm that 
organic/inorganic/beneficial microbe synergy could be the future key for effec-
tive nutrient management and sustainable crop productivity.
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12.4  Mechanism of Action of Beneficial Microbes

The association of AMF with roots of colonized plants serves as a prototypical 
 system in studying and understanding the mechanism behind colonization pattern 
and growth stimulation in the root cells of infected plants (Wu et al., 2013; Bhardwaj 
et al., 2014). Genome sequencing of ectomycorrhizae fungi assisted in the identifi-
cation of conditions that aided the development of mycorrhiza and its function in 
the plant cell (Bonfante and Genre 2010; Bhardwaj et al., 2014). About 15 genes 
were identified as putative hexose transporters as upregulated during symbiosis 
(Bonfante and Genre 2010). The movement and regulation of transporter genes dur-
ing symbiosis specified the action of transportation of useful compounds like oligo-
peptides, amino acids and polyamines through the symbiotic relationship from one 
organism to other. Free-living mycelium can take nitrate and ammonium from soil, 
and subsequently, these compounds reach the mantle and hartig net and are trans-
ferred to the plants (Bhardwaj et al., 2014). The ability of G. versiforme to absorb 
phosphate from the soil for onward transmission to colonized plant has been linked 
to inorganic phosphate (Pi) transporters inherent on its hyphae, while the presence 
of glutamine synthase gene found in G. intraradices reinforces the prospect of 
nitrogen absorption in fungal hyphae that can be transported later to the plant 
(Salvioli et al., 2012). The pathways that prepare plant for both AM and Rhizobium 
colonization have some common points; a Nod factors of Rhizobium similar to 
bioactive compounds called Myc factors are suggested to be secreted by Rhizobium 
and Mycorrhiza and perceived by host roots for the activation of signal transduction 
pathway or common symbiosis (SYM) pathway (Kosuta 2003; Roberts et al., 2013 
cited by Bhardwaj et al., 2014). In Fig. 12.2, bioactive ligands called Myc factors 
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and Nod factors were shown to be secreted by mycorrhiza and Rhizobium perceived 
by host roots in triggering the signal transduction pathway which initiates further 
signal transduction pathway through unknown receptors (SYMRK and NORK) 
which trigger the release of Ca2+ in the cytosol, receptors like kinases or other 
kinase-related proteins like DMI and SYM71 in phosphorylating their substrates. 
Nuclear pore complex (NPC) and some of its proteins (NUP) play a role in calcium 
spiking. The periodic oscillation of calcium ions inside and outside the nucleus is 
being maintained by the role of DMI proteins (Bhardwaj et al. 2014). The produc-
tion of nitric oxide (NO) is being induced by the production of PGPR, which acts as 
a second messenger to trigger a complex signalling network leading to improved 
root growth for nutrient interception and metabolic processes (Molina-Favero et al. 
2007). The ability and potential of PGPRs have been enhanced by the introduction 
of genes involved in the direct oxidation (DO) pathway and mineral phosphate solu-
bilisation (MPS) into some useful strains of PGPRs. Acinetobacter calcoaceticus 
and E. coli, G. oxydans and Enterobacter asburiae are some of the microorganisms 
where the gene encoding glucose dehydrogenase (gcd) involved in the DO pathway 
was cloned and characterized from (Tripura et al., 2007). Rhizobium and Bacillus 
were also found to synthesize IAA at different conditions such as pH, temperature 
and in the presence of agro-waste as substrate (Sudha et al., 2012). Nitrogen fixation 
genes are universally used by scientists through induction of nif genes to create 
transgenic plants that are able to fix atmospheric nitrogen independently. The induc-
tion of these nif genes in nitrogen fixing bacteria can only take place under low 
availability of nitrogen and oxygen in the rhizosphere (Santos et al., 2012). However, 
the effectiveness of nitrogen fixation is reliant on the utilization of carbon (Sevilla 
et al., 2001).

12.5  Transgenic Approach: Plant–Microbe Interactions 
for Nutrient-Use Efficiency

It is well established that plant–microbe interactions are the main key for pri-
mary productivity. Previous researches have highlighted different methodolo-
gies in harnessing microbe–plant interactions for increased crop productivity 
(Altomare and Tringovska 2011; Shen et al., 2013); however these biotechno-
logical approach has not been fully utilized. Rhizospheric microbial interactions 
are moderated by a number of signals released by plant roots to communicate 
with soil microbes. Identifying these signals and harnessing them to improve 
interaction between beneficial microbes and plant roots can maximize available 
nutrient and use efficiency. A way to go is to genetically modify plants to 
enhance plant microbial signalling (Singh and Macdonald 2014). A transgenic 
plant encourages colonization and importunity of beneficial microbes through 
altered root exudation (Abhilash et al., 2012). Transgenic technology approach 
can be used to reduce nitrogen inputs by genetic engineering of nonleguminous 
crops to form N2-fixing nodules with Rhizobia, resulting in N acquisition 
through N2 fixation as each pathway is mediated by multiple genes. A successful 
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transfer of nodule-forming capability in nonlegume crops requires a complete 
understanding of interactions between multiple plant and bacterial genes (Jones 
et al., 2007; NRC 2008). Another potential approach for N availability increase 
in plants includes engineering crops with N-fixing (nif) genes. Nif genes encode 
nitrogenase enzyme, an important enzyme in the fixation of N2 present in a num-
ber of free-living and symbiotic bacteria. For this approach to be a reality engi-
neering of nif genes in plants will require proper understanding of the interactions 
between different genes and N2-fixing chemistry as quite a number of genes 
need to be transferred into plants in order to achieve N2 fixation. Crop plants can 
also be engineered with some P mineralizing and solubilising genes from soil 
bacteria as several contains acid phosphatase enzymes for P solubilisation. It is 
envisioned that alkaline phosphatase and phytase genes can be harnessed 
through transgenic technics so that crops can directly access organic and/or 
fixed phosphorus and thus improve phosphorus uptake (Singh and Macdonald 
2014). Recently some success story has been recorded in transferring phytase 
and phosphatase genes in transgenic plants (Tian et al., 2012 and Wang et al., 
2013); however effectiveness of such an approach on a commercial scale remains 
elusive. However, it is not all bleak as scientist can be inspired by the success 
recorded from transgenic plants created worldwide for pest management through 
herbicide resistance genes, engineered from soil bacteria genes such as Bacillus 
thuringiensis and Agrobacterium strain CP4, respectively (Romeis et al., 2006). 
Using metagenomics, proteomics and metabolomics, it is now possible to iden-
tify and isolate genetic resources for maximizing nutrient cycling and nutrient-
use efficiency without nurturing soil microbes which is a limitation of current 
technologies; metagenomics can offer key information on new genetic resources 
for novel traits in soils. Genes then can be either isolated or synthesized and be 
used for transgenic application. Additionally, combination of metagenomics 
along with conventional measures of soil properties could also be used to regu-
late the soil ability to provide nutrients for crops under low-input farming and 
fertilizer-use efficiency under conventional faming (Abhilash et al., 2012; Singh 
and Macdonald 2014). Another approach is development of “designer plants” 
currently in use for bioremediation (Abhilash et al., 2012), with better root traits 
which can access different zones in soils for nutrient and attract beneficial 
microbes, PGPRs and PGPFs with direct positive impacts on nutrient-use effi-
ciency and crop productivity (Maity et al., 2012; Rayu et al., 2012). The designer 
plant exploits the strength and interactions between plants, rhizosphere bacteria, 
fungi and endophytical bacteria either through conventional or transgenic breed-
ing. This preferentially attract N2-fixing bacteria, mycorrhizal fungi and 
P-solubilising bacteria on roots for accessing organic N and P which can be 
manipulated with endosymbionts that fix N2 inside plant tissues. It is believed 
that if all the above approaches are combined, this technology could have 
momentous impact on nutrient management and use, thereby increasing crop 
productivity (Singh and Macdonald 2014). However, there are constraints in 
developing these technologies appropriately on large scale.
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Conclusion
Poor soil quality and environmental degradation are some of the challenges affect-
ing crop productivity and plant nutrient management. Improving crop efficiency 
through better nutrient management and use efficiency in arable soils is one of 
those key challenges. Solving food security issues for the escalating world popu-
lation requires a combination of conventional and biotechnological approach. 
Harnessing the potentials of beneficial microbes can help solve food security 
challenge of an increasing global population at a period when crop productivity is 
bedevilled with nutrient management and use efficiency inadequacies. 
Understanding the tripartite interactions between beneficial microbe, fertilizers 
and plants becomes a necessity. This interaction would help increase nutrient 
uptake into plant tissues, thereby reducing GHG emission, nutrient run-off or 
leaching and increased nutrient-use efficiency as lower rates of fertilizers will be 
required for increased crop productivity. Research efforts are being directed 
towards the development of transgenic, transfer of N2-fixing genes and designer 
plant technology for improved nutrient- use efficiency and nutrient management; 
however its development on a commercial scale for field application could be 
challenging. A breakthrough in this direction will serve well to ameliorate nutri-
ent-use efficiency, crop productivity, farm profitability, soil quality, reduction in 
environmental burden of fertilizer inputs and less stress on soil and ecosystems.
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Abstract
Like many other high organisms, plants harbour a microbiome. The plant micro-
biome can be defined as the communities of microbial symbionts (microbiota) 
plus their collective genetic material, which determines the properties of the 
interactions between the microbes themselves and with their host.

The plant microbiome is crucial in plant health and crop yields. The under-
standing and management of the plant microbiome have the potential to decrease 
plant diseases and increase agricultural production; this can allow a reduction in 
the use of chemical fertilisers and pesticides in fields, thereby increasing the 
production of food to sustain the human population while simultaneously pro-
tecting the environment and human health. Consequently, many scientific studies 
in recent years have focused on unravelling the secrets of the plant microbiome, 
and the development of several omics techniques has greatly contributed to this 
aim.

In this chapter, we will review the methodologies of the application of high- 
throughput sequencing techniques in performing metagenomics studies focused 
on the microbiota as a part of the plant microbiome, we will provide an overview 
of the most recent research on this topic, and we will review other omics 
approaches important in deciphering and understanding the plant microbiome in 
full, presenting some of the main goals addressed to date.
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13.1  Introduction

Currently, eukaryotes are considered as a whole only when their microbiomes are 
included (Berg et al. 2014; Hirsch and Mauchline 2012; Muller et al. 2016; 
Rosenberg and Zilber-Rosenberg 2016) because microbial genomes contribute to 
the anatomy, physiology, immunity, development, behaviour, and genetic variation 
of their host. Moreover, the inclusion of microbial genes in a host’s hologenome or 
pan-genome is a powerful mechanism for evolution, making it occur much faster 
because the host is able to more easily adapt to its environment (Rosenberg and 
Zilber-Rosenberg 2016).

All plant tissues are susceptible to hosting microbial communities: the rhizo-
sphere (region of soil influenced by plant root exudates), the phyllosphere (plant 
aerial surfaces), and the endosphere (internal tissues) (Fig. 13.1).

Microorganisms in the rhizosphere and phyllosphere are considered to be epi-
phytes, and those from the endosphere are known as endophytes. These microbes 
can establish beneficial, neutral, or detrimental associations with their host plants. A 
plant microbiome can be defined as the communities of plant-microbial symbionts 
(microbiota) plus their collective genetic material, which determines the properties 
of the interactions between the microbes themselves and with their host.

Flower microbiota

Leaf microbiota

Steam microbiota

Nodule microbiota

Rhizosphere
microbiota

Root microbiota

Soil microbiota

Fig. 13.1 Compartmen-
talisation of microbiomes 
in plants
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The plant microbiome is crucial to plant health and productivity (Berendsen 
et al. 2012). The understanding and management of the plant microbiome have the 
potential to decrease the effects of plant diseases and increase crop yields, therefore 
reducing the need for agricultural chemicals such as pesticides and fertilisers, result-
ing in environmental and health benefits while increasing the production of food for 
sustaining the world’s growing population (García-Fraile et al. 2015). Therefore, 
the study of the plant microbiome has garnered much attention in recent years, and 
the scientific community has made much progress in unravelling the secrets of the 
plant microbiome, especially by means of omics approaches.

Unlike traditional techniques, which focus on one or a few molecules at one 
time, omics approaches are high-throughput technologies used in the study of dif-
ferent molecules, with genomics for the study of genes, transcriptomics for the 
study of transcripts, proteomics for the study of proteins, and metabolomics for the 
study of metabolites being the most commonly applied (Fig. 13.2).

In addition, the prefix ‘meta’ implies that the omics method attempts to measure 
all genes, transcripts, proteins or metabolites in a given community sample.

Protegenomics

Genomics

DNA

• DNA
  Sequencing

mRNA Proteins Metabolites

• cDNA-seq • LC • MS
• SIMS
• NMRS

• MALDI
• MS
• AMT

• Microarray
• Genes
  annotation

Transcriptomics Proteomics Metaboloics

DNA

Proteins

Fig. 13.2 Schematic representation of the omics technologies used in plant microbiome studies, 
with an indication of the focal molecules and methods used, and symbolised as the DNA informa-
tion flow in cell metabolism. Genomics: studies of DNA sequences using DNA sequencing and 
bioinformatics for gene annotation. Transcriptomics: focuses on mRNA for the study of gene 
expression using cDNA sequencing or microarray hybridisation. Proteomics: unravels protein 
sequences using liquid chromatography or matrix-assisted laser desorption/ionisation combined 
with mass spectrometry or accurate mass and time analysis. Metabolomics: studies cell metabo-
lites by means of several analytical techniques such as mass spectrometry, secondary ion mass 
spectrometry and nuclear magnetic resonance spectroscopy. Proteogenomics: combines the infor-
mation inferred from genomics and proteomics. cDNA-Seq sequencing of complementary DNA 
(synthesised from a messenger RNA (mRNA)), LC liquid chromatography, MALDI matrix-assisted 
laser desorption/ionisation, MS mass spectrometry, AMT accurate mass and time, SIMS secondary 
ion mass spectrometry, NMRS nuclear magnetic resonance spectroscopy
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In this chapter, we will review the methodologies of the application of high- 
throughput sequencing techniques in metagenomic studies that focus on the micro-
biota as a part of the plant microbiome, we will provide an overview of the most 
recent research on this topic, and we will provide a review of other omics approaches 
important in deciphering and understanding the plant microbiome in full, presenting 
some of the main goals addressed to date.

13.2  High-Throughput Sequencing for Exploring Plant 
Microbiota

Most plant-microbial communities, especially uncultured microorganisms, are not 
yet well known. High-throughput sequencing methods, also known as next- 
generation sequencing (NGS) techniques, are crucial for the rapid advancement of 
the unravelling of the microbial communities that establish symbioses with plants 
and are therefore necessary in building up the catalogue of microorganisms that 
form the plant microbiome.

Advancements in NGS technologies in the last decade have enormously shifted 
views regarding the complexity of plant-associated microbiomes and are fully 
uncovering their diversity. Thanks to these methods, it is finally possible to answer 
some of the fundamental questions concerning the composition of these microbi-
omes, making it then possible to build further knowledge. So the elementary ques-
tion ‘Who is there?’ can now be answered, not only at a full magnitude and for a 
fraction of the cost compared to previous tedious and time- and effort-demanding 
cultivation techniques but also on a timescale not conceivable at any previous time. 
Moreover, fine-scale temporal changes in community composition can be observed 
and the effects of short-term processes detected.

In addition to the information that DNA can provide us, further insight into plant- 
microbe interactions can be obtained by evaluating RNA, which mirrors the actual 
underlying processes and their executors. Complementary data can be further 
obtained by studying the full metabolomes and proteomes of given communities, 
thus providing a full picture of the basis of plant-microbe interactions. NGS tech-
nologies are thus opening new avenues for high-resolution, low-cost studies and 
represent a holistic approach to studies of complex biological systems such as plant 
microbiomes.

As mentioned previously, the first step in the study of any community is gener-
ally the identification of its composition. For this purpose, the most frequently used 
practice is the amplification of a standard barcoding marker from the DNA isolated 
from the whole community and the subsequent reference database comparison of 
sequenced amplicon libraries (for a list of phyllosphere community amplicon-based 
studies, see Knief (2014)). The generally accepted marker for the identification of 
fungal communities is the internal transcribed spacer of the rRNA cluster (ITS 
rRNA, Schoch et al. (2012)), whereas the 16S rRNA gene is the selected gene 
marker for bacterial studies (Pace 1997). Several alternative markers are being 
developed and tested that could be used separately or in combination with former 
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markers to provide complementary analyses of given communities (Stockinger 
et al. 2014; Stielow et al. 2015; Větrovský et al. 2015; Links et al. 2012). Most of 
the ongoing initiatives devoted to barcode enhancement are nevertheless focused 
solely on redesigning novel primers for former widely used markers to better avoid 
known taxonomic biases (Toju et al. 2012; Ihrmark et al. 2012; Bokulich and Mills 
2013; Walters et al. 2015; Parada et al. 2016; Apprill et al. 2015; Takahashi et al. 
2014).

Until recently, the most commonly used platform for amplicon-targeted NGS 
was the 454 instrument from Roche or its benchtop version with the latest updates, 
named the 454 GS Junior + system. With the employment of the newest kits for 
DNA amplification, library preparation and sequencing, these instruments are capa-
ble of delivering reads with a mode read length of 700 bp, reaching up to 1000 bp. 
Length superiority over the competitors at the time was one of the reasons for 
choosing this platform. The total output of the 454 GS instrument, however, is only 
1 million reads per run (100,000 reads for GS Junior+), and thus, the cost per base 
is on the opposite side of the spectrum from all other NGS platforms available (see 
Table 13.1 for an overview of the output and cost per base of different NGS plat-
forms, adopted from Loman et al. (2012)); this together with the still-increasing 
read length provided by other platforms, principally Illumina, represented specifi-
cally by its MiSeq instrument (reaching up to 2 × 300 bp as of June 2016), which is 
best suited for amplicon sequencing, caused the replacement of the 454 platform 
(Caporaso et al. 2012; Kozich et al. 2013).

Another platform used for amplicon sequencing is the Ion Torrent PGM system 
which is, in terms of read length and cost per base, somewhere in between the above-
mentioned systems. Considering the overall advantages of MiSeq and the Illumina 
system in general, we will further discuss specificities that are primarily inherent to 

Table 13.1 Comparison of the per base cost and run properties of the most frequently used plat-
forms for amplicon-targeted sequencing

Platform List price
Approximate 
cost per run

Minimum 
throughput (read 
length)

Run 
time Cost/Mb Mb/h

454 GS 
Junior

$108,000 $1100 35 Mb (400 
bases)

8 h $31 4.4

Ion Torrent 
PGM

(314 chip) $80,490 $225 10 Mb (100 
bases)

3 h $22.5 3.3

(316 chip) $425 100 Mb (100 
bases)

3 h $4.25 33.3

(318 chip) $625 1000 Mb (100 
bases)

3 h $0.63 333.3

MiSeq $125,000 $750 1500 Mb 
(2 × 150 bases)

27 h $0.5 55.5

Adapted from Loman et al. (2012)
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this specific platform. Moreover, Roche has already announced that support for the 
454 platform will be shut down by mid-2016 (http://www.fiercediagnostics.com/
story/roche-close-454-life-sciences-it-reduces-gene-sequencing-focus/2013-10-17).

For amplicon-targeted sequencing, the first step in library preparation, as the 
name of the procedure implies, is the amplification of a targeted region from  
the community-extracted DNA. Subsequently, DNA adapters necessary for the 
annealing of amplicons to the glass slide are added either by means of ligation or 
are already incorporated in the so-called fusion primers used in amplification. 
Several library preparation kits are available in the marketplace together with a 
range of protocols to assist with the pre-processing of amplicon libraries (for the 
overview, see Kucuktas and Liu 2010). Amplicon sequencing is generally regarded 
as a semiquantitative method (Amend et al. 2010), and to harness its maximal 
potential in recovering a quantitative picture of the studied community, several 
issues need to be taken into consideration. In addition to the bioinformatic pro-
cessing of the data, which will be discussed later, PCR amplification by itself 
should be adjusted to avoid the magnification of the underlying effects of unbal-
anced primer efficiency in multi-template PCR as well as the depletion of some 
combinations in the case of degenerate primers (Polz and Cavanaugh 1998). This 
can be achieved by limiting the number of PCR cycles so that rare templates are 
not over-amplified, and the reaction is far from reaching saturation (Kanagawa 
2003). Decreasing the number of cycles also prevents the excessive formation and 
propagation of chimaeras, which can be further restricted by extending the elon-
gation phase of PCR (Haas et al. 2011; Wang and Wang 1996; Meyerhans et al. 
1990). In the case of employing fusion primers for library preparation, a two-step 
PCR amplification procedure is required in which the first amplification is per-
formed with only gene-specific primers and afterwards a second PCR consisting 
of a few cycles is performed utilising fusion primers with adapters and barcodes, 
which are added to the PCR products (Kauserud et al. 2012; Berry et al. 2011). 
Essentially all steps of the library preparation process inevitably introduce biases, 
which can be accounted for either in bioinformatic processing or during data 
interpretation (van Dijk et al. 2014). A prerequisite condition for a successful 
unbiased PCR library preparation is clearly a robust genomic DNA extraction. 
Several protocols tested in NGS applications are available, and the choice of the 
most suitable one depends on the specificities of the given project (Venter et al. 
2004; Delmont et al. 2011; Knight et al. 2012; Burke et al. 2009; Thomas et al. 
2010). Specific procedures need to be performed particularly if the objective of 
the study is to evaluate the community associated with a host and thus the risk  
of host DNA dominating the extraction is high (Feehery et al. 2013). The use of 
selective primers that minimise the impact of host DNA might contribute to the 
robust amplification of the DNA of the studied communities (Anderson et al. 
2003; Smit et al. 1999). Another alternative solution might be the use of blocking 
primers to prevent the amplification of unwanted DNA (Powell et al. 2012; Wilcox 
et al. 2014). Additional amplification refinements include repeating the single 
PCR reaction several times to account for stochastic amplification biases (Polz 
and Cavanaugh 1998; Ihrmark et al. 2012). The products of these repeated 
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reactions are subsequently pooled. To avoid quantitative biases in library prepara-
tion, the enzymes used in the PCR reaction are also assessed for their performance 
to identify those that are the least biased (Quail et al. 2012).

To fully make use of ever-increasing sequencing output, the multiplexing of sam-
ples is necessary in library preparation. This is achieved by adding short, sequence-
based sample-specific indices (also called barcodes or tags) to the amplified PCR 
fragments (Craig et al. 2008; Meyer et al. 2007; Meyer and Kircher 2010). Thus, the 
sequence reads from multiple libraries can be computationally sorted to the former 
samples based on a given sample-specific index. At the same time, multiplexing is a 
source of another type of error connected to the misidentification of the sample of 
origin. This can happen due to sequencing errors in the index region, errors accumu-
lated during PCR amplification or errors that arise during index synthesis. To mini-
mise such negative impacts, sorting indices are being designed to differentiate among 
one another using multiple bases so that the chance of random index switching is 
negligible (Frank 2009; Parameswaran et al. 2007; Degnan and Ochman 2012; 
Hamady et al. 2008; Faircloth and Glenn 2012). Nevertheless, sequence sorting could 
be confounded by cross-contamination of indices during processing or by recombina-
tion events during so-called ‘tag switching’ in PCR (Carlsen et al. 2012). Thus, the 
double-indexing strategy was devised as a means to reduce these types of biases 
(Kircher et al. 2012). The design of indices should also be done carefully, as an inap-
propriate base composition might have negative impacts on the even amplification of 
differently labelled samples in addition to the confounding effects on read sorting.

With the great amount of data acquired by NGS technologies, the limiting factor 
in their usage and valid interpretation is in bioinformatics analysis (Scholz et al. 
2012; Nekrutenko and Taylor 2012; Pop and Salzberg 2008; McPherson 2009). The 
big data problem is by itself difficult to manage, as the capacities to store, move and 
transparently share the data are costly and lag behind the pace of innovation of 
sequencing machines (Dai et al. 2012; Sboner et al. 2011).

There are essentially three options for addressing this issue, including delegating 
data analysis to commercial companies, conducting the analyses at local computa-
tional capacities or employing some of the available cloud computing resources 
such as Amazon Cloud Web Services (Schatz et al. 2010; Sboner et al. 2011).

General data analysis procedures involve several steps beginning with quality fil-
tering of the raw reads, chimaera detection and purging and eventually OTU (opera-
tional taxonomic unit) clustering with subsequent OTU filtering, followed by the 
taxonomic assignment of representative sequences and an array of diversity analysis 
and statistical tests. Based on the types of data these general procedures entail, other 
necessary steps such as paired-end sequence concatenation may be involved. There 
are a multitude of bioinformatics tools designed to aid with these data processing 
operations such as individual scripts, fully independent pipelines represented by sev-
eral types of frequently employed software such as QIIME (Caporaso et al. 2010), 
mothur (Schloss et al. 2009), and UPARSE (Edgar 2013) and flexible web-based 
platforms with extendable portfolios that include all types of computational tools, 
such as that represented by Galaxy (Afgan et al. 2016). The latter platform can be run 
on one of the many public Galaxy servers or as a local instance.
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The first step in the sequencing data analysis workflow, which is subsequently 
repeated in different forms throughout the analysis, is data filtering. Raw sequence 
data are quality filtered either by applying a criterion regarding the minimal aver-
age Phred score per base or by truncating the reads at a base position where these 
scores begin to drop under the given threshold (Caporaso et al. 2011; Bokulich 
et al. 2013). Another frequently applied criterion is a match in the primer part of 
sequence read with no or minimal difference, and the same rule is applied to the 
index section of the read as well. Additional quality filters include a minimal and 
maximal read length and a maximal number of overall and contiguous N characters 
(Bokulich et al. 2013). The same procedure applies in the case of paired-end data-
sets wherein the paired reads are first merged, quality scores in the overlapping 
region are calculated and standard quality filters are subsequently implemented as 
described. There are a plethora of paired-end mergers available, including 
PANDAseq (Masella et al. 2012), SHERA (Rodrigue et al. 2010), FLASH (Magoc 
and Salzberg 2011), COPE (Liu et al. 2012), PEAR (Zhang et al. 2014), UPARSE 
(Edgar 2013), AdapterRemoval (Lindgreen 2012), IeeHom (Renaud et al. 2014) 
and the Clip and Merge tool as part of the EAGER pipeline (Peltzer et al. 2016). In 
some of these tools, the collapsing of paired reads is part of a more complex 
sequencing read processing procedure that includes autonomous quality filtering, 
adapter removal and other steps, as in the AdapterRemoval or UPARSE pro-
grammes, which also include clustering procedures.

The next step in data processing is OTU picking, or essentially read clustering, 
which should result in a set of biologically realistic and reliable sequence groups 
that generally represent the species level but occasionally go as far as strain level 
by employing a slightly modified procedure of amplicon sequencing called low-
error amplicon sequencing (LEA-Seq) (Faith et al. 2013). This modified procedure 
is based on the redundant sequencing of linear PCR templates, thus exchanging 
quantity for quality. There are two main approaches to sequence clustering: 
reference- based clustering and reference-free clustering, or so-called de novo clus-
tering. As the names suggest, the main difference between the two approaches is 
related to their dependence on the reference database. In reference-based cluster-
ing, or close- reference clustering, the building of sequence groups proceeds by 
searching for the closest hit in a given reference database, and all the reads that 
pass a minimal similarity filter are grouped around this closest hit. The taxonomic 
assignment is then provided by the reference sequence. An obvious disadvantage 
of this protocol is the absolute dependence upon a reference database, resulting in 
a loss of all the diversity not covered but potentially important in a given database. 
On the other hand, the major advantage is computing speed and the possibility of 
comparing datasets based on the different parts of an amplified gene (specifically 
for 16S rRNA studies, the database is based on the full-length 16S rRNA gene). 
Reference-free clustering, or so-called de novo clustering, essentially involves 
comparing reads to one another and then searching for the most optimal configura-
tion of sequence groups that correspond to taxonomical clades or monophyletic 
groups. There are numerous clustering tools capable of de novo clustering, includ-
ing UCLUST and USEARCH (Edgar 2010), UPARSE (Edgar 2013), Swarm 
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(Mahé et al. 2014), SUMACLUST (Mercier et al. 2013), SortMeRNA (Kopylova 
et al. 2012), CD-HIT (Li et al. 2012), DNACLUST (Ghodsi et al. 2011), SEED 
(Bao et al. 2011) and many more. Those that are most frequently used (CD-HIT, 
UCLUST) are built upon the use of a centroid- based greedy clustering algorithm 
(Rideout et al. 2014). The most frequently applied criterion of sequence similarity 
within a cluster is >97%, which is generally accepted to represent the variability of 
intraspecies biological markers (relating to 16S rRNA (Huse et al. 2010) and ITS 
(Schoch et al. 2012)). In contrast, the UPARSE pipeline (Edgar 2013) works inde-
pendently of an often misleading and artificial OTU similarity cut-off and simulta-
neously also filters sequences based on their quality as well as performs chimaera 
filtering in addition to clustering. This pipeline is thought to be more precise in 
providing OTU numbers that are more congruent with the true underlying species 
diversity of a particular system. The recently introduced algorithm update that has 
been implemented in the USEARCH package named UNOISE uses the expected 
number of errors as a measure of read quality and an effective means of error rate 
reduction (Edgar and Flyvbjerg 2015). Afterward, the clustering step filtration of 
clusters is often performed. Most often, clusters of single reads, or so-called sin-
gletons, are discarded, but this threshold is often shifted up to 5 or even 10 reads. 
This is a somewhat controversial topic, as the minimum cluster size is often 
selected ad hoc without analytical reasoning, and filtering might cause a reduction 
in the estimate of real biological diversity instead of filtering artificial variability. 
Several other procedures have been discussed that might assist in more efficient 
clustering and error filtering such as the single-linkage pre-clustering procedure 
described by Huse et al. (2010) and the pre-clustering procedure of Schloss et al. 
(2011). The final outcome of the clustering procedure is an OTU table representing 
the presence-absence data for the recovered sequence clusters and includes OTUs 
and their read abundances.

The ultimate step in the bioinformatic processing of sequence data is OTU 
taxonomic classification. The standard procedure consists of querying representa-
tive sequences of all the identified OTU clusters against a defined database that 
will depend on the studied subject and marker used. These include curated data-
bases such as the Greengenes database (16S rRNA bacterial data (DeSantis et al. 
2006)), the SILVA rRNA database project (16S/18S SSU and 23S/28S LSU data 
for all three domains of life (Quast et al. 2013)), UNITE (fungal ITS rRNA 
(Koljalg et al. 2013)) and databases derived from the above-mentioned, such as 
SilvaMod and many more custom-made databases for the purpose of identifying 
other marker genes utilised in the study. These are mostly based on the extracted 
sequence data from INSDC databases employing advanced search queries. To 
fully exploit the available taxonomic resources, several tools and algorithms are 
available to proceed with classification procedures. The three main supervised 
(dependent on the reference database) approaches to classification can be divided 
between similarity-based methods (homology or alignment dependent), sequence 
composition methods (k-mers, Markov models) and phylogeny-based methods 
and their combinations. The most commonly applied programme utilising simi-
larity searches is MEGAN (Huson et al. 2007), which relies on BLAST searches 
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in addition to implementing the lowest common ancestor (LCA) algorithm, the 
latter of which was subsequently implemented in several other tools. Sequence 
composition methods are best represented by RDP (Ribosomal Database Project), 
a naïve Bayesian classification tool (Wang et al. 2007), and phylogeny-employing 
algorithms are incorporated into software such as pplacer (Matsen et al. 2010), 
SAP (Munch et al. 2008) or EPA (Berger et al. 2011). Which method to choose 
depends on several factors including the length of the analysed marker, the pro-
portion of erroneous and missing classifications and the consumption of resources 
(Porter and Golding 2011). In studies comparing the outcomes of different classi-
fiers, MEGAN was found to be the least erroneous (Porter and Golding 2011, 
2012), and the BLAST algorithm was found to have the highest recovery rate in 
general (Porter and Golding 2011). Phylogeny- utilising methods are best suited 
for 16S rRNA bacterial studies, as their dependency on alignment building is 
alleviated by the availability of several publicly available curated alignments 
(Pruesse et al. 2007; DeSantis et al. 2006). On the other hand, composition-based 
methods were shown to be the fastest solution and especially suitable for exten-
sive datasets (Porter and Golding 2012). The accuracy of all these methods is 
dependent, however, on query length (Porter and Golding 2012). The major limi-
tation besides the length of the marker being sequenced still remains the com-
pleteness of the reference database.

13.3  Catalogues of Bacterial Communities Studied by Next- 
Generation Sequencing

Some years after the development of modern high-throughput sequencing tech-
niques, these methods began to be applied to the study of bacterial communities 
living as plant symbionts. One of the first analyses to examine a bacterial endophyte 
community based on these new technologies was in potato (Solanum tuberosum). In 
2010, Manter and collaborators studied the roots of 12 different potato cultivars and 
found a high diversity of bacterial endophytes that were cultivar dependent. The 
study also highlights a possible link between plant production and endophyte abun-
dance (Manter et al. 2010). Also using potato as host plant, Kõiv and colleagues 
analysed the dynamic changes in the endophytic bacterial community in response to 
infection by Pectobacterium atrosepticum, a bacterial pathogen that causes soft rot 
in numerous economically important crops (Koiv et al. 2015).

The model plant Arabidopsis thaliana was chosen in 2012 for the study of its 
bacterial community using a 454 sequencer (Roche) (Lundberg et al. 2012). Based 
on the sequencing of the variable regions of the 16 rRNA gene, the bacterial com-
munities of eight different lines were analysed; the study showed Actinobacteria as 
the dominant endophytes followed by Proteobacteria, Firmicutes, Bacteroidetes 
and Cyanobacteria (Fig. 13.3).

The presence of a core microbiome of the plant from the recruitment of soil bac-
teria that are able to enter the root and survive was shown to be one of the main 
conclusions of this study, which is in agreement with similar analysis using other 
hosts, such as humans (Turnbaugh et al. 2009).
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Recently, the endophytic bacteria of Aloe vera were studied by the amplicon 
sequencing of the V3–V4 regions of 16S rDNA with the Illumina platform 
(Akinsanya et al. 2015). The analyses showed that the phyla Proteobacteria, 
Firmicutes, Actinobacteria and Bacteroidetes were present in both roots and stems; 
the study also showed that the most diverse bacterial community is found in the 
roots, being that 23% of the OTUs detected in root tissue not present in other 
tissues.

13.3.1  Plant Growth-Promoting Bacteria

Plant growth-promoting bacteria (PGPB) are bacteria that are able to benefit plants 
by improving their productivity and immunity (García-Fraile et al. 2015). Plant root 
exudates induce changes in the composition of the rhizosphere and select for spe-
cific bacteria of interest (Venturi and Keel 2016). Following this, there are three 
main factors that have been described that allow these rhizospheric bacteria to 
become endophytes:

 1. Their ability to survive in soil
 2. Specific plant factors that determine colonisation and compatibility
 3. Microbial factors that enable endophytic survival (Gaiero et al. 2013)
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Fig. 13.3 Graphical representation of the mayor phyla in plant microbiomes
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Several NGS studies have focused on the analysis of these PGPB in an attempt 
to determine the specific compositions of these types of bacterial communities. 
Some compounds are indicators of endophyte-promoting activity, such as sidero-
phores, phosphatases, IAA (indole-3-acetic acid) and ACC (1-aminocyclopropane- 
1-carboxylate) deaminase. To analyse the presence of genes implicated in the 
production of some of these compounds by the whole communities of microbial 
symbionts in rice, shoot samples (Okubo et al. 2012) and the rhizosphere microbi-
ota (Ikeda et al. 2014; Knief et al. 2012) were studied; the expression of genes 
related to ACC metabolism seemed to be more abundant in the shoot microbiomes 
than in the those from the rhizosphere and roots, while the opposite distribution was 
found for IAA. A high abundance of Proteobacteria and a non-friable value for 
Actinobacteria was found in the shoot studies, with no significant differences 
between them (Okubo et al. 2014); similar profiles, but with a higher percentage of 
Actinobacteria, were found in phyllosphere samples (Knief et al. 2012). However, 
possible changes in the composition of the microbiome that are induced after inocu-
lation of PGPB must also be taken into account, as was shown in chamomile plants 
by (Schmidt et al. 2014). Recently, Miyambo and collaborators (2016) studied the 
bacterial communities associated with fynbos plants using Illumina MiSeq 16S 
rRNA sequencing, finding several putative plant growth-promoting bacteria among 
the endophytic bacterial communities, which therefore had the potential to power 
plant growth and health (Miyambo et al. 2016).

High-throughput DNA sequencing can also be used for the analysis of temporal 
and spatial variation in microbial community composition and structure. Analyses 
of bacterial populations in several plant tissues (leaves, roots, stem, flowers) and soil 
samples in the areas of influence of several plants (rhizosphere) have been con-
ducted (Bertani et al. 2016; Junker and Keller 2015; Romero et al. 2014; Trujillo 
et al. 2015), showing that the composition of the microbiota differs from tissue to 
tissue (Fonseca-Garcia et al. 2016; Rosenberg and Zilber-Rosenberg 2016). Indeed, 
the main differences observed in the microbiota of several cacti species were influ-
enced by the plant organ analysed, while plant species, site and season seemed to 
have less influence on microbial composition (Fonseca-Garcia et al. 2016). In this 
study, bacteria were shown to be highly present in the rhizosphere and phyllosphere 
and were less abundant in endophytic tissues, especially in the stem area. However, 
the main phyla found were similar: Proteobacteria, Firmicutes, Actinobacteria, 
Acidobacteria and Bacteroidetes. A recent study conducted by Meaden et al. (2016) 
that involved analysing the microbiome composition of Quercus tree woody tissue 
at different tree life stages indicates that bacterial community structure varies with 
life stage, showing a decreased abundance of Alphaproteobacteria in older trees 
(Meaden et al. 2016). Microbial interactions and their importance in the equilibrium 
of grape plants at several life stages have also been studied to understand their role 
in grape quality and fermentation for wine production; in general, a high diversity 
of Proteobacteria, Firmicutes and Actinobacteria was found (Pinto et al. 2014). The 
communities found in this study were maintained over time in the leaves (at differ-
ent stages of the vegetative cycle); however, the relative abundances of the taxa 
varied. Some of the bacteria were found to be related to the wine production process 
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(lactic acid- or acetic acid-producing bacteria), but others do not seem to have a 
direct relationship with fermentation, or the relationship is at least not known. Shi 
and collaborators (2014) examined how beetroot (Beta vulgaris) endophytic bacte-
ria vary in samples from different locations and during different growth periods 
using Illumina sequencing of the V3 region of the 16S rRNA gene. Despite the fact 
that Alphaproteobacteria, followed by Acidobacteria, Gemmatimonadetes and 
Actinobacteria, were dominant in all the samples, the authors describe how endo-
phytic bacterial communities are shaped by both the plant’s location and its growth 
stage; moreover, the authors discovered that the greatest number of OTUs occurs 
during the tuber growth and rosette formation stages, whereas seedling growth and 
glucose accumulation were the phases with the lowest number of OTUs (Shi et al. 
2014). In contrast, a recent study of the dynamics of bacterial communities in the 
halophyte plant Salicornia europaea using high-throughput sequencing detected 
that the greatest endophytic bacterial diversity in this plant occurs during the seed-
ling stage, whereas bacterial diversity was decreased during the flowering and fruit-
ing stages (Zhao et al. 2016).

In general, the various studies presented thus far have shown a high abundance 
of Proteobacteria in plant-related ecosystems, with additional significant amounts 
of Actinobacteria, Bacteroidetes, Firmicutes and Acidobacteria (Fig. 13.3). 
However, the final conclusions regarding the composition of these microbiomes 
should carefully take into consideration the limitations of the methods related to the 
following:

 1. The variability in the capacity to recover true proportions of DNA due to the dif-
ferent types of membranes and spores of known bacteria and unknown charac-
teristics of undescribed species (Hart et al. 2015), which results in quantities of 
DNA that are not directly related to bacterial abundances but rather to the ease of 
DNA extraction

 2. The 16S rRNA gene read lengths obtained with the next-generation sequencers, 
which has been shown to be sufficient for identification to phyla but problematic 
for genus or species (Franzen et al. 2015)

 3. The region of the 16S rRNA gene selected, which can give different percentages 
at the genus level due to misclassification (Okubo et al. 2012)

 4. The sample type, recovery and post-treatment, which can contribute to the gen-
eration of biases (Felczykowska et al. 2015; Glassing et al. 2015)

13.4  High-Throughput Sequencing Analyses of Fungal 
Communities

NGS has also been successfully used for exploring in depth the fungal communities 
living as a part of the plant microbiome. As in the case of bacteria, fungal communi-
ties are important inhabitants of the phyllosphere, rhizosphere and endosphere of 
plants. The plant-associated fungi are usually categorised according to their func-
tional roles and their relationship with the plant (Peršoh 2015). The most commonly 
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studied are the mycorrhizal fungi from the rhizosphere due to their important role in 
plant nutrition. Together with mycorrhizal fungi, endophytic (living in plant tissues) 
and epiphytic (living on the plant surface) fungi are recently gaining a great amount 
of attention due to their roles in plant protection. In addition, fungal communities 
associated with plants also include numerous non-mycorrhizal fungi involved in 
decomposition (saprophytes) and other potentially phytopathogenic fungi (Peršoh 
2015). NGS techniques can reveal the high diversity and complexity of such fungal 
communities that interact with crops. In this sense, numerous studies have been 
published in recent years that have focused on the description of these communities 
and have therefore begun to illuminate the soil ‘black box’.

The most ubiquitous and important interactions between plants and microorgan-
isms in the rhizosphere are those established between mycorrhizal fungi and plant 
roots (Tkacz and Poole 2015). These fungi provide up to 80% of the N and P the 
plant needs and are essential for plant growth and survival (van der Heijden et al. 
2015). Most plant roots are colonised by multiple mycorrhizal fungi, and most of 
them can colonise various host plants at the same time, forming mycelial networks 
in the soil (van der Heijden et al. 2015). Arbuscular mycorrhizae (AM) are the most 
common type of mycorrhizal fungi inhabiting the microbiome of crop plants (Baum 
et al. 2015). Due to their important effects on the growth and health of the plant, the 
exploration of the diversity and structure of AM fungal communities in agricultural 
ecosystems together with the understanding of how environmental variables affect 
them is of high relevance (De Beenhouwer et al. 2015b). Because the traditional 
identification methods based on spore morphology or abundance were problematic 
and not accurate, the use of NGS techniques has proved to be an ideal approach for 
studying the AM communities in soil (Higo et al. 2014). High-throughput sequenc-
ing has been used extensively for exploring AM communities in crops around the 
world. Opik et al. (2013) sampled 96 plant species from 25 sites across all conti-
nents except Antarctica, showing the considerable diversity of AM among the dif-
ferent continents and climatic zones. Metagenomic studies have been recently 
applied in olive crops (Montes-Borrego et al. 2014), grapevines (Holland et al. 
2013), coffee plants (De Beenhouwer et al. 2015b; De Beenhouwer et al. 2015a), 
cover crops (Higo et al. 2014), potatoes (Senés-Guerrero and Schüßler 2015), maize 
(Turrini et al. 2016), wheat (Dai et al. 2014) and apple trees (van Geel et al. 2015), 
among others. Most of these studies focus on describing the structure and diversity 
of AM communities, as high AM diversity is expected to be more beneficial to the 
plant than low diversity. In addition, because AM diversity is known to have declined 
due to the intensive use of agricultural soils, most of the studies also aim to identify 
the factors affecting their diversity and composition, such as type of soil or cultivar, 
and agricultural practices such as level of fertilisation, management intensity gradi-
ents or crop rotation (van Geel et al. 2015; Bazghaleh et al. 2015; Higo et al. 2014; 
Yeoh et al. 2016). These results provide valuable information for understanding the 
important effects of AM communities inhabiting the rhizosphere and their role in 
ultimately improving crop yields.

Fungal endophytes live inside plant tissues without causing symptoms of dis-
ease. As in the case of endophytic bacteria, they are emerging as important 
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microorganisms affecting plant growth (Porras-Alfaro and Bayman 2011). Unlike 
mycorrhizae, endophytes do not present a clear and specific functional relationship, 
such as nutrient transfer, with the plant. Many fungal endophytes are known to 
stimulate plant growth, improve the ability of plants to resist environmental stresses 
and increase disease resistance, as they are defined as biological control agents 
(BCAs). Therefore, these fungi are highly important as safe and sustainable tools 
for plant protection. NGS methods have been successfully applied in the study of 
these fungal communities. For example, the abundance and diversity of indigenous 
fungal endophytes from different chickpea cultivars were analysed with pyrose-
quencing (Bazghaleh et al. 2015), identifying genera such as Trichoderma, 
Mortierella, Geomyces and Penicillium and relating the high diversity and richness 
of these communities with AM fungi that were also found the be key in the reduced 
levels of Fusarium in the roots of some cultivars. Metagenomic studies have allowed 
the confirmation of the presence of natural antagonists in suppressive soils. Penton 
et al. (2014) showed that soils that naturally suppressed Rhizoctonia were inhabited 
by numerous genera of endophytic species with the potential for pathogen suppres-
sion and mycoparasites such as Xylaria sp. In the same way, Nallanchakravarthula 
et al. (2014) pointed to the dominant endophyte Leptodontidium orchidicola as 
being mainly responsible for the resistance of strawberry to Verticillium dahliae. 
Metagenomic approaches have been successfully used to show that sustainable agri-
cultural management regimes such as crop rotation increase the abundance of natu-
ral BCAs that prevent Fusarium wilt in vanilla plants, such as those in the genera 
Trichoderma and Penicillium (Xiong et al. 2016). Huang et al. (2015) also showed 
that other agricultural practices such as reductive soil disinfestation also improve 
the amount of indigenous biocontrol fungi such as Podospora spp. or Zopfiella spp., 
making the soil more disease-suppressive and beneficial to soil nutrient cycling and 
plant growth.

In addition, new technologies also provide an in-depth analysis of the microbi-
ome of the rhizosphere after treatment with fungi and other BCA (not necessarily 
endophytes). For example, Hirsch et al. (2013) showed that the application of the 
entomopathogenic fungus Beauveria bassiana had no influence on the fungal com-
munities associated with chili plants. In comparison with previous low-throughput 
approaches, NGS allows the more precise detection of the changes caused by the 
application of BCAs to the microbial community (Massart et al. 2015a). The use of 
NGS approaches for studying BCAs has been extensively reviewed recently 
(Massart et al. 2015a, b). In summary, these reviews highlight that the new tech-
nologies can help in the understanding of the mechanisms of action of the fungal 
endophytes and biocontrol agents, which will allow us to improve their efficacy in 
their practical use in agriculture.

Endophytes living in the aerial surfaces of vegetal organs (phyllosphere) also 
require a special mention. Traditional culture-based methods have revealed that 
these fungal communities are highly diverse but show less microbial diversity than 
those in the rhizosphere (Peršoh 2015). However, the application of NGS methods 
to the study of the phyllosphere is revealing a potential goldmine of undescribed 
diversity (Porras-Alfaro and Bayman 2011). Together with endophytic fungi, 
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epiphytes also form part of the phyllosphere of plants, inhabiting the aerial surfaces 
of vegetal organs. In contrast to foliar endophytes, epiphytic fungi can be washed 
off from these surfaces or removed by sterilisation with chemical agents (Porras-
Alfaro and Bayman 2011). However, this distinction has been considered arbitrary 
because epiphytes can penetrate the leaf tissues after growing on the surface and 
endophytes in tissues can also be exposed to the surface (Porras-Alfaro and Bayman 
2011). Unlike bacterial communities inhabiting the phyllosphere, little is known 
about the structure and function of foliar fungi (Rastogi et al. 2013). Estimates of 
the diversity of fungal epiphytes are high, but their population size is thought to be 
lower than that of epiphytic bacteria (Rastogi et al. 2013). As a result, high-through-
put sequencing has been determined to be an accurate approach for exploring these 
‘rare’ inhabitants of foliar parts. In this sense, metagenomic studies are useful for 
deciphering the factors shaping the structure of these communities. Even though 
some published studies explore the foliar fungi of forest trees such as Quercus, 
Fagus and Populus, studies focusing on the fungal communities inhabiting the phyl-
losphere of crops are still lacking (Rastogi et al. 2013). Peršoh (2015) summarised 
various studies using NGS approaches, showing, for example, that the composition 
of the foliar fungal community changes throughout the year, with apparent shifts 
occurring within a few weeks or a month. These studies also showed that host plant 
identity, different aboveground organs or environmental conditions such as rainfall 
and temperature are important factors determining the structure of the endophytic 
fungal community (Rastogi et al. 2013). In this way, the use of NGS has also been 
shown to be an accurate approach for the study of succession dynamics occurring in 
these microbiomes and for understanding the process of plant colonisation by 
microorganisms, as the composition of the community inhabiting the leaf surface 
can change rapidly due to high abiotic fluctuations occurring in the phyllosphere 
(Lebeis 2015; Knief 2014). Omics approaches have also been considered to be 
essential in the study of the fungal communities inhabiting other microenviron-
ments in plants, such as the anthosphere (flowers), the spermosphere (seeds) and the 
carposphere (fruits), by contributing to a better understanding of plant growth and 
health as well as sustainable crop production (Berg et al. 2014; Schiltz et al. 2015). 
For example, a recent study of the microbiome of wheat seeds and sprouts detected 
the presence of beneficial fungal taxa (such as Emericella nidulans) that were verti-
cally transmitted from seeds to sprouts and to mature wheat plants (Huang et al. 
2016).

An important issue regarding endophytic fungi is their potential role as latent 
pathogens. Several studies have shown that changes in the host or environment can 
trigger the pathogenicity of a previously asymptomatic endophyte (Porras-Alfaro 
and Bayman 2011). In this sense, recent studies are shedding light on the ecological 
function of these fungi. (Busby et al. 2016) showed that foliar fungi are able to alter 
the severity of Melampsora rust disease in Populus by identifying pathogen antago-
nists such as Trichoderma as well as pathogen facilitators such as Alternaria and 
Cladosporium. These findings illuminate the management of diseases in agricul-
tural plant systems, supporting the idea that modifications of the foliar microbiome 
can potentially enhance plant growth or suppress disease. However, because a clear 
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distinction between endophytes, epiphytes and pathogens is still lacking, further 
studies are needed before field application of potentially beneficial fungi can occur.

Finally, fungal communities inhabiting the plant microbiome are normally rich in 
potential pathogenic fungi. As mentioned above, pathogens can be found together 
with potential antagonists in apparently healthy plants. Miao et al. (2016) combined 
culture-dependent techniques and Illumina sequencing to show that the rhizosphere 
of Panax notoginseng plants that are apparently free from disease is rich in pathogens 
(such as Fusarium and Phoma) as well as antagonistic fungi (such as Aspergillus 
versicolor). These authors suggested that the presence of antagonists is responsible 
for the suppression of the root rot pathogenic fungi. Similar findings have been 
shown in the microbiome of grapevine leaves (Pinto et al. 2014). Numerous phyto-
pathogens commonly associated with diseases in vineyards (such as Alternaria, 
Rhizopus, Ustilago, Phomopsis, and Lewia, among others) were present in the anal-
ysed leaves but were potentially suppressed by the presence of fungal (Aureobasidium) 
and bacterial antiphytopathogens. High-throughput sequencing of the fungal com-
munities inhabiting the rhizosphere of apple trees has also identified pathogenic 
fungi such as Fusarium, Cylindrocarpon and Acremonium affecting the plant growth 
(Franke-Whittle et al. 2015). Moreover, this study showed that plant growth was 
positively correlated with the abundance of potentially antagonistic fungi, identify-
ing some of them as novel rather than previously described BCAs. In the same way, 
a metagenomic approach using Illumina sequencing was recently successful in iden-
tifying up to 17 fungal species as being candidates in affecting strawberry yield 
decline, in which only four of them were previously confirmed to be pathogens (Xu 
et al. 2015). Importantly, the authors also exposed the importance of further analyses 
based on microbial identification at the species level, as a single genus can include 
beneficial, neutral and pathogenic fungi (Franke-Whittle et al. 2015).

13.5  Other Omics Approaches for Further Analysis 
of the Plant Microbiome

The use of NGS approaches has been extremely useful and more accurate than low- 
throughput techniques for characterising the microbial communities inhabiting the 
plant microbiome. The reduction in cost provided by high-throughput sequencing 
allows a cheaper and deeper sequencing of the microbial communities. The findings 
described above highlight the potential of these techniques in identifying the players 
involved in the health status of plants and in revealing how different environmental 
factors affect these microbial communities and therefore crop yields. However, most 
of these studies have focused on generating DNA amplicon sequences and a large 
amount of data as a means to simply report ‘who’ is living there (Massart et al. 
2015a), which offers information about the catalogue of microorganisms forming 
part of the microbiome. However, the plant microbiome does not just include the 
microbiota living in symbiosis with plants; the full set of genes plus the interactions 
among all the symbionts, as determined by the levels of gene expression and the 
activities of the gene products, is also part of such microbiomes.
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Metagenomic approaches based on the amplicon sequencing of the ribosomal 
genes of bacteria and fungi or alternative gene markers result in insufficient data for 
deciphering the complexity of the microbiome associated with plants. As a result, 
most of the above-referenced works emphasise the need to carry out further studies 
exploring the role of the microbiome, how it responds to change, how it influences 
plant health and how its members interact with one another using the whole-genome 
sequencing of microbial symbionts or even the analysis of whole microbiome genes, 
transcriptomics and metatranscriptomics, proteomics and metaproteomics, metabo-
lomics and community metabolomics of the entire microbiome. The potential of 
these other omics approaches to afford a comprehensive analysis of microbial genes 
and gene products makes them well suited for completing the study of the plant 
microbiome.

The use of metagenomic techniques based on shotgun sequencing is emerging as 
a new step in the further study of the microbiome (Knief 2014). This approach 
allows for the understanding of both the microbial community composition and its 
functional potential by assessing the diversity of functional genes within a given 
ecosystem (Classen et al. 2015). The presence and persistence of functions in the 
plant microbiome have been demonstrated to be more valuable information than 
only taxonomical information (Massart et al. 2015a). The global analysis of the 
genes present in the microbiome is important for discovering which processes are 
happening within it by identifying genes potentially involved in plant colonisation, 
nutrient exchange or the molecular dialogue between the microbes and the plant and 
among the microbes themselves, among others. Shotgun metagenomics has been 
already successfully applied in studies of the gut microbiome, but studies focused 
on the plant microbiome remain scarce. Some recent studies based on the soil 
microbiome have been published, showing the power of these approaches in report-
ing changes in the functions of microbial communities (Navarrete et al. 2015; 
Mendes et al. 2015).

One of the most important limitations of meta-omics approaches is the presence 
of a high number of sequences coding for genes with unknown function together 
with sequences from unknown microbes for which no homologous sequences are 
found in the available public databases (Knief 2014). An ideal solution for overcom-
ing this problem and improving the characterisation of the plant microbiome would 
be to couple these culture-independent methods with the traditional methods used 
in the isolation of microorganisms (Lebeis 2014). The sequencing and analysis of 
the genomes of representative pure cultures of the microbes associated with plants 
are extremely important in improving the databases. For example, one of the first 
symbiotic bacteria sequenced was the nitrogen-fixing bacterium Mesorhizobium 
loti (Kaneko et al. 2000). After this, the genome sequences of many other rhizobial 
strains that are able to nodulate legumes have been obtained, and over 30 complete 
genome sequences are available in the NCBI genome database as well as those of 
other plant growth-promoting microorganisms.

Regarding root nodule bacteria (RNB), the work performed by Seshadri and col-
laborators in 2015, in which the authors obtained and compared the genome 
sequences of 110 RNB from diverse hosts and biogeographical regions to identify 
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the novel genetic determinants of symbiotic associations and the promotion of plant 
growth, is of outstanding interest (Seshadri et al. 2015). Specifically, the authors 
performed a subtractive comparative analysis with non-RNB genomes, employed 
relevant transcriptomic data and leveraged phylogenetic distribution patterns and 
sequence signatures based on known precepts of symbiotic- and host-microbe inter-
actions. A total of 184 protein families, including known factors for nodulation and 
nitrogen fixation, and newly discovered proteins with previously unexplored func-
tions, for which a role in host-interaction was predicted, were defined. Their results 
provide bases for further studies on rhizobial strains that focus on biofertiliser 
improvement to increase plant productivity and agricultural sustainability. Genome 
sequences of plant pathogens are also being broadly obtained, with Xylella fastidi-
osa being the first bacterial plant pathogen with a published genome (Simpson et al. 
2000) and the rice blast fungus Magnaporthe grisea (Dean et al. 2005) being one of 
the first fungal pathogen genomes sequenced. Advances in NGS techniques have 
also allowed the complete genome sequencing of some uncultured microbial sym-
bionts, as is the case of the uncultured plant pathogen and insect symbiont 
‘Candidatus Liberibacter asiaticus’ (Duan et al. 2009). Fortunately, the number of 
available genomes from endophytes, epiphytes, BCAs, pathogens and AM is rap-
idly growing (Massart et al. 2015a). As a result, numerous genomes have been pub-
lished recently, including those of biocontrol fungi (Berger et al. 2016; Baroncelli 
et al. 2015, 2016; Sun et al. 2015b), bacterial endophytes (Megías et al. 2016; Sun 
et al. 2015a; Ho and Huang 2015), phytopathogens (Garita-Cambronero et al. 2016; 
Wibberg et al. 2016; Verma et al. 2016; Lee et al. 2015) and mycorrhizal fungi 
(Sedzielewska-Toro and Brachmann 2016). Moreover, the development of third- 
generation sequencing instruments based on nanopore technology and the sequenc-
ing of single molecules are producing sequence reads with unprecedented lengths 
and will help to strongly increase the quality of genome assemblies (Bleidorn 2015). 
This technology has already been effective in assembling the genome of a strain of 
Escherichia coli de novo using only nanopore sequencing data (Loman et al. 2015). 
The annotation and characterisation of the genes and proteins contained in these 
genomes will allow the identification of the pathways and functions expressed by 
these microbes and the understanding of, for example, the differences between 
those that are beneficial and those that are pathogenic.

As shown above, the analysis of whole-genome sequences offers insights into 
the metabolic potential of microbial-plant isolates and allows for the identification 
of mechanisms associated with symbiosis, pathogenicity and virulence as well as 
microbe-microbe and microbe-host interactions. Moreover, genetic analysis and 
comparative genomics will also improve and complement the data and information 
obtained from meta-omics approaches, allowing a better understanding of the role 
of plant microbiomes (Pible and Armengaud 2015). However, it is not always easy 
to identify existing correlations between some functions or taxa and environmental 
parameters. This is because such studies are based on DNA, which may be obtained 
from inactive or dormant taxa inhabiting these ecosystems. The presence of these 
taxa does not normally respond to any changes, but their DNA can persist in the 
environment for years (Peršoh 2015). Studies based on gene expression and RNA 
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can help to overcome this problem because they focus only on the active players in 
the community, thereby reflecting responses to influencing factors in a direct way.

Transcriptomics or Expressed Sequence Tag (EST) analysis involves the massive 
parallel sequencing of cDNA and the generation of information about the expressed 
genes. Transcriptomic analyses of any of the microbial endosymbionts or the plant 
host have been very useful in the discernment of molecules and genes involved in 
microbial-plant symbioses. For example, Reininger and Schlegel (2016) analysed 
the effect of the presence or absence of Picea abies on the transcriptome of its fun-
gal endophytic strain Phialocephala subalpina 6_70_1 using Illumina sequencing; 
the strain was shown to be metabolically very active during the colonisation of its 
host plant, and its differentially expressed genes were grouped into three functional 
groups: ‘metabolism’, ‘transport’ and ‘cell rescue, defence and virulence’. Before 
NGS appeared on scene, other molecular techniques such as RT-PCR or microar-
rays were the basis of transcriptomic studies (Reininger and Schlegel 2016). 
Verhagen and collaborators (2004) obtained the transcriptome of Arabidopsis roots 
colonised by Pseudomonas fluorescens WCS417r, an endophyte bacterium capable 
of inducing systemic resistance in the plant; the authors showed significant changes 
in the level of expression of 97 genes in the roots that are predicted to be ISR-related 
genes (Verhagen et al. 2004). In addition, our knowledge regarding the symbiotic 
processes in legumes has been greatly improved thanks to such transcriptomic anal-
yses. In 2000, the expressed sequence tags from nodules of Medicago truncatula 
that were induced by Sinorhizobium meliloti were presented (Gyorgyey et al. 2000). 
The authors likely did not know it at the time, but this finding would open the door 
to the study of the molecular dialogue between the members of symbiotic relation-
ships. Another transcriptomic analysis using different Medicago plant mutants 
impaired in the biosynthesis of different nodule cysteine-rich peptides has provided 
information regarding how this plant has developed various ways to control 
Sinorhizobium bacterial infection at different stages of the symbiotic process. The 
authors also analysed the differential expression of Sinorhizobium genes implicated 
in cell envelope homeostasis, cell division, stress response, energy metabolism and 
nitrogen fixation (Lang and Long 2015). The study of the symbiotic relationships of 
actinorhizal plants, a group of angiosperms with the ability to establish symbioses 
with nitrogen-fixing bacteria belonging to the genus Frankia, has been simplified in 
a great manner with the development of -omics techniques. Because several 
genomes of Frankia were described and analysed in 2007 (Normand et al. 2007), 
many subsequent studies have been conducted to elucidate the symbiotic process. 
Transcriptomic analysis has proven to be a good tool for the identification of spe-
cific processes between plants and their symbiotic bacteria, and it has also been 
used to analyse the interactions between Frankia and actinorhizal plants, both from 
the bacteria side (Alloisio et al. 2010) and from the plant side (Hocher et al. 2011) 
of the interaction. Free-living bacteria were compared with symbiotic bacterial cells 
obtained from Alnus glutinosa nodules using whole-genome microarrays, showing 
the limitations of the last strains to assimilate the fixed ammonium (Alloisio et al. 
2010). A list of candidate genes possibly implicated in symbiotic processes in rela-
tion to transcriptional regulation and signalling processes, drug export, protein 
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secretion and lipopolysaccharide and peptidoglycan biosynthesis was also identi-
fied. Hocher et al. (2011) analysed gene expression during the symbiotic process in 
two actinorhizal plants, A. glutinosa and Casuarina glauca. These plants presented 
homologous genes for the nodule-specific signalling pathway. Other genes impli-
cated in the symbiotic process were related to carbon and nitrogen exchange, stress 
resistance or defence against pathogens. The latter genes were later observed to be 
Alnus symbiotic upregulated peptides with direct implications in symbiosis (Carro 
et al. 2015, 2016). These types of peptides have also been described in other actino-
rhizal plants through transcriptomic analysis, such as Datisca glomerata (Demina 
et al. 2013) and C. glauca (Carro et al. 2016). Other analyses of these transcriptomic 
data from Casuarina and Alnus have allowed the identification of transcriptomic 
factors implicated in plant-bacteria interactions, with some of them being related to 
nodule formation and previously also detected in legumes (Diedhiou et al. 2014).

High-throughput sequencing of the whole transcriptome of the microbial com-
munity allows for the analysis of shifts at the transcriptional level (Massart et al. 
2015a). Recent studies have shown that the functional versatility and function-based 
diversity of the microbiome are more important factors than mere traditional diver-
sity descriptions (Lakshmanan et al. 2014). Because of this, metatranscriptomics, 
rather than metagenomics, is highly preferred for providing advanced functional 
insights into microbial communities and has been successfully applied in diverse 
microbiomes in permafrost and agricultural and forest soils (Hesse et al. 2015; Kim 
and Liesack 2015; Jiang et al. 2016; Žifčáková et al. 2015). However, metatran-
scriptomics studies of the full microbial communities closely associated with plants 
are very limited, with most of them having been reviewed by Knief (2014). Recently, 
Chapelle et al. (2016) sequenced metagenomic DNA and RNA of the rhizospheric 
microbiome of sugar beet seedlings grown in a soil suppressive to the fungal patho-
gen Rhizoctonia solani. The authors identified abundant bacterial taxa during the 
process of fungal invasion, but more importantly, they identified stress-related genes 
(ppGpp metabolism and oxidative stress) that were upregulated in these bacterial 
families. The stress responses in the rhizobacterial community caused by the patho-
gen resulted in not only shifts in microbiome composition but also the activation of 
antagonistic traits that restrict pathogen infection. Newman et al. (2016) explored 
the response of the rhizosphere prokaryotic metatranscriptome to glyphosate in corn 
and soybean. Their results demonstrated that long-term agrichemical use may 
potentially shift the bacterial community composition to favour more glyphosate-
tolerant bacteria and thereby affect gene expression and functions in the rhizo-
spheric microbiome.

In the same way, metaproteomic analysis is a powerful approach for identifying 
microbes and targeting the active functional part of the microbiome. The large-scale 
characterisation of the entire protein complement of environmental microbiota at a 
given point in time reveals important metabolic information of the microbial com-
munity (Herbst et al. 2016). Advances in next-generation sequencing technologies 
together with great improvements in the depth and throughput of mass spectrometry 
have allowed the development of a new research field: proteogenomics. 
Proteogenomics combines the information inferred from proteomic studies, usually 

13 Exploring the Plant Microbiome Through Multi-omics Approaches



254

based on mass spectrometry data, with genomics and transcriptomics information 
(Nesvizhskii 2014). The methodology consists of the identification of the peptides 
in the sample by means of mass spectrometry by searching the six-frame translation 
of the genome sequence. One of the main applications of this approach is in com-
pleting genome annotations. The combination of metagenomics and metaproteomic 
approaches, also known as community proteogenomics or metaproteogenomics, 
was used by Delmotte and collaborators (2009) to unravel insights into the physiol-
ogy of the bacteria of soybean, clover and A. thaliana phyllospheres; the study 
allowed for the identification of bacteria present in the phyllosphere together with 
the identification of abundant proteins in the phyllosphere microbiota, offering 
insights into the strategies employed by endophytes for their lifestyles in their plant 
hosts phyllospheres (Delmotte et al. 2009). Despite the fact that proteomic tech-
niques have been successfully applied in the study of some important components 
of the microbiome, such as endophytes with antagonistic ability (Massart et al. 
2015b), the use of metaproteomics for the study of the whole community is still in 
an early stage of development (Lakshmanan et al. 2014; Armengaud 2016), and few 
works have been published until now.

Recently, novel technologies have allowed the development of tools for studying 
the metabolites produced by plants and microbes. The global analysis of these com-
pounds, called metabolomics, may help to understand the chemical communication 
that occurs in the plant microbiome (van Dam and Bouwmeester 2016). Changes in 
plant foliar and floral metabolomes related to associate microbiomes have been 
studied by Gargallo-Garriga and associates (2016). The authors analysed the epi-
phytic and internal metabolomes of Sambucus nigra leaves and flower metabolomes 
with and without associated microbiota (the microbiota were suppressed by the 
application of antibiotics) by liquid chromatography-mass spectrometry (LC-MS). 
The results of this study show how the microbiome plays a very important role in 
the plant metabolome. Metabolomics approaches have special importance in the 
rhizosphere, where exact mechanisms or signals by which plants shape their micro-
biome are still unknown. However, these techniques still present limitations due to 
the difficulty in properly sampling plant exudates, the sensitivity of available plat-
forms and the analysis of complex data (van Dam and Bouwmeester 2016).

The comparison and integration of metagenomics with metatranscriptomics, 
metaproteomics and metabolomics data may be the key for achieving a complete 
view of the microbial players and the activities that occur in the plant microbiome 
and for changing our perception of plant-microbial interactions (Knief 2014).

13.6  Future Perspectives

As we have compiled in this review, plants harbour diverse microbiomes that are 
integrated by complex microbial communities organised in interconnected net-
works. Advances in sequencing technologies have expanded our understanding of 
the structure of the plant microbiome over recent years. However, with almost 
300,000 species of plants on earth, there remains much to explore in relation to the 
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diversity of plant-associated microorganisms. In addition, recent studies have pri-
marily focused on the descriptive assessment of the composition of plant-associated 
microbiota through rRNA gene amplicon sequencing, leading to a greater knowl-
edge of the presence or absence of specific OTUs. Nonetheless, the importance of 
the structure of such microbiota communities is still largely unknown. For example, 
minor changes in the abundance of particular OTUs can cause remarkable impacts 
on plant physiology. Despite the well-known advances in high-throughput sequenc-
ing, there remains a need to foster experimental microbiome genetic characterisa-
tion to begin answering questions about its functionality. Thus, although 
metagenomics, metatranscriptomic, metaproteomic and metabolomics approaches 
are increasingly more available, the lack of high-quality reference databases is still 
a problem to overcome if this field of research is to be further developed.

Much remains to be understood about plant-associated microbiota regarding 
their relevant metabolic capabilities related to plant activity and environmental pro-
cesses. In metagenomics studies, it remains highly challenging for environmental 
scientists to obtain a comprehensive representation of all the microorganisms pres-
ent in a particular niche. The remarkable complexity of these microbial communi-
ties hampers the de novo assembly of whole genomes from metagenomes, especially 
for less abundant taxa. Thus, research on environmental isolates of microbial taxa 
remains the main approach used to describe their ecophysiological traits. 
Improvement in sampling efforts and culturing methods should produce representa-
tive culture collections of the plant microbiota, as many root and leaf microbial 
communities contain a higher percentage of culturable microbes than soil. After an 
initial culture-independent survey, the relative abundance of isolated OTUs can be 
evaluated for the different plant tissues of interest or even in external environments 
such as the rhizosphere. These collections also have the potential to be developed as 
microbial inocula to promote plant health in organic applications.

Whole-genome sequencing of isolated plant-associated microbial taxa will allow 
for a better understanding of their metabolic potential (García-Fraile et al. 2016; 
Lladó et al. 2016). The combination of genome sequencing with meta-omics tech-
nologies offers the opportunity to further address underlying microbiome functions, 
thereby improving the annotation of metatranscriptomes and metaproteomes and, as 
a consequence, improving the available databases.

