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Preface 

Sustainable agriculture involves designing a farm system employing nature as a 
model. In most natural ecosystems, the greater the diversity, the more resistant an 
ecosystem is to change and better able to recover from disturbances. In an agricul-
tural ecosystem or the so-called agroecosystems (AESs), disturbance is much more 
frequent, regular, and intense. The ecological concepts of disturbance and their 
recovery through succession play an important role in AES management. AESs are 
undergoing disturbances in the form of cultivation, soil preparation, sowing, plant-
ing, irrigation, fertilizer application, pest management, pruning, harvesting, and 
burning. The diversity and intensity of AESs in developing and developed countries 
have been changing over time in response to a number of interacting biophysical 
and social factors at the local, regional, and global levels. The impact of increased 
spatiotemporal climate variability on AESs is likely to be intensified by climate 
change, which will disrupt many ecosystem functions, altering their capacity to 
provide goods and services and rendering them more susceptible to degradation. In 
addition, the security of food supply to an increasing world population has turned 
into a pressing issue worldwide. Sustainable food production can be achieved by 
avoiding excessive disturbance and allowing successional processes to generate 
greater AES stability. One can enhance the ability of AESs to maintain both fertility 
and productivity through appropriate management of disturbance and recovery.

Plant productivity is often limited by soil nutrient availability and the interface 
between living roots and soils, i.e., rhizosphere, which is a central commodity of 
exchange where organic C flux from root fuels and microbial decomposers can 
provide nutrients available to roots. It is virtually impossible to investigate the intri-
cacies of potential rhizosphere interaction in every environmental condition by vir-
tue of tremendous diversity of soil microbes, soil fauna, and plants. In addition, the 
physicochemical and structural properties of soils including development have been 
strongly affected by the action of rhizosphere over consecutive evolutionary time 
frame, and the evolution of true plant roots along with their extension deep into 
substrate is considerably hypothesized to have led to a revolution in planetary C and 
water cycling that reflects on the biogeochemical functions of the rhizosphere on 
Earth today. Understanding the complex microbial community in the rhizosphere 
environment has proven to be a challenging task because of the vast diversity and 
the enormity of the population inhabiting this unique habitat. Extensive studies have 
investigated perturbation of microbial community equilibrium population by 



vi

changes in environmental conditions and soil management practices. It has long 
been recognized that the activity of soil microorganisms plays an intrinsic role in 
residue decomposition, nutrient cycling, and crop production. Any shift in micro-
bial community structure can be reflected in the implementation of various land use 
and management systems that lead to development of best management practices 
for an AES.

In subsistence AESs, crop yields are directly dependent on the inherent soil fer-
tility and on microbial processes that govern the mineralization and mobilization of 
nutrients required for plant growth. In addition, the impact of different crop species 
that are used in various combinations is likely to be an important factor in determin-
ing the structure of plant-beneficial microbial communities that function in nutrient 
cycling, the production of plant growth hormones, and the suppression of root dis-
eases. Microorganisms represent a substantial portion of the standing biomass in 
terrestrial ecosystem and contribute in regulation of C sequestration, N availability 
and losses, and P dynamics. The size and physiological state of the standing micro-
bial biomass are influenced by management practices including rotational diversity, 
tillage, and the quality and quantity of C inputs to the soils. In AES, sustainability is 
dependent on the biological balance in the soils that is governed by the activity of 
microbial communities. Soil microbial populations are immersed in a framework of 
interactions known to affect plant fitness and soil quality; thereby, the stability and 
productivity of both AES and natural ecosystem are enhanced. The global necessity 
to increase agricultural productivity from steadily decreasing and degrading land 
resource base has placed significant strain on the fragile agroecosystems. Therefore, 
it is necessary to adopt strategies to maintain and improve agricultural productivity 
employing high-input practices. Improvement in agricultural sustainability requires 
the optimal use and management of soil fertility and soil physical properties and 
relies on soil biological processes and soil biodiversity. It is necessary to understand 
the perspectives of microbial diversity in agricultural context that is important and 
useful to arrive at measures that can act as indicators of soil quality and plant 
productivity.

Sustainable agriculture has currently to cope with serious threats that compro-
mise the food security for a human population under continuous growth, all these 
exacerbated by climate change. Some of these include the loss of usable land 
through overuse, deforestation, and poor irrigation practices, which have led to 
desertification and salinization of soils, especially in dry lands. Approaches cur-
rently being taken to face this situation come from the development of stress- tolerant 
crops, e.g., by genetic modification or breeding traits from wild plants. Genetic 
engineering has been proposed as the solution to these problems through a rapid 
improvement of crops. Crop genetic modification has generated a great public con-
cern regarding their potential threats to the environmental and public health. As a 
consequence, legislation of several countries has restricted their use in agriculture. 
On the other hand, exotic libraries from wild plants for clever plant breeding could 
overcome the problem of narrowed genetic variability of today’s high-yield crops. 
Plant breeding driven by selection marker has also been a major breakthrough. 
However, these approaches have met limited success, probably because stress 
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tolerance involves genetically complex processes and the ecological and evolution-
ary mechanisms responsible for stress tolerance in plants are poorly defined.

Heavy metal contamination in soils is one of the world’s major environmental 
problems, posing significant risks to public health and ecosystems. Therefore, the 
development of a remediation strategy for metal-contaminated soils is urgent for 
environmental conservation and human health. Phytoremediation offers signifi-
cantly more benefits than conventional technology to accumulate heavy metals from 
the soil due to it being less expensive and safer for humans and the environment. But 
slow growth and low biomass of plants in heavy metal-contaminated soil may limit 
the efficiency of phytoremediation. This has prompted us to explore the possibilities 
of enhancing the biomass of metal accumulators using bacteria as plant growth- 
promoting bioinoculants. Bacteria that can produce IAA, siderophores, and ACC-
deaminase are capable of stimulating plant growth; lowering the level of ethylene 
by consuming ACC, the immediate precursor of ethylene in plants growing in the 
presence of heavy metals; and helping plants acquire sufficient iron for optimal 
growth. Most of the heavy metals have low mobility in soil and are not easily 
absorbed by plant roots. Plant roots and soil microbes and their interaction can 
improve metal bioavailability in rhizosphere and lead to host adaptation to a chang-
ing environment.

Pathogen suppression by antagonistic microorganisms can result from one or 
more mechanisms depending on the antagonist involved. Direct effects on the 
pathogen include competition for colonization or infection sites, competition for 
carbon and nitrogen sources as nutrients and signals, competition for iron through 
the production of iron-chelating compounds or siderophores, inhibition of the 
pathogen by antimicrobial compounds such as antibiotics and HCN, degradation of 
pathogen germination factors or pathogenicity factors, and parasitism. These effects 
can be accompanied by indirect mechanisms, including improvement of plant nutri-
tion and damage compensation, changes in root system anatomy, microbial changes 
in the rhizosphere, and activation of plant defense mechanisms, leading to enhanced 
plant resistance. Nowadays, it is well known that some soils are naturally suppres-
sive to some soilborne plant pathogens including Fusarium, Gaeumannomyces, 
Rhizoctonia, Pythium, and Phytophthora. Although this suppression relates to both 
physicochemical and microbiological features of the soil, in most systems, the bio-
logical elements are the primary factors in disease suppression, and the topic of 
“biological control of plant pathogens” gained feasibility in the context of sustain-
able issues. The groups of microorganisms with antagonistic properties toward 
plant pathogens are diverse, including plant-associated prokaryotes and eukaryotes. 
Among the prokaryotes, a wide range of bacteria such as Agrobacterium, Bacillus 
spp. (e.g., B. cereus, B. pumilus, and B. subtilis), Streptomyces, and Burkholderia 
have been shown to be effective antagonists of soilborne pathogens. The most 
widely studied bacteria by far in relation to biocontrol are Bacillus spp. and 
Pseudomonas spp., viz., P. aeruginosa and P. fluorescens, which are probably 
among the most effective root-colonizing bacteria.

Sustainable agriculture has a long history of research targeted at understanding 
how to improve the effectiveness of root symbionts, viz., rhizobia and mycorrhiza. 
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A promising approach has been employed to understand how natural selection regu-
lates changes in mutualistic interactions. A descriptive knowledge of basic evolu-
tionary processes can be employed to develop agricultural management practices 
that favor the most effective symbionts. Mutually beneficial interactions between 
plant and associated rhizospheric microorganisms are ubiquitous which is important 
for ecosystem functioning. Symbiotic nitrogen fixation by bacteria, e.g., Rhizobium, 
Bradyrhizobium, Mesorhizobium, Sinorhizobium, and Azorhizobium spp., that are 
collectively known as rhizobia or by Frankia spp. is the major N input to many natu-
ral and agricultural ecosystems in the root nodules of legumes or actinorhizal plants, 
respectively. In addition, mycorrhizal fungi supply their host plants with mineral 
nutrients, viz., P, and other benefits. Several rhizospheric microorganisms cause 
severe infection to roots, and these so-called root pathogens can be suppressed by 
Pseudomonas fluorescens after colonization of the roots thereby improving plant 
health.

The exploitation of plant–fungal symbiosis appears as a smart alternative for 
plant adaptation due to their great quantity, ubiquity, diversity, and broad range of 
ecological functions they play in the natural ecosystem. Recent studies have shown 
that symbiotic microbes are of crucial importance in the distribution of plant com-
munities worldwide and are responsible of their adaptation to environments under 
highly selective pressure. These indicate that some microbes confer tolerance to 
specific stresses and are responsible of the survival of plants to environments sub-
mitted to these particular conditions. The stress tolerance conferred by the symbio-
sis is a habitat-specific phenomenon, which has been defined as habitat-adapted 
symbiosis that confers tolerance to heat but not salt and coastal symbiotic microbes 
conferring tolerance to salt but not to heat. The same fungal species isolated from 
plants in habitats devoid of salt or heat stress did not appear to confer tolerance to 
these stresses. It is currently thought that each plant in natural ecosystems com-
prises a community of organisms, including mycorrhizae and bacteria. The ability 
of the symbiotic fungi to confer tolerance to stress may provide a new strategy to 
mitigate the impacts of global climate change on agriculture and natural plant com-
munities. Such symbiotic lifestyles suppose a potential source for the improvement 
of food crops through adapting them to situations of increasing desertification and 
drought on global crop lands. It appears therefore as a sustainable alternative to the 
use of genetically modified organisms, which on the other hand did not yield the 
expected results.

Finally, plant-associated microorganisms can play an important role in confer-
ring resistance to abiotic stresses. These organisms could include rhizoplane and 
symbiotic bacteria and fungi that operate through a variety of mechanisms like trig-
gering osmotic response and induction of novel genes in plants. The development of 
stress-tolerant crop varieties through genetic engineering and plant breeding is an 
essential but a long-drawn process, whereas microbial inoculation to alleviate 
stresses in plants could be a more cost-effective environmental friendly option 
which could be available in a shorter time frame. Taking the current leads available, 
concerted future research is needed in this area, particularly on field evaluation and 
application of potential organisms. It is our contention that native plants survive and 
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flourish in stressed ecosystems because of endosymbiotic organisms that have 
coevolved and were essential for their adaptation to changing environments. Plant 
growth and development cannot be adequately described without acknowledging 
microbial interactions. We need to determine the extent of microbial associations in 
the plant kingdom. This question will only be answered as technology is developed 
to detect their presence in plant tissues. What we have learned is that there is a need 
to understand how plant and microbes communicate in these endosymbiotic rela-
tionships and how they regulate basic genetic and physiological functions.

Hence, in the present book, editors compiled researches carried out by research-
ers in three sections with elaborate description related to “plant–microbe interaction 
for sustainable agriculture.”

 Part I: An Introduction to Plant-Microbe Interaction

Chapter 1 summarizes an exposition of plant–microbe and microbe–plant interac-
tions describing the interplay of chemicals and signals that participate in the com-
plex domain of the rhizosphere. The information derived from the current studies 
and the utilization of current technological platforms will enable researchers to 
explore and garner more information at the plant–microbe and plant–microbiome 
levels.

Chapter 2 briefly describes the various physical and chemical processes occur-
ring in the rhizosphere, how the change in environment hampers these factors, and 
how that affects the rhizospheric diversity in modifying the microbial ecology and 
root architecture.

Chapter 3 emphasizes the insight of the rhizosphere and plant growth-promoting 
rhizobacteria under the current viewpoints. Conclusively, the applicability of these 
favorable rhizobacteria in different agroecosystems has been offered systematically 
under both normal and stress circumstances to focus the recent trends with the 
objective to improve upcoming visions.

Chapter 4 describes a holistic perception of rhizosphere functioning with a high-
light on the ecological drivers that promote colonization of coherent functional 
groups of microorganisms influencing plant life through several direct and indirect 
mechanisms.

Chapter 5 describes the concept of rhizosphere, hyphosphere, and mycorrhizo-
sphere and the various activities involved in understanding the functional diversity 
of microorganisms inhabiting the mycorrhizosphere necessary to optimize soil 
microbial technology for the benefit of plant growth and health.

Chapter 6 highlights the importance of mycorrhizae with beneficial microbes in 
plant growth promotion, nutrient uptake, and stress tolerance either biotic or abi-
otic. The presence of bacteria in the rhizosphere synchronizes with mycorrhizae 
termed as “mycorrhizae helper bacteria” that increase plant growth by focusing on 
N and P in particular while micronutrients in general.
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 Part II: Plant-Microbe Interaction Under Abiotic and Biotic 
Stress

Chapter 7 describes deployment of microbe–plant interactions that results in the 
promotion of plant health in arid and semiarid regions with reference to India under 
abiotic stress.

Chapter 8 briefly describes an attempt to explore current knowledge of bacterial 
ACC-deaminase-mediated physiological and molecular changes in the plants under 
diverse environmental conditions (drought and high salinity), mode of ACC-
deaminase enzyme action, and drastic effects of salinity and drought on plant growth 
with a special reference to ethylene evolution.

Chapter 9 highlights the success and efficiency of phytoremediation with asso-
ciation of heavy metal-resistant plant growth-promoting rhizobacteria.

Chapter 10 briefly describes the importance of microbe–plant interaction under 
salt stress. It describes strategies that plants adapt to deal with salinity, and current 
biotechnological efforts toward producing salt-tolerant crops are summarized.

Chapter 11 summarizes the comprehensive understanding that required learning 
the mechanisms and critical factors influencing the plant–microbe–toxicant interac-
tion in soils for success of phytoremediation.

Chapter 12 elaborately describes priming of benign microbes especially bacteria 
for plant growth promotion under biotic stresses to unravel the mystification of 
mechanisms involved in plant defense including ISR and SAR using sustainable 
development of plants.

Chapter 13 discusses on the susceptibility of most important bacterial and fungal 
plant pathogens toward different essential oils and their constituents responsible for 
biological activities such as antibacterial and antifungal. In addition, the potential 
effectiveness of herb essential oils against different plant pathogenic fungi and bac-
teria has been verified.

Chapter 14 elaborately describes the use of halophilic bacteria in agriculture 
system toward producing salt stress-tolerant crops and understanding the mecha-
nisms of plant and halophilic bacterial interaction.

Chapter 15 describes that PGPR has the ability to mitigate most effectively the 
impact of abiotic stresses on plants through degradation of the ethylene precursor 
ACC by bacterial ACC-deaminase and through biofilm and exopolysaccharide 
production.

 Part III: Plant-Microbe Interaction and Plant Productivity

Chapter 16 presents an overview of the importance of the microbiome to the plant 
growth promotion, focusing on the diversity, functional and taxonomic, of the 
microbiota associated to maize, and the desirable characteristics of microorgan-
ism’s candidates to the use in PGP formulations.
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Chapter 17 describes the role of biofertilizers that not only exhibit plant growth 
promotion but also are effective in bioremediation by detoxifying detrimental pol-
lutants such as pesticides and heavy metal pollutants. Besides, PGPR-mediated 
organic farming would pave the way to prosperous, healthy, and sustainable nation. 
Thus, this trend of least possible input of chemicals in sustainable agricultural sys-
tems may help to achieve the goal of holistic well-being of planet Earth.

Chapter 18 describes the mechanisms underlying beneficial impacts of fungi on 
growth promotion of the host plant. It involves benign fungi that are potentially use-
ful in agriculture sector to avail several services to crop plants such as water status, 
nutrient enrichment, stress tolerance, protection, weed control, and biocontrol.

Chapter 19 summarizes various microbial interactions between mycorrhizal 
fungi and other soil microbial communities. This chapter discusses on the follow-
ing: (1) microbial communities in the soil, (2) arbuscular mycorrhiza fungi interac-
tion with plants, (3) interaction with rhizosphere microorganisms, (4) interaction 
with soilborne pathogens, (5) potential benefits of arbuscular mycorrhizal fungi in 
plant growth and disease control, and (6) effect of soil microorganisms on mycor-
rhizal symbiosis. The main conclusion is that the microbial population interactions 
with arbuscular mycorrhizal fungi in the rhizosphere majorly influence plant health, 
crop productivity, and soil fertility.

Chapter 20 addresses general characterization of phyllospheric environment, 
microbial association process, microbial population structure, quorum sensing, and 
cross talk between plant and microbes. This chapter provides information on the 
microbial diversity of the phyllosphere bioenergy crop Jatropha curcas. Major bac-
terial groups prevalent on the J. curcas phyllosphere and plant growth-promoting 
activities are addressed.

Chapter 21 ascribes more complex physiological and ecological role to tree roots 
with soil profile. This is more particularly so in many tree species where roots have 
a characteristic dimorphic spread having (i) the surface roots that have a subterra-
nean horizontal spread a few meters around the trunk and (ii) sinker roots that go 
vertically downward to 10 m and beyond. The sinker root system, therefore, enables 
hydraulic redistribution sustaining dry-season transpiration and photosynthetic 
rates of the parent tree and surrounding shallow-rooted vegetation, prolonging the 
life span of fine roots and maintaining root–soil contact in dry soils, and storing 
rainwater down into deeper soil layers for dry-season utilization.

Chapter 22 summarizes the information related to biosynthesis, metabolism, 
regulation, physiological role, and agronomical impact of phytohormone produced 
by the plant growth-promoting rhizobacteria.
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Chapter 23 describes an overview of diversity of endophytes associated with 
sugarcane with special reference to Gluconacetobacter diazotrophicus. It also 
describes the role of different bacterial traits that are necessary for successful colo-
nization of the plant interior part.

Finally, we’d like to express our gratitude to the contributors upon their consent 
to be a part of this book.

Noida, UP, India Devendra K. Choudhary 
  Ajit Varma 
 Narendra Tuteja 
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Abstract
The interface between roots and soil is a region with high interaction among a 
myriad of organisms that affect biogeochemical cycles, plant growth, and stress 
tolerance. Similarly chemical compounds secreted within the rhizosphere act as 
attractants to microorganisms. Due to its dynamic nature and complexity, under-
standing rhizospheric biology and activity is essential in ensuring improved plant 
function and productivity within an ecosystem. Sustainable agricultural practices 
are dependent on studies conducted with regards to plant–microbe interactions in 
the rhizosphere. This chapter is an exposition of rhizospheric interactions span-
ning the chemistry of exudates and signals that contribute towards the complex-
ity of the rhizosphere. The information derived from recent studies and the 
utilization of current technological platforms will enable us to explore and gather 
more information at the plant and microbiome level.

1.1  Introduction

The rhizosphere was described by Lorenz Hiltner a century ago as a microbial 
hotspot that is dependent on plant roots (Hartmann et al. 2008). The interactions and 
activities within have been researched extensively due to the dynamic nature of this 
region (Bakker et al. 2013). Studies have shown that the microbial communities 
within the rhizosphere can affect the well-being of plants (Mendes et al. 2011) by 
either directly or indirectly affecting the biomass and composition within the plant’s 
natural ecosystem (Schnitzer et al. 2011). The microbiota contributing towards 
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these processes in the rhizosphere involve antagonists, mutualists, symbionts, and 
the rich plant root system (Kardol et al. 2007). The microbial activity is essential as 
they contribute towards physiological processes such as nutrient uptake and plant 
defense responses (Berendsen et al. 2012). Although much has been done to unravel 
the mysteries of these underground plant–microbe interactions, the complexity of 
these interactions leaves gaps in knowledge that requires further investigation 
(Urich et al. 2008; Jansson et al. 2011).

The variety of low molecular weight (LMW) exudates secreted into the plant’s 
surrounding soil environment influences the complex interaction between the root 
and plant. These exudates when secreted into the environment contributed towards 
the highly interactive nature of this region. Though enormous strides have been 
made in understanding the interactions down under, much still remains elusive in 
our understanding with regard to the root–microbe–insect–nematode interactions 
within the rhizosphere (Weir et al. 2004; Walker et al. 2003). As plant roots remain 
hidden below ground, most of these interactions remain unnoticed especially the 
chemical components facilitating these belowground interactions (Bais et al. 2006).

Root chemicals result in varying consequences and responses in different plant 
systems. However to date, the mechanism underlying the chemical signal percep-
tion and response between the soil, roots, and invertebrates remains largely obscure. 
Ultimately the positive or negative way in which these chemicals are perceived will 
determine the plant and soil community’s dynamics. We anticipate that deciphering 
the processes that direct the variety of activities within the rhizospheric microbiome 
will provide new avenues of crop manipulation for plant fitness and yield. Initial 
reports into these insights have been obtained through studies of Arabidopsis thali-
ana and Medicago truncatula plant systems. These studies have shown us how 
microbial ecosystems in the rhizosphere influence allocation, diversity, and below-
ground interactions (Berendsen et al. 2012; Bakker et al. 2012).

Here we have outlined current advances in deciphering the rhizospheric interac-
tions, paying special emphasis on how these exudates mediate the various interac-
tions below ground. In addition this chapter addresses how these beneficial 
interactions will influence plant growth, yield, and therefore contribute towards sus-
tainable agriculture.

1.2  Rhizosphere and Root Exudates

The adaptability and survival of plants in any given environment is dependent on 
acquisition of resources from the soil environment (Badri et al. 2009b, 2013a; 
Chaparro et al. 2013a; Nihorimbere et al. 2011). The variation in amount of root 
exudates within the soil will determine the nutrient dynamics and hence affect the 
microbial population and diversity (Paterson et al. 2006). It has been reported that 
plants exude their photosynthetic components (5–21 %) such as sugars, proteins, 
and secondary metabolite into the root environment (Badri et al. 2013b; Badri and 
Vivanco 2009; Chaparro et al. 2013b). There are two groups of root exudates: (i) 
LMW exudates, e.g., amino acids, sugars, phenolics, secondary metabolites, and 
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organic acids, and (ii) the HMW exudates, e.g., proteins and complex carbohydrates 
(Bais et al. 2006; Narasimhan et al. 2003). LMW and HMW compounds that are 
exuded into the soil environment are largely dependent on the plant cultivar and 
species, the developmental stages of the plant, soil chemistry, and microbial diver-
sity (Badri and Vivanco 2009; Huang et al. 2015; Uren 2000). Recent reports have 
implicated root cells in the cap and root hairs as secretors of compounds from roots 
into the soil (Czarnota et al. 2003; Pineros et al. 2002; Nguyen 2003). In addition to 
secretion, root hairs are involved in anchoring and nutrient-water intake (Fan et al. 
2001). The relationship between root exudates and microorganisms are chemotacti-
cally disposed, i.e., where plant roots secrete glucose, sugars, organic, and amino 
acids into the soil; microbes migrate chemotactically toward these exudates (Kumar 
et al. 2007).

1.3  System of Root Emission

Despite the huge strides made by scientists in investigating exudates within the 
rhizospheric domain, the mechanisms involved in root secretions are poorly under-
stood. The synthesis and release of root-derived components are generally constitu-
tive, while the secretion mechanisms of these exudates are thought to be passive 
involving three separate pathways such as dissemination, vesicle transport, and par-
ticle channels (Dennis et al. 2010).

1.3.1  Diffusion

Membrane permeability and the cytosolic pH largely influences the passive diffu-
sion of small polar and uncharged molecules produced by plants across the cell’s 
lipid membranes (Marschner 1995; Sanders and Bethke 2000). This is the simplest 
form of mobilizing molecules across the membrane.

1.3.2  Vesicular Transport

High molecular weight root exudates are secreted through different mechanisms 
such as vesicular transport (Battey and Blackbourn 1993). Field et al. (2006) 
reviewed vesicle-mediated trafficking of proteins, but this review however did not 
involve the mechanism of transport for phytochemicals (Grotewold 2004). While 
there are extensive reports on the phytochemical exudates in leaf tissue, little has 
been reported with regards to phytochemical exudates from roots. Vesicular 
secretion has been implicated in the transportation of antimicrobial products at the 
location of bacterial or fungal infections. One such example is the pigmented 
3-deoxyanthocyanidins, an antimicrobial flavonoid observed in fungal infection 
sites of sorghum leaves (Snyder et al. 1991). Roots of knapweed plants have been 
reported to secrete cytotoxic and antimicrobial catechin flavonoids (Bais et al. 2002). 
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Although certain researchers have implicated the cytoplasmic surface of the endo-
plasmic reticulum (ER) as the site of synthesis for certain root exudates from the 
phenylpropanoids and flavonoids families (Winkel-Shirley 2001), the mechanism of 
transport from the ER to the membrane is unknown. However there is a possibility 
that these compounds are transported through ER-originating vesicles that secrete 
their contents once bound to the cell’s membrane.

1.3.3  Transporter Proteins

Transporter proteins are responsible for the transportation or passage of amino 
acids, sugars, and carboxylate anions from root cell cytoplasm to soil (Colangelo 
and Guerinot 2006; Hirner et al. 2006; Lee et al. 2007; Svennerstam et al. 2007). 
ABC transporter proteins are implicated in various cellular processes, spanning the 
discharge of harmful compounds, translocation of lipids, disease resistance, salt 
stress, nutrient transport, and substantial metal resilience (Stein et al. 2006; Kobae 
et al. 2006). The utilization of Arabidopsis ABC transporter knockout mutants 
proved that these transporters were involved in root secretions. What’s more, the 
ABC transporters are confined to the plasma membrane (Sidler et al. 1998) and are 
involved in auxin pumping and secretion of resistance metabolites (Badri et al. 
2009a).

Another transporting system, MATE, is involved in the discharge of phytochemi-
cals. MATEs, through electrochemical gradient of other ions, are effectively able to 
transport substrates across cell membranes. Numerous MATE genes involved in 
transporting compounds such as toxic materials, plant-inferred alkaloids, antimicro-
bials, phenolics, and anions have been identified and characterized in the root cells 
of sorghum, Arabidopsis, rice, and grain (Furukawa et al. 2007; Ishimaru et al. 
2011; Liu et al. 2009; Magalhaes et al. 2007; Weston et al. 2012).

Further, MFS transporter proteins assist with the release of secondary metabo-
lites such as phytosiderophores from root cells (Kim and Guerinot 2007). These 
proteins can work as uniporters, co-transporters, or antiporters. In rice for instance, 
deoxymugineic and avenic acids are aided by TOM1 (transporter of mugineic cor-
rosive family phytosiderophores1) (Nozoye et al. 2011) in translocation of proteins. 
Through transgenic studies it was proven that the expression of TOM1 is induced in 
the state of limited iron supply where overexpressing TOM1 showed improved 
deoxymugineic acid release and enhanced resilience to a limited iron supply. ALMT 
transporter proteins belongs to the ALMT gene family that enables malate efflux 
from plants. ALMT genes encode the pore-forming anion channels within the mem-
branes that facilitate the passive transport of substances across the membranes 
(down their electrochemical slopes) (Ryan et al. 2011; Weston et al. 2012). Other 
than the above transporters, monosaccharide transporters have been associated with 
hexose, pentose, ribose, and polyols transport (Klepek et al. 2005; Buttner 2007), 
while silicon efflux transporters have been associated with the excretion of silicon 
from rice root cells to soil (Ma and Yamaji 2008).
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1.4  Rhizospheric Plant–Microbe Interactions

Root-secreted phytochemicals can result in beneficial, deleterious, or neutral inter-
actions (Raaijmakers et al. 2009; Mercado-Blanco and Bakker 2007). Likewise, 
microbes are also able to transition from pathogenic to symbiotic in response to 
differing environments (Newton et al. 2010). Hence we can anticipate that the 
chemical diversity exhibited by root exudates will be an excellent source to look for 
novel, biologically active compounds, including antimicrobials (Huang et al. 2014). 
Previous reports have highlighted that the association of plants and the microbial 
community in the soil is important for plant health. These communities are depen-
dent on the root exudates that positively or negatively affect the microorganisms 
within the soil. In the following sections, the integral role played by the exudates in 
plant–microbe and microbe–plant interactions will be expounded. Figure 1.1 pres-
ents the various underground processes that occur within the rhizosphere (Huang 
et al. 2014; Zhuang et al. 2013).

1.4.1  Positive Plant–Microbe Interactions

 (a) Nitrogen fixation

The nitrogen levels within the rhizosphere will determine the diversity of nitro-
gen (N)-fixing bacteria within the soil (Zahran 1999). In nitrogen-limiting condi-
tions, the nodule containing nitrogen-fixing bacteria produces flavonols and flavones 
that attract and initiate legume–rhizobia symbiosis (Zhang et al. 2009; Coronado 
et al. 1995). The flavones and flavonols induced bacterial nod gene expression, 
which lead to the initiation of root nodulation. The aerobic N2-fixing bacterium also 
exhibited N2ase activity when inoculated into the rhizosphere of rice, wheat, and oat 
seedlings. Further, microscopic observations of this N2-fixing bacterium in barley 
roots suggest that this organism is an endophyte that associates with root tissue to 
form vesicle-like structures (Santi et al. 2013). The aggregation of rhizobia to 
legume root tissues is dependent on the association to specific sugar-binding sites. 
During nitrogen fixation, lectins (functions as binding protein) bind polysaccharides 
to stimulate aggregation. Lectins sustain increased nod factor concentrations and 
mitotic activity necessary for nodulation (Mathesius and Watt 2010). In general 
mixed cultures have been shown to increase nitrogen-fixing capacity as observed in 
the association between Staphylococcus sp. and diazotrophic bacteria that increased 
the nitrogen-fixing capacity of L. anguillarum by 17 %. Another example is the 
production of nodulating compounds such as exopolysaccharides (EPS and EPS II) 
by a mixed culture of Rhizobium sp. and Sinorhizobium sp. Exopolysaccharide- 
deficient mutants were incapable of invading legumes and establishing symbiotic 
relations (Jones et al. 2008). Legume-secreted isoflavonoids such as daidzein and 
genistein have been reported to effectively induce Bradyrhizobium japonicum nod 
genes, while nod genes in Sinorhizobium meliloti were induced by luteolin (Juan 
et al. 2007). The level of specificity exhibited enables the rhizobial community to 
identify their specific host accurately (Bais et al. 2006) (Table 1.1).
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A mixed inoculation of Rhizobium sp. and Azotobacter sp. resulted in Azotobacter 
sp. significantly increasing Rhizobium nodulation. Both microorganisms enhanced 
growth and yield in various soil and mineral compositions. These findings suggest 
that there exist a mutualistic relationship between Azotobacter, Azospirillum, and 
Rhizobium, which results in improved yields in crops (Parmar 1995; Parmar and 
Dadarwal 1997). Researchers have reported that Azotobacter and Azospirillum con-
tribute towards a plethora of positive responses in plants that include good root 
development, increase in nutrient and water uptake, inhibition of pathogenic and 
non-beneficial interactions, and a small contribution towards nitrogen fixation 
(Okon and Itzigsohn 1995; Steenhoudt and Vanderleyden 2000).
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N2 Fixation/ Endophyte association/
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Fig. 1.1 Plant-microbe interactions and their role in belowground ecosystem and sustainable agri-
culture (Modified from Zhuang et al. 2013)
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 (b) Mycorrhizal interactions

The “fair-trade” between plant and mycorrhiza involves the provision of N by 
mycorrhiza and carbon by the plant (Fellbaum et al. 2012). A quantitative and quali-
tative change in the chemical content of soil and plant observed during AMF estab-
lishment includes the transient rise in phytoalexin levels during colonization (Leyval 
and Berthelin 1993). The beneficial fungal isolates or plant cultivars involved in 
AMF symbiosis can influence the concentration and types of flavonoids produced. 
The type of flavonoids produced influences the mycorrhizal spore germination, 
hyphal growth and root colonization. For example, strigolactone, a sesquiterpene 

Table 1.1 Biomolecules involved in direct and indirect microbe and root-based activity

Activity Biomolecules Function

Direct microorganism-based activity

Nitrogen fixation EPS, EPS II, lipochitooligosaccharides, 
flavanols, flavanones, nodulating factors

Division of root cortical 
cells and nodule 
morphogenesis

Mycorrhizal 
association

Sesquiterpene, Myc factor Fungal factors that trigger 
mycorrhization

Metal uptake Glutathione, metallothioneins, and acid 
such as ferulic, chorismic, mugineic, 
caffeic, p-coumaric, oxalic

Metallic bioavailability

Virulence factors Extracellular polysaccharide, phytotoxins, 
effector proteins

Crucial for virulence and 
suppression of resistance 
reactions

PGPR LPS, EPS, antimicrobials, siderophores, 
lipopeptides, cell wall-degrading enzyme 
(CWDE)

Protection of plants against 
pathogens

Improved nutrient uptake 
and growth

Direct root-based activity

Bacterial and 
fungal symbionts

Flavonoids (glyceollin, coumestrol, 
daidzein, glyceollin, coumestrol, 
genistein), strigolactones, jasmonates, 
auxins, abscisic acid, ethylene, gibberellin

Stimulating pre-symbiotic 
processes and enhanced 
Arbuscular mycorrhiza 
fungi (AMF) colonization 
of roots

Carbon uptake Arabinose, fructose, ribose, hexose Carbon utilization and 
metabolism

Pathogenicity 
factors and defense 
response

Phytoalexins, naphthoquinones, indole, 
saponins, benzoxazinone, flavonoid, 
terpenoid, rosmarinic acid, glucosinolates

Protection against 
pathogenic microorganisms

Indirect microorganism-based activity

Quorum sensing Peptide molecules, N-acyl homoserine 
lactones (AHLs), quinolone, p-coumarate

Cellular communication, 
swarming, biofilm, and 
antibiotic production

Indirect root-based activity

Defense Phospholipases, phosphatases, MAP 
kinases: Lipoxygenase, linolenic acid, 
jasmonate, methyl jasmonate

Activation of other defense 
reactions
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lactone, is essential in inducing AMF hyphal branching (Akiyama et al. 2005; 
Siegrid et al. 2007). Morandi et al. (1984) reported that flavonoids such as glyceol-
lin, coumestrol, and daidzein stimulates AMF colonization in soybean and thus 
implicates flavonoids as signaling compounds involved in AMF root colonization. 
In contrast there are chemicals that inhibit hyphal growth of mycorrhiza such as 
observed within a non-nodule-forming legumes (Oba et al. 2002). Further, it has 
also been reported that sugars, carbohydrates, and strigolactone 5-deoxygol facili-
tate the symbiotic associations between the mycorrhiza and non-legume crops 
(Yoneyama et al. 2008; Fang and St. Leger 2010; Kiers et al. 2011).

Vesicular-arbuscular mycorrhizae (VAM) on the other hand are a group of fungi 
that are involved in the mobilization of phosphorus from soil with low levels of 
available phosphorous. The associative relationship of these fungi with legumes 
influences the root and shoot development as well as the phosphorous uptake that 
eventually results in enhanced nodulation and nitrogen fixation. Combinatorial 
inoculation of soil systems with Rhizobium and VAM has unequivocally contributed 
towards plant growth enhancement, nodulation, and N2 fixation. The effectiveness 
of Rhizobacterium sp. as nodulating and N2-fixing fungi in the mycotrophic legume, 
Anthyllis cytisoides, further substantiates AM’s function in supplying P to root nod-
ules (Requena et al. 2001). Research shows that other root–microbe symbionts 
share the same symbiotic genetic pathway as the N2-fixing rhizobia. “Myc” triggers 
gene activation in roots through a diffusible signaling factor that is required for 
mycorrhization. This signaling factor results in elevated calcium levels which inevi-
tably caused calcium fluctuations required for epidermal root cell priming for fun-
gal colonization (Meier et al. 2013; Zhuang et al. 2013). These specific interactions 
have provided insights into functional compatibility between AMF and PGPR as 
plant growth promoters.

 (c) Endophytic associations

Plants have supported endophytes that are either nonpathogenic bacterial or fun-
gal species with no detrimental effects to the host. Although this is a long-standing 
interaction, but it has not been well studied and documented. Hosts that harbor these 
endophytes have shown increased resistance to plant stresses. The presence of these 
endophytes can result in the alteration of root exudates causing a change in the 
secretion of phenolics and hence altering the pH within the rhizosphere and elevat-
ing tolerance toward mineral deficiencies. While endophytic relationships are 
largely beneficial, there are however some opportunistic associations. The altered 
exudates from endophytic plants may affect the microbial community within the 
soil and influence the biology and ecology of the system (Malinowski and Belesky 
2000). Plants involved in symbiotic relations with endophytes have also been 
reported to enhance AMF interactions through root exudates (Novas et al. 2011).

 (d) PGPR

PGPRs have been characterized as organisms that colonize and suppress plant 
pathogens. This group of organisms has been exploited extensively for economic 
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gains due to its inhibitory potential (Parmar 1995). Through a plethora of direct and 
indirect mechanisms, the PGPR is found to positively influence plants. It is believed 
that soil microorganisms involved in this interaction are recruited by cues exuded by 
the host roots hence establishing the PGPRs population and activities. PGPRs on 
the other hand are reported to produce chemicals that affect plant growth and resis-
tance indicating a two-way relationship between plants and PGPR for improved 
plant health (Ryu et al. 2004). The involvement of rhizospheric PGPRs in triggering 
the host immune response through various pathways such as jasmonate and salicylic 
acid has been previously reported and associated with plant fitness (Compant et al. 
2010; Saharan and Nehra 2011). Chemical agents such as amino acids and carbohy-
drates were reported to be the signals involved in the mobilization of PGPRs to 
specific roots (de Weert et al. 2002).

Plant growth has been enhanced by bacterial communities that include 
Azotobacter, Bacillus, Azospirillum, Enterobacter, Serratia, Klebsiella, and 
Pseudomonas. Compared to single inoculums, dual inoculations significantly 
improved plant weight, dry mass, protein content, and grain yield. Yadegari et al. 
(2008) reported that combined inoculation of PGPRs increased growth, develop-
ment, nodulation, and nitrogenase activity. The cumulative effects of growth- 
promoting substances exuded by organisms such as Pseudomonas sp. CRP55b, 
Rhizobium Ca181, Pseudomonas sp. CRP55b, Azospirillum spp., and Pseudomonas 
fluorescens P21 resulted in an increase of apical and root growth, plant biomass, and 
crop yield (Rokhzadi et al. 2008). The mechanisms contributing toward the increase 
in yield and growth are multitudinous, where substances or processes such as phy-
tohormones, plant growth-regulating substances (PGRs), mineralization, cyano-
gens, siderophores, and phytoalexins/flavonoids collectively resulted in enhanced 
agricultural output (Mukerji et al. 2006; Nadarajah 2016).

Rhizobacteria produce phytostimulators in the absence of pathogens. These 
compounds include hormone analogues such as gibberellic acid, indole acetic acid 
(IAA), ethylene, and cytokinins (Lambrecht et al. 2000). The production of IAA is 
a plant growth-promoting trait among PGPRs. Tryptophan-dependent and 
tryptophan- independent pathways have been identified as contributing toward IAA 
biosynthesis in rhizobacteria (Steenhoudt and Vanderleyden 2000). Shoot develop-
ment is stimulated in response to the action by cytokinins and gibberellins. 
Additionally cytokinins are also involved in cell division, primary root develop-
ment, nodulation, and branching (Murray et al. 2007; Tirichine et al. 2007; Ortiz- 
Castro et al. 2009). N-Acyl-L-homoserine lactones, another class of phytostimulants, 
are associated with cellular communication and modulation of gene expression in 
plants (Choi et al. 2008; Ortiz-Castro et al. 2009).

A multitude of plant responses including stress is regulated by ethylene. Various 
factors such as temperature, nutrition, gravity, and plant hormone levels influence 
ethylene production (Glick 2005). In incidences of high ethylene levels, the plant 
undergoes stress and exhibits impaired root growth (Argueso et al. 2007). However 
the modulation of ethylene via ACC-deaminase is crucial in the degradation of 
1-aminocyclopropane-1-carboxylic acid (ACC ethylene precursor). Various 
microbes have been reported to cleave ACC to ketobutyrate and ammonia as a 
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means of improving plant stress response to ethylene production (Glick 2005; 
Stearns et al. 2012). Further, ACC-deaminase activity in Achromobacter piechaudii 
ARV8 improved seedling biomass in tomato and pepper (Mayak et al. 2004). 
Similarly a study of ACC-deaminase in Brassica napus revealed a downregulation 
of ethylene stress response while recording upregulated gene expression of auxin 
production genes (Stearns et al. 2012). Arshad et al. (2008) and Mayak et al. (2004) 
in their reports indicated a role for ACC-deaminase in reducing ethylene levels and 
thus contributing toward management of drought, salinity, and generally various 
other abiotic stresses. This therefore clearly indicates that microorganisms with 
ACC-deaminase activity benefits the overall well-being of plants. Understanding 
the overall contribution of microbial communities in reducing and mediating ethyl-
ene stress in plants may be utilized to generate technologies for plant abiotic stress 
management.

 (e) Enzymes and proteins

While it has been reported that plants secrete enzymes and proteins in addition to 
primary and secondary metabolites into the rhizosphere (Charmont et al. 2005), 
information is lacking on how these substances influence the rhizosphere (De Hoff 
et al. 2009; De-la-Peña et al. 2008). A proteomic analysis on A. thaliana root exu-
dates indicates that there is a difference in the secreted proteins according to devel-
opmental stages. During the flowering stage, defense-related proteins such as 
glucanases, chitinases, and myrosinases were produced (De-la-Peña et al. 2010). 
Higher levels of defense-related proteins such as peroxidases, hydrolase, and chitin-
ase have been reported as secretomes into the plant root systems of A. thaliana in 
response to an infection by pathogenic Pseudomonas syringae pv. tomato DC3000. 
However when inoculated with a nonpathogenic isolate, S. meliloti Rm1021, no 
defense response proteins were secreted into the rhizosphere.

Arabinogalactan protein (AGP) is a hydroxyproline-rich glycoprotein superfamily 
that is found in plant cell wall proteins. AGPs play a vital role in root and rhizospheric 
microbe interaction (Nguema-Ona et al. 2013). Cannesan et al. (2012) and Vicré et al. 
(2005) reported that root tip cells and AGP containing mucilage was observed in the 
rhizosphere. This glycoprotein acts as an attractant to root pathogen inhibiting 
microbes and is implicated in the colonization by Rhizobium sp. through recognition 
and attachment to root surfaces (Vicré et al. 2005; Cannesan et al. 2012; Xie et al. 
2012). Xie et al. (2012) reported on a similar glycoprotein, which promotes surface 
attachment of Rhizobium leguminosarum to roots of legumes and non-legumes. 
P. fluorescens strain WCS365 colonization of tomato roots involves a plethora of 
amino acids which includes aspartic acid, glutamic acid, leucine, lysine, and isoleu-
cine (Simons et al. 1997). In another study, the exposure of plants to Rhizobium sp. 
(Sb16) and Cyanobacterium sp. (Sb26) (Naher et al. 2008) resulted in higher levels of 
amino acid exudates in rice. This may perhaps be a consequence to secretion of micro-
bial products that result in amino acid exudates (Chaparro et al. 2013a, b; Phillips et al. 
2004). However, the influence of these enzymes and proteins in the establishment, 
colonization, and configuration of microbial communities remains elusive.

K.K. Nadarajah



13

 (f) Sugars

Chaparro et al. (2013a) reported that the rate of sugars exuded decreased with 
the plant’s development. This could possibly be the consequence of pathways and 
cycles utilizing sugars being synergistically regulated by sugars and amino acids 
(Poysti et al. 2007). Considering the large number of genes (27) identified and cor-
related to carbohydrate metabolism in microbes, sugars are probably actively utilized 
by these organisms. Metabolic priming of soil microbes enhanced degradation and 
mineralization of soil organic matter in the presence of fructose and alanine (Hamer 
and Marschner 2005). The observed priming effect is due to the ability of these sub-
strates to trigger metabolism and enzyme production (Kuzyakov 2002). The priming 
of enzyme activities results in increased metabolic capabilities of the soil microbi-
ome, which improves the plant acquisition of various limiting nutrients.

1.4.2  Antagonistic Plant–Microbe Interactions

 (a) Quorum sensing (QS)

QS involves cell-to-cell communication between microorganisms in an environ-
ment. It has been implied that the plant’s root systems have developed the mecha-
nism to exude chemical signals (mimics, blockers, and or degrading enzymes) that 
have the ability to affect microbial QS (Gao et al. 2003). Diffusion of these small 
signal molecules (autoinducers), which are present in both Gram-negative and 
Gram-positive bacteria, is known to mediate QS. QS is essential in the development 
of plant–microbe interactions regardless if it’s beneficial or non-beneficial. These 
QS-mimicking or quenching signals are potential targets for the discovery and 
development of new antimicrobial molecules.

Molecules that imitate acylated homo-Ser lactones (AHLs) with specific effects 
on QS-controlled behavior have been reported in Oryza sativa L. (rice), Pisum sati-
vum L. (pea), and Glycine max (L.) Merr. (soybean). The lasIR system of QS sens-
ing in P. aeruginosa regulates virulence factors such as toxins and extracellular 
enzymes. A second system, rhlIR, also modulates expression of virulence factors. In 
PUPa3, both systems form useful associations with plants. AHL signaling in 
Chromobacterium violaceum was inhibited by an arginine analog, L-canavanine, 
that did not interfere with its growth in alfalfa or other legumes. L-Canavanine also 
regulates QS ability in S. meliloti and is also responsible for the control of EPS II 
biosynthesis in this organism (Daniels et al. 2002; Teplitski et al. 2000; 2004; 
Zhuang et al. 2013).

The pcoIR system in P. fluorescens is connected to the biosynthesis of antimicro-
bial compounds, e.g., pyrrolnitrin, phenazines, hydrogen cyanide, and pyoluteorin. 
Similarly the pcoIR system in P. fluorescens 2P24 indirectly regulates the production 
of metabolites, including siderophores, 2,4-diacetylphloroglucinol, and hydrogen 
cyanide. Tyrosol, farnesol, trisporic acid, and dimethoxycinnamate are some of the 
signal molecules produced by Uromyces phaseoli, Candida albicans, and 

1 Rhizosphere Interactions: Life Below Ground



14

zygomycetes in their host–microbe interactions. 3-oxo-C12-HSL from P. aerugi-
nosa inhibits structural changes from yeast-like to filamentous in C. albicans 
(required for virulence). In turn, AHL synthesis in P. aeruginosa is strongly sup-
pressed by farnesol. However, the pathways and specific mechanisms involved in 
fungal QS remain obscure (Hogan 2006; Sanchez-Contreras et al. 2007; Wu et al. 
2010; Zhuang et al. 2013).

GABA is another component involved in cellular communication. GABA 
quenches QS and reduces the virulence of A. tumefaciens (Chevrot et al. 2006) 
while utilizing GABA as sole nutrient source in P. putida (Ramos-González et al. 
2005). Proline however reverses GABA’s ability to quench QS (Haudecoeur et al. 
2009). These opposing signals require further investigation to understand the inter-
play involved in the complex rhizospheric interaction.

 (b) Antimicrobial

Plant secondary metabolites are compounds that attract beneficial microbes and 
defend plants against negative interactions. Plants synthesize secondary metabolites 
such as phenols or their oxygen-substituted derivatives in a limitless manner (Badri 
et al. 2008; Neal et al. 2012). One such example is rosmarinic acid (RA) (Bais et al. 
2002). Basil roots, for instance, have been reported to exude RA when induced or 
challenged by fungi. RA demonstrates powerful antimicrobial activity against a vast 
selection of soil microbes, including P. aeruginosa (Bais et al. 2002). Fungal 
(Phytophthora cinnamomi and Pythium ultimum) elicitation of basil roots produced 
naphthoquinones and RA that are strong inhibitors of pathogenic and opportunistic 
microorganisms in the soil including the opportunist plant pathogen P. aeruginosa. 
In addition, grafted watermelon roots with high levels of chlorogenic and caffeic 
acid exudates and low levels of cinnamic acid (Ling et al. 2013) were resistant 
towards Fusarium oxysporum f.sp. niveum infections. Cai et al. (2009) reported that 
the antimicrobial agent canavanine obtained from leguminous plants inhibits rhizo-
spheric bacteria excluding rhizobia. This suggests canavanine’s involvement in the 
selection of beneficial microbes.

Most antimicrobial products are broad spectrum, and their specificity is deter-
mined by the existence of enzymatic machinery to detoxify any of the host products. 
Antimicrobial compounds are induced through the activation of linked signal trans-
duction pathways as a consequence  of pathogen perception by host resistance gene- 
encoded receptors. However, most studies have not looked into the mechanism of 
accumulation of these secondary metabolites within the plants and its excretion into 
the soil environment. In a study conducted on root exudates from Gladiolus spp. L., 
the resistant varieties produced root exudates that had antimicrobial effects against 
Fusarium oxysporum sp. gladioli, while the susceptible lines showed no reduction 
on conidial germination (Taddei et al. 2002). The inhibition of conidial germination 
of F. oxysporum gladioli by resistant cultivars is mainly regulated by the presence 
of aromatic-phenolic compounds.

K.K. Nadarajah



15

Fungal communities in the rhizosphere produced abundant antimicrobial sub-
stances (Hoffmeister and Keller 2007; Brakhage and Schroeckh 2011). For exam-
ple, Trichoderma species have been reported to produce a large array of antimicrobials 
(Elad et al. 2008) among other bioactive compounds. Fungal and bacterial biocon-
trol strains produced several antimicrobial compounds with similar or varying 
degree of activity. Bacteriocin such as agrocin 84 (Kim et al. 2006) exhibits narrow- 
spectrum antimicrobial activity against closely related genera, while polyketides 
and peptides exhibit broad-spectrum activity (Raaijmakers et al. 2010). The effec-
tiveness of these compounds varies from microbe to microbe. The antimicrobial 
compounds found within the root cells differ in composition to the antimicrobials 
found in root exudates (Bednarek and Osbourn 2009).

1.5  Multitrophic Interactions in the Rhizosphere

From the  one-to-one interactions observed in the rhizosphere, here we look into the 
multipartite interactions that present the complexity within the rhizosphere. In the 
root soil environment of plants such as switch grass, endophytic associations of 
microbe–insect–plant enhanced N availability for the plant (Behie et al. 2012). The 
presence of raffinose and sucrose in root exudates of switch grass attracted 
Metarhizium robertsii and enabled the tripartite interaction. In addition, plant vola-
tiles from the legume M. truncatula attracted Caenorhabditis elegans, a nematode 
that transported S. meliloti to the plant’s roots to initiate symbiosis (Fang and St. 
Leger 2010; Horiuchi et al. 2005). Similarly the tripartite relations between PGPR–
mycorrhizae and PGPR–rhizobia resulted in the efficient colonization of mycor-
rhizae and nodulation of rhizobia, respectively (Guiñazú et al. 2010). Due to the 
complexity of the multipartite interactions, very little is known of the mechanisms 
involved, and hence more studies are needed to elucidate these mechanisms, colo-
nization, establishment, and benefits of the interaction.

1.6  Concluding Remarks

The above segments have dealt with the various ways in which the plant–microbe 
interaction in the rhizosphere affects both the plant and the soil microbial commu-
nity. These interactions have been known to effect soil fertility, thus  affecting plant 
health, overall yield, and growth. Hence, it is evident that microorganisms are key 
players in plant productivity and should be given due attention in the interest of 
advancing our knowledge in rhizosphere biology. As we transition from conven-
tional agriculture to sustainable agriculture, it is important to understand the differ-
ences and the benefits of this transition.

Conventional agriculture practices selection of high yielding genotypes coupled 
with high fertilizers inputs and pesticides to reduce losses from biotic infestations 
while enhancing growth and yield. Rhizospheric microorganisms play a minor role 
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in conventional agriculture unless they are pathogens. By excluding the microor-
ganisms from the equation, agriculture has been dependent on plant genotypes 
which may not be as well adapted to adverse conditions. However, in sustainable 
agriculture, the microorganisms within the rhizosphere are important in crop pro-
duction (Fig. 1.2). Hence through sustainable agriculture, one could select for plant 
genotypes that are able to mobilize nutrients from their environments directly or 
indirectly through interactions with rhizospheric organisms. The results from sus-
tainable agriculture can be further enhanced through the application of good man-
agement practices, inclusive of crop rotation, mulching, and utilization of PGPRs.

In this chapter we have provided a comprehensive outline of the major interac-
tions within the rhizosphere and how these interactions affect the plant and the 
microbial population. Understanding the microbial community and the potential 
that it carries in enhancing plant processes that leads to enhanced yield and growth 
would be beneficial to end users, i.e., the farmers. Enhanced yield may be attained 
through exploiting soil biological fertility, where lesser pesticides and fertilizers 
are required for improved yield and growth. Therefore through the utilization of 
existing knowledge and modern technologies, it is expected that valuable insight 
may be garnered to fill in the gaps in knowledge and information required to provide 
new opportunities and practices that increase crop production.

References

Akiyama K, Matsuzaki K-I, Hayashi H (2005) Plant sesquiterpenes induce hyphal branching in 
arbuscular mycorrhizal fungi. Nature 435(7043):824–827. doi:10.1038/nature03608, PMID: 
15944706

Argueso CT, Hansen M, Kieber JJ (2007) Regulation of ethylene biosynthesis. J Plant Growth 
Regul 26(2):92–105. doi:10.1007/s00344-007-0013-5

� Rhizosphere � N2 Fixation � Root pathogens � Endophytes � Arbuscular mycorrhiza
� Hydrosphere � Mycorrhizosphere

Sustainable agriculture
* Biocontrol 
* Lower fertilizer input
* Low tillage
* Higher biomass
* Possible higher 
microbial diversity

Conventional agriculture
* Higher pesticide
* Higher fertilizer
* High tillage
* Lower microbial density
* Possible lower microbial 
diversity

����� ����� ��

soil soil

Fig. 1.2 Conventional vs. sustainable agriculture. The above diagram differentiates between 
conventional and sustainable agriculture, highlighting the contribution of microbes in sustainable 
agriculture (① rhizosphere ② N2 fixation ③ root pathogens ④ endophytes ⑤ arbuscular mycorrhiza 
⑥ hydrosphere ⑦ mycorrhizosphere)

K.K. Nadarajah

http://dx.doi.org/10.1038/nature03608
http://dx.doi.org/10.1007/s00344-007-0013-5


17

Arshad M, Shaharoona B, Mahmood T (2008) Inoculation with Pseudomonas spp. containing 
ACC-deaminase partially eliminates the effects of drought stress on growth, yield, and ripening 
of pea (Pisum sativum L.). Pedosphere 18(5):611–620. doi:10.1016/S1002-0160(08)60055-7

Badri DV, Vivanco JM (2009) Regulation and function of root exudates. Plant Cell Environ 
32(6):666–681. doi:10.1111/j.1365-3040.2009.01926.x, PMID: 19143988

Badri DV, Loyola-Vargas VM, Broeckling CD et al (2008) Altered profile of secondary metabolites 
in the root exudates of Arabidopsis ATP-binding cassette transporter mutants. Plant Physiol 
146(2):762–771

Badri DV, Quintana N, El Kassis EG et al (2009a) An ABC transporter mutation alters root exuda-
tion of phytochemicals that provoke an overhaul of natural soil microbiota. Plant Physiol 
151(4):2006–2017. doi:10.1104/pp.109.147462, PMID: 19854857

Badri DV, Weir TL, van der Lelie D et al (2009b) Rhizosphere chemical dialogues: plant–microbe 
interactions. Curr Opin Biotechnol 20(6):642–650. doi:10.1016/j.copbio.2009.09.014, PMID: 
19875278

Badri DV, Chaparro JM, Zhang R et al (2013a) Application of natural blends of phytochemicals 
derived from the root exudates of Arabidopsis to the soil reveal that phenolic-related com-
pounds predominantly modulate the soil microbiome. J Biol Chem 288(7):4502–4512. 
doi:10.1074/jbc.M112.433300, PMID: 23293028

Badri DV, Zolla G, Bakker MG et al (2013b) Potential impact of soil microbiomes on the leaf 
metabolome and on herbivore feeding behavior. New Phytol 198(1):264–273. doi:10.1111/
nph.12124, PMID: 23347044

Bais HP, Walker TS, Schweizer HP et al (2002) Root specific elicitation and antimicrobial activity 
of rosmarinic acid in hairy root cultures of sweet basil (Ocimum basilicum L.). Plant Physiol 
Biochem 40:983–995

Bais HP, Weir TL, Perry LG et al (2006) The role of root exudates in rhizosphere interactions with 
plants and other organisms. Annu Rev Plant Biol 57(1):233–266. doi:10.1146/annurev.
arplant.57.032905.105159, PMID: 16669762

Bakker M, Manter D, Sheflin A et al (2012) Harnessing the rhizosphere microbiome through plant 
breeding and agricultural management. Plant Soil 360(1–2):1–13. doi:10.1007/
s11104-012-1361-x

Bakker PAHM, Berendsen RL, Doornbos RF et al (2013) The rhizosphere revisited: root microbi-
omics. Front Plant Sci 4(165). doi:10.3389/fpls.2013.00165

Battey NH, Blackbourn HD (1993) The control of exocytosis in plant cells. New Phytol 
125:307–308

Bednarek P, Osbourn A (2009) Plant-microbe interactions: chemical diversity in plant defense. 
Science 324:746–748. doi:10.1126/science.1171661

Behie SW, Zelisko PM, Bidochka MJ (2012) Endophytic insect-parasitic fungi translocate nitro-
gen directly from insects to plants. Science 336(6088):1576–1577. doi:10.1126/sci-
ence.1222289, PMID: 22723421

Berendsen RL, Pieterse CM, Bakker PA (2012) The rhizosphere microbiome and plant health. 
Trends Plant Sci 17(8):478–486. doi:10.1016/j.tplants.2012.04.001, PMID: 22564542

Brakhage AA, Schroeckh V (2011) Fungal secondary metabolites – strategies to activate silent 
gene clusters. Fungal Genet Biol 48:15–22. doi:10.1016/j.fgb.2010.04.004

Buttner M (2007) The monosaccharide transporter (−like) gene family in Arabidopsis. FEBS 
Letters 581:2318–2324

Cai T, Cai W, Zhang J et al (2009) Host legume-exuded antimetabolites optimize the symbiotic 
rhizosphere. Mol Microbiol 73(3):507–517. doi:10.1111/j.1365-2958.2009.06790.x, PMID: 
19602148

Cannesan MA, Durand C, Burel C et al (2012) Effect of Arabinogalactan Proteins from the root 
caps of pea and Brassica napus on Aphanomyces euteiches zoospore chemotaxis and germina-
tion. Plant Physiol 159(4):1658–1670. doi:10.1104/pp.112.198507, PMID: 22645070

Chaparro JM, Badri DV, Bakker MG et al (2013a) Root exudation of phytochemicals in Arabidopsis 
follows specific patterns that are developmentally programmed and correlate with soil micro-
bial functions. PloS ONE 8(2):e55731. doi:10.1371/journal.pone.0055731, PMID: 23383346

1 Rhizosphere Interactions: Life Below Ground

http://dx.doi.org/10.1016/S1002-0160(08)60055-7
http://dx.doi.org/10.1111/j.1365-3040.2009.01926.x
http://dx.doi.org/10.1104/pp.109.147462
http://dx.doi.org/10.1016/j.copbio.2009.09.014
http://dx.doi.org/10.1074/jbc.M112.433300
http://dx.doi.org/10.1111/nph.12124
http://dx.doi.org/10.1111/nph.12124
http://dx.doi.org/10.1146/annurev.arplant.57.032905.105159
http://dx.doi.org/10.1146/annurev.arplant.57.032905.105159
http://dx.doi.org/10.1007/s11104-012-1361-x
http://dx.doi.org/10.1007/s11104-012-1361-x
http://dx.doi.org/10.3389/fpls.2013.00165
http://dx.doi.org/10.1126/science.1171661
http://dx.doi.org/10.1126/science.1222289
http://dx.doi.org/10.1126/science.1222289
http://dx.doi.org/10.1016/j.tplants.2012.04.001
http://dx.doi.org/10.1016/j.fgb.2010.04.004
http://dx.doi.org/10.1111/j.1365-2958.2009.06790.x
http://dx.doi.org/10.1104/pp.112.198507
http://dx.doi.org/10.1371/journal.pone.0055731


18

Chaparro JM, Badri DV, Vivanco JM (2013b) Rhizosphere microbiome assemblage is affected by 
plant development. ISME J 8(4):790–803. doi:10.1038/ismej.2013.196

Charmont S, Jamet E, Pont-Lezica R et al (2005) Proteomic analysis of secreted proteins from 
Arabidopsis thaliana seedlings: improved recovery following removal of phenolic compounds. 
Phytochemistry 66(4):453–461. doi:10.1016/j.phytochem.2004.12.013, PMID: 15694452

Chevrot R, Rosen R, Haudecoeur E et al (2006) GABA controls the level of quorum-sensing signal 
in Agrobacterium tumefaciens. Proc Natl Acad Sci USA 103:7460–7464. doi:10.1073/
pnas.0600313103

Choi O, Kim JG, Joeng Y et al (2008) Pyrroloquinoline quinine is a plant growth promotion factor 
by Pseudomonas fluorescens B16. Plant Physiol 146:657–668

Colangelo EP, Guerinot ML (2006) Put the metal to the petal: metal uptake and transport through-
out plants. Curr Opin Plant Biol 9:322–330

Compant S, Clément C, Sessitsch A (2010) Plant growth-promoting bacteria in the rhizo- and 
endosphere of plants: their role, colonization, mechanisms involved and prospects for utiliza-
tion. Soil Biol Biochem 42(5):669–678. doi:10.1016/j.soilbio.2009.11.024

Coronado C, Zuanazzi J, Sallaud C et al (1995) Alfalfa root flavonoid production is nitrogen regu-
lated. Plant Physiol 108(2):533–542. doi:10.1104/pp.108.2.533, PMID: 12228491

Czarnota MA, Paul RN, Weston LA et al (2003) Anatomy of sorgoleone-secreting root hairs of 
Sorghum species. Int J Plant Sci 164:861–866

Daniels R, De Vos DE, Desair J et al (2002) The cin quorum sensing locus of Rhizobium etli 
CNPAF512 affects growth and symbiotic nitrogen fixation. J Biol Chem 277(1):462–468. 
doi:10.1074/jbc.M106655200

De Hoff P, Brill L, Hirsch A (2009) Plant lectins: the ties that bind in root symbiosis and plant 
defense. Mol Genet Genomics 282(1):1–15. doi:10.1007/s00438-009-0460-8

de Weert S, Vermeiren H, Mulders IHM et al (2002) Flagella-driven chemotaxis towards exudate 
components is an important trait for tomato root colonization by Pseudomonas fluorescens. Mol 
Plant Microbe In 15(11):1173–1180. doi:10.1094/MPMI.2002.15.11.1173, PMID: 12423023

De-la-Peña C, Lei Z, Watson BS et al (2008) Root – microbe communication through protein secre-
tion. J Biol Chem 283(37):25247–25255. doi:10.1074/jbc.M801967200, PMID: 18635546

De-la-Peña C, Badri DV, Lei Z et al (2010) Root secretion of defense-related proteins is 
development- dependent and correlated with flowering time. J Biol Chem 285(40):30654–
30665. doi:10.1074/jbc.M110.119040, PMID: 20682788

Dennis PG, Miller AJ, Hirsch PR (2010) Are root exudates more important than other sources of 
rhizodeposits in determining the structure of rhizosphere bacterial communities? FEMS 
Microbiol Ecol 72:313–327

Elad Y, Barak R, Chet I et al (2008) Ultra structural studies of the interaction between Trichoderma 
spp. and plant pathogenic fungi. J Phytopathol 107:168–175. doi:10.1111/j.1439-0434.1983.
tb00064.x

Fan TWM, Lane AN, Shenkar M et al (2001) Comprehensive chemical profiling of gramineous 
plant root exudates using high-resolution NMR and MS. Phytochem 57:209–221

Fang W, St. Leger RJ (2010) Mrt, a gene unique to fungi, encodes an oligosaccharide transporter 
and facilitates rhizosphere competency in Metarhizium robertsii. Plant Physiol 154(3):1549–
1557. doi:10.1104/pp.110.163014, PMID: 20837701

Fellbaum CR, Gachomo EW, Beesetty Y et al (2012) Carbon availability triggers fungal nitrogen 
uptake and transport in arbuscular mycorrhizal symbiosis. Proc Natl Acad Sci 109(7):2666–
2671. doi:10.1073/pnas.1118650109, PMID: 22308426

Field B, Jordan F, Osbourn A (2006) First encounters – deployment of defence-related natural 
products by plants. New Phytol 172:193–207

Furukawa J, Yamaji N, Wang H et al (2007) An aluminum-activated citrate transporter in barley. 
Plant Cell Physiol 48(8):1081–1091. doi:10.1093/pcp/pcm091, PMID: 17634181

Gao M, Teplitski M, Robinson JB et al (2003) Production of substances by Medicago truncatula 
that affect bacterial quorum sensing. Mol Plant Microbe In 16(9):827–834. doi:10.1094/
MPMI.2003.16.9.827

K.K. Nadarajah

http://dx.doi.org/10.1038/ismej.2013.196
http://dx.doi.org/10.1016/j.phytochem.2004.12.013
http://dx.doi.org/10.1073/pnas.0600313103
http://dx.doi.org/10.1073/pnas.0600313103
http://dx.doi.org/10.1016/j.soilbio.2009.11.024
http://dx.doi.org/10.1104/pp.108.2.533
http://dx.doi.org/10.1074/jbc.M106655200
http://dx.doi.org/10.1007/s00438-009-0460-8
http://dx.doi.org/10.1094/MPMI.2002.15.11.1173
http://dx.doi.org/10.1074/jbc.M801967200
http://dx.doi.org/10.1074/jbc.M110.119040
http://dx.doi.org/10.1111/j.1439-0434.1983.tb00064.x
http://dx.doi.org/10.1111/j.1439-0434.1983.tb00064.x
http://dx.doi.org/10.1104/pp.110.163014
http://dx.doi.org/10.1073/pnas.1118650109
http://dx.doi.org/10.1093/pcp/pcm091
http://dx.doi.org/10.1094/MPMI.2003.16.9.827
http://dx.doi.org/10.1094/MPMI.2003.16.9.827


19

Glick BR (2005) Modulation of plant ethylene levels by the bacterial enzyme ACC deaminase. 
FEMS Microbiol Lett 251(1):1–7. doi:10.1016/j.femsle.2005.07.030, PMID: 16099604

Grotewold E (2004) The challenges of moving chemicals within and out of cells: insights into the 
transport of plant natural products. Planta 219:906–909

Guiñazú L, Andrés J, Del Papa M et al (2010) Response of alfalfa (Medicago sativa L.) to single 
and mixed inoculation with phosphate-solubilizing bacteria and Sinorhizobium meliloti. Biol 
Fertil Soils 46(2):85–190. doi:10.1007/s00374-009-0408-5

Hamer U, Marschner B (2005) Priming effects in different soil types induced by fructose, alanine, 
oxalic acid and catechol additions. Soil Biol and Biochem 37:445. doi:10.1016/j.
soilbio.2004.07.037

Hartmann A, Rothballer M, Schmid M (2008) Lorenz Hiltner, a pioneer in rhizosphere microbial 
ecology and soil bacteriology research. Plant Soil 312(1–2):7–14. doi:10.1007/
s11104-007-9514-z

Haudecoeur E, Planamente S, Cirou A et al (2009) Proline antagonizes GABA-induced quenching 
of quorum-sensing in Agrobacterium tumefaciens. Proc Natl Acad Sci USA 106:14587–14592. 
doi:10.1073/pnas.0808005106

Hirner A, Ladwig F, Stransky H et al (2006) Arabidopsis LHT1 is a high-affinity transporter for 
cellular amino acid uptake in both root epidermis and leaf mesophyll. The Plant Cell 
18:1931–1946

Hoffmeister D, Keller NP (2007) Natural products of filamentous fungi: enzymes, genes, and their 
regulation. Nat Prod Rep 24:393–416. doi:10.1128/EC.5.4.613-619.2006

Hogan DA (2006) Talking to themselves: autoregulation and quorum sensing in fungi. Eukaryot 
Cell 5(4):613–619. doi:10.1128/EC.5.4.613-619.2006

Horiuchi J-I, Prithiviraj B, Bais H et al (2005) Soil nematodes mediate positive interactions 
between legume plants and rhizobium bacteria. Planta 222(5):848–857. doi:10.1007/s00425- 
005- 0025-y, PMID: 16025342

Huang XF, Chaparro JM, Reardon KF et al (2014) Rhizosphere interactions: root exudates, 
microbes, and microbial communities. Botany 92:267–275. http://dx.doi.org/10.1139/
cjb-2013-0225

Ishimaru Y, Kakei Y, Shimo H et al (2011) A rice phenolic efflux transporter is essential for solu-
bilizing precipitated apoplasmic iron in the plant stele. J Biol Chem 286(28):24649–24655. 
doi:10.1074/jbc.M111.221168, PMID:21602276

Jansson JK, Neufeld JD, Moran MA et al (2011) Omics for understanding microbial functional 
dynamics. Environ Microbiol 14(1):1–3. doi:10.1111/j.1462-2920.2011.02518.x

Jones KM, Sharopova N, Lohar DP et al (2008) Differential response of the plant Medicago trun-
catula to its symbiont Sinorhizobium meliloti or an exopolysaccharide-deficient mutant. Proc 
Natl Acad Sci USA 105(2):704–709. doi:10.1073/pnas.0709338105

Juan Z, Subramanian S, Zhang Y et al (2007) Flavone Synthases from Medicago truncatula are 
flavanone-2-hydroxylases and are important for nodulation. Plant Physiol 144:741–751

Kardol P, Cornips NJ, van Kempen MML et al (2007) Microbe-mediated plant–soil feedback 
causes historical contingency effects in plant community assembly. Ecol Monogr 77:147–162

Kiers ET, Duhamel M, Beesetty Y et al (2011) Reciprocal rewards stabilize cooperation in the 
mycorrhizal symbiosis. Science 333(6044):880–882. doi:10.1126/science.1208473, PMID: 
21836016

Kim SA, Guerinot ML (2007) Mining iron: iron uptake and transport in plants. FEBS Letters 
581(12):2273–2280. doi:10.1016/j.febslet.2007.04.043

Kim JG, Park BK, Kim SU et al (2006) Bases of biocontrol: sequence predicts synthesis and mode 
of action of agrocin 84, the Trojan Horse antibiotic that controls crown gall. Proc Natl Acad Sci 
USA 103(23):8846–8851

Klepek YS, Geiger D, Stadler R et al (2005) Arabidopsis polyol transporters, a new member of the 
monosaccharide transporter-like superfamily, mediates H + −symport of numerous substrates 
including myo-inositol, glycerol and ribose. The Plant Cell 17:204–218

1 Rhizosphere Interactions: Life Below Ground

http://dx.doi.org/10.1016/j.femsle.2005.07.030
http://dx.doi.org/10.1007/s00374-009-0408-5
http://dx.doi.org/10.1016/j.soilbio.2004.07.037
http://dx.doi.org/10.1016/j.soilbio.2004.07.037
http://dx.doi.org/10.1007/s11104-007-9514-z
http://dx.doi.org/10.1007/s11104-007-9514-z
http://dx.doi.org/10.1073/pnas.0808005106
http://dx.doi.org/10.1128/EC.5.4.613-619.2006
http://dx.doi.org/10.1128/EC.5.4.613-619.2006
http://dx.doi.org/10.1007/s00425-005-0025-y
http://dx.doi.org/10.1007/s00425-005-0025-y
http://dx.doi.org/10.1139/cjb-2013-0225
http://dx.doi.org/10.1139/cjb-2013-0225
http://dx.doi.org/10.1074/jbc.M111.221168
http://dx.doi.org/10.1111/j.1462-2920.2011.02518.x
http://dx.doi.org/10.1073/pnas.0709338105
http://dx.doi.org/10.1126/science.1208473
http://dx.doi.org/10.1016/j.febslet.2007.04.043


20

Kobae Y, Sekino T, Yoshioka H et al (2006) Loss ofAtPDR8, a plasma membrane ABC transporter 
of Arabidopsis thaliana, causes hypersensitive cell death upon pathogen infection. Plant Cell 
Physiol 47:309–318

Kumar R, Bhatia R, Kukreja K et al (2007) Establishment of Azotobacter on plant roots: chemo-
tactic response, development and analysis of root exudates of cotton (Gossypium hirsutum L.) 
and wheat (Triticum aestivum L.). J Basic Microbiol 47:436–439

Kuzyakov Y (2002) Review: factors affecting rhizosphere priming effects. J Plant Nutr Soil Sc 
165(4):382–396

Lambrecht M, Okon Y, Vande BA et al (2000) Indole-3-acetic acid: a reciprocal signalling mole-
cule in bacteria-plant interactions. Trends Microbiol 8:298–300

Lee YH, Foster J, Chen J et al (2007) AAP1 transports uncharged amino acids into roots of 
Arabidopsis. The Plant Journal 50:305–319

Leyval C, Berthelin J (1993) Rhizodeposition and net release of soluble organic compounds by 
pine and beech seedlings inoculated with rhizobacteria and ectomycorrhizal fungi. Biol Fertil 
Soils 15(4):259–267. doi:10.1007/bf00337210

Ling N, Zhang W, Wang D et al (2013) Root exudates from grafted-root watermelon showed a 
certain contribution in inhibiting Fusarium oxysporum f. sp. niveum. PloS ONE 8(5):e63383. 
doi:10.1371/journal.pone.0063383

Liu J, Magalhaes JV, Shaff J et al (2009) Aluminum-activated citrate and malate transporters from 
the MATE and ALMT families function independently to confer Arabidopsis aluminum toler-
ance. Plant J 57(3):389–399. doi:10.1111/j.1365-313X.2008.03696.x, PMID:1882642

Ma JF, Yamaji N (2008) Functions and transport of silicon in plants. Cell Mol Life Sci 
65:3049–3057

Magalhaes JV, Liu J, Guimarães CT et al (2007) A gene in the multidrug and toxic compound 
extrusion (MATE) family confers aluminum tolerance in sorghum. Nat Genet 39(9):1156–
1161. doi:10.1038/ng2074, PMID: 17721535

Malinowski DP, Belesky DP (2000) Adaptations of endophyte-infected cool-season grasses to 
environmental stresses: mechanisms of drought and mineral stress tolerance. Crop Sci 
40(4):923–940. doi:10.2135/cropsci2000.404923x

Marschner H (1995) Mineral nutrition of higher plants. Academic, London
Mathesius U, Watt M (2010) Rhizosphere signals for plant-microbe interactions: implications for 

field-grown plants. In: Lüttge UE, Beyschlag W (eds) Progress in botany, vol 72. Springer, 
Berlin, pp 125–161. doi:10.1007/978-3-642-13145-5_5

Mayak S, Tirosh T, Glick BR (2004) Plant growth-promoting bacteria confer resistance in tomato 
plants to salt stress. Plant Physiol Biochem 42(6):565–572. doi:10.1016/j.plaphy.2004.05.009, 
PMID: 15246071

Meier IC, Avis PG, Phillips RP (2013) Fungal communities influence root exudation rates in pine 
seedlings. FEMS Microbiol Ecol 83(3):585–595. doi:10.1111/1574-6941.12016, PMID: 
23013386

Mendes R, Kruijt M, de Bruijn I et al (2011) Deciphering the rhizosphere microbiome for disease 
suppressive bacteria. Science 332(6033):1097–1100. doi:10.1126/science.1203980, PMID: 
21551032

Mercado-Blanco J, Bakker P (2007) Interactions between plants and beneficial Pseudomonas spp.: 
exploiting bacterial traits for crop protection. Antonie van Leeuwenhoek 92(4):367–389. 
doi:10.1007/s10482-007-9167-1

Morandi D, Bailey J, Gianinazzi-Pearson V (1984) Isoflavonoid accumulation in soybean roots 
infected with vesicular-arbuscular mycorrhizal fungi. Physiol Plant Pathol 24(3):357–364. 
doi:10.1016/0048-4059(84)90009-2

Mukerji KG, Manoharachary C, Singh J (2006) Microbial activity in the rhizospere, vol 7. Springer 
Science & Business Media, New York

Murray JD, Karas BJ, Sato S et al (2007) A cytokinin perception mutant colonized by Rhizobium 
in the absence of nodule organogenesis. Science 315:101–104

K.K. Nadarajah

http://dx.doi.org/10.1007/bf00337210
http://dx.doi.org/10.1371/journal.pone.0063383
http://dx.doi.org/10.1111/j.1365-313X.2008.03696.x
http://dx.doi.org/10.1038/ng2074
http://dx.doi.org/10.2135/cropsci2000.404923x
http://dx.doi.org/10.1007/978-3-642-13145-5_5
http://dx.doi.org/10.1016/j.plaphy.2004.05.009
http://dx.doi.org/10.1111/1574-6941.12016
http://dx.doi.org/10.1126/science.1203980
http://dx.doi.org/10.1007/s10482-007-9167-1
http://dx.doi.org/10.1016/0048-4059(84)90009-2


21

Nadarajah K (2016) Induced systemic resistance in rice. In: Choudhary KD, Varma A (eds) 
Microbial-mediated induced systemic resistance in plants. Springer, Singapore, pp 103–124. 
doi:10.1007/978-981-10-0388-2_7

Naher UA, Othman R, Mohd Saud H et al (2008) Effect of inoculation on root exudates carbon 
sugar and amino acids production of different rice varieties. Res J Microbiol 3(9):580–587

Narasimhan K, Basheer C, Bajic VB et al (2003) Enhancement of Plant–microbe interactions 
using a rhizosphere metabolomics-driven approach and its application in the removal of poly-
chlorinated biphenyls. Plant Physiol 132(1):146–153. doi:10.1104/pp.102.016295, PMID: 
12746520

Neal AL, Ahmad S, Gordon-Weeks R et al (2012) Benzoxazinoids in root exudates of maize attract 
Pseudomonas putida to the rhizosphere. PloS ONE 7(4):e35498. doi:10.1371/journal.
pone.0035498, PMID: 22545111

Newton AC, Fitt BDL, Atkins SD et al (2010) Pathogenesis, parasitism and mutualism in the tro-
phic space of microbe–plant interactions. Trends Microbiol 18(8):365–373. doi:10.1016/j.
tim.2010.06.002, PMID: 20598545

Nguema-Ona E, Vicré-Gibouin M, Cannesan M-A et al (2013) Arabinogalactan proteins in root–
microbe interactions. Trends Plant Sci 18(8):440–449. doi:10.1016/j.tplants.2013.03.006, 
PMID: 23623239

Nguyen C (2003) Rhizodeposition of organic C by plants: mechanisms and controls. Agronomoie 
23:375–396

Nihorimbere V, Ongena M, Smargiassi M et al (2011) Beneficial effect of the rhizosphere micro-
bial community for plant growth and health. Biotechnol Agron Soc 15:327–337

Novas MV, Iannone LJ, Godeas AM et al (2011) Evidence for leaf endophyte regulation of root 
symbionts: effect of Neotyphodium endophytes on the pre-infective state of mycorrhizal fungi. 
Symbiosis 55(1):19–28. doi:10.1007/s13199-011-0140-4

Nozoye T, Nagasaka S, Kobayashi T et al (2011) Phytosiderophore efflux transporters are crucial 
for iron acquisition in graminaceous plants. J Biol Chem 286(7):5446–5454. doi:10.1074/jbc.
M110.180026

Oba H, Tawaraya K, Wagatsuma T (2002) Inhibition of pre-symbiotic hyphal growth of arbuscular 
mycorrhizal fungus Gigaspora margarita by root exudates of Lupinus spp. Soil Sci Plant Nutr 
48(1):117–120. doi:10.1080/00380768.2002.10409180

Okon Y, Itzigsohn R (1995) The development of Azospirillum as a commercial inoculant for 
improving crop yields. Biotechnol Adv 13:415–424

Ortiz-Castro R, Contreras-Cornejo HA, Macias-Rodriguez L et al (2009) The role of microbial 
signals in plant growth and development. Plant Signal Behav 4:701–712

Parmar N (1995) Interactions of rhizosphere bacteria with Cicer-Rhizobium symbiosis. CCS 
Haryana Agricultural University, Hisar

Parmar N, Dadarwal KR (1997) Rhizobacteria from rhizosphere and rhizoplane of chick pea 
(Cicer arietinum L.). Indian J Microbiol 37:205–210

Paterson E, Sim A, Standing D et al (2006) Root exudation from Hordeum vulgare in response to 
localized nitrate supply. J Exp Bot 57:2413–2420

Phillips DA, Fox TC, King MD et al (2004) Microbial products trigger amino acid exudation from 
plant roots. Plant Physiol 136(1):2887–2894. http://dx.doi.org/10.1104/pp.104.044222

Pineros MA, Magalhaes JV, Alves VMC et al (2002) The physiology and biophysics of an alumi-
num tolerance regulation and function of root exudates mechanism based on root citrate exuda-
tion in maize. Plant Physiol 129:1194–1206

Poysti NJ, Loewen ED, Wang Z et al (2007) Sinorhizobium meliloti pSymB carries genes neces-
sary for arabinose transport and catabolism. Microbiol 153(3):727–736. doi:10.1099/
mic.0.29148-0

Raaijmakers J, Paulitz T, Steinberg C et al (2009) The rhizosphere: a playground and battlefield for 
soilborne pathogens and beneficial microorganisms. Plant Soil 321(1–2):341–361. doi:10.1007/
s11104-008-9568-6

1 Rhizosphere Interactions: Life Below Ground

http://dx.doi.org/10.1007/978-981-10-0388-2_7
http://dx.doi.org/10.1104/pp.102.016295
http://dx.doi.org/10.1371/journal.pone.0035498
http://dx.doi.org/10.1371/journal.pone.0035498
http://dx.doi.org/10.1016/j.tim.2010.06.002
http://dx.doi.org/10.1016/j.tim.2010.06.002
http://dx.doi.org/10.1016/j.tplants.2013.03.006
http://dx.doi.org/10.1007/s13199-011-0140-4
http://dx.doi.org/10.1074/jbc.M110.180026
http://dx.doi.org/10.1074/jbc.M110.180026
http://dx.doi.org/10.1080/00380768.2002.10409180
http://dx.doi.org/10.1104/pp.104.044222
http://dx.doi.org/10.1099/mic.0.29148-0
http://dx.doi.org/10.1099/mic.0.29148-0
http://dx.doi.org/10.1007/s11104-008-9568-6
http://dx.doi.org/10.1007/s11104-008-9568-6


22

Raaijmakers JM, de Bruijn I, Nybroe O et al (2010) Natural functions of lipopeptides from Bacillus 
and Pseudomonas: more than surfactants and antibiotics. FEMS Microbiol Rev 34(6):1037–
1062. doi:10.1111/j.1574-6976.2010.00221.x

Ramos-González MI, Campos MJ, Ramos JL (2005) Analysis of Pseudomonas putida KT2440 
gene expression in the maize rhizosphere: in vivo expression technology capture and identifica-
tion of root-activated promoters. J Bacteriol 187(12):4033–4041. doi:10.1128/
JB.187.12.4033-4041.2005

Requena N, Perez-Solis E, Azcon-Aguilar C et al (2001) Management of indigenous plant-microbe 
symbioses aids restoration of desertified ecosystems. Appl Environ Microbiol 67:495–498

Rokhzadi A, Asgharzadeh A, Darvish F et al (2008) Influence of plant growth promoting rhizobac-
teria on dry matter accumulation of chickpea (Cicer arietinum L) under field conditions. JAES 
3(2):253–257

Ryan PR, Tyerman SD, Sasaki T et al (2011) Identification of aluminium-resistance genes in plants 
provides an opportunity for enhancing the acid-soil tolerance of crop species. J Exp Bot 
62:9–20

Ryu CM, Farag MA, Hu CH et al (2004) Bacterial volatiles induce systemic resistance in 
Arabidopsis. Plant Physiology 134:1–10

Saharan B, Nehra V (2011) Plant growth promoting rhizobacteria: a critical review. Life Sci Med 
Res LSMR-21:1–30

Sanchez-Contreras M, Bauer WD, Gao M et al (2007) Quorum-sensing regulation in rhizobia and 
its role in symbiotic interactions with legumes. Philos Trans R Soc Lond B 362(1483):1149–
1163. doi:10.1098/rstb.2007.2041

Sanders D, Bethke P (2000) Membrane transport. In: Buchanan BB, Gruisham W, Jones RL (eds) 
Biochemistry and molecular biology of plants. ASPP, Rockville, pp 110–158

Santi C, Bogusz D, Franche C (2013) Biological nitrogen fixation in non-legume plants. Annals of 
Botany 111:743–767. doi:10.1093/aob/mct048

Schnitzer SA, Klironomos JN, HilleRisLambers J et al (2011) Soil microbes drive the classic plant 
diversity-productivity pattern. Ecology 92(2):296–303

Sidler M, Hassa P, Hasan S et al (1998) Involvement of an ABC transporter in a developmental 
pathway regulating hypocotyl cell elongation in the light. Plant Cell 10:1623–1636

Siegrid S, Lendzemo V, Langer I et al (2007) Flavonoids and strigolactones in root exudates as 
signals in symbiotic and pathogenic plant-fungus interactions. Molecule 12:1290–1306

Simons M, Permentier HP, de Weger LA et al (1997) Amino acid synthesis is necessary for tomato 
root colonization by Pseudomonas fluorescens strain WCS365. Mol Plant Microbe Interac 
10(1):102–106. doi: http://dx.doi.org/10.1094/MPMI.1997.10.1.102

Snyder BA, Leite B, Hipskind J et al (1991) Accumulation of sorghum phytoalexins induced by 
Colletotrichum graminicola at the infection site. Physiol Mol Plant P 39:463–470

Stearns JC, Woody OZ, McConkey BJ et al (2012) Effects of bacterial ACC deaminase on Brassica 
napus gene expression. Mol Plant Microbe Interac 25(5):668–676. doi:10.1094/MPMI-08- 
11- 0213, PMID: 22352713

Steenhoudt O, Vanderleyden J (2000) Azospirillum, a free living nitrogen fixing bacterium closely 
associated with grasses. FEMS Microbiol Lett 24:506

Stein M, Dittgen J, Sanchez-Rodriguez C et al (2006) Arabidopsis PEN3/PDR8, an ATP binding 
cassette transporter, contributes to nonhost resistance to inappropriate pathogens that enter by 
direct penetration. The Plant Cell 18:731–746

Svennerstam H, Ganeteg U, Bellini C et al (2007) Comprehensive screening of Arabidopsis 
mutants suggests the lysine histidine transporter 1 to be involved in plant uptake of amino 
acids. Plant Physiol 143:1853–1860

Taddei P, Tugnoli V, Bottura G et al (2002) Vibrational, 1H-NMR spectroscopic, and thermal char-
acterization of gladiolus root exudates in relation to Fusarium oxysporum f. sp. gladioli resis-
tance. Biopolymers 67(6):428–439. doi:10.1002/bip.10170

Teplitski M, Robinson JB, Bauer WD (2000) Plants secrete substances that mimic bacterial N-acyl 
homoserine lactone signal activities and affect population density-dependent behaviors in 

K.K. Nadarajah

http://dx.doi.org/10.1111/j.1574-6976.2010.00221.x
http://dx.doi.org/10.1128/JB.187.12.4033-4041.2005
http://dx.doi.org/10.1128/JB.187.12.4033-4041.2005
http://dx.doi.org/10.1098/rstb.2007.2041
http://dx.doi.org/10.1093/aob/mct048
http://dx.doi.org/10.1094/MPMI.1997.10.1.102
http://dx.doi.org/10.1094/MPMI-08-11-0213
http://dx.doi.org/10.1094/MPMI-08-11-0213
http://dx.doi.org/10.1002/bip.10170


23

associated bacteria. Mol Plant Microbe Interact 13(6):637–648. doi: http://dx.doi.org/10.1094/
MPMI.2000.13.6.637

Teplitski M, Chen H, Rajamani S et al (2004) Chlamydomonas reinhardtii secretes compounds 
that mimic bacterial signals and interfere with quorum sensing regulation in bacteria. Plant 
Physiol 134(1):137–146. doi:10.1104/pp.103.029918, PMID: 14671013

Tirichine L, Sandal N, Madsen LH et al (2007) A gain-of-function mutation in a cytokinin receptor 
triggers spontaneous root nodule organogenesis. Science 315:104–107

Uren NC (2000) Types, amounts, and possible functions of compounds released into the rhizo-
sphere by soil-grown plants. In: Pinton R, Varanini Z, Nannipieri P (eds) The rhizosphere: 
biochemistry and organic substances at the soil–plant interface. Marcel Dekker, Inc., New York, 
pp 19–40

Urich T, Lanzén A, Qi J et al (2008) Simultaneous assessment of soil microbial community struc-
ture and function through analysis of the meta-transcriptome. PloS One 3(6):e2527. doi: http://
dx.doi.org/10.1371/journal.pone.0002527

Vicré M, Santaella C, Blanchet S et al (2005) Root border-like cells of Arabidopsis. Microscopical 
characterization and role in the interaction with rhizobacteria. Plant Physiol 138(2):998–1008. 
doi:10.1104/pp.104.051813

Walker TS, Bais HP, Grotewold E et al (2003) Root exudation and rhizosphere biology. Plant 
Physiol 132(1):44–51. doi: http://dx.doi.org/10.1104/pp.102.019661

Weir TL, Park S-W, Vivanco JM (2004) Biochemical and physiological mechanisms mediated by 
allelochemicals. Curr Opin Plant Biol 7(4):472–479. doi:10.1016/j.pbi.2004.05.007

Weston LA, Ryan PR, Watt M (2012) Mechanisms for cellular transport and release of allelo-
chemicals from plant roots into the rhizosphere. J Exp Bot 63:3445–3454. doi:10.1093/jxb/
ers054, PMID: 22378954

Winkel-Shirley B (2001) Flavonoid biosynthesis: a colorful model for genetics, biochemistry, cell 
biology and biotechnology. Plant Physiol 126:485–493

Wu X-G, Duan H-M, Tian T et al (2010) Effect of the hfq gene on 2,4-diacetylphloroglucinol 
production and the PcoI/PcoR quorum-sensing system in Pseudomonas fluorescens 2P24. 
FEMS Microbiol Lett 309(1):16–24. doi:10.1111/j.1574-6968.2010.02009.x

Xie F, Williams A, Edwards A et al (2012) A plant arabinogalactan like glycoprotein promotes a 
novel type of polar surface attachment by Rhizobium leguminosarum. Mol Plant–Microbe 
Interact 25(2):250–258. doi:10.1094/MPMI-08-11-0211, PMID: 21995765

Yadegari M, Rahmani HA, Noormohammadi G et al (2008) Evaluation of bean (Phaseolus vul-
garis) seeds inoculation with Rhizobium phaseoli and plant growth promoting rhizobacteria on 
yield and yield components. Pak J Biol Sci 11:1935–1939

Yoneyama K, Xie X, Sekimoto H et al (2008) Strigolactones, host recognition signals for root 
parasitic plants and arbuscular mycorrhizal fungi, from Fabaceae plants. New Phytol 
179(2):484–494. doi:10.1111/j.1469-8137.2008.02462.x

Zahran HH (1999) Rhizobium–legume symbiosis and nitrogen fixation under severe conditions 
and in an arid climate. Microbiol Mol Biol Rev 63(4):968–989, PMID: 10585971

Zhang J, Subramanian S, Stacey G et al (2009) Flavones and flavonols play distinct critical roles 
during nodulation of Medicago truncatula by Sinorhizobium meliloti. Plant J 57(1):171–183. 
doi:10.1111/j.1365-313X.2008.03676.x

Zhuang X, Gao J, Ma A et al (2013) Bioactive molecules in soil ecosystems: masters of the under-
ground. Int J Mol Sci 14(5):8841–8868. doi:10.3390/ijms14058841

1 Rhizosphere Interactions: Life Below Ground

http://dx.doi.org/10.1094/MPMI.2000.13.6.637
http://dx.doi.org/10.1094/MPMI.2000.13.6.637
http://dx.doi.org/10.1104/pp.103.029918
http://dx.doi.org/10.1371/journal.pone.0002527
http://dx.doi.org/10.1371/journal.pone.0002527
http://dx.doi.org/10.1104/pp.104.051813
http://dx.doi.org/10.1104/pp.102.019661
http://dx.doi.org/10.1016/j.pbi.2004.05.007
http://dx.doi.org/10.1093/jxb/ers054
http://dx.doi.org/10.1093/jxb/ers054
http://dx.doi.org/10.1111/j.1574-6968.2010.02009.x
http://dx.doi.org/10.1094/MPMI-08-11-0211
http://dx.doi.org/10.1111/j.1469-8137.2008.02462.x
http://dx.doi.org/10.1111/j.1365-313X.2008.03676.x
http://dx.doi.org/10.3390/ijms14058841


25© Springer Nature Singapore Pte Ltd. 2016
D.K. Choudhary et al. (eds.), Plant-Microbe Interaction: An Approach  
to Sustainable Agriculture, DOI 10.1007/978-981-10-2854-0_2

M. Chatterjee • R. Bhattacharya • R. Bhattacharyya (*) 
Department of Biological Sciences, Presidency University,  
86/1, College Street, Kolkata 700073, West Bengal, India
e-mail: rabindranathbpc@yahoo.co.in

2Shaping the Other Sides: Exploring 
the Physical Architecture of Rhizosphere

Madhurima Chatterjee, Raktim Bhattacharya, 
and Rabindranath Bhattacharyya

Abstract
The root system is immediately surrounded by a narrow zone of soil called the 
rhizosphere. A major proportion of biodiversity of the soil resides in the rhizo-
sphere, hence accounting for the various activities found in that area. There are 
various abiotic and biotic factors which help in modifying the physical structure 
of the rhizosphere. The main abiotic factors are light, temperature, humidity, 
carbon dioxide, water uptake, pH change, etc. The physical architecture deter-
mines the richness of the microbial community which in turn affects the plant 
growth. In this chapter, the various physical and chemical processes occurring in 
the rhizosphere and how the change in environment hampers these factors and 
how that affects the rhizospheric diversity in modifying the microbial ecology 
and root architecture will be discussed.