Because most of the currently published studies focus only on bacteria or on 
fungi, studies including the analysis of both bacterial and fungal communities are 
needed. The simultaneous analysis of the complete microbial community associated 
with plants offers a global view of all the taxa together with the potential networks 
and interactions occurring in these environments (van der Heijden and Hartmann 
2016). Moreover, the study of other members such as viruses, archaea and other 
eukaryotes, as well as the endosymbiotic bacteria living inside hyphae, will provide 
a more comprehensive picture of the plant microbiome (Lebeis 2015). Unfortunately, 
such global studies are largely missing. Similarly, global studies including the anal-
ysis of the different microbiomes existing within a plant are not yet available. 
Establishing a ‘core’ or groups of ‘core’ plant microbiomes remains an important 
future task. The exploration of plant microbiomes allows us to define the healthy 
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microbiota for certain crop species and to monitor the changes caused by abiotic 
and biotic stress. Variations in the ‘core’ microbiome would allow us to predict the 
effects of plant diseases or their reduction on crop yields. However, this task would 
require long-term and intensive studies (Chagnon and Bainard 2015) and the use of 
different pathogens or different methods of agricultural management together with 
proper and robust experimental designs (Berg et al. 2016). Even if these approaches 
may appear unfeasible, similar directions have been taken in the study of the human 
gut microbiome. For the first time, it is possible to study the microbial communities 
associated with plants at a high resolution and to obtain a holistic view of these 
communities. The linking of information obtained from multiple meta-approaches 
will provide models to explain the interactions occurring in these plant microbi-
omes as well as their responses to environmental factors such as pathogen attacks 
and diseases, agricultural practices and climate change (Knief 2014).

The essential next step is to obtain control over plant-beneficial functions 
encoded in the plant microbiome. The description of how these beneficial functions 
of the microbiome operate at the molecular level and revealing which plant genes 
play a role in acquiring the profits of these functionalities will be of paramount 
importance in the design of future crops. Such genomic design, concomitantly with 
microbial agriculture, will enhance crop production with a lower input of dangerous 
chemicals, thereby fostering crop sustainability. Understanding the key factors nec-
essary for healthy plant-microbe associations would contribute to the conscious 
selection of microorganisms for use as soil inoculum. This could be included in new 
management practices for sustainable food production and climate change mitiga-
tion. Such practices include those with a main objective of fostering quality plant 
microbiomes to enhance crop yields while also improving soil quality and nutrient 
cycling functions such as C sequestration. However, many knowledge gaps must be 
overcome. Microbial inoculants may affect the autochthonous soil microbiota in 
different ways; thus, we need to assess the survival of inoculated strains in the natu-
ral environment and carry out risk assessment analyses, especially in the case of 
possible genetically modified microorganisms. To establish successful inoculations, 
we also need to understand the effects of abiotic factors such as pH or soil texture 
on allochthonous strains. Furthermore, it is also necessary to improve our under-
standing of microbe-microbe interactions. The individual members of a microbial 
inoculum might not produce additive effects depending on soil conditions or plant 
type but could create competitive situations that have no benefit to the plants.

Plant microbiomes are particularly relevant to the production of microbial inoc-
ula to enhance crop production in depressed world regions where limited resources 
are available for irrigation, fertilisation or treating plant diseases. Microbial inocula 
formed by drought-tolerant, halophytic and N-fixing strains might make it possible 
to produce crops in arid or saline soils. Another possible benefit of these types of 
associations may be to enhance crop nutritional value by introducing microbial 
strains with metabolic capabilities to supplement vitamins, proteins and antioxi-
dants in the host plant. In addition, healthy plant microbiomes may also help plant 
hosts adapt to climate change due to their ability to change rapidly in response to 
environmental changes. In sum, optimising the use of plant microbiome 
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functionalities by providing allochthonous microbial inoculants will help to foster 
agricultural production in less developed countries.
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Abstract
The rhizospheric interactions between plant and the microbiome influence fertility 
of soil, growth, development, and yield of crop plants. The interplay between plant 
and the microbes provides various services to the plant which are helpful for the 
production of agricultural crops in a sustainable manner. Among all the factors, the 
most influential factor that can improve plant microbiome interplay is the soil 
microbial community of the rhizosphere, where soil microbes, soil, and the plant 
roots interact with each other. Microbial interventions to improve plant microbi-
ome interactions involve the introduction of microbial inoculants, which consist of 
naturally occurring diverse microflora of soil that improve health of crop plant and 
can protect the host plant from stresses and diseases through a diverse range of 
mechanisms. The use of beneficial microbes as inoculants for production of crops 
increases the diversity of microorganisms in soil and also ensures the production of 
sufficient food for the growing human population. The soil microbiome and the 
plants work together in coordination with each other for the benefit of plant and 
soil. The number of functional characters of microbes such as fixation of molecular 
nitrogen, solubilization of inorganic phosphate and production of iron chelating 
agents, and plant growth promoting hormones are used as plant growth promotion 
traits for the selection of microbial isolates to be used as bio-inoculants. Microbial 
inoculants are economic and easy to use and their incorporation reduces the depen-
dence on chemical fertilizers. Thus, their application protects the environment 
from adverse effects of inorganic fertilizers. But, there are number of natural fac-
tors that influence and limit the effectiveness and efficiency of inoculated microbes 
under field conditions. The use of microbial inoculants for sustainable agriculture 
will be an  environmental benign approach to improve plant microbiome interac-
tions for nutrient management and ecological functions.
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14.1  Introduction

One of the major challenges for the twenty-first century will be the continued pro-
duction of fuel and food for the growing human population. According to a report 
by the United Nations Population Fund, it is estimated that the human population 
can reach ten billion by 2050. Due to the increasing human population, the produc-
tivity of agricultural crops needs to be increased in an efficient and sustainable man-
ner to ensure food safety. Productivity is not only the growth of plant per ha (hectare) 
in the field. It is also defined by the fitness, productivity, and healthy growth of crop 
plants. The conventional agriculture plays a vital role in feeding the increasing 
human population, but it uses pesticides and inorganic fertilizers in large amounts 
to maintain higher productivity. Furthermore, improvement in agricultural produc-
tion is not possible without increasing the area under cultivation. This will threaten 
the diversity of living forms which are already in danger from human activities. 
Keeping all these points in view, the recent research is more focused on improve-
ment of soil fertility and productivity of crop plants in a sustainable and effective 
way. Organic farming is one of such methods that increase the food production 
without causing any harm to natural microflora of soil (Megali et al. 2013). It is 
mostly dependent on the native soil biota which includes all types of beneficial 
bacteria and fungi. Microbial inoculants are essential component of organic farm-
ing. Use of microbial inoculants improve the nutrient profile of soil by providing all 
kinds of macro- and micronutrients via biological nitrogen fixation, increasing the 
availability of essential elements like phosphorous and potassium and production of 
phytohormones and antibiotics in the soil. The objective of this chapter is to under-
stand the potential role of inoculated microbes in sustainable agriculture to improve 
plant microbiome interactions, thus resulting in improved soil fertility and crop 
productivity.

14.2  The Microbiome

Microbes are necessary and integral component of agricultural production. They are 
required for improvement of fertility and nutrient status of soil, processing and pres-
ervation of agricultural products, and recycling of agro-residues like rice straw. 
Thus, microbes contribute a diverse array of benefits for sustainable agriculture 
production, by performing nutrient transformations, improving soil and plant health, 
and increasing the crop productivity. These applications of microorganism highlight 
their importance in agricultural production and various interactions with plants. The 
beneficial microorganisms that are used as bio-inoculants to improve plant microbe 
interactions can have two origins:

 1. Plant microbiome
 2. Rhizospheric microbiome
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14.2.1  Plant Microbiome

Plants are colonized by a large number of microorganisms. The population of 
microbes colonizing the various plant parts can even exceed the number of cells 
in plant. The total genome of microbes associated with plants is known as plant 
microbiome (Fig. 14.1). The interactions of the plant microbiome influences the 
health and productivity of crops by providing diverse range of benefits to host 
plant, viz., transformation of nutrients, decomposition of organic matter, sup-
pression of diseases, assistance in uptake of nutrients, and control of weeds. So, 
plant-associated microorganisms, i.e., plant microbiome has positive influence 
on germination of seeds, development and productivity of crop, maintenance of 
soil fertility, and protection from stresses. Plants and the microbiome are inter-
dependent on each other for specific traits and functions (Bulgarelli et al. 2013). 
Carbon (C) which is fixed photosynthetically by plants is deposited into their 
surroundings, that is, phyllosphere, rhizosphere, and mycorrhizosphere. This 
carbon is used as feed by the soil biota leading to influence on the activities, 
abundance, and composition of microbes (Berendsen et al. 2012). The plant 
microbiome interactions have been studied extensively for various microbes 
like symbiotic nitrogen fixers (Rhizobium), Mycorrhizae, and various patho-
genic microbes. But, the knowledge regarding influence of inoculation of ben-
eficial microorganisms on the growth, health, and productivity of crop plants is 
still not sufficient. Hence, the information of the plant microbiome and the vari-
ous rhizospheric interactions is necessary to identify microbes that can be used 
as microbial inoculants for efficient and sustainable increase in productivity of 
crops.
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communities 
associated to plant
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14.2.2  Rhizospheric Microbiome

The total genome of rhizospheric microflora surrounding the root zone of plants is 
larger as compared to that of plants. This is known as rhizospheric microbiome 
(Fig. 14.2). Rhizosphere is the interface between the soil and roots of plant where 
the most complex interactions between plants and microorganisms occur. The con-
cept of the rhizosphere was given by Lorenz Hiltner (German biologist). He defined 
rhizosphere as the region around the plant roots characterized by high activity of 
microbes (Hartmann et al. 2008). Till date, a lot of research work has been carried 
out on microbiology of soil by various researchers. But, the knowledge regarding 
the various associations and interactions occurring in the soil is still not sufficient. 
Billions of microbes with diverse characters can be present in one gram of rhizo-
spheric soil. These microbes help in improving crop productivity by various plant 
microbiome interactions. The use of beneficial microbes as inoculants for sustain-
able agricultural production has become focus of research as their use reduces the 
dependence on inorganic fertilizers. Incorporation of microbial inoculants can 
improve crop productivity by exploiting the beneficial plant microbiome 
interactions.

14.3  Microbes and the Plant Microbiome Interactions

The relationship between plants and their surroundings is very complex. Plants and 
microbes share an intimate relationship that enables them to coexist. The plant 
microbiome interactions involve a vast array of microbes and often produce syner-
gistic effects (Mendes et al. 2013). The soil, the host plant, and the microbes present 
in soil all work together to mediate and influence the various exchanges that contrib-
ute to growth and productivity of crop plants (Fig. 14.3). There are large numbers of 
environmental and soil factors that can improve nutrient profile and soil fertility 
leading to increased productivity of crop plants. Among all the factors, the most 
important and influential are soil microbes inhabiting the region surrounding plant 
roots. Soil factors influence soil biota as well as the root zone of plants which in turn 
reshape the environment of soil through a dynamic exchange of chemical responses 
to living and nonliving stimuli. The compounds secreted by plant roots commonly 
known as root exudates act as substrate for microbes. These root exudates work as 
signal molecules and create a complex relationship between the microbiome and the 
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crop plant. The soil microbiome and the plants work together in coordination with 
each other for the benefit of plant and soil. Various research reports support the fact 
that the soil microbiome can be reshaped by plant through the secretion of root 
exudates. The interactions between plants and the soil microbiome fluctuate accord-
ing to the various factors like development stage of crop, agricultural practices, etc. 
An understanding of how each component manipulates and influences each other is 
needed. Research on plant microbiome interactions can help us answer these ques-
tions and allow us to see how all these interactions relate and influence one another 
(Morales and Holben 2011).

14.4  The Effect of Plants on the Plant Microbiome Interplay

The interaction between plants and their surroundings is a dynamic process. In this 
process, plants monitor their environment and react to changes. Earlier, it was 
thought that the function of root system is only to provide support to plant and 
facilitate the water and nutrient uptake. But, this root system plays a vital role in 
reshaping of plant microbiome interactions. Microorganisms present in the soil emit 
chemical signals that are received by plants. Plants respond to the signals emitted by 
microbes through the secretion of root exudates. According to the study conducted 
by various researchers, the type and composition of root exudates change with 
change in species of plant and even within the roots of same plant (Chaparro et al. 
2012). The diverse compounds released by plants as root exudates include sugars, 
amino acids, growth factors, aliphatic acids, proteins, and fatty acids (Table 14.1).

In addition to these organic compounds, some other compounds like auxins, sco-
poletin, glycosides, glucosides, bacterial stimulants and inhibitors, etc. have also 
been detected in plant root exudates. These root exudates create a unique environ-
ment in the rhizosphere. All these different compounds (root exudates) initiate sym-
biotic and various other interactions within the rhizosphere. The composition and 
the concentration of root exudates change according to the signals received from the 
environment and the rhizosphere, age of the plant, soil type, and various environ-
mental factors (Flores et al. 1999). Change in protein composition of the root exu-
dates was observed by De-la-Pena et al. (2010) when the plant grew alone as 
compared to when the plant interacted with pathogens or applied with microbial 
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Fig. 14.3 Schematic illustration of the interactions between the soil microbes, the host plant, and 
the soil
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inoculants. The soil microorganisms use the compounds secreted by plants as 
growth substrates, and sometimes, these root exudates can act as antimicrobials 
also. So, fluctuations in the concentration and composition of the root exudates can 
have positive, negative, or neutral effect on the microbes residing in rhizosphere.

Rhizodeposition is the main source of organic carbon to enter the soil. Plant uses 
a large percentage of its energy to produce and release these rhizodeposits. The 
main purpose of this rhizodeposition is to attract the microbes present in soil and 
rhizospheric region that service the plant through secreting growth promoting hor-
mones, preventing disease, or acquiring nutrients via the excretions of a biochemi-
cally active root system. Hamilton and Frank (2001) demonstrated that a grazing 
tolerant grass, Poa pratensis, is capable of concentrating microbes that facilitate the 
uptake of a limiting soil resource needed for growth. White lupin, on the other hand, 
is able to discourage microbial growth by drastically decreasing the soil pH in the 
rhizosphere via the release of organic acids, lowering the competition for phospho-
rous (P) acquisition. White lupin also prevents microbial degradation of root exu-
dates important for phosphorous acquisition. An experiment was conducted with 
Arabidopsis thaliana and Medicago truncatula. Both the plants were grown in 
native as well as in nonnative soil. Arabidopsis plants or root exudates added alone 
maintained the native fungus population in its native soil but not in nonnative soil. 
In nonnative soil, some microbial species increased while others diminished and the 
same results were observed with Medicago (Chaparro et al. 2012). These results 
strongly suggest that plant root exudates and the plants themselves are able to affect 
the composition and total population of soil microflora.

14.5  Influence of Soil Properties on Plant Microbiome 
Interactions

Soils are highly diverse acting as habitat for diverse communities of microorgan-
isms with as many as 10,000–50,000 species of microbes existing in 1 gm of soil 
(Schloss and Handelsman 2006). Change in the soil texture, nitrogen (N) content, 
phosphorous content, and soil pH lead to fluctuations in the abundance and 

Table 14.1 Various organic compounds secreted by plant roots as exudates

Group of organic compounds Root exudates

Amino compounds Glutamine, leucine, tyrosine, asparagine, threonine, aspartic 
acid, phenylalanine, serine, methionine, arginine, etc.

Fatty acids and sterols Palmitic acid, stearic acid, oleic acid, cholesterol, campesterol, 
etc.

Growth factors Biotin, thiamine, niacin, choline, inositol, pyridoxine, etc.

Organic acids Tartaric acid, oxalic acid, citric acid, malic acid, acetic acid, etc.

Nucleotides, flavanones, 
and enzymes

Flavanone, adenine, guanine, invertase, proteinase, etc.

Carbohydrates Monosaccharides, disaccharides, oligosaccharides, and 
polysaccharides
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composition of bacterial and fungal communities. Soil pH may have the most influ-
ence on the soil bacterial population. A strong correlation between hydrogen ion 
concentration and the abundance and diversity of microbial population was observed 
by Rousk et al. (2010) in the soil samples collected from an experiment where the 
pH varied from 4.0 to 8.3, while all other factors and variables that compose soil 
variability were controlled. A strong positive relation was found between soil pH 
and bacterial population. The reason for this relation is the sensitivity of bacterial 
cells to pH, as bacterial taxa exhibit a relatively narrow pH growth tolerance. Other 
evidence indicates that phosphorous content, altitude, and the ratio of cations in the 
soil (Ca2+, Mg2+, and Al3+) are more influential (Faoro et al. 2010). So, influence of 
many soil properties converge to create the ultimate effect on the soil biota and 
multiple soil factors potentially exhibit synergistic effects leading to reshaping of 
microbiome (Fig. 14.4).

14.6  Microbiome Reshaping

An intensive agriculture production is necessary to satisfy food requirements for the 
growing world population. According to information from specialized sources, 
demand for food products is expected to increase by at least 70% by 2050. At the 
same time, people are becoming aware that sustainable agricultural practices are 
fundamental to meet the future world’s agricultural demands (Altieri 2004). This is 
why modern agriculture is being implemented on a global scale and diverse research 
approaches are being undertaken to meet environmental and economical sustain-
ability issues. A recommended approach is to reshape the soil microbial communi-
ties for a sustainable and healthy crop production while preserving the biosphere. 
Changes in the rhizospheric microflora can take place by:

 1. Alterations in the management practices (soil amendments and nutrients 
application)

 2. Artificial inoculation of soil, any plant part or seed with preparations containing 
live microorganisms

The diversity and composition of microbes present in the soil is affected by agri-
cultural management practices, land use, and degrees of stress and disturbance. 
Agricultural management practices fall into two general categories, organic and 
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Fig. 14.4 Effect of fluctuation in plant and soil properties on soil microbial communities
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conventional. The choice of farming practices may lend themselves to different pro-
cesses or steps to achieve a more diverse and even microbiome. The organic farming 
is defined as agricultural management practice that improves biogeochemical 
cycling, biodiversity, and biological activity of soil. Organic farming is based on the 
minimal use of inorganic fertilizers. It promotes sustainable agricultural practices 
that restore, maintain, and improve the biological integrity of soil (Gold 1995). 
Organic farming uses no synthetic fertilizers or added inputs to increase productiv-
ity, whereas conventional farming does just the opposite. Conventional farming 
often uses synthetic, chemical fertilizers, and pesticides to benefit crop protection 
and productivity. The main impact of these different farming systems is on the soil 
microbiome. For example, conventional agriculture may target plant pathogens 
through the use of pesticides/fungicides, but it has a potential side effect of reducing 
soil microbial community diversity and evenness. Whereas, organic agriculture may 
seek to control plant pathogens through competition and/ or antagonism that pro-
mote a more diverse and even microbial community such as the addition of varying 
types of organic matter. By understanding the influences that combine to create 
more diverse and even soil microbial communities, fertility and disease resistance 
can be inherently restored in depleted, disease-stricken soil environments. The other 
method of microbiome reshaping is artificial inoculation of seed or soil with prepa-
rations containing live microorganisms (microbial inoculants).

The problem is no longer to produce more food but also to do so in environmen-
tally and socially sustainable ways. Agriculture practices should emphasize on 
maximizing the coadaptation between plants and microbes in an effort to promote 
soil microbial diversity. Although, this may reduce short-term productivity, but it 
will maximize long-term yields while minimizing resource use. The loss of diver-
sity and evenness of microbiome is detrimental to ecosystem functioning and plant 
productivity. In a world where the demand for food increases by the second, 
unhealthy crops with low productivity are unacceptable.

14.7  Need for Microbial Inoculants for Improvement of Plant 
Microbiome Interactions

The human population is increasing at an alarming rate. This fast increase in human 
population decreases the area under cultivation. To feed the growing human popula-
tion, the productivity of agriculture is maintained by continuous and heavy input of 
inorganic fertilizers. The indiscriminate application of chemical fertilizers to 
improve soil nutrient status and to increase productivity of crop plants has nega-
tively affected the environment leading to pollution and contamination of the soil. 
This also results in destruction of indigenous microbes of soil and friendly insects. 
This decreases the soil fertility and makes the crop plants more susceptible to attack 
by pathogenic microbes.

Furthermore, due to increasing human population, demand for food is more than 
its production. According to the various reports, the demand for food products will 
exceed very much than the productivity (Arun 2007). The use of soil microbes as 
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inoculants for crop production is the most effective and efficient solution to main-
tain productivity of agricultural products in a sustainable manner. The application of 
microbial inoculants to enhance crop productivity is eco-friendly and economical 
technique. Microbial inoculants are cheap and easily accessible. Their use reduces 
the dependence on chemical fertilizers. The fertilizer use efficiency of crop plants is 
very less, so microbial inoculants can play key role in integrated nutrient manage-
ment systems by improving plant microbiome interactions. Integrated application 
of microbial inoculants along with organic manures improves the nutrient use effi-
ciency of fertilizers leading to sustainable agricultural production.

14.8  Microbial Inoculants

Microbial intervention for increased fertility of soil, improving plant growth, plant 
microbiome interactions, and biocontrol, involves the introduction of microbial inoc-
ulants. Microbial inoculants are solution to numerous problems caused by hiked 
input of chemical fertilizers. Their use reduces the problems of agriculture and envi-
ronment because the inoculated microbes possess various functional characters that 
promote the growth and productivity of plants, enhances the uptake and availability 
of various macro- and micronutrients and even protect the crop plant from diseases 
by acting as biocontrol agent. Microbial inoculants popularly known as “bio-inocu-
lants or biofertilizers” are economical, pollution-free, environmentally friendly, and 
safe renewable agricultural amendments, that use microbes which possess the ability 
of fixing molecular nitrogen, transforming various unavailable nutrients into their 
available form, production of phytohormones, and iron chelating agents to promote 
plant health. These preparations contain living cells of beneficial microbes that are 
applied to seed, soil, any plant part, or composting areas. These beneficial microbes 
when inoculated, colonize rhizosphere, increase their number, and accelerate various 
microbial transformations which increase the availability of many essential nutrients. 
Microbial inoculants are one of the best agricultural amendments for understanding 
plant microbiome interactions and for improving crop productivity in a sustainable 
manner. They are becoming center of attraction for various researchers due to the 
increasing emphasis on maintenance of soil quality and health and to reduce the 
adverse effects of inorganic fertilizers on agriculture and environment.

Microbial inoculants contain diverse beneficial microbes that occur naturally in 
soil. Their incorporation to soil, seed, or any plant adds to biodiversity of soil, 
improves soil quality, availability of nutrients, growth, development, and productiv-
ity of plants. The beneficial microbes that can be used as microbial inoculants for 
agricultural crops includes plant growth promoting rhizobacteria, diazotrophs, 
phosphorous mobilizing and solubilizing bacteria, bacteria with ability to suppress 
plant diseases and microbes with ability to degrade complex compounds. Microbial 
inoculants are now essential and integral part of agriculture. Their integrated appli-
cation with various organic amendments, agro-residues, and inorganic nutrients is 
very useful in maintaining the sustainability of various crop productions due to 
synergistic effects (Sahoo et al. 2013). Microorganisms which are present naturally 
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in soil are not very efficient due to various types of stresses and antagonistic activi-
ties. Thus, artificially multiplied cultures of beneficial microbes with plant growth 
promotion traits play a significant role in accelerating microbial transformations. 
These organisms increase the fertilizer use efficiency and improve the soil nutrient 
status and lead to higher productivity in sustainable way (Anonymous 2008).

14.9  Selection of Microorganisms for Inoculation

The success and performance of microbial inoculants under field conditions is 
dependent on the type and function of microbes used for inoculation. Thus, for bet-
ter results the choice of microbial inoculants is critical step. For the selection of 
microbes to be used as inoculant, complete knowledge about the biology and func-
tional activity of microbes is essential. The factors like adaptation to adverse cli-
matic conditions, survival, and persistence in soil after inoculation, and efficiency 
under field conditions should be considered while selecting microbial inoculants.  
A microbial strain should possess all the potential features or attributes to be used 
as a successful inoculant. For example, a bacterium cannot be used as inoculant if it 
is difficult to multiply or maintain it in laboratory.

Genetic engineering is another tool that can help us to insert desired features to 
microbial inoculant. By detailed understanding of genetic basis of the physiology of 
many soil organisms, we can alter the existing organisms by introducing genes from 
other organisms with desired characteristics. For example, we can insert genes for 
increased tolerance toward various stresses and diseases. We can alter the soil microbes 
at gene level. By this, we can reshape the rhizospheric organisms and can make them 
more efficient for competing with pathogenic microbes and to increase nutrient avail-
ability. But, the care should be taken that whether the genetically modified organism is 
superior to existing microbes, able to survive under field conditions and contributes to 
sustainable agriculture? Although genetic engineering of microbes is a great techno-
logical advance for agricultural production but still the guidelines and regulations are 
in place in most countries that restrict the use of genetically altered organisms unless 
scientific evidence for their harmlessness to nontarget organisms is demonstrated.

14.10  Types of Microbial Inoculants

Soil microorganisms play fundamental roles (microbial services) in agriculture 
mainly by improving plant nutrition and health, as well as soil quality (Lugtenberg 
2015). The main microorganisms which are used as inoculants are bacteria, fungi, 
and blue-green algae. Microbial inoculants help us to get higher productivity of 
agricultural crops by increasing the availability of essential nutrients in soil. Their 
use decreases the dependence on chemical fertilizers which is necessary as the sole 
use of chemical fertilizers adversely affect the health and quality of soil. Generally, 
agriculturally used microbial inoculants are classified into three categories depend-
ing upon microorganisms involved (Fig. 14.5).
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14.10.1  Bacterial Inoculants

Bacteria possess great potential to reshape the plant microbiome for betterment of 
plant microbiome interactions as they show variety of associations with the plant. 
Bacterial colonization has been reported in the soil, inside the cell, rhizosphere, 
phyllosphere, and the rhizoplane. The bacteria commonly used as microbial inocu-
lants are usually inhabitants of rhizosphere having abilities like biological nitrogen 
fixation, phosphorous solubilization, etc. The presence of these traits in microbial 
inoculants helps in meeting the nitrogen and phosphorus demands of the host plant. 
These bacteria are also known as plant growth promoting rhizobacteria (PGPR). 
Application of PGPRs as microbial inoculants positively influences the plant micro-
biome interactions, soil nutrient status, growth, and productivity of host plant.

14.10.1.1  Nitrogen-Fixing Microbial Inoculants
Nitrogen is the most important and essential macronutrient required by plant for 
proper growth and development. The amount of nitrogen in soil gets decreased with 
time due to loss of this essential nutrient by natural processes such as leaching. The 
nitrogen cycle has a great impact on soil health, quality, and fertility. The four most 
important microbial transformations occurring in the nitrogen cycle are biological 
nitrogen fixation (conversion of atmospheric nitrogen to ammonia), nitrification 
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Fig. 14.5 Different types of microbial inoculants
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(oxidation of ammonia to nitrate), denitrification (reduction of oxidized nitrogenous 
compounds to nitrogen gas), and nitrogen mineralization (conversion of organic 
nitrogenous compounds to inorganic nitrogen). Microbial inoculants play key role 
in nitrogen cycle and in utilization of nitrogen present in the fertilizer by host plant. 
The nitrogen-fixing bacteria or the diazotrophs have the ability to fix molecular 
nitrogen present in atmosphere (inert) in reduced form, i.e., ammonia in the rhizo-
spheric soil of the nonlegume or the root nodules of the legume plants. This dini-
trogen fixation is exclusive prokaryotic phenomenon by virtue of production of the 
nitrogenase enzyme by the nitrogen-fixing bacteria. The common diazotrophs that 
exist in the rhizosphere of a variety of plants include in majority Rhizobium, 
Frankia, Azotobacter, Beijerinckia, Derxia, Azospirillum, Flavobacterium, 
Gluconacetobacter, cyanobacterial forms like Anabaena, Nostoc, Tolypothrix, 
Cylindrospermum, etc.

Symbiotic Nitrogen-Fixing Microbial Inoculants
Symbiotic nitrogen fixation (SNF) is specific chemical signaling between legume 
plant and rhizobial species resulting in the formation of specialized structures called 
nodules. Nodules act as mini factories to convert the atmosphere nitrogen into plant 
usable form of ammonia with the help of an enzyme nitrogenase. It is a well-known 
fact that world’s supply of organic nitrogen is met via legume – Rhizobium symbio-
sis. The legume Rhizobium association contributes up to 360 kg N/ha/year depend-
ing upon the legume species, host Rhizobium genotype, agroclimatic conditions, 
and their interaction (Odame 1997). The success rate of nodulation depends on the 
compatibility between the inoculated strain and host plant.

Rhizobium Rhizobium (Plate 14.1a) is a symbiotic nitrogen fixer and belongs to 
family Rhizobiaceae. Inoculation of Rhizobium biofertilizer to legume crops 
enhances nodulation, nitrogen fixation, and yield. In addition to N2 fixation, most 
rhizobial strains are also found to exhibit some other plant growth promoting char-
acters such as production of phytohormones which includes release of indoleacetic 
acid (IAA), phosphate solubilization, and production of iron chelating agents (sid-
erophores). They can also improve the growth and productivity of plant by suppres-
sion of diseases and by protecting the plant from variety of stresses. Legume crop is 
nodulated by specific Rhizobium; therefore, only recommended Rhizobium biofer-
tilizer for specific legume crop is being advocated to get benefits of inoculation. 
Nodulation surveys indicate a need for inoculation every season for majority of 
legume crops cultivated in India. Competition between inefficient native strains 
appears to be a bottle neck in realizing higher yields from Rhizobium inoculation. 
Rhizobium has ability of symbiotic nitrogen fixation in association with some non-
legumes like Parasponia. Population of this symbiotic bacterium in the soil depends 
on the presence of compatible host plant. The decrease in the population of 
Rhizobium has been reported in the absence of legume host. Reinoculation is neces-
sary to increase the colonization of this bacterium for speed up of the nitrogen fixa-
tion process. To form nodules, specific strain is required by host plant (Venkatashwarlu 
2008).
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Associative Bio-inoculants
The term “associative symbiosis” has been used to describe the interaction between 
Azospirillum and other rhizospheric bacteria with host plant. It is the loose associa-
tion of microsymbiont with the host plant.

Azospirillum Azospirillum (Plate 14.1b, source - www.lookfordiagnosis.com) is 
motile and aerobic bacterium that can survive in flooded conditions. It is heterotro-
phic loose associative nitrogen-fixing bacteria that possess various plant growth 
promoting traits. It is gram-variable bacteria that colonize the root zone of the plant, 
outside the plant roots, on the surface of the roots, as well as internal cortical and 
vascular tissues of plant harboring in root zone. It belongs to family Spirilaceae. 
Azospirillum is remarkably versatile; it fixes atmospheric N2, mineralizes nutrients 
from soil, sequesters iron (Fe), survives in stressed conditions, and also favors ben-
eficial mycorrhizal plant associations. This associative nitrogen fixer can fix about 
10–40 kg N/ha and also produce phytohormones like IAA, gibberellins, etc. which 
promotes root proliferation,  development, and productivity of crop plant (Sahoo 
et al. 2014). Azospirillum amazonense, Azospirillum halopraeferens, Azospirillum 
brasilense, etc. are among the species coming under the genera, Azospirillum. But, 
the species most commonly used as microbial inoculants are Azospirillum lipoferum 
and Azospirillum brasilense. This associative nitrogen fixer shows symbiotic rela-
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Plate 14.1 (a) Rhizobium colonies on Congo red medium, (b) Azospirillum colonies on 
Dobereiner medium (www.lookfordiagnosis.com), (c) Azotobacter colonies on Jensen medium, 
(d) Microscopic view of cyanobacteria, (e) clear zone of phosphate solubilization by PSB on 
Pikovskaya’s medium, and (f) Mycorrhizal spores
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tionship mainly with C4 plants (have C4-dicarboxylic photosynthetic pathway). 
Thus, Azospirillum biofertilizers are suitable for C4 crops, viz., maize, sorghum, and 
other cereals like rice, wheat, barley, and various horticultural crops.

Beneficial effects of Azospirillum inoculation on development and productivity 
of host crop has been reported in glass house as well as field experiments by Saikia 
et al. (2013). Improvement in the growth and productivity of numerous crops has 
been reported by inoculation with Azospirillum species. Application of Azospirillum 
improves the nutrient level in soil by helping in the absorption of various macro- 
and micronutrients. This improves status of soil fertility along with the promotion 
of growth and yield of crops.

Nonsymbiotic Microbial Inoculants
These microorganisms are present freely in the rhizosphere and fix nitrogen in the 
soil without any host plant. The nonsymbiotic bacteria include genus like 
Azotobacter, Clostridium, etc.

Azotobacter Azotobacter (Plate 14.1c) is a key player in the nitrogen cycle. It is from 
Azotobacteriaceae family. It is aerobic, nonsymbiotic nitrogen-fixing bacteria which 
is capable of surviving in neutral as well as in soil with pH in alkaline range. Along 
with the release of phytohormones like IAA, gibberellins, and cytokinins, this hetero-
trophic bacterium also produce vitamins such as vitamin B1 (thiamine) and vitamin 
B2, i.e., riboflavin (Revillas et al. 2000). The most prevalent species of this genus in 
soil is Azotobacter chroococcum. The other species of this nonsymbiotic genus that 
can be found in the soil are Azotobacter vinelandii, Azotobacter macrocytogenes and 
Azotobacter beijerinckii, etc. Use of Azotobacter as microbial inoculants enhances the 
plant productivity by suppression of diseases and by modifying the root architecture 
with dense root system. The population of this genus in soil is mostly reported between 
104 and 105 g−1 of soil. This might be due to the negative effect of other microbes pres-
ent in soil as well as due to deficiency of organic matter in soil (Mali and Bodhankar 
2009). Application of Azotobacter as microbial inoculant in soil improves the seed 
germination index due to the inhibitory effect of this bacterium on growth of disease 
causing fungi. The number of Azotobacter is more in cultivated soil as compared to 
soil without any plantation. This nonsymbiotic nitrogen-fixing bacteria can be isolated 
from rhizosphere of numerous crop plants. This bacterium is used as inoculant for 
variety of crops such as maize, wheat, rice, etc. (Wani et al. 2013).

Blue-Green Algae (Cyanobacteria) and Azolla The algal microbial inoculants 
improve soil health and texture by providing valuable nutrients such as N, amino 
acids, etc. These are photosynthetic and belong to eight different families. 
Representative genera of blue-green algae (BGA) includes Nostoc, Anabaena, 
Tolypothrix, Calothrix, Aulosira, etc. Cyanobacteria (Plate 14.1d) show symbiotic 
relationship with fungi, ferns (especially Azolla), and flowering plants. These are 
used as microbial inoculants as they fix molecular nitrogen (20–30 kg/ha) and pro-
duce plant growth promoting hormones (Wani and Lee 1995). These nitrogen fixers 
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are also called “paddy organisms” as they are more prevalent in rice fields. Nitrogen 
is the most essential and important macronutrient required for the production of rice 
crop. The more than half of the nitrogen demand of lowland rice is met by the pro-
cess of biological nitrogen fixation carried by microbes and mineralization of soil 
nitrogen present in the form of organic compounds. For the development of agricul-
ture sector in a sustainable manner and to meet the food demands of growing human 
population, the enhancement of biological nitrogen fixation process is necessary. 
Azolla is incorporated as green manure to provide nitrogen for paddy production. 
The benefit of using Azolla as microbial inoculant is its fast decomposition. Apart 
from meeting N demands, these bio-inoculants also increase the availability of 
micronutrients. In India, the most abundant and prevalent species of Azolla is  
A. pinnata. The other species reported in India are A. caroliniana, A. microphylla, 
A. filiculoides, and A. mexicana.

14.10.1.2  Phosphate Solubilizing Bacteria (PSB)
It is well known that phosphate fertilizers are not efficient in agroecosystems due 
to their fixation in soil with low as well as high pH (acidic and alkaline, respec-
tively). Both acidic as well as alkaline soils are predominant in India (Wani and 
Lee 2002). Thus, application of crop plant with PSB (Plate 14.1e) and other effi-
cient microbial strains is essential to maintain the productivity of agricultural eco-
system. Phosphate solubilizing as well as P mobilizing microbes are required to 
maintain the soil biological diversity. These microbes help in transformation of 
various nutrients into plant utilizable form to get higher productivity. It has been 
reported by various studies that many bacterial strains can solubilize insoluble 
inorganic phosphate compounds, such as hydroxyapatite, tricalcium phosphate, 
dicalcium phosphate, and rock phosphate. The potential P solubilizing bacterial 
genera found in soil are Pseudomonas, Bacillus, Rhizobium, Burkholderia, 
Agrobacterium, Micrococcus, Flavobacterium, and Erwinia. Phosphate solubiliz-
ing microbes can be found both in rhizosphere as well as in bulk soil. But, higher 
population of phosphorous solubilizing bacteria is commonly found in the rhizo-
sphere as compared to bulk soil (non-rhizospheric soil). The bacteria belonging to 
the genera Pseudomonas and Bacillus are more commonly present in soil. PSB can 
be aerobic or anaerobic. The higher population of aerobic PSB is mostly reported 
in submerged soils.

14.10.2  Fungal Inoculants

Apart from bacteria, fungi can also be used as inoculant for agriculture to improve 
the plant microbiome interactions. Fungi can form symbiotic relationship with 
many other organisms and plant, and it can act as parasite also (Behie et al. 2012). 
Fungal inoculants are of two types:

 1. Phosphate mobilizing Mycorrhizae
 2. Phosphate solubilizing Fungi
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14.10.2.1  Phosphate Mobilizing Mycorrhizae
The term Mycorrhiza referred to “fungus roots.” It is a mutualistic symbiosis between 
fungi and roots of higher plants. In this symbiotic association, host plant provide pho-
tosynthetic carbon to fungal partner whereas, fungi helps in growth and development 
of host plant by providing various essential macronutrients. Mycorrhizal fungi are 
very efficient in nutrient absorption from the soil system due to its hyphae. Mycorrhizae 
(Plate 14.1f) are of three types based on their presence inside or outside the plant. 
When they form an external mantle or sheath around the roots then, they are known as 
ectomycorrhiza, and when they infect the roots of plant, they are known as endomy-
corrhiza or arbuscular mycorrhizal fungi (AMF). When present both inside and out-
side the plant roots, they are known as ectendomycorrhiza. The Mycorrhizae are well 
known to help in absorption and accumulation of macronutrients like nitrogen, phos-
phorus, magnesium, and sulfur from soil to plant apart from enhancing the uptake of 
essential micronutrients such as zinc, iron, and manganese (Ryan and Angus 2003).

These fungi are member of the family Endogonaceae. At present seven genera 
are included in the family Endogonaceae, which are Acaulospora, Endogone, 
Gigaspora, Glaziella, Glomus, Modicella, and Sclerocystis. It has been reported 
that these fungi form symbiotic relationships with many agricultural crops, except 
with plants belonging to families of Amaranthaceae, Chenopodiaceae, Polygonaceae, 
Caryophyllaceae, Commelinaceae, Brassicaceae, Juncaceae, and Cyperaceae. The 
arbuscule-forming Mycorrhiza (AMF) is a type of endomycorrhiza which show 
mutualistic association with many crops. In this symbiotic association, the fungal 
hyphae move inside the cortical cells of plant root and form branched structures 
called arbuscules (Behie et al. 2012). Mycorrhizae are potential candidates for their 
use as inoculants to enhance development and productivity of agroecosystem due to 
their effectiveness and efficiency in uptake of macro- and micronutrients and their 
role in protection of plants from various stresses (Gianinazzi et al. 2010).

14.10.2.2  Phosphate Solubilizing Fungi
Phosphorus is essential macronutrient required by plant for higher productivity. This 
macronutrient is present in agricultural soil in the form of both inorganic and organic 
compounds. But, these forms of phosphorous present in soil ecosystem are unavail-
able to crop plants. The predominance of unavailable form of P in soil makes the soil 
phosphorus deficient. Deficiency of P in soil solution limits the agricultural produc-
tivity. To overcome the deficiency of phosphorous, transformation of unavailable 
form of phosphate to its plant utilization form is necessary. This transformation of 
phosphate is carried out by phosphate solubilizing microbes (PSM). PSM play a key 
role in increasing the productivity of crop plants by dissolving insoluble phosphate 
and making it available to crop plants. The transformation of inorganic P to plant 
available form by fungi has been documented by various researchers. The use of 
fungi capable of mobilizing P increases the availability of P in soil and helps in man-
agement of phosphorus fertilization. Apart from solubilizing P, fungi exhibit some 
other traits also like suppression of various diseases and production of secondary 
metabolites, etc. But, their potential role in promoting plant growth and productivity 
by increasing nutrient absorption has been studied in detail by many researchers.
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14.10.2.3  Consortium Biofertilizers
Consortium biofertilizer refers to the use of mixture of two or more microbial cul-
tures for maintenance of soil health and promotion of plant productivity due to 
variety of growth mechanisms. Co-inoculated microbes work in coordination with 
each other to produce synergistic effects. They are found to be more effective than 
application of individual microbe. The integrated application of two or more 
 microbial cultures gives fast and better results. This might be due to the fact that 
microbes interact with each other and function as coherent groups in rhizosphere. 
By this, they become capable of colonizing multiple ecological niches. The com-
bined application of more than one plant growth promoting microorganism could be 
a better strategy for improving productivity of agricultural system in sustainable 
manner. The common bacterial genera which act as the PGPR include Pseudomonas 
sp., Paenibacillus polymyxa, Achromobacter, Arthrobacter, Azospirillum, 
Azotobacter, Bacillus sp., Burkholderia, Ralstonia, etc. PGPR benefit the host plant 
by direct or indirect mechanisms. PGPR have promise for maintaining adequate 
plant nutrition by providing the essential nutrient elements like nitrogen, phospho-
rous, releasing growth promoting substances like phytohormones, organic acids, 
siderophores, vitamins, and suppression of phytopathogens by competition and 
induction of systemic resistance response. Microbial inoculants can increase the 
growth and productivity of crop plants by increasing the uptake of essential macro-
nutrients. This is due to the modification of root architecture. The modified root 
system is more efficient in uptake of nutrients leading to higher productivity. Such 
stimulation of roots not only helps in enhanced exploration but also improve water 
uptake which results in improvement of plant growth characters followed by 
enhanced yields.

14.11  Potential Role of Inoculated Microorganisms 
in Improvement of Plant Microbiome Interactions

The incorporation of microbial inoculants improves the plant microbiome interac-
tions leading to enhanced level of soil fertility and yield. Their incorporation also 
improves the soil microbial flora and nutrient status. This results in decrease depen-
dence on the use of chemical fertilizers. The improvement of soil microbial flora 
and soil health was reported by Sharon et al. (2001) with the use of cyanobacteria 
and associative nitrogen fixer, Azospirillum. Application of microbial inoculants 
also resulted in improved grain yield and harvest index. Significantly higher grain 
and straw yield of wheat crop has been observed with the inoculation with 
Azotobacter+Rhizobium+VAM and phosphate fertilizer. Beneficial effects of Azolla 
have also been reported on the nutrient status of soil. Another study conducted by 
Raj (2007) report that application of microbial inoculants increases the availability 
of both macro- and micronutrients. Leguminous plants can meet more than half of 
their nitrogen demand with the help of symbiotic nitrogen fixation. Another impor-
tant aspect of microbial inoculants is their ability to suppress plant diseases (biocon-
trol). Thus, incorporation of bio-inoculants is a step toward sustainable agriculture. 
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It has been reported that root knot disease of French bean can be controlled using 
Trichoderma (Rahman 2005). The symbiotic bacteria like Rhizobium and 
Bradyrhizobium are also useful in suppressing the root knot of mung bean by their 
antagonistic activity (Khan et al. 2006). Microbial inoculants comprising of diazo-
trophs, phosphorous, or potassium solubilizing bacteria along with some other 
PGPRs can improve the growth, development, and productivity of many crop plants 
(Youssef and Eissa 2014).

14.12  Role of Microbial Inoculants in Improving Soil Health 
and Productivity of Plants

Microbial inoculants possess potential practical applications for sustainable and 
integrated approaches to agriculture. These beneficial microbes when inoculated, 
colonizes rhizosphere, increase their number and help in increasing productivity 
by protecting the host plant from various stresses and attack of pathogenic 
microbes. Microbial inoculants can be incorporated to crop plants as an agricul-
tural amendment to increase the population of beneficial microbes in the rhizo-
sphere of plant. Addition of beneficial microorganisms in the form of microbial 
inoculants to soil, seed, or any plant part can improve availability of nutrients, 
increase plant growth, confer resistance to abiotic stress, and suppress disease. 
These inoculated microbes can survive in field soil and compete with pathogenic 
and antagonistic microorganisms for colonization of vacant niches and nutrients. 
The potential of microbial inoculation was shown by Adesemoye et al. (2009) 
through their experiment carried out in glasshouse. They use PGPR and fungi 
(Mycorrhizae) as inoculants for tomato plants and reported that inoculated plants 
requires 25% less chemical fertilizers as compared to uninoculated plants for same 
quantity of yield. But, an awareness of the existing soil fertility level is critical to 
realize the benefits of microbial inoculants, as a diminishing effect is seen when 
starting N, P, and K levels are high.

Recent discoveries have shown that plants also respond to the application of vari-
ous microbial inoculants that are able to increase the rate of photosynthesis, provide 
protection from stresses, increase disease suppression and plant growth, and enhance 
the efficiency of crop plant. These discoveries offer potential for microbial inocu-
lants applications to improve agricultural production and sustainability. Currently, 
producers are faced with a need to reduce inputs like water and fertilizer applica-
tions while simultaneously increasing production. Combined application of various 
beneficial microorganisms (consortium microbial inoculants) has been found to 
more effective and efficient in improving growth, health, and productivity of plant 
as compared to application of any single microorganism. One example of combined 
inoculations includes the PGPR Pseudomonas putida added in combination with 
nodule inducing Sinorhizobium meliloti in the legume Medicago sativa, which 
resulted in increased nodulation and significantly increased plant biomass (Guiñazú 
et al. 2009). Use of consortium microbial inoculants also leads to improved nutrient 
status of plant.
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The positive effects of combined application of beneficial microorganisms on the 
growth of crop plant have been documented by various researchers. These results 
indicate that the plants and the microbes work in coordination with each other to 
bring the desired outcome. In some cases, application of a microbial organism that 
confers benefit may not even be necessary. The same result can also be achieved by 
the application of a microbial product (elicitor). For example, the use of acetoin (pro-
duced by Bacillus subtilis) stimulates the induced systemic resistance (ISR) and play 
key role in disease suppression (Rudrappa et al. 2008). Determining the precise com-
pounds and dosages necessary for application would allow for commercial develop-
ment of a nonliving application providing the same benefits as the microbial 
inoculants themselves. Such treatments could avoid some of the potential complica-
tions associated with developing commercial PGPR applications such as low surviv-
ability due to competition and adverse environmental conditions. Nowadays, 
researchers emphasize on the studies that how to modify the rhizospheric environ-
ment for the better survival of microbial inoculants using rhizospheric engineering.

 Conclusion

Intensive agriculture being followed to feed the increasing human population is 
depleting soil health. The successful management of soil health and plant pro-
ductivity requires even and balanced microbiome along with environmentally 
friendly agricultural practices. There is a complex conversation that occurs 
between soil microbes and plants, mediated by root exudates, but this conversa-
tion still needs a lot more translating. Microbial inoculants are economic and 
environment friendly. Their application to soil or plant improves the soil nutrient 
status and crop yield in sustainable manner. They also possess the potential to 
improve the conversations between plants and soil microbes. Future studies 
should determine what key compounds and root exudates compositions will cul-
ture these beneficial microbes that produce healthy and more productive plants.
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Abstract
Microorganisms harbouring in the soil are extremely important in the sustainable 
agriculture. They play a very crucial role in the sustenance of ecological services/
balance. Siderophore-producing microorganisms have enormous range of appli-
cation for the sustainable crop production. Application of siderophores has 
recently caught fire of discussion and being used in the plant disease management, 
maintenance of healthy soil, plant growth promotion, SAR induction, acceleration 
of phytohormone production, bioaugmentation of heavy metal (HM), etc. 
Moreover, nearly all living beings shine their cellular reactions such as electron 
transportation, different metabolic reactions and organic molecule formations 
with the help of iron. In iron-deprived environment, siderophores are the chief 
media by which maximum cellular reactions get completed. However, a wide 
range of variations among the siderophores has been noticed like bacterial sidero-
phores that have extremely high binding affinities than fungi; however, phytosid-
erophores have less binding affinities than microbial siderophores. A lot of 
variations among the microbial siderophores such as algae, bacteria, fungi and 
actinomycetes have been noticed in significant manner. Additionally, beneficial 
job of siderophore in other sector of agriculture and allied branch of science may 
not be ignored. However, there are some hurdles such as lack of infrastructure and 
communication gap among the concerned researcher which has put such impor-
tant research on hold. Research on siderophore-producing organisms will provide 
an arena to formulate bioprocess technology which is indeed needed to maximize 
the production of microbial siderophores because of its wide range of applicabil-
ity. Overall, siderophores and siderophore-producing organisms are conducive to 
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human kind as well as in the sustenance of ecological balance. Thus, this article 
discusses about the present scenario of research pertaining to siderophore applica-
tions in agriculture.

15.1  Introduction

Plants and microbes play an important role in our daily routine. Iron is ranked among 
the most abundant element in the Earth’s crust (Kurth et al. 2016). Besides, many 
autotrophs face turmoil in acquiring iron due to its insoluble form, which inhibits the 
bioavailability of iron (Kurth et al. 2016). Generally, living organisms survive by the 
performance of certain cellular processes during that iron plays a significant role. 
Iron is the chief constituent for a variety of vital functions such as photosynthesis, 
enzyme cofactor, redox reagent, respiration, nucleosides and amino acid synthesis. 
Moreover, microbes and plants flourish themselves under iron- limited conditions by 
releasing iron chelator called siderophore. Siderophores are low-molecular-weight 
(<10 kDa) iron-chelating organic molecules, released by microbial communities 
thriving in the rhizosphere under iron-limited conditions. These iron chelators play a 
crucial role in the solubilization of iron from inorganic as well as organic molecules. 
Siderophores help to enhance the plant growth by scavenging iron from the nearby 
area and make them available to root (Hider and Kong 2010; Maheshwari 2011; 
Ahmed and Holmstrom 2014; Zhou et al. 2016). Siderophores play a valuable role in 
plant growth promotion (Yadav et al. 2011; Verma et al. 2011; Trapet et al. 2016), 
biocontrol agents (Verma et al. 2011; Di Francesco et al. 2016), bioremediation 
agents (Wang et al. 2011; Ishimaru et al. 2012; Ma et al. 2016) and mineral weather-
ing (Reichard et al. 2005; Buss et al. 2007; Shirvani and Nourbakhsh 2010; Ahmed 
and Holmstrom 2015). In addition, various plants have been reported to release phy-
tosiderophore that sequester the iron by the roots which assist the Fe complex uptake 
under iron-deprived state (Kannahi and Senbagam 2014). It has been ascertained that 
competition for iron in the rhizosphere is governed by the empathy of the sidero-
phores for iron (Bernd and Rehm 2008; Munees and Mulugeta 2014). It has been 
well known fact that alkaline soils are strong inducers of iron deficiency in plants. 
Besides, if soil pH exceeds 6.5–7.0, the availability of iron in the soil is considerably 
reduced; however, calcareous soils, having high pH, diminish the affinity of plants 
for Fe and hence hinder Fe uptake.

Iron is a vital nutrient necessary for almost all living organism for carrying out 
various cellular processes (Neilands 1995). Generally, bacteria obtain iron mole-
cule after producing iron chelators, siderophores having high affinity for iron com-
plexing. In cellular context, there are two types of siderophores, and they can be 
divided into extracellular and intracellular siderophores. Also, there is a large vari-
ation in rhizobacteria pertaining to siderophore utilization ability. It has been seen 
that there were restrictions of siderophore utilization while no such bar were 
detected in other genus of rhizobacteria (Khan et al. 2009). It is well known that 
during Fe3+ complex, Fe3+ is reduced into Fe2+ on bacterial membrane which is later 
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on delivered into the cell through a gating mechanism; however, this process leads 
to sometime loss of siderophores (Rajkumar et al. 2010; Neilands 1995). In this 
way, siderophores have the capability to solubilize iron from organic compounds 
or minerals under iron- deprived conditions (Indiragandhi et al. 2008). Besides, 
siderophores also bind with other HMs which are actively involved in some envi-
ronmental concerns (Kiss and Farkas 1998; Neubauer et al. 2000). Formation of 
stable complex with siderophore to HMs enhances the soluble metal concentration 
(Rajkumar et al. 2010). Therefore, in such way, iron chelators assist in the allevia-
tion of abiotic stress such as HMs imposed on plants. As far as assimilation of iron 
is concerned, in plants, various possible pathways such as chelation and production 
of iron, direct accumulation of siderophore–Fe complex and through ligand 
exchange process have been put forward (Schmidt 1999). Recent studies have gen-
erated the information pertaining to enhanced plant growth promotion after inocu-
lation of siderophore-producing PGPR (plant growth-promoting rhizobacteria) 
(Rajkumar et al. 2010). In addition to PGPR uptake, machinery of the plants also 
determines the level of significance like application of siderophore-producing bac-
teria in oat plants under iron-deprived conditions leads to significant plant growth 
promotion which may be due to plants having the mechanisms for using Fe–sidero-
phore complexes under iron-limited conditions (Crowley and Kraemer 2007). 
Similar results were also seen in Arabidopsis thaliana plants by Pseudomonas 
fluorescens C7 which leads to large accumulation of iron and thereby enhancement 
in plant growth (Vansuyt et al. 2007).

Siderophore and its derivative have a broad range of significance in sustain-
able agriculture in the form of enhancement of soil fertility and as potent bio-
control agent for fungal pathogen. Therefore, the present article accounts for the 
role of siderophores in sustainable agriculture with special emphasis on mainte-
nance of soil health, management of fungal pathogens and crop growth 
promotion.

15.2  Iron Bioavailability in Iron-Deprived Environment

Generally, iron is found as Fe(III), insoluble under physiological conditions 
(Powell et al. 1980; Matzanke et al. 1989). Many enzymes and cofactors are 
responsible for carrying out various cellular processes like respiration, oxygen 
activation, hydrogen peroxide and hydroxyl radicals’ degradation, etc. (Andrews 
1998).

Ferrous is more soluble state at neutral pH which is available for living cells 
for further process. In addition, most of bacterial communities accumulate Fe(II) 
through divalent metal transporters (Miethke and Marahiel 2007). Moreover, 
iron is the key element for the life to be processed; however, there are some 
exceptions such as lactic acid bacteria, and they do not have heme enzymes 
(Neilands 1995). Additionally, iron may be toxic because high intracellular con-
centration of ferrous ion starts producing hydroxyl radicals (Crichton and 
Charloteaux-Wauters 1987). However, such problem no longer exists and can be 
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alleviated with the help of certain antioxidants. The toxicity of the iron may be 
nullified by the presence of glutathione and endonucleases which repair DNA 
(Andrews 1998). It has been a well-established fact that iron imports toxicity 
towards rice plants being grown in lowland. This may be advocated that rice 
plants accumulate large values of ferrous after reduction of iron oxides and 
hydroxides which leads to disruption of metabolic process and plants become 
damaged (Becker and Asch 2005).

Chief iron pool in soil and water ecosystems is comprised by oxides of iron 
(Kraemer 2004). Production of siderophores is a specialized iron acquisition system 
which reveals competitive benefit to many microorganisms in biotic and abiotic 
environments. Plenty of research on biological iron acquisition have stated about 
significant increase in iron solubility (Kraemer 2004). Availability of iron depends 
on its properties such as particle size, pH, ionic strength and amount of organic 
ligands in solution (Kraemer 2004). For instance, Fe(II) quickly oxidizes to Fe(III) 
at neutral pH and oxic conditions (Stumm and Morgan 1995). In the weak organic 
ligand, Fe(III) precipitates quickly as a hydrous ferric oxide, and citrate is too weak 
to bind iron which inhibits Fe(III) precipitation in the culture medium (Konigsberger 
et al. 2000).

In soil at neutral pH concentrations, the ferric oxide hydrate is around 10−17 M 
(Budzikiewicz 2010). However, living systems require 10−6 M, as soon as cells that 
detect the necessities of iron siderophore production begin (Miethke and Marahiel 
2007). Siderophores have a manifold impact on the solubility of iron oxides with a 
varying range of pH because of extraordinary thermodynamic stability of soluble 
siderophore–iron complexes.

15.3  Types of Siderophores

A lot of variation have been detected in the structure of siderophores produced by 
the microbes especially bacteria. They are categorized on co-ordinating atom basis 
on which they chelate the Fe(III) ion. Hydroxamate, catecholate and carboxylate are 
important groups of siderophores.

15.3.1  Catecholate

These types of siderophores are produced by not all but only some bacteria. Each 
catecholate composed of two oxygen atoms with iron forming a hexadentate octa-
hedral complex, a cyclic trimer composed of 2,3-dihydroxy-N-benzoylserine is the 
best example of the catecholate.

For the first time, a tricatechol siderophore, enterobactin, was isolated from 
Escherichia coli, Aerobacter aerogenes and Salmonella typhimurium (Ward 
et al. 1999). A bacterium of the family Enterobacteriaceae produces enterobac-
tin; possibly, all strain have the capability to bind with iron. In addition, S. 
typhimurium, Klebsiella pneumoniae and Erwinia herbicola are well-studied 
models to produce enterobactin. Enterobactin is blessed with the capacity to trap 
the iron even from the environment where iron content is far away from its reach 
(Raymond et al. 2003).
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Enterobactin  

15.3.2  Hydroxamate

Ferrichrome-type hydroxamate is produced by many soil fungi including some 
mycorrhiza (Schalk et al. 2011) A plenty of research have provided extensive sup-
port that hydroxamate siderophores may provide iron to only certain plant species. 
Mostly, they are produced by fungi not by bacteria belonging to class Zygomycotina 
(Mucorales), Ascomycotina (Aspergilli, Penicillia, Neurospora crassa) and 
Deuteromycotina (Fusarium dimerum).

Ferrioxamine B  
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15.3.3  Carboxylate

This is a special type of siderophore where iron binding is accomplished by 
hydroxyl carboxylate and carboxylates (Schwyn and Neiland 1987). These sid-
erophores have shown their presence in the group of bacteria as well as fungi. 
Carboxylates produced by Rhizobium and Staphylococcus species and members 
of Mucorales are commonly found where iron with carboxyl and hydroxyl groups 
is coordinated.

Rhizobactin  
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15.3.4  Miscellaneous

In addition to the above different siderophores, some have derivatives of mixed 
ligands of lysine, ornithine and histamine. An array of fluorescent chromopeptide 
siderophore called as pseudobactin and pyoverdines that contain a dihydroxyquino-
line derivative are currently in vogue of research. There are two types of significant 
siderophore-mediated iron uptake scheme in these bacteria; first it involves the fluo-
rescent siderophore pseudobactin and second it contains the siderophore pyochelin 
(Meyer 2000; Meneely and Lamb 2007).

Pyoverdine  

15.4  Siderophores from Different Organisms

15.4.1  Plants

Certain plants have acquired-specialized mechanism for iron uptake in plants 
belonging to the family Poaceae through roots by releasing iron chelators known 
as phytosiderophores. Plants begin acquisition of iron by different strategies 
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(Römheld and Marschner 1986). According to one theory, strategy I is used by 
most non- Poaceae plants having inducible plasma membrane-bound reductase 
with the significant increase in H+ release, while in strategy II, a significant increase 
in phytosiderophores characterized by an enhanced release with highly specific 
uptake system is reported. Strategy II has several ecological benefits over strategy 
I such as solubilization of inorganic Fe(III) compounds in the rhizosphere and 
lowering down of pH. There are lower affinities in phytosiderophores as compared 
to microbial siderophores which is replenished by high exudation rates by Poaceae 
plant roots.

Mugineic acid  

15.4.2  Fungi

Fungi are the important source of siderophore-producing microorganisms and 
ranked after bacteria (Scavino and Pedraza 2013). Common genera of important 
siderophore-producing fungi are Aspergillus nidulans, A. versicolor, Penicillium 
chrysogenum, P. citrinum, Mucor, Rhizopus and Trametes versicolor. Ustilago 
sphaerogina, Saccharomyces cerevisiae, Rhodotorula minuta and Debaryomyces 
species. Majority of the fungi produce a wide range of siderophores covering a 
large range of physico-chemical properties. These particular characters of sidero-
phores make it capable to overcome the adverse conditions (Winkelmann 2007). 
A large number of structurally different fungal siderophores are reported having 
a peptidic ring in common. Generally, all aerobic bacteria and fungi generate 
siderophores (Neilands and Leong 1986). However, this property reveals a clear 
picture of benefit for microbes occupying in aerobic environments. For example, 
many facultative bacteria from paddy field soils are found on siderophore produc-
ers (Loaces et al. 2011). However, there are some other microbes having no 
mechanism to synthesize and produce siderophores such as Saccharomyces 
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cerevisiae; however, they utilize the siderophore produced by other species 
(Eissendle et al. 2003).

15.4.3  Bacteria

Bacteria occupying the metal-contaminated environment are able to accumulate and 
transport the HMs (Rajkumar and Freitas 2008; Weyens et al. 2009;). Bacterial cell 
produces polysaccharide sheath that determines metal-binding affinities (Sheng 
et al. 2008). Normally, four types of siderophores are produced by bacteria, and they 
are hydroxamate, catecholate, salicylate and carboxylate (Rajkumar et al. 2010). 
These siderophores play a pivotal role in the accumulation of iron from various 
organic materials. Certain common siderophore-producing bacteria are Escherichia 
coli, Salmonella, Klebsiella pneumoniae, Vibrio cholerae, Vibrio anguillarum, 
Aeromonas, Aerobacter aerogenes, Enterobacter, Yersinia and Mycobacterium spe-
cies (Balagurunathan and Radhakrishnan 2007).

15.4.4  Actinomycetes

Actinomycetes are filamentous bacteria having high quantity of guanine + cytosine 
(G+C) content which form asexual spores. Generally, they are saprophytic in 
nature which rely on complex substrate for their development and have the capabil-
ity to nullify the impact of HMs even their concentration is extremely high. 
Actinomadura madurae, Nocardia asteroides and Streptomyces griseus are impor-
tant genera suitable for such stressed environment (Khamna et al. 2009; Taj and 
Rajkumar 2016).

15.4.5  Algae

The production of siderophore has been reported also from some algae. Anabaena 
sp. produces an important siderophore, schizokinen, a dihydroxamate which helps 
in the facilitation of iron acquisition. In addition, certain siderophores produced by 
Anabaena flos-aquae and Anabaena cylindrica have been reported to accumulate 
copper instead of iron (Balagurunathan and Radhakrishnan 2007).

15.5  Role of Siderophores

The significance of microbial siderophores extends beyond our imagination (Kurth 
et al. 2016). Applications of iron chelators in sustainable agriculture are enormous 
especially in certain branches. Siderophores are produced by different bacteria hav-
ing a wide range of application in different branches of agriculture such as soil sci-
ence, plant pathology, environmental sciences, etc.
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15.5.1  Maintenance of Soil Health

Soil is a dynamic place where trillions of microorganisms such as algae, bacteria, 
fungi, protozoans, insects, mites and worms complete their life cycle. It has been 
well studied that 1 gm of soil may carry about 10 billion microorganism (Torsvik 
and Øvreås 2002; Crecchio et al. 2004).

Soil bioremediation process has been well studied by the use of different types of 
siderophores just to maintain a healthy environment in soil ecosystem. There are 
some siderophores which have the ability to bind with metals other than iron. In this 
context, a wide range of bioreactors have been developed for the solubilization of 
the HMs (Diels et al. 2009). It has been found that the quantity of some HMs was 
reduced by 16-folds from its original state in the soil treated with Cupriavidus 
metallidurans which produces citrate siderophores staphyloferrin B (Munzinger 
et al. 1999; Diels et al. 2009). Similarly, Pseudomonas azotoformans have the 
potential to purify catecholate–hydroxamate siderophore (Nair et al. 2008). A major 
problem in the selection of the microorganisms is the persistence and metal toler-
ance limit in the new environment (Thompson et al. 2005; Braud et al. 2015). 
Conjoint implementation of bioaugmentation with phytoextraction has recently 
caught a fire of discussion among the researchers. Siderophore-producing microor-
ganisms are well adopted for bioaugmentation because they help in the promotion 
of biomass as well as accumulation of HMs in various ways. Plant siderophores like 
mugineic acid and avenic acid are not always be able to fulfil the demand of iron, 
particularly in HM-polluted soil (Ma et al. 2011). However, some plants have been 
found to be able to access iron from bacterial siderophores by different mechanisms 
such as direct accumulation, chelate degradation or ligand exchange process 
(Schmidt 1999). Many siderophores have been reported to bind with other than iron 
and help in the accumulation of HMs. The bioaugmenting process of contaminated 
soil with Ralstonia metallidurans and Pseudomonas aeruginosa enhanced the capa-
bility of accumulation of Cr in Zea mays L. by 5.4 times (Takemoto et al. 1978). 
Similarly, application of Streptomyces tendae F4 enhanced the uptake of Cd and Fe 
in sunflowers and assisted well in plant growth promotions (Dimpka et al. 2009). In 
this way, it can be apprehended that siderophores may be enough to solubilize the 
HMs transporting them to the plants which ultimately lower down the HM concen-
tration from the environment. In this way, siderophore helps in normalizing the soil 
ecosystem which is necessary in the present scenario.

15.5.2  Management of Plant Diseases

Biological control of plant disease has been fascinating and eco-friendly (Lugtenberg 
and Kamilova 2009). This way illustrates the indirect pathways of plant growth pro-
motion by managing the disease significantly (Glick 2012). The main activity of 
biocontrols is food competition, colonization, ISR induction and antifungal com-
pound production (Lugtenberg and Kamilova 2009). A large number of rhizobacteria 
have been found to produce antifungal compounds such as HCN, phenazines, 
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pyrrolnitrin, 2, 4-diacetylphloroglucinol, pyoluteorin, viscosinamide and tensin 
(Bhattacharyya and Jha 2012). Resistance against some pathogenic bacteria, fungi 
and viruses is induced due to the interaction between rhizobacteria and plant root, 
called as induced systemic resistance (ISR). In addition, ISR activates the jasmonate 
and ethylene signalling pathway (Lugtenberg and Kamilova 2009). ISR involves in 
the activation of host plant’s defence system against a wide range of plant pathogens. 
There are several other which induce bacterial components, ISR, lipopolysaccha-
rides, flagella, iron-chelating compounds, cyclic lipopeptides, 2,4-diacetylphloroglu-
cinol, homoserine lactones and volatiles like acetoin and 2,3-butanediol (Lugtenberg 
and Kamilova 2009).

Frequent and haphazard use of pesticides has escorted to the development of 
pest-resistant strains which facilitate in the transformation of fungicides ineffective. 
However, microbial metabolites can improve the management strategies of plant 
pathogens either by augmenting the action of antagonistics or by paving the ways to 
develop healthier alternatives as compared to synthetic pesticides (Rizvi et al. 
2015). Additionally, there is a lot of variation in the production of siderophores. 
Production of siderophores is correlated with the types of strain and how that spe-
cific strain is familiar with target pathogens. The use of mutants that were effective 
once in siderophore secretion was less effective than the wild-type strains in crop 
protection (Buysens et al. 1996). Pseudomonads form a line of siderophores per-
taining to enhance plant yield through the management of harmful pathogens. It has 
been found that many rhizobacteria suppress the growth of harmful microorganism 
by releasing siderophore and other related organic molecules (Husen 2003). In addi-
tion, siderophores inhibit the growth of various plant pathogenic fungi, like 
Phytophthora parasitica (Seuk et al. 1988), Pythium ultimum (Hamdan et al. 1991), 
Fusarium oxysporum var. dianthi (Buysens et al. 1996) and Sclerotinia sclerotiorum 
(Kraemer et al. 2006).

15.5.3  Promotion of Crop Yield

Although most of the soil is blessed with sufficient iron for plant growth, plant iron 
deficiency is a common problem in some range of soil especially calcareous soil 
which may be due to low solubility of Fe(III) hydroxide. Calcareous soil harbours 
around 30% of the world’s agricultural land. In such case, some plants (grasses, 
cereals and rice) secrete phytosiderophores into the soil. Some plant species such as 
barley and wheat are well efficient to sequester iron by releasing phytosiderophores 
via their root into the surrounding soil rhizosphere (Hershko et al. 2002). Many 
studies have advocated that plants are able to incorporate and use Fe3+ of sidero-
phores into their biomass. In addition to this, some plants are efficient to assimilate 
iron through siderophores produced by microorganism harbouring rhizospheric 
soil. The use of microbial siderophore has been extensively studied and found that 
this organic molecule has rescued groundnut from iron chlorosis. A significant 
improvement in some growth attributes and plants health has been extensively 
observed after the treatment of seeds with siderophorogenic bioinoculants. 
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A considerable increase in the percentage of germination, and some plant growth 
attributes including chlorophyll content, has been achieved when seeds were bacte-
rized with siderophore of Pseudomonas (Manwar et al. 2001). The effect of bacte-
rial siderophores on plant growth has been seen in various studies. For instance, the 
use of radiolabelled ferric siderophore as a sole source of iron explained that plants 
are able to take up the labelled iron; mung bean plants treated with Pseudomonas 
strain GRP3 grown under iron-deprived conditions showed less chlorotic symptoms 
and a significant chlorophyll level (Sharma et al. 2003). Similarly, considerable 
enhancements in iron content were recorded in Arabidopsis thaliana plant tissues 
leading to improved plant growth (Vansuyt et al. 2007). Siderophores play a crucial 
role in the dissolution of iron, making it available for microbial and plant growth.