2.1  Introduction

Soil is considered the habitat of most of the organisms on earth, ranging from pro-
karyotes to eukaryotes. It consists of the important organisms, like various soil 
microflora and fungi including invertebrates (like protozoa, mites, nematodes, 
earthworms and insects) (Hinsinger et al. 2009). It is estimated that the number of 
prokaryotes inhabiting the soil ecosystem is three times more than the combination 
of all the other environmental counterparts of the earth’s ecosystem (Curtis et al. 
2002; Crawford et al. 2005; Curtis and Sloan 2005). Soil is the platform where the 
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plant grows; it is from the soil that most of the members of plant community 
acquired the required amount of nutrition and water in the form of sap.

The rhizosphere is defined to be the volume of soil around the living roots, influ-
enced by certain activity of the root (Darrah 1993; Hinsinger 1998a). The rhizo-
sphere is considered to be the hot spot of activity in soils, constituting its unique 
environment. It is believed that most of the diversity of soils resides in the rhizo-
sphere (Jones and Hinsinger 2008). Different physical, chemical and biochemical 
processes occur in the rhizosphere as a result of root growth, water and mineral 
uptake, rhizodeposition and respiration. These factors distinguish it from the bulk 
soil. Microbial ecology and plant physiology are also affected owing to these 
processes.

The term rhizosphere was first coined by German plant physiologist and agrono-
mist Lorenz Hiltner. The word rhizosphere originated from the Greek word rhiza 
(meaning root) (Hiltner 1904; Hartmann et al. 2008). From that time the definition 
and explanation of the term rhizosphere has undergone a thorough modification. 
And nowadays it has been considered that rhizosphere actually consists of three 
basic parts, and they are:

 1. Endorhizosphere, the region which includes the cortex and endodermis, where 
microbes along with the cations can occupy the apoplastic space

 2. The rhizoplane, which is the middle portion of the root situated just beside the 
root, consisting of the epidermis (epiblema) and mucilage

 3. The ectorhizosphere, which is the outermost region, which spans from the rhizoplane 
to the outer bulk soil

Now it has been understandably clear that by the term rhizosphere, we cannot 
define a specific area, but it defines a zone of gradient spanning across the root along 
with the soil microflora as well as some physical and chemical factors.

The Physical Properties and Processes of the Rhizosphere The physical pro-
cesses occurring in the rhizosphere are responsible for the movement of water and 
minerals inside and outside of the root.

The factors which alter the physical properties of the rhizosphere are primarily 
the root activities necessary for the root’s growth and uptake of water. The bulk 
density, porosity and soil strength are some of the notable physical factors which are 
affected by the forces exerted by the growth of the root (Dexter 1987; Czarnes et al. 
1999). Changes in soil structure are found due to changes in the physical properties 
of the rhizosphere. This is caused mainly by polysaccharides which constitute a 
major proportion of rhizodeposits (Czarnes et al. 2000). Rhizodeposits are basically 
certain organic compounds (mostly C-rich substrates) which are released by the 
plant roots, to be fed by heterotrophic bacteria (Lynch and Whipps 1990; Jones 
et al. 2004, 2009). Rhizodeposition alters the nutrient abundance in the rhizosphere. 
Rhizosheaths, which are certain unique structural features restricted to rhizosphere, 
are formed by the mucilage produced from the roots and also root hairs (McCully 
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1999). Rhizosheaths are mainly found in the grasses. Aggregation of soil around 
roots can be attributed to the mycorrhizal hyphae and also the exopolysaccharides 
secreted by the microorganisms residing in the rhizosphere (Amellal et al. 1998). 
These processes facilitate or retard the transport of water, solutes and toxic com-
pounds and also affect plant nutrition and health.

Water uptake can also have dramatic effect on the rhizosphere architecture 
(Doussan et al. 2003). This alters the water potential around the roots by affecting 
the microbial activities happening in the rhizosphere as well as the radial movement 
of water particles.

Water captured in the rhizospheric region will be supplied throughout the whole 
plant, so change in water potential can greatly affect the rhizosphere. A very recent 
study on cavitation and its effect on cohesion-tension theory depicted that the small 
roots are more vulnerable to cavitation, so these small roots may be the weakest link 
in the soil-plant-atmosphere continuum (Hacke and Sauter 1996). It has also been 
found that, in Acer grandidentatum, if the negative water potential (ψ) remains 
constant, then the safety margin of cavitation of the roots is smaller than that of the 
shoots (Alder et al. 1996). As a result of this, at the time of drought, extensive cavi-
tation in the roots inhibits the gas exchange in the shoots.

Moreover, the soil-water relationships, viscosity and surface tension properties 
of the soil are affected by the mucilage secreted by the roots.

The soil associated with roots confers a resistance to the external, mechanical 
stress in comparison to the bulk soil, thus exhibiting increased stability. The 
enhanced soil stability within and outside the rhizosphere can also be due to certain 
biological activity.

2.1.1  Chemical Processes and Properties of the Rhizosphere

Plant roots perform various functions like absorption, respiration and exudation. 
These functions are responsible for changes in nutrient and toxic elements’ concen-
trations, pH, redox potential, partial pressure of oxygen and partial pressure of car-
bon dioxide in the rhizosphere (Hinsinger 1998a).

Due to rhizodeposition, there occurs a carbon flow in the rhizosphere, triggering 
the growth of bacteria. So, it seems that the rhizosphere gets enriched by C, but it 
lacks nitrogen. Nutrient uptake by roots often results in nutrient depletion in the 
rhizosphere. Nutrients such as calcium, magnesium and potassium occurring as sol-
utes in the soil solution get transferred and are accumulated near the root surface by 
mass flow, when the flow of the nutrient transferred is more than the plant’s demand 
(Lorenz et al. 1994; Barber 1995; Hinsinger 2004). Similarly, the nutrient concen-
tration decreases in the rhizosphere when the flow is less than that required by the 
plant. This type of decrease is mainly found for phosphorus, nitrogen and potassium 
(Hendriks et al. 1981; Kuchenbuch and Jungk 1982; Gahoonia et al. 1992; Hinsinger 
et al. 2005). Hence, based on the two conditions, the rhizosphere may become 
nutrient- enriched or nutrient-depleted zone.
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The pH of the rhizosphere generally increases when the plants absorb nitrogen as 
NO3ˉ. Hence the rhizosphere becomes alkaline in this condition. But when the 
plants absorb nitrogen as N2 or NH4

+, the pH decreases (Nye 1981). The pH change 
can be calculated from efflux of H+ efflux and radius of the root, initial pH, pH 
buffering capacity, partial pressure of CO2 in the soil and also moisture content (Nye 
1981). pH changes also affect nutrient availability. Protons in the rhizosphere 
compete for metal cations (e.g. Cu and Zn) (Loosemore et al. 2004; Michaud et al. 
2007) on cation binding sites, thus altering nutrient composition. pH change some-
times has a dramatic effect on phosphorus acquisition.

Again, it is found that roots and rhizosphere microorganisms often exude certain 
organic ligands which help in increment of nutrient availability by desorption of 
anions in exchange of the ligands (Hinsinger 2001a; Ryan et al. 2001; Read et al. 
2003; Dunbabin et al. 2006).

Usually in the rhizosphere, increased activity of certain enzymes like phospha-
tases, proteases and arylsulfatases, released by ectomycorrhizal fungi and microor-
ganisms, is found, in comparison to bulk soil. These help in cycling of P, N and S.

2.1.2  Rhizosphere Architecture

Rhizosphere architecture can vary between species or between genotypes of a given 
species (Ge et al. 2000). It also changes in response to environmental cues; e.g. 
roots proliferate in nutrient-rich patches or roots form cluster in phosphorus 
deficiency.

It is found that root hairs by extending up to a few millimetres away from the root 
surface can increase the rhizosphere volume (Bhat et al. 1976). Similarly, the 
mycorrhizal hyphae in phosphate-deficient soil can extend several centimetres 
above the soil surface, thus enhancing the volume of the rhizosphere of the plants 
having symbiotic relationships with mycorrhizae (Li et al. 1991; Jakobsen et al. 
1992; Read and Perez-Moreno 2003).

Following are the factors which affect the rhizosphere architecture:

2.1.2.1  Effects of Elevated Atmospheric CO2 on the Microbial 
Structure and Rhizosphere Architecture

When concentration of atmospheric CO2 increases, then it alters the plant C alloca-
tion. Several biochemical and physiological reactions start occurring in the fine 
roots, ultimately affecting the rhizosphere food webs, also the rates at which the C 
and N cycle take place. Mycorrhiza and the fine roots are mainly responsible for the 
mineral nutrition, input of soil C as well as microbial activity inside the soil. With 
increased CO2 concentrations, fine root growth is enhanced (Curtis 1996; Curtis and 
Wang 1998; Pendall et al. 2004; Rillig et al. 1997). Increased rate of nutrient uptake 
and mycorrhizal activities are also found which sometimes can alter the dynamic 
equilibrium existing between the rhizosphere microbial community and plant roots 
(Hu et al. 1999; Klironomos et al. 1996). Mycorrhizal biomass increases due to 
limited C and nutrient availability. So, mycorrhizae are indirectly affected due to 
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changes in C allocation from their host plants (Allen et al. 2005; Gamper et al. 2004, 
2005; Parrent et al. 2006; Sanders et al. 1998; Staddon et al. 2002; Treseder and 
Allen 2000).

With increase in CO2 concentration, the existing C dynamics in the rhizosphere 
is altered resulting in an elevated C/N ratio of rhizodeposition, despite no increase 
in the total plant biomass (Hu et al. 1999; Paterson et al. 1997).

It is found that the soil respiration consisting of root and microbial respiration 
increased when the plants were exposed to higher CO2 concentrations.

Microbial growth and activity are usually stimulated in response to elevated CO2 
levels (Cotrufo and Gorissen 1997; Diaz et al. 1993; Paterson et al. 1997; Sadowsky 
and Schortemeyer 1997; Zak et al. 1993, 2000). This results in an increase in graz-
ing which again results in a quicker nutrient recycling from the bacterial biomass, 
thus increasing nutrient flux to the plant.

2.1.2.2  Effect of Light on Rhizosphere Architecture
It is often found that the light intensity is directly proportional to the production of 
roots. It means that the plants which are subjected to low light intensity show slower 
growth rate of roots in comparison to the plants which are treated with high light 
intensity (Biswell 1935; Haig 1936). Hence plants receiving sunlight show a good 
response to root development than plants remaining under shade. An increment in 
the ratio of dry weights of roots to tops was observed in several species (Shirley 
1936).

Infection by the vesicular-arbuscular mycorrhizae (VAM) is influenced by the 
photon flux density and photoperiod. When the plants, especially at higher altitudes, 
are subjected to higher light intensity, in sunlit areas and during springtime or sum-
mer, greater mycorrhizal infection was observed (Winter and Meloh 1958). Light 
intensity not only affects the shaping of the root, but also it helps in the rhizosphere 
microflora maintenance. In one study it has been found that increasing light inten-
sity is actually helping Glomus fasciculatum, vesicular-arbuscular mycorrhizal 
(VAM) fungi, to increase colonization in the roots of Sudan grass (Ferguson and 
Menge 1982). All these are the evidences, which clearly indicate that root growth is 
actually directly proportional to the photosynthetic carbon production by the shoot 
and which ultimately depends on the light. So, the more a plant will get light, the 
more there will be photosynthesis, hence more carbon, thus more root growth. 
Similarly, it is found that photoperiods of longer duration cause increased infection 
of mycorrhiza in comparison to photoperiods of shorter duration (Hayman 1974).

2.1.2.3  Effect of Temperature on Rhizosphere Architecture
Soil temperature has a positive correlation with the root growth. The higher the 
temperature, the higher the root growth, and reduced growth of the root is observed 
during lower temperature prevailing in the soil. An experiment performed on young 
loblolly pine seedlings shows that with increasing temperature, initially there was a 
uniform rise in root growth rate at 5 till 25 °C, after which the root growth declined 
(Barney 1951). The length of the individual root is expressed as a function of time. 
This root growth can be calculated by the following formula:
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 Y y b x x= + −( ),  

where

Y = length of any individual root
x = average response of root growth to a given temperature
y– = average of y values
x– = average of x values
b = coefficient of the regression equation (Barney 1951).

Increase in soil temperature influences heterotrophic respiration, thus affecting 
atmospheric CO2. Enzyme activity and chemical kinetics get increased, thus 
increasing decomposition rates in the soil. This ultimately leads to decreased net 
ecosystem production (NEP). Elevated soil temperatures again trigger microbial 
activity and increase availability of N and also the net primary productivity (NPP). 
It also results in an increased activity of the roots and soil heterotrophic organ-
isms, and these are thus responsible for the loss of carbon dioxide and methane 
from the soil. The soils often dry up owing to an increase in the soil temperature; 
thus various soil nutrients get immobilized. Higher temperature often results in an 
increase in the number of fine roots. This has been seen in Pinus taeda but not 
Pinus ponderosa (King et al. 1996). Root N concentration is found to increase in 
response to higher temperature (King et al. 1997; Kandeler et al. 2002; Wan et al; 
2004), owing to diffusion and mineralization of N, which are elevated at increased 
temperature (BassiriRad et al. 1993; BassiriRad 2000). This higher N concentra-
tion sometimes results in mortality of the fine roots, thus affecting the soil N 
cycling (Zak et al. 2000).

2.1.2.4  Effect of pH Change on Rhizosphere Architecture
Whenever there is an imbalance of cation-anion uptake at the root-soil interface, the 
roots try to adjust the pH of the rhizosphere by releasing H+ or OH− ions. When a 
surplus of cations enter in comparison to anions, then to compensate for the extra 
positive charges entering the cell, H+ ions are released into the apoplasm, thus 
increasing the pH of the cytosol. This type of pH adjustment occurs when the plant 
is treated with K2SO4 solution and an excess amount of K+ ions enters the cell than 
the SO4

2− ions (Haynes 1990; Hiatt 1967; Marschner 1995). Similarly, when an 
excess of anions enter the cell in comparison to cations, to compensate for the sur-
plus negative charges entering, OH− ions are released into the apoplasm, thereby 
decreasing the pH. This type of pH adjustment occurs when the plant is treated with 
CaCl2 solution and an excess amount of Cl− ions enters the cell than the Ca2+− ions 
(Hiatt 1967; Haynes 1990; Marschner 1995). Plants like legumes, showing a depen-
dence on atmospheric N2, release excess positive charges in the form of H+ since 
they are able to take up more cations than anions and thus increase the acidity by 
decreasing the pH.
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Again, it is found that some portions of the root just behind the root apex may 
release H+, while basal parts release OH− ions into the rhizosphere, thus construct-
ing a spatial variation along the root axes (Jaillard et al. 2002).

Organic acids, e.g. citric acid, malic acid and oxalic acid, play a major role in soil 
acidification (Jones and Brassington 1998; Jones et al. 2002). These acids are pres-
ent in increased concentrations in the root cells. In few plant species, these acids are 
found to be present inside the vacuoles of root cells, while in others these acids are 
exuded into the rhizosphere.

It has been found that under various conditions of stresses, localized exudation 
of H+ ions occurs to tackle the ion imbalance in the rhizosphere. Among these the 
most noted are shortage of iron (Fe) or phosphorus (P) or aluminium (Al)-induced 
toxicity in the form of Al3+ (Haynes 1990; Hinsinger 2001b). Al3+ toxicity decreases 
NO3

− uptake, thus causing increased acidification of the rhizosphere. Hence nowa-
days, Al-resistant genotypes are being made by the scientists. These genotypes will 
be better suited to take up anions, thus decreasing acidity in the soil and alkalinizing 
the environment.

2.2  Conclusion

Thus it can be said that rhizosphere is one of richest biodiversity regions in the soil 
containing a variety of organisms. The very essence of rhizosphere lies at the basics 
of community and mutual interaction. Apart from that, there are many physical and 
chemical factors that play a vital role in shaping the rhizosphere into its complete 
structure. Most of the time, the biotic factors controlling the architecture of the rhi-
zosphere are taken into account. But these physicochemical factors like bulk den-
sity, porosity and soil strength, light, temperature and pH also play a major role in 
modifying the rhizosphere architecture. Water uptake can change the water poten-
tial around the roots by affecting the microbial activities taking place in the rhizo-
sphere as well as the radial movement of water particles. Usually soil temperature 
shows a positive correlation with the growth of roots. Change in pH in the rhizo-
sphere affects the nutrient availability of the plant. Generally more roots are pro-
duced in response to increasing light intensity. With increase in CO2 concentration, 
the existing C dynamics in the rhizosphere is altered resulting in an elevated C/N 
ratio of rhizodeposition. The random fluctuation of these factors is giving rise to 
loss of rhizospheric microflora, which in turn affects the plant which is in symbiotic 
relationship with the affected bacteria and fungi. If we want to save our planet, we 
need to save the trees, and for that we need to keep this rhizosphere intact. Especially 
with the event of global warming looming over us, the optimum values of each and 
every physical factor and how change of one factor can affect another are very much 
important. Presently it is our need to determine the range of change of these opti-
mum values up to which a plant can tolerate, and above all it is also needed to 
determine how these physical factors cross-talk with each other; only then can one 
understand the language of rhizosphere. Still, lots of investigations need to be done 
to understand the proper architecture of the rhizosphere. Various short-term and 
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long-term experiments need to be performed at the molecular level in the future to 
better understand the effects of the physical factors on the structure of the 
rhizosphere.
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Growth-Stimulating Rhizobacteria
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Abstract
Plant growth-stimulating rhizobacteria (PGPR) are the symbiotic soil-dwelling 
bacteria existed at the outer part of the plant root and participate for growth and 
improvement of the crops. Various regulatory substances are secreted by these 
bacteria in the circumstances of rhizospheric regions. Normally, PGPR mecha-
nisms simplify the growth of a plant by fixing the nitrogen from atmospheric 
regions, dissolved the phosphorus and other raw materials, siderophores assem-
bly which liquefy the appropriated iron, or controlling the phytohormones levels 
at numerous phases of growth. When unplanned development of plant growth 
takes place, the activities of PGPR diminish or avoid the disastrous effect of one 
or more plant pathogens microbes in the form of biocontrol agents. Various 
researchers have been recognized to improve the fitness and proficiency of aqua-
naut’s species of plants by using the growth-supporting rhizospheric bacteria 
under systematic and harassed circumstances. The advantageous rhizobacteria of 
the plant may reduce the comprehensive dependency on hazardous agronomic 
compounds which disrupt the agro-biota. This chapter emphasizes on the insight 
of the rhizospheric microbe which supports the growth of plant under the exist-
ing viewpoints. Conclusively, these favorable rhizospheric bacteria in various 
agro-biotas have been offered scientifically under normal and stress circum-
stances to focus on current developments with the objectives to improve forth-
coming visions.
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3.1  Introduction

The soil has one of the utmost essential raw materials for the existence of microbes 
directly or indirectly. Microbes elaborate the numerous biotic activities in the soil 
biota to make it energetic for nutrient turnover and biological for crop production 
(Chandler et al. 2008; Paul and Lade 2014). They stimulate the growth of plants 
through biological cycles of micro- and macronutrients in soils, producing plentiful 
plant growth substances, and protect the plants from plant pathogens by regulating 
or preventing them. They detoxify the polluted soil by sequestering contaminated 
heavy metals, biodegrading the xenobiotic components such as pesticides, as well 
as reducing the biotic or abiotic stress of plants, without deliberating the pathoge-
nicity (Braud et al. 2009). Certainly, sufficient microbial colony is found surround-
ing the root of plants (rhizobacteria), which are responsible for the more adaptability 
in assembling, altering, and solubilizing the nutrients compared to those from bulk 
soils (Hayat et al. 2010). The integrated plant nutrient management system is more 
successful for cultivating the crop production between ecologists and agronomists 
using biological approaches. In this perspective, those types of rhizospheric bacteria 
which have original traits like heavy metal-detoxifying capabilities, salinity toler-
ance, pesticide removal, and biocontrol of plant pathogens and insects (Tank and 
Saraf 2010; Paul and Lade 2014; Mayak et al. 2004; Hynes et al. 2008; Berg et al. 
2013), along with the natural plant improvement-promoting resources like plant 
hormones, nitrogenase activity, ammonia production, phosphate solubilization 
(Jahanian et al. 2012) and also essential for soil fertility, etc., should be discovered 
continuously at universe level by the superior assistance (Glick 2012; Bhardwaj 
et al. 2014). Therefore, the bio-inoculants of symbiotic and nonsymbiotic microbes 
are now being used globally to promote the plant growth and improvement under 
various stresses like heavy metals, insecticides herbicides, etc. (Berg et al. 2013; 
Chang et al. 2014; Oves et al. 2016). The present study in this chapter is an effort to 
define the mechanism and their theory of rhizospheric bacteria for plant growth 
improvement with recent updates. The newly updated examples of globally appli-
cable rhizospheric bacteria in various agro-biotas have been offered to harvest the 
wide range of perspectives about their applicability.

3.2  Rhizosphere

The rhizospheric regions are a very modest setting where roots of connecting spe-
cies and microbes compete for existence. The plant roots perform specific charac-
ters in the rhizospheric area providing mechanical supports to plant and uptake 
micro- and macronutrients with water content which depends on the production and 
releasing of metabolites (Brzostek and Finzi 2012; Feike et al. 2013). These metab-
olites are released by plant roots (such as oligosaccharides, α-aminoadipic acid, 
valeric acid, invertase, cytidine, pantothenate, etc.) and act as chemical attractants 
for dynamically metabolizing soil microbial populations.
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The biochemical released in the rhizospheric regions by plant roots known as 
root exudates. The chemical compounds of root change the physicochemical prop-
erties of the soil (Table 3.1) and also control the structure of microbial populations 
at the surface of plant root in the soil (Jung et al. 2003). These chemical composi-
tions of the exudates are dependent upon the physiological status and the microbial 
and plant species (Kang et al. 2010). They also promote the plant growth by improv-
ing symbiotic interactions between plant and microbial community and inhibit the 
growth of antagonistic plant species (Ahemad and Kibret 2014). These microbial 
activities in the rhizospheric zone disturb the structure of root and the resources of 
available nutrients to plant species. The atmospheric carbon content is sequestered 
to the rhizospheric zone through root exudation by the photosynthesis (Hinsinger 
et al. 2009; Marschner et al. 2011). The rhizospheric zone of the soil is influenced 
by the biochemical components secreted by the plant roots and distress the activities 
of microorganisms. The soil particle strongly adheres to the root surface of rhizo-
plane. The root is the part of the system because various endophytic microbes have 
the capability to colonize in the internal part of root tissues (Barea et al. 2005). The 
root colonization is the zone of rhizoplane or root tissues of symbiotic microbes 
(Barea et al. 2005; Barros et al. 2014).

3.3  Plant Growth-Stimulating Rhizobacteria

The rhizospheric bacteria are soil-dwelling bacteria and have the capability of 
inhabiting at the vicinity of root environment (Kloepper 1994). Valuable root- 
inhabiting plant growth rhizospheric bacteria are defined on the basis of important 
characteristics; they have the capability to colonize the surface of the plant root, and 
they have the capability of proliferation and existence in microhabitats related with 

Table 3.1 Various biochemical compounds secreted by plant roots of different plant species

Amino acids Asparagines, cysteine, cystine, glycine, leucine, methionine, serine, 
valine, tryptophan, ornithine, histidine, arginine, α-aminoadipic acid, 
phenylalanine, β-alanine, α-Alanine, proline, homoserine, aspartate, 
glutamate, isoleucine, lysine, threonine

Organic acids Acetic acid, pyruvic acid, malonic acid, citric acid, oxalic acid, succinic 
acid, butyric acid, aldonic acid, glycolic acid, malic acid, fumaric acid, 
aconitic acid, lactic acid, valeric acid, formic acid, glutaric acid, and 
tetronic acid

Sugars Desoxyribose, raffinose, fructose, rhamnose, xylose, ribose, galactose, 
oligosaccharides, maltose, arabinose, and glucose

Enzymes Invertase, amylase, protease, and acid/alkaline phosphatase

Vitamins Riboflavin, niacin, pantothenate, thiamine, biotin

Nucleosides or 
purines

Cytidine, uridine, adenine, guanine

Gaseous molecules 
and inorganic ions

CO2, H2, HCO−3, OH−, H+

Adapted from Dakora and Phillips (2002)
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the superficial part of the root in comparisons with other microbes (Cleyet-Marcel 
et al. 2001). After sowing the seeds or propagation of plants in soils, then these 
bacteria promote the growth of the plants/crops directly by providing nutrients to 
plants or indirectly by decreasing the loss from soil-borne phytopathogens (Vessey 
2003).

On the basis of biochemical compounds, rhizospheric activities classified as bio-
fertilizers to provide the micro- and macronutrient promote the plant growth by 
using the plant hormones, biocontrol agents for monitoring the plant infections by 
production of antibiotics and antimicrobial metabolites, and rhizoremediators for 
degradation of organic pollutants and heavy metals (Somers et al. 2004). These 
substrates are capable of the production of plant hormones like gibberellic acid, 
indole acetic acid, ethylene, cytokinins, and symbiotic N2 fixation (Haas and Defago 
2005; Pérez-Miranda et al. 2007; Lugtenberg and Kamilova 2009; Kang et al. 2010; 
Laslo et al. 2012).

The rhizospheric zone has more nutrients compared to the loose soil because the 
root secretes various biochemical substances, like various organic acids, amino 
acids, sugars, and enzymes (Table 3.1), which provides the energy and micronutri-
ent for the growth and development of microorganisms (Gray and Smith 2005). 
There are two types of rhizospheric bacteria that are found in this zone which is 
symbiotic and free-living (Khan 2005). On the basis of survival, these bacteria are 
divided into two groups, i.e., intracellular symbiotic bacteria (iPGPR) and extracel-
lular free-living rhizobacteria (ePGPR). Symbiotic bacterial species like 
Allorhizobium, Azorhizobium, Bradyrhizobium, Mesorhizobium, and Rhizobium sp. 
reside inside root cells in specialized nodular forms (Viveros-Martinez et al. 2010; 
Figueiredo et al. 2011), and free-living rhizobacteria reside in the rhizospheric zone 
of the plant cells. The Azotobacter, Arthrobacter, Azospirillum, Agrobacterium, 
Bacillus, Chromobacterium, Burkholderia, Caulobacter, Erwinia, Flavobacterium, 
Pseudomonas, Serratia, and Micrococcus species of rhizobacteria are found in the 
rhizoplane regions or in the space between cells of the root cortex. These bacteria 
do not produce the nodules but still quicken the growth of plants (Gray and Smith 
2005; Bhattacharyya and Jha 2012). The microbial population of rhizospheric 
regions shows the marvelous growth of plants in the presence of various actinomy-
cetes (Merzaeva and Shirokikh 2006; Bhattacharyya and Jha 2012). These actino-
mycetes stimulate the growth of plants by constructing growth stimulators and are 
known as plant growth-promoting rhizobacteria. The various species of the actino-
mycetes, i.e., Thermobifida, Streptomyces, Micromonospora, and Streptosporangium, 
exhibited the potential against fungal pathogens of various roots as biocontrol 
agents (Franco-Correa et al. 2010; Bhattacharyya and Jha 2012).

3.4  Mechanisms of Plant Growth Promotion

Plant growth promotion increased in rhizospheric niche through the production of 
various biochemical substances by the entire population of microbes (Table 3.2) 
(Kloepper et al. 1980). Mostly, rhizospheric bacteria promote the growth of plants 
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Table 3.2 Plant growth-stimulating substances released by rhizospheric bacteria

PGPR Plant growth-stimulating traits References

Pseudomonas sp. and Bacillus 
sp.

Metal reclamation, antimicrobial 
activity

Oves et al. (2016)

Azotobacter sp., Mesorhizobium 
sp., Pseudomonas sp.

IAA, siderophore, antifungal 
activity, ammonia production, 
HCN, salt tolerant, production of 
harmonious solutes, plant 
hormones, genomic diversity, 
biocontrol potential

Shrivastava and 
Kumar (2015), Singh 
(2015)

Acinetobacter sp. Production of ACC-deaminase Chang et al. (2014)

Pseudomonas pseudoalcaligenes 
and Bacillus pumilus

Reduction of lipid peroxidation 
and superoxide dismutase activity

Jha and 
Subramanian (2014)

Pseudomonas putida, 
Enterobacter cloacae, Serratia 
ficaria, and Pseudomonas 
fluorescens

Improved sprouting rate, sprouting 
percentage, and index and 
enhanced the nutrient status

Nadeem et al. (2014)

Psychrobacter sp. SRS8, 
Pseudomonas sp. A3R3,

Heavy metal deployment, IAA, 
siderophores

Ma et al. (2011)

Acinetobacter sp. IAA, phosphate solubilization, 
siderophores

Rokhbakhsh-Zamin 
et al. (2011)

Pseudomonas aeruginosa 4EA Siderophores Naik and Dubey 
(2011)

Bradyrhizobium sp. 750, 
Pseudomonas sp., Ochrobactrum 
cytisi

Heavy metal utilization Dary et al. (2010)

Bacillus species PSB10 IAA, siderophores, HCN, ammonia 
production

Wani and Khan 
(2010)

Paenibacillus polymyxa IAA, siderophores Phi et al. (2010)

Stenotrophomonas maltophilia, 
Rahnella aquatilis

Nitrogenase activity, phosphate 
solubilization, IAA, 
ACC-deaminase

Mehnaz et al. (2010)

Ralstonia metallidurans Siderophores Braud et al. (2009)

Pseudomonas sp. Phosphate solubilization, IAA, 
siderophore, HCN, biocontrol 
capacities

Azospirillum amazonense IAA, nitrogenase movement Rodrigues et al. 
(2008)

Pseudomonas sp. ACC-deaminase, IAA, siderophore Poonguzhali et al. 
(2008)

Pseudomonas jessenii ACC-deaminase, IAA, siderophore, 
heavy metal solubilization, 
phosphate solubilization

Rajkumar and 
Freitas (2008)

Bacillus sp., Pseudomonas sp., 
Azotobacter sp., Rhizobium sp.

IAA, ammonia production Joseph et al. (2007)

Pseudomonas chlororaphis Antifungal activity Liu et al. (2007)

(continued)
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in a direct way by solubilizing phosphate minerals, releasing siderophores that dis-
solve the sequester irons, fixing the nitrogen of the atmosphere, and controlling the 
levels of phytohormones at various growth phases of the plant. The indirect mecha-
nism of plant growth promotion arises when the rhizospheric bacteria reduce the 
injurious effect of microbial plant pathogens (Persello-Cartieaux et al. 2003; Glick 
2012) (Fig. 3.1).

Table 3.2 (continued)

PGPR Plant growth-stimulating traits References

Gluconacetobacter 
diazotrophicus

Zinc solubilization Saravanan et al. 
(2007)

Xanthomonas sp. RJ3, Azomonas 
sp. RJ4, Pseudomonas sp. RJ10, 
Bacillus sp. RJ31

IAA Sheng and Xia 
(2006)

Bacillus sp. Phosphate solubilization Canbolat et al. 
(2006)

Azotobacter chroococcum Gibberellin, kinetin, IAA Varma et al. (2001)

Fig. 3.1 Mechanism of plant growth promotion by rhizospheric bacteria
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3.4.1  Direct Mechanisms

3.4.1.1  Nitrogen Fixation
Nitrogen is the essential macronutrient of plants and all vital components. These 
atmospheric N2 are converted into utilizable forms to plants by biological nitrogen 
fixation (BNF). This amends nitrogen to ammonia by nitrogen-fixing bacteria using 
a nitrogenase enzyme (Kim and Rees 1994). Biological nitrogen fixation arises usu-
ally at insignificant temperatures by nitrogen-fixing bacteria, which are extensively 
circulated in nature (Raymond et al. 2004). Nitrogen can supply sufficient nutrients 
to increase production; it also leads to a global concern about environmental pollu-
tion resulting from extreme nitrate leaching (Dong et al. 2005). Its accessibility in 
soils may alter significantly at relatively short time intervals. Nitrogenase (nif) 
genes convoluted in the initiation of the iron–protein, Fe-Mo cofactor biosynthesis, 
electron transfer, and controlling genes required for the synthesis of enzymes. In 
both the process of symbiotic and nonsymbiotic classifications, nif genes are found 
(Kim and Rees 1994). Approximately two-thirds nitrogen is fixed worldwide by the 
BNF accounts. The remaining percent of nitrogen is synthesized industrially bases 
by the Haber–Bosch process (Rubio and Ludden 2008).

The nitrogen-fixing microbe generally characterized as symbiotic N2-fixing bac-
teria forms a symbiotic relationship with the leguminous plants and includes the 
members of family Rhizobiaceae (Ahemad and Kibret 2014). And the nonlegumi-
nous plants are associated with the wider range of plants from eight families (e.g., 
Frankia) (Huss-Danell 1997; Vessey et al. 2004). The gram-negative soil-dwelling 
bacteria contain the unique capability to infect and establish a biological nitrogen- 
fixing symbiotic relationship with the roots of leguminous family. This type of sym-
biotic relationship forms a complex interaction between host and symbiont 
(Giordano and Hirsch 2004; Elmerich and Newton 2007). Finally, the nodulation 
takes place and the bacteria colonize as intercellular symbionts (Fig. 3.2). In the 
nonsymbiotic relationship, the nitrogen fixing takes place between the free-living 

Fig. 3.2 Nodule formation method; (a) the interaction of bacterial-rich adhesion with host lectin; 
(b) exudation of nod factors by rhizobia causes root hair curling. (c) Penetration of root hair by 
bacteria which forms the contaminated filament and enters the cortical regions of the cells and 
forms bacteroid state, thereby nodules are molded (Adapted from Ahemad and Kibret (2014))
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bacteria and endophytes by Azospirillum, Azotobacter, Azocarus, Gluconoacetobacter 
diazotrophicus, and the cyanobacteria like Nostoc, Anabaena, etc. (Franche et al. 
2009; Bhattacharyya and Jha 2012). In the nonleguminous plants, the diazotrophs 
fixed nitrogen and have the capability of establishing a non-obligate interaction with 
the host plants (Glick et al. 1999). However, diazotrophs provide only a little quan-
tity of the fixed nitrogen that the bacterially associated host plant requires (Glick 
2012). The nitrogenase enzyme which is coded by the nif gene involved in the 
nitrogen fixation process (Kim and Rees 1994).

The structure of nitrogenase enzyme was explained by two components, metal-
loenzyme which consists of dinitrogenase reductase is the iron–protein and dinitro-
genase has a metallic cofactor.

The electrons transferred with high reducing influence by dinitrogenase reduc-
tase activity, while N2 converted to NH3 due to the production of these electrons by 
dinitrogenase. On the basis of the metallic cofactor, there are three different types of 
N-fixing systems that have been recognized which are iron-nitrogenase, vanadium 
nitrogenase, and Mo-nitrogenase. The existence of N2-fixing system varies between 
different bacterial genera, which is carried out by the movement of the Mo-nitrogenase 
and found in all diazotrophs (Bishop and Jorerger 1990; Rubio and Ludden 2005; 
Newton 2007). The nitrogenase enzyme consisted of two metalloproteins and is 
purified from various sources. The first component is designated as MoFe protein 
and the second two known are as iron–protein (Hu et al. 2007; Newton 2007; Rubio 
and Ludden 2008). Mostly the compact association of nif genes is always defined. 
There are three structural genes nifD, nifK, and nifH that code for the Mo-nitrogenase 
polypeptides, for the Mo-protein subunits, and for the Fe protein, respectively. It is 
recognized that a core of nif genes (nifH, nifD, nifK, nifY, nifB, nifQ, nifE, nifN, 
nifX, nifU, nifS, nifV, nifW, nifZ) is compulsory for the synthesis of nitrogenase 
activity, and catalysis is preserved in all the diazotrophs. Various genes are respon-
sible for the in vivo nitrogenase action based on the system; these code for the 
mechanisms of biological electron transport chains (the rnfABCDGEF cluster 
codes the ferredoxin, flavodoxin, and the NADH-ubiquinone oxidoreductase 
(NQR)) to nitrogenase, molybdenum endorsement, and homeostasis, including 
respiratory chains modified to oxygen situations at which the biological nitrogen 
fixation process can operate (Dixon and Kahn 2004; Pedrosa and Elmerich 2007; 
Glick 2012). Nitrogenase assemblage requires products of additional nif genes 
which are involved in the synthesis of FeMoCo (nifB, nifQ, nifE, nifN, nifX, nifU, 
nifS, nifV, nifY, also nifH) and also in association of iron–sulfur clusters (nifS and 
nifU) and the development of the nitrogenase mechanisms (nifW and nifZ) (Hu et al. 
2007; Rubio and Ludden 2008). 

3.4.1.2  Phosphate Solubilization
Phosphorus (P) is another vital macronutrient for growth and development of plant 
after nitrogen. It is plentifully accessible in soils in both inorganic and organic forms 
(Fig. 3.3) (Fernandez et al. 2007; Ahemad 2015). But the rate of absorption by 
plants is very slow. The less accessibility of phosphorus to plants is because, 
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generally, the soil phosphorus is available in insoluble forms, while the plants 
uptake it in the forms of monobasic (H2PO4

−) and dibasic (HPO4
2−) ions which are 

a soluble form of phosphorus (Bhattacharyya and Jha 2012).
The insoluble form of phosphorus is present in apatite which is an inorganic 

mineral or in the form of organic components such as inositol phosphate (soil phy-
tate), phosphotriesterase, and phosphomonoesters (Glick 2012). Phosphatic fertil-
izers are applied for avoiding this type of shortage in soils. But a small amount of 
phosphorus is absorbed by the plants because most of the phosphatic fertilizers 
became precipitated (Mckenzie and Roberts 1990). Therefore, the regular applica-
tion of phosphate fertilizer is objectionable for the ecological activity. In this con-
text, the microbes have the capability of phosphate solubilization known as 
phosphate-solubilizing microorganisms. They may transfer the available forms of 
phosphorus to plants, therefore a sustainable substitute to chemical phosphatic fer-
tilizers (Khan et al. 2006). The numerous phosphate-solubilizing microorganisms 
(PSMs) dwelling in the rhizospheric zone, considered as promising biofertilizers; 
subsequently they can supply the P to plants from various sources (Fig. 3.4) (Khan 
et al. 2006; Zaidi et al. 2009). Most substantial phosphate-solubilizing bacteria are 

Fig. 3.3 Movement of phosphorus in soils
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reported such as Azotobacter, Beijerinckia, Burkholderia, Bacillus, Enterobacter, 
Erwinia, Flavobacterium, Pseudomonas, Microbacterium, Serratia, and Rhizobium 
(Bhattacharyya and Jha 2012). Usually, various soil-dwelling bacteria synthesized 
the low molecular weight organic acids which dissolved the inorganic phosphorus 
in soluble forms (Zaidi et al. 2009). On the other hand, the mineralization of organic 
phosphorus takes place by the production of various phosphatases, catalyzing the 
hydrolysis of phosphoric esters (Glick 2012). Significantly, the phosphate solubili-
zation and mineralization can harmonize in the same strain of bacteria (Tao et al. 
2008).

Under stress environment, the formation and performances of phosphate- 
solubilizing bacteria are harshly affected in soils (Ahemad and Khan 2013), but the 
advantageous effects of the inoculation with PSB used alone (Poonguzhali et al. 
2008) or in amalgamation with other rhizospheric microbes have been reported 
(Zaidi and Khan 2005; Vikram and Hamzehzarghani 2008). Moreover providing the 
phosphorus to the plants, the phosphate-solubilizing bacteria enhance the plant 
growth by stimulating the efficiency of biological nitrogen fixation and augmenting 
the accessibility of other trace elements (Fe, Zn) and by producing essential plant 
growth-promoting substances (Ponmurugan and Gopi 2006; Mittal et al. 2008; 
Zaidi et al. 2009) (Table 3.2).

Fig. 3.4 PSB accountable for phosphate solubilization in the form of organic/inorganic substances 
in soils
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3.4.1.3  Siderophore Production
Iron is a dynamic micronutrient to plant growth, and it works as a cofactor of vari-
ous enzymatic activities. It is also essential for major physiological procedures like 
N2 fixation, photosynthesis, respiration, etc. (Sharma and Johri 2003). Iron is found 
mainly as Fe3+ in aerobic conditions and is prospectively to form insoluble hydrox-
ides and oxyhydroxides. Thus it is normally inaccessible to both plants and micro-
organisms (Rajkumar et al. 2010). Siderophore complex iron (Fe3+) is reduced to 
Fe2+ on the bacterial membrane which is further released via a gating mechanism 
into the cell from the siderophore (Ahemad and Kibret 2014). These are secreted to 
solubilize the iron from their circumstances, producing a complex of ferric sidero-
phore that can transfer by diffusion and be returned to the cell surface (Beneduzi 
et al. 2012). These siderophores may be hydroxamates, phenol- catecholates, and 
carboxylates (Podile and Kishore 2006). The siderophores can be lesser peptidic 
particles containing various functional groups and side chains, which can deliver a 
high-affinity set of ligands to coordinate ferric ions (Crosa and Walsh 2002). 
Therefore, the siderophores work as solubilizing agents for Fe from minerals or 
organic compounds in limited conditions of iron (Indiragandhi et al. 2008). In the 
presence of heavy metals like Cr, Al, Cd, Cu, Ga, Pb, Zn, and radionuclides includ-
ing U and Np, the siderophores form stable complexes that are of ecological con-
cern (Neubauer et al. 2000; Ahemad and Kibret 2014). The bacterial siderophore 
sustenance to develop the strains is imposed on plants by rich soil levels of metals 
(Gamalero and Glick 2012). Plants absorb iron from bacterial siderophore using 
various mechanisms, for example, iron binding and discharge and absorption of 
siderophore-iron complexes directly or by a ligand interchange reaction (Ahemad 
and Kibret 2014).

Fluorescent Pseudomonas secreted yellow-green pigments and is characterized 
as pyoverdines which incandesce under UV light and utilized as siderophores 
(Agrawal et al. 2014). Additionally, the iron-pyoverdine complex production that 
has been detected in P. fluorescens C7 was taken up by Arabidopsis thaliana plant, 
inside the plant materials the iron content enhance the growth of plant (Vansuyt 
et al. 2007). The soil composition and various crop plants are also affected by sid-
erophores activities which are effective pathogen-suppressive agents. Long-lasting 
specific suppression of Fusarium oxysporum-mediated wilt in flax and other sus-
ceptible crops by soil microbes (Janvier et al. 2007) and intercropping cultivation of 
corn and black-eyed pea against Fusarium solani CFF109 (Barros et al. 2014) are 
also examples of soil recollection. In both cases, suppression was recognized to a 
more diverse microbiome disturbed and sustained by diversified host disposal 
(Lapsansky et al. 2016). Furthermore, in the rhizosphere, the bacterial siderophores 
are commonly linked with biocontrol activities and not with the nutrition of plants 
(Vessey 2003). Latest researches confirmed the dominancy of soil-dwelling fungal 
pathogens through the discharge of iron-chelating siderophores by Fluorescent 
pseudomonads; adaptation is inaccessible to other microbes (Beneduzi et al. 2012).
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3.4.1.4  Phytohormone Production
Plant growth-stimulating rhizobacteria (PGPR) produced plant hormones like 
indole acetic acid, gibberellins, cytokinins, auxins, and ethylene that can distress the 
cell propagation in the root way by excessive production of cross roots and hairs on 
root with a successive upturn of nutrients and uptake of water (Arora et al. 2013). 
Rhizospheric bacteria have the capability in the production of phytohormones 
which regulate the growth, improvement, and resistance responses of plants. 
Microbial production of the plant hormones such as auxin (indole-3-acetic acid/
indole acetic acid/IAA) recognized for a long time (e.g., cell division and differen-
tiation), as well as rapid stimulation (e.g., increase in cell elongation) responses in 
plants (Egamberdiyeva 2007; Kaur et al 2016). It is described that eighty percent of 
microbes sequestered from rhizospheric regions from numerous crops have the 
capability to produce and discharge auxins as secondary metabolites (Patten and 
Glick 1996). Plant hormones such as ABA, IAA, and cytokinins were diligently 
linked to nitrogen signaling and provided insight that nitrogen and phytohormones 
signals were assimilated in order to change the morphological and physiological 
characters of plants (Kiba et al. 2011).

Mostly, the IAA which is secreted by rhizospheric bacteria interferes with the 
many plant innovative developments because the endogenous group of plant IAA 
may be improved by the attainment of IAA that has been secreted by soil bacteria 
(Spaepen et al. 2007a; Glick 2012) (Fig. 3.5). Indole acetic acid (IAA) promotes the 
seed and tuber propagation, with the increasing rate of xylem and root expansion; 
also affects the photosynthesis, pigment foundation, and biosynthesis of numerous 
metabolites; starts lateral and adventitious root formation; facilitates responses to 
light; and controls the procedures of vegetative growth, gravity, and fluorescence 
and resistance to hectic conditions (Spaepen and Vanderleyden 2007; Gupta et al. 
2015). IAA has the capability of gene manifestation in numerous bacteria and acts 
as a mutual signaling molecule. The rhizobacterial IAA probably hampers the above 
biological processes of plants by modifying the plant’s auxin pool. Similarly, the 
growth of root surface area and length increased by bacterial IAA, and thus it pro-
vides the plant greater access to soil nutrients (Glick 2012). Accordingly, the rhizo-
bacterial IAA is recognized as an effective molecule in plant–microbe interactions, 
both in pathogenicity and plant growth promotion (Spaepen and Vanderleyden 
2011; Glick 2014). Indole-3-acetamide that forms IAA through biosynthesis is 
stated for plant pathogenic bacteria Pseudomonas syringae, Agrobacterium tumefa-
ciens, and Erwinia herbicola and saprophytic pseudomonads like Pseudomonas 
putida and P. fluorescens. Another amino acid like tryptophan is generally origi-
nated in root exudates and works as a precursor molecule for the biosynthesis of 
IAA in bacteria (Etesami et al. 2014). The independent pathway of tryptophan is 
more common in plants and also found in azospirilla and cyanobacteria. The bio-
synthesis of indole acetic acid by plant growth promoting rhizobacteria includes the 
production via indole-3- pyruvic acid and indole-3-acetic aldehyde, is the common 
apparatus in PGPRs like Pseudomonas, Rhizobium, Bradyrhizobium, Agrobacterium, 
Enterobacter and Klebsiella (Shilev 2013).
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3.4.1.5  1-Aminocyclopropane-1-Carboxylate (ACC) Deaminase
Ethylene has an extensive variety of biological activities that can distress the growth 
and improvement of plants; it is a key plant hormone (Khalid et al. 2006) and dis-
plays active role in root initiation, prevents root elongation, promotes lower wilting, 
motivates the seed germination, helps leaf abscission, stimulates fruit ripening, and 
activates the synthesis of other plant hormones (Kaur et al. 2016). It improves the 
growth of plants in various species such as Arabidopsis thaliana at a lower concen-
tration, and generally it is known as senescence hormone because it inhibits the 
growth of the plant (Kaur et al. 2016). While, at higher concentrations, it encourages 
defoliation processes, it may reduce the production of the crop (Bhattacharyya and 
Jha 2012). An enzyme, 1-aminocyclopropane-1-carboxylate (ACC) deaminase, is 
reported in Pseudomonas putida bacterium and hydrolyzes ACC (precursor of 
ethylene) into ammonia and α- ketobutyrate (Zahir et al. 2003; Kang et al. 2010). 
The ACC is an essential enzyme for the production of ethylene and catalyzed by 
ACC oxidase. The several biochemical studies of ACC-deaminase designate that 
the substrate ACC is found essentially within plant tissues; the enzyme is not 
secreted by bacteria but is typically found in the cytoplasm (Glick 2014).

Pyridoxal 5-phosphate (vitamin B6) is an essential cofactor that is utilized by 
ACC-deaminase for enzymatic activity (Christen and Metzler 1985). 

Fig. 3.5 Outline of several trails to the creation of IAA in bacteria. The intermediate mentioning 
to the name of the trail or the trail itself is highlighted with a dashed line. IAAld, indole-3- 
acetaldehyde; IAM, indole-3-acetamide; IPDC, indole-3-pyruvate decarboxylase; Trp, tryptophan 
(Adapted from Spaepen et al. (2007a)
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ACC-deaminase producers released various types of stress such as effects of plant 
pathogenic microbes like bacteria, viruses, and fungi and resistance to stress from 
salinity stress, oxidative stress, high temperature, hydrocarbons, heavy metals, 
radiation, wounding, insect predation, and water logging (Lugtenberg and 
Kamilova 2009). Consequently, ACC-deaminase-producing rhizospheric bacteria 
enhanced the growth of plants, rhizobial nodulation, mycorrhizal colonization, 
and N, P, and K uptake in various crops (Glick 2014). Several rhizospheric bacte-
ria, for instance, Achromobacter sp., Acinetobacter sp., Alcaligenes sp., 
Agrobacterium sp., Azospirillum sp., Burkholderia sp., Bacillus sp., Enterobacter 
sp., Ralstonia sp., Pseudomonas sp., Serratia and Rhizobium sp., etc., have the 
capability for the production of ethylene (Zahir et al. 2010; Kang et al. 2010). 
These rhizospheric bacteria absorb the ethylene precursor ACC and convert it into 
2-oxobutanoate and NH3 (Arshad et al. 2007) (Fig. 3.6). The rhizospheric bacteria 
such as Azotobacter sp., Rhizobium sp., Pantoea agglomerans, Rhodospirillum 
rubrum, Bacillus subtilis, and Pseudomonas fluorescens also have the capability 
for the production cytokinins or gibberellins and enhanced the growth plants 
(Kang et al. 2010; Gupta et al. 2015).

Fig. 3.6 A potential machinery of how stress controller bacteria diminish ethylene stages in the 
plant root by bacterial ACC-deaminase. ACC produced in plant tissues by ACC synthase is sup-
posed to be transported from plant roots and be taken up by adjacent bacteria. After, the bacteria 
hydrolyze ACC to ammonia and 2-oxobutanoate. This ACC hydrolysis sustains ACC concentra-
tions low in bacteria and permits continuous ACC relocation from plant roots to bacteria. Then, 
ethylene can be produced from ACC and then cause stress responses including growth inhibition. 
S-AdoMet: S-adenosyl-L-methionine; ACC: 1- aminocyclopropane-1-carboxylate (Adapted from 
Kang et al. (2010)
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3.4.2  Indirect Mechanisms

Biocontrol agents control the plant pathogens by microbial activity and have the 
eco-friendly approach (Lugtenberg and Kamilova 2009). The rhizospheric bacteria 
promote the plant growth by biocontrol agents through the indirect mechanisms 
(Glick 2012). Normally, the competition for nutrients, niche elimination, induced 
systemic resistance, and antifungal metabolites production are the main kinds of 
biocontrol activity in PGPR (Lugtenberg and Kamilova 2009). Various rhizospheric 
bacteria produced the antifungal metabolites such as HCN, 2, 4- diacetylphloroglucinol, 
pyrrolnitrin, pyoluteorin, phenazines, viscosinamide, and tensin (Bhattacharyya and 
Jha 2012). Plant roots interaction of some rhizospheric bacteria can result in plant 
resistance against some pathogenic microbes such as bacteria, fungi, and viruses. It 
is known as induced systemic resistance (ISR) (Lugtenberg and Kamilova 2009). 
Moreover, the ISR mechanisms involve for ethylene signaling within the plant, and 
these hormones encourage the host plant’s defense responses against several phyto-
pathogens (Glick 2012). A lot of specific microbial mechanisms encourage ISR, 
like lipopolysaccharides (LPS), siderophores, flagella, homoserine lactones, 2, 
4-diacetylphloroglucinol, cyclic lipopeptides, and volatiles like acetoin and 
2,3-butanediol (Lugtenberg and Kamilova 2009).

3.4.2.1  Antibiosis
The biocontrol capabilities of Pseudomonas strains principally depend on antagonis-
tic root settlement, initiation of collective conflict in plants, and manufacturing of 
antimicrobial antibiotics (Beneduzi et al. 2012). The antibiotic production machinery 
commonly linked with the rhizospheric bacteria to performance as hostile represen-
tatives against plant pathogens. There are six classes of antibiotic compounds, are 
better connected to the biocontrol of root diseases (Hass and Defago 2005), which 
are cyclic lipopeptides, pyrrolnitrin, phenazines, phloroglucinols, and pyoluteorin; 
all are found in the diffusible form and hydrogen cyanide (HCN) in volatile 
form (Beneduzi 2012; Nielsen and Sorensen 2003). Pyrrolnitrin antibiotic which is 
produced by Pseudomonas fluorescens BL915 strain has the capability to control the 
damage of Rhizoctonia solani throughout damping- off of cotton plants (Hill et al. 
1994). Lipopeptide biosurfactants produced by some Pseudomonas and Bacillus 
species, which is used as biocontrol agent due to their possible progressive impact on 
functional associations with microorganisms like fungi, oomycetes, protozoa, nema-
todes, bacteria, and some plant species (Raaijmakers et al. 1999; de Bruijn et al. 
2007). Pseudomonads also produced an effective and extensively studied antibiotic 
known as 2, 4-diacetylphloroglucinol (DAPG), which damages membrane to 
Pythium sp., produces the hindrance for zoospores formation in the oomycete 
(Bhattacharyya and Jha 2012), and acts as a biocontrol of bacterial canker of tomato 
(Lanteigne et al. 2012). Some Pseudomonas sp. also produced the phenazine, which 
possesses the redox activity, and it destroys the pathogenicity of plants, for instance, 
F. oxysporum and Gaeumannomyces graminis (Chin-A-Woeng et al. 2003). 
Phenazine −1-carboxamide is synthesized by P. chlororaphis PCL1391 bacterium 
isolated from roots of tomato plants, which has the capability to discharge the 
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solvable form of iron from ferric oxides at neutral pH and contributes to iron utiliza-
tion in soils (Hernandez et al. 2004; Haas and Defago 2005). Circulin, colistin, and 
polymyxin antibiotics are vibrant against phytopathogens formed by the popular 
Bacillus sp. (Maksimov et al. 2011). Excessively, use of antibiotic-producing rhizo-
bacteria as biocontrol agents for plant growth promotion, various plant pathogens 
produced the induced systemic resistance (ISR) mechanism for particular antibiotics 
due to the augmented habit of these isolates. For the avoidance of this type of popu-
larity, various researchers exploited those biocontrol isolates that produce more than 
one antibiotics (Lugtenberg and Kamilova 2009; Glick et al. 1999).

3.5  Applications of PGPR as Multifunctional Agents

Commercial application of PGPRs (inoculants) in crops to enhance the growth of 
plant and increase productivity or induce systemic resistance against pathogens or 
bring about mitigation of stress tolerance in any environments as prospective plans 
used for ecological farming. The PGPR affects the farming which differs from the 
laboratory, glasshouse, and field trials, because the soil has a volatile background 
and an envisioned product is sometimes difficult to attain. PGPR activity is very 
much affected when the climate fluctuations take place. But occasionally poor 
growth conditions in the field are to be predicted as the usual functioning of farming 
(Zaidi et al. 2009). Plant growth-supporting characters do not work freely from each 
other. But additionally, as it was recommended in the “additive hypothesis,” that 
various tools, for instance, nitrogen fixation, siderophore biosynthesis, phosphate 
solubilization, IAA, ACC-deaminase, and antifungal activity are accountable for 
the promotion plant growth and improve the productivity. It is observed that after 
using the rhizospheric bacteria, the productivity of various crops increased in both 
organized forms of soil as well as the natural environment (Table 3.3). Due to the 
prevailing lack of enthusiasm worldwide to hold foods produced by genetically 
modified plants, advantageous as a means of promoting plant growth globally, it 
reduces the requirement of agrochemicals products. Moreover, PGPR machinery is 
freely available to planters globally (Gamalero et al. 2009).

3.6  Conclusion

A perfect ecological farming system as PGPR is one which protects the environ-
ment, increases the productivity of cereals, provides food to the whole inhabitants 
universally, and maintains and improves the health problem of human being. These 
microorganisms are found in rhizospheric regions, which includes rhizobacteria, 
and symbiotic fungus species; having the capability to bioremediation potentials of 
heavy metal, biodegradation of xenobiotic compounds regulates the wide range of 
plant pathogens as biocontrol and provides the phytohormones as well as nutrients. 
After this, they can be used as biofertilizers, biocontrol agents without any harmful 
effect to the environment and sustainable forming.
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4Microbial Ecology at Rhizosphere: 
Bioengineering and Future Prospective

Shyamalina Haldar and Sanghamitra Sengupta

Abstract
Rhizosphere, the interface between soil and plant roots, is a chemically complex 
environment which supports the development and growth of diverse microbial 
communities. Studies in rhizosphere science have undoubtedly improved our 
ability to steer the knowledge into technological applications in agricultural 
industry, ecological engineering, and nature restoration. In this chapter we 
 provide a holistic perception of rhizosphere functioning with a highlight on the 
ecological drivers that promote colonization of coherent functional groups of 
microorganisms influencing plant life through several direct and indirect mecha-
nisms. We also discuss how the activities of the indigenous microbes from rhizo-
sphere may be exploited toward developing profitable techniques or methods in 
sustainable agriculture, biotechnology, and environmental management. In this 
context, we emphasize on the need for high degree of innovation and active 
 collaboration between basic research and technology development wings for the 
best use of the knowledge in order to meet the increasing global demand for 
food, fiber, and bioenergy.

mailto:sanghamitrasg@yahoo.com


64

4.1  Introduction

Rhizosphere represents one of the most diverse habitats on our planet (Trabelsi and 
Mhamdi 2013). It is technically defined as the soil adhering to the root which is 
chemically enriched with the substances released from the plants and stimulate 
microbial growth and activities. Over the past two decades, a growing body of 
empirical research has shown that ecological and biochemical processes in the rhi-
zosphere are mediated by intricate arrays of direct and indirect interactions occur-
ring between the plants and residing microorganisms which cumulatively make the 
microenvironment unique, physically, chemically, and biologically (Fig. 4.1). 
Rhizosphere processes, at a global scale, utilize approximately half of the total 
energy fixed by photosynthesis in terrestrial ecosystems, contribute roughly 50 % of 
the total carbon dioxide emitted from terrestrial ecosystems, and mediate virtually 
all aspects of biogeochemical transformation, biomass turnover, and nutrient cycling 
(Hopkins et al. 2013). Plants and the rhizobiome together contribute to a significant 
extent, for the preservation of biodiversity and ecological sustainability of urban 
green infrastructures (Weyens et al. 2015). Consequently, there is a worldwide 
effort to comprehend and model rhizosphere functioning using multiscale informa-
tion generated through genetics, genomics, metabolomics, and system biological 
approaches for effective translation of this knowledge for the upliftment of human 
health and living (Weyens et al. 2015). Fortunately for us, due to recent technologi-
cal advances, the paradigm of microbiology has shifted toward understanding and 

Fig. 4.1 Physical, chemical & biologial interactions affecting plant’s rhizosphere
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predicting the function of rhizo-consortia instead of a single dominant species. We 
are beginning to understand how plant systems interact with their environment, 
monitor biotic or abiotic stresses, and battle diseases in the field by modulating the 
associated microbial forum (Hill et al. 2013). Efforts have been initiated to engineer 
the knowledge into practical application such as production of sustainable food, 
fiber, and energy, maintenance of forest ecology and biodiversity, management of 
water resources, and alleviation of climate change (Mark et al. 2006; Jones 2008; 
Dessaux et al. 2016). In this book chapter, we summarize this worldwide endeavor 
by throwing light on the mechanistic and the ecological knowledge of the rhizo-
sphere accumulated so far with a focus on agro-economy, biotechnology, and envi-
ronmental management.

4.2  Microbial Ecology in the Rhizosphere

Following the colonization in the terrestrial ecosystem, “plants” as sessile organ-
isms communicate with innumerable microorganisms residing in its ecosystem. The 
most significant part of this operates belowground, in general, and in the rhizo-
sphere, in particular. Studies on rhizosphere date back to 1904, when Lorenz Hiltner 
(1904) observed that microbes are more abundant in rhizosphere than they are in 
distant soil environment. Since then a huge body of literature has accumulated and 
unequivocally demonstrated that this narrow zone of soil is a highly favorable site 
for microbial activities. It may contain up to 1011 microbial cells per gram root and 
more than 30,000 prokaryotic species (Egamberdieva et al. 2008; Mendes et al. 
2011). Rhizosphere may be imagined as a cloud of microbes, vital for plant growth 
and survival, surrounding the plant root. Microbial proliferation at the plant roots 
and root–soil interface is supported by diverse varieties of root exudates (Badri et al. 
2009). It is estimated that the collective genome of the rhizosphere microbial com-
munity is much larger than that of the plant itself and hence affectionately referred 
to as the plant’s second genome (Berendsen et al. 2012). At present, the entire con-
sortium of plants and associated microorganisms is perceived as a holobiont and is 
no longer recognized as “individual entities” (Dessaux et al. 2016).

4.2.1  Rhizosphere: A Platform for Microbial Growth

4.2.1.1  Rhizosphere as a Chemical Hotspot
Microbial colonization in rhizosphere is rooted to the phenomenon of “rhizosphere 
processes” which is collectively composed of various physicochemical and biologi-
cal turnovers defined by the host plant through the uptake of minerals and water and 
subsequent release of nutrients and carbon dioxide, exudation, and secretion of an 
array of chemical compounds (Philippot et al. 2013). Significant advances in our 
knowledge about plant exudate chemistry and the impact of “rhizodeposition” on 
microbial growth at the root–soil interface have been made in the last few years 
(Smalla et al. 2001; Dunfield and Germida 2003; Nunan et al. 2005; Mougel et al. 
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2006). It may be surmised from these studies that many soil microorganisms remain 
dormant in the absence of organic input due to general carbon (C) limitation in nor-
mal soil (Owen et al. 2007). Growth of plants triggers an increase in the rate of 
turnover of soil organic matter (SOM) in the order of 20- to 30-folds around areas 
of exudation, and this pulse of organic input often fosters microbial activity and 
associated soil organic matter (SOM) turnover (Xiao et al. 2007). In contrast to bulk 
soil, rhizosphere is thus extremely nutrient rich due to the abundance of low molec-
ular weight (LMW) compounds released during normal root cell metabolism (root 
exudates): both low and high molecular weight compounds that are synthesized for 
secretions (root secretions) and compounds released by plant cell lysis (Marschner 
1995). Microorganisms thrive on these resources and form a plant-specific assem-
blage in the rhizosphere.

Mucilage secreted from the growing roots contains hydrated polysaccharides, 
organic acids, vitamins, and amino acids and can also bind to water molecules. This 
creates a well-hydrated environment supportive of microbial growth. Developing 
roots generally support fast-growing microorganisms like bacteria, whereas matured 
roots support slower-growing organisms such as fungi and actinomycetes; the latter 
produce less mucilage and fewer cell lysates due to the absence of border cells and 
emerging lateral roots and also leak less water due to the deposition of a water- 
impermeable layer around epidermal cells. Outward diffusion of nutrients and 
inward movement of salts and minerals during transpiration develop complex 
chemical gradients around the root and create a range of distinct microbial habitats. 
LMW carbon compounds such as sugar, organic acids, amino acids, and flavonoids 
are readily assimilated by microorganisms and play a primary role in regulating 
microbial community dynamics in the rhizosphere (Bais et al. 2006). Flavonoids, a 
diverse class of polyphenolic compounds, often serve as important chemical cues in 
mediating plant–microorganism interactions (reviewed by Shaw et al. 2006). 
Surfactant-active compounds such as carboxylic compounds in the root exudates 
have been found to increase the solubility of the heavy metals/toxic substances and 
make them bioavailable to root-colonizing microorganisms (Balseiro-Romero et al. 
2014). Root volatiles include sulfur-containing compounds or the terpene (E)-b- 
caryophyllene which serve as foraging cues for parasitic entomopathogenic nema-
todes [EPNs] (Hiltpold and Turlings 2012; van Dam and Bouwmeester 2016). 
Organic phosphorus which is, in general, poorly available is solubilized through 
grazing by nematodes (Wenke et al. 2010). Phenolic compounds such as salicylic 
acid and gamma-aminobutyric acid (GABA) in the root exudates are suggested to 
send specific signals for soil bacteria, namely, Sphingomonas, Methylobacterium, 
Frankineae, Variovorax, Micromonosporineae, and Skermanella (Badri et al. 2013).

4.2.1.2  Factors Affecting Rhizo-Atmosphere
Much of our current understanding about rhizosphere incidences has emerged from 
studies on agricultural or horticultural crop plants: model species such as Arabidopsis 
thaliana (Bulgarelli et al. 2012) and Medicago truncatula (Kisiel and Kepczynska 
2016) and a few noncultivated plant species such as arbuscular mycorrhizal associa-
tions (Bennett and Bever 2007). The excerpt from these findings points that plant 
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genetic makeup unequivocally plays a dominant role in the selection of rhizobacte-
rial community. This is not surprising because the variety and amount of the com-
pounds synthesized and released by roots are mostly under the plant’s physiological 
and genetic control (Costa et al. 2006; Berg and Smalla 2009; Badri et al. 2009). 
Corroboratively root microbiome of plants grown in the same soil has been found to 
differ between plant species (Curlango-Rivera et al. 2013; Bonito et al. 2014) and 
between ecotypes, chemotypes, and genotypes within species (Micallef et al. 2009; 
Hill et al. 2013; Bulgarelli et al. 2013). To be more specific, plant-specific variation 
in root exudation is regulated both quantitatively and qualitatively by the root sys-
tem architecture (RSA) which is determined by the inherent genetic factors and 
varies across plant species (Badri and Vivanco 2009). Secretion of phytochemicals 
and proteins from roots is an important way for plants to respond to various environ-
mental factors and stresses (Walker et al. 2004; Bais et al. 2004). Root structure 
additionally affects oxygen pressure and carbon and nitrogen availability which in 
turn influences nitrogen transformation by soil microorganisms (Blossfeld et al. 
2011). Furthermore, root growth changes the physical and chemical properties of 
the soil, including the mineral and organic content, the water potential, the pH, and 
the salinity.

The type and condition of soil also influence the nature of rhizodeposits. Nutrient 
deficiency is a major factor enhancing the secretion of metabolites by plant roots 
(Rengel and Marschner 2005). Besides, the presence or absence of particular miner-
als or toxic metals affects the composition of root exudation. For example, citric, 
malic, and oxalic acids are secreted to detoxify aluminum (Wang et al. 2006). 
Secretion of phenolic compounds is increased in phosphorus-deficient soils 
(Khorassani et al. 2011), while secretion of flavanones and flavones is enhanced in 
nitrogen-limiting conditions (Schultze and Kondorosi 1998). Mineral deficiency 
enhances the production of elicitors that influence root exudation. For example, 
potassium deficiency increases jasmonic acid-mediated defense responses 
(Schachtman and Shin 2007). Hypoxia due to high soil moisture causes an increased 
anaerobic respiration rate resulting in accumulation of ethanol, lactic acid, and ala-
nine in the rhizosphere (Rivoal and Hanson 1994). Low temperature and light 
reduce secretion of root exudates. For example, the exudation of tannins and pheno-
lic compounds in Vicia faba was greatly reduced at 4 °C compared to the amounts 
secreted at 30 °C (Bekkara et al. 1998). The root exudation process follows diurnal 
rhythms with exudation increasing during light periods (Watt and Evans 1999). In 
the root exudates from Alnus glutinosa (L.), the flavonoid content has been found to 
be increased under light conditions (Hughes et al. 1999). Root exudation is even 
affected by neighboring plant species. Quantity of glucosinolates in the root exu-
dates is increased when Arabidopsis plants are grown at a higher density causing a 
shift of the rhizobiota toward the glucosinolate-utilizing microorganisms (Wentzell 
and Kliebenstein 2008). Root-induced pH changes in the rhizosphere influence bio-
availability of phosphate and copper by modulating adsorption and precipitation of 
ions and soil minerals, respectively, and thereby shape the microbial ecology in the 
root environment (Bravin et al. 2009).
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4.2.2  Microbial Community Structure

In general, the microbes take the advantage of the nutrients that the plant provides 
as discussed above, and in effect, they assist their host plant in making more essen-
tial nutrients (reviewed in Mendes et al. 2013). Therefore, microorganisms typically 
represent the largest fraction of belowground biomass. One gram of soil is thought 
to constitute tens of thousands of microbial “species” (reviewed in Kent and Triplett 
2002). Microbes in rhizosphere can be broadly classified as bacteria, fungi, nema-
todes, protozoa, and actinomycetes. Of these, bacteria and fungi are most well 
documented.

4.2.2.1  Bacteria
The ratio of the microbial population in the rhizosphere (R) to that in the bulk soil 
(S), i.e., R/S value, is >=20 for the bacteria, while that for fungi and actinomycetes 
are 10 and 2–3, respectively (Bagyaraj and Rangaswami 2005). The overall 
proportion of aerobic bacteria is relatively less in the rhizosphere because of low 
level of oxygen due to root respiration. Rhizosphere is programmed to recruit wide 
range of bacterial genera, beneficial to the plants by using the signals from the 
host. The beneficial bacteria are collectively termed as plant growth-promoting 
rhizobacteria (PGPRs). The most common genera of bacteria observed in the 
rhizosphere include Acinetobacter, Agrobacterium, Alcaligenes, Arthrobacter, 
Azospirillum, Azotobacter, Bacillus, Cellulomonas, Flavobacterium, Micrococcus, 
Mycobacterium, Pseudomonas, and Rhizobium. PGPRs may be categorized depend-
ing on their modes of beneficial action into biofertilizers, phytostimulators, biopes-
ticides, and elicitors of tolerance to abiotic and biotic stresses (Bhattacharyya and 
Jha 2012; Bhardwaj et al. 2014; Perez-Montano et al. 2014; Yang et al. 2009). A list 
of common beneficial bacteria is given in Table 4.1.

Biofertilizers directly promote plant growth by endowing plants with nutrients 
such as nitrogen, phosphorus, and trace elements (iron) which otherwise would 
have remained inaccessible to the plants. They are composed of Rhizobium sp., 
Pseudomonas fluorescens, Trichoderma sp. (e.g., Trichoderma asperellum and 
Trichoderma hamatum), and Allorhizobium sp. Of these, root nodule symbiosis 
established by Rhizobium sp. with legumes for nitrogen fixation has been vividly 
investigated (reviewed in Wang et al. 2012). Besides nitrogen, iron is another impor-
tant element required for the growth of plants. However, it is essentially unavailable 
in aerobic environments, as it tends to form insoluble hydroxides at biological pH 
(Guerinot 1994). Rhizobia (Bradyrhizobium japonicum, Sinorhizobium meliloti, 
Rhizobium leguminosarum bv. Viciae, Rhizobium ciceri), fluorescent pseudomo-
nads, Enterobacter, Burkholderia, and streptomycetes are capable of producing 
LMW compounds called siderophores that complex with ferric iron and several 
membrane-bound/periplasmic proteins (Neilands 1995; Crosa and Walsh 2002). 
This iron sequestration helps these bacteria to establish themselves in the rhizo-
sphere and also to provide plants with soluble iron. Bradyrhizobium japonicum and 
Sinorhizobium meliloti, on the other hand, also help the plants to take up the natural 
siderophores (ferrichromes) present in the soil directly by forming heterologous 
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siderophores (Powell et al. 1983). Likewise, a large proportion of phosphorus exists 
in insoluble forms in the soil. Phosphate-solubilizing bacteria like Enterobacter, 
Pantoea, Pseudomonas, Klebsiella, Cedecea, Cronobacter, Bacillus, Rhodococcus, 
Arthrobacter, Chryseobacterium, Delftia, Gordonia, Phyllobacterium, and Serratia 
identified from the rhizosphere of various plants have shown the ability to solubilize 
inorganic soil phosphates, such as Ca3(PO4)2, FePO4, and AlPO4, by synthesizing 
organic acids (citric, gluconic, lactic, succinic, and propionic acids), siderophores, 
and hydroxyl ions (Chen et al. 2006; Sharma et al. 2013).

Rhizobium, Pseudomonas, Bacillus, Azospirillum, Enterobacter, Azotobacter, 
Pantoea, and Streptomyces are grouped as phytostimulators by the virtue of their 
ability to produce phytohormones like indole-3-acetic-acid (IAA), gibberellic acid 
(GA3), and cytokines which directly enhance plant growth by modulating root 

Table 4.1 Mechanism of action of plant growth-promoting rhizobacteria (PGPR) and biocontrol 
agents (BCAs)

Microbial species Mechanism of action References

PGPR (biofertilizers and phytostimulators)

Rhizobia Nitrogen fixation; inorganic and organic 
nutrient solubilization; plant growth regulator 
(IAA, gibberellins, cytokinines) synthesis

Ferguson and Mathesius 
(2014)

Pseudomonads IAA production; siderophore production and 
phosphate solubilization

Ajilogba and Babalola 
(2013)Firmicutes
Farag et al. (2013) and 
Ghosh et al. (2016)

Burkholderia

Azotobacter sp. Cytokinine production; nitrogen fixation Leaungvutiviroj  
et al. 2010

BCA (biopesticides)

Rhizobium sp. Disease suppression (antibiosis, competition 
for iron, enhancing plant defense 
mechanism)

Dutta et al. (2014)

Pseudomonads Systemic resistance induction; antifungal 
volatile production; induced systemic 
tolerance to high temperature and salinity; 
stabilization of soil aggregates; quorum 
quenching (QQ)

Ajilogba and Babalola 
(2013) and Farag et al. 
(2013)

Firmicutes 
(Bacillus sp.)

Induced systemic resistance (ISR); antifungal 
volatile production; quorum quenching 
(QQ); induced systemic tolerance (IST) to 
high temperature and salinity

Shrivastava and Kumar 
(2015)

Burkholderia Induced systemic tolerance for drought by 
producing ACC-deaminase

Onofre-Lemus et al. 
(2009)

Azotobacter sp. Oxidative stress tolerance through production 
of abscisic acid (ABA) and degradation of 
reactive oxygen species (ROS)

Marsalek and Simek 
(1992)

PGPRs are also endowed with biocontrol properties, while BCA can also stimulate direct plant 
growth
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system architecture (Spaepen et al. 2007; Apine and Jadhav 2011; Duca et al. 2014). 
Coordination among the hormonal pathways is associated with overall development 
in plants. In addition, this is important for the maintenance of plasticity of plant 
morphogenesis essential for plants to respond to environmental cues (Hardtke et al. 
2007). Gibberellins regulate cell elongation, cytokinins control cell proliferation, 
and auxin modulates both (Hardtke et al. 2007; Nakaya et al. 2002). Gibberellins act 
in collaboration with auxins to regulate the transition of root meristem cells from 
division to elongation (Hardtke et al. 2007). IAA and cytokinins regulate the root 
development by acting as a “control switch” between cell division and differentia-
tion, thereby controlling the size of the organs (Barrada et al. 2015). Root morpho-
genesis and growth are basically controlled through a cross talk between these 
phytohormones where IAA increases the length and cytokinins maintain the length 
by inhibiting extra growth (De Vos et al. 2014).

Pseudomonas sp. (e.g., P. fluorescens, P. cepacia, P. aeruginosa, and P. aureofa-
ciens) and Bacillus sp. (e.g., Bacillus subtilis) along with Streptomyces sp. are 
termed as biopesticides or biocontrol agents (BCAs) due to their role in inhibition 
of plant pathogens by producing hydrogen cyanide, 2,4-diacetylphloroglucinol, 
pyrrolnitrin, phenazine, oomycetes, and other compounds and thereby conferring 
protection against diseases (Kwak and Weller 2013; Haas and Keel 2003). BCA 
also inhibits the growth of pathogenic bacteria directly by quorum quenching. 
N-Acyl-homoserine lactone (AHL), an important molecule for cell to cell commu-
nication and used by several plant pathogens to establish virulence, is degraded by 
N-acyl-homoserine lactonase (AHL-lactonase), produced by Bacillus sp. 
Fluorescent pseudomonads can suppress the growth of pathogens by efficiently 
competing with them for the siderophores. Pyoverdines, produced by pseudomo-
nads have a very high affinity toward iron in comparison to other microbes and 
thereby can limit the availability of iron for the pathogens in the rhizosphere (Cezard 
et al. 2015).

The other groups of rhizobacteria (Burkholderia sp., Enterobacter sp., Rhizobium 
sp.) assist plants to tolerate stress due to accumulation of reactive oxygen species 
and 1-aminocyclopropane-1-carboxylate (ACC). The latter molecule is an interme-
diate in ethylene biosynthesis. Ethylene is activated under nutrient stress and is 
harmful for the plants during post-harvest phases (Khan et al. 2015). Bacillus subti-
lis and Achromobacter piechaudii enhance salinity tolerance in plants growing in 
coastal regions, while Paenibacillus polymyxa and Rhizobium tropici have been 
reported to provide tolerance to drought stress in Arabidopsis, tomato and common 
bean (Mayak et al. 2004; Zhang et al. 2008; Timmusk and Wagner 1999; Yang et al. 
2009).

4.2.2.2  Fungi
Both symbiotic and pathogenic fungi reside in the rhizosphere. One gram of rhizo-
sphere soil harbors 105–106 organisms. Arbuscular mycorrhizal fungi (AMF), 
belonging to Glomerales, are one of the oldest groups of fungi that have been 
hypothesized to form the most primitive interaction with plant roots. This multi-
trophic symbiosis is present ubiquitously in the terrestrial plants, both from natural 
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and agricultural ecosystems, including gymnosperms, ferns, angiosperms, halo-
phytes, hydrophytes, and xerophytes. Therefore, the beneficial role of AMF in bio-
fertilization and bioremediation has been widely explored (reviewed in Lee et al. 
2013). The beneficial outcome of the root–AMF association is mutually determined 
by the microbial consortia and soil chemistry (Khan 2006). The positive effect of 
AMF on plant physiology is modulated in the presence of specific microbe–microbe 
interaction. For example, co-inoculation with mycorrhization helper bacteria 
(MHB) such as Bacillus sp. in nutrient-poor soils has been found to improve the 
mycorrhizal effects (Vivas et al. 2003). AMF improve the productivity, biomass and 
diversity of plants by mineral sequestration (phosphorus scavenging and nitrogen 
acquisition), nutrient acquisition, and increased tolerance of the plants to abiotic 
stresses [drought/salinity resistance] (Lenoir et al. 2016; Porras-Soriano et al. 2009). 
In addition, AMF alter the overall microbial activity in the soil by modulating the 
rhizodeposits and improving the soil quality through immobilization of heavy met-
als (Yang et al. 2015). The wide surface area of the extra-radical mycelium and the 
synthesized iron-containing protein, “glomalin,” by AMF, cooperatively determine 
the beneficial activities of AMF. Glomalin also contributes to the sequestration of 
toxic elements to enhance survival rate of the plants in polluted soils (Khan 2006). 
Glomalin has a role in the stabilization of soil aggregates leading to an improved 
penetration of the soil by water and air and also rendering an enhanced resistance to 
soil toward erosion (Rillig and Mummey 2006). AMF may act as a biocontrol agent 
by protecting the host plant against biotic stresses such as plant-parasitic nematode 
(PPN) infection by induced systemic resistance (ISR) and direct competing with the 
nematodes for space and nutrients (Schouteden et al. 2015). Increased rate of root 
respiration and respiratory acclimation due to AMF colonization in tropical plants 
is also reported. This indicates a role of AMF in terrestrial organic carbon influx as 
well (Fahey et al. 2016).

A common mycorrhizal network (CMN) is sometimes shared among the plants. 
AMF in this instance contribute to the transfer, distribution, and partitioning of car-
bon, nitrogen, phosphorus, and water from source (resource-rich plants) to sink 
(resource-poor plants) (Walder et al. 2016). This net translocation offers multiple 
benefits to the plants under environmental stresses not only by providing an access 
to resources from other plants but aiding to a speedy revival from the periods of 
rigorous water stress and protecting against pathogens (Babikova et al. 2013). AMF 
can also act as a support system for seedling establishment and can influence plant 
invasion success (Klironomos 2002). Recent observations have shown that the co- 
occurrence of complementary diverse AMF species among the plants in a single 
region helps in increased plant to plant facilitation, an important ecological process 
practiced by the woody plants to establish themselves in semiarid areas (Montesinos- 
Navarro et al. 2012). However, species richness and genetic variation among AMF 
is the major factor influencing plant species diversity and ecosystem functioning 
(van der Heijden et al. 2006). Conversely, response to AMF inoculation is also 
dependent on the genotype of plants. But this plant genotype-dependent AMF colo-
nization has been explored inadequately to date (Montes-Borrego et al. 2014). In 
natural systems, among the AMF, Glomus sp. has been most comprehensively 
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studied for their pertinent role in plant productivity as biofertilizers and BCA 
(Labidi et al. 2015). Another widely studied AMF species in pot cultures is 
Rhizophagus irregularis (Tisserant et al. 2013). Nevertheless, recent advancements 
in “omics” techniques have helped to assess a huge number of both active and 
spore-forming AMF taxa from the soil, indicating that molecular diversity of soil 
AMF is enormous and thus might be manipulated toward sustainable agriculture 
and phytoremediation (Davison et al. 2012).

Trichoderma sp. is another important fungal BCA that combats with plant patho-
gens via multifarious mechanisms including competition, antibiosis, induced resis-
tance, and parasitism and thereby offer an indirect beneficial effect on plant health 
(Zhang et al. 2015a, 2016). Many species of Trichoderma have been reported to 
exert direct effects on plant growth through solubilization of plant nutrients and/or 
better uptake of macro- and micronutrients and through production of plant growth 
factors (Li et al. 2015). However, our knowledge about Trichoderma sp.-mediated 
plant growth promotion is still limited.

4.2.2.3  Others
Although bacteria and fungi form the most significant members of the microbial 
consortia in rhizosphere, the other micro-/macroorganisms such as nematodes, pro-
tozoa, and oomycetes are also present. This latter group of species is mainly marked 
for their pathogenic invasion with the plants. Nevertheless, they too exert few 
microbial control properties to inhibit the growth of other pathogens like insects in 
the rhizosphere (Lacey et al. 2015).

The nematodes are complex eukaryotic invertebrate worms and mostly free- 
living which parasitize plants as well (reviewed in Kenney and Eleftherianos 2016). 
Among the nematodes, the genera Steinernema and Heterorhabditis have been 
identified as potent microbial control agents (MCA) that resist the growth of a num-
ber of pathogenic insects and pests in the rhizosphere. Beneficial EPNs are obligate 
parasites that destroy the insect very rapidly and hence are considered as one of the 
potent BCAs in several cropping systems (Ehlers 2003). Considerable progress 
toward the application of these EPNs in agriculture and pest management has been 
made in the past decade (Lacey et al. 2015). Secondary metabolites exuded from 
root tips play a dual role in attracting the nematodes so that the EPNs are selected 
over the pathogenic nematodes (Hiltpold et al. 2015). Studies have shown that insect 
herbivory at the roots could induce the secretion of volatile substances that attract 
EPN like Heterorhabditis megidis in many wild and cultivated plants, and thus this 
was adopted as an important plant defense mechanism against insects (Rasmann 
et al. 2005; Ali et al. 2010).

Protozoa, the unicellular animals, feed on microorganisms and form a ubiquitous 
group of rhizo-fauna. Protozoa by virtue of their grazing activities stimulate micro-
bial decomposition and stimulate the release of organic matter and supplies plants 
with adequate nitrogen which otherwise would have remained limitedly accessible. 
Increased availability of nitrogen benefits AMF which transport it via the hyphae to 
the internal roots. The grazing also fosters rapid transportation of photosynthates 
from aboveground to belowground roots. In this process, the protozoa subsequently 
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interact with AMF and strengthen the interaction by controlling the nutrient supply 
(Koller et al. 2013a, b).

Frankia, nitrogen-fixing Actinobacteria that form symbiotic association with 
actinorhizal plants, has a potential role in increasing soil fertility and thereby 
enhancing the plant productivity in degrading and nitrogen-limiting soils (Diagne 
et al. 2013). This actinorhizal association is very productive toward maintenance of 
soil stability and henceforth facilitates the establishment and development of subse-
quent plant communities in disturbed landforms (Gtari et al. 2012). Frankia indi-
rectly influences the plant productivity mitigating the adverse effects of salinity, 
drought, and contamination of heavy metals in degraded lands. As a whole, this 
association considerably enhances the plant growth, nitrogen content in roots and 
shoots, overall biomass, and survival rate of the plants (Diagne et al. 2013).

4.3  Bioengineering: Turning New Knowledge into Useful 
Societal Benefit

Demand for food, fiber, fuel, and other amenities will continue to grow as a result of 
population growth and rising incomes. To meet up these mounting demands, the 
stress on the natural resources and environment is leading to the resource depletion 
and environment destruction. Sustainable intensification is proclaimed to be only 
alternative to overcome this problem (Gregory et al. 2013). The goal of sustainable 
intensification is to maximize agricultural output from existing farmland while min-
imizing pressure on the environment. To accomplish this, an integrative approach 
coalescing biological science with community ecology is needed (Reynolds et al. 
2014). In this “omics” era of new molecular tools and biotechnological advances, 
the knowledge accrued from basic research is expected to contribute more meaning-
fully to the development of more sustainable systems of intensive production (Ryan 
et al. 2009).

4.3.1  Rhizosphere Engineering

“Rhizosphere engineering” refers to the manipulation of a plant’s root and surround-
ing milieu with a view to create a “biased” environment that will specifically enhance 
the crop productivity and plant survival (Ryan et al. 2009). In nature, plants them-
selves can adapt to any unfavorable environment by developing a variety of strate-
gies; one of them being the modulation of rhizosphere chemistry. The knowledge of 
plant’s inherent mechanisms is basically applied for any kind of “rhizosphere engi-
neering/management.” The selection of appropriate crop species, soil amendments, 
introduction of beneficial microorganisms, and genetic modification of plant and 
microbial activities are the fundamental components of rhizosphere engineering 
(Ryan et al. 2009). The benefit of managing rhizosphere is multifold. It not only 
paves the way to increased production of food/fiber/fuel but also results in dimin-
ished dependence on agrochemicals through replacement of their functions with 
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beneficial microbes, biodegradable biostimulants, or transgenic plants. As a conse-
quence, the environmental and ecosystem integrities are preserved. Bioremediation 
is another aspect of rhizosphere engineering, which uses natural/genetically modi-
fied organisms/plants to degrade environmental pollutants and soil contaminants to 
restore the environmental and the ecological balance (Bisht et al. 2015). Rhizosphere 
engineering has emerged as an important tool to provide a cost- effective and environ-
mentally sustainable “green technology” to address several global problems due to 
population growth. Research has confirmed a considerable progress in this field to 
date but still holds promise for further development (Ryan et al. 2009).

4.3.2  Rhizosphere Engineering and Agriculture

The goal of plant–microbiome engineering is to stimulate the wide spectrum of 
interaction among the phytomicrobiome toward overall enhanced beneficial out-
come for the plant (Quiza et al. 2015). The two major aspects that are primarily 
taken care of are irrigation and application of fertilizers. The latter usually shifts the 
soil microbiome in and around the roots by altering soil pH. The acidic fertilizers 
(ammonium based) decrease the pH of the rhizosphere, while the basic fertilizers 
(nitrate based) enhance the alkalinity of the soil (Ryan et al. 2009). The practice of 
organic agriculture through input of organic fertilizers such as animal manure, bio-
solids, and composts is well established worldwide (Savka et al. 2002; Lim et al. 
2015; Mazzola 2007). However, the lack of knowledge about the population of 
desired microorganisms in composts results in lack of reproducibility of the meth-
ods. Besides, this method adversely affects the soil acidity, salinity, and root coloni-
zation of certain species such as AMF. Moreover, biohazards due to toxic materials 
from biowaste and heavy metals used in compost composition cannot be overlooked 
(Quiza et al. 2015). To facilitate long-lasting modification in the rhizosphere, plant 
breeding and establishment of genetically modified (GM) organisms are alternative 
approaches for organic farming (Ryan et al. 2009). Genetic engineering has much 
to offer to bring about “new green revolution” in agriculture (Araus et al. 2014). 
Engineering of rhizosphere is mainly established through three potential means 
such as plant-based methods, microbiome-based approach, and meta-organism- 
based techniques (Quiza et al. 2015).