15.5.3.1  Role of Pseudomonads
Siderophores, pseudobactin (pyoverdine), produced from Pseudomonas (B10) iso-
lated from suppressive soils when inoculated to soils conducive to Fusarium wilt or 
take all disease caused by Gaeumannomyces graminis transformed them to disease-
suppressive soils (Desai and Archana 2011). Moreover, addition of exogenous 
iron(III) to disease- suppressive soils leads to conversion of them into conductive 
soils. A large number of bacteria are found effective in biocontrol of plant diseases 
due to their antagonistic ability to phytopathogenic bacteria or fungi having a higher 
binding affinity for iron (Raaijmakers et al. 1995; Loper and Henkel 1999). Production 
of siderophore by Pseudomonas spp. has been reported to involve in the control of G. 
graminis var. tritici (Kloepper et al. 1980), F. oxysporum (Elad and Baker 1985) and 
Pythium spp. (Becker and Cook 1988; Loper 1988). It has been well documented that 
the antagonistic activity of pseudomonads against phytopathogens leads to a signifi-
cant enhancement in plant growth and yield (Loper and Henkel 1999) also against 
detrimental phytopathogens (Becker and Cook 1988; Schippers et al. 1987), thereby 
increasing plant growth. Siderophores have been also found to be the inducers of 
defence mechanisms in a wide range of plants. For example, P. fluorescens CHA0 
was reported to induce systemic acquired resistance (SAR) of tobacco; however, at 
varying extent, its pvd mutant registered minimum improvement than the wild one 
(Maurhofer et al. 1994). Some microbial siderophores including pyoverdines have 
played a pivotal role in the direct improvement of the iron nutrition in many plant 
species (Crowley et al. 1988; Hordt et al. 2000). A significant enhancement in iron 
content and uptake has been reported in various horticultural crops (Bar-Ness et al. 
1991). Vansuyt et al. (2007) reported that iron chelated to pyoverdine was trans-
ported to A. thaliana plants in an independent pathway which leads to enhanced plant 
growth.

15.5.3.2  Role of Rhizobia
Rhizobium spp. has impacted a large in cash crop especially on pulses. The infor-
mation on the advantageous effect of siderophore conferred by a free-living 
Rhizobium strain in the siderophore production and uptake are still meagre. 
However, available literature have suggested that rhizobial siderophores play a 
pivotal role in rhizosphere competition possibly in the same manner as 
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pseudomonads do (Joshi et al. 2008). Some rhizobia are efficient enough to pro-
duce siderophores leading to plant growth promotion and nodulation (Bai et al. 
2002; Dahsti et al. 1998; Rao and Pal 2003). In addition to this, some phyto-
pathogenic bacteria harbouring in the soil have the capability to colonize the 
rhizosphere, leaving negative effects on plant growth. Besides rhizobial nitrogen 
fixation, they are also effective as biocontrol agents for the management of cer-
tain soilborne phytopathogen enhancements of plant growth by IAA production 
and accumulation of some minerals and phosphorous (Chakraborty and 
Purkayastha 1984). A large number of rhizobial strains promote plant growth in 
one hand, while, on the other hand, inhibit the growth of pathogenic fungi/bacte-
ria. Rhizobium meliloti and B. japonicum are examples which reduced the detri-
mental effect of Macrophomina disease severity considerably. Reduction of 
disease severity caused by Macrophomina phaseolina was significant over con-
trol because of starvation of iron (Arora et al. 2001; Deshwal et al. 2003; Desai 
and Archana 2011).

15.6  Microbial Interaction

The role of siderophores among organisms’ interaction has been well researched 
and found to be greatly influenced. Production of siderophores modifies the niche 
area of an organism through various mechanisms such as cooperation, competition, 
etc. (Scavino and Pedraza 2013). A large number of microbes have the machinery to 
utilize the Fe(III) siderophore complex synthesized by the siderophore-producing 
organisms. Several enterobacteria have the receptors for uptaking such siderophores 
leading to modification of the current environment (Winkelmann 2007). The sidero-
phores produced by bacteria have been reported to get utilized by fungi (Hass 2003; 
Heymann et al. 2000). Similarly, enterobactin produced by enterobacteria can be 
used by Saccharomyces sp. (Winkelmann 2007).

Microbial interaction is a natural process and necessary for maintaining the 
ecological balance (Kurth et al. 2016) which may be positive, negative or neutral. 
There are wide ranges of alteration in interacted microorganism-producing sid-
erophores. For example, bacterial siderophore has higher affinity to bind Fe than 
the fungi which explain the reason of biocontrol of plant pathogenic fungi (Loper 
and Henkels 1999). Besides, some siderophore producers are invaded by non-
siderophore- producing chelators either from same or different species. Generally, 
siderophore production is very expensive to a single producer but that enables 
other cell of the same species present in the vicinity to capture iron siderophore 
complexes (Harrison et al. 2008). Interestingly, some siderophore-producing 
microorganisms synthesize some different siderophores just to bypass the cheat-
ers’ tactic. Streptomyces spp. have distinct type of siderophore production system. 
They are generally categorized into two types of independent uptake system. For 
example, ferrioxamine can be used by different organisms, while ferric coeli-
chelin can only be absorbed by Streptomyces coelicolor (Challis and Hopwood 
2003). Moreover, some microorganisms have the capability to destruct the 
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siderophore leading towards the modification of interaction process. For instance, 
Azospirillum sp. in pure keeps the capability to vandalize the ferrioxamine during 
iron-free state. In addition to this, it was seen that unculturable bacteria were 
stimulated and transformed into culturable form in the presence of some sidero-
phore-producing bacteria. Acyl-desferrioxamine, a prominent siderophore, 
enables the uncultured microorganisms to get flourished themselves and helps in 
the plant growth promotion (D’Onofrio et al. 2010).

15.7  Environmental Research

Siderophores have the potential ability to settle down a range of ecological issues 
such as HM accumulation, rust removal, biofouling, dye degradation, sewage 
treatment and bioleaching, etc. Soil biota promotes mineral weathering by the 
production of enormous type of siderophores which offer competent Fe acquisi-
tion organization due to its high binding affinity for Fe(III) (McGrath et al. 1995; 
Kraemer 2004). HMs such as Cd, Cr, Cu, Hg, Pb and Ni are commonly found in 
the soil, but geological and anthropogenic activities have increased the concen-
tration of these HMs to the extents which are beyond the permissible limits. 
Excessive uptake of HMs is found toxic to living organisms posing significant 
environmental problem which leads to bad heath of human kinds. Some activities 
such as mining, smelting of metals, burning of fossil fuels, application of fertil-
izers and chemicals in agriculture, manufacturing of batteries and other goods 
produced in industries, sewage sludge and municipal waste disposal are the chief 
producers of HMs. HMs are deteriorated during phytoremediation; however, it is 
transformed from one organic molecule composite to another. Thus, changing in 
their oxidation state, HMs are converted to low carcinogens, easily volatilized 
and more water soluble (Wang et al. 1989). A large number of microorganisms 
especially rhizobacteria such as Bacillus subtilis, P. putida and Enterobacter 
cloacae are being used for the reduction of Cr(VI) to Cr(III) which is less toxic 
(van der Lelie et al. 1999; Haja et al. 2010). B. subtilis has been involved in the 
reduction of nonmetallic elements such as toxic selenite to less toxic Se (Garbisu 
et al. 1995). Another instance, B. cereus and B. thuringiensis enhance the ability 
of extraction of Cd and Zn from Cd-rich soil and soil polluted with garbage and 
effluent from metal industry (Ruggiero et al. 2000). It is, therefore, surmised 
that siderophore production by rhizobacteria has provided the avenues for the 
extraction of these HMs from the soil ecosystem. This is what siderophore pro-
ductions are found to play a pivotal role in the accumulation HMs (Von Gunten 
and Benes 1995). In addition, siderophore production by A. vinelandii was 
 markedly enhanced in the presence of Zn(II). Plant growth-promoting rhizobac-
teria are able to play a significant role in providing the assistance for the 
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phytoremediation of HMs from contaminated soils. Therefore, HMs influence 
the role of bacteria-producing siderophore which in turn help in the mobilization 
and extraction of HMs from soil. Siderophores have the ability to resolve these 
environmental issues such as accumulation of heavy metal from various 
industries.

Moreover, siderophores are used in the treatment of radioactive waste before 
long storage (Von Gunten and Benes 1995; Bouby et al. 1998). Some fungi, like 
Fusarium sp., and bacteria, P. aeruginosa, are rich in production of siderophores 
which are able to modify the pH and maximize the chelation of some elements such 
as uranium (U6+) and thorium (Th4+) (Joshi et al. 2014).

15.8  Mechanisms for Siderophore-Mediated Iron Transport

Microorganisms catch up iron with the help of iron chelator molecules that fulfil 
the demands of needy plants. To send iron into the cellular machinery, bacteria trap 
iron-loaded siderophores at the surface of the cell and push them to enter into the 
cytosol. Siderophore-binding affinities for Fe(III) are extremely high in bacteria 
which illustrates that these organic molecules can significantly catch up the Fe(III) 
from a wide range of environment (Stintzi et al. 2000; Bernd and Rehm 2008). To 
explore the ferric–siderophore complex mechanism and how iron gets trapped by 
siderophore-producing microorganism, an outline has been presented. Initially, 
receptors present at the outer membrane specifically bind ferric siderophore and 
transport them into the periplasm. Thereafter, a system which is basically com-
posed of protein Ton B transduces the energy from proton force into transport-
proficient structural changes of the receptor. Lastly, one specific protein present in 
the periplasm helps in transferring the iron into transporter molecules associated 
with the cytoplasmic membrane (Fig. 15.1; Sah and Singh 2015). ABC transporter 
is made up of a protein channel in the membrane of the cytoplasm coupled with a 
cytoplasmic ATPase which determines ferric siderophore internalization at the 
expense of cytoplasmic ATP hydrolysis. ABC transporter complex is composed of 
two distinct proteins, each one has its own function. For instance, the first one 
separates the membrane which acts as permease and the second one provides 
energy for transport via hydrolysis reaction. There are certain different transmem-
brane permeases such as Fhu B (hydroxamate), FepD4 (enterobactins) and Fec CA 
(ferric dicitrate).

The ferric–siderophore complex is released at the specific site of the cytoplasmic 
membrane from its vehicle/transport system through reduction reaction. There is 
then ligand exchange on the cell surface which involves the exchange of iron from 
ferric pyoverdine to iron-free pyoverdine which is tightly bound with the receptor of 
FpvA (Schalk et al. 2011).
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15.9  Conclusions and Future Perspective

The information pertaining to siderophore production have suggested that newer 
avenues related to maximization of siderophore production are needed to be 
explored. Application of siderophore-producing microorganism has played a pivotal 
role in maintaining the ecological balance. These microbes have provided a new 
vista of research towards the utilization of microbes for plant disease protection, 
plant growth promotion, SAR induction, environmental research and maintenance 
of soil health. Siderophores have also accelerated the production of many phytohor-
mones such as IAA leading to induction of SAR and growth promotion. It is also 
summarized that there are a lot of variations in the siderophore-binding affinities 
which may be due to structural differentiations. However, this variation enables 
siderophores to quench iron from soil and mobilize them to a specific target. 
Siderophore-producing microorganisms containing extremely high binding affini-
ties for iron are ecologically sound communities. Therefore, such communities may 
be determinant of better plant growth. Information pertaining to maintenance of soil 
health revealed that the contaminants are reduced and less toxic in the siderophore- 
producing- rich microorganisms. This organic molecule has a significant role in the 
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purification of HM-polluted soil. Environmental research is a separate segment of 
thrust area of research where it has a wide range of applicability, for example, 
removal of HMs, purification of oceanic contaminants, elimination of algal bloom, 
etc. Overall, application of siderophores is conducive to the human welfare as well 
as in the sustenance of ecological balance. Further emphasis just to promote the 
siderophore production will open new door for researchers leading to resolve the 
“yet to be answered” questions.
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Abstract
Vegetables play an important role in human nutrition. And hence, to produce 
quality vegetables is a major challenge for growers. In order to optimize vegeta-
ble production, growers quite often use a heavy dose of agrochemicals without 
considering the deleterious impact of such chemicals on vegetables. Researchers 
have tried to minimize the use of agrochemicals in vegetable production vis-a-vis 
to develop resistant varieties, but all such approaches have been unsuccessful. 
The excessive use of agrochemicals can be replaced by “biofertilizers” espe-
cially plant growth-promoting rhizobacteria (PGPR) for producing safe and 
healthy vegetables without posing any threat to the environment. Moreover, as a 
biocontrol agent, PGPR will be useful in the management of vegetable diseases. 
In this chapter, some successful stories of PGPR applications in growth stimula-
tion of popularly grown vegetables are described. Also, the disease suppressing 
ability of PGPR is considered and discussed. The strategy of incorporating low 
cost rhizotechnology in vegetable production system is likely to reduce depen-
dence on chemicals applied by vegetable growers.

16.1  Introduction

Vegetables play an important role in human health, and due to increasing health 
awareness, there is greater demand of quality vegetables. To fulfill the rising 
demands of consumers, growers have substantially increased the use of fertilizers to 
harness optimum vegetable yields (Abayomi and Adebayo 2014). Regular and 
unbalanced dose of fertilizers in vegetable productions (Guo et al. 2011) have, 
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however, led to decrease in soil fertility, human health (via food chain) problems, 
ecological risks, and poor quality and lesser vegetable yields (Olowoake and Adeoye 
2010). So, to counter such destructive challenges, there is an urgent need to find an 
alternative option to boost the production without any threat to vegetables. In this 
regard, PGPR along with (Bhadoria et al. 2005)/without (Sharafzadeh 2012) fertil-
izers have been used against vegetables such as tomato (Ramakrishnan and 
Selvakumar 2012), potato (Naderi et al. 2012), cabbage (Turan et al. 2014), cucum-
ber (Isfahani and Besharati 2012), brinjal (Fu et al. 2010), okra (Kumar et al. 2014a), 
onion (Reetha et al. 2014), and mint (Kaymak et al. 2008). Another important prob-
lem associated with vegetable production is the incidence of diseases such as 
damping- off disease of cucumber caused by Pythium aphanidermatum (Elazzazy 
et al. 2012), wilt of brinjal caused by Ralstonia solanacearum (Chakravarty and 
Kalita 2012), and tomato wilt caused by Fusarium oxysporum fsp. lycopersici 
(Loganathan et al. 2014), etc. Conventionally, the disease management strategies 
involve sanitary/cultural practices and development of resistant varieties and fungi-
cide applications (Sharma and Saikia 2013; Sahar et al. 2013). These disease con-
trol measures have, however, not been successful. Management of plant disease 
using PGPR (Sang et al. 2011) is another most striking strategy by which the ill 
effects such as environmental pollution, residual toxicity, and fungicidal resistance 
(Fry and Goodwin 1997) of agrochemicals could inexpensively be avoided. Broadly, 
PGPR controls plant diseases by producing siderophores (Panhwar et al. 2014), 
antibiotics (Keel et al. 1992), HCN (Ruangsanka 2014), and lytic enzymes (Nabti 
et al. 2014). As an example, the bacterial wilt caused by Ralstonia solanacearum 
(Talat and Sijam 2010) has been found to deleteriously affect the brinjal production 
worldwide. The antagonistic Pseudomonas fluorescens applied as suspension dra-
matically decreased the severity of disease and consequently enhanced the yield 
attributes and other physiological and biochemical parameters of brinjal plants 
(Chakravarty and Kalita 2012). Even though PGPR have been found useful against 
a range of crops, information on production of vegetables is very limited. Considering 
such gaps, an attempt is made to identify PGPR with multiple growth-promoting 
activities for ultimate use in vegetable production.

16.2  Vegetables and Human Health

Broadly, vegetables (Fig. 16.1) are fresh and edible portions (such as roots, stems, 
leaves, fruits, or seeds) of plants which play a significant role in human health 
(Alertor et al. 2002). Vegetables contain many important ingredients such as vita-
mins, proteins, carbohydrates, minerals, phenolics, flavonoids, riboflavin, carot-
enoids, antioxidant enzymes, and dietary fiber (Table 16.1).

Vegetables also provide micronutrients (Table 16.2) and appreciable amounts of 
phytochemicals. The phytochemicals of Brassica vegetables, for example, have 
been reported to play major part in (i) prevention of oxidative stress, (ii) detoxifica-
tion of enzymes, (iii) stimulation of immune system, (iv) decrease in the risk of 
cancers, (v) inhibition of malignant transformation and carcinogenic mutations, and 
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Fig. 16.1 Commonly used vegetables

Table 16.1 Nutrient composition of some selected vegetables

Vegetables Nutrient composition (g/100 g)

Common  
name

Botanical  
name Carbohydrate Protein Fats Moisture

Dietary 
fiber Sugars Ash

Energy 
(kcal)

Potato Solanum 
tuberosum

17.47 2.0 0.10 77 2.2 15.44 0.9 81

Tomato Lycopersicum 
esculentum

3.9 0.9 0.2 94 1.2 2.6 0.9 23

Cabbage Brassica 
Oleracea

5.80 1.28 0.10 92 2.5 3.20 0.6 25

Broccoli Brassica 
Oleracea

6.64 2.82 0.37 89.3 2.6 1.7 NA 34

Spinach Spinacia 
oleracea

4.0 2.1 0.38 91 0.6 0.4 1.1 27

Cauliflower Brassica 
Oleracea cv 
Botrytis

5.0 1.9 0.3 92 2.0 1.9 – 25

Okra Abelmoschus 
esculentus 
Moench

7.45 2.0 0.19 90 3.1 1.48 NA 33

Onion Allium cepa 9.34 1.1 0.1 89.1 1.7 4.24 NA 40

Brinjal Solanum 
melongena

5.88 0.98 0.18 NA 3.0 3.53 NA 25

Lettuce Lactuca 
sativum

3.0 1.2 0.25 93.8 0.7 0.94 0.8 17

Source: Modified from Rizvi et al. (2014), Hanif et al. (2006), and USDA Nutrient Database

(vi) reduction in proliferation of cancer cells (Hennekens 1986). Vegetables inhibit 
DNA methylation and limit cancer development (Kapusta-Duch et al. 2012). The 
regular use of vegetables helps to protect humans from esophageal, stomach, pan-
creatic, bladder, and cervical cancers (Crawford et al. 1994).
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16.3  Importance of Plant Growth Promoting Rhizobacteria 
in Sustainable Production of Vegetables

Plant nutrients involving both major (NPK) and micronutrients play important roles in 
the formation of protein, nucleic acid, and chlorophyll besides affecting cell regulation, 
flowering and fruiting, energy transfer, maintenance of internal pressure, water poten-
tial, respiration, and enzyme action (Ahemad et al. 2009). Deficiency of multiple/even 
any one plant nutrient may lead to reduction in growth and yields, and in some extreme 
cases seizure of growth beyond seedling stage (Abd El-Salam et al. 2005). Garden and 
commercial growers, therefore, apply heavy amounts of fertilizers to fulfill nutrient 
demands of vegetables grown especially in nutrient deficient soils. In contrast, growers 
(via food consumption) and soil fertility suffer heavily by excessive use of fertilizers. 
The lethal effects resulting from higher and injudicious rates of fertilizers in vegetable 
cultivation thus include (i) altered compositional changes such as (a) reduced ascorbic 
acid (vitamin C) content, (b) lower sugar content, (c) lower acidity, and (d) variable 
ratios of essential amino acids; (ii) accumulation of higher level of nitrates especially 
in leafy vegetables; (iii) reduced volatile production; (iv) altered flavor; (v) increased 
glutamine levels; (vi) delayed maturity; and (vii) increased weight loss. Considering 
the deleterious effects of fertilizers, and challenge to produce fresh and healthy vegeta-
bles, there is an urgent need to find alternatives that could help to implement need-
based nutrient management (NBNM) practices in order to achieve optimum quality 
vegetables without any dangerous impact of such chemicals on natural microbiota, 
vegetables, and environment. In this context, the application of PGPR in vegetables 
production strategies has become a feasible and sound option which facilitates growth 
by various direct (e.g., N2 fixation, P solubilization, and phytohormones production) 
and indirect (producing antifungal metabolites: siderophores, HCN, etc.) mechanisms 
(Ahemad and Khan 2011). The growth-promoting substances involved in vegetable 
production synthesized by various PGPR are summarized in Table 16.3.

Table 16.2 Major and micronutrients found in some commonly used vegetables

Vegetables

Macro and Micronutrients (mg/100 g)

Ca P Na K Cr Fe Zn

Potato 12 57 6.0 421 0.007 0.78 0.29

Tomato 13 24 44 237 0.005 0.07 NA

Broccoli 47 66 33 316 NA 0.73 0.41

Cauliflower 22 44 30 299 NA 0.42 0.27

Spinach 99 49 79 558 0.005 2.71 0.53

Okra 82 NA NA 299 NA 0.61 0.58

Lettuce 35 33 5.0 238 0.005 1.24 0.2

Onion 23 29 NA 146 NA 0.21 0.17

Reddish 25 20 63.9 233 0.008 0.34 0.28

Brinjal 9.0 24 NA 229 NA 0.23 0.16

Source: Modified from Rizvi et al. (2014), Hanif et al. (2006) and USDA Nutrient Database
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16.4  Examples of PGPR Effects on Some Important 
Vegetable Crops

Production of inexpensive and nutritionally healthy vegetables is of course a 
major challenge for growers around the world to fulfill the increasing demands 
of consumers for fresh and pollutant-free vegetables. In terms of production cost 
and nutritive value, consumer’s preference, general adaptability, and extent of 
cultivation, the widely grown vegetables in different production systems across 
the globe are tomato, potato, broccoli, spinach, cucumber, pepper, eggplant, cab-
bage, onion, salad vegetables, etc. Plant growth-promoting rhizobacteria either 
alone or in combination with other compatible microorganisms have indeed been 
reported to enhance vegetable production. Realizing the importance of PGPR as 
an alternative to synthetic chemical fertilizers in vegetables production and 
experimental reports available so far on the growth stimulation by PGPR, an 
attempt is made here in the following section to highlight the impact of PGPR on 
some vegetables grown in different production systems. However, since most of 
the studies on the role of PGPR in vegetable production have been conducted on 
tomato and potato, these crops are not included in the present review. Instead, 
some of the other most commonly consumed vegetables worldwide are consid-
ered and discussed.

Table 16.3 Important bioactive compounds released by plant growth-promoting rhizobacteria

Plant growth-promoting 
rhizobacteria

Bioactive compounds involved 
in plant growth promotion References

Pseudomonas fluorescens,  
P. putida, P. aeruginosa

P solubilization, IAA, 
gibberellic acid, siderophores, 
ACC deaminase, HCN, NH3, 
cell wall degrading enzymes

Lukkani and Reddy (2014); 
Ali et al. (2014); Deshwal 
and Kumar (2013); Bholay 
et al. (2012)

Bacillus, Paenibacillus P solubilization, IAA, 
gibberellic acid (GA3), 
siderophores, phosphatase, 
phytase, antifungal antibiotics, 
catalase

Susilowati and Syekhfani 
(2014); Sivasakthi et al. 
(2013); Chen et al. (2012); 
Sarvani and Reddy (2013)

Burkholderia spp. N2 fixation, P solubilization, 
IAA, siderophores, ACC 
deaminase, pyrrolnitrin

Nailwal et al. (2014); 
Martínez-Aguilar et al. 
(2013)

Azotobacter spp.,  
A. vinelandii,  
A. chroococcum

N2 fixation, P solubilization, 
IAA, siderophores

Kumar et al. (2014b); 
Nosrati et al. (2014); 
Kanchana et al. (2013); 
Farajzadeh et al. (2012)

Aeromonas, Sphingomonas, 
Stenotrophomonas, 
Achromobacter, Ewingella

P solubilization, IAA, 
siderophores, ACC deaminase, 
HCN, NH3, catalase

Bumunang and Babalola 
(2014)

Micrococcus IAA, siderophores, ACC 
deaminase

Dastager et al. (2010)
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16.4.1  Broccoli (Brassica oleracea)

Broccoli is an edible green plant in the cabbage family (Brassicaceae) whose large 
flowering head is eaten as a vegetable. It is an important winter season vegetable 
cultivated widely in many European and American countries. For enhancing the 
growth, yield, and head quality of broccoli, higher rates of P are applied (Brahma 
and Phookan 2006). In order to reduce the usage of fertilizers, combinations of three 
levels (50, 75, and 100 kg P2O5/fed) of P fertilizers and two biophosphorus fertilizer 
have been used to inoculate broccoli plants (Abou El-Magd et al. 2013). Gradual 
increase in P from 50 to 100 kg P2O5/fed consistently increased plant height, num-
ber of leaves per plant, and fresh weight of leaves, stem, and main head of broccoli 
plants. Generally, the yield and quality were enhanced by increasing the level of 
P. Moreover, the phosphorin in the presence of mineral P showed maximum positive 
synergistic impact on vegetative growth, head yield, and quality of broccoli heads 
compared to sole application of any fertilizer level or single application of phospho-
rin. In a study, Yildirim et al. (2011) investigated the effects of root inoculations 
with B. cereus (N2-fixing), Brevibacillus reuszeri (P-solubilizing), and Rhizobium 
rubi (both N2-fixing and P-solubilizing) on growth, nutrient uptake, and yield of 
broccoli, grown in field soils and treated with manure and some fertilizers. Bacterial 
inoculations with manure significantly increased the yield, plant weight, head diam-
eter, chlorophyll content, N, K, Ca, S, P, Mg, Fe, Mn, Zn, and Cu contents of broc-
coli over control. Among different treatments, manure with B. cereus, R. rubi, and 
B. reuszeri increased the yield by 17%, 20.2%, and 24.3% and chlorophyll content 
by 14.7%, 14%, and 13.7%, respectively, over control. It was suggested from this 
study that seedling inoculation with P-solubilizing (B. reuszeri) and both N2-fixing 
and P-solubilizing (R. rubi) could be employed as an alternative to partially reduce 
the use of costly fertilizers in broccoli production.

16.4.2  Spinach (Spinacia oleracea)

Spinach grown mainly for its foliage is an annual member of Chenopodiaceae family 
and a valuable vegetable with low calories but serves as a good source of vitamin C, 
vitamin A, and minerals like iron. The use of biofertilizers has been found as a cheap 
source for supplying spinach plants with N and P during growth. For example, P. 
putid, P. fluorescence, Vibrio fluvialis, and Ewingella americana with varying PGP 
activities increased spinach heights ranging between 17.14% and 21.43% over con-
trol plants (Hou and Oluranti 2013). Similarly, the single/combined effect of  
A. chroccocum and phosphorein, with varying rates of N and P fertilizers on growth, 
yield, sex ratio, seeds (yield and quality) of spinach plants cv. Dokki, was evaluated 
(El-Assiouty and Abo-Sedera 2005). Seed inoculation with 300 g phosphorein inoc-
ulum/fed along with 40 kg N/fed (100% of the recommended N dose) + 15 or 7.5 kg/
fed (66.7 or 33% of the recommended dose of P2O5) and seed inoculation with 300 g 
Azotobacter inoculum in the presence of the full dose of P2O5 (22.5 kg P2O5/
fed.) + 50% of the full dose of N (20 kg/fed) gave the highest favorable effect on 
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growth, yield, sex ratio, and higher seed yield with the best quality compared with 
control. Nitrogen at 40 kg/fed along with 15 kg P2O5 and 300 g phosphorein increased 
plant fresh yield by 27.2% and 42.3%, while seed yield was enhanced by 16.3% and 
10.4% in the first and second seasons, respectively, over control. In other experiment, 
Çakmakç et al. (2007) investigated the effect of N2-fixing, phytohormone- producing, 
and P-solubilizing bacteria on growth and enzymes of spinach. The bacterial cultures 
included in this study were B. cereus, B. licheniformis, B. megaterium, B. subtilis, 
Bacillus (OSU-142), Bacillus (M-13), P. putida, and Paenibacillus polymyxa. 
Inoculation with PGPR increased fresh weight of shoots by 2.2–53.4%, leaf area by 
5.3–49.3%, and plant height by 1.9–36.8% over control. Furthermore, a close rela-
tionship existed between plant growth and enzyme activities. Sreedevi et al. (2014) 
also evaluated the impact of PSB alone or in combination with FYM and citrate, on 
physico-chemical characteristics of spinach. Among all treatments, the sole applica-
tion of (i) FYM and its combination with (ii) PSB and (iii) PSB + citrate performed 
better and significantly enhanced the yield weight, vitamin C, β-carotene, minerals, 
and antinutritional factors relative to 100% recommended dose of fertilizer.

16.4.3  Cauliflower (Brassica oleracea L. var. Botrytis)

Cauliflower is one of the most important commercial vegetables belonging to the fam-
ily Brassicaceae and is grown worldwide. Cauliflower is grown round the year for its 
white and tender curd. It is widely cultivated for its nutritive values, high productivity, 
and wider adaptability under different ecological conditions. In India, it is grown in 
area of 248.3 × 103 ha with production of 4714.8 × 103 t. Cauliflower production 
demands constant supply of large amounts of major nutrients (NPK) and water for its 
growth. Currently, the soil fertility is, however, deteriorating rapidly due to frequent 
and heavy use of chemical fertilizers (Savci 2012). Cauliflower on the other hand 
requires the use of balanced fertilizer and if not adequately fertilized, considerable 
yield losses are reported (Prabhakar and Srinivas 1995). It is, therefore, required to 
reduce the usage of heavy dose of chemical fertilizers in cauliflower production. This 
can be achieved by applying biofertilizers (Manisha and Korla 2009) and some other 
organic manures. Although there are many studies that highlight the effect of PGPR 
on plant growth and yield of some vegetables (Kalita et al. 2015), there is little research 
on the effect of PGPR on transplant growth and quality of cauliflower. However, in 
some studies the increase in curd size and yield of cauliflower due to application of 
biofertilizers along with inorganic fertilizers is reported (Kaushal et al. 2011; Shree 
et al. 2014). In order to make cauliflower cultivation sustainable and less dependent on 
chemical fertilizers, there is a need to identify PGPR with multiple plant growth-pro-
moting activities such as they should be able to fix N, solubilize P, and secrete phyto-
hormones that could contribute to the higher production of cauliflower. Considering 
these, an attempt is made in the following section to highlight the role of PGPR in 
sustainable production of cauliflower.

The effect of different PGPR strains, for example, Bacillus megaterium (TV-3D), 
B. megaterium (TV-91C), Pantoea agglomerans (RK-92), B. subtilis (TV-17C),  
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B. megaterium (TV-87A), B. megaterium (KBA-10), on growth and quality of cau-
liflower transplants has been found variable. Such bacterial inoculations when 
tested under greenhouse conditions increased plant growth parameters such as fresh 
shoot weight, dry shoot weight, root diameter, root length, fresh root weight, dry 
root weight, plant height, stem diameter, leaf area, and chlorophyll contents of cau-
liflower transplant, respectively (Ekinci et al. 2014). Moreover, the concentrations 
of gibberellic acid (GA), salicylic acid (SA), and IAA were increased by 24%, 90%, 
and 26%, respectively, compared to control following application of strains KBA- 
10 and RK-92. The PGPR inoculations also increased the macro- and micronutrient 
content of cauliflower transplants. Similarly, biochemical estimation of plants 
treated with consortium prepared from B. cereus (MTCC 8297), Pseudomonas rho-
desiae (MTCC 8299), and P. rhodesiae (MTCC 8300) showed high nutrient content 
such as carbohydrate, protein, lipid, and total amino acid in treated cauliflower 
(Kalita et al. 2015). In other study, the PGPR isolated from cauliflower rhizosphere 
induced the production of IAA and could solubilize P. The mixture of PGPR and 
fertilizers (N and P) significantly increased the number of nonwrapper leaves, curd 
diameter, curd depth and weight, and yield of cauliflower (Kaushal et al. 2011). 
Furthermore, four biofertilizers (Azospirillum, Azotobacter, PSB, and VAM) and 
two levels (75% and 100%) of N and P of recommended dose of NPK 
(120 : 60 : 60 kg/ha) in a study were applied to evaluate the growth, yield, and qual-
ity parameters of cauliflower. The application of Azospirillum with recommended 
dose of NPK significantly increased plant height, number of leaves/plant, gross 
weight of plants (without root), average weight of curd, and yield of cauliflower 
(Singh and Singh 2005). In a field experiment, Bashyal (2011) assessed the response 
of cauliflower to biofertilizer containing free living nitrogen fixing bacteria 
Azospirillum and Azotobacter and different levels of N. Application of N along with 
the biofertilizer significantly increased morphological, yield, and quality characters 
compared to application of N alone. The maximum stem height, stem diameter, 
highest curd height, curd diameter, fresh curd weight, and curd yield were recorded 
when cauliflower was grown with 120 kg N and 2 kg biofertilizer ha−1. However, 
cauliflower curd yield recorded at 120 kg N ha−1 did not differ significantly with the 
curd yield obtained at 60 kg N and 2 kg biofertilizer ha−1. The curd initiation and 
maturity occurred earlier when cauliflower was grown with 30 kg N and 2 kg bio-
fertilizer ha−1. The highest vitamin C content of curds and the most attractive curd 
color were recorded at 60 kg N and 2 kg biofertilizer ha−1, while the appearance and 
over all acceptability were recorded at 120 kg N and 2 kg biofertilizer ha−1. 
Conclusively, the present finding resulted in saving of 60 kg N ha−1 without signifi-
cantly affecting the yield of cauliflower.

16.4.4  Okra (Abelmoschus esculentus Moench.)

Okra is yet another important vegetable grown worldwide during summer/rainy sea-
son and provides higher amounts of carbohydrates, fats, protein, minerals, and vita-
mins. An integrated approach involving bioinoculants/bioagents and fertilizers has 

A. Zaidi et al.



321

been employed for okra production (Singh et al. 2010b). For example, Bhushan 
et al. (2013) evaluated the effect of asymbiotic N2 fixing Azotobacter and fertilizers 
on growth, fruit, and seed yield of okra cv. Hisar Unnat. Among all treatments, 
Azotobacter in the presence of 50% NPK produced maximum green fruit yield 
(18,300 kg/ha) and seed yield (3490 kg/ha). Also, a significant increase in plant 
height (157.2 cm), number of branches/plant (2.2), number of nodes/plant (19.6), 
number of fruits/plant (14.3), number of pods/plant (14.2), pod weight (13.9 g), 
number of seeds/pod (57.5), and seed weight/pod (6.1 g) were recorded due to com-
bined application of Azotobacter and 50% NPK. The combined effects of biofertil-
izers, for instance, Azotobactor, Azospirillum, PSB, and fertilizers such as full dose 
of N, potash, and half dose of P (Sahu et al. 2014) along with vermicompost, resulted 
in significantly vigorous growth and also increased yield of okra (Mal et al. 2013). 
The tested biofertilizers in the presence of FYM (10 t ha−1), NPK (100%) and ver-
micompost (5 t ha−1) showed maximum increase in plant height (148.97 cm), leaf 
area (434.99 cm2), number of nodes (30.16), fruit length (16.45 cm), fruit girth 
(1.62 cm), single fruit weight (18.7 g), and plant biomass-fresh weight 
(548.74 q ha−1). The maximum number of fruits per plant on the contrary was 
recorded for treatment containing biofertilizers + FYM (10 t ha−1) + NPK 
(75%) + vermicompost (5 t ha−1). Conclusively, the integrated strategy involving the 
use of diazotrophs, vermicompost, and fertilizers could be a safe option to enhance 
the overall performance of okra in different production systems.

16.4.5  Onion (Allium cepa)

The onion also known as the bulb onion or common onion is the most widely culti-
vated vegetable species of the genus Allium. Considering the chemical threat to the 
growth and nutritive value of onion, Reetha et al. (2014) reported that the PGPR  
P. fluorescens and B. subtilis increased the length of roots and shoots and biomass 
accumulation in roots and shoots of onion plants relative to control. Similarly, 
El-Batanomy (2009) evaluated the effect of single and composite culture of B. cir-
culans, Azospirillum lipoferum, A. chrococcoum, B. polymyxa, Rhizobium sp., and 
AM-fungi on growth and quality of onion bulbs. Vegetative growth and total bacte-
rial populations in onion rhizosphere were positively affected following PGPR 
inoculations. Also, highest increase in dry matter and bulb diameter was recorded 
when all cultures were used together. Mixture of microbial cultures showed highest 
nitrogenase activity (41.98 μmole C2H4/h/g RDW) and mycorrhizal infection (95%) 
in onion roots. The total NPK (4 :1.97 : 2.91%) in onion dry shoots was found con-
siderably higher in mixed inocula of B. circulans, A. lipoferum, A. chrococcoum,  
B. polymyxa, Rhizobium sp., and AM-fungi compared to fertilized control. The co- 
inoculation of all six cultures together showed highest total carbohydrate 
(29.23 mg/g) which was followed by co-culture of Rhizobium sp. with AM-fungi 
(28.77 mg/g) and B. circulans alone (24.9 mg/g). In other study, significant increase 
in growth and yield of onion plants due to the synthesis of IAA, siderophores, and 
P solubilizing activity of B. subtilis and A. chroococcum is reported (Colo et al. 
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2014). The longest seedling was observed due to inoculation with A. chroococcum, 
while all inoculated plants had maximum height recorded 60 days after sowing.  
The onion yield was highest when plants were bacterized with B. subtilis and  
A. chroococcum.

16.4.6  Mint (Mentha piperita L.)

Mint belonging to family labiatae is accepted as a kind of vegetable which is pro-
duced economically both in greenhouse and in field soils. Mint is consumed both 
fresh and dried and it is mixed as aroma source with different salads (Vural et al. 
2000). Mint growers apply chemicals and other growth regulators to stimulate mint 
rooting. On the contrary, the reports on PGPR use against aromatic plants are scanty. 
Del Rosario et al. (2015), in a study, inoculated peppermint seedlings with PGPR 
strains such as B. subtilis (GB03), P. fluorescens (WCS417r), and P. putida (SJ04) 
using them singly and/or as mixture and measured the growth, chlorophyll content, 
trichome density, stomatal density, and levels of secondary metabolites in pepper-
mint. The PGPR-inoculated plants had greater shoot and root biomass, leaf area, 
node number, trichome, and stomatal density. Also, monoterpene content was 
increased significantly following PGPR inoculation. In other study, Kaymak et al. 
(2008) determined the effect of Agrobacterium rubi, Burkholderia gladii, P. putida, 
B. subtilis, and B. megaterium on root formation, root length, and dry matter content 
of roots of mint. Generally, root length and dry matter content of roots were greater 
in PGPR-inoculated cuttings of mint compared to control cuttings under both green-
house and field environment. Among PGPR, A. rubi showed the highest rooting 
percentage which was followed by B. megaterium and P. putida relative to control 
plants, while mixture of bacterial cultures resulted in maximum root length.

16.5  Disease Management of Vegetable Crops Using PGPR

Losses to yield and quality of vegetables due to insects-pests are reported (McCollum 
1980). Some of the major diseases of vegetables include bacterial wilt (R. sola-
nacearu), bacterial canker (X. vasicaforia), leaf curl virus disease, Fusarium wilt (F. 
oxysporum), angular leaf spot (P. syringae pv. lachrymans), black rot (X. campestris 
pv. campestris), bacterial speck (P. syringae pv. tomato), early blight (A. solani), 
and damping-off disease (Pythium spp., Phytophthora spp. and Botrytis spp.) 
(McCollum 1980). In agronomic practices, several strategies, for example, cultural 
practices, good sanitation, crop rotation, use of pathogen-free seeds, development 
of resistant varieties (Saravanakumar et al. 2007), and use of pesticides, are adopted 
to eradicate/minimize disease infestation. None of these approaches have, however, 
completely been successful. Focus has, therefore, been shifted toward PGPR to con-
trol vegetable diseases. Management of diseases through PGPR compared to other 
methods is likely to abolish the negative effects such as (i) environmental hazards, 
(ii) residual toxicity, and (iii) problems of fungicidal resistance in vegetable 
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production. In general, PGPR controls phytopathogens through several mechanisms 
including competition, secretion of antagonistic substances, for example, sidero-
phores (Ali and Vidhale 2013), HCN (Deshwal and Kumar 2013), antibiotics (Chen 
et al. 2012), fungal cell wall lysing enzymes, (Saravanakumar et al. 2007) or by ISR 
(Sangeetha et al. 2010). The mechanisms/substances involved in diseases suppres-
sion may act independently or simultaneously. Even though the disease suppressing 
ability of PGPR have been well documented for a wide range of crops; information 
on the role of PGPR in the management of vegetable diseases is limited.

Black rot of cauliflower caused by Xanthomonas campestris pv. campestris is 
very destructive disease worldwide and causes great losses to the crop. The biocon-
trol activity of the two bioagents P. fluorescens strain PF-1 and B. subtilis strain 
BS-7 were tested against X. campestris pv. campestris. Both the bioagents inhibited 
the mycelia growth of X. campestris pv. campestris and it was suggested from this 
study that combination of both the bioagents may be applied for better management 
of black rot diseases (Singh et al. 2010a). In a similar experiment, 10 strains of 
PGPR (P. fluorescens and Bacillus spp.) were evaluated for biological control of 
leaf spot (black spot) of cauliflower caused by the fungus Alternaria brassicae. The 
test PGPR inhibited the growth of A. brassicae under in vitro conditions and pro-
moted seed germination and enhanced plant vigor index compared to fungicide and 
control treatments (Didwania et al. 2013). Girish and Umesha (2005) in other study 
treated tomato seeds with B. pumilus INR7, B. pumilus SE34, B. pumilus T4, B. 
subtilis GBO3, B. amyloliquefaciens IN937a, and B. brevis IPC11 to manage bacte-
rial canker disease of tomato. Among PGPR tested, only three strains (IN937a, 
GBO3, and IPC11) enhanced seed germination and seedling vigor. Sundaramoorthy 
and Balabaskar (2012) used PGPR strains of B. subtilis (EPCO16 and EPC5) and P. 
fluorescens (Pf1, Py15, and Fp7) both in isolation and in combination to assess their 
biocontrol potential against early blight of tomato incited by A. solani. Both strains 
of B. subtilis and P. fluorescens were found compatible and the combined applica-
tion of EPCO16 + Pf1 under in vitro conditions very effectively inhibited the myce-
lial growth of the pathogen and consequently improved the growth of tomato 
seedlings relative to the sole application of bacterial strains. Furthermore, the dual 
application of EPCO16 + Pf1 significantly reduced the early blight of tomato under 
greenhouse, suggesting that the consortia of biocontrol agents may synergistically 
enhance the yield of tomato. And hence the dual culture may be recommended in 
the management of early blight of tomato. In a follow-up study, Loganathan et al. 
(2014) reported a positive response of B. subtilis (BS2) against tomato wilt caused 
by F. oxysporum fsp. lycopersici under field conditions. Pretreatment of tomato 
plants with B. subtilis (BS2) significantly induced the activities of defense-related 
enzymes, for example, peroxidase, polyphenol oxidase, chitinase, and phenylala-
nine ammonialyase and phenolics when challenged with the pathogen. Also, BS2 
improved the fruit quality with lycopene content from 40.34 mg/kg (control) to 
76.3 mg/kg and texture from 56.35 Fmax (control) to 90.5 Fmax during harvest and 
even 15 days after harvest, indicating that PGPR may control both the diseases of 
plants and can improve the nutritional quality and shelf life of fruits. Maji and 
Chakrabartty (2014) identified five strains of Pseudomonas, namely, P. aeruginosa 
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(T1), Pseudomonas sp. (BH25), Pseudomonas sp. (AM12), Pseudomonas sp. 
(AM13), and P. putida (R6), antagonistic to the pathogen Ralstonia solanacearum-
Tom5. Bacterial strains were tested for their biocontrol activity against tomato 
pathogens and the seedling emergence, vigor of the germinated seedlings, and sur-
vivability of the seedlings were measured. Among PGPR strains, Pseudomonas sp. 
BH25 was found as a most promising biocontrol agent against R. solanacearum-
Tom5 in bioassays. Here, the pathogen R. solanacearumTom5 caused only 40% 
seedling emergence relative to control (76%). Co-culture of antagonist BH25 and 
pathogen Tom5 (Tom5 : BH25 at 1 : 10), however, further enhanced the percentage 
of the seedling emergence (75%) which was at par with the control. Also, the com-
bination of BH25 with pathogen improved fresh and dry weights of plants and vigor 
index of the seedlings over sole application of pathogen and their values were 
almost similar to those of the control. Vigor index of the seedlings reduced from 935 
(control) to 237 (Tom5 treated plants) which, however, reached to 878 when a ten-
fold high concentration of BH25 was incubated with the pathogen Tom5.

16.6  Conclusion and Future Prospects

Soil dwellers especially PGPR possessed with immense yet variable plant growth- 
promoting potentials have been found greatly effective in enhancing vegetable pro-
duction both directly by supplying important nutrients to plants and indirectly by 
suppressing plant diseases in different production systems. The capability of PGPR to 
secrete siderophores, cyanogenic compounds, and antibiotics in order to contain phy-
topathogens could be of practical importance in sustainable production of vegetables. 
The PGPR endowed with growth promontory and phytopathogens inhibitory proper-
ties might be useful in formulating new inoculants, which could offer both an inex-
pensive and attractive alternative to agrochemicals and consequently such PGPR are 
likely to improve vegetable production without any adverse impact on environment.
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Mohammad Javad Zarea

Abstract
This review aims to elucidate the actual effect of Azospirillum spp. on wheat 
production under field condition and represent methods by which it can enhance 
the beneficial effect of Azospirillum on wheat. The bacterial genus Azospirillum 
is well known as a plant growth-promoting bacteria (PGPR). Wheat is the top-
most important staple crop cultivated worldwide under contrast environment 
from arid land to wet area. Researchers evaluating the effect of Azospirillum 
inoculation on gramineous plants were back from the 1970s. Since then numer-
ous researches have done, and investigating the performances of Azospirillum on 
various crops has been focused. Evidence indicates the beneficial impact of 
Azospirillum application on improved plant growth and economical yield. 
However, there are some studies showing no beneficial effects. For better wheat- 
Azospirillum management, reconsideration of the published paper dealing with 
Azospirillum-wheat association is necessary. In this review field research result 
from the 1980s until the present time is reviewed, and agronomical and technical 
management that affect Azospirillum performances from these published papers 
are presented. This review aimed to not repeat the traditional beneficial effect of 
Azospirillum on host plant since many reviews on this filed have been previously 
represented by considerable authors.
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17.1  Introduction

The bacterial genus Azospirillum has been mentioned to be the most-investigated 
plant-associated bacteria (Bashan and de-Bashan 2010). Azospirillum is a gram- 
negative free-living nitrogen-fixing bacterium of the rhizosphere, blog to the 
group of bacteria known as associated bacteria with ability of plant growth-pro-
moting (PGPR) properties. Azospirillum has been reported to be isolated from the 
rhizosphere of a wide range of many plants including grasses and cereals. Different 
species of the genus Azospirillum have been detected and isolated from tropical 
area and temperate climates. After elucidation of association relationship between 
plant and Azospirillum, interest in the application of Azospirillum species in 
monocotyledonous plants, especially grasses and grain crops, has been arisen 
(Sumner 1990).

Intensive researches under field condition and controlled condition have proven 
the potential benefits of Azospirillum on plant growth and crop yields of various 
crop including both leguminous and germanous plants. At present, sixteen species 
of Azospirillum have been described (Table 17.1). Among them Azospirillum 
brasilense gain the highest research attention in wheat production. Biological 
nitrogen fixation, ability of phytohormone production as plant growth inducer like 
auxin (Umali-Garcia et al. 1980) and help plant with nutrient abortion (Lin et al. 
1983) are but no limited of main mechanisms by which beneficial effect of 
Azospirillum on plants excreted. Early researches (Jain and Patriquin 1984; 
Barbieri et al. 1986; Levanony and Bashan 1989) suggested that Azospirillum 
through induced modifications of host plant root system, enhancement of root 
development, improves mineral and water uptake by the inoculated plant com-
pared to not inoculated plant (Sarig et al. 1988; Levanony and Bashan 1989; 
Pacovsky 1990). Cytokinins, gibberellins, and auxins are substances that act like 
phytohormone which has been claimed to be excreted by Azospirillum. These 
substances released by Azospirillum involve in the incitement of plant root system 
development (Barbieri and Galli 1993). Based on the worldwide results obtained 
from the field inoculation of Azospirillum sp. in different soils and climatic 
regions, it has been concluded that these bacteria are able to promote yield of 
staple important crops (Okon and Labandera-Gonzalez 1994). Research on the 
colonization of plant tissues by diazotrophic bacteria was initiated from 1985 to 
1990, and consequently some aspects of the plant-bacteria interaction began to be 
elucidated (Baldani and Baldani 2005). However, positive effects of Azospirillum 
like hormonal effects, nitrogen assimilation, and biological nitrogen fixation have 
been confirmed, but negative effects also have been frequently detected (Boddey 
and Döbereiner 1982). Significant yield increase and better growth in wheat, a 
nontropical cereal, following inoculation with Azospirillum have been reposted in 
many related studies (Boddey et al. 1986; Mertens and Hess 1984; Millet et al. 
1985; Rai and Gaur 1982; Reynders and Vlassak 1982a; Baldani et al. 1983, 1986; 
Díaz-Zorita and Fernández-Canigia 2009), carried out under nonlimiting condi-
tion and adverse condition such as salinity (Zarea et al. 2012) and drought stress 
(Creus et al. 1998).
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17.2  Wheat

Wheat is the topmost important crop worldwide, providing the world’s population 
with 20% of the calories. 2.5 billion people in less-developed countries receive 20% 
of daily protein from wheat (Braun et al. 2010). The modern wheat grower receives 
more return for money spent on nitrogen (N) than any other nutrient, and nitrogen 
application provides the largest net return of any nutrient used in wheat production. 
N has a vital role in the structures of protein. Proteins are the most important build-
ing substances that form protoplasm of every cell. Among all elements needed by 
plant, N is the first rank and needed at higher rate rather than other elements. Farmers 

Table 17.1 List of Azospirillum species and original of the isolation

Azospirillum Original isolated Country References

A. lipoferum Associated with wheat and 
maize

Brazil Tarrand et al. 
(1978)

A. amazonense Roots and rhizosphere soil of 
Gramineae

Amazon 
region, Brazil

Tarrand et al. 
(1978)

A. brasilense Associated with wheat roots Brazil Baldani et al. 
(1986)

A. alopraeferens Associated with Kallar grass Saline soils of 
Pakistan

Reinhold et al. 
(1985)

A. irakense Field-grown root rice plant Grown in Iraq Malik et al. (1994)

A. largimobile Detected in water sample of a 
lake

Australia Dekhil et al. 
(1997)

A. doebereinerae grown Pennisetum Germany Eckert et al. 
(2001)

A. oryzae Roots of the rice plant Japan Xie and Yokota 
(2005)

A. melinis Molasses grass (Melinis 
minutiflora Beauv.) pasture and 
fodder grass

China Peng et al. (2006)

A. canadense Corn rhizosphere Canadian soil Mehnaz et al. 
(2007a)

A. zeae Rhizosphere of corn Canadian soil Mehnaz et al. 
(2007b)

A. picis From road tar abandoned by the 
marginal of a road in Taichung 
city area of Taiwan

Taiwan Lin et al. (2009)

A. thiophilum Sulfide spring shameless baths in 
Stavropol Krai, North Caucasus

Russia Lavrinenko et al. 
(2010)

A. humicireducens The anode biofilm microbial fuel 
cell

China Zhou et al. (2012)

A. fermentarium From a fermentative tank Taiwan Lin et al. (2013)

A. himalayense Himalayan valley soil India Tyagi and Singh 
(2014)
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worldwide annually apply considerable N to ensure a higher crop yield. N plays an 
important role in chlorophyll formation and structure. Transformation of energy 
from sunlight waves and converted into molecular enrich in energy (ATP and 
ADPH) is enabled by chlorophyll (photosynthetic activity). Therefore, N applica-
tion ultimately affects leaf area and photosynthetic activity of plant as well as cell 
structure and size.

Wheat has two main growth stages, vegetative and reproductive growth stage. 
During vegetative growth stage, tiller number and spikelet number are formed, and 
any limiting growth factors like water and nutrient deficiency would negatively 
affect the yield potential of wheat. During reproductive growth stage, fertile grain 
and filling grain number and grain weight are determined. These traits are mostly 
affected by the limiting factors such as water availability, nutrient access, and other 
constraint environmental factors. The fertility of spike of tiller is most affected by 
two important nutrients N and P. Any limiting in these nutrients resulted in reduc-
tion of yield potential. In wheat tiller 1 and 2 are responsible for the 50% of the total 
grain yield and of the remaining main stem involved. Therefore, it would be impor-
tant to match the initiation of Azospirillum benefits with demand of wheat according 
to the plant growth stage. Late beneficial excreted by Azospirillum would have a 
negligible effect on total yield since any sink that determines total grain yield previ-
ously is formed. However, it is seems that Azospirillum benefits would not be the 
same in spring wheat compared with winter wheat since growth stage in winter 
wheat occurs in prolonger time than that of spring wheat. Another opinion is about 
the environmental constraints that would affect the rate of benefits from Azospirillum 
inoculation excreted. Under environmental limiting Azospirillum performance may 
be aggressive. During recent years effect of Azospirillum under adverse condition 
has been a topic paid attention by some researchers.

17.3  Historical Azospirillum Background

Research on biological nitrogen fixation (BNF) associated with grasses was first 
begun by Johanna Döbereiner. Johanna Döbereiner joined the research team at the 
National Center of Education and Agricultural Research of the Ministry of 
Agriculture, located at Km 47 in the 1950s in Brazil (Baldani and Baldani 2005).

In the 1970s introduction of the acetylene reduction as a significant advance 
method helps researchers who focus in the study of BNF in grasses (Baldani and 
Baldani 2005). This advance was accompanied with the introduction of the semi-
solid nitrogen-free medium (NFb) that mimics the oxygen level which is found in 
soil niches. By introduction of NFb medium isolation of microaerophilic bacteria 
that fix nitrogen associated with plant roots was initiated. Azospirillum lipoferum 
and Azospirillum brasilense are the first bacterium species of Azospirillum genus 
isolated by the NFb medium. Another introduced semisolid medium named LGI 
medium allowed the isolation of upcoming new species, A. amazonense (Magalhães 
et al. 1983). By alteration of pH and carbon source of NFb medium, LGI medium 
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was introduced (Baldani et al. 1984). Comparison of DNA-DNA homology of 
Spirillum lipoferum and Spirillum brasilense species resulted in the generation of a 
new genus with two species which are called Azospirillum lipoferum and 
Azospirillum brasilense (Tarrand et al. 1978). Following Azospirillum lipoferum 
and Azospirillum brasilense description, Azospirillum amazonense was later char-
acterized (Magalhães et al. 1983). Species of Azospirillum amazonense have been 
isolated first from forage grass growing in the Amazon and in the state of Rio de 
Janeiro and later from different plants like rice, maize, and sorghum plants (Baldani 
1984).

17.4  Adsorption to Wheat

Establishment of Azospirillum in the roots is a critical step toward an effective plant 
growth promotion (Bashan et al. 2004; Okon and Kapulnik 1986). Although 
Azospirillum are commonly noticed as rhizosphere bacteria and they mostly colo-
nize the surface of the root, a few strains have been reported that have the ability to 
infect plant (Patriquin et al. 1983; Döabereiner et al. 1995). For example, strains of 
Azospirillum spp. that colonize the interior of root wheat have been reported by 
Baldani et al. (1986). Azospirillum can colonize different zones of wheat. 
Azospirillum brasilense Sp245 have been reported to colonize the regions of the 
lateral root and root hair (Vande Broek et al. 1993). Some Azospirillum species 
colonize further interior of the root. For example, in Brazilian wheat cultivar,  
A. brasilense Sp245 was observed in the root xylem, whereas A. brasilense Sp7 
only occupied the root surface of wheat (Schloter et al. 1994). This new evident is 
in contrast to the report of Horemans et al. (1988). A field research work under field 
conditions in Belgium done by Horemans et al. (1988) showed no colonization of 
interior roots of barley, wheat, com, or grasses by Azospirillum. In this research  
A. lipoferum was detected only on the exterior root of corn and grass, whereas A. 
brasilense was detected on the root of all crop studied. Attachment of Azospirillum 
to the root system is not in a homogeneous pattern. A. brasilense Sp7 has been 
shown to attach preferentially to the root elongation rejoin of wheat seedlings 
(Kapulnik et al. 1985b), whereas in another study, this strain densely occupied the 
root hairs of pearl millet (Umali-Garcia et al. 1980). Pattern attachment of a specific 
Azospirillum strain is also varied among varieties of a certain crop (Murty and 
Ladha 1987). Environmental constraints can affect colonization of wheat roots by 
the Azospirillum. For example, movement of Azospirillum toward seedlings of 
wheat has been confirmed and was shown to be restricted by moisture content of 
soil (Bashan 1986). Saubidet et al. (2002) investigated the effect of inoculating a 
highly efficient A. brasilense strain on wheat plant grown under pot culture with 
three N regimes (0, 3 or 16 mMNO3

−, 50 ml/pot once or twice a week) and in disin-
fected or non- disinfected soil. They found that at the booting stage, the inoculated 
roots in both soils showed a similar colonization by Azospirillum sp. that was not 
affected by N addition.
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17.5  Azospirillum Field Research

Researchers evaluating the impact of Azospirillum inoculation on gramineous plants 
were from the 1970s. The results of these studies although were inconsistent dem-
onstrated that biological nitrogen fixation by Azospirillum provides around 40% of 
the nitrogen requirement (Boddey and Döbereiner 1982). Field wheat inoculation 
experiments with Azospirillum strains isolated from sterilized roots of wheat (Sp 
245, Sp 107 st) showed a consistent increase in total plant N; however, this was not 
the case for the heterologous strain Sp 7 (Baldani et al. 1983). Freitas et al. (1982) 
compared beneficial effect of homologous and heterologous strains, isolated from 
other plants, of Azospirillum with maize and confirmed superior advantageous of 
homologous strains of Azospirillum compared to heterologous strains (Freitas et al. 
1982). During 1982 and 1983, Mertens and Hess (1984) conducted a field experi-
ment to investigate the spring wheat response to Azospirillum lipoferum sp 108 with 
different soils, sands, and peat-clay mixtures containing 0.28% nitrogen. In this 
experiment sandy soil received phosphate, sodium, and in one assay supplied with 
N. However, in this conducted study, the most increase in grain yield (70%) obtained 
from sand received P and K only, but an increase in grain yield up to 32% was also 
observed in peat-clay soil containing 0.28% of total N. Further research showed that 
homologous Azospirillum strains of Sp245 and Sp107 preferentially colonize the 
interior roots of wheat and sorghum, whereas heterologous strains, Sp 7 and Cd, 
tend to establish on the outer surface of the root (Baldani et al. 1986). Boddey et al. 
(1986) claimed that positive influence of Azospirillum on wheat under field condi-
tion was due to the nitrate reductase activity of the bacteria within the root rather 
than biological nitrogen fixation of the bacteria. These results were later confirmed 
by Ferreira et al. (1987) who found that nitrate reductase activity of the bacteria was 
responsible for the positive influence of Azospirillum on wheat. To confirm this 
idea, Ferreira et al. (1987) compared the nitrate reductase activity of the negative 
mutants with wild species of Azospirillum under gnotobiotic conditions. In another 
field experiment conducted by Bhattarai and Hess (1993), feedback of different 
wheat cultivars (Triticum aestivum L.) yield to inoculations with a Nepal hilly 
region poor soil isolated Azospirillum was positive. Two hundred and ninety-seven 
experimental locations carried out under dry land cropping conditions of Argentina 
across the region of Pampas during 2002–2006 growing seasons were employed to 
determine the yield response of bread wheat to inoculation (seed inoculation) with 
a liquid formulation of Azospirillum brasilense (INTA Az-39 strain) (Díaz-Zorita 
and Fernández-Canigia 2009). Grain yield and harvested grain yield increased by 
about 6.1% and 8.0% (260 kg per ha), respectively, due to seed inoculation. Seventy 
percent of the experimental sites had positive response to the inoculation, regardless 
of the fertilization and other factors including management practices of soil and 
crop. A field trial conducted in Brazil by Hungria et al. (2010) was designed to test 
the response of wheat to elite strains of A. brasilense. Result indicated an increase 
of 18% in the grain yields of wheat due to Azospirillum inoculation. Millet and 
Feldman (1984) investigate the effect of Azospirillum brasilense on a common 
spring bread wheat yield response under four doses of chemical nitrogen fertilizer. 
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Results of this experiment showed that positive response of grain yield to inocula-
tion was due to increase in grain spike−1. At the higher doses of nitrogen fertilizer, 
these positive increases in yield in inculcated wheat were due to the higher number 
of spikes plant−1. Irrespective of N doses used, a number of fertile spikelet main 
spike−1 increased by 0.5–1.4% due to Azospirillum inoculation. Further results of 
this study indicated no effect of inoculation on increased grain protein percentage. 
Mertens and Hess (1984) reported on the enhancement of spring wheat grain yield 
under field condition following Azospirillum inoculation. This increase was due to 
enhancement of thousand grain weight and total nitrogen. Based on the recent 
research, there is a positive correlation between wheat increased grain yield and the 
number of fertile tillers produced by the pant (Salantur et al. 2006). Saubidet et al. 
(2002) investigated the effect of A. brasilense on grain yield of wheat under steril-
ized soil. Positive influence of inculcation on total grain yield was due to the effect 
of bacteria which enhanced the tiller number in wheat. Therefore Azospirillum inoc-
ulation through enhancing the number of tillers in wheat plants (Saubidet et al. 
2002) may result in increase in the total grain yield of wheat. Table 17.2 shows the 
mechanisms through which Azospirillum induces wheat growth and yield.

17.6  Factors Affecting Plant Promoting Effect of Azospirillum 
on Wheat

Response of crop to Azospirillum inoculation has not always been consistent, and 
the factors impacting the crop reply are not completely known (Okon and Labandera- 
Gonzalez 1994). Knowledge of Azospirillum extensive inoculation performances in 
large on-farm exploratory is still quite restricted (Díaz-Zorita and Fernández-
Canigia 2009). Limited on-farm research is often justified by the reportedly low 

Table 17.2 Mechanisms through which Azospirillum positively affects wheat growth and yield

Mechanisms References

Increase in the nitrate reductase (NR) activity of the 
bacteria in the roots

Boddey et al. (1986)

Stimulation of b-glucuronidase Kapulnik et al. (1985a, b, 1987), Vande 
Broek et al. (1998)

Changes in root morphology Kapulnik et al. (1985a, b)

Increase the nitrogen assimilation rate from the 
germination stage until the emergence of spikes

Ferreira et al. (1987), Rodrigues et al. 
(2000)

IAA (indole-3-acetic acid) production Barbieri et al. (1986), Malik et al. 
(1994), Jain and Patriquin (1985)

Nitrogen fixation Barbieri et al. (1986), Malik et al. (1994)

Greater nitrate reductase enzyme activity Ferreira et al. (1987)

Production of auxins, gibberellins, and cytokinins Hartmann and Zimmer (1994)

Nitrogenase activity Elanchezhian and Panwar (1997)

Elastic adjustment under water stress Creus et al. (2004)

Stimulating nitrogen uptake by the roots Saubidet et al. (2002)
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consistency of field results conducted in a context of more realistic crop manage-
ment production conditions (Dobbelaere et al. 2001). The inconsistency in the out-
comes could be related to the interaction of the inoculation methods with 
environmental conditions. Type of soil, water status, and crop management methods 
such as fertilization, chemical disease management, genotypes, etc. are mentioned 
factors affecting variability in the results of Azospirillum performances (Fages 
1994). Complex interactions between the crop, the bacteria, and the environment 
have been assumed to affect wheat’s grain yield response to inoculation with 
Azospirillum sp. and other diazotrophic bacteria varied among Brazilian locations 
(Sala et al. 2007).

17.7  Interactions Between Wheat Genotypes 
and Azospirillum Spp. Strains

Early research demonstrated the successful inoculation in wheat with homologous 
(strains isolated of the same crop) than nonhomologous strains (Sumner 1990). It 
seems that applying isolates of those strains that naturally colonize wheat plant has 
more advantages than strains isolated from a different crop. By using certain strains 
of Azospirillum that were isolated from wheat plant, it has been shown that those 
strains isolated from the outer disinfected part of wheat roots (Sp 245, Sp 107) were 
constantly superior in colonizing the internal root of wheat than those isolated from 
the rhizosphere soil of wheat (Baldani et al. 1983). From these results it seems that 
the beneficial effect of Azospirillum is more with those strains that penetrate the 
root. Research done by Ferreira et al. (1987) clearly showed that inoculation of 
wheat with homologous strains of Azospirillum (strain Sp 245) had more advan-
tages than those heterologous strains due to the ability of homologous strains in 
colonizing the interior of wheat roots than those heterologous strains (Baldani et al. 
1986, 1987). One of the main factors that may result in positive response of plant to 
inoculation is that the used strains can well penetrate the interior of the root and 
consistently colonize within the roots. In those experiments that inoculation resulted 
in positive yield responses, it is always shown that used strains have well settled in 
the interior of the root. The establishment and multiplication of Azospirillum espe-
cially under field conditions would be an important factor affecting plant growth 
promotion properties of the bacterium. In extensive field experimentation carried 
out by Baldani et al. (1986) in Brazil, A. brasilense strains Sp 107 and Sp 245 were 
shown to be established in all studied wheat assays and were the predominant strains 
in surface disinfected roots; however, strains Sp 7 and Cd showed poor establish-
ment. Harris et al. (1989) reported on the weak establishment of Azospirillum in the 
rhizosphere of wheat following inoculation under temperate conditions. Reynders 
and Vlassak (1982a, b) reported on the superior of A. brasilense strain Sp BR14 
than strain S-631 in enhanced grain yield of wheat. A. brasilense strain Sp BR14 
and strain S-631 were isolated from wheat and maize, respectively. This result con-
firmed this idea that successful inoculation in wheat would be achieved with homol-
ogous strains isolated of the same crop than nonhomologous strains. Jagnow (1990) 
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showed that there are not only interactions exists among cultivars and Azospirillum 
strains in rate of nitrogenase activity followed inoculation with Azospirillum 
lipoferum, but also that within a individual cultivar differences happen in response 
to various plants. A pervious study indicated that different strains of A. brasilense 
colonize variously the same cultivar of wheat (Saubidet and Barneix 1998). It has 
been shown that different A. brasilense strains colonize differently a single cultivar 
of wheat and that the individual strains colonize in various numbers when inocu-
lated to various cultivars (Saubidet and Barneix 1998). Crop genotypes were also 
mentioned with the N fixation potential of Azospirillum strains (García de Salomone 
and Döbereiner 1996). Puente et al. (2005) tested wheat response to several 
Azospirillum brasilense strains and observed higher numbers of tiller, greater root 
dry matter, and increased total number of spikelets plant−1 obtained when only 
wheat crops were inoculated with the strains of INTA Az-8 or INTA Az-39. Strain 
of INTA Az-39, which has been reported to isolate from washed root wheat, came 
from Marcos Juárez, Córdoba Province, Argentina. Rodríguez Cáceres et al. (1996a, 
b) in a study conducted in a semiarid region of Argentina observed that wheat inoc-
ulation with this strain resulted in a significant higher grain yield. From these stud-
ies it seems that response of a crop to Azospirillum species is crop specific.

17.8  2,4-D and H2O2 Pretreatment

With consideration throughout the article published dealing with Azospirillum and 
wheat response, various agronomical management can be outlined that can enhance 
promoting effect of Azospirillum on wheat production. Azospirillum is a nitrogen- 
fixing microaerophilic bacterium with a noticeable aerotaxis and shows a consider-
able desire for very low oxygen tension (Patriquin et al. 1983). Nitrogenase activity 
of Azospirillum becomes very little under levels above 1 kPa (Patriquin et al. 1983). 
Azospirillum normally lacks the capability of nodules forming on host plants. 
2,4-dichlorophenoxyacetic acid (2,4-D) has the ability to induce nodule-like struc-
tures or para-nodulates on plant roots (Tchan and Kennedy 1989). These nodule- 
like structures could be colonized by microorganisms including diazotrophs 
(rhizohia, Azotobacter and Azospirillum). 2,4-dichiorophenoxyacetic acid (2,4-D) 
has been shown to induce para-nodulates in root of wheat, and these para-nodu-
lates are suitable colonization sites for Azospirillum. Zeman et al. (1992) observed 
higher rate of nitrogenase activity in para-nodulated wheat seedlings treated by 
2,4-D than not treated with 2,4-D. An in vitro assay carried out by Elanchezhian 
and Panwar (1997) confirmed the positive effect of 2,4-dichiorophenoxyacetic acid 
on Azospirillum brasilense Sp7 performances and claimed that 2,4-D through 
induced para-nodulated structure or provide a suitable niche for Azospirillum in 
which higher nitrogenase activity occurred. Inside these nodule-like structures, 
Azospirillum protect from oxygen and higher nitrogenase activity in plants treated 
with 2,4-D confirmed this opinion. However, this technique after describing was not 
further considered in the forthcoming research. Recently a field experiment showed 
that pretreatment wheat with hydrogen peroxide can positively affect Azospirillum 

17 Azospirillum and Wheat Production



338

performances. Field study by and Jafariyan and Zarea (2016) was designed to elu-
cidate if pretreatment wheat seed with H2O2 affects beneficial effect of Azospirillum 
on plant. In this study three concentrations of H2O2 (25%, 50%, and 80%) were 
used, and results elicit positive effect of H2O2 on Azospirillum performances toward 
wheat. Results from this study indicated that soaking wheat seed in 80% H2O2 and 
inoculated with Azospirillum improved total grain yield. This increased grain yield 
is accompanied with anatomic changes in leaf.