4.3.2.1  Plant-Based Methods
Plant-based strategies of rhizosphere engineering are achieved by either plant breed-
ing (cultivar selection) or specific genetic modification of plant species. The basis 
for plant breeding is to develop and select cultivar lines that have the ability for (1) 
enhanced root exudation, (2) systemic resistance to disease and environmental 
stresses, and (3) increased rate of mutual symbiosis (Magalhaes et al. 2007; 
Campbell et al. 2002; Farrar et al. 2014). Genetically engineered plants are bestowed 
with a capacity of producing higher quantity of exudates that are highly specific for 
beneficial microorganisms (1) synthesizing quorum sensing/quorum quenching sig-
nal molecules, (2) altering soil organic anion efflux and transportation of the same 
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through the roots, (3) modifying soil properties (pH, salinity), and (4) promoting 
disease suppressiveness in soils (Koyama et al. 2000; Gevaudant et al. 2007; Yang 
et al. 2007; Mazzola 2007; Savka et al. 2002). These are achieved by introduction 
of genes of interest in selective plants from either the same species [cisgenic] or 
different species [transgenic] or deleting the genes that might repress different phys-
iological processes [subgenic] (Wang et al. 2014).

The first genetically modified crop plant was an antibiotic-resistant tobacco plant 
(Fraley et al. 1999). Introduction of foreign germplasm into crops has been achieved 
by traditional crop breeders by overcoming species barriers. Farmers have widely 
adopted this technology to produce GM crops (GMC)/biotech (Bt) crops. Breeding 
lines of GM cultivars have been well established for the food crops including rice, 
wheat, potato, egg plants, tomatoes, soybeans, apples, beans, melons, papaya, and 
plums and for fiber and fuel crops such as cotton and grass and commercially impor-
tant plants like tobacco (GM Approval Databse-ISAAA.org; www.isaaa.org, 2016 
accessed). These crops have been modified for the traits including improved shelf life, 
stress resistance, herbicide resistance, pest resistance, disease suppression, production 
of useful goods such as biofuel or drugs, and ability to absorb toxins and for use in 
bioremediation of pollution. The recent aim of research is to develop locally important 
crop breeds for developing countries such as production of rice rich in vitamins and 
iron that may mitigate chronic malnutrition in Asian countries, virus-resistant sweet 
potato, insect-resistant cowpea, and brinjal in Africa (Bawa and Anilakumar 2013).

To date, most genetic modifications target the properties of aboveground parts of 
plants. However, recently root-specific modifications have been attempted in the 
plants like Arabidopsis (30 %), tobacco (14 %), rice (11 %), maize (8 %), Medicago 
(5 %), and potato and tomato (both 4 %) (Kabouw et al. 2012). This is possible due 
to accumulating knowledge on plant root properties and rhizosphere processes 
(Perez-Alfocea et al. 2011). Drought-resistant transgenic rice lines have been devel-
oped by introducing auxin-transporting genes with a root-specific promoter (Jeong 
et al. 2010), while in another study salt stress-resistant rice has been developed 
through introduction of Arabidopsis gene (AtHKT1) that is accountable for seques-
tering Na+ in roots (Plett et al. 2010). A decrease in nematode abundance in rhizo-
sphere was recorded in GM rice and potato that constitutively expressed a proteinase 
inhibitor for nematode control (Kohli et al. 1998; Cowgill et al. 2002). Transgenic 
lines of potato and tobacco have been established with the property of “quorum 
quenching” by transforming with quorum sensing signal (NAHL) degrading/syn-
thesizing genes from Bacillus sp. and Yersinia enterocolitica (Dong et al. 2001; 
Fray et al. 1999). The transgenic variety of potato could directly inactivate quorum 
sensing molecules and is tolerant to the pathogen Pectobacterium. The transgenic 
tobacco could synthesize bacterial quorum sensing signal molecules and comple-
mented biocontrol ability of Pseudomonas aureofaciens, defective in NAHL syn-
thesis. The genetic transformation of crops to produce insecticidal proteins from the 
soilborne beneficial bacterium, Bacillus thuringiensis (Bt), is now one of the most 
important elements of pest control management system. Insect-resistant Bt rice 
(Oryza sativa) lines, maize (sweet corn), and cotton have been developed leading to 
increase in the production of these crops with reduced pesticide application 
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worldwide (Yang et al. 2011; Abbas et al. 2013; Blanco 2012). Transgenic lines of 
Arabidopsis (AVP1) and Nicotiana tabacum (PMA4) with modified H+−ATPase 
coding gene have been established with enhanced H+ efflux capabilities from roots, 
salinity resistance, phosphate mineralization, drought resistance, and auxin uptake 
(Yang et al. 2007; Gevaudant et al. 2007). Transgenic lines of Medicago sativa, 
Brassica napus, Hordeum vulgare (barley), sorghum, carrot, rice, tomato, and 
tobacco plants have also been established by transformation with genes encoding 
proteins for synthesis of citrate (citrate synthetase), extrusion of multidrug and toxic 
compound (MATE), and transport of malate (i.e., Al3+-activated malate transporter 
gene or ALMT). The latter enhances the efflux of these anions from the roots and 
subsequently confers aluminum resistance and efficient phosphorus uptake (Koyama 
et al. 2000; Tesfaye et al. 2001; Delhaize et al. 2007). In recent times, the manipula-
tion of regulatory genes (transcription factors or TFs) to establish stress-tolerant 
stable crops has emerged as an effective strategy. Transgenic rice, wheat, potato, 
apple, tobacco, sugarcane, alfalfa, and Arabidopsis with enhanced tolerance for 
drought, salinity, and cold have been developed with the capability of overexpress-
ing TFs involved in regulating stress-responsive genes for abscisic acid (ABA)-
dependent pathway or ABA-independent pathway (Wang et al. 2016a, b).

4.3.2.2  Microbiome-Based Approach
Microbiome-based approach involves either direct inoculation of individual micro-
organism or co-inoculation of mixed cultures of PGPR, AMF, ectomycorrhizal 
fungi (EMF), and endophytes to modulate crop productivity (Ping and Boland 2004; 
Ryan et al. 2009). PGPR with BCA promotes plant growth collaboratively through 
their abilities of biofertilization and phytostimulation through phosphate solubiliza-
tion, siderophore production, nutrient and mineral uptake, and symbiosis for nitro-
gen assimilation: plant hormone production on one hand and disease suppression by 
inducing ISR in plants or through production of antifungal compounds (phenazines, 
pyoluteorin, and phloroglucinols), antibiotics (hydrogen cyanide, oligomycin, 
phenazine), and bacteriocins, on the other (Ping and Boland 2004; Paulin et al. 
2009). Microbiome can also alter the plant metabolic profile toward producing bet-
ter yield. However, this method of application of microbial inoculants into the soil 
requires the availability of cultured isolates and maintenance of their cultivability in 
soil (Quiza et al. 2015). An alternative strategy is to enhance plant performance 
through inoculation of recombinant microbial strains into the soil. The GM micro-
organisms (GMO) not only have an enhanced capability to specifically stimulate 
plant growth and kill pathogens, but they also stimulate the growth of members 
from indigenous soil community through transmission of genetic information by 
horizontal gene transfer [HGT] (Quiza et al. 2015). PGPR/BCA activities are also 
enhanced in GMO. The first report for GMO was chiA-introduced heterologous 
bacteria. This engineered species degrade chitin from fungal cell membrane to 
impart suppression of fungal infection. Engineered strains of Escherichia coli and 
P. fluorescens containing chiA could effectively control the infections caused by 
Sclerotium rolfsii in bean and Fusarium oxysporum f. sp. redolens and 
Gaeumannomyces graminis (G. graminis) var. tritici in wheat, respectively (Shapira 

S. Haldar and S. Sengupta



77

et al. 1989). Transformation of ACC-deaminase gene, acdS, from P. putida into P. 
fluorescens CHA0 strains improved phytostimulation in canola seedlings and dis-
ease resistance in cucumber against Pythium sp. (Wang et al. 2000). A number of 
studies have shown that constitutive production or overproduction of antibiotics/
antifungal compounds by engineered bacterial strains (P. fluorescens Q2–87; P. 
fluorescens BL915) and their subsequent application in field crops reduced the 
occurrence of diseases in plants (take-all disease and root rot) even more effectively 
than the wild types (Alsanius et al. 2002). The first study on the effect of inoculated 
microbes to inhibit pathogenesis in soil was performed by introducing diacetylphlo-
roglucinol (DAPG) producing P. fluorescens strains to suppress the growth of G. 
graminis var. tritici (Ggt), the causative agent of take-all disease in wheat (Kwak 
and Weller 2013). Even pretreatment of soil with recombinant strains effectively 
decontaminated it, reducing the rate of disease outbreak (Timms-Wilson et al. 
2000). In addition to application of wild-type and/or recombinant strains, disruption 
of indigenous microbial population through imposition of mechanical (tillage) or 
chemical (fungicides, antibiotics) disturbances and thereby introducing beneficial 
microorganisms in the rhizosphere are another method to establish exogenous com-
munities and modulate the rhizosphere milieu (Bulluck and Ristaino 2002).

4.3.2.3  Meta-Organism-Based Techniques
Interdependence of plants and the microbes in the rhizosphere redefines plant and 
the rhizobiome collectively as a metabiome or holobiont (Lakshmanan et al. 2014). 
Therefore, a school of thought in rhizosphere engineering is in the favor of address-
ing both the partners together, instead of accounting on them separately. This 
approach is addressed in two ways: (1) crop rotation and (2) inoculation of GMC 
with GMO.

Crop rotation is a decade-old method that has been applied extensively world-
wide. This approach basically involves culturing of plants in turns, so that the resid-
ual microorganisms and phytochemicals in the soil from one plant might be beneficial 
to the next, and thereby an associative rhizo-microbiome can be established (Quiza 
et al. 2015). Various reports have been documented for utilities of crop rotation. A 
study from North America showed the association of higher diversity of AMF and 
the antagonist species Penicillium canescens with two cultivars of chickpea (CDC 
Anna and CDC Amit, respectively). This in turn influenced the productivity of the 
soil that subsequently helped in the establishment of durum wheat in that same soil 
(Ellouze et al. 2013). Similarly, the alternate cropping of potato with alfalfa, white 
lupin, and oats promoted potato yield (Honeycutt 1998). This approach induces the 
formation of disease-suppressive soils. In addition, this improves organic carbon 
content, nutrient cycling, and physicochemical characteristics of soil, thereby pro-
moting a diverse microbial community (Honeycutt 1998; Mazzola 2002, 2007).

Inoculation of genetically engineered plants with genetically engineered organ-
isms basically stimulates the plant to exudate specific chemicals which can be 
degraded by the selected GMO, thereby causing a proliferation of a specific group 
of organisms. An example is “opine concept” where it has been observed that the 
transgenic plants (Lotus corniculatus) modified to produce opine which is a 
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xenotopic compound produced from the Agrobacterium tumefaciens-induced 
tumor. Opine, in turn, selects opine-degrading bacteria over others that could main-
tain themselves at high concentrations, even after removal of the transgenic plants 
(Oger et al. 1997; Savka et al. 2002). A similar approach was adopted to study the 
interaction between rhizopine-synthesizing transgenic Arabidopsis and rhizopine- 
degrading transgenic bacteria, and rhizopine-degrading strains were favored in a 
rhizopine-rich environment (Gordon et al. 1996).

4.3.3  Rhizosphere Engineering in Bioremediation

The hindsight of urbanization, advancement, and development of technologies is 
increased accumulation of chemical/industrial/agricultural remnants which are often 
biohazardous. Therefore, there is also a need for “environment cleaning” to save our 
earth. Most of these pollutants are accumulated in soil and cannot be removed easily 
until the soil is excavated and treated at a particular site. However, this is arduous and 
expensive. Therefore, “bioremediation,” i.e., the use of plants and their associated 
microbes to assimilate and degrade/stabilize/volatilize the pollutants, has become an 
attractive substitute (Eapen and D’Souza 2005; Pilon- Smits 2005). A huge body of 
literature suggests that bioremediation has been globally accepted as a cost-effective 
and environment-friendly alternative or complementary technology for conventional 
remediation (Clemens et al. 2002; Gisbert et al. 2003; Eapen and D’Souza 2005).

Microbial activity and plant intervention are both required for biodegradation of 
pollutants (Yergeau et al. 2014). Plants can directly take up the pollutants from the soil 
and degrade them to less bioavailable forms via precipitation in the rhizosphere or via 
phytase activity, a process known as phytodegradation (Newman and Reynolds 2004). 
In some cases, a part of the pollutants are lost into the atmosphere during transpiration 
through leaves. This is termed as phytovolatilization (Zhu and Rosen 2009). However, 
hydrophobic organic compounds which cannot be taken up by the plants are degraded 
by the rhizosphere microorganisms. Herbicides, trinitrotoluene (TNT), methyl tertiary 
butyl ether (MTBE), and trichloroethylene (TCE), which are mobile within plant tis-
sues, are usually degraded by the plants directly, while polychlorinated biphenyls 
(PCBs), polycyclic aromatic hydrocarbons (PAHs), and other petroleum hydrocar-
bons are degraded by rhizosphere microorganisms (Harvey et al. 2002).

The process in which the plants stimulate soil microbes to degrade the pollutants 
is called phytostimulation or rhizodegradation. Besides participating in biodegrada-
tion, the microbes also stimulate the plants to take up contaminants from soil and to 
combat stresses developed due to accumulation of pollutants (Taghavi et al. 2005; 
Bell et al. 2015). It has been demonstrated that wild-type/genetically engineered 
microbial strains/microbial consortia accelerate the degradation of pollutants more 
effectively in the presence of plants (rhizoremediation) to bioaugmentation, the lat-
ter indicating the application of microbes in the soil without the plants. This is pre-
sumably because rhizosphere processes mediated cooperatively by plants and 
rhizobiota supplement the activity required for remediation, which cannot take 
place in bulk soil (Zhuang et al. 2007). Furthermore, plant roots provide greater 
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surface area, transport the microbes to that proper depth of the soil where the con-
taminants are present, and induce soil aeration, which enhance oxidative degrada-
tion of recalcitrant compounds (Chaudhry et al. 2005). Rhizoremediation is thus 
better over bioaugmentation (Zhuang et al. 2007).

The process of rhizoremediation which occurs naturally may be manipulated by 
engineering suitable plant–microbe pairs, such as plant–PGPR or plant- contaminant 
degrading microbes (Bisht et al. 2015). Beneficial plant–microbe symbioses have 
been exploited for rhizoremediation of hazardous and xenobiotic compounds like 
PAHs, PCBs, and TCE by choosing the right type of plant cultivar with appropriate 
rhizobacteria or by mechanically injecting efficient rhizobacterial strains on plant 
seeds/roots (Narasimhan et al. 2003; Walton and Anderson 1990). A wide variety of 
plants including alfalfa, barley, grass, lupin, oat, pepper, pine, poplar, radish, rape, 
sugarbeat, wheat, willow, and corresponding rhizobacterial strains such as 
Pseudomonas fluorescens, Burkholderia cepacia, Pseudomonas putida, Bacillus 
sp., Deinococcus sp., Kurthia sp., Micrococcus sp., Arthrobacter sp., and 
Actinomycetes have been identified (Kuiper et al. 2001; Bisht et al. 2014).

However, it is to be remembered that rhizoremediation is the outcome of activities 
of an entire microbial consortium, rather than a particular species (Kuiper et al. 2004). 
Although there is no dearth of studies involving isolation and characterization of pol-
lutant-degrading rhizobacterial strains, studies on specific plant–microbe pair selection 
for rhizoremediation system are still limited (Bisht et al. 2015). Nevertheless, attempts 
of rhizoengineering by modifying plants to increase their size/number and augmenting 
their competence for biodegradation have been widely undertaken (Kabouw et al. 
2012; Zhang et al. 2015b). The process relies on the following elements: (i) enhance-
ment of root biomass to foster accumulation of high quantity of contaminants so that 
stress tolerance toward accumulated substances develops, (ii) stimulation of secretion 
of enzymes that will mobilize and degrade the noxious waste, and (iii) modulation of 
root exudation to attract microbes which are capable of degrading specific pollutants 
(Bhargava et al. 2012; Abhilash et al. 2009; Lojkova et al. 2014).

For competent biodegradation, plants require the presence of membrane trans-
porter proteins (MTPs) that will export inorganic metal ions from the soil to the root 
xylem. Transgenic Arabidopsis and tobacco plants with overexpressing genes encod-
ing membrane transport proteins result in increased uptake and accumulation of inor-
ganic pollutants and heavy metals like cadmium, calcium, nickel, lead, manganese, 
and zinc in the plant tissues (Arazi et al. 1999; Hirschi et al. 2000; Van der Zaal et al. 
1999). Recombinant DNA technology has mainly been applied to existing hyperac-
cumulator plant species (Thlaspi caerulescens, a natural zinc–cadmium hyperaccu-
mulator) and high biomass species (Pence et al. 2000). Protein engineering has been 
applied to model plant, Arabidopsis, to increase specificity of transport proteins for 
heavy metals (Rogers et al. 2000). Transformation of Arabidopsis with pea metallo-
thionein-like gene PsMTA enhanced their capacity to chelate metal ions (Evans et al. 
1992). Overexpression of glutathione synthetase and γ-glutamylcysteine synthetase 
in Brassica juncea (Indian mustard) enhanced cadmium tolerance and accumulation 
(Zhu et al. 1999). Iron fortification of rice seed by the soybean ferritin gene was also 
established (Goto et al. 1999). In another study, transfer of the yeast metallothionein 
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gene (CUP1) caused remarkable improvement of heavy metal tolerance in GM plants 
(Thomas et al. 2003). Transgenic plants with bacterial pentaerythritol tetranitrate 
reductase and nitroreductase genes were reported to be more efficient in reductive 
transformation of TNT (French et al. 1999; Hannink et al. 2007). Even enhanced 
metabolism of halogenated hydrocarbons in transgenic plants containing mamma-
lian cytochrome P450 2E1 was reported (Doty et al. 2000). Volatilization of heavy 
metals like mercury and arsenic in wild plants occurs in a very limited manner. 
However, introduction of a modified bacterial merA gene enhanced resistance and 
rate of reduction for mercury ions in Arabidopsis plants (Rugh et al. 1996).

Following AMF inoculation (either single or in combination with PGPR), stress 
tolerance for heavy metals like cadmium, cesium, iron, lead, trace elements (arse-
nic), PAHs, PCBs (petroleum), and their accumulation was enhanced in various 
plants including medicinal plants (Cassia italica Mill), food crops (sorghum, barley, 
oats, legumes, rice), flowering plants (sunflower), switch grass, rye grass, Miscanthus 
sp. via a variety of mechanisms including increasing chlorophyll content, endogenous 
hormone level, and protein content in the host plant and subsequently decreasing 
lipid oxidation, accumulation of ROS, and synthesis of ABA, peroxidase (PO), and 
superoxide dismutase (SOD) (Hashem et al. 2016; Huang et al. 2015; Arora et al. 
2015; Mishra et al. 2015; de Melo et al. 2014; Xun et al. 2015; Chan et al. 2013; 
Arias et al. 2015; Cabral et al. 2015; Lu et al. 2014; Firmin et al. 2015).

However, to date, most studies have been performed under laboratory conditions. 
Due to various confounding factors, field trials appear to be more complex than 
anticipated. One field trial for selenium-resistant transgenic Brassica juncea (Indian 
mustard) was undertaken that showed enhanced Se accumulation in the field (Pilon- 
Smits et al. 1999; Zhu et al. 1999). The availability of genomic sequences of 
Arabidopsis and rice has led to the identification and manipulation of novel key 
genes and regulatory elements (transcription factors/tissue-specific transporters) for 
establishment of high biomass species for pollutant remediation and accelerated the 
pace of translational research and development of technology. Transgenic plants 
with modified hairy roots to enhance their capacity of absorbing inorganic chemi-
cals have emerged as an attractive model system in the field of phytoremediation 
(Ibanez et al. 2015). Tailored transgenics is also emerging as a tool to study plant- 
site- specific or environment-specific gene expression and manipulation toward eco-
system management and environmental cleaning. Hyper-accumulation and 
increased tolerance for arsenic were established in plants by combining arsenate 
reductase and gamma-glutamylcysteine synthetase expression to combat arsenic 
toxicity (Dhankher et al. 2002).

4.3.4  Rhizoengineering for Industrial Application

Knowledge on plant–microbe interactions in the rhizosphere has unfolded diverse 
functionality of soil microorganisms in medicine and chemical industries in addi-
tion to agriculture. In this regard, isolation and purification of “enzymes” from vari-
ous microbial strains suggest the potential use of microbes in biotechnological and/
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or industrial processes. Presently, genetic engineering and protein engineering tech-
niques have been applied to improve the production of enzymes both qualitatively 
and quantitatively (Gurung et al. 2013). Proteases and carbohydrases such as amy-
lase and cellulase are the dominant enzyme groups isolated from the rhizosphere 
microorganisms because of their extensive use in dairy, detergent, textile, baking, 
and starch industries (Underkofler et al. 1958). Presently, hydrolases, which cata-
lyze breakdown of molecules in the presence of water, find an extensive application 
in industries manufacturing food and beverages, cleaning supplies, clothing, paper 
products, transportation fuels, pharmaceuticals, and monitoring devices (Gurung 
et al. 2013).

The species under Bacillus genera (Bacillus subtilis, Bacillus licheniformis, 
Bacillus stearothermophilus, and Bacillus amyloliquefaciens) serve as the richest 
source of industrial amylases (Konsoula and Liakopoulou-Kyriakides 2007; 
Sokarda Slavić et al. 2016). Thermostable amylases isolated from Bacillus subtilis, 
Bacillus licheniformis, Bacillus stearothermophilus, and Bacillus amyloliquefa-
ciens are widely used for starch degradation and production of crystalline sugar, 
dextrose syrup, and maltodextrins (Hua et al. 2014; Hwang et al. 1997). Amylases 
that can particularly function at halophilic environments have been isolated from 
halophilic bacteria such as Chromohalobacter sp., Halobacillus sp., Haloarcula 
hispanica, Halomonas meridiana, and Bacillus dipsosauri (Gupta et al. 2016; 
Kumar et al. 2012). Lipase derived from Bacillus, Burkholderia (Achromobacter 
sp.), Pseudomonas, Enterococcus, and Arthrobacter species are used in food, tex-
tile, detergent, cosmetic, biosensor, and medicine industries (Gurung et al. 2013). 
These enzymes have also found their use in therapeutics at a limited scale. Notable 
examples include streptokinase from Streptomycetes, urokinase from Bacillus sub-
tilis, and glutaminase from E. coli, and these are used to treat thrombosis and leuke-
mia, respectively (Banerjee et al. 2004; Zaitsev et al. 2010; Spiers and Wade 1976).

In addition, the microbes are genetically modified using genes/transcription fac-
tors from metabolic pathways or stress regulatory network to produce high quanti-
ties of metabolites like ethanol, N-butanol, glycerol, and mannitol which have wide 
applications as solvent, extractants, antifreeze, dye base, lubricants, detergents, pes-
ticides, resins, explosives, plasticizers, synthetic fibers, brake fluids, and petroleum 
derivatives and also in medicine and food industry (reviewed in Jia et al. 2014).

The production of “biofuels” using plants forms another important application of 
rhizosphere biology. One of the important sources of biofuel is “biomass,” i.e., 
deposition of free energy from photosynthesis. Usually, nonfood crops or residues 
are used as feedstock for biofuel production. Vegetative parts from sugarcane 
(Saccharum sp.), poplar, switch grass (Panicum virgatum), Miscanthus species 
(Miscanthus x giganteus), and Erianthus species (Erianthus arundinaceus Retz.) 
are utilized for this purpose (Furtado et al. 2014). Thus, any engineering event in 
plants that accelerate vegetative meristematic activity is advantageous for biofuel 
production. Genetic diversity among Saccharum sp., Erianthus sp., and Miscanthus 
sp. has been exploited in breeding programs targeting different genetic markers, 
growth factors (GFs), enzymes, and transcription factors to introduce disease resis-
tance, adaptability feature, and biofuel traits (Zhu et al. 2014; De Souza et al. 2015). 
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Genetically modified sugarcane with high biomass and cellulose-degrading 
microbes has been used for biofuel production (reviewed in Arruda 2012). In 
another study, tobacco plants transformed with NAC family genes from Lepidium 
latifolium gave rise to increased production of a number of transcription factors that 
resulted in marked improvement of plant biomass indicating the future potential of 
NAC gene transgenesis in biofuel production (Singh et al. 2016). Attempts to 
manipulate cellulase and laccase production in Arabidopsis, maize, and rice have 
also been successful in providing a new direction toward production of lignocellulose- 
based biofuel (reviewed in Wang et al. 2015). Syngas, produced from lignocellu-
lose, can be fermented to biofuels using acetogenic bacteria such as Eubacterium 
limosum, Clostridium autoethanogenum, or Acetobacterium woodii (Bertsch and 
Muller 2015). GM microorganisms with abilities to use hemicellulose-derived C5 
sugars (pentoses) may also aid production of biofuel as pentose constitutes one- 
third of the lignocellulose component of biomass (Silva et al. 2010). In this respect, 
genetically engineered Cyanobacteria are worthy of mentioning as they are being 
largely used to convert CO2 into various chemicals directly (Lai and Lan 2015).

4.4  Conclusion and Future Perspectives

Of the countless problems and challenges our globe is facing today, perhaps the 
most overwhelming is how to shape the “Fourth Industrial Revolution” that has 
been initiated in this century. New concept, information, and technologies from 
physical, digital, and biological worlds are propelling toward bringing about an 
altruistic societal change. Perhaps “biological science” has to offer the most impor-
tant contribution in today’s industrial revolution. Armed with genetic and protein 
engineering, the new era of synthetic biology integrates engineering to biological 
principles toward establishment of more systematic, efficient, robust, predictable, 
and scalable biological systems. The time is just ripe to harness the knowledge of 
rhizosphere biology with technology to yield fascinating results with beneficial 
impacts on mankind. Although there is monumental progress in understanding the 
existing plant–microbe coordination, in-depth knowledge is still missing in many 
parts. This lacuna needs to be bridged for maintenance of progress rate. Advances 
have been made utilizing “system approaches” to identify key molecular players 
(such as genes, RNAs, proteins, etc.) in plant–microbe cross talk associated with 
plant health and productivity. However, exigent issues still exist and need to be 
tackled with urgent priority. Last, but not the least, the plant performance needs to 
be investigated at a population scale. Therefore, multiscale mechanistic models that 
will link plant, microbes, and field ought to be developed taking care of influential 
environmental factors (Hill et al. 2013). Developing mixed genetic- ecophysiological 
models to amend the gap between genetic and environmental parameters is an 
important goal that may help in overcoming the constraints still prevailing while 
manipulating genes in recombinant species (Roose and Schnepf 2008). For exam-
ple, implementation of “synthetic biology” for successful biotransformation has 
often proven cumbersome due to vulnerability of host organisms to intermittent and 
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unpredictable environmental parameters (Jia et al. 2014). A robust knowledge of 
metabolic network and the mechanisms of systemic resistance operating in micro-
organisms at both cellular and community levels will provide solution to this prob-
lem. Besides, there is also a necessity of increasing public awareness and acceptance 
of genetically modified products (Adenle 2011; Kikulwe et al. 2011). This of course 
calls for coordinated participation of scientists and other professionals to spread the 
true information to the community.
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Abstract
Plant roots influence soil through the release of carbon-rich exudates and rhi-
zodeposits. The soil region influenced by plant roots is termed as rhizosphere. A 
unique community of microorganisms thrives in the rhizosphere whose activities 
enable plants to acquire various resources from soil for their growth and survival. 
Most plants in natural and agricultural ecosystems are associated with mycor-
rhizal fungi, which act as interlink between two different environments, the root 
and the soil. Mycorrhizal fungi play an important role in plant uptake of nutrients 
and protecting plants against various abiotic and biotic stresses. Like roots, 
mycorrhizal fungal hyphae also release exudates containing carbon into the sur-
rounding soil, the hyphosphere that contributes to the formation of microbial 
communities and aggregation of soil particles. The soil region influenced by the 
mycorrhizal ro ots is the mycorrhizosphere. A wide range of microorganisms like 
bacteria, fungi, protozoa, nematodes, arthropods, etc., inhabit the mycorrhizo-
sphere. These microorganisms interact with each other and with the plant system 
either directly or indirectly. The activities in the mycorrhizosphere include 
stimulation in the activities and populations of microorganisms, changes in pH, 
nutrient release from organic matter and nutrient cycling, suppression of plant 
pathogens, mycorrhizal formation, and changes in soil structure. An understand-
ing of the functional diversity of microorganisms inhabiting the mycorrhizo-
sphere is necessary to optimize soil microbial technology for the benefit of plant 
growth and health. This chapter describes the concept of rhizosphere, hypho-
sphere, and mycorrhizosphere and the various activities in these regions.

mailto:tmkum@yahoo.com


98

5.1  Introduction

Roots, the hidden half of plants, form a linkage between the plant and the soil envi-
ronment. The soil surrounding roots is inhabited by several fungi, bacteria, and 
other microflora and fauna (Linderman 1992). An intense effort is being carried out 
to understand and exploit the root system of plants in an endeavor to expand the 
yield probability of stable food crops to face the dual increase of population and 
global demand for food within the next 50 years (Zhang et al. 2010). The root sys-
tem of the higher plants is interlinked with a diverse metabolically active microbial 
community together with the soil environment which has organic and inorganic 
matter (Fulekar and Pathak 2015). A unique habitat exists around the roots of the 
living plants. Hence, the population of microbes in soil surrounding the roots is 
greater than that of root-free soil. Further, these two regions of the soil have several 
qualitative and quantitative dissimilarities (Fulekar and Pathak 2015).

Mycorrhizal symbioses are associations formed between the roots of terrestrial 
plant species and soil fungi belonging to Glomeromycota, Ascomycota, and 
Basidiomycota (Smith and Read 2008). This is the most widespread type of symbio-
sis in the plant kingdom occurring in more than 80 % of the terrestrial vascular plant 
species and is believed to have facilitated colonization of terrestrial habitats by 
plants (Parniske 2008). During mycorrhization, the mycorrhizal fungi develop inti-
mate relation with root cells on one side and soil on the other. The fungi grow on the 
root surface as runner hyphae or cover the roots in the form of mantle. It is fairly 
well established that mycorrhizal fungi extend the influence of roots into the non- 
root zones through their extraradical mycelium. The intraradical structures of 
mycorrhizal fungi within roots depending on the type of mycorrhizae include arbus-
cules, vesicles, Hartig net, hyphal coils/pelotons, and linear hyphae that may be 
inter- or intracellular (Smith and Read 2008).

Mycorrhizal association imparts a wide range of benefits to the plant species. 
These include plant growth promotion, nutrient uptake and translocation to the 
roots, and resistance to stresses induced by soilborne pathogens (Whipps 2004; 
Pozo and Azcon-Aguilar 2007), heavy metals (Vogel-Mikus et al. 2006; Dong et al. 
2008), drought, and salinity (Feng et al. 2002; Miransari 2010). The prime benefit 
of mycorrhiza on plant growth is by providing large amounts of phosphorus (P) and 
nitrogen (N) to the host plant in nutrient-stressed soils. They also supply other min-
eral nutrients and help in dissolving and absorbing insoluble organic substances 
(non-glomeromycotean fungi) which in turn enhance plant growth. The extraradical 
mycelium of the mycorrhizal fungi facilitates the uptake of water and nutrients by 
plants as it extends its range into areas of the soil profile that is beyond the reach of 
the roots. Further, the smaller diameter of the fungal hyphae compared to roots 
enables their entry into soil pores that cannot be reached by roots (Kaiser et al. 
2015). The extraradical mycelium of mycorrhizal fungi also acts as a pathway in the 
translocation and release of energy-rich molecules from the plant to the soil (Johnson 
et al. 2002). In addition, mycorrhizal symbiosis also enhances the efficiency of 
other plant-microbe symbiosis like nodulation and N2-fixation in leguminous and 
actinorhizal plants.
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The mycorrhizal fungi interact with other microorganisms both in the root and in 
the soil (Barea et al. 2002). The synergistic effect of mycorrhizal fungal association 
with plant growth-promoting rhizobacteria (PGPR), asymbiotic N2-fixing bacteria, 
non-mycorrhizal fungi, and microfauna renders positive effects to plant growth and 
development (Sturz and Nowak 2000). Moreover, the microbial activity in the soil 
not only interferes with the plant root system, but it also stimulates the germination 
of mycorrhizal fungal propagules, mycelial growth, and mycorrhization of roots 
(Barea 2000). Though the mycorrhizal fungi could alter the plant root morphology, 
it also influences the activity and favors some organisms like bacteria to establish 
and flourish in the soil environment (Parniske 2008; Deveau et al. 2010).

In this chapter, we present an overview on the rhizosphere, hyposphere, and 
mycorrhizosphere. The changes in biological and soil properties in response to the 
development of mycorrhizosphere are also discussed.

5.2  The Rhizosphere Concept

Soil is one of the important frontiers of science, and the rhizosphere is the most 
dynamic part of that frontier where a multitude of biogeochemical activities occur, 
which influence many environmental and worldwide processes (McNear 2013; 
Haldar and Sengupta 2015). Rhizosphere is the narrow region of soil that is directly 
influenced by root secretions and rhizodeposits as well as the soil microorganisms 
associated with it (Fig. 5.1). This region can be differentiated from the bulk soil by 
the availability of the carbon compounds, water potential, and redox state, and it 
demarcates the distribution and activity of the widely diverse rhizosphere biota 
(Cardon and Whitbeck 2007). Being a resource-rich region, it is one of the most 
complex ecosystems on the earth (Pierret et al. 2007; Jones and Hinsinger 2008; 
Hinsinger et al. 2009). The rhizosphere constitutes about 1011 microbial cells per 
gram of root (Egamberdieva et al. 2008) and prokaryotic species that number around 
30,000 which influence the productivity of plants (Mendes et al. 2011; 2013). The 
rhizosphere resembles a trade zone where symbionts or neighbor roots interact with 
the plant. Moreover, it acts as a preventive microbial buffer zone against pathogens 
(Baetz and Martinoia 2014).

The term rhizosphere includes three zones which are based on their relative prox-
imity and influence from the plant root (Morgan et al. 2005). The endorhizosphere 
includes portions of the cortex and the endodermis, where the microbes and the 
cations occupy the apoplastic space, viz., the free space between the cells 
(Balandreau and Knowles 1978; Reinhold-Hurek et al. 2015). The rhizoplane or the 
root surface is the medial zone, which includes the root epidermis and mucilage 
(Nihorembere et al. 2011; Bulgarelli et al. 2012). The outermost zone is the ectorhi-
zosphere which extends from the rhizoplane out into the region of bulk soil (Lynch 
and Whipps 1990; Badri and Vivanco 2009).

The plants are not only influenced by soil but also active microbial populations in 
the rhizosphere (Hiltner 1904). Recently, York et al. (2016) proposed the concept of a 
holistic rhizosphere that encompasses constituents like mucigel; modifications of soil 
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structure; gradients of microbial communities, microorganisms; or a loss or gain of 
substances like water, root exudates, nutrients, gases, and other volatile products. 
However, the ingredients of the rhizosphere have been formed due to effectual pro-
cesses. Hence, it is necessary to understand these processes for future considerations.

5.2.1  The Rhizosphere Effect

As the seeds germinate, they exude carbon compounds into soil which activates the microbial 
populations. This phenomenon is termed the rhizosphere effect (Morgan and Whipps 
2001). Alternatively, it describes the development of soil microorganism communities 
as a result of the physical and chemical alterations of the soil by the products of excre-
tions and organic debris of roots within a rhizosphere (McNear 2013).

Fig. 5.1 Schematic representation of different types of activities occurring in the mycorrhizo-
sphere. 1 Carbon transfer from root to rhizosphere, mycorrhizal fungal hyphae, and hyphosphere. 
2 Increase in the activities and populations of microorganism. 3 Changes in pH resulting in the 
release of bound nutrients and their uptake. 4 Release of nutrients from organic matter by micro-
organisms and their uptake. 5 Control of plant pathogens. 6 Mycorrhizal fungal propagule germi-
nation and mycorrhization. 7 Changes in soil structure. 8 Interactions among microorganisms. C 
carbon, MO microorganisms, OM organic matter, MHB mycorrhiza helper bacteria, MFP mycor-
rhizal fungal propagule, PAT pathogens, BoNu bound nutrients, MF microfauna
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Starkey (1938) defined the rhizosphere effect in terms of processes which occur 
at the root-soil interface of a plant inclusive of root exudation, microbial activity, 
genetic exchange, nutrient transformation, and gradient diffusion. In living plants, 
the organic carbon released by plant roots decomposes to carbon dioxide by a mech-
anism of rhizosphere priming effect (Kuzyakov 2002). Almost one-third to more 
than half of the total carbon assimilated by plants is allocated to belowground roots, 
of which 15–25 % is exuded into the soil resulting in a fast carbon turnover 
(Kuzyakov 2002). The intense microbial activity in response to carbon availability 
leads to intense competition for other nutrients in the rhizosphere (Hartmann et al. 
2009; Haldar and Sengupta 2015). On the other hand, in a root-free bulk soil, all the 
nutrients except carbon are unlimited (Wardle 1992). Thus, the rhizosphere zone 
strongly differs from the root-free zones in physical, chemical, and biological prop-
erties (Hartmann et al. 2009).

5.2.2  Rhizodeposits

The substances secreted by the roots and its associated microorganisms into the rhi-
zosphere are called rhizodeposits. Rhizodeposits have been classified depending on 
their chemical composition and mode of release or function (Rovira 1969). These 
compounds include: (1) Low-molecular mass compounds like monosaccharides, 
amino acids, organic acids, and water-soluble ions that are lost passively along a 
concentration gradient, (2) High-molecular mass compounds such as carbohydrates 
and proteins that act as signal molecules and lipids that are actively transported along 
an electrochemical gradient, (3) Insoluble mucilage composed of polygalacturonic 
acid and polysaccharides, (4) Secondary metabolites like antimicrobial compounds, 
flavonoids, and nematicides and (5) Remnants of the dead and lysed root cap and 
border cells (Marschner 1995; De-la-Peña et al. 2012; Weston et al. 2013; Zhang 
et al. 2014). The process of communication and interaction begins once the recipient 
organisms recognize the signaling phenomenon of the rhizodeposits. The nature and 
composition of root exudate can alter the microbial vitality and diversity of the soil, 
favoring growth of microorganisms that can benefit plant health and productivity, 
whereas, in others, root-exuded compounds prevent the growth of harmful microor-
ganisms (Bais et al. 2006; Chaparro et al. 2012; Dutta et al. 2013; Li et al. 2013).

5.2.3  Effect of Rhizosphere Microbiome on Plant Growth 
and Health

The rhizosphere biome influences the composition and productivity, viz., biomass, 
of the natural plant communities (van der Heijden et al. 2006, 2008; Schnitzer et al. 
2011). As a result, the species richness of the underground microbial communities 
can be considered as a factor to predict the aboveground plant diversity and produc-
tivity (Hooper et al. 2005; van der Heijden et al. 2008; Lau and Lennon 2011; Wagg 
et al. 2011).
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5.2.4  Microbial Interactions in the Rhizosphere

5.2.4.1  Bacteria
The bacterial community in the rhizosphere promotes the production and germina-
tion of spores and hyphal growth of arbuscular mycorrhizal (AM) fungi. In addition 
to plant roots, spores (Bharadwaj et al. 2008; Cruz and Ishii 2012) and extraradical 
mycelium (Mansfeld-Giese et al. 2002) of AM fungi also associate predominantly 
with bacteria in the mycosphere. A bacterial community in the rhizosphere not only 
associates with the extraradical mycelium but also with spores of AM fungi. The 
association of bacteria with AM fungal spores is related to the size and surface 
roughness of the outer spore wall (Bharadwaj et al. 2008). Some bacterial taxa are 
exclusively restricted to a few mycorrhizal isolates, whereas others are extensively 
found in the mycosphere of several AM fungal taxa (Rillig et al. 2005). Bacterial 
association with AM fungal spores induces germination and establishment of 
mycorrhizal association under unfavorable conditions (Xavier and Germida 2003; 
Hildebrandt et al. 2006). This is often due to the bacterial secretion of volatile com-
pounds, rupturing of the spore wall, and nutrient acquisition (Ruiz-Lozano and 
Bonfante 2000). Studies on AM fungal interactions with rhizosphere bacteria sug-
gests that it may be either positive (Abdel-Fattah and Mohamedin 2000) or negative 
(Amora-Lazcano et al. 1998). Though AM fungal processes are enhanced by bacte-
ria, some studies showed prohibitory activity of bacteria on AM fungal growth 
(Azcón 1989). This might be due to specificity in bacterial species and AM fungi. 
The AM fungi form a bridge between the root and soil (Bethlenfalvay and Schüepp 
1994); in turn, the AM fungi affect the composition of bacterial communities in the 
rhizosphere (Linderman 1988; Paulitz and Lindennan 1991).

The fungi and bacteria in the rhizosphere are also involved in plant resistance to 
various types of stresses (Linderman 2000; Han and Lee 2005). The bacterial popu-
lation in the rhizosphere mainly includes the beneficial associative N2-fixing bacte-
ria (Subba Rao et al. 1985), PGPR (Meyer and Linderman 1986), and 
phosphate-solubilizing bacteria (PSB) (Toro et al. 1997; Bonfante and Anca 2005). 
However, bacterial populations also vary under the influence of different plant and 
AM fungal species. The size and the composition of bacterial populations in the 
rhizosphere depend on the quantity of the root exudates (Azaizeh et al. 1995) and 
the competition for carbon source (Christensen and Jakobsen 1993). The carbon 
source is the major energy provider for various microbial communities, and its ben-
eficial effect on plants has been well established. Mycorrhiza-associated bacteria 
also succeed to establish from AM fungal exudates (Toljander et al. 2007), which 
facilitate nutrition for both plant and fungal partners as well as protection from root 
pathogens (Larsen et al. 2015).

5.2.4.2  Fungi and Phytopathogens
In defense mechanism, mycorrhizal species directly or indirectly protect the host 
plant in the ecosystem. Such direct mechanisms include the production of physical 
structures (e.g., mantle by ectomycorrhizal fungi), secretion of toxic compounds 
against the pathogens, providing mechanical strength to the root system, and 
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activating the host plant production of compounds like salicylic and jasmonic acids 
(Artursson et al. 2006; Finlay 2008). Indirect mechanisms include protection of the 
host plant by changing the microbial community, root exudates, and stimulation of 
suitable antagonistic microorganisms (Zarnea 1994; Zamfirache and Toma 2000; 
Miransari 2011). For example, the architecture of AM fungi-colonized roots is 
greatly modified. The mycorrhizal roots are highly branched, short and thick with 
reduced specific root length, resulting in conditions that are unfavorable for patho-
genic microorganisms (Berta et al. 1993).

Studies have shown that rhizosphere bacteria could suppress plant pathogens 
(Berg and Hallmann 2006; Shehata et al. 2016). The rhizosphere fluorescent 
Pseudomonas strains produce the antibiotic 2,4-diacetylphloroglucinol (DAPG) 
that protects the plants against Gaeumannomyces graminis var. tritici. The bacte-
rium produced significantly large amounts of DAPG in the presence of soluble car-
bon exuded by Rhizophagus intraradices and offered a sustainable strategy for plant 
protection (Siasou et al. 2009). The AM fungi and pathogen share common resources 
in the root system (Whipps 2004). But, competition in the endorhizosphere would 
arise when the carbon source from the host plant becomes scarce, resulting in the 
reduction in the colonization by AM fungi (Wehner et al. 2009). The intensity of the 
pathogenic effect on the host plant is reduced when multiple AM fungi species colo-
nize the root system compared to colonization by an individual AM fungus (Jaiti 
et al. 2007). Bacteria associated with AM fungi enhance the plant resistance against 
pathogens through their antagonistic activity. For example, bacteria isolated from 
the spores of AM fungi inhibited the growth of Ganoderma boninense, which causes 
basal stem rot disease in oil palm (Elaeis guineensis) (Bakhtiar et al. 2010).

5.2.4.3  Microfauna
The rhizosphere contains microfauna like nematodes, protozoa, and arthropods. 
Most of these organisms are involved in the complex system of the food web that 
shares the plant resources (Pierret et al. 2007; Raaijmakers et al. 2009). Among 
these organisms, nematodes are free-living, eukaryotic invertebrates that feed on 
bacteria and fungi and some existing as plant parasites (Tiberius and Cătălin 2011). 
Nematodes cause diseases in plants by entering the root and establishing a stable 
feeding location within the root system (Badri et al. 2009). The interactions between 
mycophagous nematodes and mycorrhizal fungi result in the reduction of the 
extraradical hyphal production that can indirectly affect plant growth and yield 
(Giannakis and Sanders 1990; Khan 1993). However, to reduce the negative effect 
of nematode infestation, plants generally adapt various strategies like the associa-
tion with mycorrhizal fungi, increased nutrient uptake, and structural and physio-
logical changes in the root system (Schouteden et al. 2015). Even though AM fungi 
induce tolerance against adverse effects on host plants, several factors like host 
plant and AM fungal and nematode species determine the nature of interactions 
between AM fungi and nematodes (Hol and Cook 2005). Recently, Banuelos et al. 
(2014) found that roots of Impatiens balsamina inoculated with a consortium of 
AM fungi (11 species) reduced the root-knot disease caused by the nematode 
Meloidogyne incognita than the plant inoculated with Glomus coronatum alone. 
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However, the concentrations of antioxidant in shoots and phenolic compounds in 
roots were higher for AM fungal consortium inoculated plants and showed defense 
activity against the root-knot nematodes (Banuelos et al. 2014).