17.9  Nitrogen Application

The element nitrogen (N) has been assumed to be one of the topmost important 
macronutrients taken up in considerable amount than of any nutrient by the wheat. 
Based on the study’s results, it seems that Azospirillum is not able to provide all N 
demented by the wheat and cannot completely replace N fertilizers for wheat. 
Azospirillum inoculation may result in improved grain yield or sustain a certain 
yield standard but with a reduction in the amounts of N fertilizers applied (Rothballer 
et al. 2003; Hungria et al. 2010; Venieraki et al. 2011; Piccinin et al. 2013). 
Rodríguez Cáceres et al. (1996b) claimed that the difference in wheat grain yield 
response to Azospirillum brasilense inoculation carried out in Entic Haplustolls 
from the Pampas region of Argentina was mainly related to variation in fertility of 
soil and availability of water. Minor contribution of N by Azospirillum to wheat 
plants under absence of exogenous carbohydrate condition in the plant rhizosphere 
was first reported by Lethbridge and Davidson (1983). Kapulnik et al. (1987) 
reported on negligible contribution of Azospirillum on the N2 fixation in wheat 
plants. The early study by Millet and Feldman (1984) on response of the yield of a 
common spring wheat cultivar (Triticum aestivum) to inoculation with Azospirillum 
brasilense under four levels of application of N fertilization elucidated that increase 
in plant yield followed inoculation with Azospirillum brasilense obtained only from 
application of the medium and high levels of N fertilization and highest yield 
increase of approximately 8.0% achieved at the highest level N fertilization (1.0 g 
of pure N per plant). This study was a pot experiment conducted outdoors, and pots 
with volume of five liters were filled with a mixture ratio of 50:33:17 percent (v/v) 
of volcanic gravel, peat, and vermiculite and adequately irrigated. Mertens and Hess 
(1984), investigating the effect of A. lipoferum Sp 108 st, isolated from roots of 
maize in Brazil, on wheat found that yield response of wheat to this strain was posi-
tive irrespective of soil being fertilized with chemical nitrogen or not. Kapulnik 
et al. (1987) conducted field trails from 1980 to 1983 to investigate the response of 
eight commercial spring wheat cultivars (six Triticum aestivum and two T. turgi-
dum) to Azospirillum brasilense inoculation with 40 and 120 kg N ha−1. Increased 
plant dry matter under low level of N fertilization did not reflect into total grain 
yield except for cultivar “Miriam” which represented a positive and significant 
increase of grain yield. Further results of this study showed no significant impact of 
Azospirillum inoculation when high rate of N was applied. To confirm this obtained 
result, four cultivar responses of bread wheat (T. aestivum) to Azospirillum 
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inoculation were investigated individually under four various locations with differ-
ent N levels. Results of this experiment proved only positive and consistent response 
of grain yield of cultivar Miriam to inoculation with Azospirillum. Enhanced root 
development and branching was found to be the most striking impact of Azospirillum 
inoculation on cultivar Miriam. Spring wheat cultivar “Miriam” produced higher 
fertility number of tiller per unit area following Azospirillum brasilense inoculation, 
but this trait was significantly influenced by the dose of N applied (Kapulnik et al. 
1987). Kapulnik et al. (1983) and Millet et al. (1985) also obtained the same result 
and found higher numbers of fertile tillers per area unit due to Azospirillum inocula-
tion. With 15N dilution technique, Kucey (1988) found that the contribution of 
Azospirillum to wheat through biological N2 was 5–10%. In other experiments con-
ducted by Kapulnik et al. (1985a) and Lethbridge and Davidson (1983), contribu-
tion of Azospirillum to wheat through fixed nitrogen was found to be negligible; 
however, with adding carbohydrate to the rooting medium, this contribution was 
increased. With using technique of 15N dilution, Boddey et al. (1986) observed that 
increased grain yield and N content of wheat was not due to contribution of 
Azospirillum through N2-fixation. Okon et al. (1988), through extrapolating of data 
from various 15N2-incorporation and 15N-dilution assessments, reported on an only 
fixation of 1 kg of N ha−1 in one growing season by Azospirillum. Galal et al. (2001), 
by evaluating the effects of bacterial inoculation (Azospirillum brasilense Sp 245) 
and N fertilizer doses on growth of wheat under field condition carried out in Egypt, 
showed that inoculation resulted in higher accumulation of dry matter in shoot and 
increased grain yield and N uptake by them with increasing N fertilizer doses up to 
120 kg N ha−1. Wheat grain yield is most affected by the N application, and among 
the nutrients N has the greatest impact on wheat yield. Azospirillum as a nitrogen- 
fixing bacteria cannot provide all N demand of the host plants. For example, Piccinin 
et al. (2013) investigate the yield response of wheat to two different forms of inocu-
lants of Azospirillum (liquid inoculant and peat inoculant) under application of three 
levels of zero, 50, and 100 kg N ha−1. Results indicated that inoculation of wheat 
seeds with Azospirillum spp. can substitute the half dose of N fertilizer applied. 
Results of this experiment also showed that nitrogen fertilization along with differ-
ent forms of Azospirillum inoculation increased grain yield of wheat. These authors 
concluded that application of the half level of chemical N fertilizer associated with 
various forms of Azospirillum inoculants improved agronomic traits as well as grain 
yield. Therefore, it may be recommended using N fertilizer and Azospirillum inocu-
lation together for the insurance of the most effective performances of Azospirillum 
on enhanced grain yield in wheat. However, the mineralization process of the asso-
ciative N2-fixing bacteria may share with input of supplemental N to the plants 
(Hungria 2011). Other studies have shown that A. brasilense inoculation resulted in 
increased N accumulated in the spike of wheat especially under application of N 
fertilizer (Santa et al. 2004). Zagonel et al. (2002) and Heinemann et al. (2006) also 
found considerable positive impact of levels of applied N on wheat grain yield. 
Dommelen et al. (2009), by studying the inoculation of A. brasilense in wheat,  
discovered that the major form of N assimilation occurs through activity of gluta-
mine synthetase enzyme, which commonly releases ammonia into the medium.  
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The advantages induced by inoculation with Azospirillum associated to the use of 
half level of nitrogen contributed to the agronomic achievement of wheat. In con-
trast, results of some research indicated that application of higher levels of N fertil-
izer may negatively impact Azospirillum spp. performances because of rapid 
decreasing in the nitrogenase activity enzyme (Hartmann and Zimmer 1994). These 
negative effects were also observed in a field study conducted by Fukami et al. 
(2016). Numerous researches have shown that the inoculation of wheat with bacte-
ria which belongs to the genus Azospirillum increased the root system of plant 
(Bashan and Levanony 1990; Didonet 1993; Didonet and Magalhães 1993). By 
improving both volume and number of root and subsequently increase in mineral 
and water uptake (Lin et al. 1983), grain yield would increase (Okon 1985; Okon 
and Labandera- Gonzalez 1994). However, the domination of Azospirillum within 
the roots is reported to occur when plant is at anthesis growth stage (Magalhães 
et al. 1979). At this wheat growth stage, noticeable portions of grain (sinks) have 
already been formed. In wheat grain yield is more restricted by the formed sinks 
(Fischer 1985; MacManey et al. 1986). Therefore, efficiency of bacteria on grain 
yield becomes negligible. However, bacterial activity results in increase content of 
N (Baldani et al. 1987) but that increased is out of sync with wheat demand, absorbs 
after anthesis (Rodrigues et al. 2000), and therefore has negligible impact on grain 
yield. For example, Rodrigues et al. (2000) conducted a field study to elucidate the 
role of inoculation with two strains of Azospirillum brasilense, strains 245 and JA 
04, in assimilates and productivity of nitrogen and assimilates of bread wheat culti-
var BR-23 under field condition. Results of this experiment showed no detectable 
variation in seed yield and in the assimilation translocation at anthesis and maturity 
resulting from a peat inoculation of strains. But differences occurred when N was 
added. Although inoculation treatments in the absence of N application significantly 
resulted in increase in content of nitrogen, but that increased had no effect in grain 
yield. Piccinin et al. (2013) also claimed that under lower levels of applying N, there 
was no stimulation effect of Azospirillum on wheat. However, this research has been 
done under not limited environmental recourses such as water deficiency or salinity 
stress, while environmental constraints may impact this effect of Azospirillum on 
the wheat.

17.10  Strains Used

The strains used as Azospirillum inoculants for wheat would be important since the 
root exudate of wheat attracts specific strains of Azospirillum. Earliest studies 
showed chemotactic response of Azospirillum to a range of amino acids, mono- and 
disaccharides, and organic acids which have been previously shown. Chemotactic 
response of Azospirillum is irrespective of its ability to metabolize the attractant 
(Barak et al. 1983; Heinrich and Hess 1985; Reinhold et al. 1985). Chemotaxis has 
been reported to be strain specific. For example, strains of Azospirillum, those that 
were isolated from plants with exhibiting C4 pathway like Kallar grass and maize, 
had substantial appeal to malate but not to oxalate. Malate has been reported to be 
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the most dominating organic acid exuded by Kallar grass and presumably also by 
maize, while oxalate is hardly detectable in these crops (Michiels et al. 1989). 
Reinhold et al. (1985) demonstrated that Azospirillum which were isolated from 
wheat were more attractive to oxalate compared with malate. Oxalate is not the 
major organic acid in the root exudates of C4 plants (like maize or Kallar grass). In 
C3 plant such as wheat, oxalate is assumed to be one of the dominating organic acid 
released from root. Early research showed that A. lipoferum colonize roots of C4 
plants (like sorghum and maize), whereas A. brasilense preferentially colonize the 
root of C3 plant such as wheat (Döbereiner and De-Polli 1980; Rocha et al. 1981; 
Mandimba et al. 1986). It is assumed that there is Azospirillum strain-specific che-
motaxis. Michiels et al. (1989) suggested that chemotactic may play a major role in 
determining host-specificity in colonization and attraction of certain species of 
Azospirillum toward root of certain plant.

17.10.1  Inoculation Method and Dose

Inoculation methods may effect on the wheat performances to Azospirillum inocula-
tion. Early work done by Barbieri et al. (1988) reported on the changing influence of 
Azospirillum brasilense on root system by inoculums dose used. These authors 
claimed that inoculum concentration of 106 colony form unit ml−1 resulted in a great-
est enhancement of the both number and length of lateral roots, whereas 109 colony 
form unit ml−1 inhibited development of root system in Triticum durum var. Appula. 
Creus et al. (1996) investigated two inoculation methods in bread wheat (Triticum 
aestivum). In this regard pre-germinated wheat seeds were inoculated with Azospirillum 
Sp 245 during imbibitions of seed. In this experiment seeds of wheat were immersed 
for 3 h in water and in media culture of Azospirillum cells mL−1 for 3 h. Results of this 
experiment showed that inoculation of seeds through immersing and then dried to 
lower level of water content (14%) caused the seeds to maintain a viable number of 
10 × 3.76 cells∙g−1 dry weight up to 27 days. Thirty days of stored seeds were able to 
germinate and retain up to 106 cells g−1 fresh weight within roots after 7 days of 
growth. Fukami et al. (2016) designed an experiment to test substitute practices for 
seed inoculation of two crops including maize and wheat in order to deter the direct 
connection of bacteria with pesticides. In this experiment Azospirillum brasilense was 
applied in a furrow, and its effectiveness were tested in comparison with seed inocula-
tion. Azospirillum brasilense were sprayed at seeding time and after emergence of 
seedlings through the leaf spraying. Experiments are carried out under controlled 
environmental and field condition at contrast locations in Brazil. Results of the study 
showed that colonization rate of leaves was higher in plants that were foliar sprayed, 
whereas in soil inoculation method, the rate of colonization was higher in the root and 
rhizosphere. In this study A. brasilense resulted in a 25% reduction of need for N 
fertilizer. An inoculant dose is another important factor that must be considered. The 
higher doses of Azospirillum population within the rhizosphere of root may increase 
the release of plant hormones. Higher plant hormone secretion inhibits the growth of 
root. Negative impacts of high doses of Azospirillum have been previously observed 
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in wheat (Bashan 1986). Hungria et al. (2010) have also observed benefits for soybean 
and common bean only at minor concentration of inoculation and growth restriction 
with higher concentration of Azospirillum. Fukami et al. (2016) also observed inhibi-
tory effect of Azospirillum inoculation on growth of wheat when higher doses of 
Azospirillum were used.

17.11  Environmental Factors Affecting Azospirillum N2 
Fixation

However, N2 fixation by Azospirillum is not very considerable, and other aspects 
aside from N2 fixation have been proposed to define the increased yield of crops due 
to inoculation. N2 fixation of Azospirillum in inoculated grasses has been shown to 
be negligible and can provide a minimum portion of the N requirement for the plant 
(Boddey and Dobereiner 1988) but always would be important in order to reduce 
chemical N fertilizer application under wheat production. It would be important to 
note that N2 fixation occurs only under lower levels of O2 and with low or moderate 
doses of N fertilizer. Several environmental factors and agronomical management 
influence N2 fixation in Azospirillum. It has been shown that destitution of O2 can 
enhance denitrification in Azospirillum-wheat associations, resulting in the loss of 
N loss in the soil (Neuer et al. 1985). Under a severe O2 deprivation, many strains of 
A. lipoferum and A. brasilense have been shown to dissimilate nitrate and nitrite 
(Eskew et al. 1977; Magalhaes et al. 1983). A. amazonense has not been shown to 
dissimilate nitrate and nitrite (Eskew et al. 1977; Magalhaes et al. 1983). In a pro-
cess called denitrification, some of the strains are responsible for the more reduction 
of nitrite to nitrate or nitrogen (Krieg and Döbereiner 1984). Early studies demon-
strated that the denitrification process carried out by A. brasilense in wheat takes 
place synchronously with nitrogen fixation (Neuer et al. 1985). High range of soil 
pH, high temperature, and O2 limitation are some of the unfavorable conditions that 
enhance the process of denitrification. Neuer et al. (1985) proposed that the net 
result of both processes, N2 fixation and denitrification process, may be a loss of N.

 Conclusion

Knowledge about the performances of extensive inoculation with Azospirillum 
under large on-farm experiments are still actually restriction (Díaz-Zorita and 
Fernández-Canigia 2009). Relationships of crop, Azospirillum, and environment 
are complex, and the environment is a major factor that strongly impacts the 
grain yield response of wheat to inoculation with Azospirillum species (Sala 
et al. 2007). With consideration throughout the article published dealing with 
Azospirillum and wheat response, various management methods can be outlined 
that can enhance promoting effect of Azospirillum on wheat production:

 1. Any physical or chemical treatments that the increased Azospirillum numbers in 
soil would be important factors.

 2. Strain selection is important. The strains used as Azospirillum inoculants for 
wheat would be important since the root exudate of wheat attracts specific strains 
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of Azospirillum. The same strains of Azospirillum that are isolated from the dis-
infected roots of the same plant have been mentioned to be much effective com-
pared to nonhomologous strains. Strains that establish within the root of crop 
may be successfully resulted in better yield positive responses of crop.

 3. Inoculation method may effect on the wheat performances to Azospirillum 
inoculation.

 4. Azospirillum cannot be a full replacement agent for chemical N fertilizers for 
wheat cropping. Azospirillum inoculation may result in increase yield and main-
tain actual yield standards when accompanied with N fertilizers applied.

 5. Chemical agent like 2,4-dichlorophenoxyacetic acid (2,4-D) has been reported 
to enhance Azospirillum beneficial performances toward wheat plant through 
nodule-like structures inducing.

 6. Wheat seed priming or exogenous application of wheat seed with hydrogen per-
oxide as a reactive oxygen species have been recently shown to enhance promot-
ing effect of Azospirillum on increased wheat production under dry land 
farming.
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Abstract
Over the last few years, a boom has been witnessed in the area of soil ecology 
which has produced numerous data on interactions between plant and rhizo-
spheric microbes. The plant-microbe interactions in the rhizospheric niche have 
proved to be crucial for the advancement of sustainable farming practices which 
decrease the usage of chemical fertilizers and pesticides. Root exudates are sub-
stances released by plant roots that show a significant role in mediating the plant-
microbe interactions in soil. These root exudates send chemical signals to 
microbes which in response are attracted towards the roots and influence growth 
of plants, soil properties, and microbial community. This chapter is focussed on 
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recent advancements in the utilization of root exudates in plant-microbe interac-
tions to enhance plant growth promotion. The plant-microbe interactions are cat-
egorized as beneficial or detrimental depending upon the characteristics of root 
exudates. This chapter also covers different types of root exudates and their func-
tion in modifying the exchanges between rhizospheric microbes and plants for 
the betterment of soil health and sustainable ecosystems.

18.1  Introduction

Soil, also known as a “black box,” inhabits diverse macro- and micro-community 
structures, and the rhizosphere is where contact between soil and roots is estab-
lished. Biological, physical, and chemical activities are affected by the compounds 
that the root exudes and microbes feed on (Kamilova et al. 2006; Kumar et al. 2007).

There is a group of chemical substances and signaling compounds produced by 
plants that help the plant to impart defensive mechanisms against pathogens and 
attract beneficial microbes (Haichar et al. 2008). The rhizosphere is representative 
of an extremely lively base of communication between roots, soil microorganisms, 
invertebrates, and neighboring root systems of competitor plants (Hirsch et al. 
2003). There are usually two sub-divisions to the rhizosphere: First is the endo- 
rhizosphere which contains the root cortex, epidermis, and root hairs. The second is 
the ecto-rhizosphere with root-connected soil compartments up to 5 mm in length 
(Fig. 18.1). Hence, this area has made an exciting zone for exploring associations 
between microorganisms and plants.

The prime role of the root is to provide anchorage and backing for the plant and to 
facilitate absorption and conduction of water and nutrients (Abbott and Murphy 2003). 
There is production of root hairs over epidermal cells in tap root and lateral root sys-
tems. They are specialized for absorbing water and nutrients from soil. Even though 
such root functions have been known for a long time, the diversity of root exudates 
present in the rhizosphere and their exact role in influencing microbial behavior is still 
unclear (Narula et al. 2009). Plant root exudates are essential parameters for structur-
ing the bacterial community in the rhizosphere (Walker et al. 2003a), performing key 
roles such as defending against pathogens (Abbott and Murphy 2003), and forming a 
basis for chemotaxis to mediate attraction and repulsion among particular microbial 
species and communities (Kumar et al. 2007). Root exudates also maintain moisture 
and wetting of the soil, mobilize minerals and nutrients, change the chemical charac-
teristics of the soil, provide stability to soil- aggregates surrounding the roots, and 
inhibit the development of neighboring competitor plants (Narula et al. 2009).

Plant roots continuously release a massive array of significantly beneficial low 
and high–molecular weight components in the rhizosphere like ions, oxygen, 
enzymes, water, mucilage, and a number of carbon-containing compounds as well 
as secondary metabolites (Nardi et al. 2000; Vishwakarma et al. 2016) which helps 
in complex biological and physico-chemical interactions occurring amongst plant 
roots and the near-by soil environment. The associations that involve rhizospheric 
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roots consist of root-microbe, root-invertebrate, and root-root interactions (Bais 
et al. 2001; Gleba et al. 1999).

Root exudates are divided into two separate categories of compounds, namely, 
Low and High molecular weight compounds.

 1. Low–molecular weight exudates consists sugars, organic acids, secondary 
metabolites, phenols, and the amino acids. This category comprises most of the 
diversity of root exudates (Rougier 1981).

 2. High–molecular weight compounds include proteins and polysaccharides (muci-
lage) and form less molecular diversity than the low–molecular weight category 
but they make up a huge percentage of total exudates (Abbott and Murphy 2003; 
Walker et al. 2003b).

Numerous phytotoxic components exuded from roots have been characterised 
like 7,8-benzoflavone from Acroptilon repens (Russian knapweed) (Stermitz et al. 
2003), (±)-catechin from Centaurea maculosa (spotted knapweed) (Bais et al. 
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Fig. 18.1 Sub-division of the rhizosphere showing different sections of roots

18 Root Exudates and Plant-Microbe Interaction



352

2002a), DIMBOA and DIBOA from Triticum aestivum (wheat) (Wu et al. 2000), 
juglone from Juglans nigra (black walnut) (Jose and Gillespie 1998), 8- hydroxy-
quinoline from Centaurea diffusa (diffuse knapweed) (Vivanco et al. 2004), sorgo-
leone from Sorghum spp. (Nimbal et al. 1996), and 5,7,4′-trihydroxy-3′,5′-  
dimethoxyflavone from Oryza sativa (rice) (Kong et al. 2004). A study by Bertin 
et al. (2003) have shown that differential expression of proteins that are exuded 
from the roots of the cowpea is in response to environmental conditions with their 
composition varying with respect to pH and ionic level within the root environment. 
In this research, western blotting and specific enzyme tests have been used to inves-
tigate the presence of defense proteins chitinase, LTPs, and β-1,3-glucanase in 
imbibed root exudates.

The root exudation process was earlier considered a passive process, but evi-
dence is now available for ATP-binding cassette (ABC) transporters forming the 
basis for phytochemical translocation in the rhizosphere. The evidence supports the 
fact that the plant is dynamically releasing metabolites in the surrounding soil 
(Loyola-Vargas et al. 2007; Badri et al. 2008). There are a number of factors on 
which constituents of root exudates depend; these include plant species and cultivar, 
phase of development, substrate to grow plant, and stress parameters (Uren 2000). 
For instance, root exudates of tomato, sweet pepper, and cucumber were shown to 
contain more organic acids (mainly succinic, citric, and malic acid) than sugars 
(fructose and glucose) when grown under gnotobiotic conditions (Kamilova et al. 
2006). There is accumulation of ubiquitous phenylpropanoids together with phylo-
genetically restricted glucosinolates in A. thaliana roots (Bednarek et al. 2005). 
There is also root-derived secretion and accumulation of many flavonoids, triter-
pene saponins, and isoflavonoids in the cell cultures of M. trunculata (Farag et al. 
2007; Huhman et al. 2005).

18.2  Importance and Function of Root Exudates

The major function that roots perform includes providing support and anchorage to 
the plant and facilitating conduction and absorption of water and nutrients (Abbott 
and Murphy 2003). There is production of root hairs over epidermal cells besides 
tap root and lateral root systems. They are specialized for absorbing water and nutri-
ents from soil.

The rhizosphere is considered to be supportive for a wide range of bacteria capa-
ble of accelerating the plant growth. These plant growth-promoting rhizobacteria 
(PGPR) work through a number of mechanisms that have N2-fixation or phytohor-
mone production (Barea et al. 2005).

18.2.1  Against Pathogenic Microorganisms

Plant-microbe communication is one of the most important interactions describing the 
below-ground zone. Root microbe interactions are influenced by some of the 
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chemicals recognized in the root exudates; these include the flavonoid signals observed 
in the exudates of legumes, which trigger the genes of R. melitoti responsible for 
nodulation. Such compounds can also be accountable for foundation of vesicular 
arbuscular mycorrhizal (VAM) (Becard et al. 1995). For instance, extraction of the 
Phytophthora cinnamoni cell wall triggers the release of a multifunctional caffeic acid 
ester i.e. rosmarinic acid (RA), identified in the root exudates of sweet basil cultures 
(Bais et al. 2006). Similarly, in a report by Brigham et al. (1999), Lithospermum eryth-
rorhizon was shown to produce cell-specific pigmented naphthoquinones.

The physiological state of plants is reflected by the constituents of their root 
exudates, which are further influenced by both abiotic and biotic parameters 
(Vishwakarma et al., 2017). For instance, energy is required for inducing expression 
of the plant defense. This demand for energy is well established for Arabidopsis, 
i.e., it requires substantial fitness costs to activate the defence responses (Van Hulten 
et al. 2006). As predicted by local reductions in photosynthetic activity, actuated 
plant defence need energy to form defence-related compounds (Berger et al. 2007; 
Bolton 2009). Salicylic acid treatment has been given to the roots of Arabidopsis, 
and a number of secondary metabolites were secreted, such as butanoic, ferulic and 
3-indolepropanoic acid. All of these show antibacterial activity in vitro at the levels 
identified in exudates against pathogens like Erwinia spp., Xanthomonas campes-
tris, and P. syringae (Walker et al. 2003a, b). On the other hand, P. fluorescens, 
which is non-pathogenic, was found to be less sensitive to those exudates.

A report by Mavrodi et al. (2012) shows the precise choice of plant growth pro-
tecting rhizobacteria under pathogen attack. It is supported by the results that 
DAPG-forming Pseudomonas were recruited by the wheat rhizosphere during irri-
gation, while dry conditions supported recruitment of phenazine producing 
Pseudomonas. G. graminis var. tritici is the chief soil-borne pathogen during irriga-
tion conditions of wheat, while Rhizoctonia solani pose more threat during dry situ-
ations. Of note, G. graminis var. tritici shows more sensitivity to DAPG and R. 
solani has more sensitivity towards phenazines. Hence, in circumstances favoring 
particular pathogens, plants select those antagonists that show more efficiency 
against those pathogens (Walker et al. 2003b).

18.2.2  Remediation of Heavy Metals

A significant proportion of soil contamination is represented by heavy metals. The 
main cause of metal pollution in soil is due to anthropogenic activities such as the use 
of fertilizers and pesticides containing metal and accumulation of industrial waste 
(Vishwakarma et al. 2017). The microorganisms residing in rhizospheric niche pos-
sess high microbial activity and therefore their utilization of the transformation of 
organic pollutants or removal of contaminants from soil need to be considered (Kothe 
et al. 2005). The remediation process of pollutants in soil and water takes place exte-
rior to the plant roots. Many organic pollutants are converted into nontoxic compounds 
by enzymatic actions of microorganisms, whereas several synthetic compounds 
known as being ”recalcitrant” are resistant to any kind of biological degradation.
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Bioaccumulation of several metals have been studied. Reports are available on 
the accumulation of metals such as cadmium, copper, and nickel on Streptomycetes, 
which denotes a group of Gram-negative bacteria found predominantly in poor and 
contaminated soils (Albarracín et al. 2008; Schmidt et al. 2005; Sineriz et al. 2009).

It was previously reported that the plant-microbe interaction in soils is greatly 
influenced by the presence of secondary metabolites existing in the root exudates. 
These secondary metabolites categorize the association between the individual 
microbe and plant as mutualistic, associative, or pathogenic. For example, Rhizobium 
spp. form a symbiotic association with legumes and are responsible for symbiotic 
nitrogen fixation. The interaction between the two organisms is facilitated in part 
through root-secreted flavones (Redmond et al. 1986).

Plant root exudates have a variety of functions that influence plant growth and 
also enhance the degradation process of soil contaminants. Some of the important 
functions of root exudates in the soil include influence on the nutrient cycling pro-
cesses, enhancement of the degradation organic matter, inhibition of the soil- 
nitrification process, and interference with the bacterial quorum-sensing response.

18.2.3  Availability of Soil Resources

Availability of phytosiderophores and plant nutrients: Some compounds that are 
found in the rhizosphere as a part of root exudates function as metal chelators and 
enhance the availability of metals such as iron, copper, zinc, and manganese for 
plant uptake (Lambers et al. 2009). It has also been shown that plants use metal 
chelators in root exudates to enhance nutrient availability for plant growth, for 
example, the function of graminoid phytosiderophores to transform Fe (III) to form 
Fe (III)-phytosiderophores, which is taken up by grasses more efficiently than other 
chelated forms of iron (Doornbos et al. 2012).

Organic acids and phosphorus availability: Organic acids for example citric, 
malic, and oxalic acid are an important part of root exudates, and also function as 
metal-chelators in the rhizosphere. More specifically, they are responsible for the 
solubilization of insoluble forms of phosphate rather than enhancing micronutrient 
availability (Bais et al. 2006). They form complexes with aluminum or iron in alu-
minum or ferric phosphates and release phosphates in the form that is taken up by 
plants (Dakora and Phillips 2002). The mechanism of phosphate solubilization is 
also reported where plants increase the secretion of carboxylate in the limiting con-
dition of P to solubilize adsorbed phosphate (Vance et al. 2003). Root exudates also 
play an important role in enhancing the activity of phosphate-solubilizing bacteria 
to increase the supply of P to the plant (Richardson et al. 2009, 2011).

C- and N- Bio availability: Microbial population in the rhizosphere is highly 
influenced by those plants that release different types of nutrients from their roots, 
which are then utilized by the microbes for their growth (Haichar et al. 2012; Baetz 
and Martinoia 2014). A compound named aminocyclopropane-1- carboxylic acid 
(ACC) that is secreted by plants is a precursor of ethylene formation and consumed 
as a C and N source by rhizospheric bacteria (Haichar et al. 2014).
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During nitrogen fixation, a less mobile NH4
+ is transformed to the highly mobile 

NO3
− during the process of nitrification. It ultimately influences plant nitrogen 

uptake because the NO3
− is vulnerable to loss by the denitrification process from the 

root surface (Subbarao et al. 2007). To improve nitrogen recovery in soils, it is 
important to regulate the nitrification step. An example of a nitrification inhibitor 
was discovered in the root exudates of forage grass (Subbarao et al. 2009).

18.2.4  Regulation of Chemotaxis

Chemotaxis, a phenomenon possessed by most of the motile bacteria, is defined as 
the process where a microorganism moves in response to chemical gradients. 
Chemotaxis is a well-defined process in the application of plant-microbe interac-
tions, where soil microbes get attracted towards plant roots (Kumar et al. 2007). The 
chemotactic response of microorganisms to root exudates performs a significant 
ecological function in plant-linked bacteria and constitutes the initiation of the 
interaction between roots and microorganisms. A study of Pseudomonas putida 
showing positive chemotaxis to maize-derived aromatic metabolites was also 
reported (Neal et al. 2012).

18.3  Plant Root-Microbe Interaction

Plant-microbe interactions show significant communications that characterize the 
different levels of soil. Root exudates represent an essential constituent mainly 
helps in maintaining communication between root-associated bacteria and plants. A 
broad range of chemical compounds and signaling molecules are produced by 
plants. Approximately 100,000 types of different substrates were produced by 
plants, which serve as chemotactic agents for microorganisms in plant systems 
(Bais et al. 2004b).

The unique bacterial communities in the rhizospheric region varies among plant 
species and through time (Baudoin et al. 2002). Separate root zones in a single plant 
can assist different bacterial populations, reflecting quantitative and qualitative vari-
ations in root exudation (Yang and Crowley 2000). Plants modify the rhizobacterial 
population by secreting different compounds, which range from single carbohy-
drate molecules to complex aromatic compounds (Kamilova et al. 2006; Cheng 
et al. 2014). The reaction of fungal communities to plants is not well documented, 
although many reports are available targeting mycorrhizal fungi. Similar to bacteria, 
root exudates are also utilized in maintaining fungal diversity and community struc-
ture (Innes et al. 2004). Therefore, it is concluded that the soil ecosystem helps in 
determining and modifying the rhizospheric microbiome (Garbeva et al. 2008; 
Lundberg et al. 2012).

A study presented by Broeckling et al. (2008) showed that root exudates from 
distinctive plant species such as arbuscular mycorrhizal fungi (AMF), nodulating 
legumes, and a nonmycorrhizal Brassicaceae may affect the diversity of fungal 
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communities of various types within the intact root biomass. The results obtained 
from the experiment carried out by Broeckling et al. (2008) signify that the regula-
tion of fungal communities by plant root exudates are completed through two differ-
ent mechanisms that target specific fungal phylotypes. The first mechanism is 
involved in reducing the relative fungal quantity via an antifungal property of the 
exudate or a chemical signaling mechanism that restricts their growth. The second 
mechanism positively regulates abundance either by enhancing chemical signals or 
by supplying appropriate nutrients for their growth.

18.3.1  Positive Impact

Plant-microbe soil interaction processes are considered to have a significant effect 
on plant growth by enhancing the supply of nutrients, fixing atmospheric nitro-
gen, increasing tolerance towards stress conditions, and enhancing resistance 
against plant pathogens by different classes of endophytic microbes and PGPR 
(Gray and Smith 2005). Some bacteria can also produce antibiotics and form bio-
films that protect them from potential phytopathogens, or degrade toxic com-
pounds produced by either plants or microbes (Bais et al. 2004a).

Plant root exudates perform several functions and play a significant role in 
root- microbe interactions. Activation of Rhizobium meliloti genes initiates nodu-
lation process with the help of compounds like, flavonoids present in exudates of 
leguminous plants. The colonization of VAM is also influenced by the composi-
tion of root exudates (Becard et al. 1995). The root exudates contain several phy-
toalexins and many defense proteins, which always protect the survival and 
growth of the delicate and unprotected root cells from pathogenic microorganisms 
(Flores et al. 1999).

18.3.1.1  Nitrogen Fixation
Gram-negative nitrogen-fixing bacteria have important plant-microbe interactions 
with leguminous plants (Morgan et al. 2005). Symbiotic relationships between rod 
shaped proteobacteria like Rhizobium, Bradyrhizobium, Sinorhizobium, 
Mesorhizobium, Azorhizobium, and Photorhizobium and infected legume plants are 
prominent in nature (Bloemberg and Lugtenberg 2001; Madigan and Martinko 
2006). Root nodules are formed when a suitable species of one of these rhizobia 
infects roots (Heidstra and Bisseling 1996), which is why leguminous crops around 
the world are being treated by these biofertilizers (Deaker et al. 2004). Nod factor, 
which is a bacterial substance, induces the penetration of rhizobia into root hairs 
(Perret et al. 2000). These bacteria follow root hair curlings to enter the plant root 
hairs and then trigger formation by the plant of a cellulosic tube known as an infec-
tion thread. These infection threads are then used as a way to spread all over the root 
hairs and infect adjacent root cells, which helps in triggering plant cell division. 
This continuous plant cell division later forms root nodules.

This rhizobia-legume communication is very specific, allowing only particular 
rhizobia strains to nodulate with particular host legumes. By using the lacz reporter 
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gene, Zhu et al. (1997) have shown in their study that Sinorhizobium meliloti effec-
tively nodulated species of the Trigonella, Medicago and Melilotus genera, while 
Rhizobium leguminosarum bv viciae produces nodulation in the Lathyrus, Lens, 
Vicia and Pisum genera via border cells.

In a study on non-legume Parasponia andersonii, a elm family member was 
nodulated by Rhizobium strain NGR234, which also nodulates 232 species of 
legumes (Pueppke and Broughton 1999). However, not every member of the legume 
family forms root nodules. For example, Caesalpinoideae are one of three non-
nodulating legume sub-families: Caesalpinoideae, Mimosoideae, and 
Papilionoideae. Nod genes are induced in Mesorhizobium loti by aldonic, ery-
thronic, and tetronic acid, which are all exuded by Lotus corniculatus (Morgan et al. 
2005).

Studies have shown that bacteria have the potential to recognize plant-derived 
compounds (flavonoids) that help in rhizobia-legume interactions through many 
molecular signaling pathways (Nagahashi and Douds 2003). Flavonoids can be both 
antagonistic and agonistic for rhizobia species (Cooper 2007). For example, 
Bradyrhizobium japonicum nod genes are induced by daidzein and genistein, isofla-
vonoids produced by soybean (Glycine max), but inhibit S. meliloti nod gene expres-
sion, whereas luteolin is an inducing agent in the case of S. meliloti nod genes 
(Peters et al. 1986).

These specificity powers allow rhizobia to differentiate other legumes from their 
hosts. Rhizobial chemotaxis as well as nod gene expression are induced by a spe-
cific flavonoid (Peck et al. 2006; Wang et al. 2012). RNA interference was used by 
Wasson et al. (2006) to silence chalcone synthase (CHS), which then inhibited nod-
ule formation. In M. truncatula, this enzyme catalyzes the initial dedicated step of 
the flavonoid pathway, which activates nod genes in S. meliloti. To achieve flavo-
noid accumulation and nodule development in plants, a supplementation of the fla-
vonoid precursors liquiritigenin and naringenin could be used as an inducer.

Another nitrogen-fixing association is found with tree roots and the Gram- 
positive, filamentous actinobacterial genus Frankia, which forms an intracellu-
lar nitrogen-fixing symbiosis with over 200 angiosperm species belonging to 
eight families. The best-known association of Frankia is with Alnus (Daniel 
et al. 2007).

This interaction between plants that belong to eight dicotyledonous families 
and the actinobacterium Frankia is known as “actinorhizal symbiosis,” collec-
tively called “actinorhizal” (Wall 2000). Frankia was inoculated in A. glutinosa 
to check the expression of genes coding for chalcone synthase (chs) and phenyl-
ammonia lyase (pal), which are involved in the biosynthesis of flavonoids 
(Hammad et al. 2003; Kim et al. 2003). A study analyzing the expressed 
sequence tag (EST) database of a nodule and a Casuarina glauca root led to the 
detection of eight genes responsible for enzymes involved in the biosynthesis of 
the flavonoid pathway (Auguy et al. 2011). Further study is needed to enhance 
the understanding of actinorhizal symbiosis and its relationship with Frankia 
cultivability. Such a study may provide important data on developmental biol-
ogy and plant-microbe interactions.
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18.3.1.2  Mycorrhizal Interactions
The symbiotic relationship between plant roots, fungi and soil is known as “mycor-
rhizae.” Greater than 80% of terrestrial plants form an association with AMF. AMF 
are obligate symbionts, which means they are incapable of finishing their life cycle 
with a lack of host roots. Highly crossed web-like structures are formed by fungi 
after penetrating plant roots. These branching structures are known as “arbuscules,” 
and they are thought to be the primary sites of nutrient interchange between roots 
and fungi (Akiyama and Hayashi 2006).

This branch formation by fungus is due to an inducing factor, which is a plant- 
signaling molecule that activates hyphal morphogenesis leading to successful root 
colonization (Buee et al. 2000; Giovannetti et al. 1996). Studies have shown that all 
the mycotrophic plants have this branch-inducing factor present in their root exu-
dates, but it was absent in non-host plants. A study on root exudate sesquiterpene 
identified from Lotus japonicas, a mycotrophic plant, has confirmed its role in acti-
vating hyphal branching in dormant mycorrhizal fungi (Akiyama et al. 2005). Ecto 
and endomycorrhiza are differentiated by their expansion around or inside root 
cells. Endomycorrhizal AMF are constantly found in relationship with roots and are 
therefore considered as obligate parasites. Unlike AMF, ectomycorrhiza belonging 
mainly to the basidiomycetes and not often to asco- or zygomycetes, are not obli-
gate biotrophs but can live saprophytically in soil.

VAM forms a tight and communally useful association between mycorrhizal 
fungus and plant roots. Metabolic changes are undergone by both host and AMF to 
meet each other’s needs. As a result, root exudation induced by VAM will enhance 
microbial community growth in the rhizosphere and have growth-promoting effects 
on plants. Mycorrhizal fungi get carbon from the host root while inorganic nutrients 
are taken up from the soil around the plant root, creating one of the best examples 
of a plant-microbe symbiotic relationship where both benefit. The fungus benefits 
through the continuous supply of organic nutrients from the plant while the plant 
functions physiologically well and competes effectively with other plant communi-
ties (Bago et al. 2003).

This fungus-plant association has some other advantages such as a phosphate 
solubilization property that makes phosphorous available to plants. This is why 
VAM is widely used as a biofertilizer in the field (Behl et al. 2007). AMF may dis-
tinguish the occurence of a well-matched host through their root exudates, similar 
to the method of recognition used by rhizobia (Nagahashi and Douds 2003). Also, 
AMF can provide phytohormones, which enhance plant growth. The main step in 
AMF maturation is the development of extraradical hyphae induced by signal mol-
ecules secreted by plants. These lead to the beginning of AMF-induced symbiosis 
(De Carvalho-Niebel et al. 2002). These signal molecules are known as “strigolac-
tones” (SLs), which acts as plant hormones (Koltai 2013). Currently, it is known 
that carotenoids are used to derive terpenid lactones like SLs (Matusova et al. 2005). 
Studies have shown that SLs are found in a broad different type of plant species, 
including primitive plants, dicots and monocots (Liu et al. 2009; Xie et al. 2010; 
Proust et al. 2011).
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18.3.1.3  Plant Growth Promotion
Number of studies are focussed on a new cluster of microbes due to their involve-
ment in increasing the productivity and health of crops. These microbes are called 
the PGPRs, they and affect crop yield and growth by releasing necessary com-
pounds that stimulate growth (Bloemberg and Lugtenberg 2001). The establishment 
of bacteria in the roots of plants takes place due to signals given by root exudates. 
These exudates, for example- sugars, amino acids, etc., further rouse PGPR chemo-
taxis over the surface of roots and impact the motility of flagella in some bacteria 
(Somers et al. 2004).

Phytostimulators are secreted by some rhizobacteria that directly add to the 
growth of the plant. Azospirillum sp., despite its nitrogen-fixing properties, also 
releases phyto-hormones like auxins, gibberellins, and cytokinins (Steenhoudt and 
Vanderleyden 2000). Root exudates help PGPRs by supplying the precursors for 
biotransformation. For example, the root exudate tryptophan is a precursor for an 
important auxin, i.e., IAA (indole acetic acid), which is exploited by rhizobacteria 
(Cooke et al. 2002). A study also reported the presence of sugars and amino acids in 
Avena barbata root exudates.

There also exists an indirect mechanism for plant growth through suppression of 
the capacity of phyto-pathogens. This mechanism involves the capability of bacteria 
to produce siderophores (Parez-Miranda et al. 2007). Siderophores chelate iron 
hence making it unavailable to pathogens. Other mechanisms include production of 
anti-fungal metabolites, enzymes to degrade the cell wall, and hydrogen cyanide 
(HCN) to retard the growth of fungal pathogens.

Apart from indirect mechanisms, there are also certain direct ones. These include 
atmospheric nitrogen fixing to make it available to plants, formation of sidero-
phores, phosphate solubilization and mineralization, and production of phyto- 
hormones (Page 1987; Guan and Kamino 2001).

18.3.2  Negative Impact

A number of secondary metabolites have been identified, and their properties with 
respect to the rhizosphere have been elucidated.

18.3.2.1  Inhibition of Pathogenicity by Secreting Antimicrobials
Soil microbial communities including pathogens are thought to be attracted by 
plants when compounds are exuded from plant roots. There is a wide variety of 
chemo-diversity in root exudates and a continuous search is on for the identification 
of suitable antimicrobials.

For instance, an extract of the cell wall from Phytophthora cinnamoni leads to 
the precipitation of release of rosmarinic acid (RA), a multifunctional caffeic acid 
ester, identified in the root exudates of sweet basil cultures (Bais et al. 2006). Root 
cultures of basil were also shown to exude RA when challenged in situ with Pythium 
ultimum, which further demonstrates antimicrobial activity against a number of 
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soil-borne pathogenic microbes like Pseudomonas aeruginosa (Bais et al. 2002b). 
A similar study carried out by Brigham et al. (1999) showed that upon elicitation, 
pigmented naphthoquinones were released by hairy root cultures of Lithospermum 
erythrorhizon followed by many other biological activities against pathogens. 
Knowing the demonstrated antimicrobial activities of RA and naphthoquinones, 
root exudates can signify their importance in protecting the rhizosphere from patho-
genic microbes.

18.3.2.2  Antimicrobials
There are certain compounds to which the bacterial pathogenic microbes causing 
disease and infection in roots were known to be resistant. Such compounds can find 
their role in providing defense against non-host pathogens (Haichar et al. 2012). For 
instance, phenyl propanoid is one such compound that has been shown to be consid-
erably higher in roots challenged by non-host-pathogenic bacteria, i.e., non-host 
Pseudomonas syringae strains, in comparison to host-pathogenic bacteria, i.e., P. 
syringae pv. tomatoDC3000. It is released in reaction to attack by pathogens.

Lanoue et al. (2010) observed that the root system of Barley (Hordeum vulgare) 
released some phenol compounds that have antimicrobial activity when subjected to 
infection with Fusarium graminearum. Earlier, in a report by Vaughan et al. (2013), 
it was observed that uninfected A. thaliana roots were constitutively producing and 
releasing a diterpene called “rhizathalene A.” It was also shown that plants that are 
not producing this compound are found to be more vulnerable to be attacked by 
herbivorous insects.

The synthetic analogue of strigolactone, i.e. GR24, has been found to inhibit the 
growth of a wide varieties of phytopathogenic fungi in the growth medium (Dor 
et al. 2011). This indicates that released strigolactones can have either direct or 
indirect effects on their natural enemies by altering hormonal defense pathways 
along with contributing to the below-ground biotic stress response to plants (Dor 
et al. 2011; Torres-Vera et al. 2013; Baetz and Martinoia 2014).

Another set of compounds that can show antimicrobial activity towards a number 
of organisms are biosurfactants. They show antimicrobial activity against pathogenic 
oomycetes Pythium and Phytophthora, the fungus Rhizoctonia, in addition to various 
Gram-positive and Gram-negative bacteria that pose pathogenicity to humans like 
Staphylococcus aureus and Proteus vulgaris (Raaijmakers et al. 2006; Das et al. 2008). 
There are a number of secondary metabolites secreted by the roots of Arabidopsis 
when given treatment with salicylic acid (Walker et al. 2003a, b). Such compounds 
involve butanoic acid, ferulic acid, and 3-indolepropanoic acid. All of them were 
shown to display in vitro antibacterial activity against the pathogens Erwinia, 
Xanthomonas campestris, and P. syringae in the amounts found in root exudates.

18.3.2.3  Quorum Sensing
Quorum sensing (QS) is the capability of bacteria to develop communication and 
coordination of behavior through signaling molecules. It is a controlling process 
through which bacteria examine their growth. During growth, signal molecules are 
subsequently released by bacteria (Xuesong et al. 2003). Quorum-sensing systems 
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are possessed by both Gram-negative and Gram-positive bacteria. They comprise 
significant plant pathogenic bacteria, namely Erwinia spp., Pseudomonas spp., and 
Agrobacterium spp., and control the expression of the number of genes that are 
necessary for creating pathogenesis (Fray 2002). QS is the phenomena by which 
production and release of the virulence parameters are regulated in several bacterial 
pathogens.

There is a difference in the detection of chemical signals in Gram-positive and 
Gram-negative bacteria, i.e. α-homoserine lactones (AHLs) are for Gram–negative 
bacteria whereas peptide auto-inducers are for Gram–positive bacteria. The mecha-
nism of QS was first defined in Vibrio fischeri (an aquatic bacteria) through the signal-
regulated induction of lux genes responsible for bioluminescence. This process is 
dependent on density. Normally there is constitutive synthesis of a basic level of AHLs 
until the levels reach a threshold value. This threshold is a point at which such mole-
cules start acting as ligands for the global transcription regulator LuxR/LuxR-like pro-
teins. These proteins are thought to activate many genes controlled by QS involving 
virulence factors. The rhizosphere has high levels of AHL-forming bacteria in com-
parison to bulk soil, showing their important role in colonization (Elasri et al. 2001).

The very first defined examples of QS mimicking plant-secreted compounds 
were halogenated furanones produced by Delisea pulchra (marine red algae) 
(Givskov et al. 1996). Such compounds are shown to be structurally similar to 
α-homoserine lactones. Certain bioactive components were found to be present in 
the root exudates of Pisum sativum (pea) that mimic AHL signaling in fully charac-
terized reporter strains of bacteria. Through the regulation of AHLs these compo-
nents can help with stimulation of behaviors in some strains and cause the inhibition 
of behaviors in others (Teplitski et al. 2000).

In a study carried out by Fray (2002), it was demonstrated that pathogenicity was 
re-established in AHL-producing transgenic tobacco plants to an avirulent AHL- 
deficient Erwinia carotovora mutant. In addition to the release of AHL-mimicking 
compounds, Rasmussen et al. (2005) revealed certain quorum sensing inhibitors 
(QSIs) in garlic extracts that are specific to the QS-controlled virulent genes in P. 
aeruginosa analyzed by gene chip-based transcriptomics.

Hence, it is likely that roots have the capability to develop defense strategies with 
the help of several secreted molecules in the rhizosphere. These secreted molecules 
obstruct the QS responses of bacteria like mimicking, blocking the signals, and 
secreti ng enzymes to degrade signals and thus induce chemical-attenuation of 
pathogens (Rasmussen and Givskov 2006; Defoirdt et al. 2010).

18.4  Root–Invertebrate (Nematode) Interaction

Root exudates are considered to be a well-known source of carbon for microorgan-
isms residing in soil allowing profound populations to exist in the rhizosphere. The 
value and amount of carbon and other nutrients released in the rhizosphere, the micro-
bial community structure surrounding the roots, and the effects on microorganism- 
nematode association, all are significantly influenced by the species of plant and the 
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environmental conditions. The interaction between plants and invertebrates as facili-
tated by chemical signals has mainly been studied in leaves and stems, whereas the 
interaction between roots and invertebrates has just begun to be explored.

By utilizing a 14C pulse-labelling practice, Yeates (1999) observed that there was 
a substantial upsurge in fixing of label C via photosynthesis in the soil microbial 
biomass after infecting the roots of white clover (Trifolium repens) with Heterodera 
trifolii and numerous other nematodes (Nobili et al. 2001). This outcome suggests 
that infection by parasitic nematodes in white clover plant liberates additional 
organic compounds in the rhizosphere in general. Similarly, M. incognita infection 
in the roots of tomatoes led to an increased amount of water-soluble 14C and metal 
ions in its exudates as compared to healthy plants.

The majority of the information about communication between microorganisms 
and nematodes was the result of research done on rhizobia, mycorrhizal fungi, and 
plant pathogens (Baetz and Martinoia 2014). Such studies evidently demonstrate 
the complex tri-trophic webs wherein competition, addition, and synergistic interac-
tions take place between nematodes and microbes in order to affect the plant host.

18.5  Root- Root Interaction

Even though there have been significant improvements in the understanding of root 
functions in the past decade, the complex associations arising at the interface of root 
and soil involving root exudation are still beginning to be investigated.

There are three modes of interference,namely resource competition, chemical 
interference, and/or parasitism, and the root exudates have the ability to affect all 
three of them. Root exudates have been shown to exhibit the properties of phytotox-
ins in order to mediate chemical interference for several species of plant. Natural 
compounds derived from plants to facilitate plant defense are termed allelochemi-
cals; allelopathy is described as the phenomena in which bioactive secondary com-
pounds are produced and released by the plants in order to affect the development 
of neighboring plant species (Weston et al. 2012). Allelochemicals that are secreted 
as root exudates are shown to penetrate the rhizosphere just after their secretion 
(Inderjit 2001). These chemicals are thought to be liberated in bulk but are subjected 
to sorption (physical), metal oxidation (chemical), and microbial degradation (bio-
logical) within the rhizosphere (Narula et al. 2009).

The allelochemicals released by roots are shown to reduce the growth of neigh-
boring plants as well as suppress pathogenic microbes, insects, and herbivores. 
Nowadays, it is possible to characterize very small quantities of secondary bioactive 
compounds in the rhizosphere as well as study their metabolism and secretion in the 
soil (Mohney et al. 2009).

In one study, Sorghum spp., including johnson grass (Sorghum halpense L. Pers.) 
and sorghum sudan grass hybrid (Sorghum bicolor × Sorghum sudanese) produced 
ample amounts of potential allelochemicals in their exudates. Sorghum exudates 
when chemically characterized reveal many related long-chain hydroquinones that 
include sorgoleone with its resorcinol-analogue. These compounds are found to 
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deter the growth of neighboring plants by inhibiting processes like photosynthesis 
and respiration (Czarnota et al. 2003; Dayan et al. 2009). Similarly, limited growth 
of weeds was observed in agricultural systems with Triticum aestivum (Wu et al. 
2000) and Oryza sativa (Kong et al. 2004) in the presence of DIBOA and 
5,7,4′-trihydroxy-3′,5′-dimethoxyflavone, respectively. In the maize rhizosphere, 
there was enhancement in the population of P. putida with valuable and positive 
characteristics gained as a result of exudation of benzoxazinone DIMBOA 
(2,4-dihydroxy-7-methoxy-1,4- benzoxazin-3-one) (Neal et al. 2012).

A secondary metabolite released from the roots of Centaurea maculosa (knap-
weed) sets up a standard example of an exudate compound displaying negative root- 
root interaction in the rhizosphere. The intrusive behavior of knapweed into the 
rhizosphere was due to the phytotoxin released by roots, i.e. (±)-catechin. 
Interestingly, (−)-catechin was found to show allelochemical activity, while (+)-cat-
echin was shown to inhibit soil-borne bacteria (Perry et al. 2005). This study clearly 
shows that one root exudate can exhibit different properties such as autotoxicity and 
allelopathy in a plant species.

There are a few plants that prevent the inhibition of phytotoxin by changing their 
structure chemically. For instance, N-glucosylation is the pathway on which Zea 
mays (corn) depends in order to nullify the influence of DIMBOA, DIBOA, and 
BOA, phytotoxins that are released in the rhizosphere by Triticum aestivum (wheat) 
and many other grasses.

Root exudates are crucial in advancing the interaction between a parasitic plant and 
its host, where the interaction is considered negative for host and positive for parasite 
(Weston et al. 2012). The secondary metabolites released by the roots act as chemical 
messengers and are often utilized by plants for initiating the growth of invasive organs 
like haustoria needed for heterotrophic progression (Walker et al. 2003a).

Well-established physical associations between host and parasite are known for 
many obligate parasites such as Striga spp., witchweed, Orobanche spp., and 
broomrape (Palmer et al. 2004). A number of major food crops are parasitized by 
plants belonging to Scrophulariaceae, for example maize (Zea mays), sorghum 
(Sorghum bicolor), millet (Panicum milaceum), rice (Oryza sativa), and legumes. 
This family is known for invading the roots of surrounding plants in order to parasit-
ize them for water, minerals, and other important nutrients (Yoder 2001).

Many exudates show positive responses in defense of neighboring plants in order 
to diminish the population of herbivores by drawing them indirectly towards aberrant 
plants. For example, infection of V. faba plants led to secretion of root exudates that 
are shown to regulate the green-leafy volatile formation in uninfected V. faba plants, 
thereby attracting the aphid parasitoids to the already infested V. faba (Du et al. 1998).

18.6  Conclusion and Future Prospects

Current studies are still at the learning phase about the multifaceted communication 
between root of the plants and their extremely varied and active micro-flora. It’s 
capability that enables plants to respond differently to pathogenic and beneficial 
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microbes is of utmost importance for their survival. Sorting out the molecular chem-
istry of plant and microbial relations will not only give the opportunity to make 
changes in plant defense for human advantage, but also to promote establishment of 
helpful rhizospheric microbes. Therefore, modelling novel techniques and proce-
dures in order to investigate rhizospheric ecological parameters under inherent condi-
tions is urgently needed. Finally, capturing knowledge about plant growth-promoting 
rhizobacteria and root exudation, from genetic to the ecosystem level, will actually 
help in improvement of plants in terms of absorption of nutrients, detoxification of 
soils, and protection against invasive weeds and microbial pathogens.
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Abstract
Mycorrhizal fungi are a wide ranging group of heterogeneous fungal taxa found to be 
allied with the roots of over 90% of all plant species. Among several types of mycor-
rhizal associations, two types are of high ecological and economic importance, i.e. 
arbuscular and ectotrophic mycorrhizal interactions. We have given a brief account 
on habitat, host specificity, and structural components of these mycorrhizal groups. 
An elaborated discussion on mineral absorption, different absorption pathways and 
the mechanisms involved has been presented in this chapter. Besides improving plant 
uptake of mineral nutrients already present in soil, many mycorrhizal fungi play a 
significant role in mobilizing nutrients either from organic substrate, mineral parti-
cles or rock surface. Mycorrhizal fungi take on several mechanisms to accomplish 
the function successfully, such as enhanced absorbing area of plant roots, release of 
biochemicals and consortium with other microorganisms. In addition to mobilizing 
nutrients, mycorrhizal fungi also serves as an important C sink in the soil, thus having 
an important influence on the cycling of these elements. The contributions of each 
partner in a mycorrhizal association are starting to be revealed by the use of molecu-
lar and genetic tools, coupled to high-throughput sequencing and advanced micros-
copy. Signalling pathways between plants and fungi have now been marked out, and 
the recognition of various novel nutrient transporters has unveiled some of the cel-
lular processes that are fundamental to the mycorrhizal symbiosis. Different trans-
porters, especially proton-coupled phosphate transporters, have been recognized on 
both the plant and fungal membranes and contribute to delivering phosphate from 
fungi to plants. Although much work has been previously done on several aspects of 
such symbioses, the extent to which they are functionally important in agriculture 
remains unclear. We are in urgent need to focus on the questions, the answers of 
which will give the new perspectives on mycorrhizal function.
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19.1  Introduction

Little things run the world especially when the case is of getting plants established. 
Under natural environment, plants remain closely associated with soil organisms 
called mycorrhizal fungi. These fungi colonize plant roots and stretch the root sys-
tem into the surrounding soil. Surprising amounts of mycorrhizal filaments are 
found to be present in healthy soil. A very small portion of soil associated with 
vigorously growing plants may contain several miles of fungal filaments. The rela-
tionship is advantageous because the plant enjoys improved nutrient and water 
uptake, disease resistance and superior survival and growth (Fig. 19.1).

The term ‘mycorrhiza’ was proposed by a German scientist, A. B. Frank, more 
than 100 years ago. Literally the word ‘mycorrhiza’ means fungus root, and it 
describes the mutualistic association existing between a group of soil fungi and 
higher plants (Habte 2000). The association is based on symbiotic interaction taking 
into account a bidirectional trade of resources across the mycorrhizal interface. The 
mycorrhizal fungus supplies the host plant with nutrients, such as phosphate and 
nitrogen, and increases the abiotic (drought, salinity, heavy metals) and biotic (root 
pathogens) stress resistance of the host, and in turn, the host plant transfers between 
4% and 20% of its photosynthetically fixed carbon to the mycorrhizal fungus 
(Wright et al. 1998). Fossil records point out that mycorrhizal interactions devel-
oped about 400–450 million years ago (Smith and Read 2008) and that they played 
a critical role in the colonization of land by plants. Although mycorrhizal associa-
tions came to light over 100 years ago, their importance in plant productivity did not 
receive due recognition until the past 50 years, molecular biology got advanced and 
gave insight into the mechanism of action of mycorrhizal fungi. At present, thou-
sands of scientists all over the world are involved in the study of mycorrhizal asso-
ciations, and any discussion of plant productivity that does not include mycorrhizal 
associations can barely be regarded as complete (Habte 2000). Approximately 90% 
of all known land plant species form mycorrhizal association with ubiquitous soil 
fungi (Bonfante and Genre 2010). In contrast to mutually beneficial mycorrhizal 
association, some mycoheterotrophic plants (approximately 400 plant species from 
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Fig. 19.1 Diagrammatic representation of 
association between plant and fungus and 
their combined sharing of nutrients
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different plant families, such as bryophytes, pteridophytes, and angiosperms) 
depend on mycorrhizal fungi for their carbon supply. These plants have lost their 
photosynthetic potential and parasitize mycorrhizal fungi associated with nearby 
autotrophic plants (Bücking et al. 2012).

In this chapter, the main emphasis is being given on mutually beneficial arbuscu-
lar and ectotrophic mycorrhizal interactions, as they are of high economic and eco-
logical significance (Marschner and Dell 1994). Arbuscular mycorrhizal fungi can 
be considered as ‘biofertilizers and bioprotectors’ in environmentally sustainable 
agriculture due to their ability to colonize and benefit a wide variety of food and 
cash crops. Ectomycorrhizal fungi, on the other hand, colonize a fewer number of 
plant species, but act as symbiotic partners of tree and shrub species and play a lead-
ing role in forest ecosystems (Finlay 2008) and could be a pivotal component in 
phytoremediation and/or revegetation applications (Bücking 2011; Giri et al. 2005).

19.2  Occurrence and Host Specificity of Mycorrhizal Fungi

AM fungi belong to six genera within the azygosporous zygomycetes. On the other 
hand, most ectomycorrhizal fungi belong to several genera within the class 
Basidiomycetes, while some belong to the zygosporic zygomycetes and ascomycetes. 
AM fungi are very effective in taking up inorganic phosphorus (P) and thus dominant 
in warm, dry climates where P is often a limiting factor. AM associations exist in a 
wide range of tropical and temperate tree species. They are found to have little speci-
ficity of association with host species (Bücking et al. 2002). These associations are 
known not to exist only in a few plants, namely, members of the families Amaranthaceae, 
Pinaceae, Betulaceae, Brassicaceae, Chenopodiaceae, Cyperaceae, Juncaceae, 
Proteaceae and Polygonaceae. EM fungi are more efficient in taking up N than AM, 
and they are the most common in the boreal zone and the humid parts of the temperate 
zone, where the low temperatures and high humidity promote the accumulation of 
organic matter, decreasing pH and low N availability (Kilpeläinena et al. 2016). 
Ectomycorrhizal fungi associates with a comparatively lower portion of all plant spe-
cies, perhaps only about 3%, but this 3% represents the majority of tree of the temper-
ate and boreal forests (particularly the plant families Fagaceae and Pinaceae), so, in 
terms of land area, the majority of the earth’s forests are reliant on ectomycorrhizal 
fungi (Habte 2000; Smith and Read 2008; Bonfante and Genre 2010).

19.3  Structural Variability Among Mycorrhizal Fungi

Of the many types of mycorrhizal association, two are of major economic and eco-
logical importance: endomycorrhizal association of the arbuscular (AM) type and 
ectomycorrhizal associations. Arbuscular mycorrhizal (AM) and ectomycorrhizal 
(ECM) interactions vary in their structural attributes and also in the plant and fungal 
species they include.
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In ECM, the fungi intrude the cortical portion of the host root without penetrat-
ing cortical cells. They are also known as ‘sheathing mycorrhiza’ due to the forma-
tion within the root of a hyphal network known as the ‘Hartig net’ around cortical 
cells and a thick layer of hyphal mat on the root surface known as sheath or mantle, 
which covers feeder roots. Infection of host plants by ectomycorrhizal fungi usually 
leads to alterations in feeder roots that are visible to the naked eye (Genre 2010). 
Feeder roots colonized by the fungi are thicker and more branched than uncolonized 
roots and also are differently coloured. Generally, ectomycorrhizas are formed 
between fine roots and dikaryotic mycelia originating from the fusion of two differ-
ent monokaryotic hyphae germinated from spores. The characteristic fungal sheath 
(the mantle) adheres to the root surface and consists of aggregated hyphae. This 
mycelium is linked to extramatrical hyphae that explore the substrate and are 
responsible for the mineral nutrition and water uptake of the symbiotic tissues. 
From the inner zone of the mantle, some hyphae penetrate between the root cells to 
form an interface called the Hartig net, where metabolites are exchanged. The 
hyphae always remain apoplastic and can colonize the epidermal (angiosperms) and 
the cortical cell (gymnosperms) layers. Root cells surrounded by hyphae are still 
alive, as in arbuscules (Barker et al. 1998).

Non-mycorrhizal ECM-Angiosperms

ECM-GymnospermsAM

Fig. 19.2 Main structural differences between AM and ECM associations of angiosperms or gym-
nosperms (Adapted from: © Bücking et al. 2012. Published in [short citation] under CC BY 3.0 
license. Available from: http://dx.doi.org/10.5772/52570)

A. Sumbul et al.
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In AM fungi, the fungi penetrate the cortical cells and form clusters of finely 
divided hyphae known as arbuscules in the cortex. In some cases (called as VAM), 
they also form vesicles, which are membrane-bound organelles of diverse shapes, 
inside or outside the cortical cells. Arbuscules are believed to be the sites where 
materials are exchanged between the host plant and the fungi. Vesicles have dual 
function, they generally serve as storage structures, and when they are old, they can 
act as reproductive structures. Vesicles and arbuscules, together with large spores, 
comprise the characteristic features of the VA mycorrhizas. Vesicles are not always 
visible in such types of mycorrhizal associations; some scientists propose the desig-
nation arbuscular mycorrhiza (AM), more preferable over the term vesicular- 
arbuscular (VA) mycorrhiza. Both AM fungi and ectomycorrhizal fungi extend 
hyphae from the root into the soil, and these external (or extraradical) hyphae are 
responsible for translocating nutrients from the soil to the root (Fig. 19.2).

19.4  Nutrient Uptake Pathways in Mycorrhizal Roots

There can be two pathways through which plants absorb nutrients from the soil 
(Smith et al. 2011): ‘plant pathway’ that includes the unmediated uptake of nutrients 
from the soil by the root epidermis and its root hairs and the ‘mycorrhizal pathway’ 
that includes the uptake of nutrients through extraradical mycelium of the fungus and 
the transfers to the Hartig net in ECM association or to the intra-radical mycelium in 
AM association and the uptake by the plant from the interfacial apoplast (Harrison 
et al. 2002). The uptake of nutrients from the soil via the plant pathway, however, is 
often restricted by the low mobility of nutrients in the soil (Bücking and Kafle 2015). 
AM and ECM roots vary in their structural attributes, and this difference has connec-
tion with slightly different mode of nutrient uptake in AM or ECM plants.

AM roots do not form a fungal sheath and can presumably utilize both pathways 
for nutrient uptake (Bücking et al. 2012). It has previously been suggested that in 
the AM symbiosis, both uptake pathways act combined (Bücking and Kafle 2015). 
This led to the assumption that the uptake via the mycorrhizal pathway can be 
avoided when nutrient availability in the soil is high and mycorrhizal plants not 
always show a positive growth response. This view, however, has now become con-
troversial (Smith and Read 1997; Smith et al. 2009, 2011), and it has been asserted 
that the mycorrhizal pathway can dominate the total P uptake and that the true con-
tribution of the mycorrhizal pathway to total P uptake can be ‘hidden’ (Smith et al. 
2003; Nagy et al. 2009). Plant P transporters that are involved in the uptake via the 
plant pathway are down-regulated in response to the AM symbiosis (Harley and 
Smith 1983; Chiou et al. 2001; Grunwald et al. 2009), while mycorrhiza-specific 
transporters that are involved in the P uptake from the mycorrhizal interface are 
induced (Xu et al. 2007; Paszkowski et al. 2002).The benefaction of both the path-
ways to total P uptake also relies on the plant and fungal species. Zhang et al. (2015) 
demonstrated that Rhizophagus irregularis was more efficient in P absorption than 
Acaulospora longula and Gigaspora margarita in Lotus japonicas. Grunwald et al. 
(2009) has demonstrated that Glomus intraradices has the highest ability to 
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suppress the expression of plant P transporters of the plant pathway, while G. mos-
seae had the least effect. Such facts advocate that the contribution of the mycorrhi-
zal pathway to nutrient acquisition also relies on the efficacy with which both 
partners interact and exchange nutrients across the mycorrhizal interface (Bücking 
et al. 2012).The suppression of the plant pathway by AM fungi can result in growth 
reductions in mycorrhizal plants when the mycorrhizal pathway does not repay for 
the depressed uptake by the plant pathway (Smith and Smith 2011).It has been 
hypothesized that the AM fungus could use the downregulation of the plant path-
way to enhance its C availability. A greater dependency on the mycorrhizal pathway 
for nutrient acquisition has been shown to motivate the C distribution to the root 
system (Nielsen et al. 1998; Postma and Lynch 2011) (Fig. 19.3).

Fig. 19.3 Nutrient uptake pathways in mycorrhizal roots (Adapted from: © Bücking et al. 2012. 
Published in [short citation] under CC BY 3.0 license. Available from: http://dx.doi.
org/10.5772/52570)

A. Sumbul et al.
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In ectomycorrhizal tree species, most of the root surface is composed of the 
areas that are not useful in nutrient acquisition, and the zones that contribute in 
nutrient acquisition such as the non-mycorrhizal white or ECM roots represent 
only 2% and 16% of the total root length, respectively (Taylor and Peterson 2002). 
In such cases the impact of fungal mantle that surrounds root tips is most critical 
(Taylor and Peterson 2005). If the fungal mantle does not allow the nutrient ions 
to permeate through it, the underlying root tissue would be detached from the soil 
solution, and these roots would be solely dependent upon the mycorrhizal path-
way for nutrient acquisition. ECM fungal species and the structure and properties 
of the mantle decide if the fungal sheath represents an apoplastic barrier. Taylor 
and Peterson (2005) conducted an experiment related to the assessment of the 
permeability of Pinus banksiana/Hebeloma cylindrosporum fungal mantle to both 
berberine and radioactive sulphate ions. They found that the fungal mantle was 
completely impermeable to tracer dye. The fungal mantle also proved to be imper-
meable to sulphate over a 24-h exposure period. These results suggested that the 
plant may be highly dependent on the fungus to supply mineral nutrients as there 
is little plant tissue capable of nutrient absorption outside the fungal mantle. Some 
other fungi have been shown to release hydrophobins during ECM development 
(Coelho et al. 2010). Hydrophobins, the small hydrophobic proteins that are 
involved in the fastening of hyphae to surfaces, can also enhance the water imper-
meability of the fungal sheath (Unestam 1991; Unestam and Sun 1995). Due to 
the fact that only 2% of the root surface of pines is non-mycorrhizal and that the 
ERM of an ECM fungus can represent up to 99% of the nutrient-absorbing surface 
length of pine roots (Rousseau et al. 1992), ECM tree species such as pines are 
considered to be highly dependent on their fungal associates (Ouahmane et al. 
2009; Brundrett 2002), and it can be considered that the mycorrhizal pathway 
plays an even more important role for nutrient uptake in ECM root systems than 
in AM root systems (Bücking et al. 2012).

19.5  Possible Mechanisms of Nutrient Acquisition 
by Mycorrhizal Fungi

Mycorrhizal fungi are able to absorb and transport all of the 15 major macro and 
micronutrients essential for plant growth. Mycorrhizal fungi produce powerful 
chemicals into the soil that dissolve hard to arrest nutrients such as phospho-
rous, iron and other ‘tightly bound’ soil nutrients. This whole process is 
immensely important in plant nutrition and gives the idea why non-mycorrhizal 
plants require high levels of fertility to maintain their health. Mycorrhizal fungi 
form an intricate web that captures and assimilates nutrients conserving the 
nutrient capital in soils. In non-mycorrhizal conditions, much of this fertility is 
wasted or lost from the system. Mycorrhizal associations may affect the mineral 
nutrition of the host plant directly by improving plant growth through nutrient 
acquisition by the fungus, or indirectly by modifying transpiration rates and 
composition of rhizosphere microflora (Marschner and Dell 1994), by nutrient 
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mobilization from organic substrates (Finlay 2008), by enhancing fertilizer use 
efficiency (Jeff and Taylor 2005) or by beneficial association with other micro-
organisms (Finlay 2008) (Table 19.1).

Two major steps are involved in nutrient acquisition and delivery of nutrients via 
mycorrhizal association:

 1. Mobilization and absorption by fungal mycelia
 2. Transfer of mobilized nutrients across fungus–root interface

19.6  Mobilization and Absorption of Nutrients

Besides the hyphae in direct contact with the root surface, all mycorrhizal fungi 
develop mycelium (extramatrical mycelium) which extends from the infected root 
surface into adjoining soil. Both arbuscular mycorrhizal and ectomycorrhizal fungi 
produce enormous amount of extramatrical mycelium, with arbuscular mycorrhizal 
mycelia extending several centimetres from the infected root surface and ectomy-
corrhizal mycelium potentially spreading for up to several meters (Goltapeh et al. 
2008). In either case, the mycelium spread well beyond the nutrient depletion zone 
for immobile nutrients around individual roots and exhibit a complex framework 
that renders it an effective nutrient collecting network (Schachtman et al. 1998; 
Bücking and Heyser 2001; Goltapeh et al. 2008). Extramatrical mycelium is an ele-
ment of mycorrhiza which efficiently excavate bulk soil for scanty nutrients and 
translocates acquired nutrients to the fungus root interface where transfer to the host 
plant is affected (Bücking and Kafle 2015). Extramatrical mycelium of many ecto-
mycorrhizal fungi spread as a diffuse mat of individual hyphae forming a complex 
linear multi-hyphal structures known as rhizomorphs. Hyphae up to 35 μm in diam-
eter at the centre of rhizomorphs lack cell walls and perform an important function 
in transport of inorganic nutrients or photoassimilates. On the other hand, diffuse 
hyphae (diameter 1–5 μm) at the growing front of arbuscular mycorrhizas provide 

Nutrient
transported VAM ECM

P + +
NH4

+ + +
NO3 − +
K + +
Ca + −
SO4

+ + −
Cu + −
Zn + −
Fe − +

Adapted and modified from Marschner and Dell (1994)

Table 19.1 AM and ECM 
responsible for transport of specific 
class of nutrients

A. Sumbul et al.



379

an extensive surface area for nutrient absorption, while larger diameter hyphae (up 
to 10 μm) accounts for an excellent translocatory infrastructure for effectively trans-
ferring solutes from bulk soil through the rhizosphere to root surfaces (Ravnskov 
and Jakobsen 1995). In addition to improving plant uptake of mineral nutrient 
already present in soil, many mycorrhizal fungi may play a significant role in mobi-
lizing nutrients either from organic substrate (Hodge and Fitter 2010), mineral par-
ticles or rock surface (Finlay and Rosling 2006).

Many mycorrhizal fungi may play a valuable role in the mobilization of nutrients 
such as N and P from structural and other polymers which are otherwise unavailable 
to plant roots. Extraction of N and P by mycorrhizal fungi from a range of organic 
substrates such as pollen (Perez-Moreno and Read 2001a; Finlay 2008), dead nema-
todes (Perez-Moreno and Read 2001b), Collembola (Klironomos and Hart 2001) 
and saprotrophic mycelia (Lindahl et al. 1999) has been evidenced by several scien-
tists. Involvement of mycorrhizal fungi in microbial mobilization–immobilization 
cycles leads to mobilization of N and P from microbial, microfaunal, meso-faunal 
and plant litter, allowing the distinctive plant communities to bloom along the alti-
tudinal or latitudinal gradients (Smith et al. 2003, 2009).

Ectomycorrhizal fungi colonizing boreal forest ecosystems are the suitable 
examples of such incidents. In these ecosystems, N and P are available in organic 
forms that are not readily accessible to autotrophs. Here the dominant plant spe-
cies are highly dependent on mycorrhizal symbionts to satisfy their nutrient needs. 
Ectomycorrhizal fungi have the ability to directly attack the structural polymers 
which may render nutrients unavailable and in mobilization of N and P from the 
organic polymers (Read and Perez-Moreno 2003). The observations made by 
Lindahl et al. (2007) suggest that saprotrophs with a full complement of litter- 
degrading enzymes are required during the initial stages of decomposition and 
that N mobilized by these fungi is retained within their mycelia. As the C:N ratio 
of the litter declines, the saprotrophs are considered to become less competitive in 
relation to mycorrhizal species which are directly supplied with host assimilates 
(Hodge et al. 2000). The prevalence of ectomycorrhizal fungi in the lower, well-
degraded litter and humus gives indication that mycorrhizal hyphae play a consid-
erable role in mobilizing N from well-decomposed organic matter in boreal forest 
soils and that unstable C entering the soil through roots and associated mycorrhi-
zal fungi may play a pivotal role in carrying out mobilization of this 
N. Ectomycorrhizal fungi produce extracellular proteinases and peptidases that 
efficiently hydrolyse organic nitrogen sources to release amino acids which can be 
sucked up by the fungi. Ectomycorrhizal fungi also secrete extracellular phospho-
monoesterases and phosphodiesterases. The phosphodiesterases are able to medi-
ate the mobilization of phosphorus sequestered within nucleic acids. Some 
ectomycorrhizal fungi produce hydrolytic enzymes within the cellulase, hemicel-
lulase and lignase families that may encourage hyphal entry to dead and decaying 
plant material in soil and reach to mineral nutrients sequestered therein. By such 
ways ectomycorrhizal fungi reduce the conventional nutrient cycles, liberating 
nutrients from soil organic matter, free from the involvement of saprotrophic 
organisms. Ectomycorrhizal fungi have also been reported to be able to produce 
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siderophores capable of complexing iron and oxalate to improve potassium 
uptake. Reducing agents produced by ectomycorrhizal fungi increase ion acquisi-
tion from stable oxides (e.g. MnO2), thus helping in improving plant nutrition 
(Lindahl et al. 2001, 2007).

The obligate biotrophic nature of AM fungi has suggested that these fungi are not 
able to use organic N sources (Bücking and Kafle 2015); however, several studies 
demonstrate that hyphae of AM fungi grow on organic substrates and transfer N to 
their host plants (Leigh et al. 2009; Hodge and Fitter 2010) that leads to higher plant 
nitrogen content in mycorrhizal plants (Thirkell et al. 2015). Reynolds et al. (2005) 
found no evidence that AM fungi promote plant N acquisition and growth of old 
field perennials under conditions of low N supply, but AM fungi may be associated 
with decaying organic matter in some ecosystems. Hodge et al. (2001) demonstrated 
enhanced decomposition and N capture from decaying grass leaves in the presence 
of AM fungi. Leigh et al. (2009) confirmed that AM fungi do not have saprophytic 
ability and the fungus absorbs N from the organic substrates most probably as 
decomposition product. However, AM fungus speeds up the N mobilization from 
organic matter (Atul-Nayyar et al. 2009) and influence the C flow through soil 
microbial communities during decomposition (Herman et al. 2012). However, fur-
ther research is still needed to distinguish between the direct capacity of AM fungi 
to mobilize organic substrates and their possible, indirect effects on decomposition 
and plant nutrient uptake, caused by stimulation of decomposers and subsequent 
uptake of their decomposition products by mycorrhizal hyphae (Li et al. 2006; 
Finlay 2008).

Other than organic matter, mycorrhizal fungi (either by themselves or in asso-
ciation with bacteria or other fungi) has been reported to actively mobilize nutri-
ents from mineral particles and rock surfaces through weathering (Landeweert 
et al. 2001; Finlay and Rosling 2006; Wallander 2006; Finlay 2008). The role of 
arbuscular mycorrhizal (AM) fungi in mineral weathering is conflicting, and there 
are only a few evidences suggesting enhanced utilization of relatively insoluble 
forms of inorganic P such as rock phosphate by AM fungi. These effects could 
depend upon synergistic interactions of AM fungi with other P-solubilizing micro-
organisms. Wallander (2006) reported a significant mycorrhizal contribution to 
mineral weathering in forest soils. Ectomycorrhizal fungi are reported to produce 
low-molecular- weight (LMW) organic acids that are being implicated in weather-
ing of minerals (Ahonen-Jonnarth et al. 2000). Breemen et al. (2000) observed that 
numerous open, tubular pores, 3–10 gum in width, were present in weatherable 
minerals in all podzol surface soils and shallow granitic rocks under European 
coniferous forests, and they hypothesized these pores were formed by complex 
forming, low-molecular-weight organic acids released by or formed in association 
with mycorrhizal fungi. The mycelium of ectomycorrhizal fungi is able to pene-
trate and most probably create microsites which are beyond the reach of plant roots 
and isolated from bulk soil solution phenomena. Dissolved products could be 
transferred to the host plant roots, avoiding the soil solution with often toxic con-
centration of A13+ from acid rain (Clark 1997) and also bypassing competition for 
nutrient uptake by other organisms.

A. Sumbul et al.
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19.7  Movement of Carbon and Nutrients Across the   
Fungus–Root Interface

Whatever the type of mycorrhizal fungi or the way they adopt to mobilize, the nutri-
ents reach at the fungus root interface within the symplasm of the fungus. Transfer 
of the nutrients to the host plant involves efflux across the fungal plasma membrane 
followed by absorption from the apoplasm of the interface across the plasma mem-
brane of the host root cells (Cairney and Burke 1996). Runaway of the substrates 
from the interface is reduced by complicated fungal structures. Impermeable extra-
cellular materials get accumulated between hyphae of the mantle in some ectomy-
corrhizas and at the points of hyphal entry into cells in arbuscular mycorrhizas. 
Ectomycorrhizas form a specific apoplasmic chamber. This prevents runoff of nutri-
ents from the interface apoplasm. This suggests that local chemical and physical 
conditions can be managed by the activities of both the associates in the symbiosis. 
Mycorrhizal fungi obtain carbon for growth and metabolism from host roots, mainly 
as photoassimilate (Smith and Read 2008; Bonfante and Genre 2010). In contrast to 
phytopathogenic fungi or ericoid mycorrhizal fungi, AM and ECM fungi are not 
able to use sucrose as a carbon source, and they take up simpler sugars, such as 
glucose or fructose from the mycorrhizal interface. The presence of invertase genes 
in fungal genomes is correlated with the nutritional mode and in contrast to other 
plant associated fungi, such as pathogens or endophytes, there are no indications 
that AM or ECM fungi possess invertase genes (Parrent et al. 2009; Bonfante and 
Genre 2010; Wahl et al. 2010) or have invertase activity (Salzer and Hager 1996). 
Consequently, mycorrhizal fungi rely on the invertase activity of the host in the 
interfacial apoplast for sucrose hydrolysis. Sucrose hydrolysis makes the hexoses 
glucose and fructose available for the fungus, and it has been suggested that glucose 
is mainly taken up by hyphae of the Hartig net and fructose mainly by hyphae of 
inner mantle layers (Nehls et al. 2001). Several transporters have been identified on 
both the plant and fungal membranes and contribute to delivering nutrients from 
fungi to plants. In context of ectomycorrhizal association, the high affinity NH4+ 
importer AmAMT2 of Amanita muscaria is upregulated in the extraradical myce-
lium, but downregulated in Hartig net and the fungal sheath (Willmann et al. 2007; 
Martin and Nehls 2009). The high expression of this transporter in the ERM sug-
gests a high capability of the ERM for NH4+ uptake. The low expression level in 
the Hartig net on the other hand indicates that NH4+ can serve as a potential nitro-
gen source that is delivered by the mycorrhizal fungus to the host. A low expression 
level of this NH4+ importer in the Hartig net would reduce the reabsorption of 
NH4+ by the fungus from the interfacial apoplast and increase the net transport of 
NH4+ to the host. The potential transport of NH4+ across the ECM interface is also 
supported by the presence and upregulation of plant high affinity NH4+ importers 
in ECM roots (Selle et al. 2005; Couturier et al. 2007). Wang and Qiu (2006) 
observed in their study on the rice and Medicago truncatula that plasma membrane 
H+-ATPases that are specifically induced in arbuscule containing cells are required 
for enhanced proton pumping activity in membrane vesicles from AM colonized 
roots (Harrison et al. 2002). Mutation of the H+-ATPase decreased arbuscule size 
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and hindered nutrient uptake by the host plant through the mycorrhizal symbiosis. 
Overexpression of the H+-ATPase Os-HA1 enhanced both phosphate uptake and the 
plasma membrane potential, demonstrating that this H+-ATPase plays a lead role in 
energizing the peri-arbuscular membrane, thereby facilitating nutrient exchange in 
arbusculated plant cells. Another transporter, Pt4, a high affinity phosphate (P) 
transporter, is exclusively manifested in mycorrhizal roots and is implicated in the 
acquisition of P delivered by the fungus (Xu et al. 2007). A high affinity ammonium 
transporter (AMT2;2) is also found to be situated in peri-arbuscular membrane 
(Guether et al. 2009), and the presence of mycorrhiza inducible sulphate transport-
ers in AM roots suggests that sulphate is also transferred from the AM fungus to the 
host across the mycorrhizal interface (Casieri et al. 2012; Allen and Shachar-Hill 
2009; Helber et al. 2011) (Table 19.2).

 Conclusions
Mycorrhizal fungi are found to be associated with majority of higher plants. These 
symbiotic associations vary widely in their structure and function. Out of several 
types of mycorrhizal fungi, AM and ECM fungi play significant role in nature. 
Both types of mycorrhizal fungi not only help in plant uptake of major nutrients 
like P and N but also assist in taking up micronutrients such as Zn, Cu, Fe, etc. 
Mycorrhizal fungi adopt several mechanisms to accomplish the task successfully, 
including enhanced absorbing area of plants, release of biochemical and associa-
tion with other microorganisms in surroundings. In addition to mobilizing nutri-
ents, mycorrhizal fungi also serve as an important C sink in the soil, thus having an 
important impact on the cycling of these elements. Therefore, mycorrhiza has 
proved to be an important alliance for the nutrient management in ecosystem.

Table 19.2 Comparison between AM and ECM associations

Features AM association ECM association

Nutrients transported 
to plant

Specifically important for P 
transport, also contribute in N 
transport

Specifically important for N transport 
but also have significant
contribution in P transport

Occurrence Mainly in warm and dry 
climates where P availability is 
low

Climates with low temperature and 
high humidity, where N availability is 
low

Host range Associates with a very wide 
range of hosts

Associates with comparatively lower 
portion (3%) of all plant species

Mode of fungal 
nutrition

Obligate biotroph Facultative saprotroph

Structural elements Arbuscules, ERM and vesicles 
in Some types

Mantle, Hartig net and ERM

Mode of penetration Both inter as well as 
extracellular

Only intercellular

Nutrient uptake 
pathway

Both plant and mycorrhizal 
pathway

Mainly mycorrhizal pathway

Modified after Bücking et al. (2012)
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Abstract
Irrigation potential has been increased in recent years to achieve greater and 
sustained yield of agricultural products. The introduction of canal irrigation has 
caused a rise in the ground water table leading to waterlogging and secondary 
salinization. Management of this high water table is a major challenge globally 
as well as in India. Globally, about one-third of irrigated land is presently facing 
the threat of waterlogging and associated soil salinization. Approximately 
4,981.43 square kilometers in the state of Uttar Pradesh, India are suffering from 
waterlogging and soil salinization, resulting in reduced agricultural productivity. 
The ability of vegetation with prolific transpiration characteristics may be uti-
lized to reduce the water table markedly, combating this problem in a less expen-
sive and more environmentally friendly manner. This drainage of excess of 
ground water through vegetation is termed biodrainage and appears promising 
for the management of a high water table and resultant soil salinity problems. 
This biodrainage technology may be more efficient in combination with specific 
beneficial microbes with pH-reducing properties allowing for the amelioration of 
soil characteristics. The present review discusses the application of biodrainage 
vegetation in combination with beneficial microbes for the sustainable manage-
ment of waterlogged/high ground water table area.
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20.1  Introduction

The total irrigated area in the world is 255 million hectares (Mha), of which more 
than two-thirds lies in Asia. About 20% of the irrigated land has been rendered 
saline due to waterlogging. Each year, an additional area of approximately 1.5 Mha 
of irrigated land is affected by secondary salinization due to waterlogging thereby 
losing its productivity. In Uttar Pradesh, India, waterlogging has emerged as a seri-
ous problem, especially in the Gangetic plains, where it is adversely affecting agri-
culture productivity. An area of approximately 4981.43 km2 area in Uttar Pradesh is 
suffering from waterlogging resulting in reduced productivity.

Attempts are being made by various departments, organizations, and agencies 
for the prevention of waterlogging and soil salinization and the reclamation of such 
degraded lands, without much success. The problems of waterlogging and saliniza-
tion can be effectively tackled by conventional engineering-based subsurface drain-
age systems, provided these are properly designed, installed, maintained, and 
operated. Conventional subsurface drainage systems consist of two types, vertical 
(tube wells) and horizontal (drain pipe). When properly designed, installed, and 
maintained, these systems are efficient in lowering the water table and preventing 
waterlogging and salinization (Heuperman and Kapoor 2002), but are more expen-
sive and cause environmental problems. Moreover, they require periodic mainte-
nance and are expensive. Under such a situation biodrainage is envisioned as a 
benign and cost-effective technology for lowering the rising water table so as to take 
it well below (>1.5 m) the root zone of crop plants (Angrish et al. 2006). Biodrainage 
is the vertical drainage of soil water through evapotranspiration by vegetation. The 
term biodrainage is relatively new, although the use of vegetation to dry out soil 
profiles has been known for a long time. Biodrainage is economically attractive 
because it requires only an initial investment for planting the vegetation, and when 
established, the system can produce economic returns by means of its harvested 
byproduct like fodder, timber, fuel wood, or fiber (Heuperman et al. 2002). There is 
consensus that biodrainage, when properly implemented, can lower the water table. 
It could solve problems associated with waterlogged areas and canal seepage. It has 
been demonstrated that under ideal conditions, a tree canopy may lower the water 
table by 1–2 m over a time period of 3–5 years (Kapoor 2002). Fast growing tree 
species may perform as effective biodrainage systems. The deep rooting character-
istics of these trees make them extremely efficient users of water compared to the 
crop plants. Fast growing species like Eucalyptus, known for extensive water con-
sumption under excess soil moisture conditions, are suitable for biodrainage. Other 
suitable species for biodrainage may be Acacia nilotica, Casuarina glauca, 
Terminalia arjuna, Pongamia pinnata, and Syzygium cuminii, etc. These species can 
be planted in blocks in the form of farm forestry or along the field boundary in the 
form of agroforestry (Dubey 2012, 2016). Under an Indian Council of Forestry 
Research and Education, Dehradun (ICFRE, Dehradun)-sponsored project a study 
was conducted to phytoremediate the waterlogged area through planting of a 
Eucalyptus hybrid, Terminalia arjunaa, Trewia nudifora, Acacia nilotica, and 
Syzygium cumini as biodrainage species with microbial amendments to ameliorate 
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soil conditions. These selected tree species are common and prevalent species of the 
area and may be sustained in waterlogged conditions. Biodrainage is an emerging 
concept in India for land reclamation and the biodrainage potential of Eucalyptus is 
well established. The suitability of other tree species for biodrainage vegetation was 
compared with Eucalyptus sp.

20.2  Waterlogging and Soil Salinization

Waterlogging is the condition of the soil in which excess water limits gaseous trans-
mission (Setter et al. 2002). The causes of waterlogging can be natural and anthro-
pogenic. Main causes are heavy rainfall, poor water management systems, high 
water table, floods, over-irrigation, and seepage from canals and dams (Bilal et al. 
2014). In water-logged situations, the ground water table gets allied to the crop root 
zone for most of the year (Michael and Ojha 2006). In such conditions, the soil 
becomes saturated with water and since the space between the soil particles is occu-
pied by water instead of air, it suffocates the plant and is not suitable for the proper 
growth of plants. A rise in the groundwater level followed by waterlogging and 
secondary salinization has become a serious problem in canal-irrigated areas, 
located in arid and semi-arid regions of the world (Singh 2013). Commonly culti-
vated agricultural crop plants such as cereals, pulses, oilseeds, vegetables, and cash 
crops are susceptible to excess salts in soil or in irrigation water (Blumwald et al. 
1983). High salinity in soil or irrigation water reduces the plant’s capacity to extract 
water and nutrients, which affects the agricultural crop production (Dash et al. 
2005). Plants resistant to waterlogging may thrive only in such soils. A rise in 
groundwater level followed by waterlogging and secondary salinization has become 
a serious problem in canal-irrigated areas located in arid and semi-arid regions of 
the world and has an adverse impact on crop productivity (Bilal et al. 2014; 
Mohamedin et al. 2010; Zhen et al. 2008, 2009).

These problems have been caused mainly by people in irrigation areas. Increasing 
pressure on land resources caused by rising populations has required an emergent 
need to produce more food, fuel, fodder, and fiber. This will necessitate effective 
utilization of degraded lands under crop cultivation and under canal irrigation. 
Irrigated agriculture, covering about 17% of the total cropped area of the world, 
contributes 40% of global food production (INCID 2003). Also in India, only one- 
third of the area under irrigation produces two-thirds of the food grains. However, 
the introduction of canal irrigation has caused a rise in the ground water table lead-
ing to waterlogging and secondary salinization. Presently, about one-third of the 
world’s irrigated area faces the threat of waterlogging, about 60 Mha has already 
become waterlogged and 20 Mha salt affected (Heuperman et al. 2002). As per the 
estimate of Ministry of Water Resources, Government of India, in canal command 
areas of the country 2.46 Mha is waterlogged and 3.30 Mha salt affected (MOWR 
1991; Ram et al. 2008). India has the largest irrigated area in the world with an 
ultimate irrigation potential of 139.91, of which 98.84 Mha has been utilized by the 
end of the tenth plan (India, 2007).
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However, unscientific use of water along with other natural and man-made 
causes leads to waterlogging, soil salinity, and, consequently, suboptimal agricul-
tural production (Sarangi and Bundela 2011). Currently at least 20% of the world’s 
irrigated land is salt affected and/or irrigated with waters containing elevated levels 
of salts. Several major irrigation schemes have suffered from the problems of salin-
ity and sodicity, reducing their agricultural productivity and sustainability (Ghassemi 
et al. 1995; Qadir et al. 2008). Several major irrigation schemes throughout the 
world have suffered from salinity problems (Gupta and Abrol 2000; Herczeg et al. 
2001; Cai et al. 2003; Sarraf 2004). Introduction of canal irrigation has led to a ris-
ing water table and consequent waterlogging and salinity problems (Kumar 2004). 
The Ministry of Agriculture estimated in 1984–1985 that an area of 8.53 Mha was 
suffering from waterlogging including both irrigated and non-irrigated areas. 
Waterlogging is a widespread problem in non-irrigated areas, where low-lying 
depressions serve as discharge areas, and on irrigated lands. In arid and semi-arid 
climates, in addition to waterlogging the major problem associated with irrigation, 
in the absence of drainage, is salinization. In India too, salinization/alkalization and 
waterlogging have rendered a sizeable area of arable lands unproductive (Dwivedi 
2006). A total of 22.69 lakh ha or 9.40% of geographical area of Uttar Pradesh is 
covered by wastelands. About 4.913 lakh ha in Uttar Pradesh is suffering from 
waterlogging, resulting in reduced productivity. Waterlogging is mainly due to 
seepage from canal irrigation, water stagnation on the surface, and/or shallow 
groundwater levels. High rainfall in low land gradient areas also contributes to 
waterlogging. In Uttar Pradesh waterlogging is associated with alkalinity. The prob-
lem is acute in the districts of the north eastern plains, eastern plains, Gangetic 
plains, eastern tarai, and their periphery (Chaudhary et al. 2005).

20.3  Bio-drainage

Although the term biodrainage is relatively recent, the concept is not new. 
Biodrainage methods consist of the strategic planting of trees with high transpira-
tive capacity (Heuperman et al. 2002). Biodrainage relies on vegetation, rather 
than mechanical means, to remove excess water. The driving force behind the 
biodrainage concept is the consumptive water use of plants. Biodrainage may be 
defined as “Draining out of excess soil water in atmosphere through deep-rooted 
plants using their bio-energy” (Chauhan et al. 2012; Ram et al. 2008; Dubey 
2012). It consists of the planned planting of trees with a high transpiration rate 
(Khamzina et al. 2005; Akram et al. 2010; Dubey 2012). The biodrainage system 
consists of fast growing tree species, which absorb water from the capillary fringe 
located above the ground water table. The absorbed water is translocated to differ-
ent parts of plants and finally more than 98% of the absorbed water is transpired 
into the atmosphere mainly through the stomata. This combined process of 
absorption, translocation, and transpiration of excess ground water into the atmo-
sphere by deep-rooted vegetation conceptualizes biodrainage technology (Ram 
et al. 2008). Biodrainage utilizes transpiration from trees to achieve water balance 

K. Dubey et al.



391

in groundwater, and to check the rise of the water table. This enables control of 
waterlogging and salinization of soils (Jain 2006; Kapoor 2000). In developing 
countries like India, farmers have small holdings and cannot afford to put their 
entire piece of land under tree plantations, thus Agroforestry can be a viable and 
remunerative option that provides additional income as tree products (timber, fuel 
wood, etc.), in addition to regular income from agricultural crop produce. Many 
workers have recommended rehabilitation of such salt-affected, waterlogged 
lands through tree plantations with biodrainage qualities (Dash et al. 2005, 2008; 
Dhyani et al. 2007; Ram et al. 2008, 2011; Angrish et al. 2009; Bala et al. 2009, 
2014; Roy Chowdhury et al. 2011; Fanish and Priya 2013; Bilal et al. 2014; Singh 
et al. 2014; Dubey 2016).

In addition to the lowering of the groundwater table, biodrainage plantations 
may offer other advantages such as combating wind erosion (Thorburn and George 
1999) and provision of construction material, fodder, and fuelwood (Heuperman 
et al. 2002). Thornburn and George (1999) reported that evaporation from the soil 
takes place up to a depth of 4 m. Therefore, soil management should be planned to 
keep this 4 m soil depth free from waterlogging to minimize the process of second-
ary salinization of soils and to sustain crop productivity. The biodrainage technique 
can be applied in two contexts, namely curative (for waterlogged areas) and preven-
tive (for potentially waterlogged areas and shallow a water table).

20.4  Application of Eucalyptus Species as Biodrainage 
Vegetation

Eucalyptus has over 700 species distributed throughout the world. It is an important 
species for Agroforestry. The growth of Eucalyptus species is fast and produces 
large quantities of biomass. Mostly Eucalyptus species are introduced to provide 
various products such as fuel wood, pulp, and paper, sawn timber, essential oils, e.g. 
for medicine and perfumes, and services including reclamation of degraded lands, 
saline areas, and drainage of waterlogged areas (Munishi 2006; Bilal et al. 2014). 
They have a special rooting system consisting of a shallow rooting system just 
beneath the soil surface, and taproots that penetrate deep into the soil reaching the 
water table. The shallow roots extend horizontally to more than 3–5 m, these roots 
are used to absorb surface soil moisture but they are not very dense. The tap roots 
can grow up to 9 m into deeper soil layers. They are used to take up groundwater 
from aquifers that are more permanently available than surface soil moisture 
(Fritzsche et al. 2006). Due to such features, they rapidly draw down the water table 
without affecting the water availability in the agricultural crop root zone. Due to fast 
growth rates, they utilize more water, which makes them a water pumper in water-
logged areas. They have an inbuilt mechanism to utilize water in great amounts 
(Tushar 2002; Varghese et al. 2002). Depending upon the genetic makeup, they are 
tolerant to salinity, waterlogging, etc. (Bilal et al. 2014). This property makes 
Eucalyptus a suitable biodrainage species for sustainable management of water-
logged agro-ecosystems.
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The biodrainage potential of Eucalyptus tereticornis for reclamation of shallow 
water table areas in north-west India was studied by Ram et al. (2007). They studied 
the groundwater table levels under 18-year-old plantations of Eucalyptus tereticor-
nis (Mysure gum) and 350 m apart from the plantations at Dhob-Bhali research plot 
located in Rohtak district of Haryana state (north-west India). Throughout the study, 
the ground water table underneath the plantations remained lower than the ground 
water table in the adjacent fields. According to them, in shallow ground water table 
areas of semi-arid regions with alluvial sandy loam soils, the plantations of E. tereti-
cornis were acting as bio-pumps and, therefore, they recommended closely spaced 
parallel strip plantations of this species for the reclamation of waterlogged areas.

According to Singh et al. (2014), biodrainage technology was applied for con-
trolling seepage, waterlogging, and salt accumulation in the root zone due to its 
excessive evapo-transpirative (ET) demand. Eucalyptus is most suitable for estab-
lishing a biodrainage belt. Farmers are also growing Eucalyptus as a sole plantation 
crop for meeting timber demands. Eucalyptus wood has different uses in different 
sectors. Eucalyptus logs are most commonly used for preparing shuttering of build-
ing construction. Its plies in boxes are used for packing fruits. It is also used in the 
paper and pulp industry. Its chips are used in the making of particle board. It can be 
successfully grown on marginal, saline, sodic, and waterlogged land. They are fast 
growing trees and their economic return depends on height and girth. Use of 
Eucalyptus plants for biodrainage of waterlogged soil is based on the associated 
high evapo-transpiration rate.

Chhabra and Thakur (2006) conducted water balance studies in Karnal, Haryana, 
India for 5 years in big lysimeters showing that Eucalyptus tereticornis plants can 
biodrain 5.03, 5.14, 6.96, and 8.01 times the potential evaporation in the second, 
third, fourth, and fifth years respectively. They stated Eucalyptus as an excellent 
species for removing excess water and controlling water stagnation in land locked 
low-lying areas and for disposal of waste waters through land application.

A study was carried out on a 4-ha area of 6-year-old Eucalyptus plants near 
Bahawalnagar, Pakistan by Chaudhry et al. (2000). The role of a Eucalyptus planta-
tion in the biological control of waterlogging and its impact on soil salinity was 
studied. It was reported that under the Eucalyptus, the water-table rose away from 
the plantation, with a maximum rise of over 30%. Salinity was maintained in the 
area under plantation.

20.5  Other Multipurpose Species as Biodrainage Vegetation

Khamzina et al. (2006) evaluated the potential of nine multipurpose tree species like 
Prunus armeniaca, Populus nigra var. pyramidalis, Salix nigra, Catalpa bignonioi-
des, Elaeagnus angustifolia, Fraxinus pennsylvanica, Morus alba, Populus euphra-
tica, and Ulmus pumila for afforestation of degraded land in the Khorezm region, 
Central Asia (Uzbekistan), particularly their suitability for biodrainage, i.e., lower-
ing the elevated groundwater table through the transpirative capacity of plantations. 
For this purpose, water use, water use efficiency, and tree physiological factors 
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influencing transpiration were assessed during two consecutive years. Elaeagnus 
angustifolia, Populus sp., and Ulmus pumila were found suitable for biodrainage.

Khamzina et al. (2005) evaluated young and adult tree plantations for biodrain-
age management in the Lower Amudarya River Region, Uzbekistan. They com-
pared leaf transpiration rates of nine tree species, viz. the apricot tree (Prunus 
armeniaca L.), black poplar (Populus nigra var. pyramidalis (Rozan) Spach), black 
willow (Salix nigra Marshall), Eastern catalpa (Catalpa bignonioides Walter), 
Euphrates poplar (Populus euphratica Olivier), Russian olive (Elaeagnus angustifo-
liaL.), Siberian elm (Ulmus pumila L.), swamp ash (Fraxinus pennsylvanica 
Marshall), and white mulberry (Morus alba), to identify the most water-consuming 
species for use in biodrainage plantations. The assortment highlighted the potential 
of E. angustifolia, which combined high transpiration, salinity tolerance, fast 
growth, and production of nutritious feed. Performance of Populus sp. and Ulmus 
pumila was less consistent, but promising enough to make them potentially suitable 
candidates.

Toky et al. (2011) studied the role of tree plantation of Callistemon lanceolatus, 
Eucalyptus hybrid, Melia azedarach, Pongamia pinnata, Prosopis juliflora, Tamarix 
aphylla, and Terminalia arjuna to bioremediate the water table through efficient 
biodrainage (evapo-transpiration) and for the development of a farmer’s agrofor-
estry model on an abandoned waterlogged area. A decline in the water table was 
observed on the entire site over this period, making the agricultural land arable.

20.6  Microbial Application for Management of Waterlogged 
Area

Associated soil salinity is a pervasive problem of waterlogged areas. Microbes are 
involved in primary production, decomposition, nutrient recycling, and other asso-
ciated processes in agro-ecosystems. Therefore, microbe assisted management 
holds promise for in situ treatment of such problematic soils. These beneficial 
microbes, also termed biofertilizers, are involved in nitrogen (N) fixation, carbon 
fixation, and in improving the nutrient availability to the crop in the soil. Biofertilizers 
help in improving soil fertility and enhance nutrient uptake by plants in deficient 
soils, thereby aiding in better establishment and growth of crop plants. They also 
secrete growth substances and antifungal chemicals, as well as improve seed germi-
nation and root growth. In the present study, cyanobacteria and phosphate solubiliz-
ing bacteria have been used to phytoremediate the waterlogged area. Anand et al. 
(2015) applied cyanobacteria to phytoremediate alkaline soil. These soils have very 
low total nitrogen, sulphate, and phosphate content. Cyanobacteria, also commonly 
known as blue green algae, act as good fertilizer and could be used to remediate 
such soil. Cyanobacteria are considered as an important group of micro-organisms 
having the ability to carry out both photosynthesis as well as nitrogen fixation non- 
symbiotically. Fixation of nitrogen in blue green algae takes place in specialized 
cells called “Heterocysts.” Heterocystous filamentous forms increase nitrogen con-
tent of soil and are capable of solubilizing microbial nutrients. They also ameliorate 
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the soil by the addition of organic carbon and produce growth-promoting substances 
like Vitamin B-12, auxin, and ascorbic acid etc., which stimulate the growth of crop 
plants (Subbarao 1997). In waterlogged conditions, cyanobacteria can easily grow. 
Cyanobacteria can be used by farmers to make their agriculture land nitrogen-rich 
and fertile economically and naturally, in a sustainable manner.

Phosphorous is an important plant nutrient, which is referred to as the master key 
element in crop production. Phosphorous is found in soil in various organic and 
inorganic combinations, most of which is unavailable to plants. Plants take phos-
phorous in the form of soluble orthophosphate ions. The most important aspect of 
the phosphorous cycle is microbial mineralization and solubilization, otherwise the 
extraction of phosphorous is not handy to plant roots and mobilization. Microbial 
solubilization of inorganic phosphate compounds is of great economic importance 
in plant nutrition. Phosphate-solubilizing microorganisms (PSMs) offer a biological 
rescue system capable of solubilizing the insoluble inorganic P of soil and make it 
available to the plants (Khan et al. 2006). PSMs consist largely of bacteria and 
fungi. Such microbes not only assimilate P but a large portion of the soluble phos-
phate is released in quantities in excess of their own requirement (Gaur 1990). They 
reduce the pH of the soil by producing various types of organic acids. In such condi-
tions, insoluble fixed phosphate changes into soluble free phosphate, which is read-
ily available for plants.

The uses of these microbial biofertilizers also promote the plant growth. The 
mechanisms of plant growth promotion by microbial biofertilizers have not been 
completely elucidated but the important mechanisms may include phytohormone 
production, plant disease suppression, enhancement of plant nutrient availability 
and their effective absorption and enhancement of other beneficial microorganisms 
(Gerhardson and Wright 2002; Jeon et al. 2003). Production of plant growth stimu-
lating compounds like vitamins, gibberellins, auxins, Vitamin B12, GA3, and IAA by 
PSMs has been reported by several workers (Subbarao 1997). These growth- 
promoting substances stimulate plant growth and thus produce greater plant 
biomass.

They also support the growth of other beneficial microorganisms and have syn-
ergistic effects. The positive effects of microbial biofertilizer on plant growth are 
generally associated with remarkable changes in root morphology, namely increased 
lateral root length and root hair numbers and length. It is generally assumed that 
these developmental responses are triggered by phytohormones produced by the 
bacteria. Among the plant growth regulators, auxin may play a major role. Consistent 
with the hypothesis of an auxin-mediated effect of these bacterial inoculations, it 
had a positive impact on rooting. Other phytohormones including cytokinins and 
gibberellins may be involved in the effect of microbial biofertilizer on root morpho-
genesis. Furthermore, some microbial biofertilizers have been shown to have an 
aminocyclopropane carboxylatedeaminase, an enzyme that hydrolyses amino 
cyclopropane carboxylate (ACC). Such bacteria are likely to divert ACC, the pre-
cursor of ethylene, from the plant root, which has the effect of reducing the inhibi-
tion of root growth by ethylene. This positive effect of microbial biofertilizer on 
root systems may also improve the biodrainage capacity of trees (Subbarao 1997).

K. Dubey et al.



395

Cyanobacteria also affects the protein pattern and metabolic activities of plants 
and hence plant growth (Haroun and Hussein 2003). Adam (1999) reported that 
nitrogen fixer Cyanobacterium inoculation led to a significant increase in growth 
parameters as well as nitrogenous compounds in crop plants wheat, maize, sor-
ghum, and lentils. This promotion could be attributed to the nitrogenase as well as 
nitrate reductase activities of the alga associated with the surface of plants or the 
amino acids and peptides produced in the algal filtrate and/or other compounds that 
stimulate growth of crop plants (Adam 1999). The plant growth-promoting effect of 
PSMs may be caused by phytohormone production and their capability to solubilize 
insoluble phosphates (Jeon et al. 2003; Krishnan et al. 2004). The increase in growth 
after inoculation with PSMs as compared to control might be attributed to the pro-
tocooperative and synergistic effect of phosphate solubilization and phytohormone 
production (Dutta et al. 2002).

In the present study, Oscillatoria sp. and Aulosira sp. prevalent native species of 
Cyanobacteria in the area; and Bacillus subtilis as phosphate solubilizing bacteria 
(PSB) have been used.

20.7  Methodology

20.7.1  Mass Propagation of Cyanobacteria

Oscillatoria and Aulosira sp. were cultured and propagated on BG11 medium. 
Mass production of cyanobacteria was done in tanks in outdoor conditions. Mixtures 
of both cyanobacteria species were used as starter inoculums for bulk production. 
About 10 kg of farm soil was taken and spread in a tank of about 1 m × 1 m × 0.5 m 
in dimension. 100 g of superphosphate was added and watered the tank to about 
10 cm height. The pH was adjusted to 7 by mixing lime. Two millitres of insecti-
cide, e.g. malathion, was added to protect the culture from mosquitoes and insects. 
The mixture was mixed well and the soil particles were allowed to settle down. 
When the water became clear, 100 g of starter inoculums were sprinkled on the 
water surface. When the temperature remained between 35° and 40° during sum-
mer, optimum growth of cyanobacteria was achieved. The water level was main-
tained to about 10 cm during this period. After drying, the algal mat got separated 
from the soil and formed flakes.

20.7.2  Site Preparation for the Study

The site selected for the study was located in Badshahpur, Jaunpur District in a 
canal-irrigated area. The site had a high ground water table that varied from 0 to 
2 m throughout the year. This adversely affects crops by virtue of saturating the 
root zone due to capillary rise. Such areas are potentially threatened by surface 
waterlogging in the due course of time if water accumulation continues (Annon 
2014). The site remained waterlogged from July to November and during 
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canal-running conditions suffered from seepage problems. Phosphate solubilizing 
bacteria, Bacillus subtilis (CFU 1 × 108) was procured from IFFCO, Fulpur in the 
form of liquid culture. Both microbes are amended to the site (cyanobacteria at 5 
kg/ha and PSB at 1 L/ha). The parameter, pH, and organic matter (%) were moni-
tored regularly.

20.7.3  Establishment of a Plantation Trial of Biodrainage Species

Quality seeds of selected species viz. Eucalyptus hybrid, Terminalia arjuna, Trewia 
nudifora, Acacia nilotica, and Syzygium cumini were procured. Nursery plants were 
raised. For nursery raising seeds were sown in polybags filled with rooting media 
consisting of FYM:Sand:Soil (1:1:1). Regular maintenance and management of the 
nursery was carried out. The experiment was statistically designed as per the land 
availability at farmer’s field. The plantation trial was established on raised bunds at 
a selected site in the month of July, after the site treatment. These raised bunds will 
provide a comfortable root zone for young planted seedlings of selected species by 
facilitating soil aeration. Maintenance and management of the trial was done as per 
requirement. Growth data from the experimental trial was recorded regularly. Soil 
moisture content (%) at 1 ft depth was also monitored to study the biodrainage 
potential of the planted species in field conditions in April.

20.8  Results and Discussion

Soil pH and Organic Matter (OM) % was monitored. The observations are depicted 
in Fig. 20.1.
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A rapid decrease in pH was initially observed after just 3 months of treatment 
of the site with microbes after that the decline was not significant and maintained 
at same level. As far as organic matter was concerned, this increased after treat-
ment but after 6 months the enhancement was not significant. It was observed that 
treatment ameliorated the soil characteristics by lowering the pH and increasing 
the OM of the soil after the treatment (Fig. 20.1). The microbial community influ-
ences soil fertility through soil processes viz. decomposition, mineralization, and 
storage/release of nutrients (Alexander and Asea 1997). Treatment with Bacillus 
subtilis, a PSB, enriches the site conditions and reduces pH through excreting 
organic acids that dissolve phosphatic minerals and release phosphorous into 
solution (Khan et al. 2009). Bacillus subtilis can grow on saline soil and was 
reported to tolerate up to 2.2% NaCl concentration. The salt tolerance ability of 
B. subtilis can help to serve a suitable bio-fertilizer for saline-alkali soil- based 
agriculture (Patil 2014). Growth of P-solubilizing microorganisms is generally 
accompanied by a decrease in pH of the medium. Bacteria play a role in phospho-
rus nutrition by enhancing its availability to plants through release from inorganic 
and organic soil P pools by solubilization and mineralization. The principal mech-
anism in soil for mineral phosphate solubilization is lowering of soil pH by micro-
bial production of organic acids, which include citric, gluconic, fumaric, malic, 
oxalic, lactic, 2- ketogluconic, malonic acids, etc. and mineralization of organic P 
by acid phosphatase (Mohammadi 2012). A positive relationship between PSB 
and plants is synergistic in nature as bacteria provide soluble phosphate and plants 
supply root-borne carbon compounds (mainly sugars), that can be metabolized 
for bacterial growth. PSB plays a vital role in P solubilization by producing 
organic acids. Organic acids perform many functions in the soil, such as root 
nutrient acquisition, mineral weathering, microbial chemotaxis, and metal detoxi-
fication. They play an important role in the mobilization of soil P and enhance P 
bioavailability with decreasing P adsorption and dissolution of insoluble P com-
pounds such as Ca, Fe, and Al phosphates and decrease the pH in basic soils 
(Panhwar et al. 2013). Lowering the pH of soil is mainly through organic acid 
production, acid phosphatase secretion, and production of low molecular weight 
organic acids, mainly gluconic and keto gluconic acids; in addition the pH of 
rhizosphere is lowered through biotical production of proton/bicarbonate release 
(anion/cation balance) and gaseous (O2/CO2) exchanges. Although a high buffer-
ing capacity of soil reduces the effectiveness of PSB in lowering the pH and 
releasing P from bound phosphates, enhancing microbial activity through PSB 
inoculants may contribute considerably to plant P uptake and to reducing the rhi-
zospheric soil pH. Phosphorus-solubilizing bacteria mainly Bacillus, 
Pseudomonas, and Enterobacter are very effective for increasing the plant-avail-
able P in soil as well as the growth and yield of crops (Mohammadi 2012). PSB 
application had a positive impact on root growth. The root development and plant 
biomass were correlated with higher availability of P; moreover, PSB application 
may also have some other beneficial effects like phytohormones production 
(Panhwar et al. 2013). This positive effect of PSB application on root growth may 
enhance biodrainage potential.
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Cyanobacteria may potentially be used for remediating such soil suffering from 
waterlogging and secondary soil salinity problems. They tolerate salinity and exten-
sively grow on the soil surface. Their tolerance to salinity is due to accumulation of 
inorganic ions, organic compounds (sugar, polyols, quaternary amines), and osmo- 
regulators (Rao and Burns 1991; Pade and Hagemann 2015). The inoculation of 
cyanobacteria to such soils supplements the soil nutrients and improves the soil 
quality by making it arable through bringing about a decrease in pH, exchangeable 
sodium, Na/Ca, and an overall increase in N, P, organic matter, and the water- 
holding capacity of soil. Excreted extracellular polysaccharide by cyanobacteria 
can improve soil structure by increasing soil binding property (Rogers and Burns 
1994). The nutrient content of saline soil was enhanced by the application of cyano-
bacteria in the form of organic matter (Apte and Thomas 1997). Available phospho-
rous and sulphur increased in soil in response to cyanobacterial application (Hashem 
2001; Aziz and Hashem 2003). Cyanobacteria application to saline soil reduces 
electrical conductivity (Elayarajan 2002; Prabu and Udayasoorian 2007; Rai 2015). 
Cyanobacteria not only grow in saline ecosystems but also improve the physico- 
chemical properties of soil by enriching them with carbon, nitrogen, and available 
phosphorous (Antarikanonda and Amarit 1991). The mucilaginous sheath of the 
cyanobacteria utilizes excess water for its multiplication and forms a thick mat, 
which adds organic matter, organic N, and organic P to the soil and is responsible 
for binding soil particles, thus improving soil permeability, texture, and aeration, 
which is a major problem of such sites (Singh 1961; Pandey et al. 2005; Ibraheem 
2007; Anand et al. 2015; Rai 2015; Singh and Singh 2015). They stimulate plant 
growth including biofertilization (increasing the supply of mineral nutrients to the 
plant), biological control (elimination of the plant enemies including microbial 
pathogens, insects, and weeds) and direct plant growth production by delivering 
plant growth hormones (Lugtenberg et al. 1991; Abdel-Raouf et al. 2012). This 
stimulation in overall plant growth may lead to an enhanced biodrainage potential 
of tree vegetation.

The co-inoculated cyanobacteria fix carbon and act as a carbon source for PSB 
and synergistically for PSB. Cyanobacteria also fix nitrogen and it has been reported 
that co-inoculation of PSB with N2 fixers has a positive effect on plant growth, 
thereby enhancing productivity and plant biomass (Krishnaveni 2010; Mohammadi 
2011; Rathi and Gaur 2016). This excreted extracellular polysaccharide by cyano-
bacteria may also act as carbon source for co-inoculated PSB and Bacillus subtilis 
and have synergistic effects.

The water table was also observed in an observation well located in an area 
nearby to the plantation trial. A slight decline in the water table pattern was observed 
in the observation well 2 years after plantation (Fig. 20.2).

It was reported that trees could be used to manage the rising water table and 
salinity problems. The clear impact of the lowering water table was reported after 
the planting of biodrainage tree species. The approach was found to be relatively 
cheap, sustainable, and ecologically compatible, relying on the natural capability of 
high transpiration potential of tree vegetation (Kapoor 2002). In an observation, it 
was reported that the tree growth caused an increase in the depth of the water table. 
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The rate of fall of the water table doubled with the development of the trees 
(Rodríguez-Suárez et al. 2011). Ahmad et al. (2007) studied a Eucalyptus plantation 
for intercepting canal seepage and controlling the water table. A “cone of depres-
sion” in the water table immediately beneath the strip of tree plantations of 
Callistemon lanceolatus, Eucalyptus hybrid, Melia azedarach, Pongamia pinnata, 
Prosopis juliflora, Tamarix aphylla, and Terminalia arjuna was also observed by 
Toky et al. (2011).

Growth data of the biodrainage plantation is depicted in Figs. 20.3 and 20.4 for 
height and girth, respectively.

From the observations, it was concluded that as far as growth was concerned, the 
Eucalyptus hybrid performed best followed by Terminalia arjunaa and Acacia 
nilotica. Syzygium cumini and Trewia nudifora performed almost at par. An almost 
six times increment in height and eight times increment in girth was observed in the 
Eucalyptus hybrid. The growth behavior, biomass accumulation by the plants, and 
physiological parameters suggested that Eucalyptus has high potential to be used as 
an efficient biodrainage species, similarly to the report by Bala et al. (2009). 
Eucalyptus tereticornis and Eucalyptus hybrid were reported as fast bio-drainers 
primarily due to their ability to display large leaf area (Angrish et al. 2009). Due to 
its high evapo-transpiration rate, its suitability to all soil types, adoptability to vary-
ing climatic conditions and tolerance to waterlogging, salinity, and sodicity, its tim-
ber value, fast growth, and other multipurpose values such as shuttering in building 
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construction, in paper, pulp, and particles board industry etc., Eucalyptus is the most 
preferred biodrainage species by farmers. Most of the farmers of the eastern UP area 
are marginal farmers and they plant Eucalyptus as a sole crop for establishing a 
biodrainage belt in canal-irrigated command areas for combating the high water 
table-associated problems (Singh et al. 2014). In waterlogged areas, Eucalyptus can 
be successfully grown by ridge planting. The world’s Eucalyptus plantation area has 
increased to 19 Mha because of its fast growth rate, good wood properties, and car-
bon sequestration, and thus seems to be a good option for biodrainage (Iglesias and 
Wilstermann 2009). Ram et al. (2011) reported that Eucalyptus plantations gener-
ated 46.6 tons per ha fresh biomass with a benefit cost ratio of 3:5 and also seques-
tered 15.5 tons carbon per ha. Lowering of the water table and associated soil 
improvement by Eucalyptus plantations increased the wheat grain yield by 3.4 
times and resulted in remediation of waterlogged areas.

Soil Moisture content (%) at a depth of 1 ft of planted tree species is described in 
Fig. 20.5.

It has been shown from observations that soil moisture content was reduced the 
most in the cases of Eucalyptus hybrids in comparison to other planted species, 
which illustrates its high water consumption rate in comparison to other planted 
species. This made it a potential biodrainage species. Similar observations were 
also reported by Zahid et al. (2010), who found Eucalyptus species used more water 
than other tree species. Soil moisture depletion rates were higher under Eucalyptus 
trees in dry seasons and were lower under the teak and jackfruit. The roots of the 
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Eucalyptus penetrate into the soil at 2.5 m per year and absorb water from the 
ground reservoir. Eucalyptus has a tendency to utilize ground water as well as water 
from the upper zone (Calder et al. 1997).

 Conclusion

Agriculture around the globe is confronted with the serious problem of waterlog-
ging and salinization. Management of this excess water in agricultural fields is a 
major challenge globally, including in India, especially in canal-irrigated com-
mand areas where seepage-associated high ground water tables and soil salinity 
have already thrown a serious challenge for the sustainability of irrigated agricul-
ture. In combating a problem of such an extent, the application of biodrainage 
technology has proved less expensive and more environmentally friendly for its 
sustenance. These species can be planted in blocks in the form of farm forestry 
or along the field boundary in the form of agroforestry (Dagar et al. 2009). 
Biodrainage can be a feasible option for controlling waterlogging and salinity in 
irrigated lands (Kapoor 2002). The most common tree species recommended for 
biodrainage in the Indian subcontinent and other parts of the world is Eucalyptus 
due to its high transpiration rate and adaptability to the varying soil conditions, 
e.g. wetness and salinity (Singh et al. 2014). In the current study Eucalyptus spe-
cies also performed best as far as growth and water consumption were concerned 
in waterlogged conditions and were found to be more effective in combating 
waterlogging. Eucalyptus can provide substantial yields of biomass and can 
reduce greenhouse gas emissions from fossil fuel consumption. By utilizing high 
water-uptake trees like the Eucalyptus species, biodrainage may be a viable alter-
native to conventional engineering-based techniques. Biodrainage is economical 
because it requires only initial investment for planting the vegetation, and when 
established, the system provides economic returns by means of fodder, wood, or 
fiber harvested and additionally sequesters carbon in the timber. For effective 
application of this technology, suitability of multipurpose tree species for differ-
ent agro-climatic zones has to be studied. Application of cyanobacteria and PSB 
to these plantations ameliorated the soil by adding nutrients and reducing pH and 
promoted the plant growth by creating favorable soil conditions. Cyanobacteria, 
because of their dual capacity for photosynthesis and N2 fixation, are capable of 
contributing to productivity in different situations. The invasion of cyanobacteria 
in the plantation promotes soil genesis, adds humus, dissolves certain minerals, 
absorbs moisture in its mucilaginous sheath, increases polysaccharide content, 
reduces soil loss, and improves texture. Cyanobacteria is an important part of wet 
agro-ecosystems, is easily available, and serves as the cheapest source of natural 
biofertilizers for such waterlogged sites. PSB application also has synergistic 
beneficial effects in remediation of such soils. There are several plant growth- 
promoting bacteria (PGPB) present in the soil rhizosphere. These PGPBs also 
have positive effects on plant growth and soil fertility. The effect of these PGPBs 
also has to be investigated in combination with above microbial biofertilizers in 
the plantation of biodrainage tree species.

It may be concluded from the above study that an integrated approach of 
microbial application with biodrainage technology may phytoremediate agricul-
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tural land suffering from waterlogging associated with a high water table and soil 
salinization, more promptly and at proven lower cost, higher return, in a socially 
acceptable and environmentally friendly method.
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Practices and Bio-formulations: Key 
to Agricultural Sustainability

Seema B. Sharma

Abstract
The ever-increasing population and the pressure it exerts on the food systems 
have raised the demands on agriculture in the form of higher yields in shorter 
time. The high rate of production with limited arable land has caused devastating 
effects on the entire food chain. The soil is degraded and water is polluted. 
Chemical intensive systems with indiscriminate use of fertilizers and pesticides 
coupled with the global climate change have geared the agricultural scenario into 
an era of irreparable damage. We need to realize that such growth comes with a 
big price tag not only for humanity but also for the natural environment that sus-
tains life and its various forms. The use of chemical-based formulations in agri-
culture has already raised questions on their sustainability in the long term. It has 
crippled not only the economic conditions of the farmers in developing countries 
and regions with harsh climatic conditions, but also their esthetic values are now 
being questioned. Our age-old systems, which withstood the test of time, always 
seemed to have an answer to such unforeseen situations, incurred due to govern-
mental policies that were not futuristic enough to see the damage that might 
occur in the long run. Subsidized prices of chemical fertilizers, hybrid seeds, and 
farming policies framed to propagate them are devoid of the issues at regional 
and local demands. Traditional Ecological Knowledge (TEK) is the indigenous 
knowledge of local people in any area of the world. It is framed and processed by 
inhabitants and carefully passed on to future generations. This knowledge is gen-
erated keeping in mind needs as well as esthetic values. Each string is woven 
delicately into the life-sustaining system so intricately that it becomes an insepa-
rable part of the community in particular and the ecosystem in general. This TEK 
has its roots in various life-sustaining activities such as customs, rituals, health, 
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dairy, and agro-ecosystems. In agricultural systems the TEK-based adaptations 
are gaining relevance due to their long-term sustainable solutions. Bioformulations 
and practices from these TEK systems are being revised and adapted in the pres-
ent scenario to revive agri-management systems in a sustainable manner.

21.1  Introduction

Ensuring sustainability across the entire agri-food chain is a major focus not just for 
farmers, researchers, and policy makers, but also for processors and retailers in the 
food and beverage industry. Our ancient methods in agri-system management are 
future proof. The evolution of mankind has been a witness to several changes, 
finally evolving into present-day civilized and settled man. From early nomadic 
wanderers who were hunters and food gatherers to present-day mechanized and 
high input–based agriculture systems, mankind has been a witness to drastic and 
rapid changes in food consumption as well as in production techniques. With the 
dawn of early agriculture systems and domestication of animals for sustenance, 
humans realized the long-term benefits of agriculture. Innovative and adaptive prac-
tices in agriculture led to the present day forms. One can very correctly say that 
agriculture provided the stepping stones towards a more organized society and 
hence is the very basis of human existence.

An ever-expanding world population is putting tremendous pressure on culti-
vable lands around the world. To meet such challenges, a continuous expansion of 
food-producing ecosystems is required. In every agri-production system, crops 
must be provided with major nutrients for better growth and substantial yields 
(Rengel 2008). There has been an indiscriminate use of chemical fertilizers in 
agriculture worldwide to provide nutrients to support plant growth and conse-
quently to boost crop productivity. Undoubtedly, chemical fertilizers have offered 
benefits to modern cropping systems, but their overuse has resulted in the deterio-
rating health of agricultural soils leading to both a decrease in production and 
ecosystem degradation. Scientists are, therefore, currently interested in develop-
ing alternative technologies to minimize the dependence on chemical fertilizers. 
Various environmental implications and health hazards coupled with socio-eco-
nomic problems stem from the indiscriminate use of chemical fertilizers, pesti-
cides, and hybrid seeds. Though agricultural production overall continues to 
increase, the rate of yield per hectare is declining.

Indigenous knowledge is a synchronized body of knowledge acquired by local 
people through informal experiments, accumulation of experiences, and an indepth 
understanding of the environment. The traditional methods in agriculture have 
helped sustain the environment over the centuries. However, increased moderniza-
tion and high input-based agri-management systems have diminished these age-old 
methodologies and this knowledge is now surviving only in bits and pieces. 
Traditional Ecological Knowledge or TEK is an accumulating body of knowledge, 
beliefs, and practice that evolves through adaptive processes and is handed down 
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through generations by cultural transmission, and deals with the relationship of liv-
ing beings (human and non-human) with one another and with the environment. 
TEK may be defined as “a cumulative body of knowledge, practice and belief evolv-
ing by adaptive processes and handed down through generations by cultural trans-
mission, about the relationship of living beings (including humans) with one another 
and with their environment” (Berkes 1999). TEK is known by different names in 
different parts of the world, e.g. indigenous knowledge, local knowledge, etc., but 
in essence they all have similar meanings.

21.2  TEK in Agri-Management Systems: World Scenario 
and the Indian Context

All over the world different groups of people may perceive and interact with nature 
in a different manner but history has withstood the testimony that the only sustain-
able systems are those able to maintain the natural flow of materials to and from the 
system. In the quest for an ecologically sustainable society, indigenous people and 
traditional ecological knowledge have been shaped so that the systems can sustain 
themselves in the long run.

The rich cultural heritage of the indigenous knowledge in the agriculture sector 
of Asia, Africa, America, Australia, and many other parts of the world is an immense 
source of systems and adaptive methodologies that are suited to the microenviron-
ment, but have strong chances of replicability in similar climatic zones.

The Globally Important Agricultural Heritage Systems (GIAHS) are good 
examples of evolutionary adapted socio-ecosystems in human history (CelaCruz 
and Koohafkan 2009) and TEK is an important component of this. These GIAH 
systems, due to excellent local traditional knowledge and practices, have been 
passed down for generations. The Hani Rice Terraces System, located in China’s 
south- western Yunnan Province, represents a living example of GIAHS (Yuan 
et al. 2014). It has existed for more than 1,000 years, following indigenous knowl-
edge related to cultivation and natural resources management (NRM), which was 
collected and practiced continually. Over this long time period, TEK has enabled 
the Hani people to manage their terraces and related natural resources in a sustain-
able way (Yuan et al. 2014).

The indigenous “Maya” people of south-eastern Mexico and central America 
have adapted an agriculture system known as “Milpa” (to the field) agricultural 
systems for almost three millennia (Flores-Delgadillo et al. 2011). They used 
slash- and- burn methods to manage agriculture of different varieties like beans, 
maize, and squash, among other plants, for food and medicinal purposes; they 
also used the method of terracing in their agricultural fields and manipulated wet-
land systems for agricultural production (Flores-Delgadillo et al. 2011). To make 
their agricultural system effective the Maya used a different cultivation method, 
instead of traditional tillage, which included site-specific crop management by 
planting crops along with perennial plants in soil-filled cavities of limestone bed-
rock (Flores-Delgadillo et al. 2011).

21 Traditional Ecological Knowledge in Agriculture
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Sacred forests, or “kayas” as they are popularly known in coastal Kenya, con-
serve faunal and floral biodiversity and are a valuable source of germplasm for spe-
cies that are tolerant to extreme weather and soil conditions. Unfortunately, the 
so-called “Green Revolution” and the urge to use modern agriculture to improve 
food production and security, has meant a huge proportion of farmers were lured 
into growing modern monoculture crop varieties. Studies from regions like China, 
Bolivia, and Kenya all recognize the need to support local initiatives such as local 
seed production, community-based landrace conservation, and local seed banks to 
increase self-reliance in the farming community.

The above-mentioned strategic methodologies suited to different indigenous 
groups in different parts of the world have a very strong foundation of living in 
harmony with nature. These systems were not driven by greed but the underlying 
principle of respect and love for the whole ecosystem that helped man and nature 
to flourish intricately. However, the era of industrial revolution, an unprecedented 
boom in population, depleting resources, and above all the driving greed of man 
ushered the whole agri-management system into the present state of failure and 
distress.

In India, after the launch of the “Green Revolution” in the mid-1960s, there was 
a substantial increase in the production of food grains which was achieved through 
the use of chemical fertilizers and high-yielding hybrid varieties of crops. It has now 
been realized that this increase in production was achieved at a heavy cost to the 
environment, in terms of the depletion of soil fertility, salinization, irreparable dam-
age to soil structure, and its water-holding capacity. There was an indiscriminate 
killing of useful insects, microorganisms, and predators which has removed the 
privilege of keeping a natural biological check on the insect pests. Chemical pollu-
tion in the form of fertilizers and pesticides has not only endangered the health of 
the farming communities who produce them but has also poisoned the produce with 
highly toxic residues, crippling the overall health of the present as well as future 
generations. It has become imperative to adopt a strategy wherein high yield can be 
achieved to meet the demands of an increasing population along with the mainte-
nance of overall soil health for future generations. Sustainability of any agricultural 
system depends upon the consistent fertility of the soil as a factor of time. The cases 
of farmer suicide in India substantiate the fact that what the policy makers and 
researchers had planned contained a big loophole and we need to relook at our agri-
culture policies, whcih are system oriented and not yield centric.

21.3  The “Vedic Krishi” System of India: The World Heritage

India is a land of rich cultural heritage. In today’s scenario when we talk of the 
whole world as a “Global Village,” we as global citizens cannot segregate one 
knowledge system and its useful implications as an intellectual property of a single 
nation or a cult. It is a knowledge system of humanity, for humanity, and by human-
ity. The ancient Indian scriptures The Vedas and Upanishads are the collection of 
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knowledge and experiences of the intellectual ancient Indian civilizations. Each 
hymn in these scriptures has described various diversified aspects of mankind from 
astrology to spirituality and from medicine to agriculture; all aspects have been 
covered in a very subtle way and are very much relevant today. “Rig Veda and 
Krushi Parashar” finely describe crops and their cultivation techniques, rain fore-
casting, and soil adaptations. All the diversified aspects related to agro-management 
techniques have been dealt with in detail in these valuable treatises.

21.3.1  Broad Principles

For centuries the tradition of holistic agriculture has been a way of life in India that 
has shaped the outlook, the thought process, the culture, and the economic life of its 
people.

Below are the broad principles that have been part and parcel of this Vedic Krishi 
or ancient agriculture system:

 1. Restoration of soil health by incorporation of the organic matter that holds its 
fertility.

 2. Establishing and maintaining the soil as a living system.
 3. Skilful applications of factors that maintain soil health.
 4. In crop growth all the five elements have to be balanced, they are: earth, wind, 

rain, fire, and space.

21.3.2  Important Aspects of Vedic Krishi

Based on the broad principles following practices which frame this agro- management 
system:

 1. Harnessing energies from the cosmos: A biodynamic calendar and its use is very 
much prevalent in India as well as in other parts of the world. During the particu-
lar time and phase of month and year, the cosmic influences are most supportive 
for the growth and overall development of plants. The ancient sages had an in- 
depth knowledge of this aspect and they very prominently used it in different 
phases of crop growth, right from sowing up until the harvesting phase.

 2. Harnessing energies from the cow: The cow has occupied a pivotal place in 
social, economic, and spiritual spheres of the Indian civilization. The Vedic lit-
erature rightly describes in detail its importance. Different products from the 
cow like cow dung and urine are an important constituent of traditional 
bio-formulations.

 3. Agnihotra therapy: Chanting of particular “Mantras” at a particular time of the 
day with simple offerings in fire help to fine-tune the cosmic energies and utilize 
them for beneficial aspects and purifying the environment.
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 4. Bio-formulations from locally available materials: Compost and farm yard 
manure along with locally and readily available materials are the basic constitu-
ents of traditional bio-formulations. Some of them are as follows:
• Panchgavya: This is a special preparation made from five by-products of the 

cow along with other ingredients (coconut water, sugarcane juice) that are 
incubated in earthen pots and are used as liquid manure.

• Jivamrit: This is a beautiful fermented concoction of cow dung, cow urine, jig-
gery, and gram flour along with some soil. The microbial population grows rap-
idly with the availability of carbohydrate (jaggery) and protein (gram flour), and 
after 5 days this bio-formulation exerts wonderful effects on the soil and crops.

• Vermicomposting: The farm yard manure or any organic waste is composted 
with the help of earthworms.

The ultimate aim of these biofertilizers is to maintain and propagate the 
soil microcosm wherein different beneficial microorganisms help in different 
processes, like the phosphate-solubilizing microbes (PSMs) that help to solu-
bilize and mineralize locked forms of phosphorus into bioavailable forms 
(Sharma et al. 2013, 2014b).

 5. Beej Sanskar: Seed treatment. Prior to sowing, seeds are treated with organic 
materials like cow urine and then sown.

 6. Bhramastra: Natural pesticide. Prepared from leaves of local tree species like 
guava, papaya, pomegranate, custard apple, etc. with cow urine as the basic 
ingredient.

 7. Acchadan: Mulching technique. The soil is covered with dried vegetation like 
sugarcane waste and this prevents evaporation of moisture from the soil.

TEK-based agro-systems serve as natural “Gene Banks” because farmers through 
their traditional methods of sowing the native seeds and using local species are able to 
maintain a genetic pool that is indigenous as well as suited to the local environment. 
These local varieties are more sturdy and resilient and also are able to withstand environ-
mental stresses. Modern or hybrid varieties on the contrary lack these qualities. 
Moreover, these modern varieties cripple the farming community in more ways than one 
as they have to be procured from the sellers in each season, are subject to market avail-
ability and quality, and are often intellectual property right (IPR) protected, which can 
restrict their use. They also require costly inputs of fertilizers and pesticides. The overall 
goal of this knowledge in agriculture is to assimilate various components in the holistic 
fabric of ecosystem integrity so that overall biodiversity is preserved and biological effi-
ciency is improved. This ultimately leads to agro-ecosystem productivity and mainte-
nance of self-regulating capacity. The central idea is to maintain an agro-ecosystem that 
closely mimics the function and structure of local natural ecosystems.

21.4  TEK-Based Agricultural Practices: The Indian Scenario

Traditional methods of cultivation have revealed several interesting facts about 
the assets of traditional agriculture practices in India. The indigenous skills of the 
farmers of remote tribal villages are still untouched by the official extension and 
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development programs. These existing indigenous practices of cultivation have 
emerged after centuries of experience, based on the policy of trial and error, and 
as such they have a sound base for their wider acceptance. Traditionally, man, 
animals, forests, and agricultural fields were inseparable and harmonious entities 
of a single system.

As an example, there are biodiversity hot spots, with forests (Rai 2007) and even 
agricultural systems (Barooah and Pathak 2009) in major areas of north-eastern 
India that are home to large pools of genetic biodiversity. Bari is a common farming 
system prevalent in north-east India; it is an area on a homestead where different 
crops are grown with poultry, livestock, and fish next to the main household. This 
type of system, in conjunction with the taboos related to cultural/religious beliefs, 
have contributed to management and conservation of biodiversity and allowed the 
ethnic group Thengal-Kacharis to survive sustainably (Barooah and Pathak 2009).

Bamboo was found almost everywhere and in every Bari system (Barooah and 
Pathak 2009). Sustainable harvesting of bamboo is carried out so that the people can 
continue to benefit from the resources it provides. Religious beliefs permit harvest-
ing only on certain days and on every new moon. Efforts for conservation and pres-
ervation of certain species stem from the cultural and religious beliefs of 
“Thengal-Kacharis” (Barooah and Pathak 2009). Dhekia (Diplazium esculentum), a 
leafy vegetable, is a taboo during the fall season because that is when the plant 
sporulates and propagates. Many plants are also considered taboo and preserved for 
religious reasons like the holy tree, Sijou Goch (Euphorbia nerifolia) (Barooah and 
Pathak 2009). The women of this community have an extensive traditional knowl-
edge on how to store food and seeds. Seeds from brinjal, ladyfinger, and chillies are 
stored and dried in the fireplace (dhua chang) to prevent attack by pathogens 
(Barooah and Pathak 2009). Pumpkin, sesame, ash gourd, and cucumber seeds are 
removed, sun dried, and stored in bamboo for the next growing season. Medicinal 
plants like amla (Emblica officinalis) and myrobalan (Terminalia chebula) are also 
dried and stored (Barooah and Pathak 2009). Areca catechu nuts are stored in pits 
lined with palm or banana leaves because they help preserve the nuts for consump-
tion until the next growing season.

A comparative microbial diversity and nutrient availability analysis of TEK- 
based systems versus chemical integrated agri-amendment systems was carried out 
in the earmarked fields of Kachchh, western India by Sharma et al. (2014a). The 
organic farms were subjected to various practices, viz.: Acchadan, seed treatment, 
Jivamrit application and use of natural pesticides as “Brahmastra” that are a tradi-
tional wealth of the age old “Vedic Krishi” system from ancient India. On the other 
hand, the synthetic input-based fields were subjected to application of chemical 
fertilizers and pesticides. Samples were collected from the crop rhizosphere up to a 
depth of 12 cm using standard soil sampling procedure. Samples were analyzed in 
triplicate for physical-chemical characteristics and microbiological analysis. It was 
observed that organic-based farming systems provide the major plant nutrients to 
the crops at the required timings. Organic amendments not only increase the organic 
matter content of the soil but also provide nutrients that are seldom applied by farm-
ers (e.g., manganese, zinc, and sulphur) as insurance against potential yield limita-
tions. Furthermore, nutrients that are normally applied in ommercial fertilizers (e.g. 
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potassium) and liming sources (i.e. magnesium and calcium) are supplemented in 
organic amendments and permitted to accrue in the soil. Hence these TEK-based 
systems help to build drought-resilient soils (Sharma and Thivakaran 2016).