In addition to fungi, bacteria are also involved in the control of plant parasitic 
nematodes in soil. The nematophagous bacteria are differentiated based on their 
mode of activity and mostly belong to the genera Bacillus, Pseudomonas, and 
Pasteuria (Li et al. 2015). These bacteria have been isolated from soil, host tissues, 
and nematodes (Kerry 2000; Meyer 2003). The nematophagous bacteria affect nem-
atodes through various mechanisms like producing toxins and antibiotics/enzymes, 
competing for nutrients, and inducing systemic resistance in plants (Tian et al. 
2007). Some of the major rhizobacteria like Azotobacter and Gluconacetobacter 
also affect the plant parasitic nematodes. The antagonistic effect of bacteria against 
nematodes in the soil is due to the secretion of volatile compounds like ammonia 
and fatty acids which inhibit the juveniles of nematodes (Bansal and Bajaj 2003). A 
study by Bansal et al. (2005) in cotton showed that the antagonistic effect of 
Gluconacetobacter diazotrophicus (=Acetobacter diazotrophicus) on the root-knot 
nematode, M. incognita, was through suppression of egg hatching.

Abundance of bacterial grazers like the nematodes and protozoa significantly 
alters the bacterial community composition and their activities in the rhizosphere 
(Bonkowski 2004). Such changes in bacterial activities and populations are shown 
to significantly affect plant growth (Kreuzer et al. 2006; Mao et al. 2007). In a 
boreal forest, ectomycorrhizal fungus was shown to affect bacterial community 
composition, subsequently altering food resources for protozoa (Timonen et al. 
2004). Both ectomycorrhizal fungi and protozoa can complement each other in ren-
dering benefit for plants. For example, Bonkowski et al. (2001) showed that the 
protozoa increased the N availability to Norway spruce (Picea abies) seedlings, 
whereas the ectomycorrhizal fungus Paxillus involutus increased the availability of 
P. The excretion of N after the consumption of bacterial biomass by protozoans 
increases the N availability for direct or mycorrhizal mediated uptake by plants 
(Bonkowski 2004). In a microcosm study, Koller et al. (2013) showed that protozoa 
mobilized N by stimulating microbial activity in degradation of organic matter. The 
N released was transferred to the roots of Plantago lanceolata via hyphae of R. 
intraradices. Though different microorganisms in the rhizosphere complement each 
other from the plant’s perspective, a competition for plant carbohydrates does exist 
between these microorganisms. A substantial reduction in the numbers of protozoa 
has been reported by Rønn et al. (2002) in AM-colonized pea plants. The presence 
of protozoa also affects root architecture and biomass in rice plants (Herdler et al. 
2008). The influence of AM fungi on changes in the microbial community of the 
rhizosphere tends to vary with the growth phase of the plant. For example, in pea 
plants the presence of the AM fungus R. intraradices decreased the number of pro-
tozoa during late vegetative phase prior to flowering, but the negative effect on 
protozoa decreased during flowering and pod formation (Wamberg et al. 2003).
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5.3  The Hyphosphere Concept

Generally, the amount of fungal hyphae in any given volume of the soil is enormous. 
There can be up to 20,000 km of fungal hyphae per cubic meter of soil (Moore et al. 
2011). Ectomycorrhizal fungi can produce up to 800 m of hyphae per gram of soil 
and about 700–900 kg of mycelium per hectare in a humus-rich layer of the soil 
(van Elsas et al. 2007). Similarly, AM fungi can produce up to 100 m of hyphae per 
gram of soil (Miller et al. 1995). The extraradical mycelia of mycorrhizal fungi 
constitute around 20–30 % of total soil microbial biomass and have a powerful 
influence upon the biogeochemical cycling of nutrients and the composition and 
functioning of plant communities (Leake et al. 2004). Mycorrhizal mycelial net-
works in the soil are the most dynamic and functionally diverse components of the 
symbiosis, and they receive as much as 10 % or more of the net photosynthate from 
their host plant; part of which is exuded into the soil (Leake et al. 2004) (Fig. 5.1).

Like roots, the mycorrhizal hyphae also release compounds into the soil and play 
an important role in the microbial activity and nutrient dynamics of the soil (Jones 
et al. 2004). This holds well, especially for the ecto-, ericoid, and orchid mycorrhi-
zal fungal mycelium which can release hydrolytic enzymes to acquire nutrients 
from organic sources (Chalot and Brun 1998) and other compounds (Sun et al. 
1999). The highest concentration of glucose and trehalose and the lowest concentra-
tion of fructose, galactose, sucrose, raffinose, and mannitol were detected in hypo-
sphere soil of olive trees (Olea europaea) colonized by R. intraradices (Mechri 
et al. 2014). The term hyphosphere was thus introduced to denote the soil region 
influenced by extraradical mycelium of the mycorrhizal fungus (Jones et al. 2004). 
In some cases, the activity and composition of microorganisms in the hyphosphere 
have been shown to affect the activities of AM fungi (Andrade et al. 1997; Filion 
et al. 1999).

The hyphosphere may be rich in carbon, but deficient in available nutrients like 
P for many microbes, which in turn may influence their activity of mineralizing the 
phytate-P of the soil and later adding the available P into microbial biomass P that 
is potentially available to AM fungal hyphae (Zhang et al. 2014). Plant genotype, 
development of the root system, quality and quantity of the root exudates, and 
plant’s carbohydrate metabolism can influence microbial biomass and activity in the 
mycorrhizal hyphosphere (Marschner et al. 2001; Sood 2003; Hooker et al. 2007; 
Toljander et al. 2007). These have resulted in studies where colonization of plant 
roots by AM fungi has been shown to decrease (Wamberg et al. 2003; Cavagnaro 
et al. 2003), increase (Van Aarle et al. 2002; Albertsen et al. 2006), or have no effect 
(Olsson et al. 1996; Andrade et al. 1997) on the microbial biomass.

As per the reciprocal reward mechanism suggested for stabilizing the coopera-
tion of mycorrhizal-plant symbiosis (Kiers et al. 2003; Hammer et al. 2011), the 
amount of carbon supplied to the soil by different fungi could vary significantly. For 
instance, when there is a one-to-one situation like an individual fungus colonizing 
the plant root system, the quantity of carbon that is provided by the plant to the 
fungus depends on the P contribution of its fungal partner and vice versa (Hammer 
et al. 2011). But, when situation involves many-to-many like different mycorrhizal 
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fungi colonizing roots of different plant species in a community, the plants can 
detect and discriminate fungal partners with either excess or limited supply of car-
bohydrates. The fungal partners can also reciprocate by increasing the transfer of 
nutrients only to the roots that provide more carbohydrates (Kiers et al. 2011; 
Fellbaum et al. 2014). It can be seen that in mycorrhizal symbiosis, the plants and 
fungi have a choice to select between multiple potential partners. However, in the 
hyphosphere, AM fungi may receive P from different phosphate-solubilizing micro-
organisms (PSMs) including bacteria and fungi. It is possible that the choice of AM 
fungi is more limited for the PSMs because of scale and nonfilamentous growth 
issues, and thus each bacterium is probably dependent upon only a single AM fun-
gal hypha for its carbon support. Thus, this may be expected to make the PSM more 
open to cooperative behavior (Zhang et al. 2016).

The mycorrhizal fungi aid plants in their forage for nutrients and water by 
extending its range into areas of soil that are not accessible by roots and to nutrient- 
rich soil hotspots through a large network of extraradical mycelium (Kaiser et al. 
2015). Mycorrhizal hyphae also stimulate the surrounding soil microbes by release 
of carbon which is labile. This increases the availability of local nutrients in the 
hyphosphere (Hodge et al. 2010; Cheng et al. 2012; Jansa et al. 2013). Nevertheless, 
when the AM fungi pass on the plant photosynthates to the hyphosphere, it results 
in an increase in the availability of nutrients by stimulating the depolymerization of 
organic matter by soil microorganisms (Hodge et al. 2010; Jansa et al. 2013). This 
strategy is useful for AM fungi which do not have the ability to secrete extracellular 
enzymes to degrade complex organic compounds (Kaiser et al. 2015; Smith and 
Smith 2011).

5.3.1  Microbial Interactions in the Hyphosphere

Like rhizosphere, some bacteria are associated with the mycelium of both ectomy-
corrhizal and AM fungi in hyphosphere (Poole et al. 2001; Mansfeld-Giese et al. 
2002; Naumann et al. 2010). The mycorrhizal fungal hyphae influence bacterial 
populations and their activity (Andrade et al. 1997). Although numerous studies 
exist on the rhizosphere colonization by bacterial populations, studies are limited to 
the distribution of bacterial populations in the hyphosphere (Ravnskov et al. 1999; 
Zhang et al. 2014). The AM fungal mycelium plays a crucial role in the transfer of 
carbon sources to the associated bacteria (Leake et al. 2006; Drigo et al. 2010). The 
AM fungi in the soil decompose the organic matter indirectly through the produc-
tion of exudates, which stimulate the microbial communities in the hyphosphere 
that are involved in the decomposition of organic matter. The hyphal exudates not 
only promote microorganisms but also inhibit others (Toljander et al. 2007). The 
ectomycorrhizae harbor bacteria, which use the type III secretion system (T3SS) 
encoding for the attachment of infection needle (Warmink and van Elsas 2008). 
However, recently, sulfonate desulfurizing bacteria, Gammaproteobacteria and 
Actinobacteria with T3SS, were detected in the hyphosphere of AM fungi (Gahan 
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and Schmalenberger 2015). But unlike the previous study where the system was 
used for encoding bacterial attachment, it helped plants to take up sulfur from 
unavailable forms.

Over the past decade, several attempts have been made to unravel the physical 
interactions that take place between AM fungi and bacteria in the hyphosphere (e.g., 
Bianciotto et al. 2001; Johansson et al. 2004). Ravnskov et al. (1999) studied the 
influence of R. intraradices on Pseudomonas fluorescens DF57 bacteria in the 
hyphosphere and rhizosphere soil. It was clear that the presence of AM did not 
induce P starvation response and it did not affect the metabolic activity of the bac-
terium. The authors also found that it could not use the hyphae as a carbon substrate. 
Proposals were made to conclude that R. intraradices can negatively affect the 
growth and survival of P. fluorescens DF57 both in the presence of roots, where the 
fungus can change the quality and quantity of root exudates and in the hyphosphere, 
where the microbes can interact directly.

Bacteria that were associated with the hyphosphere of the AM fungal species, 
namely, Claroideoglomus etunicatum, R. intraradices, and Funneliformis mosseae, 
were investigated by Andrade et al. (1997). The changes observed in the bacterial 
community in the hyphosphere were not related to the quantity of AM mycelium, 
but were due to qualitative effects like the composition of exudates of the fungal 
species which is very important for the composition and the proliferation of rhizo-
bacteria (Johansson et al. 2004). The synergistic film surrounding the fungal hyphae 
acts as a highway for dispersal of bacteria in water-unsaturated media (Kohlmeier 
et al. 2005). Although this phenomenon is well demonstrated for non-mycorrhizal 
fungi like Fusarium and Chaetomium (Simon et al. 2015), it is yet to be demon-
strated for mycorrhizal fungi.

5.4  The Mycorrhizosphere Concept

The concept of rhizosphere has been broadened to include the fungal component of 
the symbiosis, which has resulted in the term mycorrhizosphere (Rambelli 1973). 
The mycorrhizosphere is influenced both by the root and the mycelium of the 
mycorrhizal fungus (Fig. 5.1). Therefore, the term mycorrhizosphere is inclusive of 
the specific term hyphosphere that denotes exclusively the soil zone surrounding 
individual fungal hyphae that extends beyond the rhizosphere into the bulk soil 
(Johansson et al. 2004).

Mycorrhizosphere is the soil zone influenced by mycorrhizal roots, and it con-
sists of two components: (1) the rhizosphere, a layer of soil surrounding the root 
system which is directly influenced by root and root hairs, and (2) the hyphosphere, 
a region where mycorrhizal fungal hyphae and soil interaction takes place 
(Marschner 1995). Both rhizosphere and hyphosphere influence several organisms, 
including saprotrophic fungi and bacteria (Meier et al. 2015). These microorgan-
isms interact in the mycorrhizosphere and affect the abiotic and biotic factors (Rillig 
and Mummey 2006).
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5.4.1  Significance of Mycorrhizosphere

Mycorrhizosphere communities play a significant role in sustainable agriculture 
(Johansson et al. 2004), plant fitness, soil quality (Barea et al. 2002), and nutrient 
cycling (Azcon-Aguilar and Barea 2015). The management of mycorrhizosphere 
with the focus on restoration of ecosystems, biological control of pathogenic roots, 
enhancing the quality of soil, phytoremediation of heavy metals in contaminated 
soil, and osmotic stress reduction was recently reviewed by Barea et al. (2013). The 
importance of mycorrhizosphere was also revealed in the sustainable, low-cost phy-
toremediation methods (Trotta et al. 2006), development of bioenergy crops 
(Philippot et al. 2013), carbon sequestration (Rees et al. 2005), mineral weathering 
(Frey-Klett et al. 2009; Koele et al. 2014), and pyrene degradation in soil (Li et al. 
2008).

5.4.1.1  Role of Plant Growth-Promoting Rhizobacteria (PGPR)
PGPR are the rhizosphere bacteria involved in the plant growth and development 
through various direct and indirect processes (Gupta et al. 2000; Glick et al. 2007). 
They also act as biocontrol agents. PGPR facilitate plant growth by enhancing the 
uptake of nutrients (Adesemoye et al. 2009), solubilization of phosphate and other 
essential minerals (Ramachandran et al. 2007; Vyas and Gulati 2009), synthesizing 
plant growth regulators (Kannan and Surrendar 2009), production of siderophores 
(Idris et al. 2007; Ahmad et al. 2008), and suppression of disease-causing pathogens 
(Kloepper et al. 2004; Salimpour et al. 2010). PGPR are potential antagonists and 
are capable of producing hydrolytic enzymes which lyse the pathogenic fungal cells 
(Maksimov et al. 2011).

A significant increase in growth and yield has been reported in many important 
crops (Gray and Smith 2005; Peng et al. 2013). Some of the PGPR belong to the 
genera, Azotobacter, Pseudomonas, Bacillus, Klebsiella, Arthrobacter, Azospirillum, 
Enterobacter, Azoarcus, Serratia, and Rhizobium (Burdman et al. 2000). 
Pseudomonas fluorescens is present in the rhizosphere of many crop plants and is 
well known for its biocontrol activity (Costa et al. 2006; Ahmad et al. 2008). The 
suppression of root pathogens by symbiotic root-colonizing microorganisms is well 
documented (Rezzonico et al. 2007; Abbas-Zadeh et al. 2010). Okubara et al. (2010) 
demonstrated the biocontrol activity of Pseudomonas fluorescens against soilborne 
fungal pathogens of Triticum aestivum during the infection process. An isolate of P. 
fluorescens B16 isolated from the graminaceous plant roots colonized the roots of 
different plants and increased the height, flower and fruit number, and total weight 
of tomato plants (Minorsky 2008). PGPR have the ability to secrete metabolites 
such as antibiotics, fungal cell wall-degrading enzymes, some gaseous products, 
and siderophores (Idris et al. 2007). Further, they also produce plant growth regula-
tors such as auxins, gibberellins, and cytokinins that facilitate nutrient release (Idrise 
et al. 2002) and provide resistance against environmental stresses (Ashraf et al. 
2004). The IAA (indole-3-acetic acid) produced by bacteria enhances plant growth 
(Khare and Arora 2010). The production of siderophores, by Pseudomonas 
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fluorescens and Pseudomonas putida, helps plants in their uptake of iron and deters 
the growth of plant pathogens (Santoyo et al. 2012).

Rhizosphere colonization by Azospirillum species enhances the plant growth due 
to its ability to fix N (Helman et al. 2011). They are also involved in the production 
of siderophores (Massenia Reis et al. 2011) and plant hormones like IAA and gib-
berellins (Martinez-Morales et al. 2003). Dual inoculation of PGPR (Pseudomonas, 
Azotobacter, Azospirillum) and AM fungi stimulates lycopene production and anti-
oxidant activity in tomato (Kourosh et al. 2010). Pseudomonas sp. and Azospirillum 
sp. isolated from root cuttings of Piper nigrum resulted in significant phosphate 
solubilization (Ramachandran et al. 2007). Phosphate-solubilizing Bacillus megate-
rium isolated from the rhizosphere of tea was known to promote plant growth. Some 
PGPR contain ACC-deaminase enzyme which has the ability to scale down the 
ethylene levels, thereby promoting plant growth and development (Zahir et al. 
2008). The role of PGPR with ACC-deaminase activity in phytoremediation 
(Cavalca et al. 2010) and biocontrol of the plant pathogens has also been demon-
strated (Belimov et al. 2007).

5.4.1.2  Mycorrhization Helper Bacteria (MHB)
Bacteria which are beneficial to both arbuscular and ectomycorrhizal fungi are often 
called mycorrhiza or mycorrhization helper bacteria (Duponnois 2006; Frey-Klett 
et al. 2007). Some of the MHB strains include the Gram-positive bacteria 
(Agrobacterium, Azospirillum, Azotobacter, Bradyrhizobium, Pseudomonas, 
Klebsiella), Gram-negative bacteria (Bacillus, Paenibacillus, Variovorax), and 
Gram-positive actinomycetes (Streptomycetes, Arthrobacter, Rhodococcus) (Frey- 
Klett et al. 2007). Mycorrhization helper bacterium enhances the mycorrhiza forma-
tion mostly, ectomycorrhizal fungi by producing growth metabolites thus allowing 
fungal hyphae to colonize plant roots with large surface area (Bending et al. 2006).

Pseudomonas is one of the important groups of MHB that facilitate rapid coloni-
zation of the root by mycorrhizal fungi and stimulate the formation of lateral 
roots (Poole et al. 2001). MHB and the plant roots come in direct contact to promote 
mycorrhizal symbiosis (Aspray et al. 2006).

Actinomycetes are often free colonizers of plant roots, mycorrhizosphere and 
rhizospheres (Tarkka et al. 2008). Some actinomycetes are involved in the suppres-
sion of AM fungi due to its inhibitory effect in the rhizosphere. Root rot of apple 
caused by Pythium, Dematophora, and Fusarium is suppressed by MHB obtained 
from spores of AM fungi (Dohroo and Sharma 2012). MHB also induces AM fungal 
spore germination and mycelial growth due to the production of growth factors and 
by detoxifying the antagonistic compounds (Frey-Klett et al. 2007). Streptomyces 
sp. AcH505 produces metabolite auxofuran that suppresses the growth of patho-
genic fungi and induces pre-symbiotic growth of Amanita muscaria and Suillus 
bovinus (Keller et al. 2006; Frey-Klett et al. 2007). One of the MHB isolates 
Burkholderia sp. EJP67 isolated from the ectomycorrhizal roots of Pinus sylvestris 
promoted the formation of long and short roots in the same host plant (Poole et al. 
(2001). On the whole, MHB has the ability to promote mycorrhization by different 
ectomycorrhizal fungi (Bending 2007).
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5.4.1.3  Fungi
Other than PGPR and MHB, soil fungi also play a vital role in the mycorrhizo-
sphere. The AM fungi also contribute to its role as biofertilizer, resistance against 
plant diseases, heavy metals, and various stress conditions (Hildebrandt et al. 2007). 
Trichoderma sp. secretes metabolites which act as a biological fungicide against the 
disease-causing fungi (Vinale et al. 2009). Other potential fungi known for biocon-
trol of soilborne diseases are Trichothecium, Epicoccum, and Aspergillus. 
Application of both Trichoderma sp., and mycorrhizal fungi improves plant growth 
by reducing the negative effect of pathogens (Ene and Alexandru 2008). The AM 
fungal association with plants decreases both the incidence and severity of disease 
caused by phytopathogens (Chakraborty et al. 2011).

5.4.1.4  Soil Aggregation
Soil aggregates that favours growth of plants and microbes consist of minerals, 
roots, fungal mycelium, bacteria, organic matter, and AM fungal derived glomalin 
(Rillig et al. 2007). These aggregates are formed by the adhesive action of oligosac-
charides in glomalin with the help of iron or polyvalent cations (Rillig 2004). 
Glomalin is a fungal glycoprotein, insoluble in water, resistant to heat degradation, 
and found in almost all soils (Nichols and Wright 2004; Bai et al. 2009). The AM 
fungal mediated formation of aggregates in the soil enhances hyphal length, plant 
roots, and microbial communities in the mycorrhizosphere (Nichols 2008). The AM 
fungal hyphae may affect the soil aggregation directly by providing a skeletal struc-
ture to physically hold the mineral particles of the soil. The entangled hyphae also 
serve as a source for the organic and inorganic binding agents, and the soil microag-
gregates are transformed into macroaggregates (Miller and Jastrow 1992). The AM 
fungi are also capable of secreting considerable quantities of glomalin into the soil 
environment (Wright and Upadhyaya 1998; Wright 2000; Rillig et al. 2002, 2003), 
and in due course of time, a portion of these compounds may be reabsorbed by the 
mycorrhizal hyphae (Sun et al. 1999) similar to the reabsorption of exuded com-
pounds by the roots (Jones and Darrah 1993). The soil aggregates are more stable in 
the hyphosphere when compared to the soils that are free from mycorrhizal hyphae. 
This clearly shows that the extraradical mycelium of mycorrhizal fungi can stabilize 
soil aggregates without any contributions from plant roots (Andrade et al. 1998). In 
addition, the fungi also play an important role in the improvement of soil structure 
as they provide reduced amount of carbon to the extrarhizosphere microflora of the 
hyphosphere (Tisdall and Oades 1982; Bagyaraj 1984). When the microbial bio-
mass increases, the aggregate stability also increases (Lynch 1981). Moreover, the 
AM hyphal growth that is outside the rhizosphere helps the movement of organic 
nutrients from the plant to microorganisms (Jakobsen and Rosendahl 1990). 
Therefore, the hyphosphere is marked by severe bacterial colonization than the bulk 
soil without AM hyphae as revealed by the positive relationship between the length 
of hyphae and stability of the soil aggregates (Foster et al. 1983).
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5.4.2  Molecular Mechanisms of Mycorrhizosphere

The molecular mechanisms could provide a better knowledge about the interactions 
occurring between plants and microbes in the mycorrhizosphere. Different types of 
biochemical and molecular mechanisms occur in the mycorrhizosphere. The mech-
anism involved in the uptake of nutrients and how mycorrhizosphere microbes 
defend plants against phytopathogens at the molecular level is discussed below.

5.4.2.1  Mechanism Involved in Biocontrol of Soilborne Diseases
The AM fungi have the ability to induce the establishment of rhizobacteria that 
deter the growth of pathogens in the mycorrhizosphere before they infect the plant 
roots (Lioussanne 2010). Plant diseases can be controlled by manipulation of indig-
enous or through introduction of antagonistic microbes or by management of resi-
dent soil microbes that can decrease the pathogen propagules responsible for 
causing diseases (Linderman 1992). Mycorrhizal plants are more resistant to infes-
tation by soilborne pathogens, nematodes, and also root insects (Whipps 2004). A 
number of hypotheses have been put forward to explain the role AM fungi in con-
trolling soilborne plant pathogens. Induced systematic resistance (ISR) is one of the 
mechanisms through jasmonic acid and ethylene production, in which rhizobacteria 
suppress diseases in plants. Systemic acquired resistance (SAR) is an induced 
defense mechanism through salicylic acid (SA) production, which protects the 
plants from pathogenic microbes (Van Loon et al. 1998). These ISR and SAR play 
an important role in plant defense mechanism through different signaling pathways 
that are interlinked with each other (Pozo et al. 2008). The plant defenses are pre-
conditioned by an infection that results in tolerance to pathogens (Van Hulten et al. 
2006; Beckers et al. 2009). Certain defense-related genes are activated by SA, 
known as pathogenesis-related proteins (Van Loon 2007). Another mechanism 
known as mycorrhiza-induced resistance (MIR) is also a well-known plant defense 
mechanism which has been demonstrated in rice against the blast fungus 
Magnaporthe grisea (Pozo et al. 2008; Campos-Soriano et al. 2012).

In the ISR, the AM colonization regulates the stimulated pathogenic symptoms 
in a systematic manner (Pozo and Azcon-Aguilar 2007). Many components have 
been isolated from AM-colonized plants which could control pathogenic activities. 
For example, high concentration of phenolic acids (Singh et al. 2004), few isoforms, 
superoxide dismutases, and peroxidases was also found (Garmendia et al. 2006). 
Isoforms of few enzymes such as chitosanases, β-1,3-glucanases, chitinases, and 
peroxidases have been identified in mycorrhizal roots (Pozo et al. 1996). In another 
mechanism, two strains of fluorescent pseudomonads proved to be an excellent bio-
control agent. They suppress other microbes by secretion of secondary metabolites 
(Srivastava et al. 2001; Kang et al. 2008).

5.4.2.2  Mechanism of Nutrient Exchange and Nutrient Cycling
Root-associated microbes involved in the nutrient cycling in plants are N2-fixers, P 
mobilizers, and AM fungi. AM fungal interactions are responsible for the nutrient 
exchange between the plant and fungi. Moreover, saprophytic rhizobacteria also 
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have the ability for N and P mobilization (Azcon-Aguilar and Barea 2015). Mostly 
the nutrient exchange takes place within root cortical cells having arbuscules. The 
extracellular hyphal network spreads into the surrounding soil and reaches the nutri-
ent depletion zone and enhances the supply of inorganic nutrients mostly phosphate 
and nitrate (Smith et al. 2011). In return, the heterotrophic fungal partner receives 
photosynthates from the host plant (Smith and Smith 2011). This causes important 
changes in primary and secondary metabolism of plants (Harrison 1999). The N and 
P transport from the soil to plants occurs both via mycorrhizal pathway and direct 
pathway. AM roots absorb nutrients through root epidermis, root hairs, and AM 
fungal hyphae and transport them to root cortical cells. The N and P from the soil 
are transported to roots mostly by the mycorrhizal pathway (Smith and Smith 2011).

In N transport process, inorganic N is taken up by the extraradical mycelium of the 
mycorrhizal fungi and incorporated into arginine in the fungal cytoplasm. Next, it is 
transferred to the intraradical mycelium where it can associate with polyphosphate. 
The arginine is broken down in the intraradical mycelium prior to its translocation to 
the plant root. As a result, the fungal N reaches root as ammonium (Govindarajulu 
et al. 2005). Most of the fungal N that is transferred to the plants in the form of ammo-
nia is acquired by the mycorrhizal fungi through the involvement of ammonium trans-
porter gene like GintAMT1 (Lopez-Pedrosa et al. 2006). In phosphate acquisition, the 
uptake of inorganic phosphate by AM fungi from soil requires high-affinity transport-
ers which are present in the fungal extraradical mycelium (Benedetto et al. 2005). 
After the fungal uptake of inorganic phosphate, it is transported into the vacuoles and 
gets deposited in the form of polyphosphate chains. Further, polyphosphate chains are 
released by the fungus after moving into arbuscules and finally it reaches the cells of 
the root cortex. A number of AM fungi and plant phosphate transporters involved in P 
transport of mycorrhizal plants have been identified. For example, P transporter genes 
GiPT from R. intraradices (Maldonado-Mendoza et al. 2001); ORYsa, Pht1, Pht11, 
and MtPT4 from rice (Paszkowski et al. 2002), and Medicago truncatula have been 
isolated and characterized (Harrison et al. 2002).

5.5  Conclusion

Non-mycorrhizal plants possess only rhizosphere, while the mycorrhizal plants 
have mycorrhizal mycelium that may contribute to around 75 % of the plant’s 
absorptive surface. Mycorrhizospheres are unique and intricate systems whose 
composition and function determine the existence and sustainability of most ter-
restrial plant communities. The study of mycorrhizosphere is inherently difficult 
because of the intimacy of the plant roots and the fungal hyphae with the soil. This 
is further complicated by the mycorrhizal mycelial networks that interlink plant 
roots and stretch the conventional rhizosphere. Limited studies on the complicities 
of the mycorrhizosphere suggest that the microbial communities in the mycorrhizo-
sphere have multilevel interactions among themselves and with the environment. 
Further studies using molecular tools as suggested by Timonen and Marschner 
(2006) would be of immense value in unrevealing the composition and physiologi-
cal functions of the mycorrhizosphere.
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Abstract
More than 90 % of terrestrial plants form symbiotic association with mycorrhi-
zae which develop and promote cooperation belowground in rhizosphere. 
Mycorrhizal fungi produces spores in the soil and vegetative propagules in root 
fragments which respond to stimulation of root exudates in the rhizosphere. As a 
result, symbiotic relationship takes place where physiology and morphology of 
both participants rely on each other. Mycorrhizae are present in a range of horti-
cultural, agricultural, forestry and other plant species. Along with mycorrhizae, 
other beneficial microbes also add in plant growth promotion, nutrient and uptake 
and stress tolerance either biotic or abiotic. The presence of bacteria in rhizo-
sphere synchronizes with mycorrhizae termed as ‘mycorrhizae helper bacteria’ 
and increases plant growth by focusing on N and P in particular while micronu-
trients in general. Besides that, carbon has important structural and functional 
role in symbiotic association, because of mycorrhizal reliance on plants for food. 
Additionally, movement of C to the roots is an interesting area for exploration 
due to recent global focus on addressing climate change and carbon mitigation 
approaches particularly for sustainable agriculture. AM symbiosis can influence 
soil CO2 emissions and soil in ecosystems dominated by mycorrhizal plants that 
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contain 70 % more carbon per unit nitrogen than soil in ecosystems dominated 
by non-AM-associated plants. Absorption of CO2 by mycorrhizae is contributing 
in climate change mitigation and translated as plant biomass production.

6.1  Introduction

The most widespread symbiotic association between microorganisms and plants is 
arbuscular mycorrhizal fungi (AMF), which is present in a range of horticultural, 
agricultural and forestry plants Marschner (2012). Different plant species are 
infected with indigenous AMF in their natural habitat (Ortas and Coskan 2016a). 
Mutualistic mycorrhizal fungi-root association has been known and being studied 
since 1885, when Frank for the first time gave the name mycorrhiza (myco, fungus; 
rhiza, root) to readily observable morphological complexes between fungi and tree 
roots. Mycorrhizal infection occurs in 83 % of dicotyledonous and 79 % of mono-
cotyledonous plants (Trappe 1987).

According to Azcon-Aguilar and Barea (2015), beneficial microbes contribute in 
plant growth and increase nutrient uptake such as nitrogen and/or soluble phos-
phate. Understanding the mechanism of high N use efficiency by mycorrhizal/rhi-
zobial plants and carbon allocation in a context of mutualistic system is critical for 
managing agricultural system for the ecosystem sustainability by microbial symbi-
onts. Since there is significant effect of carbon on climate change and sustainability 
of agriculture, it is sound to explore the influence of beneficial organisms on carbon 
sequestration (Ortas et al. 2013). It has been suggested that soil microflora may have 
significant influence on the formation of mycorrhizal association. The results of 
Sutton and Sheppard (1976) showed that adding non-sterile soil leachate to a sterile 
soil increases biomass of AM hyphae.

Recently research groups on mycorrhiza have concentrated on the effect of 
mycorrhizal inoculum on nodulation, when both mycorrhizae and bacteria are inoc-
ulated together. It is an indication of additive and positive cooperation in between 
fungi and bacteria. Dual inoculation (of AMF and Azotobacter) had a synergetic 
effect on growth increase of the host plant. In rhizosphere, it is possible that some 
beneficial bacteria, such as symbiotic or free-living nitrogen fixer (Hamdia and 
Shaddad 2010), phosphate solubilizers and hormone producer organisms (Ratti 
et al. 2001), could develop cooperation with mycorrhizae. Besides that, very recently 
the role of mycorrhizae on CO2 absorption is getting more attention because of 
continuously piling up of the atmospheric CO2 concentration to affect climate. 
Since climate change is related with atmospheric CO2, the role of mycorrhizae for 
plant growth promotion and biomass production through carbon absorption is sig-
nificantly important.
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6.2  Mycorrhizal Formation and Functions

Mycorrhizal fungi’s characteristic structures are vesicles, arbuscules, hyphae (exter-
nal and internal hyphae) and resting spores in the host root (Smith and Read 2008). 
One of the important structural features of mycorrhizae is hyphae which grow lon-
gitudinally between the cells of the root cortex. When fungal hyphae contact the 
root surface, penetration occurs through an aspersorium. After its development, fun-
gus produces hyphae which penetrate between inner cortical cells (Berruti et al. 
2013; Sieverding 1991; Smith and Read 2008). The AM root infection usually 
begins after hyphae extending from propagules (spores, hyphae and root fragments) 
penetrate into the host root from an entry point on root surface. The mycorrhizal 
fungi survive in the soil as resting spores, and when environmental conditions 
become favourable, they start to germinate. The spore formation is generally on the 
coarse external hyphae. These spores usually range from 50 to 600 μm (Sieverding 
1991). Once infection is established, the developing fungi can produce inter- or 
intracellular vesicles (Rodriguez-Moran et al. 2015). Usually, vesicles are oval, 
round or lobe shaped and occur within or between cortical cells. They may contain 
lipid droplets which act as storage structures of fungus. Vesicle shape, wall structure 
content and their number can differ according to the fungal species forming mycor-
rhizae (Sieverding 1991; Smith and Read 2008). Arbuscules are intracellular, 
branched or tree-shaped structures of the symbiont and are formed by repeated 
branching. They are considered to function for the transfer of nutrients (Marschner 
2012; Smith and Gianinazzipearson 1988).

The internal morphology of AMF can be easily observed on cleared and stained 
root samples under the microscope (Seok-Cho et al. 2007). The mycorrhizal fungus 
lives with host (plant partner) in a balanced close association. Mycorrhizal fungi can 
be seen in the soil as spores or as vegetative propagules in root fragments. Propagules 
of mycorrhizal fungi apparently respond to the stimulation of root exudate, and their 
hyphae and germ tubes grow and penetrate root epidermal cells. The colonization of 
the host tissue progresses, both internally and externally along the root surface. The 
formation depends on the association between host and fungi, the latter resulting in 
morphological and physiological changes which lead to the formation of different 
types of mycorrhizae. When mycorrhiza forms, symbiosis significantly changes the 
physiology and morphology of roots particularly and the whole plant generally 
(Bray et al. 2003; Wulf et al. 2003). In some plants such as onion and maize, there 
is a yellow pigmentation which accompanies root colonization. The physiological 
change is explained as the change has great impact on rhizospheric microorganisms, 
which alter permeability of the membranes. It is well understood that membrane 
permeability can alter the quantity and quality of root exudates and results in 
changed plant nutrient composition. The microbes in microsphere of mycorrhizal 
fungi may profoundly affect mycorrhizal functions, such as nutrient and water 
uptake. Moreover, mycorrhizospheric organisms and root exudates have significant 
influence on soil development as well. Mycorrhizal hyphae are normally supported 
by the host plants, but their biomass may be influenced by soil biotic and abiotic 
factors such as soil microorganisms.
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6.3  Factors Affecting Mycorrhizal Association

Soil physical, chemical and biological factors affect mycorrhizal development. 
Water contents (Krishna et al. 2005), temperature (Zhang et al. 2016), light (Clark 
and St Clair 2011; Moratelli et al. 2007) soil type and their characteristics (Ortas 
and Coskan 2016b; Thougnon Islas et al. 2016) are illustrations of physical factors. 
Fitter et al. (2004) indicated that AM fungi respond directly to elevated soil tem-
perature. Furthermore, examples of chemical factors are soil pH (Moon et al. 2016), 
phosphorus availability (da Silva et al. 2016), nitrogen forms (Smith and Read 
2008), micronutrient levels (Hoffmann et al. 2009), salinity stress (Labidi et al. 
2011; Ruiz-Lozano and Azcon 2000), organic matter content (Wang et al. 2015), 
excessive use of pesticides (Zocco et al. 2008), etc. Biological factors are based on 
host plant (Ocampo et al. 1980) interactions with other soil microorganisms such as 
pathogenic and competitive with other mycorrhizal fungi (Azcon-Aguilar and Barea 
2015). These environmental conditions affect root colonization and fungal growth 
development in the cortex (Smith and Read 2008). It has been indicated that mean 
spore abundance was significantly different in cropped systems and soil manage-
ment (Säle et al. 2015). Barea et al. (2011) and Burkle and Belote (2015) reported 
that disturbance of target semiarid ecosystem decreases density and diversity of 
mycorrhizal fungi population. In general, the sporulation of AMF is dependent on 
soil/plant nutrition, the ecophysiological status of hosts, climate, that is, previous 
precipitation and also sampling time.

Soil pH reflects the nutrient availability in soil through ion exchange process 
(Helgason and Fitter 2009). Varying soil pH can change species richness and com-
munity composition. For different mycorrhizal species, effect of soil pH on germi-
nation of mycorrhizal spores, hyphal growth from spores and hyphal growth from 
mycorrhizal roots may be different. Guo et al. (2012) have shown that soil medium 
with liming effect from pH 5.5 to 5.9 increased G. mosseae germination by 43–60 
% with no further increase observed with addition of lime. The results of (Sivakumar 
2013) showed positive correlation between the mycorrhizal spore abundance and 
soil pH moreover with root colonization. In general, soil with pH range 5.5–6.6, 
AMF is abundant (Sharma et al. 2009). Martensson et al. (2012) reported that the 
amount of AMF is very low in poor nutrient and drought-stressed habitat, and they 
also found that a high pH in the topsoil does not lead to higher AMF biomass.

The results of Alloush and Clark (2001) showed that mycorrhizal infection was 
strongly inhibited by Al and Mn. Similarly Lambais and Cardoso (1993) recorded that 
soil may have toxic concentration of Al and Mn to fungal growth, but it supported 
plant growth. It is believed that soil acidity is not an independent factor as pH itself 
may have little significant effect on spore germination and root colonization. Resting 
spores are thick-walled structures formed in the soil. Spore numbers are affected by 
several factors such as nutritional status of the host plant and soil moisture contents 
(Ortas and Coskan 2016a; Smith and Smith 2011; Smith and Read 2008).

The frequency of mycorrhizal infection is affected by nitrate (NO3
−) and ammo-

nium (NH4
+) ions. According to Asghari and Cavagnaro (2012) and Valentine et al. 

(2002), the application of NO3
− or NH4

+ resulted in higher level of mycorrhizal 
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infection. Mycorrhizae formation was decreased at high level of NH4
+-N (Wallenda 

et al. 1996). The application of increasing amount of NO3
− reduced the level of AM 

infection in lettuce roots when the root was inoculated with G. mosseae (Kohler 
et al. 2008). Wallenda et al. (1996) found that high NO3

− levels can result in the low 
mycorrhizal formation of conifer seedlings, but with NH4

+ supply, fungi formed 
abundant mycorrhizae (Correa et al. 2006). The results of Irshad et al. (2002) 
showed NO3

− fertilizer is more inhibitory to AMF development than NH4
+ fertilizer. 

Addition of NO3
−-N to the soil decreases AMF infection (van Diepen et al. 2013) 

and infectivity of mycorrhizal propagules (Cornejo et al. 2007). NH4
+-N application 

magnified considerable morphological changes and showed plasticity of G. intrara-
dices (Bago et al. 2004). The mechanism responsible for nitrogen inhibition of AM 
formation is not fully understood.

6.4  Carbon Relation with Mycorrhizae

Soil microorganisms are dependent upon plants for supply of energy mainly carbon. 
By this way, population of organisms is indirectly dependent on plant photosynthe-
sis. A figure of soil-fungi-plant and their relationship with plant carbon nutrition is 
presented in Figs. 6.1 and 6.2. The relationship between mycorrhizal fungus and the 
host plant is bidirectional (Fig. 6.1) where both sides derive benefits. The fungi 
obtain its required carbon directly from the roots, and at the same time fungi supply 
inorganic minerals, especially phosphorus (P) from the surrounding soil (Smith and 

Fig. 6.1 Relationship between mycorrhizae-soil and plant-carbon-nutrient exchange (Ortas 1994)
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Read 2008). Carbon (C) and P are the key nutrients required for mycorrhizal devel-
opment and functions. It is well understood that AMF are completely dependent on 
soluble carbohydrates produced by the host plant for carbon. This carbon demand 
can inhibit plant growth in stress conditions of low light intensity, high level of root 
colonization (Asensio et al. 2012) and low soil temperature. Mycorrhizal fungi, 
because of their unique carbon system, can efficiently combine soil mineralization 
and nutrient uptake by plant roots (Mellado-Vazquez et al. 2016).

In rhizosphere, soil bacteria and fungi generally immobilize mineral nutrients, as 
carbon is consumed, and thereby compete with plant for nutrients. A useful indica-
tor of plant material supply to soil is net primary production. Living plant roots 
supply a tremendous amount of C to the soil which can potentially be used by 
microorganisms. The C utilization by mycorrhizae becomes important when com-
peting with other soil microorganisms.

It is generally accepted that root exudes sufficient quantity of organic compounds 
to support microorganism population in rhizosphere and support growth of certain 
microorganisms derived by root exudate quality. In rhizosphere, C losses by plant 
roots in complex associations of root and soil microorganisms contribute both 

Fig. 6.2 Nutrient transportation from soil to plant tissue and phloem transportation from leaves to 
mycorrhizal hyphae (Ortas 1994)
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positively and negatively which determine plant efficiency. Roots in non-sterile 
media support a large population of microorganisms on external surface (the rhizo-
plane) and in rhizospheric soil. The population density of bacteria and partly fungi 
in the rhizosphere depends on the amount of exudate, mucilage and sloughed-off 
cells which are carbon based. In soil-grown wheat plants under non-sterile condi-
tions during a period of 3 to 8 weeks, 20–40 % of traslocated C from shoot to root 
was lost as organic carbon (OC) into the rhizosphere.

It has been suggested that enhanced plant growth and C flow below ground could 
increase C storage in soils, and it could be the missing sink (Ford et al. 2012). 
Increased C flow to the soil can be directly via plant roots or indirectly via soil 
organisms, of which mycorrhizae could potentially be a very important element. 
Indeed, C allocation to mycorrhizal fungi is often around 10 % of total fixed C (C 
allocated to belowground fractions such as roots and mycorrhizal hyphae accounted 
for an average of 10 %, with 4.3 % allocated to mycorrhizal hyphae) (Tome et al. 
2015) and has been estimated to be high as 20 %. Cheng et al. (1996) showed that 
carbon availability index (CAI) and water soluble organic carbon (WSOC) were 
inversely related to the relative distance from root surface, with several times higher 
concentration in the rhizoplane soils. It is widely known that carbon availability in 
the rhizosphere is much higher than bulk soil where AMF could be responsible for 
carbon sequestration (Ortas et al. 2013).

Most of the carbon is utilized fairly and rapidly by rhizospheric microorganisms. 
A large turnover of OC by microorganism’s activity in the rhizosphere has an impor-
tant implication for both the carbon balance of plant and mineral nutrient relation-
ships in the rhizosphere. At maturity, only a small fraction of the root-derived OC is 
retained in the root system.

Willis et al. (2013) indicated that the mechanisms involved in C transfer from 
plant to fungus are still not well understood. It has been estimated that mycorrhizal 
plants direct up to 20 % more photosynthate towards root system than non- 
mycorrhizal plants.

6.5  Mycorrhizae Affect Atmospheric CO2 Absorption

Interaction between root and soil microorganisms controls nutrient availability and 
uptake by plants and influences soil greenhouse gas (GHG) emissions such as CO2 
and N2O (Jackson et al. 2008). This symbiosis increases the uptake of soil nutrients 
in exchange of photoassimilated carbon compounds (Fellbaum et al. 2012). 
Mycorrhizal fungi of chlorophyllous plants absorb C compounds from their host. 
The role of AM symbiosis for plant and soil GHG emissions might be particularly 
important in ecologically managed systems. Several studies have reported higher 
CO2 emissions in mycorrhizal plants than non-mycorrhizal. The results of 
Heinemeyer et al. (2006) showed that concentration of CO2 flux is highest in the 
mycorrhizal treatments. It has been previously suggested that AM symbiosis can 
influence soil CO2 emission either due to direct respiration of the fungi or indirect 
impacts on heterotrophic microorganisms (Cavagnaro et al. 2008). On the other 
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hand, Tome et al. (2016) reported that mycorrhizal contribution to soil respiration 
(11 ± 6 %) was of similar magnitude to the roots (12 ± 4 %). However, respiration 
of SOM and mycorrhizae significantly increased in late summer and autumn terms; 
this is related with priming effect of roots on SOM degradation or to a stimulation 
of mycorrhizal respiration. The organic matter has key role in soil ecosystems 
(Lejon et al. 2007), while limited information is available for SOM effects on AMF, 
though it is well acknowledged that growth of AMF can be both increase and 
decrease (Cavagnaro 2014; Ravnskov et al. 2006) by soil organic amendments.

Fitter et al. (2004) indicated that under field studies, variation in vegetation due 
to environmental changes may play enormous role in determining AMF community 
structure. Elevated CO2 could stimulate mycorrhizal colonization, since plants are 
fixing more C, and its availability to the fungus is increased. According to hypoth-
esis, more C could flow in the soil via mycorrhizal hyphae. The amount of C trans-
located below ground by AM fungal structures varies between 4 and 20 % of the 
total C fixed by the plant (Smith and Read 2008). Several researchers have exam-
ined mycorrhizal colonization in conditions of elevated CO2, which might stimulate 
ectomycorrhizal colonization in various species (Langley et al. 2003), but the evi-
dence for arbuscular mycorrhizae is less clear. The effect of mycorrhizal type on 
soil carbon is dependent on the effects of net primary production, temperature, pre-
cipitation and soil clay content. Hence, the effect of mycorrhizal type on soil carbon 
content holds at the global scale.