21.5  Conclusions and Future Prospects

Before the advent of modern agricultural technologies, traditional agricultural sys-
tems have sustained populations of various indigenous people in various parts of the 
world. Agriculture and the associated traditional knowledge involve two major 
aspects: the characteristics of crops and the management of those crops (Wilken 
1987). Management of biodiversity and mixed inter-cropping has helped sustain 
agriculture practices of indigenous and local communities. The agro-ecological evi-
dence suggests that the cultural adaptations developed by the farming community in 
India like the mix-cropping system helps maintain a wide genetic resource base. 
Similarly domestication of cattle especially the local breeds of cow provide differ-
ent manures. This has helped to sustain farming practices in harsh climatic condi-
tions and terrains. TEK systems are major contributors in sustaining regional as 
well as local biodiversity and ecosystem services and are important in building sys-
tems that are resilient in the face of global environmental change. This knowledge 
in the agriculture sector must be a part of policies adapted by governments, institu-
tions, and Non-Governmental Organizations (NGOs) when designing and imple-
menting climate change and agriculture-related policies. TEK has the potential to 
provide valuable information and useful models that can be adapted for resource 
management in today’s scenario where biodiversity is now becoming synonymous 
with sustainable development and human survival. Agricultural techniques and 
products based on indigenous knowledge are now being widely adapted.

Many developing countries including India have a rich cultural tradition of their 
own. The so-called “Modern Progressive Agriculture” that relies on high-yielding 
hybrid crop varieties and ever-increasing and indiscriminate doses of chemical fer-
tilizers and pesticides have crippled the whole food system and indiscriminately 
uprooted the time-honored agro-management practices. Before this enormous 
wealth of TEK in the agri-sector is lost forever, scientists and researchers should 
systematize and try to give it a scientific standing, given that these practices are 
rapidly diminishing due to socio-economic and political pressures. The decline of 
the TEK-based agriculture systems can be summarily attributed to the erosion of 
cultural values and weakening of traditional authorities and governmental policies 
promoting modern techniques at the expense of indigenous knowledge based 
practices.

Integration of scientific and indigenous knowledge systems is vital for agricul-
tural sustainability. This integration of knowledge systems is important because the 
indigenous knowledge system is far more accurate with regard to the nomenclature 
for identifying soils and their suitability for varied uses. However, in order to render 
it suitable for varied environments and regions it needs to be provided with a scien-
tific standing, as mentioned above. TEK is an important component of local 
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adaptive capacity. There is an immediate need to tackle the research/extension sys-
tems, agricultural policies, and IPR regimes that drive the loss of local crop variet-
ies. It is high time that we realized the huge importance of this traditional knowledge 
system and its invaluable implications in the agri-sector and sustainable 
ecosystems.
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Abstract
The endophytic Arbuscular Mycorrhizal (AM) fungi is mutually associated with 
root systems of higher plants. This fungus colonizes both inter- and intracellu-
larly in the roots of plants. Curcuma longa is a herbaceous perennial plant com-
monly called turmeric, belonging to the Zingiberaceae family and native to 
southern Asia, particularly India. Our country is a leading producer and exporter 
of turmeric in the world. It is used as a condiment, dye, cosmetic, and medicine, 
and is also used in religious ceremonies. The present study focuses on the influ-
ence of AM fungal effect and salinity on Curcuma longa plants grown under 
greenhouse conditions. This investigation reported that lower concentrations of 
sodium chloride do not show drastic effects on plant growth when they are 
treated with AM fungi compared to non-AM fungi-inoculated control plants. 
Thus AM fungi improved the salt tolerance in Curcuma longa plants at lower 
concentrations of sodium chloride.

22.1  Introduction

Arbuscular Mycorrhiza (AM) fungi are beneficially associated with root systems of 
most higher plants. Turmeric (Curcuma longa L) is an ancient and sacred spice of 
India, which is commonly known as “Indian saffron.” It is one of the most important 
commercial spice crops grown in India. Andhra Pradesh, Tamil Nadu, Orissa, 
Karnataka, West Bengal, Gujarat, Meghalaya, Maharashtra, and Assam are 
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important states which cultivate turmeric. Among these Andhra Pradesh alone 
occupies 35.0% of the area and represents 47.0% of production.

Turmeric is used in various forms as a condiment, flavoring, and coloring agent 
and as a principal ingredient in Indian culinary curry powder. It has anti-cancer and 
anti-viral properties and hence has use in the drug and cosmetic industry. “Kum- 
kum,” popular with Hindu temple pooja on religious and ceremonial occasions, is 
also a by-product of turmeric. There is increasing demand for natural products as 
food additives like turmeric, which acts as a natural food colorant. This study deals 
with the analysis of different concentrations of sodium chloride on the influence of 
vegetative growth, physiological tolerance, and uptake of nutrients in Curcuma 
longa under greenhouse condition.

22.2  Methods

22.2.1  Sample Collection

The AM fungal inocula were collected from the Tamil Nadu Agricultural University, 
Madurai, Tamil Nadu, India for the present study. The rhizome of Curcuma longa 
was collected from cultivation area of Madurai.

22.2.2  Potting and Seeding

One hundred grams of collected soil samples (inoculum) were layered over pot 
mixture (1:3 of sterilized soil and sand; about 3 kg) in earthen pots (height: 20 cm, 
diameter: 25 cm). These pots were used in the study. The control pot was not inocu-
lated with AM fungi. The Curcuma longa rhizome 2 cm in size was propagated at a 
depth of 5 cm in pot soil. The pot was assigned for the following treatments: T1 – 
0.1, T2 – 0.2, T3 – 0.3, T4 – 0.4, and T5 – 0.5% sodium chloride concentration for 
a 7-day period after the 90th day of vegetative growth.

22.2.3  Growth Determination

The plant growth was measured at regular intervals of 30 days for both AM fungi- 
inoculated and control plants.

22.2.4  Estimation of Chlorophyll

The chlorophyll content of leaf tissue was estimated by the method of Arnon (1949). 
Fifty milligrams of leaf tissue were ground in 80% acetone using a mortar and 
pestle and centrifuged. The pellet was extracted again with acetone and centrifuged. 
This was repeated until the pellet turned non-green. The supernatants were collected 
and the optical density of the extract was read at 645 nm and 663 nm.
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The chlorophyll content was calculated on a fresh weight basis using the follow-
ing formula:

 
Total chlorophyll g

A A
mg fr wt

W
V/ .

. .( ) = ´ + ´
´ ´

´
22 4 645 8 02 663

1 1000  

 
Chlorophyll a g

A A
 mg fr wt

W
V/ .

. .( ) = ´ - ´
´ ´

´
22 9 663 2 69 645

1 1000  

 
Chlorophyll b g

A A
 mg fr wt

W
V/ .

. .( ) = ´ - ´
´ ´

´
22 9 645 4 68 663

1 1000  

Where

l = path of light length in cm (1 cm)
V = Volume of the extract in ml and
W = Fresh weight of the sample in g.

22.2.5  Estimation of Carotenoid

The optical density of the acetone extract of leaves was read at 480, 645, and 663 nm 
and the amount of carotenoids were estimated (Ridley 1977) using the formula:

A480 + (0.114 × A663) − (0.638 × A645) and the extinction coefficient of 
100 mM−1 cm−1.

22.2.6  Estimation of Proline

The proline content of the leaf is determined by the method of Bates et al. (1973). 
About 500 mg of leaf sample was ground in a mortar with 10 ml of 3% aqueous 
sulfosalicylic acid. The homogenate was filtered through Whatman No: 2 filter 
paper. The extraction was repeated and the filtrates were combined. Two milliliters 
of the filtrate were taken in a test tube and 2 ml of acid ninhydrin and 2 ml of glacial 
acetic acid were added. The mixtures were incubated at 100 °C in a hot water-bath 
for 1 h. Then the tubes were transferred to an ice-bath to terminate the reaction. Four 
milliliters of toluene was added and the contents mixed vigorously for 15–20 s. The 
optical density of the upper toluene layer containing proline was measured at 
520 nm against a reagent blank by using UV-VIS Spectrophotometer-Systronics-119. 
Authentic proline was used as a standard for calculating the leaf proline content.

22.2.7  Total Nitrogen Estimation

The dried biomass of each sample was ground in a porcelain mortar and pestle and 
the total nitrogen content was estimated by modified micro kjeldahl method 
(Umbreit et al. 1972). Ten milligrams of powdered biomass were taken in a micro 
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kjeldahl flask. A pinch (about 50 mg) of catalyst (Humphries 1956) and 0.5 ml of 
concentrated sulphuric acid were added into the kjeldahl flask. The flask was gently 
heated in a digestion rack until the fumes of sulfuric acid evolved. Then it was 
heated strongly until the digest turned to an apple green color. After cooling, the 
digest was made up to 20 ml with double distilled water. To 1 ml of the above 
diluted digest, 2 ml of water, 2 ml of color reagent, and 3 ml of 2 N sodium hydrox-
ide were added in series. After 15 min, the optical density of the solution was read 
at 490 nm against a reagent blank by using UV-VIS Spectrophotometer 
Systronics-119. The nitrogen content of the sample was determined with reference 
to a standard graph prepared using authentic ammonium chloride.

22.2.8  Total Phosphorus Estimation

The dried biomass of each sample was ground in a porcelain mortar and pestle and 
the total phosphorus content was estimated by the micro kjeldahl method (Bartlett 
1959). 100 mg of powdered biomass were ground in ice-cold 0.2 N perchloric acid, 
and the extract was held in ice for 15 min prior to clearing by centrifugation. The 
extraction by perchloric acid was repeated at least three times and the extracts were 
pooled and analyzed for total phosphorus. To 1 ml of the extract in a tube, 1 ml of 
60% TCA was added and the contents were digested at 160–180 °C. After digestion, 
each sample received 4.5 ml of 2.5% ammonium molybdate and 0.2 ml of 0.25% 
1-amino 2- naphthol 4- sulphuric acid (ANSA). The contents were mixed well and 
heated in a boiling water bath for 10 min. After cooling, the volume was diluted to 
10 ml with distilled water. The blue color developed was measured at 650 nm 
against blank by using UV-VIS Spectrophotometer-Systronics-119. Potassium 
dihydrogen phosphate was used as a standard for calculating total phosphorus of the 
sample.

22.2.9  Estimation of Proteins

The total protein content of fresh leaf tissue was estimated by Lowrey’s method 
(Lowrey et al. 1951). Fifty milligrams of leaf tissue was extracted in hot 80% etha-
nol and macerated in a mortar with pestle. The homogenate was collected and the 
supernatant discarded. The pellet was suspended in a suitable volume of 5% TCA in 
an ice-bath for 15 min. The pellet was re-extracted once in hot absolute ethanol and 
twice with an ethanol–ether mixture, each time discarding the supernatants after 
centrifugation. This pellet contained proteins and nucleic acids. The protein sample 
was placed in 1 ml of sodium hydroxide at 100 °C for 4–5 min. Thereafter, 5 ml of 
alkaline copper reagent were added and allowed to incubate at room temperature for 
10 min. Folin phenol reagant 0.5 ml was added rapidly and mixed immediately. 
After 30 min, the optical density was measured at 750 nm by using UV-VIS 
Spectrophotometer-Systronics-119. The bovine serum albumin was used as stan-
dard for calculating the protein content of the sample.
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22.2.10  Statistical Analysis

The measured and collected data of this study were analyzed by analysis of variance 
(ANOVA) and means comparison was carried out using Duncan’s multiple range 
test (DMRT) (Little and Hills 1978).

22.3  Results and Discussion

One of the chief abiotic stresses is the soil salinity, which negatively influences 
plant growth and crop productivity all over the world. Valuable and advantageous 
microorganisms such as fungi and bacteria can enhance plant growth under several 
stress conditions and also increase crop yield (Evelin et al. 2009). The salt stress or 
salinity not only negatively influences the host plant but also affects the inoculated 
beneficial microbiomes in soil. Inoculation of AM fungi improves the root coloniza-
tion capacity, spore germination, and growth of fungal hyphae (Hirrel 1981; Estaun 
1989; McMillen et al. 1998; Jahromi et al. 2008). There are several scientific reports 
that exhibited the root colonization by AM fungi in host plants decreasing under 
saline conditions or in a saline environment (Hirrel and Gerdemann 1980; Ojala 
et al. 1983; Duke et al. 1986; Poss et al. 1985; Rozema et al. 1986; Menconi et al. 
1995; Juniper and Abbott 2006; Giri et al. 2007; Sheng et al. 2008). Juniper and 
Abbott (2006)) demonstrated that the saline environment repressed the growth AM 
fungi and its spore formation, which leads to poor plant growth (Tian et al. 2004; 
Sheng et al. 2008).

In the present study the AM fungi-inoculated Curcuma longa (turmeric) plant 
exhibited a significant (P ≤ 0.05) difference in chlorophyll a and b pigments 
(0.7532b ± 0.012 μg; 0.2394b ± 0.026 μg), which was noticed at the 90th day of 
growth period compared to the control plant (0.3212c ± 0.012 μg and 
0.0095d ± 0.023 μg). A gradual increase in chlorophyll pigment contents was 
observed in AM fungi-inoculated plants compared to the control plants. Pigment 
contents were decreased under salinity stress conditions (0.1–0.5% of NaCl) in all 
plants. Therefore, during regular watering of the plants, AM fungi-inoculated 
Curcuma longa plants under saline stress of 0.1% and 0.2% NaCl recovered quickly 
in comparison to the uninoculated or control plants. The maximum chlorophyll a 
and b was observed (8.1253f ± 0.140 μg and 0.6853e ± 0.023 μg) in 0.1% NaCl- 
stressed + AM fungi-treated plants compared to control and other higher sodium 
chloride-stressed AM fungi-inoculated plants. Chlorophyll a and b were decreased 
gradually during harvesting period in all treatments (Tables 22.1 and 22.2).

Hayat et al. (2010) reported that the photosynthetic activities of plants were 
affected by salinity stress. This salinity stress has numerous adverse effects on plant 
physiological activities such as ion toxicity changes in growth, increased respiration 
rate, unequal mineral distribution in plant, membrane instability resulting from cal-
cium and potassium displacement by sodium (Grattan and Grieve 1992), membrane 
permeability (Gupta et al. 2002), and lowering of photosynthetic efficacy (Ashraf 
and Shahbaz 2003; Kao et al. 2003; Sayeed 2003).
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Allakhverdiev et al. (2000) found that major abiotic stresses such as cold, heat, 
water stress, and salinity adversely influence plant growth and productivity, but 
compared to other stresses salt stress exerts more severe and extreme effects, which 
lead to low productivity (Munns 2002). According to Munns (1993), a high salt 
content decreased plant growth and crop production by influencing the significant 
physiological courses such as ion balance modification, water status, mineral nutri-
tion and distribution, stomatal behavior, and photosynthetic efficiency.

In another study, AM fungi-inoculated plants showed augmented vegetative 
growth, total chlorophyll content, and uptake of nutrients like nitrogen, phosphorus, 
potassium, calcium, and magnesium in maize plants (Sitaramaiah et al. 1998). 
Goicoechea et al. (Goicoechea et al. 1997) reported that VAM-inoculated alfalfa 
plants were better adapted to water-deficit conditions and increased concentration 
of proline compared to the non-mycorrhizal plants.

In another study, chlorophyll content was reduced by increasing salinity (Sheng 
et al. 2008), owing to the suppression of specific enzymes that are responsible for 
the synthesis of photosynthetic pigments (Murkute et al. 2006). The uptake of 
important minerals needed for chlorophyll synthesis and concentrations in leaves 
was also reduced (El-Desouky and Atawia 1998).

The carotenoid contents in all salt-treated concentrations of AM fungi- inoculated 
Curcuma longa exhibited higher increases compared to the control, and were 
observed to be highest during the harvesting period (Fig. 22.1). Yancey et al. (Yancy 

0 0.1 0.2 0.3 0.4 0.5

60th Day

90th Day

97th Day

120th Day

150TH Day

180th Day

210th Day

240th Day

T5
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T1

Control

µg/g fresh leaf 

Fig. 22.1 Influence of Arbuscular Mycorrhizal fungal effect and salinity on the carotenoid con-
tent (μg/g fresh leaf.) of Curcuma longa
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et al. 1982) suggested that plants resort to many adaptive techniques in response to 
various abiotic and environmental stresses such as dehydration and unnecessary 
osmotic pressure. Such adaptive techniques in plants include changes in physiologi-
cal and biochemical processes, which are helped by beneficial microbes. 
Accumulation of proline and carotenoids during stress conditions with the help of 
beneficial microbes could be due to the direct impact of a reduced photosynthetic 
rate since a positive correlation between photosynthetic rate and chlorophyll con-
tent was found in many instances (Tester et al. 1986; Sivaprasad and Rai 1987). The 
reduction in photosynthetic activity might also influence the nitrogen fixation by 
legumes under salt stress (Georgiev and Atkias 1993). The dehydration and turgor 
pressure loss occur as a result of the higher ratios of toxic salts in leaf apoplasm, 
which leads to death of leaf cells and tissues (Marschner 1995).

Moisender et al. (2002) and Sheekh-El and Omar (2002) reported that the salt- 
sensitive plants had either a relatively low salt tolerance or strongly repressed 
growth at low salt concentration or may exhibit severely inhibited growth at low 
salinity levels, so differ in the growth response to various levels of salinity. Murphy 
and Durako (2003) suggested that this salt stress influenced the physiological activi-
ties at the whole plant level and also at cellular levels through osmotic and ionic 
stress. The proline buildup in plants is also a part of the stress signal affecting the 
adaptive mechanism (Maggio et al. 2002). This metabolic activity has been studied 
in plants in response to various osmotic stresses (Verbruggen and Heramns 2008). 
Mohammadkhani and Heidari (2008) reported induced accumulation of soluble 
sugars and proline in two varieties of maize. This accumulation of sugars and pro-
line in plants has been a parameter for selection for stress tolerance (Yancy et al. 
1982; Jaleel et al. 2007). Similarly, Mafakheri et al. (2010) studied the influence of 
drought stress on crop yield, proline accumulation, and chlorophyll contents in 
three chickpea varieties.

The present study showed the proline content was maximum in AM fungi- 
inoculated Curcuma longa plants stressed with 0.1–0.5% NaCl and was minimum 
in control plants at all stages of the plant. It was three- to fourfold higher during salt 
stress in AM fungi-inoculated plants when compared to control. After the salinity 
stress period, its level declined sharply in both control and AM fungi-inoculated 
plants (Fig. 22.2). This proline accumulation was higher in the Curcuma longa plant 
and was stimulated by the AM fungi under mild salt-stressed conditions. Further, 
the diffusion of proline after regular hydration of plants might be taken to indicate 
that proline served as a storage compound during the stress period.

The accumulation of amino acid proline has been one of the most frequently 
induced components by drought and salinity stress in plants. There are many plants 
that accumulate proline as a nontoxic and protective osmolyte to maintain osmotic 
balance, which implies low water potential (Jain et al. 2001; Parida et al. 2002; 
Ashraf and Foolad 2007; Sannazzaro et al. 2007) under various salinity conditions. 
Goas et al. (1982) suggested that microbial infibulation helps in acting as a reservoir 
of energy and nitrogen for utilization during salt stress.

Jindal et al. (1993) reported that mycorrhizal-inoculated mung bean (Vigna radi-
ata) plants had a greater proline content compared to the control plants at 12.5 and 
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25 mM sodium chloride at the 40th and 60th days after sowing. There was a higher 
proline concentration in AM soybean than control plants at different salinity levels 
like 0, 50, 100, 150, and 200 mM sodium chloride (Sharifi et al. 2007). The accu-
mulation of proline in plants could be a symptom of stress tolerance in less salt- 
tolerance species and its contribution to osmotic modification was seemingly 
insignificant compared to the potassium ions (Wang et al. 2004.

The protein content of leaf was significantly (P ≤ 0.05) increased gradually in 
AM fungi-treated Curcuma longa plants. This content declined during the salt- 
stressed period. After salt stress recovery, the maximum was observed as 
1.825f ± 0.002 mg and 1.420f ± 0.000 mg on the 210th day of growth period of AM 
fungi-treated Curcuma longa under stressed conditions with 0.1% and 0.2% sodium 
chloride compared to control (0.438e ± 0.002 mg) and other salt-stressed plants 
(Table 22.3). Dumas et al. (1994) observed higher protein content in AM fungi- 
inoculated Nicotianatabacum and Allium cepa roots compared with control plants.

The enhancement of phosphate uptake and growth of leguminous plants by vesicu-
lar AM fungi (Ezawa et al. 2000; Arihara and Karasawa 2000; Meshram et al. 2000; 
Joner 2000; Mayoral et al. 2000; Guriqbal et al. 2001; Mamtha et al. 2002; Atimanav 
and Adholeya 2002) has been reported. Significant effects of mycorrhizae on nitrogen 
uptake percentage in grass species were studied. Alvey et al. (2001) showed strong 
evidence that cereal/legume rotations could enhance phosphorus nutrient uptake of 
cereal through arbuscular mycorrhizae. These results were supported by Johnny 
(1999), who reported that the legumes formed tripartite symbiosis with AM fungi and 
Rhizobia, which variably influenced plant productivity. Phosphorus nutrition is also 
an essential factor in the activation of nitrogen assimilation by legumes.
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Fig. 22.2 Influence of Arbuscular Mycorrhizal fungal effect and salinity on the proline content 
(mg/g fresh leaf.) of Curcuma longa
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Phosphate-solubilizing microorganisms (PSMs) also play a significant role in 
plant growth and metabolism and crop productivity. Raja et al. (2002) have reported 
enhanced availability and uptake of native soil phosphorus by converting the insol-
uble phosphorus to soluble forms by producing various organic acids. Root coloni-
zation of plants by AM fungi greatly augmented phosphorus and nitrogen nutrient 
uptake (Chen et al. 2005), similarly AM fungi also improved the uptake of nutrients 
by extra radical mycorrhizal hyphae (Ruiz-Lozano 2006).

In soil plant systems, the nutrient cycling is also influenced by AM fungal asso-
ciation and it has also enhanced the plant health through increased protection against 
many biotic and abiotic stresses, and also soil structure through aggregate formation 
(Bethelenfalvay and Linderman 1992; Gianinazzi et al. 2002; Turnau and 
Haselwandter 2002; Van der Heijden and Sanders 2002; Jeffries 1987; Barea et al. 
2005; Turnau et al. 2005).

Generally, in legumes the AM fungi increased root nodulation and nitrogen fixa-
tion as a consequence of improved phosphorus nutrition (Athar 2005). The present 
investigation revealed that the Curcuma longa plant’s total nitrogen and phosphorus 
contents were greater in AM fungi-inoculated plants than in the controls at all stages 
of growth. Salt stress did not affect the nitrogen and phosphorus uptake in AM 
fungi-inoculated plants. A significant (P ≤ 0.05) increase in total nitrogen and phos-
phorus content (33.55h ± 0.21 mM; 0.350g ± 0.011 mg and 33.05h ± 0.01 mM; 
0.220g ± 0.003 mg) was found on the 210th day in the AM fungi-inoculated Curcuma 
longa plants stressed with 0.1% and 0.2% sodium chloride followed by the rest of 
plants, and was minimum in control plants (16.45h ± 0.20 mM and 0.155f ± 0.001 mg). 
Those plants were tolerant to mild salt stress due to the induction of continuous 
nutrient mobilization by AM fungi. These contents were decreased during harvest-
ing period (Tables 22.4 and 22.5).

The influence of VAM fungi on growth and mineral accumulation in Bromus 
inermis at 0, 1, 2, and 3 g sodium chloride/kg soil in a pot experiment was studied. 
The report concluded that the mechanism of VAM fungi in improving the salt toler-
ance of Bromus inermis is to increase the plant’s nutritional condition by increasing 
the uptake of nitrogen and phosphorus while decreasing the relative concentration 
of sodium and chlorine in the plant (Feng et al. 1998.

Lioyd et al. (1989) reported that the greater salt concentrations in the root zone 
lessen availability of water in soil and lower water potential. This deficiency leads 
to cellular level dehydration and eventually osmotic stress also occurs. Hasegawa 
et al. (2000) also reported that extreme amounts of toxic ions such as Na+ ion and 
Cl− ion create an ionic imbalance by lessening the uptake of helpful ions such as K+, 
Ca2+ and Mn2+ ions. Shahid et al. (2011) reported that the Na+ and Cl− ion buildup 
was connected with a decrease in concentration of K+ in leaves and roots.

The present study reported that employment of AM fungi in the Curcuma longa 
(turmeric) plant (Plate 22.1) causes a significant increase in vegetative plant growth 
along with an upsurge in the chlorophyll and carotenoid pigments. There was 
90–100% of root colonization by AM fungi (Plate 22.2) and greater synthesis of 
proline in mycorrhizal plants compared to the control or uninoculated plants. 
Application of lower concentrations (0.1% and 0.2%) of sodium chloride does not 

22 Influence of Arbuscular Mycorrhizal Fungal Effect and Salinity on Curcuma longa
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a

c

d

b

Plate 22.1 Influence of Arbuscular Mycorrhizal fungal effect and salinity on Curcuma longa (a–d)
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negatively affect the AM fungi- inoculated plant growth when grown in greenhouse 
conditions. Moreover, these salinity-stressed plants recovered faster compared to 
the other salt-induced plants and control plants. It can be concluded that the AM 
fungi-inoculated turmeric plant exhibited noteworthy vegetative growth and 
enhanced mild salt tolerance compared to control plants.

Smith and Read (2008) also reported that AM fungi are associated with the roots 
of over 80% terrestrial plant species and they have also been shown to encourage 
plant growth yield and salinity tolerance by many scientists. Application of AM 
fungi promotes salinity tolerance in plants by applying numerous mechanisms, such 
as enhancing nutrient uptake (Evelin et al. 2012), increasing plant growth–hormone 
production, and improving rhizospheric and soil conditions (Asghari et al. 2005), 
enhancement in photosynthetic activity and water use efficiency (Hajiboland et al. 
2010), buildup of compatible solutes (Evelin et al. 2013), and manufacture of 
greater antioxidant enzymes, as reported by Manchanda and Garg (2011)).

The positive aspects of AM fungi inoculation with crop plants results in better 
survival of root-colonized plants in terms of better growth, the maintenance of 
plant biodiversity, the soil microflora improvement (Boer et al. 2005), resistance 
to various biotic (BØdker et al. 2002; Dalpe 2005) as well as abiotic pressures and 
stresses (Evelin et al. 2009; Neumann and George 2009), enhancement of the soil 
structure and lessening of chemical fertilizer and pesticide application (Strack 
et al. 2003).

a

c d

b

Plate 22.2 Arbuscular Mycorrhizal fungal infection in root tissues of Curcuma longa (a–d)
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 Conclusion

The current study illustrates the effects of AM fungus and the low concentrations 
of NaCl (0.1 and 0.2%) on the Curcuma longa (turmeric) plant. Inoculation of 
the beneficial fungus boosted the vegetative growth by increasing the chlorophyll 
and carotenoid pigment contents along with tolerance towards applied salt stress 
for a few days. Application of higher concentrations of sodium chloride (above 
0.2%) negatively influenced the growth pattern of Curcuma longa (turmeric) 
plants under greenhouse conditions. Consequently, application of AM fungus 
encouraged nutrient uptake, particularly N and P, and also provided minor salt 
tolerance in turmeric plants for the applied concentrations of NaCl. The results 
of this study suggest that using AM fungi soil application not only enhances the 
vegetative growth of the plant but also augments soil fertility and lessens the 
application of chemical fertilizers in the crop field, which becomes cost effective. 
AM fungus is generally known as an ecofriendly biofertilizer or bioinoculant 
that does not cause any pollution on or adverse effects to our ecosystem.
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23Microbes and Crop Production

Priyanka Arora and Archana Tiwari

Abstract
Our environment includes a wide diversity of microbes that interact with plants 
in different ways. The range of interaction may be from two-partite symbiosis 
(nodule formation by legume-rhizobia interaction during N2 -fixation) to multi- 
partite epiphytic as well as endophytic. Soil microbes find their major role in 
cycling of phosphorus, nitrogen, and other nutrients via production of certain 
exudates. Effective agronomic practices are associated with both beneficial and 
biocontrol mechanisms of microbes associated with symbiosis. To develop a 
microbe-based sustainable agriculture, fundamental knowledge of molecular 
biology, evolution, ecology, and genetics are needed. The employment of such 
relevant studies could lead to more prominent productivity as well as adaptive 
functions. The microbial-based crop production could lead to the replacement of 
hazardous chemicals with biofertilizers, thereby reducing the cost and enhancing 
the quality of agricultural products thus obtained.

23.1  Introduction

Plants are in continuous interaction with micro-organisms. Some interactions are 
beneficial while some are disadvantageous. The beneficiary role of micro- organisms 
still lacks exploration. This chapter deals with the exploration of various microbes 
with special reference to their role in enhancing crop production and hence agricul-
ture, which may provide opportunities for future prospects.

Currently, there is a great need to provide proper nourishment to the continu-
ously growing human population, and therefore an urgent need for techniques in 
agriculture that are eco-friendly as well as capable of enhancing agricultural prod-
ucts both quantitatively and qualitatively. Microorganisms can serve as an 

mailto:panarchana@gmail.com


438

excellent alternative for traditional agricultural practices that are known to severely 
affect the agro-ecosystem balance, thereby damaging health severely. For instance, 
nitrogen fertilizers, which are used on a regular basis, lead to ground water con-
tamination. Also, the chemicals used in crop protection persist in foods, which is 
a cause for great concern. The replacement of chemicals with micro-organisms has 
also been reported previously in agriculture (Dobbelaere et al. 2003; Burdman 
et al. 2000).

Some of the beneficial microorganisms include plant growth–promoting rhizo-
bacteria (PGPR) and biological control agents (BCAs). These microbes play a key 
role in improving and enhancing agriculture (Whipps 1997; Raaijmakers et al. 
2009; Hermosa et al. 2011). Microbes can be applied directly in the form of biofer-
tilizers in order to protect and stimulate plant growth. Although it has been repeat-
edly stated that microbes such as fungi or bacteria play a major role in demolishing 
plant pathogens, thereby promoting plant growth, their extensive exploitation is still 
lacking in biotechnology as far as agriculture is concerned (Berg 2009).

The rhizosphere of plants serves as the major platform for soil-microbe interac-
tions. The types of interaction that exist between the soil ecological environments 
may be symbiotic, parasitic, associative, or neutralistic. This depends upon the 
grade of plant nutrients available in soil, the defense mechanisms occurring in 
plants, and the kinds of microbes present in the soil near the rhizospheric-zone. As 
the microbes approach the epidermis the plant starts secreting some signal com-
pounds as a means of protection against the rush of microbes that are continuously 
invading the root zone. This is the stage where microbes are differentiated into 
associative, pathogenic, or neutralistic forms in plants (Hayat et al. 2010).

Most commonly the signal molecules that are being produced as a response to 
microbial invasion involve flavones and flavonoids. These are secreted in the micro-
bial rhizosphere. However, some of these compounds serve as antimicrobial agents 
by remaining attached to the cells of plants.

In the case of symbiosis occurring between the legume and Rhizobium, nitrogen- 
fixing nodules are induced in the roots of leguminous plants by Rhizobium, the rod- 
shaped soil bacterium. Various species of rhizobacteria, in particular Pseudomonas 
and Bacillus, have been found to play a major role in the colonization of plants and 
plant pathogen suppression (Table 23.1).

Dinitrogen is chemically inert and constitutes approximately 80% of the volume 
of the earth’s atmosphere. Enzyme nitrogenase, which is secreted by bacteria, 
reduces dinitrogen to ammonia. To support the metabolism of proliferating micro-
bial populations, plants provide a micro-aerobic environment for proper functioning 
of the nitrogenase enzyme, which is oxygen sensitive.

The bacteria in turn fix the atmospheric nitrogen and synthesize organic nitrog-
enous compounds as per the plant’s biological needs. As this symbiotic associa-
tion finds its importance in agriculture, continuous research has been aiming to 
increase the effectiveness of this symbiotic mechanism. Genetic manipulations are 
being continuously carried out so that this symbiosis can also be made applicable 
to other non-leguminous plants (Stacey et al. 1980; Fisher et al. 1985; Fisher and 
Long 1992).
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As per the research, several nodule-promoting rhizobacteria (NPR) and plant 
growth–promoting rhizobacteria (PGPRs) have been identified. These microbes are 
selected because of their capability to produce substances that promote plant growth. 
These microbes are found to produce siderophores which chelate cations that are 
insoluble, serving an associative function with plants. Also, these microbes induce the 
production of phytoalexins by the plants which create antibiosis for pathogenic forms 
prevailing in rhizosphere (Lifshitz et al. 1986; Halverson and Handelsman 1991).

The microbes involved in these types of interactions in particular include Bacillus 
and Pseudomonas species (Capper and Higgin 1993; Guaiquil and Luigi 1992; 
Parmar and Dadarwal 1997). This chapter focuses on beneficiary effects of bacteria 
prevailing in rhizospheric soil and also provides an insight into plant-microbial 
interactions. The chapter is aimed at covering different perspectives of soil benefi-
cial microbes and different direct and indirect mechanisms involved in the promo-
tion of plant growth. Further study on the mechanisms involved in such interactions 
will prove to be a key tool in enhancing sustainable agriculture in the near future.

23.2  Microbial Intervention

Microbial intervention refers to any action or process which leads to intervention of 
biological processes occurring in soil or in plants via microorganisms. Mostly this 
intervention is beneficial, leading to better availability of nutrients for plants, 
thereby enhancing plant growth and yield. Higher productivity could be attained 

Table 23.1 Important plant growth–promoting rhizobacteria (PGPR)

Plant growth promoting rhizobacteria 
(PGPR) Agricultural crop References

Comamonas acidovorans Kiwi Erturk et al. (2010)

Pseudomonas brassicacaerum, 
P. Marginali, P. oryzihabitans,  
P. putida, Alcaligenes xylosoxidans

Indian mustard and 
rape

Belimov et al. (2007)

Bacillus subtilis FB17 Arabidopsis thaliana Rudrappa et al. (2008)

Bacillus cepacia strain OSU-7 Stored potatoes Recep et al. (2009)

Bacillus subtilis, B. amyloliquefaciens  
IN 937, Enterobacter cloaca

Arabidopsis sp. Ryu et al. (2003)

P. putida KD Tomato and cucumber Rezzonoco et al. (2005)

P. fluorescens CHA0 Arabidopsis sp. Iavicoli et al. (2003)

P. fluorescens WCS 365 Tomato Kamilova et al. (2006a)

Pseudomonas fluorescens PCL1606 Avocado Cazorla et al. (2006)

Bradyrhizobium and PGPR Mungbean Shaharoona et al. (2006)

Bacillus cereus UW 85 Grain legumes Vessey and Buss (2002)

Collimonas fungivorans Tomato Kamilova et al. (2008)

Agrobacterium amazonense Rice Rodrigues et al. (2008)

Pseudomonas BA-8, Bacillus OSU-142, 
Bacillus M-3

Strawberry Pirlak and Kose (2009)
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through microbial intervention. As a result of this microbial intervention, various 
biological processes are enhanced, namely nutrient availability, atmospheric nitro-
gen availability, organic waste decomposition and recycling, and inorganic com-
pounds leaching via microbes (Brierley 1985; Ehrlich 1990), repression of soil-borne 
pathogens, antibiotic production, heavy metal complexation to limit their uptake by 
plants, polysaccharide production to enhance the aggregation of soil, biodegrada-
tion of toxin-producing compounds like pesticides, simple organic compound pro-
duction for uptake via plants, and many more (Fig. 23.1).

23.3  Plant Microbial Interaction

Microorganisms prevailing in soil continuously interact with roots of plants and 
constituents of the soil at the soil root junction. The heteromorphic biota present 
there obtain their nutrient requirements via root exudates and decaying plant bio-
mass (Barea et al. 2005; Bisseling et al. 2009). Comparatively higher numbers of 
microbes are present in the rhizosphere (region in close vicinity of roots) and rhizo-
plane (root’s external surface with soil particles and debris) than in soil devoid of 
plantation. The most probable reason for this may be lack of root exudates that serve 
as attractants for microbes. Germination of seeds leads to excretion of large amounts 
of nitrogen and carbon compounds, namely sugars, amino acids, vitamins, and 
organic acids, into the surrounding environment. A large number of microbial 
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populations are attracted by these compounds, which may lead to vigorous competi-
tion between different species of microbes (Okon 1994). Also, the microbiomes 
prevailing in the rhizosphere differ between different species of plants (Bisseling 
et al. 2009).

Beneficial microbes are also known as biocontrol agents and growth promot-
ers. These microbes adopt various modes of action for improving plant growth. 
These modes of action either directly or indirectly exert positive effects on 
plants.

The indirect positive effects of microbes on plants include the depression or alle-
viation of population dynamics, population density, and other metabolic activities 
of pathogens inhabiting the soil. This occurs mainly through competition, lysis, 
antibiosis, and hyperparasitism. At the root surface, competition takes place for 
nutrients and space. Some antagonistic microbes start producing lytic enzymes and 
a range of secondary metabolites, and serve as antimicrobial agents. In Trichoderma, 
hyperparasitism has been well cited involving the secretion of enzymes such as 
chitinase and cellulase, pathogen contact, hyphae coiling, digestion of the cell wall 
with the help of enzymes, and finally penetration.

However, rhizosphere microorganisms exert direct positive effects on plants 
through biofertilization of plants and phytostimulation. The major processes 
involved in this may be phytohormone production, increase in phosphate availabil-
ity, and nitrogen fixation non-symbiotically (Burdman et al. 2000). PGPRs secrete 
several compounds that are toxic or harmful to pathogens like HCN, pyrrolnitrin, 
phenazines, and proluteosin. In addition to this, several antibiotics, enzymes, phyto-
hormones, and metabolites that are toxic to pathogens are the means through which 
PGPRs act.

In a similar fashion, chemotaxis and quorum sensing are also essential for colo-
nization of the rhizosphere (Castro-Sowinski et al. 2007; Ramette et al. 2011; 
Jousset et al. 2011). PGPRs produce siderophores, which are large molecular- 
weight compounds. Under conditions where iron availability is limited, these sid-
erophores in a competitive way confiscate iron, thus making it unavailable for 
pathogenic fungi (Pedraza et al. 2007).

23.4  General Microbial Growth Promoters

Several microbes have the potential to promote plant growth. They help to enhance 
the vigor of plants as well as their establishment (Fig. 23.2, Table 23.2).

23.5  Biofertilizers for Specific Nutrients

Biofertilizers are microbes promoting growth of plants. These microbes have the 
capability to solubilize phosphate, fix N2, and/or produce siderophores. These bio-
fertilizers act via increasing the nutrient availability to plants (Fuentes-Ramirez and 
Caballero-Mellado 2006).
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23.5.1  Nitrogen Fixation

Nitrogen is one of the most abundant elements present on earth but plants cannot 
take up nitrogen as such. It can only be utilized in the form of ammonium or nitrate 
ions.

Diazotrophs or biological nitrogen fixation refers to the conversion of atmo-
spheric nitrogen to ammonium ions. Prokaryotes have the immense ability to fix 
N2 (Dekas et al. 2009). These bacteria have the potential to establish symbiotic 
associations with plants. The symbiotic association of Rhizobium with legumi-
nous plants that induces nodule formation is the best-studied example (Fig. 23.3). 
Genus Parasponia of the Rosales family is the only exception that is nodulated by 
rhizobia (Markmann and Parniske 2009). This symbiotic association is consid-
ered as the major source of nitrogen fixation in plants. It has been reported in the 
terrestrial ecosystem that per year more than 45 million metric tons of N are 
contributed by this symbiosis between Rhizobia and leguminous plants (Vance 
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2001). Also, Hurek et al. (2002) reported that Azoarcus sp., endophytic diazotro-
phic bacteria, have their beneficial effects directly associated with their ability to 
fix nitrogen. This is also case in sugarcane with Acetobacter diazotrophicus 
(Sevilla et al. 2001).

Table 23.2 Plant growth–promoting (PGP) microbes and their significant PGP traits

Trait Reference

(a) Pseudomonas spp.

Cytokine producer Garca̕ de Salome et al. (2001)

Auxin producer Kamilova et al. (2006a)

ACC deaminase producer Glick et al. (2007)

Phosphate solubilizer Rodriguez et al. (2006)

Associative N-fixer Dobbelaere et al. (2003)

Siderophore producer Lemanceau et al. (2009)

(b) AMF (Arbuscular Mycorrhizal fungi)

Promotion of growth of fungus and  
pre-symbiotic survival by Mycorrhiza  
helper bacteria (MHB)

Frey-Klett et al. (2007)

Stmulation of root growth by Mycorrhiza 
factors secreted by AMF

Maillet et al. (2011)

Protection against (a) biotic stresses and 
improvement of soil structure

Smith and Read (2008)

Uptake of P, Cu, water, Zn, and other nutrients Clark and Zeto (2000)

(c) Bacillus spp.

Release of Pi from phytate Idriss et al. (2002)

N2-fixers Borriss (2011)

Potassium solubilizer Wu et al. (2005)

Phosphate solubilizer Borriss (2011), Rodriguez et al. (2006)

(d) Trichoderma spp.

Auxin production Contreras-Cornejo et al. (2009)

Degradation of phenolic compounds secreted 
by plants

Ruocco et al. (2009)

Can perform as endophyte; increases water and 
nutrient uptake; increases soil nutrient 
solubilization; nitrogen use efficiency, and 
plant vigor enhancement; development of 
above-ground plant parts and roots; root hair 
formation; causes deeper rooting; 
photosynthetic efficiency improvement; 
sucrose usage

Hermosa et al. (2012), Harman (2006), 
Shoresh et al. (2010), Lorito et al. (2010)

Seed germination acceleration Mastouri et al. (2010)

The secondary metabolite harzianic acid 
promotes plant growth

Vinale et al. (2009)

Abiotic stress amelioration and alleviation of 
physiological stresses

Shoresh et al. (2010), Mastouri et al. (2010)

Increase of plant resistance, especially under 
suboptimal growth conditions

Lorito et al. (2010)
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23.5.2  Phosphate Solubilization

Phosphorus is the third most important compound after water and nitrogen, and 
plays a key role in various metabolic activities of plants, including synthesis of 
nucleic acids, respiration, photosynthesis, generation of energy, and cellular signal-
ing (Vance et al. 2003). Plants can only take up phosphorus in H2PO4

− and HPO4
2− 

ions. Although soil contains sufficient phosphorus needed for plant growth, the 
majority of forms available are not soluble and hence cannot be taken up by plants 
(Fig. 23.4). Also, the phosphorus supplied in the form of chemical fertilizers is rap-
idly converted to insoluble forms and hence is made unavailable to plants (Rodriguez 
and Frago 1999; Igual et al. 2001; Smyth 2011). P-limitation leads to rhizosphere 
acidification, which is the result of secretion of organic anion, particularly with 
citrate and oxalate, together with proton. The phosphorus is hence facilitated for 
further mobilization (Richardson et al. 2009). Some bacteria aid in phosphate solu-
bilization and hence make it available to plants. These are known as phosphorus- 
solubilizing bacteria (Igual et al. 2001; Kim et al. 1998; Lipton et al. 1987).

Mineral phosphates serve as major factors for the release of phosphates via 
production of organic acids (Rodriguez et al. 2006). Vyas and Gulati (Vyas and 
Gulati 2009 reported that Pseudomonas spp., which play a major role in phosphate 
solubilization, have the potential to enhance growth parameters as well as phos-
phorus content in maize plants. Sundara et al. (2002) reported that the yield as 

Fig. 23.3 Biological nitrogen fixation and microbes
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well as available phosphorus in sugarcane was enhanced by Bacillus megaterium. 
An increase in yield was also observed in canola through the use of phosphorus-
solubilizing Bacillus spp. (de Freitas et al. 1997).

23.5.3  Siderophores

Iron is a critical element in all living organisms. Although it is found in abundance 
in the earth’s crust, it is mostly present in insoluble forms and therefore cannot be 
utilized by plants. In response to this, plants secrete siderophores, which are metal 
chelators. These siderophores bind to Fe3+ and are transported to the surface of roots 
where Fe3+ is reduced to Fe2+, which can now be taken up by plants. By binding to 
siderophores, these Fe3+ ions can also be taken up by plants as Fe3+-siderophore 
complex (Lemanceau et al. 2009; Fig. 23.5).
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Fig. 23.4 Conventional chemistry of phosphate and microbes
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Bacteria also have the potential to produce a variety of siderophores under low 
Fe3+ concentration. These siderophores bind to Fe3+ ions with high affinity. Plants 
can take up this bacterial Fe3+- siderophore complex via absorption. However the 
significant role of this uptake is still unclear (Zhang et al. 2008).

23.5.4  Conclusions and Future Aspects

Interactions of rhizosphere microflora in ecosystems with plants vary or rely on 
establishment of close associations between the two associates. Research on a few of 
these associations, such as between the symbiotic rhizobia bacteria and leguminous 
plants, has established that this adjacent collaboration between bacteria and plant 
exhibit high levels of host specificity. Moreover, there is also a growing body of 
signals that suggest that many other relations between plants and microbiomes 
exhibit the same degree of specification, with dissimilar plant species, and even dis-
similar and diverse cultivars of same plant species. This establishes a dissimilar and 
discrete microbial population in their rhizospheric zone when grown in the same 
soil. Formation of these societies depends on, at least in part, the activation of precise 
and explicit programs of gene expression or statement in the microbiome in response 
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to the chemical signals excreted from plants. A relevant and appropriate example is 
the initiation of nodulation genes in receptive rhizobia, which are then triggered by 
manufacture and excretion of the specific flavonoids by plants in any ecosystem. In 
the case of the rhizobia legume plant communication, plants also respond to the 
bacteria-produced signals, and it is probable that this kind of chemical signal 
exchange is distinctive and characteristic of other plant-microbe communications.

We understand that the world’s population is projected to double by end of 2033. 
The food demand in Asia is expected to surpass the capacity for production by the 
end of 2010. This poses a serious challenge to existing agricultural systems. 
Conventional farming tools and practices are becoming obsolete as they reach their 
limits of efficacy in intensifying agricultural productivity. As countries advance, 
people are demanding nutritionally rich, healthy, and fresh food. However, these 
burdens are burgeoned by decreasing farmland, growing labor costs, and scarcity of 
farm workforces. Microbial technology offers added tools and methods to augment 
the sustainability of the prevailing system to produce a higher, improved, and 
healthier quality of our agricultural produce. Potential reimbursements of microbial 
and plant technology are many and abundant, and also include providing endurance 
to crop pests and enhancing crop yield by minimizing chemical pesticide practice. 
Processing of foodstuff and food constituents using microbial technology provides 
an extensive and varied diversity of fermented food products and food constituents 
that are widely consumed. Microbial technologies employed in agriculture systems 
that ensured a “green revolution” in the middle of the 20th century led to the produc-
tion of healthy food with low economic investment. Comprehensive and extensive 
application of potential microbes for crop production is a very important and signifi-
cant step toward sustainable agriculture. Consequently, microbial-based technology 
and its applications in sustainable agriculture development and safe environmental 
health are achieving greater responsiveness. The purpose of this chapter was to addi-
tionally prioritize the significance and meaning in the scientific community among 
students and researchers about the importance of potential microbes in agriculture.
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24Probiotic Microbiome: Potassium 
Solubilization and Plant Productivity

Priyanku Teotia, Vivek Kumar, Manoj Kumar, Ram Prasad, 
and Shivesh Sharma

Abstract
The rhizosphere of plant roots supports a range of potassium-solubilizing 
microbes (KSMs). These KSMs solubilize the insoluble and unavailable potas-
sium (K) to forms of K available for uptake and transport by the plant. Potassium 
is one of the unavoidable elements required for growth and yield. The specific 
rhizospheric microbes that perform the process of K solubilization include both 
bacteria and fungi, the foremost of which are: Bacillus sp. (B. Mucilaginosus,  
B. megaterium, B. globisporus, B. edaphicus) Pseudomonas putida, Enterobacter 
hormaechei, Acidothiobacillus ferrooxidans, Paenibacillus sp., and Arthrobacter 
sp.) Aspergillus terresus, Fusarium oxysporum, Aspergillus fumigatus, and 
Aspergillus niger. Agricultural soil particulates hold minerals such as illite, bio-
tite, orthoclase, mica, and feldspar that contain potassium; however, this is not 
accessible to plants due to its immobilized form. In soil chemistry, after N and P, 
K is an important element; a major role is played by the rhizosphric microbes in 
mobilizing the inaccessible form of K to the roots of the plant. The rhizospheric 
K-solubilizing microbes such as Bacillus, Pseudomonas, and Aspergillus expel 
organic acids, which solubilize the insoluble K and make it available to plant 
roots. Most of the research work in this area has been conducted on nitrogen  
fixing and phosphate-solubilizing microbes. Solubilized K (quickly available) in 
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addition to the existing biofertilizers needs additional consideration at a profit-
able scale. The current chapter presents information to fill the knowledge gaps 
about K-solubilizing/mobilizing microorganisms in soil, and looks at the current 
and future facets of K-solubilizing microbes for enhanced crop production.

24.1  Introduction

The letter K is used to symbolize potassium; it is taken from the German word 
“Kalium.” For a long time, locals used to prepare soap by burning organic matters 
and wood in vessels. The ashes left after burning wood and other materials were 
rinsed and the residue left behind after the evaporation of the rinse water consisted 
of potassium salts. The remainder was popularly acknowledged as potash or “pot 
ashes.” The left-over salts were mixed with animal fat and boiled to manufacture 
soap. Samuel William Jackson, a botanist from Connecticut, examined the ash of 
burned organic matters and wood. It was observed that there was a great amount of 
potassium in various parts of plants, besides other minor and macro minerals.

Potassium (K) is an important and indispensable nutrient for the growth of plants. 
A vast amount of K is absorbed by the roots of the plant for growth and development 
and it is therefore classified as a macronutrient. K plays a key role in activation of 
enzymes, synthesis of protein, photosynthesis, and production. With the ever- 
increasing extent of rigorous and extensive agriculture, the K levels of soil have been 
depleted due to leaching, plant uptake, soil erosion, and water runoff (Li et al. 2006). 
Therefore, it is necessary to build up various alternative sustainable biological meth-
ods that can efficiently diminish the loss. K is a fundamental element that is allied 
with transportation of water, nutrients, and carbohydrates in plant tissues. If K is 
lacking or insufficient in the soil, the growth of plants is stunted and yield is reduced. 
Approximately 95% of K fertilizers are available in the form of muriate of potash, 
which is also known as potassium chloride. For crops that are unable to withstand it, 
chloride-free salts are used, such as potassium sulfate and potassium nitrate.

Diverse research shows that K encourages early growth, rise in protein production 
along with improved efficiency of water use, is essential for prolonged existence, 
affords winter hardiness, and increases resistance to diseases and insects. It is also 
essential for plant cells in high measure and possesses vital biochemical and physio-
logical functions relating to cell osmotic regulation and activation of enzymes 
(Hasanuzzaman et al. 2013). The use of microbes as an option for biological pro-
cesses to influence the release of K from rocks and minerals in the soil is an uncon-
ventional view (Rogers et al. 1998). There are a number of sets of microbes, for 
instance bacteria, fungi and yeast, which are capable in solubilizing unavailable K 
restricted in rock and soil minerals through mineralization (Sugumaran and 
Janarthanam 2007; Magri et al. 2012; Meena et al., 2014). The discharge of K from 
the soil and rock minerals is largely commenced by the release of organic acids which 
are produced by the microbes as they survive and proliferate in the rhizosphere. The 
organic acids produced by rhizospheric microbes include oxalic acid, malic acid, 
formic acid, and citric acid. The organic acids provide protons and form complexes 
with Ca2+ ions in soil, and thus enhance solubilization of the K ions in the soil system. 
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Sheng and He (2006) have revealed that organic compounds excreted by microbes, 
for example citrate, acetate, and oxalate, can enhance mineral solubilization in the 
soil. The complex formation between various metal ions like calcium, aluminum, and 
iron and organic acids also enhances K solubilization (Uroz et al. 2009).

Over the last few decades the knowledge of rhizosphere biology has increased 
greatly with the discovery of a significant and specific collection of microbes, 
acknowledged as plant growth–promoting microbes (PGPMs). The plant root sys-
tem inhabits the PGPM, which implement valuable and affirmative effects on plant 
growth using various means (Ahemad and Kibret 2014). In addition, the use of 
K-mobilizing microbes (KMMs) as bioinoculants unaccompanied or accompanied 
by other microbes, has been shown to improve plant growth (Wu et al. 2005). In a 
phytotron growth chamber wheat and maize yields increased with the use of KMMs 
such as Bacillus mucilaginosus, Azotobacter chroococcum, and Rhizobium spp., as 
shown by Gupta et al. (2015). The outcome revealed that the assimilation of K was 
considerably enhanced by both maize and wheat by the application of KMMs, wher-
ever waste mica was the only resource of K. Under abiotic or biotic stress and 
nutrient- imbalance conditions, KMMs have been found to be significant organisms 
for plant nourishment, root establishment, root escalation archetype, and competi-
tiveness (Zhanga and Konga 2014). The use of KMMs in agriculture can signifi-
cantly reduce the use of agrochemicals and maintain eco-friendly production of 
crops (Sheng et al. 2002; Pettigrew 2008). Diverse KMMs together with associative 
bacteria and fungi, for example Paenibacillus, Azospirillum, Bacillus, Pseudomonas, 
Azotobacter, Enterobacter, and Aspergillus, have been used for their favorable 
results on plant growth (Archana et al. 2013; Diep and Hieu 2013; Zhang et al. 2013). 
KMMs improve plant growth and development through a variety of means, but the 
exact and precise mechanisms involved are still not properly described (Shanware 
et al. 2014). The KMMs have been shown to candidly boost plant augmentation by 
diverse techniques like solubilization of minerals (Argelis et al. 1993; Valmorbida 
and Boaro 2007) and synthesis of phytohormones (Kumar and Narula 1999; Kumar 
et al. 2012). Direct enhancement of plant growth by solubilization and the mobiliza-
tion of minerals due to amplification of the precise ion fluxes by KMMs present on 
the surface of roots has also been reported (Sheng et al. 2008; Meena et al. 2014). 
Microbes in soil and in plant rhizospheres play a key role in the natural K cycle and 
solubilizing of K (Zörb et al. 2014).

24.2  Soil and Potassium

Potassium is an essential, fundamental, and indispensable macronutrient found in 
soil. It has an important function in growth, metabolism, and the development of the 
plant. Plants with insufficient K will have poorly developed root systems, retarded 
growth, produce diminutive seeds, and have smaller yields. Although K comprises 
of about 2.52% of the top layer of the earth’s crust, the tangible sum of this nutrient 
fluctuates from 0.04% to 3.0% in the soil (Blake et al. 1999; Lopo de SáI et al. 
2014). The plants gain K from the soil of the rhizosphere and the accessibility of K 
depends upon the quantity present in the soil and its dynamics. There are usually 
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three types of K in soil that are available to plants. Foremost is the readily unavail-
able form, minerals such as mica and feldspar contain most of the K, depending on 
soil type. These minerals are the basis of about 90–98% of K that exists in the soil 
(Memon et al. 1988; Zörb et al. 2014). The K is liberated at a slow rate to the more 
available forms as these break down. The second type is the slowly available K 
form, which make up 1–10% of K in soil and forms the colloidal portion of the 
interlayer of K in non-expanded clay minerals such as illite and lattice K. Potassium- 
feldspars in the soil contribute significantly to plant uptake (Sheng et al. 2008; Zörb 
et al. 2014). The slowly available K form is also recognized as “non-exchangeable” 
potassium; it cannot be reinstated by customary cation exchange processes. The 
third form is readily available K, which includes water-soluble K and transferable K 
in the soil. It is absorbed on the soil colloid surfaces and is freely available to plants 
(Maathuis and Sanders 1997; Blake et al. 1999). Despite this, higher plants obtain 
the majority of their K from the soil solution fraction. The liberation of unavailable 
K to the less available and easily available water-soluble form takes place when 
levels of exchangeable/available K or solution K are reduced via crop runoff, ero-
sion, exclusion, or leaching, as shown in Fig. 24.1.

The quantity of accessible and inaccessible K differs from soil to soil and the 
active balance interaction between the different pools of K in soil. Thus, the fixation 
and discharge of K from mineral soils are influenced by numerous physical and 
chemical characteristics of the soil in addition to the plant interactions and soil 
microbial community. Potassium is taken up in greater measure by the plant than 

Less available
potassium in soil and

mineral

Potassium
solubilizing
microbes

Water soluble
potassium (easily

available)

Potassium
solubilizing
microbes

Unavailable potassium
in soil

Fig. 24.1 The less available, water-soluble, and unavailable K in soil. Microbes play an important 
role in K mobilization
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other vital elements except for N. The plant roots absorb the mineral nutrients that 
are dissolved in the water in soil. Nevertheless, the sum of nutrients in soil is always 
random and is not adequate for the growth of plants. Potassium comprises about 
2.1% of the earth’s crust and is therefore the seventh most plentiful element. 
Although the soil K treasury in the structural form is large in the soil (Sardans and 
Peñuelas 2015), vast areas of agricultural land in the world are still found to have 
poor availability of K, including 75% of the paddy soils in China and 66% of the 
wheat belt in southern Australia. This scarcity is due to the sluggish release com-
pared to the requirement of K by the crop. Biofertilizer is a superior means of con-
veying this prime macronutrient to plants with the aid of K-solubilizing 
microorganisms (KSMs), which switches the inaccessible K to available K. With 
the employment of high-yielding varieties of crops, hybrids, and other progressive 
amplifications in agriculture, the K reserves of the soil are becoming exhausted at a 
quicker pace. Furthermore, K deficiency is also becoming one of the chief restraints 
in crop production due to excessive fertilizer application. This has placed emphasis 
on the search to unearth a remarkable indigenous supply of K for plant uptake and 
to maintain the K level in the soil for sustainable agriculture (Supanjani et al. 2006; 
Sardans and Peñuelas 2015). Soil microbes have been found to play a major role in 
natural K cycles and, thus, K-solubilizing microbes present in soil could provide a 
substitute system for formulating K available for plant uptake (Mikhailouskaya and 
Tcherhysh 2005). Therefore, detection of microorganisms that are able to solubilize 
K minerals quickly can safeguard the existing resources and shun environmental 
pollution perils caused by harmful application of chemical fertilizers.

Many soil bacteria such as Acidothiobacillus ferrooxidans, Burkholderia, 
Pseudomonas, Bacillus mucilaginosus, Bacillus edaphicus, B. circulans, and 
Paenibacillus sp. can liberate K from minerals and provide it to plants (Han et al. 
2006; Andrist-Rangel et al. 2007). It is reported that the K-solubilizing bacteria leach 
out organic acids, siderophores, and hydrogen ions found in mobilizing K from miner-
als like illite, feldspar, and micas (Li 1994; Liu 2001; Lian et al. 2002; Liu et al. 2012). 
Some crops, for instance wheat (Mikhailouskaya and Tcherhysh 2005, Pettigrew 
2008; Singh et al. 2010), sorghum (Basak and Biswas 2010; Gopalakrishnan et al. 
2013) cucumber and pepper (Han et al. 2006), eggplant (Han and Lee 2005), soybean 
and cotton (Pettigrew 2008), rape and cotton (Xeng 2005), rice (Gopalakrishnan et al. 
2013), and maize (Singh et al. 2010; Abou-el-Seoud and Abdel-Megeed 2012) have 
been boosted with K-solubilizing microbial isolates, and have generated motivating 
and convincing results. Likewise, a bacterium recognized as Paenibacillus glucano-
lyticus strain IISRBK2 that has huge potential to solubilize potash was isolated from 
the rhizosphere of the black pepper plant. This bacterial strain was also reviewed for 
growth and K uptake by black pepper in the soil. It was administered with 0.5, 1, and 
1.5 g K kg−1 soil in pot, where the source of K was wood ash, which contained 53.1 g 
kg−1 K. In view of this, K-mobilizing microbes are being extensively engaged as bio-
inoculants in a number of countries where K is undersupplied or less accessible to 
plants in the agricultural soils (Gundala et al. 2013; Zarjani et al. 2013; Diep and Hieu 
2013). Hence, application of K-mobilizing microbiomes as bioinoculants for superior 
crop production possibly will lessen the use of chemical fertilizers to uphold and pro-
long crop production (Sheng et al. 2002; Singh et al. 2010).
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Presently, very little is known regarding KSMs and their effectiveness, mechanism 
of solubilizing K, making it accessible to plant roots, and lastly affecting plant growth 
structure in a range of agro-climatic conditions (Shanware et al. 2014). Sheng and 
Huang (2002) showed that pH, oxygen concentration, and the types of bacterial 
strains engaged influenced K expulsion from soil minerals. The efficacy of K solubi-
lization by various microbes was observed to alter according to different environmen-
tal conditions and types of minerals. There is information regarding K solubilization 
by a Bacillus sp. in the liquid medium that showed that K mineral illite exhibited 
added growth as compared to feldspar (Sheng and He 2006). Therefore, there could 
be enormous potential for added and augmented crop production via application of 
K-bearing rock materials with K-solubilizing microbes as probiotic agents.

24.3  Potassium and Plant Productivity

Potassium is crucial for many plant processes. Its function encompasses the funda-
mental physiological and biochemical activities of plants. K is taken up by plants in 
larger amounts as compared to several other mineral elements apart from nitrogen 
and, in a number of cases, calcium (Bahadur et al. 2014). K is required in large 
quantities for a crop to attain its utmost yield. K assists in the building up of proteins 
and sugar, boosts photosynthesis, improves fruit quality, and reduces the incidence 
of diseases (Wang et al. 2013). It also encourages activation of the enzyme and 
nitrogen (N) utilization. K is supplied to plants with soil minerals, organic resources, 
and fertilizer. Plants are able to absorb K only through the soil or as water-soluble 
K. K deficiency in plants causes yellowing of leaf edges, giving the plant a burned 
facade. It could also be a reason for slow growth and for imperfect root growth of 
the plant. A plant growing in soil devoid of ample K produces small seeds and has 
smaller yields (Sparks and Huang 1987). Despite the fact that K is not a fundamen-
tal part of the chemical structure of plants, it plays many vital authoritarian roles in 
the natural growth and development of plants. To bring about every chemical reac-
tion, enzymes act as the catalysts without being exploited and consumed in the 
reaction process. The element K “triggers” a minimum of 60 different enzymes that 
are involved in the overall plant growth, development, and yield. K modifies the 
physical characters of the enzyme molecule and exposes the chemically suitable 
efficient sites for the reaction. Diverse organic anions in addition to organic as well 
as inorganic compounds are too neutralized by K, inside the cells of a plant, result-
ing in stabilization of the pH of the plant cell between 7 and 8, which is most favor-
able for the majority of enzymatic reactions (Zörb et al. 2014). The amount of K 
present within the cell determines the number of enzymes that can be activated and 
the pace at which a chemical reaction can advance. Thus, the rate of a specific 
chemical reaction is administered by the swiftness at which the K ions enter or leave 
the cell cytoplasm. K plays a significant role opening and closing of the leaf stomata 
in plants (Armengaud et al. 2009). Appropriate functioning of stomatal opening and 
closing is obligatory for a lot of plant processes like photosynthesis, water transport, 
nutrient uptake, and also plant cooling. Upsurge of the K ions in the roots of a plant 
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creates a gradient of the osmotic pressure so as to absorb water molecules into the 
roots. The insufficiency of K ions in plants leads to stress conditions and less water 
absorption (Sparks and Huang 1987; Wang et al. 2013).

During K deficiency in plants, the rate of generation of ATP molecules and pho-
tosynthesis is turned down, and the majority of the processes within the cell are ATP 
dependent. Consequently, the cellular activities are also slowed down. ATP is also 
required for the transportation of carbohydrates that are produced during the pro-
cess of photosynthesis to different parts of the plant via phloem for usual growth, 
consumption, and storage (Bahadur et al. 2014). This transport system of plants 
utilizes energy in the shape of the ATP. If K is insufficient, not as much ATP is avail-
able, and the plant’s transport system breaks down (Arquero et al. 2006). This leads 
the photosynthates to assemble in leaves, which reduces the pace of photosynthesis. 
Since K is a requisite for almost all key steps of protein synthesis like the “reading” 
of the genetic code in plant cells, which leads to the manufacturing of proteinaceous 
enzymes that control all growth and developmental processes, these processes 
would be unfeasible if the cells are deficient in K (Wang et al. 2013). Plants that are 
deficient in K are unable to synthesize proteins regardless of the presence of N in 
large amounts. Instead, amino acids, amides, and nitrates that are the “resources” or 
precursors of protein accumulate in the cells (Britzke et al. 2012).

In plants, K is a fairly mobile element and is transported from older to younger 
leaves. Consequently, K deficiency indications characteristically occur initially on the 
lower older leaves of the plant, and advance to the upper younger leaves, in accordance 
with the increasing severity of the K deficiency. The commonly prevalent and world-
wide signs and indicators of K deficiency is yellow chlorosis or yellow scorching 
along the length of the leaf margin (Sparks and Huang 1987). In heightened and severe 
cases, the yellow and dried margins of the leaf may fold over. Conversely in crops with 
wide leaves such as cotton, soybeans, and banana, the entire leaf can be cast off, which 
results in untimely defoliation of the plant. Severe K deficiency in wheat and other 
cereal crops may cause a slowed growth rate, poorly developed roots, weak stalks, and 
undersized grain of poor quality. Death of frequent winter crops such as alfalfa and 
grasses may also occur in conditions of insufficient K (Dordas 2008) (Table 24.1).

K deficiency and K fertilizer deficiency in soil has become a vital limiting reason 
for the growth and sustainability of the agriculture system (Sheng et al. 2002). 
Escalating employment of chemical fertilizers in cultivation makes countries self 
reliant in food production but it depreciates the environment and ecosystem due to 
the harmful impacts on living organisms. Inadequate uptake of these chemical fertil-
izers by plants results in their leaching or discharge into water bodies through rain 
or irrigation water, which causes eutrophication in the water bodies and has a sig-
nificant effect on living organisms together with plant growth–inhibiting microbes 
(Uroz et al. 2009). The excess use of chemical fertilizers in farming is expensive and 
also has a range of unfavorable effects on soils such as depleting water-holding 
capacity, poor soil fertility, and inconsistency in soil nutrients. For some time now, 
efforts have been made to build up various economical, effectual, and eco-friendly 
fertilizers which work without distressing effects on the ecosystem. Currently, vari-
ous species of microbes are extensively employed that have exceptional assets in 
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terms of natural products, and provide the same results as a good chemical fertilizer. 
The surplus application of chemical fertilizer can increase expenses, reduce the 
effectiveness of K fertilizer, and eventually harm the environment (Zhang et al. 
2013). A substitute for the synthetic K fertilizer is essential for the sustainable 
improvement of agriculture. It is anticipated that by the year 2020, to realize the 
target production of nearly 321 million tons of food grain, the nutrient requirement 
will be 28.8 million tons, whereas the accessibility will be just 21.6 million tons, i.e. 
a deficit of about 7.2 million tons (Swaminathan and Bhavani 2013). There is a 
growing concern about environmental hazards and increasing threat to sustainable 
agriculture because of diminishing soil fertility resulting in an amplifying gap 
between nutrient elimination and supplies. Above and beyond these issues, the 
extensive use of biofertilizers is not hazardous to the environment, is inexpensive 
and more efficient and productive, and is within reach for small-time farmers com-
pared to chemical fertilizers (Subba Rao 2001).

24.4  Microbial Mechanism for Potassium Solubilization

The mechanism of K solubilization signifies the means through which the insoluble K 
and structural inaccessible forms of K complexes are mobilized and solubilized due to 
the excretion of a wide range of organic acids by microbes. These acids undergo a 
sequence of exchange reactions like acid lysis and complex lysis. In addition, these 
reactions are input processes which cause the alteration of insoluble forms of K into 
soluble forms. The KSMs produce organic acids, which enables them to dissolve K 
from insoluble minerals like micas, orthoclases, and illite (Shanware et al. 2014). These 
organic acids may either directly solubilize rock K or excrete the chelated silicon ions 
to turn K into a solution form that is available to plants. Microbial organic acids enhance 
the mobilization of K compounds by offering protons and also by chelating with Ca2+ 
ions present in the soil (Singh et al. 2010). Organic compounds produced by microor-
ganisms such as oxalate, citrate, and acetate can improve mineral dissolution in soil 
(Sheng et al. 2003). In another study by Styriakova et al. (2003) it was reported that K 

Table 24.1 Percent nutrient content in potassium (K) fertilizers

Chemical formula K2O Element N S

K2CO3KHCO3 <68 Potassium carbonate

K2SO42MgSO4 22 Potassium magnesium sulfate 22

K2SO4 50–52 Potassium sulfate 18

KNa(NO3)2 14 Potassium sodium nitrate 15

KPO3 38 Potassium metaphosphate

KCl 60–62 Potassium chloride

KOH 83 Potassium hydroxide

K4P2O7 22–48 Potassium polyphosphate

KH2PO4K2HPO4 30–50 Potassium orthophosphate

KNO3 44 Potassium nitrate 13
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solubilization ensues through the configuration of complexes among organic acids and 
metal ions such as iron, calcium, and aluminum. Microbial arbitrated organic chelates, 
ligands, and other metabolic derivatives like excreted enzymes and simple or complex 
molecules of organic acids enhance the solubilization of the aluminosilicate (usually 
quartz) minerals in in vitro and in situ environments (Zeng et al. 2012). The solubiliza-
tion of K within feldspar and illite is enhanced by production of microbial organic acids 
like oxalic and tartaric acid (Sheng and He 2006). A study by Groudev (1987) revealed 
that solubilization of K by inorganic and organic acid production is also supported by 
the production of mucilaginous casing made up of exopolysaccharides formed by bac-
teria like Bacillus sp., Clostridium sp., and Thiobacillus sp. Sugumaran and Janarthanam 
(2007) have reported an analogous feasible method of K solubilization wherein 
Bacillus mucilaginosus was examined for K solubilization. During the period of bacte-
rium inoculation, there was no decrease in pH of the medium, implying that Bacillus 
sp. did not excrete organic or inorganic acids and slime formation by bacterium could 
possibly be responsible for K solubilization. The soil microbiome involved in mineral 
weathering produces organic and inorganic acids, protons, chelates, siderophores, and 
ligands. Similar potential has been reported in fungal species like Cladosporium, 
Aspergillus, and Pencillium. These have been found to excrete enormous amounts of 
citric acid, gluconic acid, and oxalic acids in in vitro conditions, causing the mobiliza-
tion of silicates, mica, and feldspar in soil (Lian et al. 2008). Similarly, Yang et al. 
(2014) reported the leaching of K from minerals containing K-rich shale was caused by 
the formation of biofilm by bacteria growing on it. These biofilms were made up of 
acids, protein, and polysaccharides produced by bacteria.

The ability of K-solubilizing microbes to solubilize insoluble K has been quan-
titatively examined by various researchers. The media generally used for quantita-
tive assessment of solubilization of K by KSM is Aleksandrov medium. It contains 
0.5% mica as a source of an insoluble form of K, besides 1% glucose, 0.05% 
MgSO4.7H2O, 0.0005% FeCl3, 0.01% CaCO3, 0.2% CaPO4 and agar 3%, with pH 
adjusted to 6.5. The dishware are incubated at 28 ± 2 °C for 2–3 days and bacterial 
colonies displaying clear zones are selected and the diameter of the solubilization 
zone can then be measured (Kumar and Narula 1999; Prajapati et al. 2013).

 Ratio Diameter of zone of clearance Diameter of growth= /  

The quantitative evaluation of K solublization is done using flame photometry or 
atomic absorption spectrophotometry, in which the supernatant obtained after cen-
trifugation of culture broth is used for precipitation of cobalt nitrite. Potassium chlo-
ride is employed as the standard for the quantification of K (Hu et al. 2006).

24.5  Contemporary State of K Solubilization and Crop 
Production

Potassium replenishment in soil depends heavily on the application of synthetic 
fertilizer; however, these products have a noteworthy negative effect on the environ-
ment. The use of K-solubilizing microbes (KSMs) as inoculants has potential, as 
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these KSMs transform insoluble forms of K in the soil into a soluble form which is 
accessible to plants. This embodies a competent strategy for enhancement of K 
absorption by the plant, in addition to reducing the use of chemical fertilizer (Zhanga 
and Konga 2014). Many workers have reported the significant role played by potas-
sic biofertilizers in agriculture, especially for enhancing soil fertility, yield- 
attributing characters, and thereby final yield (Basak and Biswas 2010; Archana 
et al. 2013; Mikhailouskaya and Tcherhysh 2005). Additionally, the application of 
potassic biofertilizers to soil improves the soil microbiota and reduces the soil com-
pactness and application of chemical fertilizers. It is well recognized that, although 
the Indian soil is a rich source of K within secondary minerals, it is not easily acces-
sible to the plant. This could be made possible by application of K-solubilizing 
microbes that could make K available to plants. Consequently, inoculatng soil with 
K-solubilizing bacteria and application of additional beneficial microbial inoculants 
become obligatory to reinstate and uphold soil fertility.

The use of an efficient microbiome for fixed K solubilization, mobilization, and 
accessibility of other micro- and macronutrients to obtain superior and sustainable 
yield. The growth-enhancing microbiome found in the rhizosphere of the plant 
implements beneficial effects on the uptake of nutrients and their mobilization 
together with various other means such as nitrogen fixation, siderophores, HCN and 
phytohormone production, and mobilization of micro- and macronutrients minerals 
like K, iron, phosphorous, copper, and zinc. The total K amount in Indian soil is by 
and large adequate to sustain the crop production and growth. The reachable amount 
and allocation pattern of this mineral element varies in different types of soil in vari-
ous regions, which results in K unavailability for plant uptake (Zörb et al. 2014). 
The microbes replenish the root zone environment by liberating accessible and 
transferable forms of K, which accomplish the basic requirements of a plant. The 
restoration of mineral nutrients in the rhizospheric zone is vital and a necessity for 
higher crop yields, and the deliberate inoculation of microbes or those naturally 
present play a very important part (Sheng et al. 2002). Researchers have established 
that KSMs performed nicely with several crops under a diverse agro-climatic envi-
ronment. Supanjani et al. (2006) illustrated that K-solublizing bacteria amplified 
photosynthesis by 16% in hot pepper Capsicum annuum L. along with increasing 
leaf area by 35%, in contrast to the control plants. Moreover, biomass and fruit pro-
duction of the treated plants were also enhanced by 23% and 30%, respectively, 
compared to control plants. Researchers also established that there is a similar effect 
on plants when treated with either phosphorus or K rocks along with phosphorus/
potassium-solubilizing bacterial strains or with a usual, soluble fertilizer. Sheng 
(2005) studied the effect of Bacillus edaphicus NBT (K-releasing bacterial strain) 
on cotton and rape for plant growth–promoting effects and nutrient uptake by plants 
in K-deficient pot soil. The experiment showed that inoculation with the bacterial 
strain B. edaphicus NBT increased the root and shoot growth of cotton and rape 
plants. Strain NBT was also capable of mobilizing K competently in both crop 
plants after the addition of illite to the soil. There was also an increase in the K 
content by 30% and 26% in cotton and rape, respectively, when grown in soil treated 
with insoluble K and inoculated with the bacterial strain NBT. The inoculation also 
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resulted in elevated N and P contents of above-ground parts of the plant. Furthermore, 
the bacterial strain was also able to inhabit and proliferate in the rhizosphric soil of 
cotton and rape after root inoculation.

Basak and Biswas (Basak and Biswas 2008) investigated the effectiveness of 
K-solubilizing bacteria (Bacillus mucilaginosus) on Sudan grass (Sorghum vulgare 
Pers.) var. Sudanensis as a test crop grown in two Alfisols. Results demonstrated 
that the use of mica appreciably improved biomass yield, mineral uptake, and per-
cent K recoveries by Sudan grass as compared to control plants (without KSM). 
Furthermore, when the mica was inoculated with the bacterial strain in both the 
soils, there was an additional boost in biomass yield, K uptake, and percent K recov-
eries in contrast to those soils without the application of KSM-inoculated mica. 
Another study conducted by Zhanga and Konga (Zhanga and Konga 2014) on 27 
K-solubilizing strains revealed that among them, 17 strains were from Klebsiella 
variicola, two strains each from Enterobacter cloacae and Enterobacter asburiae, 
and the other six strains belonged to Agrobacterium tumefaciens, Enterobacter 
aerogenes, Microbacterium foliorum, Pantoea agglomerans, Burkholderia cepacia, 
and Myroides odoratimimus, respectively. Klebsiella variicola showed the highest 
frequency of occurrence with 17 strains. A greenhouse pot experiment was con-
ducted using four K-solubilizing bacterial isolates, GL7, JM3, XF4, and XF11, for 
determination of the K-solubilizing capabilities. The tobacco seedlings were treated 
with the four KSM strains to observe the effectiveness of K-solubilizing isolates; it 
was found that the treatment significantly enhanced K and N uptake and plant dry 
weight. This increase was further elevated with the application of a combination of 
K-solubilizing bacterial inoculation along with feldspar powder. Isolate XF 11 
exhibited the most prominent and advantageous effect on tobacco seedling plant 
growth and nutrient (K and N) uptake. Therefore, a potential substitute to commer-
cial chemical K fertilizer that will possibly help to maintain the viability of soil 
nutrients could be a combination of KSM with the addition of K feldspar powder.

Recently, Prajapati et al. (2013) studied the effects of KSMs Enterobacter hor-
maechei and Aspergillus terreus (a fungal strain) on Okra (Abelmoscus esculantus) 
grown in pot soil deficient in K. Results showed that the Enterobacter hormaechei 
enhanced shoot and root growth of the plant. Furthermore, with the application of 
feldspar into the pot soil, both the microbes were able to mobilize K in the Okra 
plant. The K content was increased in Okra plants when the pot soils were modified 
with insoluble K and inoculated with Enterobacter hormaechei and Aspergillus ter-
reus. Likewise, Han et al. (2006) considered the outcome of bacterial KSM Bacillus 
mucilaginosus on pepper and cucumber plants. The experiment confirmed that coin-
oculation of phosphate-solubilizing bacteria (PSB) and the KSM resulted in ele-
vated P and K availability in contrast to the control which did not have bacterial 
inoculum and rock fertilizer. The inoculation of PSB with phosphorus incorporated- 
rock enhanced the accessibility of P and K in the soil, boosted N, P, and K uptake by 
shoots and root, and increased the biomass of pepper and cucumber plants. 
Comparable but less prominent results were attained when rock K and KSM were 
applied concurrently. Hassan et al. (2010) measured the efficacy of Bacillus circu-
lans, a KSM, on Ammi visnaga (Khella) augmentation. The plant growth parameters 
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were enhanced by the inoculation of KSMs in conjunction with feldspar. Sugumaran 
and Janarthanam (2007) measured the K solubilization efficiency of isolated 
K-solubilizing bacteria (Bacillus mucilagenosus). The maximum K solubilization 
was found to be 4.29 mg l−1. Another striking research effort by Bagyalakshmi et al. 
(2012) exhibited an improvement in productivity and nutrient uptake in tea plants 
inoculated with K-mobilizing bacteria (Pseudomonas putida). Tea excellence fac-
tors like aflavin, arubigin, highly polymerized substances, sum liquor color, caf-
feine, vigor, color of leaf, and flavor indexes were enhanced to a great extent in 
plants treated with K-solubilizing bacteria.

24.6  Future Aspects of K Mobilizing Microbes

The prime nutrients for the development and growth of crop plants include miner-
als like N, P, and K. Haphazard employment of chemical fertilizers for the suste-
nance of crop plants is a major cause of contamination and infertile soil, in 
addition to causing pollution of water basins and destruction of microbes, which 
results in poor soil health. On the other hand, application of biofertilizers is an 
eco-friendly approach for the replenishment of nutrients to the soil for the sus-
tainable growth of plants. Complex and elaborate transactions between the KSM, 
potential rhizospheric microorganisms, the roots of a plant, and the surrounding 
ecosystem are responsible for the mobilization of rock K and its inconsistency in 
uptake have a large effect on plant growth and development. Potential and prob-
able approaches include cloning of genes liable for K solubilization in the genome 
of those microbes that have additional advantageous functions, for instance, 
exceptional proliferation and endurance in the rhizosphere, nitrogen-fixing abil-
ity, phosphate-solubilizing capacity, and production of biocontrol metabolites 
and phytohormones. Furthermore, the effectiveness of the KSMs can be ampli-
fied by development of superior culture techniques and deliverance protocols that 
sustain their existence in the rhizospheric zone. The amalgamation and utilization 
of plant growth endorsing microbes with varied beneficial functions embracing 
the ability for K and P solubilization is an ecologically favorable and enhanced 
approach as it may result in improved endurance, propagation, and superior adap-
tation to varied agroclimatic fluctuations that occur throughout the plantation 
period. An additional beneficial prospect could be the recent approaches incorpo-
rating application of molecular biology along with techniques for exploitation of 
useful microbial functions that would enhance K-solubilization capability. 
Moreover, the commercial utilization of these superior microbes as K bioinocu-
lants will further increase crop productivity and growth for feasible, sustainable, 
and enduring agriculture. Further and extended studies that focus on such compa-
rable issues related to other existing micro- and macronutrient elements in soil, 
particularly in rhizospheric soil, and an account of the microbial molecular means 
of plant nutrition uptake will definitely assist in increasing our knowledge about 
the development of improved microbial inoculants to augment the K requirement 
of the plant.

P. Teotia et al.



463

 Conclusions

Evidently, the application of synthetic fertilizers and organic manures cannot be 
diminished radically or eradicated at this stage without a considerable decrease 
in food production. Concurrently, there are toxic after-effects on the environment 
from the use of chemical fertilizers like the increasing dead zones in marine 
ecosystems throughout the world. These cannot be ignored in the long term, as 
this will result in devastating effects on the ecological balance. Therefore, there 
is an urgent need for an integrated approach of nutrient management that would 
endeavor to reduce agricultural inputs along with decreasing the adverse and 
objectionable environmental side effects of synthetic or organic agricultural fer-
tilizer use and production. It is very important to have an advanced understand-
ing about the intricate relationships between microbes, fertilizers, and plants. 
There is a call for additional information, besides the techniques mentioned ear-
lier, the application of which is also bi-pronged. First, there is a need for the 
introduction of added applied K nutrients into the plant through microbial inocu-
lants, since not as much K nutrient is lost to the environment for the period dur-
ing and after crop production. Secondly, loss of fertilizer could be curtailed by 
escalating the efficiency of the plant’s nutrient uptake. This may possibly be 
accomplished by application of K solubilizers. In either case, there would be a 
huge drop in agricultural environmental pollution caused by the unsystematic 
use of synthetic fertilizers. The results show that inoculating the rhizosphere 
with PGPMs along with microbial strains of KSMs have greatly enhanced crop 
production. Consequently, the utilization of this arrangement will be a healthier 
approach, utilizing a mapping system that puts together the consortium of micro-
bial strains. In the meantime, several related areas need to be better understood, 
such as where K solubilization under in vitro and in field conditions is required. 
However, there are no apparent information/data available about the amount of 
K solubilization and absorbtion by plants, either in vitro or under field condi-
tions, besides the consumption of K by the microbes for their individual growth 
and metabolic activities. The present study along with other related information 
will undoubtedly assist in understanding as well as determining the status of 
insoluble K, and the use of bioinoculants may possibly be required for a realistic 
approach in an actual field situation. In the meantime, it is essential to measure 
the solubilized K as there are many apparent factors that may possibly influence 
K solubilization and uptake by the plant, among them predominantly the K needs 
of microbes, root exudation by each plant, and the soil environment, such as 
levels of pH, total dissolved solids, and total and available K.

These outcomes show that plant type influences the root colonization of inoc-
ulated strains. Research has illustrated that effectual plant-growth-endorsing 
bacterium- plant synchronization ought to be tested and recognized in controlled 
floral experimental designs with defined ecological site conditions and practical 
applications, such as the soil and plant type. Alternatively, besides the plant 
growth- enhancing capability of commercially used microbes, the amount of 
stimulus of crop plants in addition to their perseverance in the rhizosphere 
remains uncertain and indistinct under real field conditions. As a result, experi-
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ments pertaining to the stimulation of cotton and rape should be pursued by 
examination under authentic field conditions. Currently the application of 
K-solubilizing microbes in our agricultural system in soils that are K deficient 
where K is lacking or undersupplied will definitely help to resolve the K element 
quandary and advance research in this field. Aiming towards development of 
potential K solubilizers may perhaps help lead Indian agriculture to an uncon-
ventional means of K nutrition enrichment for use in our cropping system.
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Abstract
Nature has bestowed every living creature with unique qualities for maintaining 
an ecological balance. Earthworms are equipped with wonderful machinery, 
absolutely different from other organisms, which allow them to nurture the soil 
beautifully, having a direct impact on the production and quality of crops. Worms 
act as natural boosters when organic matter is converted into vermicompost and 
as soil conditioners bringing beneficial microbial activity to plants for growth 
and development. Microbial stimulation in the presence of earthworms may be 
due to the utilization of additional nutritive substances (secretion and excretion 
products) that they provide. Vermicomposting is highly nutritive and a growth 
promoter as compared to conventional compost. The process of vermicompost-
ing has been well studied by earlier researchers, covering almost every aspect, 
but scant scientific literature is available on the relationship of earthworms with 
microbial diversity in different ecosystems. This chapter investigates how earth-
worms are natural boosters for agro-ecosystems and the role earthworms play in 
activating different microbes in agriculture fields.
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25.1  Introduction

Microorganisms transform organic species (proteins, nucleic acids, fats, carbohy-
drates, etc.) in their digestive system into more stable products in the process of 
vermicomposting (Bianchina 2009). Earthworms are also able to clean up various 
pollutants from the soil as they accumulate in the worms’ bodies. Hence, earthworms 
offer a solution to the tons of organic agro-waste that are being burned by farmers by 
recycling, by reusing this refuse to promote agriculture in a more efficient, eco-
nomic, and environmentally friendly manner. The potential role of earthworms in 
organic solid waste management has been well established since the time of Darwin 
(1881), and has flourished to process waste to produce an efficient bioproduct, ver-
micompost (Kale and Bano 1986; Ismail 1995, Ismail 2005). Epigeic earthworms 
like Perionyx excavatus, Eisenia fetida, Lumbricus rubellus, and Eudrilus eugeniae 
are used for vermicomposting but local species like Eisenia fetida have been shown 
to be efficient for composting in tropical or subtropical conditions (Ismail et al. 
1993). The method of vermicomposting involving a combination of local epigeic 
and anecic species of earthworms is called vermitech (Ismail et al. 1993; Ismail 
2005). The nutrient content of vermicompost greatly depends on the input material. 
It usually contains higher levels of most of the mineral elements, which are in more 
available forms than the parent material (Edwards and Bohlen 1996).

Fungi are heterotrophic organisms that are totally different from bacteria. They 
have colonized a highly disturbed environment. The most important factor in the 
process of this colonization is the widespread mycelium composed of hyphae, 
which are often branched (Bardgett et al. 1993) and penetrate organic residues for 
the adsorption of nutrients. The production of different enzymes enables them to 
degrade the complex organic substances into simpler compounds. They can degrade 
complex organic substances like lignin and cellulose making them the best competi-
tors for the decomposition of plant residues (Harley 1971). The process of mycor-
rhiza is highly beneficial in terms of soil fertility, and is possible due to fungal 
association, which may act as a parasitic or symbiotic process depending on the 
nutrient availability of the soil (Farrell et al. 2006). The fertility of soil, on the other 
hand, is increased by the application of different types of synthetic and organic 
fertilizers. Synthetic fertilizers increase the fertility of soil very rapidly but cause a 
negative impact on the ecosystem. Hence, organic fertilizers are being widely used 
and are highly recommended by experts. Of the organic fertilizers, vermicompost-
ing is being applied almost everywhere and is considered a simple and viable fertil-
izer by the farming community.

Diverse microflora are present in different soil ecosystems as soil is regarded as 
the soul of infinite life. Earthworms are regarded as farmers’ friends and influence 
the microbial community and the physical and chemical properties of soil (Pathma 
et al. 2011). Microbial species are activated as soon as organic waste is degraded 
into valuable vermicompost by earthworms. Of interest is the fact that earthworm 
activity increases beneficial microflora and suppresses harmful pathogenic 
microbes. Vermicomposting increases soil fertility, enhances plant growth, repels 
pests, and influences microbial activity in the soil. The abundance of nutrients in 
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vermicompost and the presence of different microbial enzymes are basic elements 
that help in maintaining the fertility of soil (Maboeta and Van Rensburg 2003). The 
decomposition pathway from earthworm activity is probably due to the contrasting 
effects on bacterial and fungal populations as both the decomposers have different 
resource requirements. Fungal species, with their hyphal network, can immobilize 
great quantities of nutrients and the exploitative strategy of nutrient use of bacteria 
produces unstable substrates during vermicomposting (Bardgett 2005).

Soil microbes are very beneficial for soil health. Earthworms are the important 
visible species in the soil as their activity helps in soil nutrient cycling through rapid 
incorporation of dead organic matter into microbial soil. Mucous produced by the 
earthworm gut provokes the activity of other organisms. They increase the nitrogen, 
phosphorus, potassium, and calcium concentration in the soil and cause increased 
nitrogen mineralization through direct and indirect effects on the microbial com-
munity (Bhadauria and Saxena 2007).

25.2  The Choice of Food

Most of the organisms ingested by the earthworm during the process of feeding as 
microorganisms are considered an unavoidable constituent of their natural diet 
(Edwards and Bohlen 1996). Earthworms are selective feeders for certain fungal 
and bacterial species (Satchell 1967; Doube et al. 1997; Boag 2003). Although the 
nature of food preference by earthworms is still a mystery, there is an indication that 
the presence of different microorganisms brings changes that may be helpful in the 
growth of earthworms. The presence of fungal growth on food substances increases 
the availability of carbohydrate and nitrogen compounds for earthworms. Jayasinghe 
and Parkinson (2009) showed that earthworms prefer organic matter inoculated 
with different species of actinomycetes with evidence for chemoreception for the 
selection of food material. Chemoreception in earthworms is associated with sen-
sory modulates based on the principle of neural organization that is utilized for the 
detection of food and reaction to different exogenous chemicals (Hildebrand 1995). 
Perhaps this application is used by agriculturists in order to use different types of 
pesticides for different types of pests.

The earthworm’s gut is home to a large group of organisms, and their survival in 
the gut depends upon their capacity to resist both intra- and intercellular digestive 
enzymes, mucous of the intestine, calcium carbonate, and microbial substances 
(Brown 1995). Apart from grass fragments and other plant material, the digestive 
tract of earthworms contains a number of organisms and there is evidence for the 
possible existence of an ecological group of specific gut microbiota in earthworms 
(Lavelle and Spain 2001). This is further strengthened by the food quality and type 
of microorganisms. Automated image analysis showed that some microorganisms 
of the soil, namely Pseudomonas spp., increase in abundance through the gut track 
of L. rubellus. The earthworms’ digestive tract is considered a suitable habitat for 
N2O-producing bacteria as earthworms activate these microorganisms during gut 
passage (Horn et al. 2003).
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Among the microflora earthworms were seen to predate on fungal species, 
namely Alternaria solani, Blastomyces spp., Botryotrichus spp. Chaetomium gla-
brum, Chaetomium spp., Cunninghamella echinulate, Curvularia spp., Fusarium 
oxysporum, Helminthosporium spp., Mucor hiemalis, Neocusmospora vasiin-
fecta, Nigrospora sphaerica, Rhizopus nigrican, and Trichoderma viridi (Cooke 
and Luxton 1980), are also bacterial species such as Bacillus cereus, mycoides, 
Serratia marcescens, E. coli, and Enterobacter cloacae (Pedersen and Hendriksen 
1993), yeast, Candida famata (Byzov et al. 2009) and Lesquereusia spirali,s 
which is a protozoa (Mukherjee and Julka 1984). The earthworm and its associ-
ated microbiome is shown in Fig. 25.1.

25.3  Soil Ecosystems, Earthworms, and Microbes

The soil ecosystem harbors different microbial communities that comprise bacte-
ria, fungi, and protozoa. Actinomycetes, algae, and the microbial biomass mainly 
consist of bacteria and fungi. The compositions of microbial communities are 
dependent upon various key environmental factors and most of them either pro-
mote or inhibit their growth in agricultural ecosystems. However, every organism 
has a different role to play under various circumstances for the growth and devel-
opment of the soil ecosystem. Most of the microorganisms like bacteria are ubiq-
uitously distributed everywhere and have been reported to be found in hot springs, 
volcanoes, ice caps, etc. They have the ability to withstand erratic and extreme 
environmental conditions. However, the distribution of bacteria is dependent on 
energy resources. Bacterial species are autotrophic, photoautotrophic, heterotro-
phic, and chemoautotrophic. Furthermore, the abundance of bacteria in soil 
increases fertility as it is estimated that 1 g of soil contains above 1011 bacteria. 
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Fig. 25.1 Microbes in different parts of the earthworm
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Earthworm species actively modified the structure of the microbial community in 
soil samples which were incubated with different plant materials (Clapperton 
et al. 2001). The activity of earthworms (E. andrei) had a great impact on the 
structure of the grape marc microbial community as revealed by phospho lipid 
fatty acid analysis. Soil-dwelling endogenic, anecic, and epigenic earthworms 
have been reported to modify the structure of the microbial community and inter-
act very closely with different types of microorganisms (Lores et al. 2006), with 
epigenic worms having the lowest number of bacterial and fungal species. Only a 
few studies have shown very low (Enami et al. 2001) or scant changes (Marhan 
et al. 2007). Furthermore, the abundance of different microorganisms associated 
with earthworms are dependent on the kind of food source (Knapp et al. 2008), 
worm density, and substrate (Aira et al. 2008). A decrease in the activities of pro-
tease and cellular enzymes was also reported as a result of the presence of earth-
worms, with no such reduction in the control mesocosm. Correlations between 
microbial biomass and enzymes like protease and cellulose have been observed 
by Aira et al. (2007), indicatings that microorganisms play a vital role in shaping 
the patterns of enzymes present during the process of vermicomposting, which is 
attributed to a lower microbial biomass due to earthworm activity (Benitez et al. 
2005). Earthworms modify the carbon and nitrogen pool during the process of 
vermicomposting, which in turn activates different microorganisms like nitrogen-
fixing bacteria. The interaction between microbes and earthworms is essential for 
many soil processes in agro-ecosystems which are enhanced by the assimilation 
of labile carbon (Edwards and Bohlen 1996; Lee 1985). The influence of earth-
worms on soil microflora facilitates carbon and nitrogen transformations (Martin 
1991; Scheu 1987).

The earthworm microbial interactions enhance soil carbon evolution, soil nutri-
ent availability, and microbial availability, but can reduce microbial biomass 
(Edwards 1995). The earthworm Lumbricus terrestris, which occurs commonly in 
northern temperate agro-ecosystems, forms permanent or semi-permanent vertical 
burrows with small patches of plant litter and casts called middens gathered around 
the burrow entrance. These middens are dominant in agro-ecosystems and large 
numbers of L. terrestris affect the breakdown of crop residues and the spatial het-
erogenicity of residue microenvironments on the soil surface (Bohlen and Edwards 
1995). The earthworm middens are characterized by higher microbial activity than 
the surrounding environment with greater diversity in forest ecosystems. Greater 
turnover of microbial populations comes with alteration of the quantity of plant lit-
ter in the midden environment. The soil is composed of organic and inorganic com-
ponents, and promotes different types of microorganisms. Some bacteria like 
Bacillus, Pseudomonas, and Streptomyces induce secondary metabolites that act 
against secondary phytopathogenic fungi and human pathogenic bacteria (Pathma 
et al. 2011). Most edaphic organisms influence the properties of soil and activate the 
microbial community, thereby changing the soil’s physical and chemical properties. 
Earthworms modify soil particles and decompose leaf litter to increase the nutrition 
pool and organic matter, thus transforming organic waste into valuable vermicom-
post by the grinding and digesting process. The activity of earthworms is believed 
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to increase beneficial micro flora and inhibit harmful pathogenic microbes. The 
vermicompost is rich in micro- and macronutrients along with microbial enzymes 
(Lavelle and Martin 1992).

25.4  Earthworms as Nutrient Boosters for Plants

Soil fertility is the inherent capacity of soil to supply nutrients in adequate amounts 
and in suitable proportions. An increase in plant growth has been observed in 
response to earthworms in various pot experiments. Different mechanisms by which 
earthworms can increase plant growth have been demonstrated and suggested. 
These include increased incorporation of organic matter that accelerates mineraliza-
tion, the impact of metabolism products on plant growth, increased aeration, and 
improved water relations and permeability in poorly structured soils; these have 
been well elaborated by various workers.

Earthworms contribute to the formation of soil aggregates, improvement in soil 
aeration, and porosity (Edwards and Bohlen 1996) by ingestion of soil and partial 
breakdown of organic matter along with intimate mixing of these components and 
ejection of this material as surface or subsurface casts. Earthworm casts contain 
more water-stable aggregates than the surrounding soil and through their activity 
influence both the drainage of water from soil and the moisture-holding capacity of 
soil, both of which are important factors for plant productivity (Edwards and Bohlen 
1996).

25.4.1  Role of Earthworms and Associated Microbes in Soil 
Fertility

Earthworms have the ability to mineralize organic matter and release the nutri-
ents in available forms that are easily taken up by plants (Edwards and Bohlen 
1996). The casts of earthworms have higher base exchangeable phosphorus, 
potassium, manganese, and total exchangeable calcium that act as boosters for 
soil productivity. Earthworms favor nitrogen-fixing bacteria and help in bacterial 
population and soil aeration. The lower horizons of the soil are enriched by the 
stimulation of microbial activity in casts that enhance the transformation of sol-
uble nitrogen into microbial protein, thereby preventing their loss through leach-
ing. Lee (1985) argued that nitrogenous products of earthworm metabolism are 
returned to the soil through casts, urine, mucoproteins, and dead tissues of earth-
worms. There is a complex interrelationship between earthworms and microor-
ganisms. Most of the species of microorganisms that occur in the alimentary 
canal of earthworms are the same as those in the soil in which the earthworms 
live. Earthworm casts have higher densities of fungi, actinomycetes, bacteria, 
and higher enzyme activity than the surrounding soil, as reported by Lachnicht 
and Hendrix (2001). Earthworms are very important for inoculating soils with 
microorganisms as most of the microorganisms in soil are in a dormant stage 
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with low metabolic activity, awaiting suitable conditions like the earthworm gut 
(Lachnicht and Hendrix 2001) or mucus (Lavelle et al. 1983) to become active. 
Macrofauna, namely Earthworms, are major compounds of soil and form a large 
proportion of the macrofauna biomass through the rapid incorporation of detritus 
into mineral soils.

Earthworms affect the nutrient supply by producing aggregates and causing 
pores in the soil that alter physical properties, cycling of nutrients, and growth of 
plants (Curry and Schmidt 2007; Flegel and Schrader 2000). The assemblage of 
organominerial aggregates, their stability, and organic matter concentration impacts 
the physical properties of soil and the dynamics of soil organic matter. Some eco-
logical processes within the functional domain of earthworms are also affected. The 
casts of earthworms are rich in organic carbon and nitrogen and have been reported 
to increase these minerals by a factor of 1.5 and 1.3, respectively, as compared to 
nonintegrated soils.

25.4.2  Earthworm and Nutrient Enrichment

The chemical fertility of the soil is dependent on the availability of nutrients as they 
play an important role in the productivity of crops. Suitable management of organic 
materials and earthworms can encourage an appreciable increase in the productiv-
ity of crops as earthworms also speed up the weathering process (Carpenter et al. 
2007) to release the essential elements that promote growth. The decomposition of 
organic matter to release nutrients and trace elements is one of the most important 
functions of soil biodiversity (Schinner et al. 2012), and is enhanced by fungi (sap-
rotrophic and mutualistic) as they increase the rate of mineralization (Hoffland 
et al. 2004). Plants are unable to utilize gaseous nitrogen (Bernhard 2010), hence 
the task of fixing nitrogen is performed by free-living microorganisms which form 
root nodules in legumes. The best examples are cyanobacteria and other genera of 
bacteria and actinomycetes, or symbiotic bacteria, which are enhanced by the pres-
ence of earthworms (Gordon and Wheeler 2012; Llorens-Marès et al. 2015; 
Gresshoff et al. 2015).

Organic manure like vermicompost acts as a source of nutrients and organic mat-
ter, increases size, diversity, and activity of the microbes in soil, influences soil 
structure and nutrient turnover, and brings appreciable changes in physical, chemi-
cal, and biological parameters of the soil (Albiach et al. 2000). Fertilizer produced 
through the activity of earthworms contains higher levels of organic matter, organic 
carbon, total and available nitrogen, phosphorus, potassium, and micronutrients, 
and increased microbial and enzymatic activity (Edwards and Bohlen 1996; 
Parthasarathi et al. 2007). Orozco et al. (1996) and Parthasarathi (2004) also reported 
that vermicompost contains nutrients such as nitrates, exchangeable phosphorus 
and potassium, and calcium and magnesium soluble in forms that are easily taken 
up by plants. Tomati et al. (1990) and Parthasarathi et al. (2006) also confirmed that 
vermicompost contains higher concentrations of humic acid and biologically active 
substances like plant growth regulators.
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25.4.3  Vermicompost, Microbes, and Crop Production

Esinea fetida can tolerate soils that are nearly half as salty as seawater, i.e. 15 g/kg 
of soil, and also improve their biology and chemistry. Live earthworms were applied 
by farmers at Phaltan in the Satara district of Maharashtra (India) to the sugarcane 
crops grown in saline soils as irrigated by saline ground water. The soil nitrogen, 
phosphate, and potash was increased by 37%, 66%, and 10%, respectively, and 
decreased the chloride content by 46% within a year. The yield was 125 tons/hect-
are of sugarcane with marked improvement in soil chemistry (Sinha et al. 2009). A 
better yield of potato (Solanum tuberosum) was reported by the application of ver-
micompost in reclaimed sodic soil due to a reduction in sodicity (ESP) from the 
initial 96.74 to 73.68 in almost 12 weeks. The average available nitrogen concentra-
tion of the soil was improved from an initial 336.00 to 829.33 kg/ha (Ansari 2008).

Earthworms and their vermicompost are exceptional for plant growth and sup-
port crop production without the application of chemical fertilizers. CSIRO 
Australia found that earthworms (Aporrectodea trapezoids) increased the growth of 
wheat crops (Triticum aestivum) by 39%, grain yield by 35%, increased the protein 
value of the grain by 12%, and also acted as a good repellent for different pests 
(Baker et al. 1997). The fertility of the soil has been improved by the introduction 
of earthworms in cherry fields and results were quite appreciable after a period of 3 
years compared with chemical fertilizers (Webster 2005). Similarly, Ohio State 
University in Columbus, OH, USA indicated that vermicompost improves the 
growth rate of vegetables. Application of vermicompost to a transplant grown in 
vermicompost had the highest amount of red marketable fruit at harvest with no 
symptoms of early blight lesions on the fruit. The yield of pea (Pisum sativum) was 
also higher with the recommended nitrogen, phosphorus, and potash along with the 
application of vermicompost. Vadiraj et al. (1998) reported that application of ver-
micompost produced herbage yields of coriander cultivars more than when com-
pared to those obtained with chemical fertilizers.

Mamta et al. (2012) indicated that the different treatments affected the seed ger-
mination of the test crop significantly. Plant height, number of leaves, and fruit 
weight were higher in the vermicompost-treated field as compared to the control 
field, and no incidence of disease was reported in the fruit of Solanum melongena 
treated with vermicompost. The fresh weight of Chrysanthemum chinensis flowers 
increased with the application of vermicompost. With the application of 10 t ha−1 of 
vermicompost along with 50% of the recommended dose of a nitrogen/phosphorus/
potassium (NPK) fertilizer the number of flowers per plant (26), flower diameter 
(6 cm), and yield (0.5 t ha-1) were maximum. However, the vase life of flowers 
(11 days) was high with the combined application of vermicompost at 15 t ha−1 and 
50% of the recommended dose of NPK fertilizer (Nethra et al. 1999).

Rao et al. (2010) studied the effect of vermicompost on the growth and yield of 
onion (Allium cepa) and indicated that there is a synergistic relationship between 
the nutrients of the vermicompost and chemical fertilizers which boost the mobility 
of mineral nutrients for better production of the onions. The height of the plant 
increased significantly compared to the respective control by up to 51.60% after 
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30 days. The length of leaves increased up to 52.6% after 60 days, and after 90 days 
the leaf size increased by 71.4%. The increase was reported to be up to 56.65% after 
120 days, which was significant compared to the respective control. The total yield 
of the onion harvest was enhanced significantly when subjected to the statistical 
application of analysis of variance (ANOVA).

Azarmi et al. (2008) determined the impact of vermicompost on growth, yield, 
and fruit quality of tomato (Lycopersicum esculentum var. Super Beta) under field 
conditions. Growth characteristics such as leaf number, leaf area, and shoot dry 
weights were determined, and the results indicated that the addition of vermicom-
post at a rate of 15 t ha−1 increased growth and yield compared to control tomatoes. 
Vermicompost at a rate of 15 t ha−1 increased electrical conductivity of fruit juice 
and percentage of fruit dry matter up to 30% and 24%, respectively. The content of 
potassium, phosphorus, iron, and zinc in the plant tissue increased 55%, 73%, 32%, 
and 36%, respectively, when compared to untreated plots. A significant increase in 
the mean values of total organic carbon, humus, nitrogen, phosphorous, and potas-
sium was observed while converting garden waste, kitchen waste, and cow dung 
into vermicompost by using Eisenia fetida (Singh et al. 2000; Kumar and Singh 
2001; Wani and Rao 2013).

A significant effect of using vermicompost as compared to humus manure has 
been observed. Potatoes and beets grown under the influence of vermicompost 
showed a yield increase of 1.5 and 1.2 times, respectively, as compared to the con-
trol. It was observed that flowering, ripening of crops, and development of the roots 
increased significantly.

The effects of vermicompost application in reclaimed sodic soils on the produc-
tivity of potato (Solanum tuberosum), spinach (Spinacia oleracea), and turnip 
(Brassica campestris) were studied by Ansari (Ansari 2008). The overall productiv-
ity of vegetable crops revealed that the requirement of vermicompost for leafy crops 
like spinach was lower (4 tons/ha), whereas that for tuber crops like potato and 
turnip was higher (6 tons/ha). Physical, chemical, and biological properties along 
with the growth, yield, and nutrient content of beans (Phaseolus vulgaris) was 
amended with vermicompost at 5 tons/ha. The pore space, water holding capacity, 
and cation exchange capacity of the soils in the field increased significantly. 
However, particle size, bulk density, pH, and electrical conductivity were reduced. 
An increase in organic carbon, calcium, magnesium, zinc, manganese, sodium, iron, 
copper, and microbial activity was also reported in this study.

Dhanalakshmi et al. (2014) reported an increase in root length, shoot length, and 
branch and leaf number in the seeds of okra, brinjal, and chili sown in vermicompost- 
containing soil. Joshi and Vig (2010) reported that branch and leaf number and 
almost all the growth, yield, and quality parameters were increased under the influ-
ence of vermicompost. The mean stem diameter, mean plant height, yield per plant, 
marketable yield per plant, mean leaf number, and total plant biomass increased 
significantly in a vermicompost medium compared to control plants in the case of 
tomato, Lycopersicum esculentum L. Vermicompost stimulates the growth of vari-
ous horticultural crop plants such as strawberry (Arancon et al. 2004), garlic (Suthar 
2009), sweet corn (Lazcano et al. 2011), and groundnut (Kumar et al. 2014). 
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Vermicomposting shows positive effects on aromatic and medicinal plants (Prabha 
et al. 2007), fruit crops such as banana and papaya (Reddy et al. 2014), and orna-
mental plants such as chrysanthemum (Hidalgo and Harkess 2002), geranium 
(Chand et al. 2007), and marigolds (Shadanpour et al. 2011).

25.4.4  Vermicompost in Forest Trees

The positive effects of vermicompost on forestry species such as acacia, eucalyptus, 
and pine trees were reported by Lazcano et al. (2010a, b). Seed germination in sev-
eral plant species such as green grams (Karmegam et al. 1999) and tomato plants 
(Zaller 2007) is triggered by vermicompost. The nutritional quality of vermicom-
posting in spinach (Peyvast et al. 2008), strawberries (Singh et al. 2008), Chinese 
cabbage (Wang et al. 2010) and sweet corn (Lazcano et al. 2011) has been well 
documented.

Earthworms change the environment for all other soil-inhabiting organisms 
including plants, whose roots can increase their uptake of various minerals due to 
the presence of earthworms. Some earthworm species selectively feed on plant resi-
dues at the soil surface (e.g., Lumbricus terrestris L.) whereas others feed on deeper 
residues (e.g., Octolasion). However, the mechanisms operate simultaneously and 
none of them has been experimented in isolation, taking into consideration all the 
different factors, namely initial chemical and physical nature, crop species, and the 
species of earthworm present. The significance of vermicomposting is shown in 
Fig. 25.2.

25.5  Earthworm and Eco-Biome

The presence of earthworms is very important for the agro-ecosystem and they are 
considered to be major invertebrates in terms of biomass and activity. Microorganisms 
are the natural diet for earthworms and the feeding behavior of earthworms is clearly 

Vermicomposting

Organic
waste

Earthworms Microbes

Environmental
Management

Organic
Fertilizer

Productivity

Fig. 25.2 Significance of 
vermicomposting

K.A. Wani et al.



479

associated with the ecological group. The epigiec earthworm species live near the 
soil surface and prefer litter layers of forest soil; they usually do not burrow into the 
soil and ingest litter rather than soil, and hence they are popularly known as litter 
transformers. Several research studies have shown an increase in microbial activi-
ties in the presence of epigeic earthworms that has been associated with an increase 
in surface area for decomposition, a reduction in immobilization by fungi, and a 
modification of the consumption of microorganism communities.

The anecic earthworms prefer to live in permanent and semi-permanent burrows 
in soil layers that have high concentrations of minerals. These types of earthworms 
feed on organic matter mixed with soil particles and mostly form middens. 
Earthworm food procurement is dependent on the quality of food. Anecic earth-
worms prefer nitrogen-rich food and do not like food with a high lignin content or 
that is colonized by Fusarium laterium or Tricoderma species (Cooke and Luxton 
1980). Endogenic earthworms are found at a depth up to 15 cm in the mineral hori-
zon. They have the ability to consume more soil than other species and are com-
monly known as geophageous or organic matter feeders.

The different microbial species including fungi, bacteria, yeast, actinomycetes, 
and protozoa were estimated in the gut casts of different earthworm species qualita-
tively and quantitatively, although the interaction between the two categories seems 
to be complex. The increase in the availability of plant nutrients is dependent on 
microflora present in the earthworm’s gut (Petersen and Luxton 1982; Edwards and 
Bohlen 1996). Microorganisims like Pseudomonas, Rhizobium, Bacillus, 
Azosprillium, Azotobacter, etc. along with rhizospheric soil, are reported to get acti-
vated within the gut of earthworm under ideal conditions. (Sinha et al. 2010). During 
the earlier times, Edwards and Loft (1977) reported a higher number of the aerobes 
L. terrestris, Allolobophora caliginosa and A. terrestris compared to soil in the gut 
of earthworms. The increase in plate counts of total bacteria, proteolytic bacteria 
and actinomycetes was observed through the earthworms gut (Parle 1963; Pedersen 
and Hendriksen 1993; Devliegher and Verstraete 1995). Pseudomonas oxalaticus 
an oxalate degrading bacterium was isolated from the intestine of Pheretima species 
(Khambata and Bhat 1953) and Streptomyces lipmanii, an actinomycete was identi-
fied in the gut of Eisenia lucens (Contreras 1980). The endogenous microflora L. 
terrestris and Octolasion cyaneum was found in the gut of earthworms with the help 
of scanning electron micrographs (Jolly et al. 1993). N2-fixing anaerobic bacteria 
viz., Clostridium butyricum, C. beijerinckii and C. paraputrificum were recorded in 
the gut of E. foetida (Citernesi et al. 1977). A higher concentration of aerobes and 
anaerobes were present in Lumbricus rubellus and Octolasium lacteum (Karsten 
and Drake 1995).

Earthworms in association with other microorganisms have the potential to 
mineralize and humify organic matter and help in the facilitation of metal ion 
chelation. It was observed that microorganisms aid the earthworms in their 
growth and reproduction (Pizl and Novakova 2003). Eisenia fetida savigny 
hatched from sterile cocoons were not able to reach sexual maturity in sterilized 
soil and appreciable results were reported with the inoculation of mobile proto-
zoa in its food.
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Currently, the interest towards microbial activation by earthworms in agricultural 
ecosystems has widened the scope of vermicomposting; however, the actual pres-
ence of symbionts in the earthworm gut is highly controversial (Curry and Schmidt 
2007). Research has shown that there exists a small difference between bacterial 
communities in the soil, gut and fresh casts of L. terrestis which indicates that an 
indigenous microbial community is unlikely to exist (Egert and Horn 2004). This 
was further supported (McLean et al. 2006; Jayasinghe et al. 2009) during studies 
on the impact of radical diet shift on the gut microbiota of Lumbricus rubella . 
Byzov et al. (2009) reported gut symbiosis in earthworms and surprisingly they 
formed different microorganisms in the earthworm gut as compared to the sur-
rounding soil. Despite the shift in food source and habitat changes, the development 
of different bacterial communities was strongly associated with ecological group. 
Moreover, due to the presence of all bacteria in both the earthworm gut and in soil 
it was not possible to determine symbiotic metabolic interaction with earthworms 
(Thakuria et al. 2010). The real presence of different symbionts in the earthworm 
gut and their actual role needs to be studied further by involving large diversity of 
earthworms in different geographical regions.

25.5.1  Microbiome of the Earthworm

The earthworm gut is a mobile micro-habitat for most of the dormant soil microor-
ganisms as they have easy access to food, a free ride and shelter (Lavelle et al. 
1995). The presence of suitable amounts of carbon in a soluble form and nutrient 
resources in the casts make the activities of microorganisms possible. The increase 
in microbial respiration rate in the casts is an indication that microbial activity exists 
there. Furthermore, effects of microbial activity and invertebrate activity have been 
seen in burrows (Graff 1971). Lumbricus terrestris, Cellulomonas sp., and 
Promicromona sp., are the dominant bacteria whereas Bacillus sp., was reported in 
the surrounding soils with no fungal species, (Tiunov and Dobrovolskaya 2002). 
The loss of carbon through the secretions of earthworms and nitrogen through 
nephridia may be the reason for the presence of different species. A higher number 
of actinomycetes was reported in earthworm casts than the surrounding soil which 
shows that casts may be a suitable microhabitat for this microorganism.

With the help of microscopic observations, earthworm species specific micro-
bial symbionts in the ampulla of nephridia were described during the earlier times 
(Knop 1926). During the advancing stages of research, it was confirmed that the 
presence of symbionts in nephridia are members of a monophyletic branch of the 
genus Acidovorax (Schramm et al. 2003). Furthermore the result showed earth-
worms harbor distinct gene sequence types associated with Acidovorax sp., 
whereas, the same earthworm species from different continents have similar sym-
biont sequences. The discovery of symbionts in the nephridia of E. fetida has 
opened new directions in the field of research and several workers have reported 
bacterial colonization in the nephridia of earthworms (Davidson and Stahl 2006). 
Davidson and Stahl (2006)) advocated that nephridia symbionts are not acquired 
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from the environment but are directly transferred from the adults to the capsules 
during mating. In E. fetida and Acidovorax sp., cells are very high in mating mucus 
and in egg capsules. In due course new species verminephrobacter sp., and ver-
minephrosactor eiseniac were defined based on the isolation, characterization and 
the unique ecology of genus Acidovorax and E.fetida (Pinel et al. 2008). 
Subsequently verminephrobacter sp. ecology was investigated by Lund et al. 
(2010) and was reported from 19 earthworm species. The species were colonized 
by different types of organisms, namely Lumbricus terrestris L., Aporrectodea 
caliginosa Savigny, Aporrectodea longa Ude, Aporrectodea rosea Savigny, 
Dendrobaena veneta Bouché, Dendrobaena octaedra Savigny, and Dendrobaena 
attemsi Michaelsen.

25.5.2  Interaction of Worms with Microbes

The interaction of different detritivorous earthworms with microorganisms enhances 
the stabilization of organic matter that modifies physical, chemical, and biological 
properties of soil. Earthworms are important players that stimulate the production 
of microorganisms through fragmentation and organic matter ingestion. Although 
earthworms decrease the overall biomass and activity during the vermicomposting 
process, this decrease is higher for fungi than for bacteria, as fungi are being selec-
tively used as food by the earthworms. The shaping of microorganisms in organic 
waste is also carried out through the process of vermicomposting, which indicates 
that detritivorous earthworms directly modify the decomposer community composi-
tion in the short term and accelerate organic matter decomposition. Grazing on 
microorganisms increases microbial activity at first, which then decreases the avail-
ability of these resources for the microbial communities and consequently their 
activity (Dominguez 2010).

Earthworms play an important role in the reduction of total coliforms during the 
vermicomposting process as it has been found that 98% of the total coliforms are 
reduced in the gut of earthworm species Eisenia andrei, E. fetida, and Eudrilus 
eugenia. Monroy (2006) also found a drastic reduction in the population of total 
coliforms after 2 weeks of vermicomposting with E. fetida, which indicates that 
vermicomposting is effective in decreasing the levels of human pathogens during 
the stabilization of biosolids and other organic waste. The decease in E. coli may be 
due to the competitive environment in the gut of earthworms as it is home to a num-
ber of microflora. The characterization of microbial communities by PFLA profiles 
(Zelles 1999) revealed that earthworm activity greatly influenced microbial com-
munity structure and function. The activity of earthworms decreased the viable 
microbial biomass by approximately four to five times relative to control without 
earthworms.

The inoculation of different strains of Azotobacter in vermicompost has been 
found to increase Azosprillum lipoferum, and the inoculated phosphate-solubilizing 
bacterium P. striata caused a significant effect on the available phosphorus content 
in vermicompost. The addition of rock phosphate inoculated with P. striata led to 
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more availability of phosphorus due to the production of organic acids by the bacte-
ria that solubilized the rock phosphate (Premono et al. 1996). Kumar and Singh 
(2001) assessed the impact of inoculation of vermicompost with the nitrogen- fixing 
Azotobacter chroococcum, Azospirillum lipoferum, and the phosphate- solubilizing 
Pseudomonas striata on nitrogen and phosphorous contents of the vermicompost. It 
was found that the inoculation of nitrogen-fixing bacteria into vermicompost 
enhances the concentration of nitrogen and phosphorous. The inoculation of 
Pseudomonas striata in vermicompost significantly improved the available phos-
phorous with the addition of rock phosphate. The inoculated bacterial strains prolif-
erated rapidly during the incubation period and fixed nitrogen and solubilized added 
and natural phosphate during the process.

The population of soil microorganisms (Binet et al. 1998), microbial numbers, 
and biomass is stimulated and accelerated by earthworms (Edwards and Bohlen 
1996) by improving aeration through burrowing actions. The diversity and 
increase in the microbe population within the digestive tract of the earthworm is 
due to the hospitable conditions and the presence of nutrient-rich organic wastes 
in the gut that provide energy and act as a substrate for the growth of microorgan-
isms (Tiwari et al. 1989). Actinobacteria and Gammaproteobacteria are plentiful 
in vermicompost (Vivas et al. 2009). Nitrobacter, Azotobacter, Rhizobium, phos-
phate solubilizers, and actinomycete counts exceeded 10−10/g of vermicompost 
(Suhane 2007). A considerable increase in total viable counts of actinomycetes 
and bacteria in the earthworm- treated compost was reported by Haritha Devi 
et al. (2009). Aeromonas hydrophila in E. foetida (Toyota and Kimura 2000) and 
fluorescent pseudomonads in L. terrestris (Devliegher and Verstraete 1995) are 
indications that specific phylogenetic groups of bacteria exist in different species 
of earthworms.

The potential degraders (Pseudomonas, Paenibacillus, Azoarcus, Burkholderia, 
Spiroplasm, Acaligenes, and Acidobacterium) of several categories of organics have 
been shown to be associated with the earthworm intestine and vermicasts (Singleton 
et al. 2003). Vaz-Moreira et al. (2008) documented different species of microorgan-
isms from vermicompost. The Firmicutes included Bacillus benzoevorans, B. 
cereus, B. licheniformis, B. megaterium, B. pumilus, B. subtilis, and B. macrolides. 
Actinobacteria that were present in the vermicompost are Cellulosimicrobium cel-
lulans, Microbacterium spp., M. oxydans, proteobacteria such as Pseudomonas spp. 
and P. Libaniensis, and ungrouped genotypes included Sphingomonas sp. and 
Kocuria palustris. The yeasts, namely Geotrichum sp. and Williopsis californica 
have also been reported in vermicomposts (Nechitaylo et al. 2010). The presence of 
Verminephrobacter eiseniae, a novel nephridial symbiont isolated from E. foetida, 
Ochrobactrum sp., Massilia sp., and Leifsonia sp., was reported by Pinel et al. 
(2008), and bacteria belonging to the families Aeromonadaceae, Comamonadaceae, 
Enterobacteriaceae, Flavobacteriaceae, Moraxellaceae, Pseudomonadaceae, 
Sphingobacteriaceae, Actinobacteria, and Microbacteriaceae were extracted from 
the earthworm alimentary canal (Byzov et al. 2009).

Fungal species like Saksenae vasiformis, Mucor plumbeus, Cladosporium car-
rionii, C. herbacium, Alternaria sp., Cunninghamella echinulata, Mycetia sterila, 
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Syncephalostrum racemosum, Curvalaria lunata, C. geniculata, and Geotrichum 
candidum were found to be digested by earthworms. Bacteria species like 
Pseudomonas aeruginosa, Bacterium antitratum, Mima polymorpha, Enterobacter 
aerogenes, E. cloacae, Proteus vulgaris, P. mirabilis, P. rettgeri, Escherichia coli, 
Staphylococus citreus, Bacillus subtilis, B. cereus, Enterococci, and Micrococci 
were also completely digested.

Soils infested with soil-borne pathogens and augmented with earthworms 
(Lumbricus terrestris) have been found to reduce diseases of susceptible cultivars of 
asparagus (Asparagus officinalis), eggplant (Solanum melongena), and tomato 
(Solanum lycopersicum) in greenhouse studies. Earthworm activity has been found 
to reduce the incidence of diseases in soils planted with asparagus that was infested 
with Fusarium oxysporum f. sp., Asparagi, and F. proliferatum, eggplant with 
Verticillium dahliae, and tomato with F. oxysporum f. sp., lycopersici Race 1. When 
soils were augmented with earthworms, plant weights were increased 60–80% and 
disease infestations were reduced to 50–70% (Stephens et al. 1993).

Under microcosm-controlled conditions the stimulatory effect of earthworms 
(Lumbricus terrestris L.) on soil microbial activity was studied. The microbial stim-
ulation observed in the presence of a soil invertebrate has been correlated to the 
utilization of additional nutritive substances provided by the activity of earthworms. 
The stimulation of microbial activity was established with the increased density of 
the protozoan population, which was 3–19 times greater in the presence of earth-
worms (Daane and Haggblom 1999; Senapati et al. 1999).

 Conclusions

Vermicomposts are equipped with all the nutrients that are essential for plant 
growth and the associated microbes are better organic amendments that act as a 
panacea for soil reclamation, improve soil fertility, promote plant growth, and 
control pathogens, pests, and nematodes for sustainable agriculture. Hence, 
earthworms along with microbial diversity affect the fertility of soil, which is of 
considerable importance for agricultural ecosystems and can be considered to be 
sustainable for waste land reclamation as well. Earthworms, due to their burrow-
ing activity, increase the soil porosity, ventilate the soil, mineralize the soil, and 
also recycle nutrients, and are capable of changing the microbiological proper-
ties of fresh organic matter during the active phase of vermicomposting. 
Synthetic fertilizers and pesticides in the field enhance productivity but also dis-
turb the diversity of microbes and earthworms in the soil. The introduction of 
earthworms in agricultural ecosystems may not only reduce the burden of syn-
thetic fertilizers but may also activate beneficial microbes and improve the qual-
ity of the environment. The understanding of microbial activity is of vital 
importance for the management of soil fertility as soil-disturbing activities 
reduce the nutrient pool in agricultural fields that will help in planning manage-
ment strategies for better productivity and yield. This may also have important 
implications for the optimization of this process and contribute to better under-
standing the relationships between earthworms and microorganisms during the 
decomposition of organic matter.
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The diverse and complex relationship observed between earthworms and 
microorganisms in earthworm casts and burrows is an indication that these media 
increase microorganism activities. The specific associations for some earthworm 
species have been revealed in this study and the choice of particular organisms 
by earthworms is still a mystery.

The gut and nephredia of earthworm species is a home to different microbes; 
however, it will be of interest to study the ecological behavior of different organ-
isms in the gut and nephridia of earthworm species along with fluctuations in the 
nutrient supply.
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26Organic Farming, Food Quality, 
and Human Health: A Trisection 
of Sustainability and a Move 
from Pesticides to Eco-friendly 
Biofertilizers

Nitika Thakur

Abstract
The organic amendments that were witnessed in the “green phase” during the 
1960s boosted food production, but at the expense of environmental sustainabil-
ity. These methods increased food production but ultimately disturbed the physi-
cal, chemical, and biological properties of soil over years of use. The beneficial 
soil organisms were exploited and the power of “biological resistance” in crops 
was reduced, making them more prone to pests and diseases. As a result, no part 
of the world is left free of harmful pesticide residues today. Over time, it was 
realized that these residues are toxic for soil and society. Use of chemical fertil-
izers has not only led to sensational increases in the quality and quantity of crops, 
but has also resulted in the alteration of the total soil profile resulting in a reduc-
tion of beneficial microbes leading to an imbalance in ecology. This has ulti-
mately devastated the resources of farmers, who are the building the path of our 
nation. Excessive use of non-renewable energy chemicals often tends to destroy 
the physiochemical properties of soil, reduce friendly predators, and enhance 
residual hazards in seeds and to human health and the environment. The use of 
beneficial microbial inoculants along with organic manures is considered to be 
an alternative requirement for crops. The technological approaches to the use of 
organic manures and biofertilizers in farming have proved to be effective means 
of upgrading soil structure, increasing water-holding capacity, enhancing soil 
fertility, and increasing crop yields. On the whole it can be deduced from the 
present studies that by integrating correct combinations of organic production 
technologies, production levels comparable to conventional practices can be 
achieved in tomato crops with improved soil-nutrient status and productivity.
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26.1  Introduction

The present agricultural practices mainly depend on high-priced inputs like mineral 
fertilizers to attain a high yield and also involve the application of chemical pesti-
cides against relevant pathogens and pests. The application of chemical fertilizers 
not only extensively damages the helpful microbes in the soil but also causes detri-
mental effects on human health as well as environmental hazards, and reduces the 
soil fertility. It is now well established that application of nitrogen can result in 
nitrate leaching through the soil profile due to groundwater contamination. The 
issues and concerns about the destructive effects of using increasing amounts of 
chemical fertilizers have led to a strong move toward alternative strategies to ensure 
high yields coupled with crop safety and protection.

The indiscriminate use of hazardous pesticides and herbicides could result in 
diverse changes in the biological balance, increasing the incidence of lethal dis-
eases like cancer, through undesirable harmful residues present in the produce. 
Industrialized production methods have clearly shown several limitations indicat-
ing global contamination of the food chain and water through toxic pesticide resi-
dues and a reduced nutritive value of food in cultivation practices carried out by 
farmers.

Because of these adventitious properties, tomato producers often use large 
amounts of chemical fertilizer, which is not sustainable due to the ill effects on the 
soil and environment through the high involvement of non-renewable energy in pro-
duction input used to ultimately enhance the yield and quality of crops. The modern 
approach, often referred to as organic agriculture, seeks to introduce agricultural 
cultivation practices that are eco-friendly and maintain the sustainable ecological 
balance of the ecosystem. The growth pattern of organic agricultural land has 
increased tremendously from 1999 to the present time (Fig. 26.1).
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Organic matter is an excellent source of available nutrients, and their incorpora-
tion in soil can maintain high activity of microbial populations with increased values 
of biomass content, basal respiration, and total organic carbon (Tonfack et al. 2009).

The poor health of soil due to disease contamination after repeated use and the 
desire to implement optimal conditions for plant growth have led to the modern 
trend of growing plants in soil-less media. While soil- less media incur additional 
costs for growing systems and chemical fertilizers, they offer earlier growth and 
higher yields.

The biopriming of seeds with beneficial microorganisms provides long-term pro-
tection from yield-threatening fungal or bacterial diseases by creating a protection 
shell around the seed- root system, which provides a stronger and healthier root 
system leading to increased crop productivity and gradually to better yields. 
Trichoderma harzianum and Trichoderma viride are two widely used species that 
have been used for about 87 different crops, 70 and 18 soil and foliar pathogens, 
respectively (Sharma et al. 2014).

Organic agriculture is a multidirectional management system that furnishes the 
health of the agrological ecosystem. Sustainable farming, quality of food, and 
human health argue that environmental agents should be directed toward organic 
products. The use of management practices via the off-farm inputs require locally 
adapted systems taking into account the prevailing regional conditions. This is 
accomplished by using diverse methods such as agronomic, biological, and mechan-
ical methods as opposed to using synthetic materials to fulfill any specific function. 
The focus is on maintaining soil fertility for generations, producing poison-free 
food for consumers, securing productivity, meeting competition from likely cheaper 
imports, achieving high water percolation, recharging groundwater, developing 
nitrogen- and phosphate-fixing microbes involved in transferring atmospheric mois-
ture, soil enrichment through transfer of biomass from agro-waste, emergence of 
mixed farming systems, new marketing channels, premium prices, and higher prod-
uct demand, on a worldwide basis (Figs. 26.2 and 26.3).
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Global markets for organic products are growing, hence satisfying the criteria for 
food safety (less incidence of diseases like mad cow disease and cancer, etc.), health 
aspects (over 20% more vitamins and minerals), price premiums, environmental 
concerns, and sustainability.

Parameters highlighting food security and safety are of primary concern to each 
individual. Thus, quality can be defined as a strong characteristic of food that deter-
mines the value of acceptability to a consumer. The increasing consumer awareness 
about the relationship between food, health, and environmental concerns has led to 
the increasing demand for organically cultivated food.

Organic food commodities contain lower pesticide and nitrate levels than con-
ventionally grown fruit and vegetables. This may be considered beneficial in rela-
tion to antioxidants (polyphenolic compounds). Organic foods do not involve the 
use of synthetic fertilizers; they possess efficient biochemical energy to synthesize 
the important secondary plant metabolites as well as naturally occurring toxins. The 
present scenario of tomato production by the farmers is confined to the conventional 
open-field cultivation system with varied agro-climatic conditions in the Solan dis-
trict of Himachal Pradesh. The favorable positioning of the State in the Himalayan 
region provides a great scope for the implementation of organic farming. The poli-
cies framed by the State government on organic farming in 2010 relate to 30,110 
farmers with an area of 17,848 ha with a future vision in mind of converting around 

Fig. 26.3 Organic agriculture worldwide: statistics (Source: ICCOA)
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200 villages to complete bio-villages. However, the government has already initi-
ated the process of registration and certification for using organic fertilizers to 
organically cultivate tomatoes, but the farmers are still unaware of the incorporation 
of organic recommendations.

The economic parameter in organic farming stands out as an important issue to 
the farmers. Beneficial economics with good incentives will be the greatest boost 
for the adoption of organic practices in crop husbandry. Achieving circumstances 
that direct favorable economic conditions for organic farming becomes a priority. 
The history of organic tomato in HP is only 3–4 years. Although farmers have grad-
ually been shifting to organic practices, the switch-over is not complete in the 
majority of cases. They have not been able to develop the mindset required for 
organic cultivation of tomatoes. Many farmers are not ready to put in the labor 
required for the preparation of inputs under the organic system; they look to markets 
for input supply. The shift has been gradual and the change in mindset even slower. 
However, many inorganic farmers are presently realizing the deleterious effects of 
using hazardous products on human health and the environment. Hence, they are in 
the process of reducing the doses and frequency of chemical products and relying 
more on farmyard manure (FYM), vermicompost (VC), and biofertilizers.

26.2  Organic Farming Systems: Quantity Coupled 
with Quality

Considering the ill effects on natural resources and global marketing demand for 
quality products, there is a need to switch from intensive chemical cropping systems 
to organic farming systems that will not only help in yield sustainability (Fig. 26.4) 
(Barbier 1987) but also earn higher foreign exchange from export (Jangir et al. 
2008). On other hand, the small farmers with less than 1 ha of land are facing many 
problems related to debt, vagaries of rainfall and nature, lack of investment, and soil 
fatigue. The food quality concept can be defined in many different ways, such as 
through the quality of the fresh produce, which is often judged by examining the 
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visual characteristics such as size, shape, and color. The present review deals with a 
combinatorial study and breakthrough aimed at differentiating between conven-
tional and organic farming systems, thus ensuring the realization of the criteria of 
good soil fertility, nutrition, quality, productivity, yield, economics, and food secu-
rity and safety of vegetable crops and fruit. This review highlights those aspects of 
nursery management, soil fertility, crop yield, productivity, economics, and food 
quality, which are the most crucial for the promotion of good health, specifically 
focusing on the available evidence for four criteria:

• Safety and security of food
 The first question relates to the extent of organic and non-organic foods that 

contain potentially harmful chemicals and pathogens.
• Primary nutrients
 The second question deals with the contribution of organic and non-organic 

foods toward a balanced diet.
• Secondary nutrients
 The third question focuses on the effect of different farming practices on the 

concentration and range of secondary plant compounds.
• Microbiological hazards
 The fourth question focuses on the final test of nutritional quality for a food to 

support growth and development thus reducing the microbiological hazards.

26.3  Effect of Microbial and Inorganic Fertilizers

26.3.1  Disease-Free Nursery Management

The necessity of healthy seed selection integrated with nursery raising (free from 
disease) is the most important requirement for achieving better crop performance in 
addition to lower abiotic and biotic yield constraints and lower incidence of insect- 
pest- disease (IPD), in order to achieve attractive economic returns for the farmers. 
The reduction witnessed in potential yield in hills by the farmers is due to the 
increasing incidence of pre- and post-emergence insect pests and diseases from the 
initial nursery raising to the final period of harvesting, where the incidence of seri-
ous diseases like damping off (Pythium aphanidermatum), fusarial wilt (Fusarium 
oxysporum), bacterial wilt (Ralstonia solani), etc., can be seen to be drastically 
ruining the crop diversity and quality. This review thus discusses healthy nursery 
management through various organic approaches.

The history of biological control can be traced back to the era of 1965, where 
the interactive ideas of Baker and Synder (Baker and Snyder 1965) emphasized the 
significance of the biocontrol formulations. Expanding these valuable ideas, bio-
control agents have gained momentum in nursery management, seedling germina-
tion, seedling vigor, and disease control in recent times as these technologies not 
only minimize the hazardous aspects of chemicals but are also found to be cheap 
and efficient in disease-control strategies. With the advent of biological control 
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practices, several successful uses of fungal biocontrol agents like Trichoderma 
spp. have been investigated for controlling the soil-borne diseases caused by 
pathogens like Sclerotium, spp., Fusarium, Pythium, and Phytophthora (Cook and 
Baker 1983). The increased concern for environmental awareness, safety, and 
security of chemicals has evoked an interest in inbuilt microbial control of patho-
gens. In this regard, many microorganisms have been exploited as significant bio-
control agents for successful nursery raising and management. Trichoderma spp., 
(Raguchander et al. 1997), Bacillus spp., (Copper and Campbell 1986), and 
Pseudomonas spp. (Vidyasekaran et al. 1997) are specially incorporated in terms 
of the formulation and delivery system for research because of their abundant natu-
ral occurrence, biocontrol potential against fungal and nematode diseases, and host 
defense. Trichoderma has gained maximum attention as a biocontrol agent due to 
the fact that it is effective against a large number of soil-borne plant pathogenic 
fungi, has suppressive effects on some root nematodes without adversely affecting 
beneficial microbes like Rhizobium, and is capable of promoting growth of certain 
crops.

Various types of compost have been employed advantageously in nursery man-
agement, generally prepared by combining carbonaceous wastes such as sawdust 
with nitrogen and other nutrients contained in the manure (Galler et al. 1978) and 
also sewage sludges (Anonymous 1982). The pathogens are difficult to manage by 
chemical methods and there is a current interest to promote their biological manage-
ment. The suppression of disease caused by soil-borne pathogens on application of 
vermicompost has been reported (Jack 2010). In the earlier in vitro studies, it was 
found that certain soil-borne fungal and bacterial plant pathogens are suppressed by 
earthworm exudates (Reddy et al. 2012).

The results of in vitro antimicrobial assay and pot culture studies conducted ear-
lier (Agbenin and Marley 2006) formed the basis on which to evaluate the effects of 
seed treatment with aqueous extracts (10%) of vermicompost prepared from differ-
ent substrates (agricultural wastes, leaves of Azadiracta indica (neem), Parthenium 
hysterophorous (parthenium) and Lantana camara (lantana)), and soil application 
of vermicomposted neem. The response of susceptible crops, e.g., tomato 
(Lycopersicon esculentum) and egg plant (Solanum melongena) in the infected 
fields were evaluated for developing effective biological management. Application 
of vermicompost alone was not enough for protecting the plants against disease, but 
combining the same with aqueous seed treatment is necessary to achieve complete 
disease uprooting and an increase in yields (Reddy et al. 2012).

Various studies have focused on the use of botanicals in combination with arbus-
cular mycorrhizal fungi (AMF) recording higher crop uniformity, better mineral 
uptake (Bethlenfalvay et al. 1988) and improved tolerance to soil-borne pathogens 
(Pozo and Azcon Aguilar 2007). Evidence from several studies highlights the activ-
ities of soil-borne pathogens and their antagonists, which are greatly influenced by 
the presence of various plant products present in the soil. These beneficial products 
not only alter the physiochemical characteristics of the soil, but also increase the 
density of antagonist inoculums by serving as a substrate medium for their growth 
(Champawat and Sharma, 2003; Neelamegam and Govindarajalu, 2002), which 
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further results in overall suppression of diseases. The most devastating fungal dis-
ease is the damping off caused by Pythium phytopthora, Fusarium spp., and 
Sclerotium spp., which results in 50–60% losses in nursery plants (Srivastava and 
Singh 2000). Damping off is a serious disease of tomato nurseries that results in 
high seedling mortality. The findings of Kabdal et al. (2010) incorporated single and 
combined formulations of biocontrol agents, namely Trichodema herzianum 0.4% 
and Pseudomonas fluorescens 1.0% for the healthy management of capsicum nurs-
ery. All biological formulations were found to be significantly effective in increas-
ing seedling emergence (71.9%) and vigor (135.2%) with marked decreases in 
pre- emergence rot (52.5%).