The impact of ectomycorrhizal fungi (EMF) on C turnover in forest soils has 
been considered limited. Rineau et al. (2012) indicated, using global data sets, that 
soil in ecosystems dominated by mycorrhizae-associated plants contains 70 % more 
C per unit nitrogen. Although some climatic models estimated that increased C stor-
age in temperate forest soils is because of increased photosynthetic C allocation to 
roots and symbiotic fungi (Clemmensen et al. 2013; Drigo et al. 2010), there is still 
a room for exact degree of C storage estimation. Mycorrhizosphere activity may 
also stimulate decomposition of previously recalcitrant SOM (Cheng et al. 2012). 
The saprotrophic and EMF species produce a range of hydrolytic and oxidative 
enzymes with a potential effect to break down C-containing compounds such as 
OM and mobilize nutrients from SOM (Norby et al. 2010) Although photosynthates 
are likely the primary source of C used by EMF in ideal condition (Wolfe et al. 
2012), many studies suggest that fungi may directly (Vaario et al. 2012) or indi-
rectly (Rineau et al. 2012) access SOM-C pools.

6.6  Mycorrhizal Development Influenced by Rhizospheric 
Organisms and Nitrogen

It has been previously reported that effect of AMF on P uptake and plant growth was 
more in sterilized soil in comparison to non-sterilized soil. It has been hypothesized 
that more plant growth and P uptake may result from more N mineralization espe-
cially the mineral NH4

+-N flush after soil irradiation. According to Ortas et al. 
(1996), (Ortas and Rowell (2000) and Ortas et al. (2004), the amount of NH4

+-N 
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should be taken into account for plant growth and P uptake (Fig. 6.3). Phosphorus 
uptake mechanisms are related with nitrogen effect on rhizosphere pH (Hinsinger 
2001; Isaac et al. 2012; Rubio et al. 2012). Under partial sterile soil conditions, N 
mainly comes after dead organisms and organic matter degradation.

So far numerous pot experiments have been carried out in partially sterilized soil 
to eliminate the effects of indigenous mycorrhizae on self-introduced mycorrhizal 
inoculum. The results of inoculation experiments are generally positive, because 
unwanted growth response in sterilized soil is related to increased level of available 
N and in particular N mineralized from the soil microbial biomass (Ortaş and Harris 
1996) along with elimination of nutrient competition with other microorganisms. 
The effect of sterilization on soil properties (Gebremikael et al. 2015) and nutrient 
dynamics has been widely studied (Ortas and Rowell 2004; Ortas et al. 2004; Ortaş 
and Harris 1996).

The main aim of partial soil sterilization in mycorrhizal studies is to eliminate 
indigenous mycorrhizal spores and pathogenic microbial activity in the soil, but this 
procedure often alters the chemical and biological properties of the soil (Hassan 
et al. 2012). Under the greenhouse with sterile conditions, pathogen activities have 
been largely restricted, and plant growth especially root development was 

Fig. 6.3 The effect of soil sterilization on nutrient dynamics and P uptake
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maximized. AMF have been shown to affect root growth, root exudate, nutrient 
absorption and host physiological response to environmental stresses (Folli-Pereira 
et al. 2012; Liu et al. 2015; ZhongQun et al. 2007). Increasing the AMF in soil, P 
nutrition for root growth also enhances and expands the absorptive capacity of the 
root system for water and nutrients which influence cellular processes in root (Smith 
and Read 2008; Tischer et al. 2015).

The main procedure so far adopted is elimination of indigenous fungi from soil 
than reinoculated under controlled conditions before their effects on plant growth 
can be assessed by comparing mycorrhizal and non-mycorrhizal plants. As expressed 
by Hetrick et al. (1988) and Miransari et al. (2009)), the effect of other soil micro-
organisms eliminated during soil sterilization on plant growth or mycorrhizal 
growth response is generally not considered. The contribution of AMF to plant 
growth in non-sterile soil may be different from sterile one. Nevertheless, it is 
extremely difficult to evaluate the contribution of AMF on plant growth in non- 
sterile soil. Under the fumigated soil conditions, reinoculation of mycorrhizae 
increased maize growth (Fig. 6.4).

With soil sterilization, soil organisms are killed and organic matter mineraliza-
tion releases sufficient nutrients such as NH4

+-N and NO3
−-N. Partial soil steriliza-

tion can result in four–tenfold increase in NH4
+-N level (Ortaş and Harris 1996; 

Tanaka et al. 2003). The contribution of soil partial sterilization to nutrient release 
may be explained as follows:

Fig. 6.4 The effect of mycorrhizal inoculation on the maize growth under fumigated and unfumi-
gated field conditions (Ortas unpublished photo)
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 1. Some extractable nutrients come from decomposition or breakdown of organic 
matter present in soil as a direct result of irradiation treatment.

 2. Several enzymes, including the urease (which produces ammonia as a decompo-
sition product), are released after irradiation.

 3. Some nitrogen is released from dead organisms (Ortaş and Harris 1996), and 
other nutrients are possibly released after the death of soil microorganisms (such 
as bacteria, fungi and actinomycetes).

Partial soil sterilization generally stimulates subsequent plant growth which is 
associated with an increased net mineralization of NH4

+-N (Tanaka et al. 2003). The 
effects of partial soil sterilization on N-release reported in the literature are shown 
in Table 6.1.

The fertility of sterilized soil may be different than non-sterilized soil (Ortas 
2003). According to Malkomes and Dietze (1998), partial soil sterilization drasti-
cally reduces the microbial population of soil with total eradication of certain 
microorganism groups. It is well known that N is one of the essential macronutrients 
and is required by plants in considerably large amount than P. According to 
Clemmensen et al. (2008) and (Tahovska et al. (2013) in different climates and neu-
tral to slightly acid soils, the primary form of N available to plants is NH4

+-N. The 
supply of nitrogen can influence rate of plant growth. Plant species differ in the form 
and amount of inorganic N uptake and its metabolism in roots (Azcon-Aguilar and 
Barea 2015). N supply to the host plant root influences, either directly or indirectly, 

Table 6.1 Literature on the 
effect of partial sterilization 
on mineral nitrogen release 
from organic compounds and 
soil microorganisms

NH4
+–N NO3

−-N References

ND NO3
−-N Bowen and Cawse (1964)

NH4
+-N↑ ND Salonius et al. (1967)

NH4
+-N↑ NO3

−-N↓ Rovira and Bowen (1969)

NH4
+-N↑ NO3

−-N↓ Singh and Kanehiro (1970)

NH4
+-N↑ ND Jenkinson et al. (1972)

NH4
+-N↑ ND Arunachalam et al. (1974)

NH4
+-N↑ ND Stribley et al. (1975)

NH4
+-N↑ NO3

−-N Jakobsen and Andersen (1982)

NH4
+-N↑ NO3

−-N Ramsay and Bawden (1983)

NH4
+-N↑ NO3

−-N Taufiaul and Habtem (1985)

NH4
+-N↑ NO3

−-N Speir et al. (1986)

NH4
+-N↑ ND Griffiths (1987)

NH4
+-N↑ NO3

−-N↓ Kitt et al. (1988)

NH4
+-N↑ NO3

−-N↓ Thompson (1990)

NH4
+-N↑ NO3

−-N↑ Magnavacca and Sanchez (2003)

NH4
+-N↑ NO3

−-N↑ Xiao et al. (2010)

NH4
+-N↑ NO3

−-N↓ Gebremikael et al. (2015)

NH4
+-N↓ NO3

−-N↑ Buchan et al. (2012, 2013)

↑ = Increase, ↓ = Decrease, ND = No Data
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susceptibility of the roots to infection, which can be influenced by rhizosphere pH 
change (Turnbull et al. 1995). Since N forms alter rhizospheric soil pH, two differ-
ent N forms NH4

+ and NO3
− may affect mycorrhizal development in different ways 

as well (Ortas et al. 1996; Ortas et al. 2004).
It is widely accepted that plants can increase P uptake by chemically modifying 

the rhizosphere (Conversa et al. 2013; Marschner 2012; Ortas 1997). The main 
mechanism that has been suggested is pH alteration through excretion of H+ and 
OH−/HCO3

−. pH is a major factor influencing the soil solution concentration of 
many plant nutrients, and plant-induced variation in pH affects the availability of 
many nutrients (Gao et al. 2012; Nietfeld and Prenzel 2015; Ortas and Rowell 2000; 
Valentinuzzi et al. 2015). The pH changes surrounding environment and infected 
roots, thereby affecting P availability. The intensity of AM root colonization, host 
plant P uptake and growth response to AM has been reported to be pH dependent 
(Baar et al. 2011; Zhu et al. 2007).

The local acidification around mycorrhizal-infected roots may be very important 
for P uptake. It was suggested that application of N and possibly P resulted in 
mycorrhizae making a significant contribution to the plant’s P status. As mentioned 
above, because of utilization of NH4

+-N by hyphae of mycorrhizal plants, this may 
have further consequences in the rhizosphere pH. Recent studies of Cely et al. 
(2016), Feitosa de Souza et al. (2016), Hall and Bell (2015), Zhou et al. (2016) and 
Zong et al. 2015) showed better understanding to the effect of mycorrhizal infection 
on P uptake. However, additional study, especially the effect of NH4

+-N supply on P 
uptake with and without AMF, is required. It is also necessary to understand the 
relationship between P uptake and rhizosphere pH change (caused by NH4

+-N) with 
VA inoculation an area which has received little attention in the past (Ortas 2012a). 
Gahoonia and Nielsen (2004) indicated that manipulation of rhizosphere pH through 
agronomic measures such as application of NH4

+ or NO3
− fertilizers may be more 

practical than breeding approaches.

6.7  Mycorrhizal Importance in Rhizospheric Soil

AMF are the largest symbiotic associations between plants and fungi which make 
significant contribution on physical, chemical and biological aspects of soil quality 
through AM fungal hyphae extending into the rhizosphere and thereby improving 
the absorption of nutrients especially P and micronutrients (Karandashov and 
Bucher 2005; Ortas 2003; Smith and Read 2008). Burkle and Belote (2015) results 
showed that the relationship between productivity and diversity varied among pio-
neer treatments and mycorrhizal amendments. This means that soil and crop man-
agement is related to the existence of mycorrhizae (Almaca and Ortas 2010; Ortas 
and Coskan 2016a). The establishment of mycorrhizae causes changes in the physi-
ology of host plants. Like other soil microorganisms, AMF act as ecosystem engi-
neers on roots and surface of the plants.
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6.8  Mycorrhizae Effect on Soil Development Related with C 
Fixation

In an ecosystem, mycorrhizae actually play an important role across the rhizosphere 
and provide an organic link between the root and bulk soil. Moreover, mycorrhizae 
have significant effect on soil development. Aggregates encapsulate SOC and reduce 
rate of decomposition. Similarly, plant roots and AMF hyphae provide physical pro-
tection to soil C against microbial decomposers through aggregation (Leifheit et al. 
2015; Ortas et al. 2013). AMF play a contributory effect on soil aggregate formation 
(Fig. 6.5) because of the symbiosis which significantly changes the root functioning 
(Espeland et al. 2013). The AMF symbiosis may also influence soil biogeochemical 
processes and GHG emissions through change in soil physical properties such as 
soil water holding capacity (Cavagnaro et al. 2006). Organic compounds and AMF 
hyphae are important in binding soil into macroaggregates and microaggregates 
(Singh et al. 2009). Thus, depletion of SOM and the degradation of soil structure 
can adversely affect soil fertility and crop productivity. Soil aggregation is one of 
the important soil characteristics that mediates many soil chemical, physical and 
biological properties and improves soil quality and sustainability (Ortas et al. 2013).

Graf and Frei (2013) reported that EMF increase water stable aggregates (WSA) 
along with promotion of plant growth. Therefore, mycorrhiza has a significant 
impact on soil resilience which is also an important component of soil quality. 
Several studies have reported that soil biology, especially mycorrhizal fungi, signifi-
cantly influences soil fertility and soil quality.

6.9  Mycorrhizal Application for Plant Growth and Nutrient 
Acquisition

AMF influence soil functions such as C, N and P cycling to support plant growth 
and nutrition in the agro-ecosystem. Colonization by AMF ameliorates abiotic plant 
stress by enhancing plant nutrient uptake and delivering drought tolerance (Lehmann 

Fig. 6.5 Aggregate formation by the plant roots and AM mycelium (Ortaş 2008)
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et al. 2014). The symbiosis influences plant water relation and drought resistance 
(Augé et al. 2015). AMF play a significant role in the establishment of plants in dif-
ferent environments by assisting in nutrient uptake enhancement along with stress 
tolerance such as drought and salt stress and even protecting them against soil 
pathogens (Azcon-Aguilar and Barea 2015).

There are good studies which explain that mycorrhizal plant has enhanced capa-
bility of plant root in acquiring nutrients from soil, particularly when the nutrient is 
poorly soluble and present in low concentration (Abrahao et al. 2014; Teste et al. 
2014). For a given dry weight, mycorrhizal plants usually have higher P concentra-
tion in plant tissue than non-mycorrhizal plants (Zhang et al. 2014). Several crop 
plants absorb more P from low P soils when infected with AM fungi (Ortas 2003; 
Ortas et al. 2001). It has been found that mycorrhizal-infected roots can utilize rock 
P, whereas non-mycorrhizal roots cannot (Chinnusamy et al. 2006). How mycor-
rhizal plants obtain more P from soil than non-mycorrhizal plants is not yet fully 
understood. Several mechanisms have been proposed to define the AM effect on 
improving the absorption of available phosphate. Miranda et al. (2016) evaluated 
the effect of mycorrhizae and phosphorus (P) on forage peanut and reported that the 
seedlings grown in pots and fertilized with P, the extent of the response was higher 
for those inoculated with AMF. Moreover, Ortas et al. (2013) showed different 
mycorrhizal species significantly inoculated different plant roots and observed root 
colonization and P uptake. The species G. clarum was more efficient under condi-
tions of low P availability for citrus seedlings (Ortas 2015).

Mycorrhizae may induce both quantitative and qualitative changes in plant P 
utilization (Smith and Read 2008). The amount of acid phosphatase present in AM 
hyphae (Cavagnaro 2014) and increased phosphatase activity of root surface as a 
result of infection (Guo et al. 2016) may liberate inorganic P from organic P sources, 
making P available for uptake. Alford et al. (2010) suggested that the roots of 
mycorrhizal plants may alter the rhizosphere chemistry by changing soil pH and 
produce exudates such as organic acids which may increase the availability of 
phosphorus by liberating phosphate ions in the soil (Rajkumar et al. 2012). There is 
still a wide research gap in understanding mechanism involved for increased P 
availability in the soil by mycorrhizal-infected roots. The low dry weight increment 
of experimentally inoculated plants in same conditions may be mycorrhizal, and all 
make greater demands on their host for carbon than the naturally released into the 
soil.

6.10  Soil P Influenced by Mycorrhizal Association

In agricultural and horticultural ecosystems, mycorrhizal colonization has been fre-
quently observed less associated with high rates of P application (Elbon and Whalen 
2015). The symbiosis of plant with AMF increases its efficiency in absorbing nutri-
ents from the soil solution, especially the nutrients of low mobility such as phos-
phorus (Brito et al. 2013), which makes it possible to use phosphate fertilizers of 
low solubility in seedling production (Silva et al. 2016). Khade et al. (2010) 
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hypothesized that the infection is affected by P status of the plant rather than soil P 
levels. Graham et al. (1981) provided evidence that the roots of sorghum produce 
less root exudates in high P soils and hypothesized that colonization was affected by 
high soil P levels. It has been concluded that a large amount of P uptake can be 
explained by the increased surface area of hyphae alone (Sharif and Claassen 2011). 
In such case, plants have several mechanisms to employ for more P uptake, such as 
acidification of rhizosphere (Zahra et al. 2015) and excretion of organic acids 
(Palomo et al. 2006). Mobilization and solubilization of P are the principal chemical 
(soil pH change) and biological causes of increased nitrogen availability (Isaac et al. 
2012). The soil organisms are also involved in mobilization of phosphate. Plant 
roots infected with AMF are known to have a higher phosphorus (P) absorption 
ability compared to non-mycorrhizal plants in P-deficient soils (Conversa et al. 
2013; Smith and Smith 2011). Large inputs of soluble P, associated, for example, 
with application of superphosphate, can decrease mycorrhizal advantages by inhib-
iting the growth and activity of the vegetative mycelium (Greenhalgh et al. 1994). 
According to Feitosa de Souza et al. (2016), infection is affected by soil P as well as 
plant P concentration. As plants vary in their ability to absorb P and mycorrhizal 
fungi vary in their response to soil P, each plant-soil-AM symbiont system must be 
evaluated separately.

The soil P concentration is usually critical in mycorrhizal infection. Soil P must 
be sufficient for host plant growth and colonization of mycorrhizae. Very high and 
very low phosphorus levels may reduce mycorrhizal infection/colonization 
(Goncalves de Oliveira et al. 2015; Lirio Rondina et al. 2014). It is well established 
that infection by mycorrhizal fungi is significantly reduced at high soil P levels 
(Balzergue et al. 2013). The level of P in the plant has also been shown to influence 
the establishment of mycorrhizae with high levels inhibiting colonization; moreover 
it depends upon the root system (Yang et al. 2015). Ortas (2012a) showed that addi-
tion of P decreased AM infection in wheat under field conditions. The high concen-
tration of soluble phosphate decreases AMF percentage (Table 6.2). Ortas (2012a) 
reported that with increasing P levels, mycorrhizal colonization significantly 
reduces. In G. mosseae-inoculated plants, when plant received no P fertilizer, root 
colonization was 90.8 % and with P treatment root colonization was 57.1 % (Table 
6.2). Controlled plant roots had 3–10 % of colonization, but G. etunicatum- 
inoculated plants had 41–72 % and G. mosseae-inoculated plants had 30–75 % root 
colonization. Therefore, mycorrhizae formation, response to added P, host nutrient 
requirement and mycorrhizae responsiveness are all interrelated.

The results of mycorrhizal research have strongly suggested that infection does 
not change the size of labile pool, but the hyphae extend beyond P depletion zone 
and provide a well-distributed surface for absorbing phosphorus (Sharif and 
Claassen 2011). Rubio et al. (2012) demonstrated a field and greenhouse experi-
ments and showed that different plant species have different effects on rhizosphere 
P depletion which is related with plant P demand. Plants uptake P from the soil 
solution at a much faster rate than they can diffuse to the root surface. Consequently, 
a P depletion zone develops around the absorbing organs (mycorrhizal hyphae or 
roots) of the plants (Marschner 2012).
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Since the diffusion of P in soil is very slow, P absorption capacity of roots does 
not have great effect on rate of uptake. When plant roots are not able to absorb suf-
ficient P for adequate growth, then plants employ other physiological variables of 
root on P absorption by increasing the amount of P available to diffuse the root 
surface interpreted (Isaac et al. 2012). The direct effect of soluble P on fungi metab-
olism, mainly by regulating enzymatic activities, is related to phosphate transfer to 
the host and has been recently discussed. Carrasco et al. (2011) showed higher lev-
els of acid phosphate activity in the root and rhizosphere infected by G. mosseae 
and G. geosporum compared with control. Although increased phosphatase activity 
has been demonstrated in several mycorrhizal symbioses, plant roots and other 
microorganisms can also produce acid phosphatase. In this case, it is difficult to 
interpret contribution of mycorrhizae.

6.11  Effect of Mycorrhizal Infection on Nitrogen Uptake

The effect of N form and P rate application on total dry matter production on har-
vesting varied with mycorrhizal inoculation. Hoeksema et al. (2010) reported in a 
meta-analysis work that N-fertilization is an important predictor of plant response 
to mycorrhizal inoculation. AMF inoculation enhanced differences between N 
sources (Ortas and Rowell 2004). Sorghum plants infected with mycorrhizae had 
nearly three times more shoot dry matter yield than non-inoculated control plants 

Table 6.2 Effect of P, Zn and mycorrhizal inoculation on maize plant root infection (Ortas 2012a)

Mycorrhizal species Treatments Root infection (%)

Control P0 2.0 ±1.00

P1 Zn0 2.3 ±2.50

P2 2.7 ±3.10

P0 2.0 ±2.00

P1 Zn1 3.0 ±3.00

P2 3.0 ±2.60

G. etunicatum P0 93.7 ±2.90

P1 Zn0 87.9 ±2.20

P2 66.7 ±13.6

P0 89.1 ±5.20

P1 Zn1 78.0 ±11.4

P2 70.4 ±9.40

G. mosseae P0 90.8 ±3.40

P1 Zn0 91.4 ±3.50

P2 57.1 ±35.4

P0 82.4 ±15.2

P1 Zn1 79.7 ±7.10

P2 79.8 ±9.40
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(Fig. 6.6). Mycorrhizal inoculation with increased P application significantly 
enhanced tiller dry weight production (Ortas et al. 1996).

When the N source was (NH4)2SO4, the specific absorption rate of N by mycor-
rhizal roots (nitrogen absorbed per g of root) was higher than that of non- mycorrhizal 
roots (Smith 1980). Similar results have been reported by Ortas et al. (1996) when 
soil was sterilized, as a result of more mineral NH4

+-N, and the specific absorption 
rate of N was higher. Moreover, ectomycorrhizal and ericoid mycorrhizal fungi 
generally appear to prefer NH4

+-N to NO3
−-N (Kosola et al. 2007; Kranabetter and 

MacKenzie 2010). Lundeberg (1970) has shown that most of the 27 ectotrophic 
mycorrhizal fungi grew better with NH4

+-N than NO3-N.
According to Azcon-Aguilar and Barea (2015), mycorrhizal infection stimulated 

growth of NH4
+-N-fed plants more than that of NO3

−-N. Increasing availability of P 
by the rate of N fixation was related to AM fungus infection with dual application 
of mycorrhizal fungi and rhizobium. Barea et al. (1987) by using 15N technique 
showed that both NH4

+-N and NO3
−-N forms of N can be absorbed by AM hyphae 

and that growth enhancement of legumes by AM can be attributed to both enhanced 
N fixation as well as improved N uptake from the soil, especially with the NH4

+-N 
forms (Tome et al. 2015). The release of NH4

+ from nodules to the soil was 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 20 40 60

D
ry

 w
ei

gh
t o

f t
ill

er
 (g

 p
la

nt
-1

)

Phosphate applied (mg  P kg soil-1)

HOOSFILD A

            +M

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 20 40 60

D
ry

 w
ei

gh
t o

f t
ill

er
 (g

 p
la

nt
-1

)

Phosphate applied (mg P kg soil-1)

HOOSFIELD B

             -M
NH4

+

             -MNO3

-

            +MNH4

+

NO3

-

Fig. 6.6 Effect of nitrogen form, phosphate rate and AMF inoculum on dry weight of sorghum 
shoot at 40 days (+M AMF inoculum used, −M no inoculum) (Ortas et al. 1996)
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immediately absorbed by the surrounding AM hyphae. N uptake by AMF has been 
reported to take place in the following situations:

 1. Mycorrhizal fungi increase plant-absorbed NO3
−-N and NH4

+-N from the grow-
ing substrate (Ortas et al. 1996).

 2. Mycorrhizal fungi assimilate NH4
+-N via glutamine syntheses, and this would 

have a significant influence on the function of external hyphae (Johansen et al. 
1996).

 3. Fungi directly uptake NH4
+-N through the hyphae (Marschner and Dell 1994; 

Perez-Tienda et al. 2014). According to Javaid (2009) NH4
+-N can be taken up 

by plant roots because it is relatively immobile compared to NO3
−-N in soil.

 4. Mycorrhizal fungi increase N inflow of plant roots. N inflow was considerably 
increased when supplied as (NH4)2SO4 (Ortas 1994).

6.12  Micronutrient Uptake Significantly Affected 
by Mycorrhizae

Since mycorrhizal hyphae can exploit more efficiently large volumes of soil, in the 
presence of AM symbiosis, more nutrients are taken up and transported specifically. 
In addition to P, AMF enhance the acquisition of other nutrients such as sulphur and 
potassium (K) (Ortas 2003) and immobile micronutrients, particularly Zn and Cu 
(Li and Christie 2001; Ortas 2012a). When P and Zn contents of leaves were com-
pared with the recommended levels, entire P status of mycorrhizal plants was 
observed above the normal level, regardless of AM fungi. Watts-Williams et al. 
(2015) reported that up to 24 % of Zn in shoots of the AM plants was delivered via 
the AM pathway in soil with Zn concentration. In addition, non-mycorrhizal plants 
apparently suffered from Zn deficiency according to leaf analysis, whereas Zn sta-
tus of inoculated plants was around an acceptable level. G. intraradices appeared to 
be more effective than G. mosseae in terms of Zn concentration of leaves. Wu and 
Zou (2009) and Ortas (2012b) showed that sole AMF inoculation significantly 
increased total dry weight, leaf P, K, Ca, Mg, Fe, Cu and Mn contents and root P, K, 
Ca, Fe, Cu and Zn contents of the seedlings, compared to the non-AMF control. The 
result of Balliu et al. (2015) indicates that AM fungi may increase the uptake of Fe 
to host plant.
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Abstract
It is consensus that plant growth-promoting bacteria (PGPB) be studied exten-
sively in the last two decades, but several of them are not fully investigated/
explored especially in arid and semiarid regions worldwide. They have been 
deployed as potent source of bioactive compounds useful in prospecting of sus-
tainable agricultural. In the present scenario to meet food security, a number of 
different approaches have been employed to cultivate crops in salt- and drought- 
prone area. Hence, nowadays, the use of microbial inoculation to alleviate abi-
otic stress and amelioration of crops could be considered a more cost-effective 
eco-friendly approach. By keeping current approaches available for plant- 
microbe interaction, it is needed to pursue prospective research in this area. In 
the present chapter, authors will emphasize the role of benign PGPB in crop 
cultivation under stress through produced elicitors/determinants. It is very urgent 
need to explore this approach for sustainable agriculture grown under stress and 
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also to understand the mutual interactive activities belowground. Therefore, an 
exploitation of PGPB-plant interactions may be opted in the amelioration of 
plant health in arid and semiarid area.

7.1  Introduction

Among the total agricultural production around world, legumes encompass 25 % 
which include mainly pulses and oil seeds, namely, soybean and peanut. Based on 
the report generated by FAOSTAT (2012), India ranks first in worldwide pulse pro-
duction and soybean ranks fourth. Abiotic and biotic stresses are major constraints 
for agriculture production worldwide. Therefore, an immediate and imperative inte-
grated approach is required to avoid stresses and dissemination of the low-cost tech-
nologies in legume production (Reddy et al. 2013). In food web life does not exist 
without producers and, in natural resources wherein plants represent huge diversity 
in agroecosystems (AES), provides benign to detrimental metabolites. Among the 
benign are foods rich in proteins, feeds, and organic manures, and fix dinitrogen 
(N2) improves soil structural characteristics and encourages beneficial microorgan-
isms and the reclamation and revegetation of barren/degraded lands (Chaer et al. 
2011). Based on these attributes, legumes are one of the most promising compo-
nents of the Climate Smart Agriculture concept (FAO 2013). It finds major applica-
tion as livestock forage and silage, grain, blooms, pharmaceutical/industrial, fallow/
green manure, and human consumption as these are the good source of protein and 
rich in iron and vitamin B complex.

In India top legume producers constitute of Madhya Pradesh, Uttar Pradesh, 
Maharashtra, Rajasthan, Andhra Pradesh, Karnataka, Chhattisgarh, Gujarat, 
Jharkhand, and Bihar. Rajasthan ranks good enough in this list (Fig. 7.1a, b). The 
Thar Desert (Great Indian Desert) is a part of Rajasthan (constitutes 60 % of its area 
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Fig. 7.1 (a) Top ten states in pulse production of India. (b) Major soybean-producing states of 
India. Fourth advance estimate (Source: DES, DAC, India)
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in Thar Desert). Geographically, Rajasthan lies between 23° 3′ to 30° 12′ longitude 
and 69° 30′ to 78° 17′ latitude. It occupies 342,239 km2 land area which solely 
implies 10.41 % of the total land area of India. The Thar Desert lies between 24° to 
28° N latitude and 68° to 71° E longitude, occupying an area of about 200,000 km2. 
Its vegetation describes 911 wild species belonging to 780 genera and 154 families. 
Rajasthan consist of three climatic zones, namely, arid zone, semiarid temperate 
zone, and semiarid tropical zone (Fig. 7.2). Enduring flora of the Thar Desert (arid 
zone) involves tree and shrubs including cultivated leguminous plants, e.g., Vigna 
(V. aconitifolia, V. mungo, V. radiata, V. unguiculata, etc.), Pisum sativum, Cicer 
arietinum, Trigonella foenumgraecum, Cajanus cajan, Cyamopsis tetragonoloba, 
Lens culinaris, Vicia faba, Phaseolus lunatus, Lablab purpureus, Canavalia ensi-
formis, Arachis hypogea, etc. (http://dst.rajasthan.gov.in/), whereas semiarid zone is 
rich in Glycine max, Arachis hypogaea, Cajanus cajan, Cicer arietinum, V. unguic-
ulata, etc. Legumes grown in these regions posses problem of abiotic stresses like 
salinity, alkalinity, high temperature, and drought, which lead to dehydration and 
osmotic stress in soil and thereby reduction in crop yields worldwide. Around 70 % 
of yield losses in major crops occur due to abiotic stress (da Silva et al. 2014).

The major limiting factors affecting the agricultural productivity worldwide are 
environmental stresses. Ecosystem of Rajasthan’s Thar Desert is mainly affected 
with high temperature, salinity/alkalinity, low pH and several other abiotic factors. 
Apart from decreasing yield these introduces devastating impact on plant growth 
(Suzuki et al. 2014). High salinity and severe drought are the major constraints 
affecting the agricultural practices in Rajasthan. Out of this, soil degradation through 
salinization accounts the most wherein the main cause of salinization is irrigation. 
However, annual precipitation of rainfall (APRF) is poorly disseminated to make 
certain harvestable crops in arid and semiarid regions, resulting in gradual degrada-
tion (Singh et al. 2012). It has been reported that APRF affects approx. 50 % of 
irrigated areas worldwide and causes very stern threat to AES and leads to decline 
of natural resources (Gabrijel et al. 2009). In India, 8.4 Mha land is affected by soil 
salinity and alkalinity per se, of which about 5.5 Mha are waterlogged (Singh et al. 
2012). And hence, over recent decades, soil salinization threatening environment 

Fig 7.2 Different climatic zones of Rajasthan state (Source: http://www.nicra-icar.in/nicrare-
vised/index.php/component/content/article?layout=edit&id=195)
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health and sustainable development induced by human activities had developed 
sound land-use policies and planning actions for integrated land management to 
come in scenario (Zhang et al. 2011).

Soil salinization is considered as the occurrence of suspended inorganic ions that 
include Cl−, SO2

4, Mg++, Ca++, K+, Na+, HCO3
−, and CO3

2− in the aqueous phase of 
soil milieu. The change in soil salinity affects the survival of salt-sensitive plants 
so-called glycophytes, e.g., soybean. Soil with ECe greater than 40 mM NaCl (4 
dS/m) is considered saline (USDA Salinity Laboratory). Hence, increase in these 
limits leads to two major stresses for the plant osmotic and ionic stress. The occur-
rence of osmotic stress outside the plant root is the result of a rise in salt over thresh-
old level which reflects hassles in H2O uptake, cell growth, and expansion of lateral 
bud (Munns and Tester 2008). The ionic stress rose upon increase in toxic level of 
Na+ that accumulates in leaf tissues over threshold level and causes leaf mortality 
with chlorosis/necrosis, whereby hindering cellular metabolic and enzyme activities 
(Chaves et al. 2009; Nawaz et al. 2013). To reduce salt-led phytotoxicity, the halo-
phytes develop strategies to limit Na+ uptake; further accumulation in shoot tissues 
is significant for survival (Zhang et al. 2008a, b).

According to crisis management plan (national) 2014, arid region of Rajasthan 
has shown drought efficiency of 2 in 5 years and semiarid region has 1 in 3 years. 
Drought has been considered as subtle peril of natural ecosystem and so-called 
creeping phenomenon and varied from one place to another. Land becomes dry 
when it gets light rain and sleet and leads to deep drought that cause noteworthy 
harm to the confined economy. Drought may also affect cropping system and threat-
ens lasting erosion of AES enterprises (Kasotia and Choudhary 2014a, b). Water 
deficit caused by drought results in reduced turgor pressure of plant cells which 
thereby affects worth and measure of crop yield worldwide. It affects phenetic and 
genetic parameters of the plant and reflects reduction in cell division, enlargement, 
and differentiation including overall plant growth (Huang et al. 2012).

There is a cross talk between drought and salt stress as they eventually result in 
osmotic imbalance and lead to dehydration of the cell (Nakashima et al. 2014). This 
comprises three parameters: (1) restoration of ionic and osmotic equilibrium of the 
cell to develop homeostasis, (2) production of detoxification mechanisms to restore 
stress damage, and (3) induction of cell signaling to control cell division and meta-
bolic pathways. Soil drying and salinization alter optimal supply of water, mineral 
nutrients, small organic molecules, proteins, and hormones in xylem (Pérez-Alfocea 
et al. 2011). Under stress condition plant cell implies signal transduction pathway 
that leads to production of secondary messengers, e.g., Ca+2, ROS, and IMP. When 
plant possesses abiotic and biotic stresses, cytosolic level of calcium increases in the 
plant cell. Thereafter several simultaneous pathways are activated by calcium- 
interacting proteins (Kim et al. 2009). Mainly two stress responses are revealed by 
salinity stress, i.e., osmotic stress and ionic stress, whereas drought stress shows 
only osmotic stress (Huang et al. 2012). Osmotic stress produced by drought stress 
and salinity stress leads to ABA-dependant and ABA-independent signaling (Saibo 
et al. 2009), while ionic stress is alleviated by salt overly sensitive pathway (SOS 
pathway). Upon occurrence of salt stress, ion homeostasis of plant gets distressed 
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that results in the rise of Na+ and lack of K+ in the cytoplasm. To mitigate such 
imbalance, ion transporters (plasma membrane Na+/H+ antiporter SOS1 and the 
high-affinity K+ transporter 1 (HKT1)), located in the cell membrane, reflect exclu-
sion of Na+ entry into and exit out of cells and regulate Na+/K+ ration (Huang et al. 
2012; Brini and Masmoudi 2012).

To alleviate such stressful conditions in plant, plant growth-promoting bacteria 
(PGPB) have been reported to implicate in the metabolism and growth of plants 
(Kang et al. 2014; Kasotia and Choudhary 2014b). In addition, PGPB that resides in 
the spermosphere (sphere that surround the seed) and rhizosphere (area around 
roots with 1–10 mm) enhance plant growth, after attaching to root surface. To allevi-
ate abiotic stress, PGPB strains have been reported and include Bacillus, 
Burkholderia, Acinetobacter, Enterobacter, Azospirillum, Beijerinckia, Rhizobium, 
Serratia, Erwinia, Flavobacterium, Alcaligenes, etc. (Bharti et al. 2013). These 
microbes secrete bacterial AAC-deaminase, volatiles, antioxidants, cytokinin, IAA, 
and unknown metabolites in response to plant’s ethylene, HKT1, ROS, and ABA 
under salt and drought stress (Yang et al. 2009). These microbial determinants result 
in “induced systemic tolerance (IST)” in plants, and further IST has been utilized to 
overcome the harmful effects of abiotic stress (Yang et al. 2009).

In higher plants, ethylene is produced under various abiotic stresses. It is a sim-
ple gaseous hydrocarbon that regulates many physiological processes, including 
root and shoot growth, seed germination, flower development, ripening of fruits, 
and senescence of plant organs. Under various abiotic stress conditions (salinity, 
chilling, drought, wounding, temperature, and heat), the level of C2H4 increases in 
plants (Li et al. 2013). Synthesis of ethylene  mediated through l-methionine via 
the intermediates, S-adenosyl-l-methionine (SAM) and 1-aminocyclopropane-1- 
carboxylic acid (ACC) following Yang cycle (Yang and Hoffman 1984). The instant 
originator of C2H4 is ACC (Chen et al. 2013). It has been described that ACC-
deaminase secreted by PGPB reduces the deleterious levels of ethylene. Bacteria 
use ACC as nitrogen source and degrade it to ammonia and α-ketobutyrate that are 
readily assimilated.5 Salinity results in elevated levels of Na+:K+ which can be 
reduced by HKT1. HKT1 plays main physiological role in Na+ homeostasis and 
thereby protects both mono- and dicotyledonous plants upon toxic level of Na+ 
(Almeida et al. 2013). Among transporters, tt is one of Na+ transporters that allows 
to transport Na+ back to the soil by coupling to H+ (Shi et al. 2002), transporters that 
avoid toxic level of Na+ in the leaf tissues (Byrt et al. 2007), and antiporters that 
seize Na+ in the vacuoles along with H+-ATPase/H+-PPase (Apse et al. 1999). 
Bacterial volatiles help the plant to regulate expression of HKT1 gene in maintain-
ing low Na+:K+ ratio in plant (Zhang et al. 2008a, b).

Upon induction of salinity and drought, there is a rise in variety of ROS species 
which include radical (O2

−, OH, HO2, and RO) and non-radical forms (H2O2, and 
1O2) synthesized in plant cells (Gill and Tuteja 2010). To alleviate toxic level of ROS 
species, plant tissues per se contain several enzymatic (superoxide dismutase, cata-
lase, glutathione reductase, peroxidase, etc.) and nonenzymatic (phenolic com-
pounds, ascorbate, glutathione, carotenoid, and α-tocopherol) scavenging 
mechanisms (Jaleel et al. 2009; Gill and Tuteja 2010). The balance between the 
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generation of ROSs and further the sequestration of antioxidants for ROSs gets 
disturbed under environmental stress conditions and leads to oxidative damage 
(Miller et al. 2010).

The induced activities resulted by PGPB detoxify plant cell by elevating antioxi-
dant enzyme levels in plant cells (Kohler et al. 2008). The rise in ABA in plants 
showed a developmental process and allows an adaption to environmental stimuli in 
plants (Figueiredo et al. 2008; Fujita et al. 2011). Characteristically, it gets increased 
in roots, xylem sap, and shoots under osmotic stress (Albacete et al. 2008). For this 
cytokinin-producing bacteria are known to confer resistance (Nishiyama et al. 2011; 
Liu et al. 2013). Above all, PGPB secretes some more hormones such as IAA and 
GA that helps in the promotion of amplified root growth which leads to nutrient 
uptake in plants under stress (Kochar et al. 2011; Duca et al. 2014; Kang et al. 
2014). They also act as signaling molecule in bacteria (Bashan and de-Bashan 
2010). Nitrogen fixation via rhizobia-legume symbiosis is a well-known mecha-
nism employed by PGPB to fix atmospheric nitrogen. PGPB convert atmospheric 
nitrogen to ammonia, a form that can be used up by plants (Franche et al. 2009). 
These bacteria contain enzyme complex nitrogenase that fixes atmospheric nitrogen 
to ammonia (Santi et al. 2013). Moreover PGPB influence soil fertility by solubiliz-
ing organic and precipitated phosphates in soil (Khan et al. 2009). PGPB excretes 
organic acids, namely, gluconic/citric acid, that dissolve calcium phosphates in the 
form of Pi and PO4

3− (orthophosphate) and solubilize inorganic phosphate available 
largely in soil to bioavailable phosphorous. Besides, many phosphatase and cellulo-
lytic enzymes are released for enzyme-labile soil organic phosphorous in favor of 
plant availability (Richardson and Simpson 2011).

To chelate iron in soil, PGPB also produce siderophore (Fe-III chelating agent) 
which can solubilize and sequester iron, whereby alleviating stress and allowing 
plant growth. Kintu et al. (2001) reported that microbially produced siderophores 
are of size <10,000 Da and showed the ability to chelate ferric ion as scavenging 
agent to fight against low iron stress (Kintu et al. 2001). Proteases secreted by PGPB 
break down complex proteins available in soil into plant-usable amino acids. They 
catalyze total hydrolysis of proteins to peptides and thereby function as degradative 
enzymes (Zhang et al. 2008a). In response to osmotic stress in soil, PGPB secretes 
compatible solutes which help them to adapt in external osmolarity (Paul and Nair 
2008). Compatible solutes are low molecular weight hydrophilic molecular osmo-
lytes including carbohydrates, amino acids, and their modified forms (Wood 2011). 
PGPB colonizes plant roots and alleviates the debilitating effects of salt stress (Paul 
2013). Production of microbial EPS in soil under stress helps in removal of drought 
stress and whereby develops water retention capacity of soil (Sandhya et al. 2009). 
It is reported that EPS also binds to positively charged ions including Na+ and there-
fore reduces the toxic level of Na+ in soil and ameliorates plant growth (Nunkaew 
et al. 2014).

PGPB have been proven to be best eco-friendly remedy to accelerate the growth 
of plant in nutrient-deficient soil with respect to chemical fertilizers which are least 
available to plant. PGPB solubilizes nutrient and makes them available for uptake 
by plants (Choudhary 2011). There are some legumes like mung bean and soybean 
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which are incapable of growing in drought and salt stresses as they may be devoid 
of mechanisms to survive in stressed conditions or due to unavailability of nutrient 
or increased secretion of ethylene hormone or decreased secretion of plant growth- 
promoting hormones.
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8Bacterial ACC-deaminase: An Eco-friendly  
Strategy to Cope Abiotic Stresses 
for Sustainable Agriculture
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Abstract
Ethylene is the simplest unsaturated two-carbon gaseous plant hormone which 
regulates many physiological and developmental processes during plant growth 
at molecular level. High ethylene concentration, produced by virtually all higher 
plants under abiotic stresses such as drought, salinity, etc., acts as stress hormone 
which detrimentally affects the plant root growth, seed germination, and the 
whole plant growth. Under abiotic stresses like salinity and drought, the endog-
enous level of ethylene is enhanced substantially due to increased production of 
its immediate biochemical precursor, 1-aminocyclopropane-1-carboxylic acid 
(ACC), and it shows major contribution in stress ethylene production under such 
type of stress conditions. Plant growth-promoting bacteria (PGPB) around the 
plant root surface or in the roots having a potent enzyme ACC-deaminase main-
tain ethylene level in plants under adverse environmental conditions (severe 
drought and high salinity) by the enzymatic degradation of ACC into 
α-ketobutyrate and ammonia as a carbon and nitrogen source. The use of PGPB 
containing ACC-deaminase as a bio-inoculant is a most powerful technique in 
agricultural biotechnology for sustainable crop production in terms of decreasing 
the detrimental effect of high ethylene concentration and improving growth and 
development of plants under extreme environmental conditions. In this chapter 
we endeavor to explore current research on maintaining the physiological and 
molecular changes in the plants under diverse environmental conditions (drought 
and high salinity) by the use of PGPB having ACC-deaminase, mode of ACC- 
deaminase enzyme action, and severe effects of salinity and drought on growth 
of plant special due to ethylene evolution.
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8.1  Environmental Challenges

Several physiological and environmental factors that include availability of essen-
tial nutrients, physical and chemical nature of surrounding soil, and abiotic stresses 
(i.e., temperature, drought, salinity, flooding, etc.) reduce the plant growth. Apart 
from these physiological stresses, abiotic stresses negatively affect the productivity 
of agricultural crops mainly legume plants (Glycine max L., Vigna radiata L., Cicer 
arietinum L., etc.), and the population of beneficial microorganisms in rhizospheric 
soil is also adversely affected, which is a serious problem for the whole world. As 
an effect of increases in environmental destruction and population growth, the suf-
ficient crop production to provide essential food for the world’s people is a crucial 
challenge. To feed these entire populations, it is very necessary to improve the pro-
duction of agricultural crops within the next few years. However, it is not an easy 
task to supply sufficient food to the growing worldwide population of people by 
using existing techniques; it will require some advanced and eco-friendly strategies 
and approaches. Many approaches have been applied such as the use of different 
chemicals including herbicides, insecticides, etc., and genetic engineering to solve 
this problem, but still these are not viable and will be effective only for a short 
period. To mitigate the deleterious effect of different abiotic stresses mainly drought 
and salinity, it is necessary to reevaluate these approaches to enhance the agricul-
tural productivity and also improve soil fertility; that includes the interaction of 
plant roots with drought and salt-tolerant beneficial bacteria, which is an alternative 
eco-friendly and cost-effective approach to address this problem (Glick et al. 2013). 
When crops are exposed to environmental stress conditions, these beneficial soil 
microbes enhance the growth and yield of plants through direct and indirect mecha-
nisms including inductions of expression of stress-responsive genes; accumulation 
of osmoprotectors such as proline, glycinebetaine, total soluble sugars, heat shock 
proteins, antioxidant enzymes, etc.; and suppression of disease caused by patho-
genic microorganisms such as bacteria, fungi, viruses, and nematodes (Porcel and 
Ruiz-Lozano 2004; Nautiyal et al. 2008; Dimkpa et al. 2009; Mutava et al. 2015). 
In this present chapter, we focus on induced systemic tolerance (IST) in legume 
crops in response to drought and salt stress by the enzymatic mechanism of bacterial 
1-aminocyclopropane-1-carboxylic acid (ACC)-deaminase, which cleaves ACC, 
the direct precursor of plant ethylene hormone into α-ketobutyrate and ammonia, 
and thereby lowers the accelerated level of ethylene in the plant tissue.