To tackle the increasing incidence of damping off of tomato under mid-hill con-
ditions of the north western zone of the Himalayas, Hooda et al. (2011) highlighted 
the combinatorial selection of 17 locally available plant extracts (10% w/v) 
(Lantana camara (@10%), neem-based commercial formulations (10% w/v), 
botanical fungicide, raw neem oil (0.05% v/v), neem cake extract , cow urine (20% 
v/v), and cow dung ash. Among the selected extracts, i.e. Thuja compacta, 
Azadirachtin (Achook), neem cake extracts, cow urine and dung formulations were 
found to be the most promising for the management of pre-damping off and also 
significantly increased the mean seedling emergence (60.1%) and vigor (81.3%) in 
tomatoes treated with Lantana camara extracts as compared to the uninoculated 
controls. The study clearly indicated that the treatment of tomato seeds with 
extracts of Lantana camara, neem cake, and cow urine can be effectively utilized 
as a cost-effective, eco-friendly, and suitable alternative method for hilly areas 
where pesticide availability is scarce. The incorporation of plant growth–promot-
ing rhizobacteria (PGPRs) with BCAs has been successfully integrated in tomatoes 
(Muthuraju et al. 2002) and green grams (Thilagavathi et al. 2007). Srinivasan and 
Mathivanan (2011) recorded a gradual increase in tomato seedling growth and a 
reduction in disease incidence both in nurseries and under field conditions with the 
use of a consortium of antagonist fungi alone and in combination with PGPR and 
biocontrol agents. The studies conducted by Kumar et al. (2010) focused on the 
development of modern strategies for the management of damping off on tomatoes 
caused by Pythium aphanidermatum with maha panch gavya (MPG), in combina-
tion with biocontrol agents (neem products) in nursery beds. Soil application of 
MPG with neem cakes in nursery beds improved seedling stand (63%), seedling 
height (27.09 cm), and decreased seedling mortality with high disease control 
(100%) in inoculated soil, thus ensuring one of the major components in managing 
plant diseases, especially soil-borne diseases, in organic farming.

Recent research carried out in Bangalore (Sudharani et al. 2014) highlights the 
effectiveness of selected bio-control agents in combination against damping off and 
wilt pathogens of cabbage crop. The results revealed that the treatment combination 
recorded highest germination percentages (91% and 95%, respectively) and took a 
minimum of days for 50% germination over pathogen-inoculated treatment. A max-
imum reduction of pre- (9.09%) and post- (6.14%) damping off was reported in 
Treatment T10 on a par with T12.
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The combination of Azotobacter chroococcum + Bacillus megate-
rium + Pseudomonas fluorescens + Bacillus subtilis + Trichoderma harzianum 
showed enhanced seedling vigor, total biomass, least disease incidence, and more 
biocontrol efficiency.

26.3.2  Soil Fertility, Health, and Quality

The improvement in soil fertility in organic farming through the use of composts 
and on-farm input relies on improved understanding about the effects of application 
methods on soil fertility along with the improved technology transfer of research 
results into practice.

The application of soil amendments has been associated with desirable soil prop-
erties including a water-holding capacity, lower bulk density, and beneficial micro- 
organisms (Doran 1995). A similar correlated study highlights the fact that microbial 
activity and biomass is recorded higher in fields with organic amendments than in 
conventional fields (Drinkwater et al. 1995).

Bulluck over two successive years (1996 and 1997) conducted a field experi-
ment emphasizing examining the effects of organic and chemical soil fertility 
amendments on soil microbial communities along with soil physical and chemical 
properties at three organic and three conventional farms in Virginia and Maryland, 
respectively. Two treatments including use of composted yard waste or cattle 
manure and synthetic soil amendment were applied to three replicated plots. 
A canonical correlation was figured out, which showed more negativity in fields 
with conventional history and synthetic fertilizers in comparison with the positive 
relationship in fields with organic production. Propagated densities of Trichoderma 
spp., thermophilic microorganisms, and enteric bacteria were higher in soils of 
organic fields. The concentration of major elements (calcium (Ca), potassium (K), 
magnesium (Mg), and manganese (Mn)) was also reported to be higher. On the 
whole, organic application resulted in increased beneficial soil microorganisms, 
reduced pest-pathogen population, and increased soil organic matter, thus improv-
ing soil health and fertility. The application of compost amendments results in pro-
viding benefits including pH stabilization and faster water infiltration rate 
(Stamatiadis et al. 1995). The integration of manures and composts tend to posi-
tively increase soil organic matter content thus reducing bulk density and increasing 
porosity, which in turn will have a significant impact on the protection of soil 
against erosion. This increase in the soil organic matter content is directly related to 
the increase in cation exchange capacity.

Sanwal et al. (2007) advocated an integrated approach toward organic manure 
application to assess the effects on residual soil fertility, quality, and yield parame-
ters in turmeric. A significantly increased rhizome yield in the range of 16–103% 
was recorded with the application of FYM at18 t/ha, on a par with 10 t/ha poultry 
manure. The outcome of this approach resulted in not only the highest crop yield but 
also improved soil fertility and productivity.

26 Organic Farming, Food Quality, and Human Health



500

26.3.3  Nutrient Uptake, Growth, and Yield Status

Yan et al. (2002) in his 3-month study analyzed compost maturity, which affects 
crop nutrient uptake, and recorded that after application of dairy cattle, swine, and 
poultry manure pellets released 31.5%, 41.6%, and 51.3% of nitrogen (N), respec-
tively. A 2-year field trial was conducted by Trivedi et al. (2012) to assess the 
response of guava varieties to the integrated application of organic manures, inor-
ganic fertilizers, and bio-fertilizers (2005–07). The sardar variety was recorded to 
have greater plant height when compared to Allahabad safeda, which registered a 
higher total soluble sugar (TSS), available nitrate, P2O5, and K2O content in the soil. 
The application of castor cake proved best for attaining maximum plant height and 
nitrate uptake. The incorporation of vermicompost and FYM revealed big enhance-
ments in N, K, and carbon content. The approach led to a greatly increased high 
fruit yield and available P2O5 content in soil with the addition of biofertilizer.

Patel et al. (2009) conducted successive experiments over a period of 3 years to 
work out the influence of microbial and inorganic fertilizers in combination with 
0.4% micronutrients on different growth parameters along with attributes like yield, 
leaf nutrient status, and resultant changes in the rhizosphere in sweet oranges. The 
treatment consisted of application of full dosea of N (300 g), P (250 g), K (300 g), 
Azospirillum (5 g), AMF (5 g), and micronutrients (Cu + Fe + B + Zn 0.4%). This 
integrated application of macro- and micronutrients showed a great increase in plant 
height, canopy spread, fruit yield, quality, and juice content. The use of AMF along 
with Azospirillum proved beneficial in improving biological properties of soil.

Prativa and Bhattari (2011) carried out a field experiment at the Integrated 
Research Farm (Himalayan College of Agricultural Sciences and Technology 
(HICAST)) located in Nepal during 2009, to scrutinize and study the effect of inte-
grated nutrient management (INM) on growth parameters of tomatoes with a ran-
domized complete block design with nine treatments replicated three times. The 
outcome of the study clearly indicated that the combination of organic manures with 
inorganic fertilizers was found to be better in improving the overall growth and soil 
macro-micronutrient status than the sole application of either of these nutrients. The 
maximum plant height and number of leaves per plant were recorded with treatment 
combining 16.66 m/ha FYM + 8.33 m/ha vermicompost + NPK. The highest num-
ber of clusters and maximum fruit weight and yield (25.74 mt/ha) were recorded 
with the treatment with 16.66 mt/ha FYM + 8.33 mt/ha vermicompost + 
NPK. Similarly, the maximum organic matter percentage was also observed with 
the treatment with an application of 10 m/ha vermicompost.

Similar types of experiments were conducted (2012) on strawberry and consisted 
of a combination of five successive nutrient source treatments; T1-FYM with 
Azotobacter, PSB and oil cake, T2-poultry manure with Azotobacter, wood ash, 
PSB, and oil cake, T3-FYM with Azospirillum, PSB, and oil cake, T4-poultry manure 
with Azospirillum, wood ash, PSB, and oil cake, and T5 comprised of the recom-
mended dose of NPK (340:150:340 kg/ha). The results showed maximum plant 
growth and fruit yield (132.75 q/ha) with T2 treatment closely followed by T4. On the 
other hand, maximum available N (370.29 kg/ha) and phosphorus (P) (22.11 kg/ ha) 
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were recorded with treatment T4 with a gain of 36.29 and 4.61 kg/ ha, respectively. 
Maximum potassium (331.79 kg/ha) was obtained with treatment T2 with a gain of 
12.29 kg/ha. The varying degrees of difference were postulated in a population of 
bio-fertilizers that showed a maximum increase in the case of Azotobacter, PSB in 
treatment T2 and Azospirillum, which recorded the maximum increase with treat-
ment T4. The highest yield and sustainability was found in T2 and T4 treatments.

Sepat Naval et al. (2012) conducted a field experiment during the kharif season 
of 2008 and 2009 at the Defence Institute of High Altitude Research, Leh and 
Ladakh, to evaluate the effect of biofertilizer, fertility levels and cow manure on 
growth, yield and quality of tomato var. Sultan in Trans Himalayan. Results revealed 
that the treatments with 100% NPK either in combination with each other or with 
Azotobacter had a significant effect on plant growth and economic attributes over 
control. However, application of 50% NPK + FYM + Azotobacter gave values of 
plant height (79 cm), branches (7.5), clusters of fruit (11), fruits cluster (4.8), fruit 
size (6.3 cm), weight of fruit (113.3 g), and fruit yield: plant (1.48 kg) and (12.3 q 
ha−1) that were on a par with the values obtained with 100% NPK+ FYM + Azotobacter 
and were significantly higher over other treatments.

Nutrient management affects both productivity and quality of produce and also 
contributes to input costs of production, and was fully justified by Singh et al. 
(2012) in their findings when they evaluated the influence of various levels of 
organic and synthetic nutrient sources on morphomatrix productivity and soil qual-
ity attributes of NA-7 Aonla trees during 2007–08 in a hot semi-arid ecosystem. 
A different application of cakes and FYM resulted in higher yield and quality. 
Maximum yield per plant (32.15 kg) was recorded with the plants treated with 
FYM and standard doses of NPK. A similar hike was observed in quality parame-
ters like total sugars, vitamin C, and phenols with considerable improvement in soil 
properties.

An investigation carried out by Ramakrishnan and Selvakumar (2012) aimed at 
evaluating the effect of biofertilizer application on the growth and yield of tomato 
plants. After the transplanting process the tomato seedlings were treated with differ-
ent formulations: T0-Control, T1-Azotobacter, T2-Azospirillum, and T3-Azotobacter 
with Azospirillum. The observations were based on recording significantly high per-
formance in plant dry weight (g plant-1), height (cm), number of leaves per plant, 
number of fruits/plant, yield/plant (g), average fruit weight/plant (g), and protein 
content. On the whole, the treatments comprising Azotobacter with Azospirillum 
showed a significantly (P < 0.05) maximum yield when compared with single inoc-
ulations and control (428.41 g). The overall results suggested that inoculation com-
binations improve plant mineral concentration through nitrogen fixation, thereby 
altering fruit production in tomato plants.

The studies carried out by Chatterjee (2013) aimed to assess the influence of 
the integrated use of FYM, vermicompost, and inorganic fertilizers on plant 
nutrient uptake and the post-harvest status of tomato cultivation with 14 designed 
treatments. The pooled data revealed that the treatment T3 was recorded with 
17% higher potassium over treatment T1. The results further pointed toward treat-
ment T13, which was recorded as having the maximum Kcontent in fruit as well 
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as in plant residues (2.37%). The finding also emphasized that the application in 
which the vermicompost was supplemented with Azophos and 75% of inorganic 
fertilizer resulted in a maximum uptake of macronutrients by the tomato plants. 
Thus, the integrated intervention of diverse sources of nutrients not only increases 
the plant nutrient uptake, but also improves the soil fertility post-harvest and 
subsequently helps to attain the much desired crop production with sustainable 
soil health.

Haque et al. (2013) evaluated the effect of bio slurry on the performance of 
vegetable crops (cabbage, spinach, and brinjal) and two oil seed mustard plants. 
The trial was carried out in 25 locations with 90 farmers in the country. Four 
nutrient management packages, namely inorganic fertilizer IPNS with poultry 
manure/cow dung/poultry slurry/cow dung slurry along with farmers’ practice 
were trialled on different vegetable crops. The workers reached the conclusion 
that there was increased plant height, yield, and weight per plant with all aspects, 
namely 0.23 g per plant using organic fertilizers like cow dung (CD), poultry 
manure (PM), and poultry manure (PM) slurry treatments. The yield from the 
poultry manure (PM) showed a reasonable increase in the growth of cabbage and 
showed increasing percentages from 6.9% to 11% per plant. A higher yield in 
brinjal was recorded in the treatment of plants in the field using organic fertilizer 
with bio-slurry. The yield surprisingly extended up to 90–118% over inorganic 
fertilizer and farmers’ practice, thus affording a good financial turnover per ha in 
cost return. The highest growth of spinach in the field using IPNS + bio-slurry 
combination was recorded with the highest economic turnover compared to T1 
and T3 treatments.

26.3.4  Crop (Fruit) Quality, Yield, and Economics  
(Benefit-to-Cost Ratio)

The aim of the study conducted by Yanar et al. (2011) was to evaluate the effects of 
different organic manures on yields and fruit quality of tomato compared during 
growing periods under field conditions. During the initial growing period (2006), 
the organic fertilizers used were Ormin K, N (40 kg/ha every week), composted 
poultry manure (CPM), and composted cattle manure (CCM) after first flowering 
and 5 t/ha after first harvest (liquid form).

Based on the initial year results, organic fertilizers used in year 2007 growing 
periods were F1 (20 ton/ha CCM; 1 t/ha CPM used before planting; 40 kg/ha Coplex 
and 20 kg/ha N every week) and F2 (20 t/ha CCM before planting; 500 kg/ha Ormin 
K before planting; 30 kg/ha Coplex and 30 kg/ha N every week). Inorganic fertil-
izers used as control (N: 450, P2O5: 350, K2O: 600, CaO: 50, S: 200, and Mg: 50 kg/
ha) were tested too. The tomato cultivars used in this study were Alida Fı in the 
2006 growing period and Alida Fı, Yankı Fı, and Maya Fı during the 2007 growing 
period, respectively. During 2006, the highest yields were obtained from CPM, 
CCM, and control treatments. During 2007, marketable yields were the same for F1 
fertilizer treatment and the control application.
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There was no significant difference among the treatments. However, it was 
observed that fruit cracking rates were higher in organic fertilizer treatments than 
the inorganic fertilizer treatment.

The results indicated that parameters like firmness and color value decreased 
significantly in all treatments during storage. However, TSS and reducing sugar 
values significantly increased in fruit analysis during storage. Application of micro-
bial fertilizers and their combination significantly affected the quality parameters. 
The data suggested that organically produced fruit maintain their quality during 
storage for a period that is comparable to that of conventionally grown fruits. 
Similarly, the linkage of different components of organic crop production systems 
(Fig. 26.5) (Stockdale et al. 2000) also plays an important role in upgrading crop 
quality and health.

Kapoulas et al. (2011) focused on comparing the fruit quality parameters in dif-
ferent tomato cultivars (Robin-F1, Amati F1, and Elfida F1) obtained from organic 
and conventional greenhouse production in North-Eastern parts of Greece. Higher 
levels of sugar and vitamin C were recorded in conventional systems, while those 
grown organically contained increased amounts of carotenoids. Elphida cultivar 
was seen with the highest content of TSS (5.08%), sugar content (4.10 mg/100 g) 
and lycopene (37.5 mg/kg) in three varieties. The fruit flavor in organic production 
was much better than the tomatoes from conventional production because of the 
favorable ratios of total sugar and acid. Organically grown tomatoes had a softer 
texture and were preferred because of their better taste and juiciness, whereas the 
conventional tomatoes were described as dry and having less aroma.

Six fresh market tomatoes and three processing varieties that were harvested at 
the “mature green” stage were evaluated for total reducing and non-reducing sugar 
trends as well as marketability during a period study of 32 days storage under 

Fig. 26.5 Diagrammatic representation of structural and tactical components of organic produc-
tion systems (Stockdale et al. 2000)
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ambient conditions (Tadesse et al. 2012). The studies were undertaken using a ran-
domized complete block design replicated three times. These tomato varieties expe-
rienced significant effects on overall quality and maintenance. At harvest, the 
highest sugar content was seen in Marglobe, whereas the processing tomato variety 
Roma VF showed a higher sugar content than the other two processing varieties, but 
the two processing varieties were better in their chemical quality characteristics 
than the former varieties.

Kachari and Korla (2012) reported a considerable increase in yield (33.94 t/ha) 
with a benefit:cost ratio amounting to 1:2.58 over the uninoculated control (FYM) 
during 2006–2007, with objectives to evaluate the influence of biofertilizers 
(Azotobacter, Azospirillum, AMF, PSB-1) and inorganic fertilizers on the quality 
and economics of cauliflower. The randomized block design consisted of 21 treat-
ments. The formulation of bio-fertilizers with inorganic fertilizers showed the best 
results as compared to control (FYM).

Choudhary et al. (2012) reported the effect of different organic sources on sub-
sequent parameters of sprouting broccoli under semi-arid conditions of Rajasthan. 
A significant increase in plant height, number of leaves, leaf area, diameter of head, 
total head yield, and chlorophyll content in head was recorded under various organic 
fertility levels.

Chatterjee et al. (2014), in order to study the adequate tomato plant nutrient 
needs for optimum growth and yield, incorporated field work that aimed at work-
ing out the effect of different combinations (15) of organic and inorganic nutri-
ent sources on soil and crop profile. The results revealed that the tomato 
parameters responding to nitrogen use were greatly influenced by the application 
of different nutrient sources. It was observed successively that vermicompost 
was found to be the best organic nutrient source over farmyard manure. 
Inoculation with biofertilizer showed more positive results than the uninoculated 
treatments.

26.3.5  Microbiological Food Quality and Safety

Food safety can be defined as the assurance of the food quality that it will not 
cause any harm to the consumer when it is in the preparation or eating process 
according to its intended use (FAO/WHO 1997). It has been estimated that 82 
food-borne illness outbreaks were associated with the consumption of fresh pro-
duce during 1996–2008. This time period was linked with tomato-associated out-
breaks accounting for 1,927 illnesses and three deaths. These tomato-associated 
outbreaks were considered fatal. There are many factors that may play a role in 
the increased incidence of food-borne illness outbreaks that implicate fresh pro-
duce, such as a population consisting of aged plants, more complex supply and 
global trade, improved surveillance participating in the detection of food-borne 
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illness, improvement in the advances of epidemiological investigation, and 
upgrading to the latest methods to detect pathogens.

The European Food Safety Authority (EFSA), Parma, Italy, 2014, advised that 
tomatoes may be minimally processed for obtaining ready-to-eat products. These 
steps include initial selection to final storage. The epidemiological source from the 
EU has identified one outbreak of Salmonella and one of Norovirus associated with 
tomato consumption from 2007 to 2012, which were considered in the context of 
the whole food chain. Available estimates of the Salmonella and Norovirus occur-
rence in tomatoes were evaluated together for prevention of contamination with 
relevant microbiological criteria.

It was concluded that each farm habitat represents a unique collection of risk 
factors that can influence persistence of pathogens in tomato production. The imple-
mentation of appropriate food safety management systems including good agricul-
tural practices and good manufacturing practices should be the most important 
objectives of a tomato producer. According to Lairon (2009), food nutritional value, 
quality, and safety vary widely around the world. Attaining these three goals is one 
of the major priorities for the near future. In line with several published literature 
reviews, the French Agency for Food Safety (AFSSA) performed a critical evalua-
tion on the nutritional and hygienic quality of organic food. The review generally 
underlines the following major points:

 1. The organic plant products are known to contain more dry matter and minerals 
containing more antioxidants and micronutrients such as phenols and salicylic 
acid.

 2. The organic animal products contain more fatty acids (polyunsaturated).
 3. It is believed that 94–100% of organic foods do not contain any pesticide 

residues.
 4. Organic vegetables contain far less nitrates. Thus, organic agricultural systems 

have been shown to be able to produce food with high quality standards.

26.3.6  Risk Level of Microbial Contamination

Machado et al. (2006) attempted to evaluate organically grown horticultural crops 
for their microbiological safety and quality. The study outlines six different treat-
ments that were applied to the three species of vegetables (lettuce, (Lactuva sativa), 
radish (Raphanus sativus), and spinach (Tetragonia expansa)), which consisted of a 
mineral fertilizer in combination with liquid biofertilizers.

The samples were examined for most probable number to detect the presence of 
Escherichia coli and Salmonella spp. They were considered acceptable if they did 
not contain Salmonella spp. However, most samples of vegetables like lettuce con-
tained >102 total coliforms/g of product, whereas none of the samples of spinach or 
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radish presented >102 fecal coliforms/g and only a smaller amount (6.6%) of lettuce 
samples contained >102 fecal coliforms/g.

26.3.7  Nutritional Quality of Food (Vitamins, Nutrients, Toxins, 
Antioxidant Activity, and Pesticide Residue)

26.3.7.1  Flavor: Sugar-to-Acid Ratio
Tomato flavor is judged by the amount of acid and sugar present in it because sugar- 
acid interaction is directly correlated to overall flavor intensity including sourness 
and sweetness in tomatoes (DeBruyn et al. 1971; Stevens et al. 1997). As a result, 
relatively high sugars and acids are generally required for the best flavor (Kader 
1986). The main component responsible for flavor is soluble solid content and titrat-
able acidity (Kader 1986), which is believed most likely to match the consumer 
perception with best internal quality (Artes et al. 1999).

26.3.7.2  Antioxidant Activity, Vitamin C, and Nitrate Levels
It is known that consumers now look for safe foods produced in a local environment 
that is eco-friendly. These consumer demands are believed to be satisfied by organic 
food as organic crops have less nitrates and reduced pesticide residues and more 
nutritional elements than conventional crops. In the majority of cases higher levels 
of phenols and polyphenols have been reported in organic food stuffs such as apples 
(Lucarini et al. 1999), peaches (Carbonaro et al. 2002), potatoes (Hamouz et al. 
1999), onions (Ren et al. 2001), tomatoes (Mitchell et al. 2007), peppers (Perez- 
Lopez et al. 2007), oranges (Tarozzi et al. 2006), and olive oil (Gutierrez et al. 
1999). It has been reported in a recent review (Rembiałkowska et al. 2005) that 
organically cultivated foods contain higher amounts of phenolic compounds. 
Benbrook et al. (2008) in their study indicated higher levels of polyphenols in 
organically produced foods in comparison to ones produced conventionally. 
Polyphenols represent a varied class of secondary metabolites with increasing anti-
oxidative properties as well as preventative properties such as being neuroprotective 
and cardioprotective (Ortuno et al. 2007). The important group of polyphenols iden-
tified as diminishing the incidence of various diseases are found to have higher 
contents of flavanols (Caris-Veynard et al. 2004; Shankar et al. 2007). According to 
Ren et al. (2001), extracted juices from the organic spinach, onion, and cabbage had 
50–120% higher antioxidant activity than the juices extracted from conventionally 
produced vegetables. Similarly, antioxidant activity of currants grown organically 
was also recorded as 30% higher than through conventional methods (Kazimierczak 
et al. 2008. The meta-analysis carried out by Benbrook et al. (2008) on organic 
crops revealed that organic food contains more beneficial substances such as quer-
cetin, kaempferol (55%), essential vitamins, and phosphorus. On the other hand, 
Magkos et al. (2003) in his reports describe protein quality in some organic cereal 
crops and vegetables that was higher than reported in conventionally produced ones. 
The presence of harmful substances such as nitrates was lower in organic crops 
(Abu et al. 2007).
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Barrett et al. (2007) emphasized the importance of their findings regarding agri-
cultural cultivation systems, which are crucial factors in determining the food qual-
ity. The studies were carried out by comparing four different growers of tomatoes 
under both commercial organic and conventional systems of farming. The goal of 
the study was to map out the comparison between the quality and nutritional value 
of tomatoes under both systems of cultivation. The sole analysis of variance results 
indicated that tomato juice prepared organically was higher in total soluble solids 
(5.960 Brix) for Terranova Ranch Growers as compared to conventional tomato 
juice (5.560 Brix), while the grower Romenger and sons reported higher ascorbic 
acid (1153 μg/g), lycopene (1345 μg/g), and total phenolics (1811 μg/g) with 
organic cultivation.

The aim of the study conducted by Ragab et al. (2010) was to evaluate the anti-
oxidant profile of organically and conventionally cultivated tomato and carrot sam-
ples purchased from local markets of the Al-Qassim region, (Saudi Arabia), over six 
successive months.

The antioxidant activity components of both systems varied throughout the 
period of study. It was observed that the antioxidant activity coupled with antioxi-
dant components was in a higher range than in the conventional tomatoes. In con-
trast, a smaller antioxidant capacity and vitamin C content were observed in organic 
carrots.

The nutritional constituents present in tomato and carrot showed their response 
to this production method. The organic tomatoes had higher values of nutritional 
contents (dry matter, soluble sugars, and oils) than conventional ones, whereas with 
organic carrots, higher levels of protein and minerals and lower sugar content were 
recorded as compared with conventional cultivation. Tomatoes were analyzed for 
ascorbic acid, phenolic compounds, lycopene content, and antioxidant activity.

Oliveira et al. (2013) in their recent study showed that tomatoes that were grown 
organically contained more vitamin C and sugars than conventional tomatoes. In 
the present research, the weights and biochemical properties of tomatoes from both 
systems of cultivation were compared. The outcome showed that tomatoes grown 
organically were approximately smaller (about 40%), accumulated more com-
pounds, and thus developed more stress-linked conditions than under conventional 
techniques. This increased stress may be the reason organic tomatoes have higher 
sugar levels, vitamins, and pigment molecules. Based on these findings, the 
researchers suggested that strategies developed for fruit and vegetable cultivation 
should focus on plant stress management with efforts to increase yield and stabilize 
fruit size.

The development of nutritional management techniques plays a significant role 
in improving the overall quality of tomatoes. This fact was truly justified by the field 
studies conducted in New Delhi (India) with chemical fertilizers and control treat-
ments (effective microorganisms (EM) with compost alone and in combination) on 
the evaluation of compost on the antioxidant activities and defense enzyme activi-
ties of tomatoes. The results revealed an increase of 31.83% tomato yield with the 
combined use of compost and half the recommended doses of chemical fertilizers 
(N50 + P30 + K25 + EM compost @ 5 t/ha). A significant increase in fruit quality 
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in terms of lycopene content (35–63%), antioxidant activity (24–63%), and defense 
activity (11–54%) traced a positive correlation among fruit quality parameters with 
beneficial soil microbiological activities. This ultimately led to the conclusion that 
the positive impact exerted by EM compost could be adopted as an eco-friendly 
method for high quality product production.

Studies carried out in Greece compared ten types of olives, 11 types of tomatoes, 
and 18 types of legumes from conventional and organic farming for important nutri-
tional properties. Natural black olives exhibited higher TAC (44.15) and total phe-
nolic content. Natural green olives showed higher TAC (44.15 μmol FeSO4/g) and 
total phenolic content (0.79 mg/GAE/g) than Spanish style green olives. Organic 
lentils exhibited lower predicted iron bioavailability than conventional lentils (% 
dialyzable iron 3.07 and 8.9, respectively, and % ferrous dialyzable iron 2.76 and 
7.04 mg/GAE/g, respectively). In legumes, differences in total or ferrous iron dia-
lyzability were observed. Giant and elephant beans exhibited the highest total iron 
dialyzability, while lentils the lowest. Likewise, in the organic and conventional 
type of “formula” tomatoes a small difference was also observed (p¼0.04). However, 
no differences were observed between conventional and organic types of tomato 
pulp (p¼0.31). The highest amount of dialyzable iron was found in “cherry” and 
“santorini” tomatoes. The organic tomato cherry cherellino yielded 6.8215 μmol 
Feso4/g total antioxidant activity, 1.31 mg/GAE/g total phenolics, 0.23 mg/g ascor-
bic acid and percent dialyzable Fe (50.90%), and Zn (52.30%) as compared to con-
ventional ones.

26.3.8  Pesticide and Toxin Residue Levels

Pesticides are used in controlling serious threats caused by insects, diseases, and 
weeds in agriculture. Increasing pesticide concentration affects the ongoing micro-
bial activity and ultimately leads to destruction of soil fertility and productivity. 
Similar efforts for studying the deleterious effects of pesticides were highlighted by 
Diallo (1986), revealing that the toxicity of insecticides is mainly attributed to dis-
tortion of foliage necrosis and yellowing, thus causing a reduction in yield.

A pesticide residue analysis was performed by Baker (2002) to quantify differ-
ences between organic and chemically grown fruit and vegetable (fresh). The data 
collected on food residues from different markets that were conventionally grown, 
integrated pest management (IPM)-grown (NDR), and organically grown were 
compared using data reported from three different test programs. It was recorded 
that multiple pesticides are highest in conventionally grown and IPM samples when 
compared to organic cultivation.

Glover and Tetteh (2008) studied the increasing rates of pesticide application of 
lindane, undane, ditahne, and karate, (156.0, 244.0, and 312.0 g ha −1; (125.0, 
187.5, and 250.0 g ha−1; 166.6, 209.8 , and 333.3 g ha−1), respectively on, okro, 
eggs, and tomatoes, to find out the advantages that are offered to a farmer by their 
use. It was seen that yields of garden eggs were reduced by the application of lin-
dane. Doses higher than L20 were observed (i.e. 244 and 312 g ha−1) to affect the 
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yield drastically, whereas the yields of okra were higher than the control at all lev-
els. The application of unden had the optimum effect on garden egg yields followed 
by tomatoes and okro. Increasing rates of unden on okro did not have any significant 
effect. The results indicated that the pesticide application greatly influenced the 
fungal population (50–70% reduction) compared to the bacterial population in the 
soil (23.0–38.4% reduction). Okro yields were higher than the control at every lin-
dane application. It can be concluded that pesticide application had a greater effect 
on fungal populations than on bacterial populations in the soil.

Abreu et al. in (2007) worked on anti-nutritional and toxic components of 
potato tubers. For this, a comparison of glycoalkaloids was carried out for organic 
and conventional potato tubers in Portugal. Although differences were observed 
for one potato variety, the other varieties’ glycoalkaloid levels were much higher in 
conventionally grown crops (79.5 mg/kg) than the those grown organically 
(44.6 mg/kg).

June 2009 (Source: The Organic Center, AAAS Session) saw the advent of a 
report about chemicals affecting the endocrine system, stating that there is evidence 
for altered health systems resulting in increased infertility, cancers, obesity, etc. 
(Source-Pediatrics, 2010).

In brief, the meta-analysis included 240 reports including 17 human studies, 
comparing organically and conventionally grown food, and reported that organic 
foods are considered safer and healthier than conventional foods (Beyond Pesticides, 
2015).

26.3.9  Marketability, Consumer’s Perceptions, and Preferences

The CONDOR project was the first to examine attitudes and behavior in relation to 
both fresh and processed organic foods and to do so across a number of the EU 
member states. It involved the development of a theoretically based consumer 
decision- making model for the purchase of organic food and the testing of this 
model in eight EU member states. The study highlights consumer perceptions on 
theory of planned behavior, which was modified slightly for this project. According 
to this theory, consumer behavior is co-determined by: (a) the individual’s decisions 
as reflected in behavioral intentions; and (b) situational constraints and facilitators. 
Consumer intentions are co-determined by: (a) attitudes toward the behavior; (b) 
perceived social pressure; and (c) perceived control or self- efficacy. Finally, these 
three constructs are based on the person’s relevant beliefs and evaluations.

Consumer surveys have indicated that people believe organically grown foods 
are better in terms of safety, nutritional quality, and taste than their conventional 
counterparts (Hammitt 1990; Davies et al. 1995). Organic buyers display a different 
lifestyle pattern than do conventional buyers.

The taste factor of crops has not been taken into consideration, which generally 
affects consumer perception. During the 1990s, tomatoes with no taste were termed 
“water bombe” by the unsatisfied German consumer (Baldwin et al. 1988). The 
reason for these tasteless tomatoes was accredited to more attention being paid to 
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parameters like yields, pest resistance, product stability, durability, and price, while 
the taste attribute was fully ignored.

A consumer with a preference toward “organic” products in supermarkets is usu-
ally viewing these products as organic commodities, without considering brands 
and packaging. “Organic commodities” are considered as products with better qual-
ity as these are produced in local and safe environments. In contrast to safe organic 
food, conventional foods are generally linked with negative properties.

The commercial production of fresh tomatoes has been seen in about 20 states on 
a large scale. The USDA 2012 Census of Agriculture recorded an approximately 10% 
reduction in tomato production with a 20% rise in the number of farms. The census 
data showed that the highest growth was in farms with 5-acre dimensions or less.

Comparing the era of 2011, the per capita consumption of tomatoes in the USA 
slightly decreased to 17.3 pounds per person from 17.9 pounds/person. The USDA 
Economic Research Service estimates depict the largest use of processed tomatoes 
to be in sauces (35%), followed by paste (18%), canned whole tomato products 
(17%), and lastly catsup and juice (15% each).

Sanjuan et al. (2003) investigated willingness of consumers to adopt an organic 
lifestyle, which generally includes various factors pertaining to natural food choice, 
a balanced life, a positive attitude toward health, and social improvement. The stud-
ies showed that the preference of consumers and their willingness to go for organic 
food ranged from 22% to 37% for vegetables.

Carroll et al. (2013) carried out an experiment regarding consumer choice and 
willingness to pay for a locally grown, safe organic food from five mid-Atlantic 
states. This study relied on a mail survey of consumers to determine preferences for 
organic food in markets and groceries.

Order of preferences in local and state program versions showed various differ-
ences. For the three largest states, Virginia, Pennsylvania, and Maryland, a local prod-
uct was preferred. Overall, these findings form a basis for the increased interest in food 
products produced locally within the region and the expansion of such programs.

To maintain the good growth of a farmer, good markets promoting locally pro-
duced organic food with beneficial incentives need to be upgraded to provide novel 
ways of attracting customers.

According to recent research in Greece (Anastasiadis and Van Dam 2014), pur-
chasers are basically attracted by sustainability concerns that include ecofriendly and 
natural modes of production and cultivation. The study also confirms initial findings 
(Essoussi and Zahaf 2008; Zanoli and Naspetti 2002) that emphasise the importance 
of health, which presents a real motivation for purchasing organic produce.

26.4  Recommendations and Future Directions

Steadily growing public concerns about soil health, crop quality, productivity, pes-
ticide residues, food safety, security, environmental quality, and ground-water con-
tamination call for an initial objective of comparing conventional and organic 
farming systems in accordance with the following factors:
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 1. The large prevalence of weed and unwanted pathogen populations.
 2. The differences in soil properties
 3. Yield parameters, growth, and health attributes.
 4. Economically viable methods

Below are some of the researchable issues for future consideration:
The organic sector is moving forward to upgrade organic farming systems by 

developing seed and planting materials organically to eradicate the biggest prob-
lems regarding soil fertility. Pest and diseases can be accurately controlled in organic 
systems, but some other points need to be taken in to consideration:

• The production of healthy seeds and nurseries, which is dependent on the various 
breeding programs.

• The maintenance of lower disease pressure via the improvement and strengthen-
ing of organic cultural practices.

• The development of varieties with increased tolerance against wide varieties of 
diseases and variable pathogens.

• Increased focus on improving methods for a good seed and plant stock production.
• The seed producers should have knowledge about selecting the best locations 

with lower disease pressure.
• The seed health standards should be improved for fighting against a high risk of 

seed-borne diseases.
• For the successful establishment of organic seed production all communication 

gaps should be resolved and a mutual commitment between the various groups 
from cultivation to production (farmers, traders, breeders, and government) 
needs to be made.

 Conclusion

A major conclusion can be drawn in favor of going organic by highlighting various 
parameters including increasing soil health and protecting soil fertility from ero-
sion via improved drainage systems. The new technological interventions in organic 
farming used to protect soil fertility include barrier crops, crop rotations, mulching, 
green manuring, application of on and off-farm inputs, and use of biodynamic prep-
arations for insect pest and disease management. Organic farming methods rely on 
a high level of microbial activity in the soil and at the same time contribute increased 
abundance and diversity of those same beneficial soil microorganisms. Some of the 
benefits of this include: better uptake of minerals which enhances the nutrient sup-
ply, improvement in crop vigor, and reduced nutrient run-off.

Soil communities feed on organic matter in the soil while nutrients are made 
available to plants by those soil organisms that rely on them for their food and 
survival. The increased level of soil organic matter is also an indicator for rating 
a good soil, as it furnishes many important functions that are important to organic 
agricultural systems. Therefore, efforts should be made in the direction of devel-
oping methods to increase soil organic matter, which will serve to accomplish an 
important goal for organic farmers.
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Abstract
Heavy metals are environmental contaminants globally. They have polluted 
agricultural soils and caused detrimental effects on our ecosystem. Toxic 
effects of heavy metals have been reported in plants, animals, humans, and 
microorganisms. Heavy metal remediation is essential to preserve the health of 
agricultural soils and would lead to enhanced crop growth and yield. Various 
techniques and strategies have been used in recent years to remediate contami-
nated soils, but most of them were costly, environmentally unfriendly, and 
negatively affect soil properties. However, use of microbes to remediate heavy 
metals has been found to be cost effective and environmentally clean. Microbes 
enhance stability in agricultural soil health, which leads to sustained plant 
growth and development under stressful conditions. Particular agents used for 
bioremediation are bacteria, fungi, and algae. Bacterially-mediated processes 
have been used to alleviate heavy metal toxicity. Endophytic bacteria have 
greater potential to tolerate and remediate heavy metals stress. Bacterial strains 
showed potential to alleviate heavy metals from the rhizosphere of target plant 
species and improve their growth. Arbuscular mycorrhizal fungi alleviate 
heavy metal toxicity by inhibiting their uptake and translocation in plant parts. 
In addition, many morphological and physiological changes are induced by 
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fungi. Macro- and micro-algae have been reported to alleviate heavy metal 
toxicity mostly in marine systems. Reports suggested that applications of the 
above bioremediation agents alleviate heavy metal stress, enhance phytoreme-
diation capacity in combination with plant growth–promoting bacteria, and 
ultimately improve plant growth attributes.

27.1  Introduction

Soil is an important resource on which the lives of plants, animals, and microorgan-
isms are heavily dependent. Addition of soil pollutants largely disturbs soil micro-
bial function (Swain and Abhijita 2013). Heavy metals are among the most 
problematic pollutants; they extensively take part in soil contamination through 
various anthropogenic activities (Panagos et al. 2013; Liu et al. 2013; Waterlot et al. 
2013; Chodak et al. 2013). Toxic effects of heavy metals have been observed in 
plants, humans, and animals. Heavy metal stress poses severe threats to agricultural 
crops by inhibiting plant growth parameters and yield as documented by many 
researchers (Hu et al. 2013; Liu et al. 2015; Khan et al. 2016, Dheeba et al. 2015; 
Gill et al. 2015). The non-biodegradable nature of metals enhances their availability 
and longevity in soils. The longer persistence of metals in soils causes carcinogenic 
and mutagenic effects, and becomes part of our food chain (Ali et al. 2013; Ahemad 
and Kibret 2013). Heavy metal concentrations above the threshold limit causes dis-
turbances in microbial activity and soil health (Huang et al. 2009). Thus, metal 
remediation is essential in unsuitable agricultural applications. Various techniques 
and strategies have been used to clean up heavy metals (Hashim et al. 2011). 
Conventional techniques used for the cleanup of metals are usually too costly to be 
used as they adversely affect soil health indicators (Rajkumar et al. 2010). One 
emerging, cheap, and most economically feasible technique is the use of microbes 
to remediate heavy metals. Bioremediation uses the metabolic potential of microor-
ganisms to remediate heavy metals biochemically (Huang et al. 2013). 
Bioremediation of heavy metals has been investigated using both bacterial (Nath 
et al. 2012; Poornima et al. 2014) and fungal species (Andrade et al. 2010; Medina 
et al. 2010).

Microbes have gained attraction with regard to their roles in improving plant 
growth and resisting metal accumulation in contaminated soils (Glick 2010). 
Similarly, Khan et al. (2013) reported that addition of microbes not only 
improves plant growth traits but also remediates contaminated metals present in 
soil. Microbes help plants to overcome toxic effects of metals and ultimately 
enhance plant growth parameters and phytoremediation activity, as described by 
Weyens et al. (2010).

The aim of the present study was to evaluate the potential role of bioremediation 
agents (bacteria, fungi, and algae) in alleviating heavy metal toxicity in agricultural 
soils and improving plants growth attributes.
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27.2  Sources of Heavy Metals in Environment

Heavy metals enter our environment through both natural (erosion, volcanic activ-
ity, minerals weathering) and anthropogenic (mining, pesticides, smelting, electro-
plating, sludge waste, industrial discharge) sources (Wuana and Okieimen 2011). 
Anthropogenic sources of some heavy metals are given below in Table 27.1.

27.3  Heavy Metal Toxicity in Plants

Plants are sensitive to heavy metal stress. Heavy metals are toxic to plants at 
lower (Ahmad et al. 2012) and higher concentrations as mentioned by Wuana 
and Okieimen (2011)). Toxic effects of heavy metals in plants have been observed 
by many researchers. Heavy metals disturb plant physiological parameters 
(Villiers et al. 2011), causing ultrastructural and biochemical changes (Gamalero 
et al. 2009). Cadmium (Cd) is one of the most toxic heavy metals. It inhibits 
plant growth, photosynthetic parameters, and nutrient uptake, and causes visible 
injury (Guo et al. 2008; Mohanpuria et al. 2007), root injury, and ultimately plant 
death (Mohanpuria et al. 2007). Cd negative effects on plant physiological, mor-
phological, and biochemical traits have been investigated by Farid et al. (2013)). 
Cd toxic effects were also noted in oilseed crops as well as in declines in seed 
germination and seedling growth in Brassica napus (Irfan et al. 2014) and inhibi-
tion of enzyme activities in Indian mustard (Bashir et al. 2015). Chromium (Cr) 
also negatively disturbs various physiological parameters (Ali et al. 2011). Seed 
germination is inhibited by Cr stress in Triticum aestivum (Datta et al. 2011), 
Glycine max, Vigna radiata, V. angularis (Jun et al. 2009), Brassica oleracea 
var. acephala (Ozdener et al. 2011), celery seedlings (Scoccianti et al. 2006), 

Table 27.1 Anthropogenic sources of selected heavy metals

Heavy metals Sources References

Cr Tanneries, steel industries, flying ash from the 
burning of coal

Khan et al. (2007)

Pb Herbicides, batteries, insecticides, aerial emissions 
from petrol

Wuana and Okieimen 
(2011)

Hg Medical waste, coal burning, and Au-Ag mining Wuana and Okieimen 
(2011)

Ni Battery manufacturing, steel alloys, kitchen 
appliances, surgical instruments, industrial effluents

Tariq et al. (2006)

Cu Pesticides and fertilizers usage Khan et al. (2007)

Cd Electroplating, plastic burning, phosphate fertilizer, 
paints and pigments

Pulford and Watson 
(2003)

As Wood storage and pesticides Thangavel and 
Subbhuraam (2004)
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and T. aestivum (Vajpayee et al. 2011). Inhibition in plant growth by Cr stress has 
been reported in G. Americana (Barbosa et al. 2007) and celery seedlings 
(Scoccianti et al. 2006). Cr stress decreases chlorophyll content, carotenoids 
(Redondo-Gomez et al. 2011), photosynthetic traits, and transpiration rate in A. 
viridis (Liu et al. 2008), celery seedlings (Scoccianti et al. 2006) and O. sativa 
(Ahmad et al. 2011). Furthermore, inhibitions in enzyme activities were reported 
by Cr toxicity (Subrahmanyam 2008). Cobalt (Co) uptake and accumulation in 
plants depends on target species (Bakkaus et al. 2005). Plant growth and biomass 
were disturbed by Co toxicity in barley (Hordeum vulgare L.), oilseed rape 
(Brassica napus L.), and tomato (Lycopersicon esculentum L.) (Li et al. 2009). 
Chlorophyll content, nutrient uptake, enzyme activity, and transpiration rate 
were badly affected by Co stress in cauliflower (Chatterjee and Chatterjee 2000), 
and caused slowed plant growth and loss of biomass in other plants (Li et al. 
2009). Lead (Pb) is another of the toxic heavy metals that reduces plant growth, 
biomass, and enzyme activity, and increases oxidative stress, and water imbal-
ance (Reddy et al. 2005). Pb accumulates in plant growth parts and negatively 
affects chlorophyll content (Ahmad et al. 2012), photosynthesis (Najeeb et al. 
2014; Reddy et al. 2005), and photosynthetic biosynthesis in Brassica rape L 
(Cenkci et al. 2010). Pb stress caused inhibited plant growth traits in B. oleracea 
var. Botrytis (Theriappan et al. 2011) and disturbed metabolic functions (Ashraf 
et al. 2011). Mercury (Hg) application disturbs metabolic function, water imbal-
ance, and oxidative stress (Zhou et al. 2007). Silicon (Si) is one of the abundant 
metals in the earth’s crust that is beneficial to plants (Kamenidou et al. 2009). It 
has been used for detoxification purposes in the peanut (Shi et al. 2010) and 
cucumber (Feng et al. 2010). Copper (Cu) is also a micronutrient that is usually 
beneficial to plant growth parameters (Yruela 2009). However, it shows toxic 
effects at higher concentrations. It was reported that Cu inhibits plant growth 
parameters and induces oxidative stress (Adrees et al. 2015a, 2015b; Zaheer 
et al. 2015). Gas exchange parameters, chlorophyll, and protein content were 
decreased in Brassica napus L under Cu stress (Zaheer et al. 2015). Nutrient 
imbalance, disturbed cell membrane function, and chlorosis are caused by nickel 
(Ni) stress (Gajewska et al. 2006).

27.4  Mechanisms of Heavy Metal Detoxification

Plants have developed various mechanisms at the cellular level to detoxify heavy 
metals and thus tolerate heavy metal stress. Mechanisms involved are immobiliza-
tion, plasma membrane exclusion, chelation, and sequestration of heavy metals by 
ligands, restriction of heavy metal uptake and transport, ROS effects like 
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upregulation of antioxidants, synthesis of heavy metal transporters, and biosyn-
thesis of proline and signal molecules like salicylic acid and nitric oxide (Sharma 
and Dietz 2009). Moreover, symbiotic association between plants and rhizobacte-
ria efficiently improve plant growth by increasing mineral nutrition and alleviat-
ing heavy metal toxicity on target plants (Titah et al. 2013). However, many 
mechanisms are adopted by plants to combat heavy metals.

27.5  Cleanup of Heavy Metals in Contaminated Soils

Heavy metal contamination has been increased in the surrounding environment 
over time ages (Govindasamy et al. 2011). Clean-up of heavy metals is necessary 
to alleviate their impact on ecosystems, which is a severe challenge with regard 
to cost effectiveness and technique (Barceló and Poschenrieder 2003). Many 
physical, chemical, and biological techniques have been used for the remediation 
of heavy metals with deleterious effects on cost effectiveness and technique 
(Sheoran et al. 2011). Physiochemical and conventional techniques used for 
remediation purposes are soil incineration, landfill, excavation, soil washing, 
leaching, solidification, and soil flushing (Wuana and Okieimen 2011). These 
approaches negatively affect the soil’s physical and chemical structure. In addi-
tion, these techniques are costly; they require extra labour, damage soil-living 
organisms, and cause pollution problems (Ali et al. 2013). These techniques do 
not completely remove heavy metals but transform them from one form to another 
(Lambert et al. 2000). Thus, advanced research is needed regarding cost and envi-
ronmentally safe methods to clean heavy metals in contaminated soils. Biological 
techniques using plants and microorganisms have been used to remove toxic pol-
lutants from the environment (Singh et al. 2009). Biological approaches are cost 
effective and environmentally friendly methods for the removal of toxic pollut-
ants (Doble and Kumar 2005). Some biological techniques used are bioremedia-
tion, phytoremediation, bioventing, bioleaching, bioaugmentation, biostimulation, 
etc. Among these techniques, bioremediation and phytoremediation are the most 
useful. These techniques also maintain soil physical status unlike physiochemical 
approaches as documented by Beskoski et al. (2011)). Bioremediation is a bio-
logical method used for the remediation of heavy metals (Boopathy 2000). For 
instance, Bacillus spp. and Pseudomonas aeruginosa have been used to alleviate 
Zn and Cu stress (Kumar et al. 2011). Phytoremediation is another biological 
technique that can be enhanced if we use microbes as compared to phytoremedia-
tion alone. Therefore, plant-microbe interactions have gained importance due to 
the potential of microbes to bioaccumulate heavy metals as described by Hadi 
and Bano (2010) (Fig. 27.1).
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27.6  Phytoremediation of Heavy Metals (Techniques 
and Strategies)

Various phytoremediation techniques have been used to remediate heavy metals.

27.6.1  Phytoextraction

Phytoextraction is the uptake or extraction of heavy metals from soils or water using 
plant roots and their translocation to above ground plant parts like shoots (Rafati 
et al. 2011). Generally, harvesting of root biomass is not viable, which leads to the 
need for phytoextraction as metal translocation to above ground plant parts is cen-
tral for biochemical processes (Tangahu et al. 2011).

27.6.2  Phytofiltration

Phytofiltration is the removal of soil contaminants from the surface and waste water 
by plants (Mukhopadhyay and Maiti 2010). In phytofiltration, absorption or adsorp-
tion of contaminants and their movement in underground water is minimized.

27.6.3  Phytostabilization

Phytostabilization is the stabilization of pollutants in contaminated soils (Singh 
2012). Phytostabilization inhibits mobilization and bioavailability of contami-
nants in the environment and their entry into groundwater (Erakhrumen 2007). 
Plants prevent heavy metal entry into soils through sorption, precipitation, and 

Remediation Techniques

Biological
Approaches

Physiochemical
Approaches

Landfill Excavation Leaching Thermal Electroraclimation

Microbial
bioremediation 

Phytoremediation Combined
Approach 

Bacteria Fungi Algae

Fig. 27.1 Remediation strategies for heavy metals (Adapted from Ullah et al. (2015))
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complexation (Wuana and Okieimen 2011). Plants have the ability to reduce the 
toxic effects of heavy metals and their detrimental effects.

27.6.4  Phytovolatilization

In phytovolatilization, plants take up pollutants from soil and convert them into 
volatile forms so that they easily release into the atmosphere. This technique is 
mostly used for organic pollutants. Phytovolatilization does not remove organic pol-
lutants completely but changes them from soil to atmosphere from where they can 
be redeposited (Padmavathiamma and Li 2007).

27.6.5  Phytodegradation

Phytodegradation is the degradation of organic pollutants by plants with the help of 
enzymes (Vishnoi and Srivastava 2008). Plants do not completely remove accumu-
lated organic pollutants but detoxify them by metabolic activities. That is why green 
plants (green liver) are beneficial for the biosphere. Phytodegradation is limited to 
organic pollutants only because other heavy metals are nonbiodegradable. Different 
transgenic plants have been used for this purpose (Doty et al. 2007).

27.6.6  Rhizodegradation

Rhizodegradation is the degradation of organic pollutants by rhizobial microorgan-
isms (Mukhopadhyay and Maiti 2010). Enhanced microbial activities of microbes 
improved degradation of organic pollutants. Plant roots release exudates in the form 
of nutrients to soil microbes and increase microbial activity due to the wealthy 
nutrient environment. In addition to this, plants also release enzymes that have the 
ability to degrade soil organic pollutants (Yadav et al. 2010).

27.6.7  Phytodesalination

Phytodesalination is one of the emerging techniques of phytoremediation (Zorrig 
et al. 2012). Halophytic plants are usually used to remove salts from salt disturbed 
soils (Sakai et al. 2010) because halophytic plants have a greater ability to cope with 
heavy metals as compared to glycophytic plants (Manousaki and Kalogerakis 2011).

27.7  Microbial Bioremediation as an Emerging Technique

Various traditional physiochemical methods have been used in economically devel-
oped countries to remediate heavy metals like filtration, evaporation, electrochemi-
cal application, reverse osmosis, ion exchange, chemical precipitation, oxidation, 
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and reduction. However, these methods are very expensive in addition to causing 
other harmful and toxic effects leading to environmental pollution (Ahluwalia and 
Goyal 2007). Therefore, new cost-effective and environmental friendly techniques 
are required to remediate heavy metals. Bioremediation has gained the interest of 
researchers to remediate particular metals of interest. Microorganisms have the abil-
ity to remediate toxic pollutants without generating toxic byproducts (Kothe et al. 
2005). Soil bioremediation is a great challenge because of soil heterogeneity and 
sediments that require well adapted microbes for their remediation (Tabak et al. 
2005). There is a need for novel technologies to understand the mechanisms of 
heavy metal toxicity on living cells. Microbial models are helpful to study oxidative 
stress at molecular, biochemical, and cellular levels because oxidative damage 
caused by heavy metals is similar in all cell organizations. Antioxidant enzymes 
reduce the production of reactive oxygen species and repair damaged macromole-
cules (Poljsak et al. 2010). The role of microorganisms has been reported to remedi-
ate environmental pollutants (Ray and Ray 2009; Ruta et al. 2010; Nath et al. 2012; 
Poornima et al. 2014). Agents used for bioremediation purposes are bacteria (Glick 
2010), fungi (Meier et al. 2012), macroalgae, and microalgae (Brinza et al. 2007).

27.8  Role of Microbes in Plant Growth and Metal Extraction

Microorganisms can enhance plant growth under stress conditions. Plant growth–
promoting bacteria (PGPR) and arbuscular mycorrhizal fungi (AMF) have been 
found to have the most beneficial effects on plant growth. Many researchers have 
found that these microbes not only stimulate the plant growth and biomass that 
leads to the production of phytohormones such as indoleacetic acid (IAA) and eth-
ylene, but they also improve plant nutritive status. Bacteria enhance plant growth 
and stress tolerance by using enzyme 1-aminocyclopropane-1-carboxylic acid 
(ACC) deaminase, which leads to reduced ethylene production (Glick 2004). 
Microbes interact with other microbes in the soil environment, which leads to stable 
agriculture, which depends mainly on biological processes to sustain plant growth, 
development, and soil health under stress conditions (Nadeem et al. 2014). Enhanced 
plant growth and biomass by endophytic bacteria have been observed mostly in 
hyperaccumulator plants (Ghosh et al. 2011). It was reported that the Bacillus sub-
tilis strain enhanced Brassica juncea growth by producing IAA and also Ni accu-
mulation (Zaidi et al. 2006). Similarly, Pseudomonas strain enhanced the growth of 
Brassica juncea by producing IAA and enhanced trace element extraction. On the 
other hand, Bacillus sp. did not produce IAA. Therefore, enhanced plant growth and 
Cr extraction were not seen to a great extent (Rajkumar et al. 2005).

27.9  Mechanisms to Alleviate Heavy Metal Stress by Bacteria

Microbial cell metabolism requires metal cations to carry out various biochemical 
processes. Higher concentrations of these metal ions are toxic as they form com-
plexes in microbial cells and ultimately inhibit bacterial growth (Ahemad and Malik 
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2011). Bacteria undergo resistance mechanisms, by which they immobilize, mobi-
lize, uptake, and transform heavy metals. In this way, bacteria alleviate heavy metal 
ion toxicity. Major mechanisms employed by bacteria are physical sequestration, 
complexation, exclusion, and detoxification. Intracellular and extracellular materi-
als bind heavy metals and prevent their entry in bacterial cells (Ahemad and Kibret 
2013). These substances and the production of siderophores secreted by bacteria 
remove toxic effects of heavy metals and limit bioavailability of metals by forming 
complexes (Rajkumar et al. 2010). The production of particular metabolites 
(Rajkumar et al. 2010) and bacterial exhibit transporters have the ability to detoxify 
heavy metals (Ahemad 2012). Metal ions are compartmentalized after entering bac-
terial cells that use the sequestration detoxification method (Ahemad 2012). Bacteria 
also use methylation as a detoxification mechanism (Rajkumar et al. 2010).

27.10  Role of Bacteria in Alleviating Heavy Metal Toxicity

Overall plant associated microbes enhance phytoremediation processes directly by 
altering metal accumulation through biogeochemical processes and indirectly increase 
plant growth parameters (Rajkumar et al. 2012). Yang et al. (2012) investigated in field 
experiments that rhizobial microflora enhanced the ability of plants to uptake metals 
from soils. Addition of arsenate-reducing bacteria enhanced arsenic (As) accumula-
tion, P. vittata growth, and reduced As leaching. Increased plant biomass by 53%, As 
uptake by 44%, and decreased As leaching from 21% to 71% were observed. Arsenate-
reducing bacteria enhanced plant ability to remove As from contaminated soils. 
Bacterial strain OSM29 showed observable potential in removing heavy metals such 
as Cd, Cr, Cu, and Ni from the rhizosphere of cauliflower (Oves et al. 2013). Endophyte 
bacteria have a greater metal adaptation potential to heavy metals stress (Idris et al. 
2006). It has been reported that endophytic bacteria enhanced phytoremediation by 
improving plant growth and inhibited metal stress by suppressing their translocation in 
plant parts (Ma et al. 2011). Bacteria-mediated processes have been used to alleviate 
heavy metal toxicity (Ma et al. 2015). Inoculation of endophytic bacteria (Sphingomonas 
SaMR12) enhanced Cd accumulation, plant biomass, root surface, area, and root tips. 
Increased root secretion of oxalic, succinic, and citric acid caused by bacterial inocula-
tion alleviated Cd toxic effects and reduced oxidative stress. In addition, SaMR12 
enhanced Cd tolerance by inhibiting oxidative stress and finally improved Cd extrac-
tion by the target plant (Chen et al. 2014; Chen et al. 2014). Rahmanian et al. (2011) 
investigated entry of HM-resistant microbes in target plant species. A reduction in 
plant biomass and decreased Cd uptake in plant parts were observed. Combinations of 
bacteria and mushrooms have been used to remediate heavy metals. Recently, Li et al. 
(2016) investigated the combinations of Agrocybe aegerita and Serratia spp. on Ni and 
Cd stress. Increased bacteria number, soil enzymatic activities, and a great number of 
heavy metals in A. aegerita suggested that combined application of Agrocybe aegerita 
and Serratia spp. energetically alleviated heavy metal stress as compared to sole treat-
ments. In addition, the impacts of treatment on bacterial community structure and 
composition highlighted the fact that integration of bacteria and mushrooms was a 
beneficial method for the bioremediation of soils containing heavy metals.
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Several mechanisms have been adapted by bacteria for metal resistance such as 
siderophore production (Schalk et al. 2011) and compartmentalization inside the 
cell (Ahemad et al. 2012) (Table 27.2).

Table 27.2 Endophyte bacteria enhanced phytoremediation of contaminated heavy metals

Endophyte bacteria Target plant
Heavy 
metal Mechanism References

Pseudomonas 
koreensis AGB-1

Miscanthus sinensis Cd, Pb, Cu, 
Zn and As

Increased plant 
biomass, 
chlorophyll 
content, enzyme 
activities, protein 
content

Babu et al. 
(2015)

Bacillus 
thuringiensis 
GDB-1

Alnus firma Cd, Pb, Cu, 
Zn and As

Increased 
biomass, 
chlorophyll 
content, metal 
accumulation

Babu et al. 
(2013)

Pseudomonas sp. 
Lk9

Solanum nigrum Cd, Zn, Cu 
and Cr

Enhanced plant 
dry biomass, 
nutrients and 
metals uptake

Chen et al. 
(2014) and 
Chen et al. 
(2014)

Rahnella sp. JN6 Polygonum pubescens Cd, Pb and 
Zn

Improve plant 
growth, metal 
tolerance and 
accumulation

He et al. 
(2013)

Bacillus sp. SLS18 Sorghum bicolor L. Cd and Mn Enhanced plant 
biomass and 
metal uptake

Luo et al. 
(2012)

B. pumilus E2S2, 
Bacillus sp. E1S2, 
Bacillussp. E4S1, 
Achromobacter sp. 
E4L5 and 
Stenotrophomonas 
sp. E1L

Sedumplumbizincicola Cd, Zn and 
Pb

Enhanced plant 
growth, biomass, 
leaf chlorophyll 
content and 
metals uptake

Ma et al. 
(2015)

Endophytes 
belonged to 
Firmicutes, 
Proteobacteria and 
Actinobacteria

Pteris vittata and P. 
multifida

As Reduce and 
oxidized As 
forms

Zhu et al. 
(2014)

Rahnella sp. JN27 Zea mays Cd Improve metal 
uptake and target 
plant growth

Yuan et al. 
(2014)

Exiguobacterium 
sp

Vigna radiata As Enhanced plant 
growth, biomass, 
chlorophyll 
contents, reduce 
oxidative stress,

Pandey and 
Bhatt 
(2016)
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Recent research suggests that endophytic bacteria alleviate metal toxicity by pre-
cipitation (Babu et al. 2015), buildup of metals and sequestration (Shin et al. 2012), 
biotransformation to less toxic forms (Zhu et al. 2014), and adsorption (Luo et al. 
2011).

27.11  Metal Detoxification Mechanisms in Fungi

Detoxification mechanisms involved in fungi are different from eukaryotes (Bellion 
et al. 2006). Extracellular mechanisms involved are chelation, precipitation, and cell 
wall binding. Intercellular mechanisms include binding to sulfur compounds, 
organic acids, peptides, polyphosphates, and transport into intracellular compart-
ments. These substances play a major role in metal detoxification (Bellion et al. 
2006). In addition, antioxidant defense systems that cope with heavy metal toxic 
effects are directly or indirectly involved in detoxification mechanisms (Bellion 
et al. 2006).

27.12  Role of Fungi in Alleviating Heavy Metal Toxicity

Plants adapt themselves to stress conditions; their growth and yield are adversely 
affected by heavy metal stress. It was observed that arbuscular mycorrhizal (AM) 
fungi establish a symbiotic relationship with target plants that leads to plant heavy 
metal tolerance. AM fungi have developed various strategies to alleviate heavy 
metal toxicity and reduce threats to the food chain. Strategies used by AM fungi are 
chelation of heavy metals inside fungal cells, adsorption to chitin in fungal cells, 
and immobilization of metals (Upadhyaya et al. 2010). AM fungi have the ability to 
fasten heavy metals far away from the rhizosphere with the help of a glycoprotein 
also called glomalin (Gohre and Paszkowski 2006). A report suggested that 1 g of 
glomalin extracted 0.08 mg Cd, 1.12 mg Pb, and 4.3 mg Cu from contaminated soils 
(Gonzalez-Chavez et al. 2004). Physiological and morphological changes caused by 
AM fungi lead to plant protection against metal stress (Miransari 2016). It has been 
observed that AM fungi inoculation alleviates heavy metal stress (Hildebrandt et al. 
2007) and enhances growth of plants used for phytoremediation purposes (Carrasco 
et al. 2011). Similarly, AM fungi appreciably inhibit Cd and Pb uptake into target 
plant roots and translocation in above-ground plant parts. A decrease in electrolyte 
leakage and lipid peroxidation, and enhanced enzyme activities were noted by AM 
fungi stressed pigeonpea (Garg and Aggarwal 2012). Interaction between PGPR 
and AM fungi has also been evaluated regarding their ability to enhance plant 
growth under stressful conditions (Nadeem et al. 2014). Gharemaleki et al. (2010a, 
b) investigated that inoculation of plant growth–promoting rhizobacteria and fungi 
enhanced Cd and Zn uptake and translocation in corn (Zea mays). Combined appli-
cation of PGPR and fungi were found to be effective regarding plant growth and 
remediation of Cd and Zn. Similarly, Zhang et al. (2010) noted the effects of 
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inoculation with AM fungi on lead uptake, translocation, and stress alleviation in 
corn seedlings. Results showed that AM fungi inoculation alleviated oxidative stress 
induced by lead in mycorrhizal Zea mays L seedlings. Improvement in height, bio-
mass, and basal diameter of Zea mays L seedlings was observed with clear allevia-
tion in lead stress. In addition, application of the fungal isolates Rhizophagus 
irregularis and Funneliformis mosseae enhanced growth and biomass in sunflower 
plants by alleviating Cd, Zn, and Cu phytotoxicity, as mentioned by Hassan et al. 
(2013).

Other findings showed that AM fungi Glomus intraradices improved the growth 
of Helianthus annuus (Ker and Charest 2010) and B. coddii (Orlowska et al. 2011) 
and enhanced Ni extraction. AM fungi enhanced the dry mass of Pteris vittata and 
improved As uptake (Al Agely et al. 2005). Biró et al. (2005) documented the buffer 
effects of AM fungi on trace elements and other metals. A clear reduction in metals 
(Cr, Zn, Cu, Cd, Pb, Al, As, and Se) was noted in Barley (Hordeum vulgare L.). In 
addition, AM fungi significantly alleviate Zn phytotoxicity and enhance plant toler-
ance to Zn stress (Navarro et al. 2008; Gonzalez-Guerrero et al. 2009; Cavagnaro 
et al. 2010; Watts-Williams et al. 2013). The above reports suggest that fungi not 
only alleviate heavy metal toxicity but also enhance plant growth parameters.

27.13  Mechanisms of Metal Removal by Algae

Usually microorganisms remove heavy metals from solutions by precipitation, 
intra- and extra-cellular accumulation, cell surface biosorption, and complexation 
facilitated microorganisms (Cossich et al. 2002). Metal ions are captured in the cel-
lular structure and adsorbed on binding sites in cellular structure, which is called 
biosorption (Malik 2004). Remediation of heavy metals by algae is carried out 
through bioaccumulation (using living cells) and biosorption (using non-living 
products). Biosorption was found to be quite rapid and effective (Aksu 1998).

27.14  Role of Algae in Alleviating Heavy Metal Toxicity

Detoxification of heavy metals involves various mechanisms such as precipitation, 
oxidation/reduction, sedimentation, complexation, microbial activity and uptake, 
adsorption, and cation anion exchange (Matagi et al. 1998). The use of aquatic 
plants particularly micro- and macro-algae has gained importance due to their metal 
absorption ability and ability to take up toxic metals from the surrounding environ-
ment (Mitra et al. 2012). At present, the role of microalgae in bioremediation is 
being extensively used (Abdel Hameed and Ebrahim 2007). Microalgae have been 
used for the removal of metal ions from the contaminated environment (Bitton 
2011) and also take part in biosorption and bioaccumulation of toxic metals. 
Moreover, the ability of algae to remove metals from wastewater has also been 
appreciably documented (Zeraatkar et al. 2016). Microalgae remove heavy metals 
from contaminated water through two mechanisms, i.e. metabolism dependent, 
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lower concentration uptake into cells, and biosorption (Matagi et al. 1998). Shanab 
et al. (2012) investigated the tolerance and removal of Cd, Pb, and Hg metals by 
using microalgae isolates Phormidium ambiguum, Pseudochlorococcum typicum, 
and Scenedesmus quadricauda var. quadrispina (chlorophyta) from fresh water. 
Macroalgae have been used for the biomonitoring and removal of heavy metals in 
the marine system (Gosavi et al. 2004) (Tables 27.3 and 27.4).

27.15  Conclusion and Future Perspectives

The toxic effects of heavy metals are well known worldwide. Many techniques and 
strategies have been used to remediate their toxicity in living organisms including 
plants, animals, and microorganisms. One of the emerging, cost-effective, and envi-
ronmentally friendly techniques is bioremediation. The most specific bioremedia-
tion mediators are bacteria, fungi, and algae. Phytoremediation is an emerging 
technology that uses plants and microbes to clean polluted soils. Reports showed 
that bacteria alone and in combination with particular PGPRs alleviated heavy 

Table 27.3 Heavy metal removal by specific microalgae

Microalgae
Heavy 
metals

Initial conc. 
(mg/L)

Final removal conc. 
(mg/g) References

C. vulgaris Cd 25–150 58.4 Aksu and Donmez (2006)

Desmodesmus 
pleiomorphus

Zn 1–30 360.2 Monteiro et al. (2009)

D. pleiomorphus Cd 0.5–5 61.2 Monteiro et al. (2010)

Chlorella vulgaris Ni 100 28.6 (immobilized) Al-Rub et al. (2004)

Chlamydomonas 
reinhardtii

Cd 20–400 77.62 Tuzun et al. (2005)

Table 27.4 Heavy metals removal by specific macroalgae

Macroalgae
Heavy 
metals

Initial conc. 
(mg/L)

Final removal 
conc. (mg/g) References

Ulva reticulata Zn 1500 125.5 Senthilkumar et al. (2006)

Cladophora 
fascicularis

Cu 12.7–254.2 70.54 Deng et al. (2007)

Spirogyra insignis Cd 10–150 87.7 Romera et al. (2007)

Sargassum wightii Cu 100–1000 115 Vijayaraghavan and Prabu 
(2006)

Fucus spiralis Cd 10–150 114.9 Romera et al. (2007)

Zn 53.2

Asparagopsis 
armata

Cd 10–150 32.3 Romera et al. (2007)

Zn 21.6

Chondrus crispus Cd 10–150 75.2 Romera et al. (2007)

Zn 45.7
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metal toxicity and enhanced plant growth attributes. AM fungi bind heavy metals 
far away from the rhizosphere by using glycoprotein. AM fungi inoculation allevi-
ates heavy metal stress and enhances plant tolerance to metals. An improvement in 
plant growth parameters was observed by the interaction between fungi and PGPRs 
and has also been reported with algae. Both micro-and macro-algae take part in 
biosorption of toxic metals and alleviate heavy metal-induced phytotoxic effects on 
marine systems. Increased tolerance and removal of heavy metals by algae strains 
was also investigated.

However, further research is needed to investigate other beneficial biological 
methods and mechanisms involved in remediating heavy metal stress and improving 
plant growth. Biological fertilizers could be applied by using bacteria and fungi to 
provide essential nutrients to plant growth. However, more study is needed regard-
ing exact and clear mechanisms involved in the removal of heavy metals by bacte-
ria, fungi, and algae. Further development of innovative techniques is required to 
overcome existing ones.
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