8.2  Ethylene Plant Stress Hormone

The detection of ethylene was recognized as a plant phytohormone which regu-
lates the whole plant growth and development. The plant hormone ethylene which 
is found in the higher plants is an important regulator for several phases of plant 
growth and developmental process; this is also important for its role in plant 
responses under different abiotic and biotic stresses (Abeles and others 1992). 
Ethylene, which plays multiple roles in the regulation of plant biological 
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processes, such as growth of plant roots, shoots, leaves, fruits, and flowers as well 
as plant development (Bleecker and Kende 2000; Binder 2008). The production of 
ethylene is highly regulated by the developmental process in plants, and normally 
it is required at low level (10–25 μg/L) for normal growth and functions of the 
plants. Ethylene is an inhibitor for plant growth but at very low concentration; it 
may promote plant growth in a wide range such as promoting lateral root forma-
tion in many plant species including Arabidopsis (Pierik et al. 2006). In the pres-
ence of a wide range of environmental stresses, like salinity (Mayak et al. 2004a; 
Nadeem et al. 2009), drought (Mayak et al. 2004b), temperature stress (Ghosh 
et al. 2003), metal stress (Belimov et al. 2009), etc., ethylene production may 
increase; this stress level of ethylene inhibits the root and shoot elongation, inhib-
iting root nodule formation, decreasing plant-microbe interaction, and inhibiting 
seed germination (Abeles et al. 1992). Hirsch and Fang (1994) have reported that 
in leguminous plants, more ethylene production adversely affects the nodule for-
mation. At the molecular level, stress ethylene induces the gene expression of 
those responsible for fruit ripening (Lincoln and Fischer 1988). Many researchers 
experimentally provide evidence that the induced level of ethylene has been 
reduced by using ACC-deaminase-containing bacteria (Glick 2004; Mayak et al. 
2004a, b; Cheng et al. 2007; Siddikee et al. 2011).

8.2.1  Ethylene Biosynthesis

Drought and salinity stress cause an imbalance in the production of endogenous 
ethylene and increased level of ethylene in the higher plants which is responsible for 
growth inhibition. The major discovery that made the ethylene biosynthesis through 
Yang cycle was the production of 1-aminocyclopropane-1-carboxylicacid (ACC) as 
the intermediate product by the conversion of methionine to S-adenosyl-l- 
methionine (SAM) and finally ethylene production in the higher plants (Adams and 
Yang 1979). In plants ACC acts as a precursor of plant ethylene biosynthesis path-
way, which affects the eventual level of the plant hormone ethylene (Yang and 
Hoffman 1984). Ethylene biosynthetic pathway involved three enzymatic steps in 
higher plants (Fig. 8.1): (1) the conversion of methionine (Met) to SAM by SAM 
synthetase, (2) the conversion of SAM into ACC by ACC synthase (ACS), and (3) 
then the conversion of ACC into ethylene by ACC oxidase (ACO). For Met recy-
cling, SAM is converted into 5-methylthioadenosine (MTA), and finally MTA is 
converted into 2-keto-4-methylthiobutyrate (KMTB), the immediate precursor of 
Met through many enzymatic steps of Yang cycle (Sauter et al. 2013; Li 1999). 
Adams and Yang (1979) reported that the discovery of SAM as an intermediate 
between methionine and ethylene was a tremendous progress in understanding the 
biosynthesis pathway of ethylene in the plant tissues. Murr and Yang (1975) also 
reported that the ethylene biosynthesis was started with the MTA, an intermediate 
product in the reaction of ACC production from SAM, and that MTA could be 
recycled back into methionine and maintained the methionine level in the plants. 
The steps of different enzymatic reactions in methionine cycle of plants, referred to 
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as the Yang cycle, mainly showed the similarities between the plant pathway and the 
methionine salvage pathway in the prokaryotes, yeast, and mammalians (Fig. 8.1). 
Sauter et al. (2013) proposed a complete overview of the methionine and SAM 
metabolism in the biosynthesis of plant hormone ethylene in plants. Recently, Van 
de and Van der (2014) also documented that the ACC is an intermediate precursor 
between SAM and ethylene synthesis pathway.

In the whole process of ethylene biosynthesis, ACC is an immediate precursor of 
ethylene synthesis in higher plants. It is postulated that the higher plants release the 
large portion of ACC from roots in the surrounding environment, which is then 
taken up by PGPB, and ACC is hydrolyzed into α-ketobutyrate and ammonia by the 
help of bacterial ACC-deaminase enzyme (Glick et al. 1998; Penrose and Glick 
2001).

8.3  Plant Growth-Promoting Bacteria

Soil is the largest favorable ecological niche for the microbes and their metabolic 
activities. Root zone area of plants contains huge microbial population and high 
metabolic activities. Instead of the high microbial population and metabolic activi-
ties in the rhizospheric area, these microbes occupy only 5 % area of the total space 
(Chakraborty et al. 2015). However, microbial activity or population is not uniform 
throughout the soil, but is highly concentrated in the region of the root surface area, 
known as the rhizosphere (Pinton et al. 2001; Chakraborty et al. 2015). Increased 
populations of microbes colonize the root zone of plants. Microbes present around 

Fig. 8.1 A schematic presentation of ethylene biosynthetic pathway through l-methionine (an 
immediate precursor of ethylene synthesis) in plants and recycling of l-methionine (Source: Li 
1999 with some changes)
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the plant roots in higher concentration are the main reason of dense microbial popu-
lation in the rhizosphere, making it a favorable habitat than bulk soil due to the 
presence of the higher level of nutrient availability including amino acid, sugars, 
organic acids, and flavonoids which are excreted from the roots of plants and are 
then used by the microbes in the soil (Dimkpa et al. 2009; Ashraf et al. 2013). More 
than 85 % of the total organic carbon in the rhizospheric soil can originate by excre-
tion of root cells and tissues in the form of root exudates (Barber & Martin 1976). 
Gray and Smith (2005) also reported the soil conditions and the composition of 
different root exudates which play important roles in the specificity of plant- microbe 
interactions and microbial activities. Many literatures are repleted with reports 
describing the plant growth promotion under abiotic stresses in the occurrence of 
rhizospheric bacteria. Several approaches have been adopted in order to minimize 
the adverse effect of abiotic stresses including genetically modified crop, but the use 
of diverse species of rhizospheric microorganisms containing ACC- deaminase 
belonging to various taxonomic groups, including Pseudomonas, Azospirillum, 
Azotobacter, Bacillus, Klebsiella, Enterobacter, Xanthomonas, and Serratia, 
degrades the ACC into α-ketobutyrate and ammonia for use as carbon and nitrogen 
sources, which is shown to promote plant growth and is a well-known and sustain-
able approach for enhancing plant tolerance to abiotic stresses including drought 
and salinity (Duan et al. 2009; Yang et al. 2009; Egamberdieva 2009; Tilak et al. 
2005). These microorganisms are generally termed as plant growth-promoting bac-
teria (PGPB) attached to plant tissue which provides a sink for ACC from the plant 
tissue and, thereby, reduces ethylene synthesis, promotes root elongation, and 
reduces the adverse effects of stress. ACC-deaminase-containing bacteria signifi-
cantly decrease a lot of physiological damage in plants due to exposure to adverse 
environmental stresses including extreme high and low temperature, high soil salin-
ity, water stresses (flooding and drought), metal stresses, and organic contaminants. 
PGPB are involved in the decomposition of organic matter as well as solubilization 
of nutrients and ions in the surrounding soil, which become easily available to the 
plant roots. PGPB, which live in association with the plant roots, elicit the largest 
influence on the plants, increasing their productivity and immune response and 
reducing disease caused by pathogens such as fungi, bacteria, and viruses (Kloepper 
et al. 2004). The exact mechanisms rf plant growth stimulation either of direct or 
indirect mechanism applying PGPB remain largely tentative, because of the differ-
ence between bacterial strains and most certainly its dependence on the various 
compounds such as auxin, ACC-deaminase, siderophore, osmolytes, and many oth-
ers released by the different microorganisms. PGPB accelerate plant growth through 
either of direct or indirect mechanisms (Fig. 8.2).

The direct mechanism of plant growth promotion (PGP) by PGPB includes pro-
duction of metabolites such as proline, betaine, total soluble sugars, etc. and volatile 
production, modulating plant hormone level such as IAA (indole-3-acetic acid), 
cytokinin, ABA (abscisic acid), salicylic acid (SA), and ethylene (Glick 2012; 
Vaishnav et al. 2015; Mutava et al. 2015) and facilitating the acquisition of nutrient 
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uptake from the surrounding environment including nitrogen, iron, auxin, and phos-
phate through nitrogen fixation, siderophore production, IAA synthesis, ACC- 
deaminase activity, and phosphate solubilization, respectively, through roots under 
environmental stress conditions (Yang et al. 2009; Kumari et al. 2015). In contrast, 
indirect mechanism of PGP by PGPR includes induced systemic resistance, antibi-
otic protection against pathogens, reduction of iron availability by sequestration of 
nutrients with siderophores, and synthesis of antifungal enzymes such as chitinase 
enzyme (Lucy et al. 2004; Dobbelaere and Okon 2007; Jain and Choudhary 2014). 
Hontzeas et al. (2004) have reported the ACC-deaminase-containing PGPB upregu-
late genes involved in plant growth and defense protein production while down-
regulating plant genes involved in ethylene synthesis pathway. PGPB strains 
containing this enzyme may have a competitive advantage over other microorgan-
isms in the rhizosphere because they can degrade the ACC into α-ketobutyrate and 
ammonia as carbon and nitrogen source and they help plants to overcome many of 
the harmful effects of abiotic stresses (Glick et al. 2007).

Fig. 8.2 PGPB-induced systemic tolerance against drought and salt stresses belowground (root) 
and aboveground (shoot and leaves). Solid black arrows indicate PGP traits; broken arrows indi-
cate effects of PGPB on plants. PGPB strains, indicated in pin on the plant roots, having ACC- 
deaminase activity, suppressed the stress ethylene level by degradation of the ethylene precursor 
ACC and rescue normal plant growth under drought and salt stresses. Here, abscisic acid (ABA), 
1-aminocyclopropane-1-carboxylate (ACC), high-affinity K+ transporter 1 (HKT1), indole acetic 
acid (IAA), volatile organic compounds (VOCs), plant growth-promoting bacteria (PGPB), reac-
tive oxygen species (ROS)
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8.4  Bacterial Enzyme ACC-Deaminase

ACC-deaminase has been found only in microorganisms, they reduce the stress 
ethylene level in the plants by the use of ACC, and there are no microorganisms that 
produce ethylene through ACC. Glick (2012) described a scheme of the mechanism 
of action of ACC-deaminase to reduce the stress ethylene level by catalytic conver-
sion of ethylene precursor ACC that includes cyclopropane ring fragmentation and 
deamination of ACC to form α-ketobutyrate and ammonia.

8.4.1  Biochemistry

The bacterial ACC-deaminase is a pyridoxal 5-phosphate (PLP)-dependent poly-
meric enzyme with a subunit molecular mass of approximately 35–42 kDa and was 
first studied in a soil bacterium Pseudomonas sp. strain ACP that degrades the ACC 
(Honma and shimomura 1978), and subsequently it was purified from P. chlorora-
phis 6G5, P. putida GR12-2, and P. putida UW4 (Klee et al. 1991; Jacobson et al. 
1994; Hontzeas et al. 2004). Apart from above all these, the biochemical and physi-
cal characteristics of ACC-deaminase have been reported by numerous other 
researchers in different PGPB (Honma 1985; Hontzeas et al. 2004; Jia et al. 1999; 
Ose et al. 2003; Minami et al. 1998). The various biochemical studies of ACC- 
deaminase indicated that the substrate ACC is found largely within plant tissues; the 
enzyme ACC-deaminase is not secreted by bacteria but is typically found within the 
cytoplasm that did not have a particularly high affinity for ACC, ranging from 1.5 
to 15 mM approximately (Glick et al. 2007). In this case the substrate ACC is 
exuded by the plants through roots and is then taken up by the PGPB containing 
ACC-deaminase. Glick (2005) reported the large differences in the level of ACC- 
deaminase activity in the different types of bacteria. ACC-deaminase activity is 
assayed by monitoring the concentration of α-ketobutyrate, the product of ACC 
hydrolysis. Organisms with high expression of ACC-deaminase activity typically 
bind nonspecifically to the variety of plant species, and those organisms express low 
level of ACC-deaminase activity and bind only to specific plant species, or they do 
not lower the overall stress ethylene level in plants (Glick 2005).

8.4.2  Prevalence of ACC-Deaminase Genes and Its Regulation

The ACC-deaminase activity has been reported in all three domains (Bacteria, 
Eukarya, and Archaea), but it is known to be present in the majority of different 
species of bacteria and fungi (Minami et al. 1998; Shah et al. 1998; Ma et al. 2003; 
Singh and Kashyap 2012; Nascimento et al. 2012). Recently many research studies 
reported that ACC-deaminase structural (acdS) gene has been found in a wide range 
of gram-negative bacteria such as Achromobacter xylosoxidans, Rhizobium legumi-
nosarum, Pseudomonas putida, Burkholderia phytofirmans, etc. (Wand et al. 2001; 
Belimov et al. 2001; Hontzeas et al. 2004; Babalola et al. 2013; Duan et al. 2013); 
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gram-positive bacteria such as Brevibacterium iodinum, Bacillus licheniformis, 
Zhihengliuela alba, Micrococcus sp., Brachybacterium saurashtrense, 
Brevibacterium casei, etc. (Belimov et al. 2001; Siddikee et al. 2011; Timmusk 
et al. 2011; Jha et al. 2012); some fungi like Penicillium citrinum, Trichoderma 
asperellum, Phytophthora sojae, and Issatchenkia occidentalis (Jia et al. 1999; 
Palmer et al. 2007; Viterbo et al. 2010; Singh and Kashyap 2012); and different spe-
cies of rhizobia such as Mesorhizobium loti, Rhizobium leguminosarum, R. phase-
oli, etc. (Uchiumi et al. 2004; Duan et al. 2009; Ahmad et al. 2011). On the basis of 
existing literature, acdS genes from bacteria are being extensively used for the 
development of transgenic plants for tolerance toward abiotic stresses. Bacterial 
gene acdS is highly regulated and expressed differentially on the basis of many fac-
tors like the presence or absence of oxygen, concentration of ACC, and accumula-
tion of product. Based on current literature, precise mechanisms of regulation of 
acdS are understood in few bacteria. Many of the acdS genes have been mainly 
regulated by the leucine-responsive regulatory protein (LrP) gene located approxi-
mately 50–100 base pairs upstream to the acdS gene and AcdB protein encoding 
glycerophosphoryl diester phosphodiesterase (for the binding with ACC) (Cheng 
et al. 2008; Duan et al. 2009). Glick et al. (2007) proposed a well-described model 
for the transcriptional regulation of acdS gene through LrP in bacteria; this protein 
has been encoded by the ACC-deaminase regulatory (acdR) gene. According to this 
model, in the presence of ACC, acdR gene encodes active octamer of LrP that inter-
acts with AcdB protein and ACC; this complex further initiates transcription of 
acdS gene. Upon this interaction, acdS produced ACC-deaminase, and it hydrolyzes 
the ACC into ammonia and α-ketobutyrate (precursor of branched-chain amino 
acids such as leucine). When the concentration of leucine increases in the bacterial 
cell, it interacts with the active LrP octamer and forms inactive LrP dimer, which 
leads to shutting down the further transcription of acdS gene (Fig. 8.3).

In addition to above regulatory mechanism of acdS gene expression, it is also 
regulated by different regulatory proteins in different bacterial species such as 
Burkholderia sp. CCGE 1002 and Burkholderia phymatum STM 815, LrP, and σ70 
promoter which are involved in the transcriptional regulation of acdS gene (Kaneko 
et al. 2002). In Mesorhizobium loti ACC-deaminase expression is regulated by 
nifA2, nifA1, and σ54 polymerase sigma recognition factor located upstream to acdS 
gene. The NifA2 protein (encoded by nifA2) interacts with σ54 polymerase sigma 
recognition factor favoring acdS gene transcription (Nukui et al. 2006), and nifA1 
also increases the acdS transcription; however the mechanism of regulation of acdS 
transcription through nifA1 is not well understood.

8.4.3  Approach of ACC-Deaminase Action

The mode of action of PGPB containing ACC-deaminase was described by the 
originally proposed model (Glick et al. 1998); this model explains how ACC- 
deaminase- containing PGPB can lower plant ethylene level and in turn stimulate 
plant growth, especially under harsh conditions. ACC-deaminase-containing PGPB 
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first bind to the surface of either seed or plant roots in response to root exudates, 
although these bacteria may also be found on aerial parts of plants (leaves and flow-
ers) or within a plant’s internal tissues (Fig. 8.4).

Plants typically exude a huge fraction of their metabolically fixed different amino 
acids, sugars, and organic acids through their roots in the surrounding soil. Root 
exudates act as a bacterial food source which is the main reason that the numbers of 
bacteria present around the roots of plants (i.e., the rhizosphere) are 1000 times 
higher than in the bulk soil. In response to the presence of tryptophan and other 
photosynthetically fixed small molecules in the plant root exudates, the associated 
bacteria synthesize and secrete the phytohormone indole-3-acetic acid (IAA), some 
of IAA is taken up by the plant roots. IAA level in the plant trusses affects plant 
growth in different ways such as stimulation of the plant cell proliferation and cell 
elongation, and IAA can also induce the transcription of the plant enzyme ACC 
synthase that catalyzes the formation of ACC and stimulate the synthesis of ethyl-
ene in the plant. It can also act to loosen plant cell walls, thereby facilitating cell 
elongation and increasing the number of lateral roots and level of root exudation. 
Along with the IAA level in the plants also enhanced the plant ACC exuded from 
seeds or roots (Penrose et al. 2001), and this ACC may be taken up by the PGPB 
associated with these tissues and subsequently cleaved by ACC-deaminase (Stearns 

Fig. 8.3 A schematic presentation represents common mechanism of regulation of acdS gene 
transcription in bacteria (mainly Pseudomonas putida UW4). Abbreviations: acdR ACC-deaminase 
regulatory gene, AcdB encoding for glycerophosphoryl diester phosphodiesterase, LrP leucine- 
responsive protein, acdS deaminase structural gene (acdS) (Source: Glick et al. 2007)
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et al. 2012; Penrose and Glick 2003). The net result of the cleavage of exuded ACC 
by bacterial ACC-deaminase is that lowering either the endogenous or the bacterial 
IAA-stimulated ACC level, the amount of ethylene in the plants is reduced. 
Subsequently, as a consequence of lowering plant ethylene levels, ACC-deaminase- 
containing PGPB can reduce a portion of the ethylene inhibition of plant growth and 
mitigate the adverse effect of a wide range of abiotic stresses. Plants which grow in 
association with ACC-deaminase-containing PGPB generally have longer roots and 
shoots and are more resistant to growth inhibition by a variety of ethylene-inducing 
stresses (Saleem et al. 2007).

8.5  ACC-Deaminase in Salinity and Drought Stress 
Amelioration

Glick et al. (2007) and Saleem et al. (2007) have reviewed that inoculation of plants 
with PGPB containing ACC-deaminase may lead to various subsequent physiologi-
cal changes in plants. Belimov et al. (2001) and Penrose et al. (2001) also studied 

Fig. 8.4 Schematic presentation of how stress controller PGPB containing ACC-deaminase activ-
ity bound to plant root lower the stress ethylene concentration and prevent ethylene inhibition in 
plant’s metabolism disturbance. Abbreviations: SAM S-adenosyl-l-methionine, ACC 1- aminocycl
opropane- 1-carboxylate, IAA indole acetic acid
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the ability of ACC-utilizing PGPB to improve plant growth inhibition caused by 
stress ethylene through decreased ACC content in plant tissue. Similarly many 
researchers also demonstrated the stimulation of root elongation and biomass pro-
duction of different plant species by inoculations of PGPB containing ACC- 
deaminase activity, particularly when the plants were subjected to stressful growth 
conditions (Glick et al. 1998; Belimov et al. 2001; Safronova et al. 2006). Li et al. 
(2000) have documented that the ACC-deaminase-deficient mutated strain of P. 
putida UW4 simultaneously lost the ability to degrade the ACC and elongate roots 
in infected canola plants. Environmental stresses such as drought, salt, flooding, etc. 
cause overproduction of ethylene in the plant tissues which hamper plant growth by 
different ways like inhibition of root elongation, leaf senescence and abscission, 
early fruit ripping, and inhibition of legume root nodule formation (Gamalero and 
Glick 2012). Bacterial hydrolysis of ACC through ACC-deaminase leads to a 
decrease in plant stress ethylene level, which results in increased plant growth 
(Belimov et al. 2009; Glick et al. 2013). This property of bacterial ACC-deaminase 
activity and several other mechanisms of PGPB to alleviate abiotic stresses in plants 
are referred as “induced systemic tolerance” (IST) (Yang et al. 2009). Thus, the use 
of PGPB having ACC-deaminase activity is the most important and sustainable 
mechanism in agricultural sector to reduce the deleterious effect of adverse environ-
mental stresses on the crop productivity (Table 8.1).

8.5.1  Salinity Stress

Soil salinity is a major abiotic environmental factor that adversely inhibits the 
growth of crops and reduced the yield. In these crops, legumes are mainly affected 
by a low level of salinity. Legumes also represent a very significant group of crops 
in agriculture ecosystem. Legume crops are the most important grains because they 
are rich sources of protein and oil in both human and animal diets. Furthermore, it 
plays a significant role in the maintenance of soil fertility, through its symbiotic 
association with rhizobia. Like other legumes, chickpea is very sensitive to salinity, 
which affects its growth and development. The excess salinity in the soil, due to the 
high concentration of Cl− and Na+ ions, affects the plant system and decreased the 
yield and quality of the crops (Shukla et al. 2012). Soil salinity induces production 
of reactive oxygen species (ROS) such as superoxide anion (O2

−), singlet oxygen 
(1O2), and hydrogen peroxide (H2O2) and causes cellular damage in the plant sys-
tem. To contract the adverse effect of these ROS, plant accumulates osmolytes (pro-
line, glycinebetaine, sugars, etc.) resulting in the decrease of the adverse effect of 
oxidative damage (Qureshi et al. 2013a, b). To mitigate the deleterious effect of 
salinity, plant roots interact with PGPB containing ACC-deaminase (Table 8.1) 
which can decrease the high level of ethylene concentration, thereby alleviating the 
negative impact of salinity exerted on the plant growth and yield. PGPB promote 
plant growth by enhancing efficiency of water and nutrient uptake and maintain K+/
Na+ ratio under salt stress (Mayak et al. 2004a). Many mechanisms of stress allevia-
tion, such as lowering the ethylene concentration, production of phytohormones, 
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Table 8.1 List of plant growth-promoting bacteria containing ACC-deaminase activity reported 
for mitigating the adverse effect of abiotic stresses on different crops

PGPB Plant Stresses
PGPB-mediated 
mechanisms References

Pseudomonas simiae Vigna radiata Drought ACC-deaminase- 
mediated plant growth 
promotion under 
drought stress

Kumari 
et al. (2015)

Serratia spp. and 
Mesorhizobium ciceri

Cicer arietinum L. Drought Bacteria with 
ACC-deaminase 
played a pivotal role in 
plant growth and 
nodulation by lowering 
ethylene levels

Shahzad 
et al. (2014)

P. fluorescens ACC-5 Pisum sativum Drought Plant growth 
promotion under 
drought by the role of 
ACC-deaminase 
activity

Zahir et al. 
(2008)

Pseudomonas sp. P. sativum Drought Alleviation of drought 
stress by decreased 
ethylene production

Arshad 
et al. (2008)

Achromobacter 
piechaudii

Solanum 
lycopersicum

Drought Mitigation of drought 
stress through 
ACC-deaminase 
activity

Mayak 
et al. 
(2004b)

P. koraiensis Glycine max L. Salt Pseudomonas- 
mediated salt tolerance 
in Glycine max L.

Kasotia 
et al. (2015)

PGPR strain A1 and 
A2

V. radiata L. Salt ACC-deaminase 
activity

Aamir et al. 
(2013)

Pseudomonas spp. 
and Rhizobium

Lens culinaris Salt Rhizobium with 
pseudomonas having 
ACC-deaminase would 
be a better approach 
for nodulation

Iqbal et al. 
(2012)

Pseudomonas strains V. radiata L. Salt Improving nodule 
formation and 
inhibition of ethylene 
production

Ahmad 
et al. (2011)

Pseudomonas and 
Serratia sp.

Triticum aestivum 
L., Lens culinaris

Salt Enhancing plant 
growth and yield

Zahir et al. 
(2009, 
2010)

Pseudomonas, 
Flavobacterium, and 
Enterobacter strains

Zea mays L. Salt PGPB strains with 
ACC-deaminase 
activity significantly 
promote plant 
biomass, root and 
shoot length, cob and 
grain yield, etc.

Nadeem 
et al. (2007, 
2010)
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and regulation of nutrient uptake, are used by the PGPB containing ACC-deaminase 
activity to facilitate plant growth under salinity stress. PGPB-inoculated plants 
enhanced lateral root development due to higher indole-3-acetic acid (IAA) produc-
tion and reduced the stress ethylene level in plants by the production of 1- aminocy
clopropane- 1-carboxylic acid (ACC)-deaminase enzyme activity (Senthil et al. 
2009; Glick et al. 2007). Bacterial-inoculated plant root accumulated higher proline 
content compared to controlled plant root under salt stress, which may be due to 
higher uptake of nutrients, resulting in high biosynthesis rate (Vardharajula et al. 
2011). The accumulation of proline in roots suggests an osmotic mechanism to keep 
a positive water potential for water entrance into the roots, leading to a lower stress 
damage in the plant (Porcel and Ruiz-Lozano 2004). In response to environmental 
stress such as salinity, reactive oxygen species (ROS) may generate in excess, which 
are extremely harmful to living organisms. The excess production of ROS can cause 
cell destruction by various pathways like peroxidation of lipids, oxidation of pro-
teins, and nucleic acid damage finally leading to programmed cell death. The effi-
cient removal of ROS requires the action of several antioxidant enzymatic reactions 
including catalase (CAT), peroxidase (POD), polyphenol oxidase (PPO), and super-
oxide dismutase (SOD) which can be considered as one mechanism of salt tolerance 
in plants (Sharma et al. 2012). Bacterial-inoculated plants showed less antioxidant 
enzyme activity under salinity stress suggesting that these plants are submitted to a 
lower oxidative stress under saline conditions (Porcel and Ruiz-Lozano 2004; 
Kohler et al. 2008; Kohler et al. 2009; Kumari et al. 2015). Recent studied related to 
the hydrolysis of ACC-deaminase by PGPB carrying ACC-deaminase activity 
diluted the detrimental effects of salinity by decreasing the ethylene level, thus 
improving the growth of plants (Glick et al. 1998; Cheng et al. 2007; Nadeem et al. 
2009). Similarly, bacterial strain carrying ACC-deaminase has also been studied to 
decrease the adverse effects of soil salinity on the plants by the hydrolysis of salt 
stress-induced ACC concentration, regulating accelerated level of ethylene in 
response to stress in plants, and promote plant growth under saline condition 
(Belimov et al. 2009). Inoculation with PGPB containing ACC-deaminase has been 
reported to reduce the stress-induced ethylene-mediated negative effects on plants 
and boost plant growth particularly under stressed conditions (Glick 2005; Safronova 
et al. 2006).

8.5.2  Drought Stress

Water is a fundamental constituent of all life, about 90 % of the fresh weight in 
physiologically active plants. In most plants, if the water content goes down much 
below this level, many physiological processes are impaired. Water deficiency 
occurs when there is more water loss by evaporation than the amount taken up by 
roots; this is often referred to as “drought stress.” Drought stress is common in many 
parts of the world, and more than 50 % of the globe is arid and semiarid. Soil water 
deficiency affects the water relations at whole plant level and finally makes plants 
more susceptible to other environmental stresses by decreasing the adequacy of 
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defense mechanisms (Vardharajula et al. 2010) and can also adversely affect plant 
growth and yield, causing the most fatal economic losses in agricultural sector. The 
effects of drought stress can be counted as reduction in growth and simultaneous 
reduced dry weight, stomatal conductance decreases, and thus water loss from 
leaves and photosynthetic rate are reduced due to decreased intercellular CO2 con-
centration (Mahajan and Tuteja 2005). Drought stress has been extensively associ-
ated with elevated release of endogenous ethylene in the plants which is responsible 
for growth inhibition (Mayak et al. 2004b; Arshad et al. 2008). Ethylene is a plant 
hormone that is involved in the regulation of many physiological responses (Arshad 
and Frankenberger 2002), and it was also regarded as a “stress hormone” because 
ethylene synthesis in plants is increased under a number of biotic and abiotic 
stresses. Stress ethylene production has been often coupled with reduced growth 
and premature senescence; therefore it may act as an indicator of plant susceptibil-
ity to stresses such as drought and heat (Wang et al. 2003; Belimov et al. 2009). 
PGPB containing ACC-deaminase might have decreased the drought stress-induced 
ethylene concentration in inoculated plants, which resulted in better plant growth 
under water stress conditions. Therefore, inoculation with PGPB containing ACC- 
deaminase could be helpful in eliminating the inhibitory effects of stress ethylene 
on the growth of plants under severe drought stress. Inoculation of plants with ben-
eficial PGPB containing ACC-deaminase induced plant growth by root colonization 
and mitigates adverse effect of drought in arid or semiarid areas (Marulanda et al. 
2007, 2009; Zahir et al. 2009; Vardharajula et al. 2011). Under adverse condition 
such as drought stress, bacterial cells accumulate various computable solutes such 
as proline and sugars that protect bacterial cells from degenerative process and 
improve survival under adverse environment. Drought stress can also create physi-
cochemical and biological properties of soil unfavorable for soil microbial activi-
ties. Pseudomonas spp. can survive under stress conditions due to the production of 
EPS, which protects bacterial cells from drought stress by enhancing water preser-
vation and regulating the diffusion of organic carbon sources (Vardharajula et al. 
2009).Similarly other workers also reported that EPS-producing bacteria increased 
resistance to water stress and significant increase in root-adhering soil per root tis-
sue (RAS/RT) ratio in plants (Alami et al. 2000). Paenibacillus polymyxa confers 
drought tolerance through the induction of drought-responsive gene, early response 
to dehydration 15 (ERD15), in Arabidopsis thaliana (Timmusk and Wagner 1999). 
Researchers found the inoculation of Pseudomonas, Bacillus, and Mycobacterium 
strains significantly promotes the plant growth by increasing plant growth parame-
ters in maize plants (Egamberdiyeva 2007) and alleviated the adverse effect of water 
deficiency on wheat (Kasim et al. 2013). Many other studies have reported on the 
ability of microbes under determined conditions in protecting plants from the dele-
terious effects of drought stress (Belimov et al. 2009; Arzanesh et al. 2011). Cohen 
et al. have reported the inoculation with Azospirillum brasilense increases the rela-
tive water content in the leaves due to the production of ABA hormone by the bacte-
rial strain containing ACC-deaminase, thus reducing the ACC level in the plants. 
Inoculation with PGPB containing ACC-deaminase enhances root growth, which 
might be helpful in the uptake of relatively more water and nutrient uptake from 
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deep soil under drought stress conditions (Dodd et al. 2005). The inoculation with 
PGPB containing ACC-deaminase was helpful in increasing water-use efficiency in 
peas under drought stress and confers resistance against drought stress in tomatoes 
and peppers (Zahir et al. 2008).

8.6  Conclusion and Future Prospects

In the present day, agricultural productivity is challenged by adverse environmental 
stresses. From the above discussion, it is clear that plants are exposed to numerous 
abiotic stresses such as drought and salinity in the environment which cause 
ethylene- induced inhibition of plant growth. Plants under both types of stresses are 
likely to face many conditions such as toxic level of ethylene, ionic imbalance, and 
more ROS production. There is now a consensus that PGPB with ACC-deaminase 
are able to mediate the enhanced tolerance to abiotic stresses in their host plants. 
Therefore, these PGPB have the potential to promote plant growth and productivity 
and reduce the detrimental effects of stress ethylene level in response to adverse 
environmental conditions. Therefore, it requires consideration of efficient PGPB 
with robust ACC-deaminase activity which can interact with plants and increase 
plant productivity under stress conditions. Moreover, this technique is also benefi-
cial for the soil fertility and decreases the environmental hazards due to the use of 
chemical fertilizers which are harmful for the soil fertility as well as for animal 
health. Therefore, inoculation of plants with PGPB having ACC-deaminase gene 
could be very effective in facilitating plant growth both under normal and stressed 
environments. PGPB containing ACC-deaminase gene could have a positive benefit 
for tolerance to stresses in crops, where the environment and degree of stresses such 
as salinity, drought, high temperature, etc. are not always predictable, and develop-
ment of acdS gene overexpressing transgenic plants to prevent these harsh environ-
mental stresses. However, the expression of acdS gene has been reported in only 
few transgenic plants such as Arabidopsis, tomato, poplar, etc. Therefore, future 
research studies need to ascertain the mechanisms of regulation of acdS gene in 
bacteria and the development of other acdS transgenic plants to overcome the detri-
mental effects of stress-induced ethylene.
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9Increasing Phytoremediation Efficiency 
of Heavy Metal-Contaminated Soil Using 
PGPR for Sustainable Agriculture
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and Mansour Ghorbanpour

Abstract
Raising industrial activities and agricultural practices as well as other human 
anthropogenic actions adds a significant amount of heavy metals in soil and 
water, resulting in degradation of the environment. Some examples of the envi-
ronmental concern metals are nickel, copper, arsenic, lead, cadmium, cobalt, and 
zinc. Due to their nonbiodegradable nature, toxic heavy metals accumulate in the 
environment and therefore contaminate the food chain. The presence of these 
hazardous metals further than the threshold limit exhibits a critical threat to the 
human health and total environment. Different physical, chemical, and biological 
procedures have been applied for the remediation of contaminants from the envi-
ronment. Bioremediation is the application of biological remedy for cleanup and 
or mitigation of contaminants from the environment. This process is a cost- 
effective and worthwhile method for removal of heavy metal-contaminated soil 
compared to physicochemical remediation techniques which are expensive and 
deleterious for soil properties. Phytoremediation is defined as the direct use of 
appropriate living plants for removal, degradation, or sequester of contaminants 
from environments (atmosphere, hydrosphere, and lithosphere). The efficiency 
of phytoremediation depends on many factors like plant biomass yield, plant 
tolerance to metal toxicity, and heavy metal solubility or mobilization in the soil.
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The success of the phytoremediation process can be attained through develop-
ing the association of hyperaccumularor plant species with microorganisms like 
heavy metal-resistant plant growth-promoting rhizobacteria.

9.1  Introduction

Developing industrialization and anthropogenic activities are the most common fac-
tors releasing toxic wastes into the soil, water, and air. This toxic chemical waste is 
classified as pollution. The consequent pollutants are dangerous to the environment 
and living things such as human beings, animals, plants, and microorganisms 
(Rajkumar et al. 2009). Inorganic chemical contaminants occur as natural elements 
in the biosphere, and result from man-made toxins, and several human activities 
such as industry, mining, agriculture, traffic, and military activities enhance their 
release into the environment, causing toxicity. Inorganic pollutants cannot be 
destroyed; however, they may be remediated through sequestration or stabilization 
inside the plant tissues. According to Pilon-Smits (2005), inorganic contaminants 
that can be phytoremediated comprised of plant macronutrients (e.g., nitrate and 
phosphate), plant trace elements (e.g., Fe, Cu, Cr, Mo, Mn, and Zn), and nonessen-
tial elements (e.g., Co, F, Cd, Hg, Pb, Se, and V), as well as radioactive isotopes 
(e.g., 238U, 137Cs, and 90Sr). Heavy metals are one of the most important contami-
nants, which have a density ˃5 g cm−3 (Abdelatey et al. 2011). These toxic metals 
are the most important inorganic contaminants, which are very stable and progres-
sively accumulate in the environment (Chaudhary and Khan 2015).

Soil contamination with heavy metals may take place by mining practices, dis-
charge of industrial effluents, extensive use of synthetic fertilizers, pesticides, etc. and 
is of great environmental concern because of its harmful impacts on biological sys-
tems (Ma et al. 2013). High concentrations of heavy metals not only reduce activity of 
soil microorganisms and crop production but also intimidate human health because 
they may enter the food chain, enhancing the risk of toxicant transfer to food products 
(Boyd 2010). Several biological and physicochemical methods have been chosen for 
the removal of heavy metals, which is considered as a challenging work with regard 
to cost and technical intricacy (Sheoran et al. 2011; Wuana and Okieimen 2011). 
Physicochemical approaches comprise excavation, landfill, thermal treatment, leach-
ing, as well as electro-reclamation. These procedures are quick but incompetent and 
expensive and cause negative impacts on different soil chemical, physical, and bio-
logical characteristics, resulting in secondary pollution (Glick 2010; Ali et al. 2013).

It has been suggested that the physicochemical approaches only alter the prob-
lem from one form to another, and can’t entirely remediate the contaminants 
(Lambert et al. 2000). Bioremediation of contaminated sites has taken much atten-
tion globally as a procedure for enhancing soil quality through elimination of metals 
from soils (Marques et al. 2009). Phytoremediation is among these methods pre-
senting significantly more advantageous than conventional technology of cleanup 
(Pilon-Smits 2005).
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However, slow growth with low plant biomass in metal-polluted soils may 
restrict the efficiency of phytoremediation process (Li and Ramakrishna 2011; Ma 
et al. 2011). Furthermore, bioavailability of the metal in soil rhizosphere is believed 
to be another important factor that affects the successes of metal translocation and 
phytostabilization (Ma et al. 2011). In recent years, many chemical amendments, 
such as ethylenediaminetetraacetic acid (EDTA), have been applied to improve phy-
toextraction and/or phytostabilization process (Barrutia et al. 2010). However, che-
lators are known to be toxic to plants and to the most soil microorganisms (Evangelou 
et al. 2007). A promising option is the application of plant-microorganism interac-
tions to enhance the effectiveness of phytoremediation, changing the bioavailability 
and mobilization of metals in soil environment (Glick 2010; Ma et al. 2011; 
Rajkumar et al. 2010). The efficiency of phytoremediation mainly depends on plant 
growth and a high content of heavy metal in the shoot parts of the plant (Petriccione 
et al. 2013). It has been acknowledged that plant growth-promoting rhizobacteria 
(PGPR) may improve the effectiveness of phytoremediation through increasing 
plant growth under harsh conditions and increasing heavy metal solubility by differ-
ent mechanisms (Gadd 2004; DeBashan et al. 2012).

9.2  Phytoremediation

Phytoremediation may suggest a cost profitable, noninvasive, and secure alternative 
to standard soil-cleaning techniques through using specific shrubs, trees, and grass 
species to remove, immobilize, or even degrade hazardous materials from soil 
(Rajkumar et al. 2012).

Most recently, Arora et al. (2016) reported that in phytoremediation process, 
generally, two types of plants are utilized: (1) hyperaccumulators with a very high 
heavy metal accumulation potential and low biomass productivity and (2) non- 
hyperaccumulators, which have lower extraction capacity than hyperaccumulators, 
but whose total biomass yield is significantly higher and are fast-growing species.

Moreover, the type of plant species for phytoremediation is usually selected 
according to regional climate, root system, and the nature of the pollutants. It has 
been estimated that the approximate remediation depths for grasses, shrubs, and 
deep-rooting trees are 3, 10, and 20 ft, respectively (Chirakkara and Reddy 2015). 
Generally, there are six different processes for phytoremediation (Fig. 9.1) (Pilon- 
Smits 2005), but for heavy metal-polluted soils, four processes such as phytostabi-
lization, phytoextraction, phytovolatilization, and rhizofiltration are more 
consequential (Laghlimi et al. 2015).

Phytoextraction, a subprocess of phytoremediation, can be defined as uptake of 
dangerous elements by roots from the soil and its translocation into harvestable 
biomass of plant (Ali et al. 2013). Phytostabilization can be defined as metal trap-
ping from the rhizospheric soil through decreasing its availability or mobility in the 
environment (Arora et al. 2016). However, phytovolatilization is transpiration of 
certain contaminants from plant (Pilon-Smits 2005). Phytodegradation, also known 
as phytotransformation, is direct degradation of organic pollutants through plant 
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enzymatic activities (McCutcheon and Schnoor 2003). Phytostimulation, or rhizo-
degradation, is the process in which root-released materials increase microbial 
activity near the plant roots (Hutchinson et al. 2003). Rhizofiltration, however, 
involves filtering toxic pollutants by a mass of plant roots (Raskin et al. 1997). 
Phytoremediation, the same as other remediation procedures, contains many bene-
fits and limitations.

The most important phytoremediation benefits include cost-effectiveness, poten-
tially environmental friendly and long-term applicability to a variety of hazardous 
metals, as well as aesthetically pleasing. However, there are some limitations for 
phytoremediation. Duration of the process is too long, i.e., it is a slow process; 
therefore, it may take several years or even decades to clean up a polluted site, and 
it is only feasible to surface soils (Laghlimi et al. 2015). Phytoremediation process 
may also be limited through the bioavailability of toxic materials.

Multiprocess phytoremediation system (MPPS) has been proposed for an effec-
tive phytoremediation process. The process is based on combination of microbial, 
mechanical, and plant growth stages to improve biomass accumulation, especially 
plant below ground parts in the soil, and therefore increase the remediation kinetics. 
The processes utilized are land farming and inoculation with PGPR (Huang et al., 
2005). Generally, plants with excellently high capacity for accumulating toxic met-
als often grow slowly and produce low biomass, especially when the metal content 
in the soil is high. However, there is a way to increase the efficiency of phytoreme-
diation using PGPR, which are soil-living microorganisms that inhabit the rhizo-
sphere. When PGPR are presented to a polluted site, they enhance the potential for 
plants that grow there to degrade toxic metals and to remobilize nutrients, preserve 
soil structure, detoxify synthetic chemicals, and suppress pathogens and pests; also, 
PGPR reduce the toxicity of heavy metals through altering their bioavailability in 
plants.

The plants subsequently supply the microorganisms with plant root secretions 
including proteins, carbohydrates, free amino acids, sugars, vitamins, hormones, 

Fig. 9.1 Different processes of phytoremediation (Pilon-Smits 2005)
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mucilage, and alcohols, which are essential sources of their nutrition. The rhizo-
sphere has high levels of easily degradable root-exuded compounds, attracting 
greater microbes than does bulk soil (Babalola 2010). According to Babalola (2010), 
efficiency of phytoremediation depends on the extent of soil pollution, bioavailabil-
ity of metals in soil, and plants’ ability to take up and accumulate metals as biomass 
(Babalola 2010). Several researchers have reported the positive effect of PGPR on 
bioavailability of heavy metals (Braud et al. 2006; Abou-Shanab et al. 2006). 
Generally, PGPR may improve phytoremediation efficiency of heavy metals by two 
mechanisms such as enhanced plant growth (abbaszadeh et al. 2010) and increased 
bioavailability of metals in soil (Whiting et al. 2001).

9.3  Plant Growth-Promoting Rhizobacteria (PGPR)

Among the rhizospheric microorganisms, PGPR believed to be worthy of special 
attention for heavy metal phytoremediation. PGPR are heterogeneous group of soil 
bacteria, categorized into two main parts, extracellular and intracellular, which are 
able to colonize plant root systems and enhance the plant growth (Pereira et al. 
2015; Dimkpa et al. 2009a). The intracellular group bacteria are able to enter the 
plant as endophytic bacteria that create nodules, whereas extracellular PGPR exist 
in the rhizosphere, on the rhizoplane, or in the spaces between cells (apoplast) of the 
root cortex (Dimkpa et al. 2009a; Rajkumar et al. 2009). Since endophytic bacteria 
exist inside the plant, they could be more protected from different types of environ-
mental stresses than rhizospheric bacteria (Rajkumar et al., 2009). PGPR may stim-
ulate plant growth through various direct or indirect mechanisms such as production 
of growth substances (phytohormones), solubilization of insoluble elements, bio-
control of host plant pathogens, or enhancement of plant nutritional status 
(Abbaszadeh-dahaji et al. 2012; Glick et al. 1999).

These mechanisms comprise the synthesis of plant growth hormones such as 
auxin (Khakipour et al. 2008) and 1-aminocyclopropane-1-carboxyilic acid (ACC) 
deaminase, improved solubility of insoluble nutrients such as phosphorous and iron, 
fixation of atmospheric nitrogen, and control of the adverse impacts of pathogens on 
plant growth (Jalili et al. 2009). The major type of PGPR contains the strains of 
Azospirillum, Azotobacter, Acetobacter, Burkholderia, Bacillus, and Pseudomonas 
(Abbaszadeh et al. 2010).

9.4  Heavy Metal-Resistant PGPR

PGPR tolerance to the concentration of heavy metal is the most important limiting 
factor for using phytoremediation process. Metal-tolerant microorganisms have 
been often reported in the rhizosphere of hyperaccumulator plants growing in metal- 
contaminated soils exhibiting that these microorganisms have evolved a heavy 
metal tolerance and that they may play important roles in mobilization and/or 
immobilization of heavy metals through releasing different compounds such as 
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organic acids or extracellular polymeric materials (Sessitsch et al. 2013). It has been 
suggested that plant inoculation with metal-resistant PGPR plays significant role in 
enhancing the efficiency of phytoremediation process (Ma et al. 2011; Rajkumar 
et al. 2012). Specific heavy metal-resistant PGPR may positively impact plants 
through improving plant tolerance to different environmental stresses, increasing 
root development and improving plant health and productivity (Glick 2010).

Plant growth-promoting and heavy metal-resistant activities are key attributes for 
bacteria used in metal phytoremediation; therefore, screening of effective PGPR 
and heavy metal-resistant bacteria should be taken into account as the primary work 
for cleaning up the heavy metal-polluted soil (Yu et al. 2014). Heavy metal-resistant 
PGPR may increase efficiency of phytoremediation by several mechanisms as 
follows:

 A. Increasing the bioavailability of heavy metals for plant absorption.
 B. Polluted soils are often poor in nutrient status; hence, PGPR enhance plants’ 

nutrition and their growth and consequently phytoremediation efficiency.
 C. Enhancement of plant growth through reducing plant stress generated by metal- 

polluted sites.

9.4.1  Enhanced Efficiency of Phytoremediation by Increasing 
the Bioavailability of Heavy Metals

Many factors such as soil nutrients, plant species type, pH, plant-associated microbial 
flora, and so on influence plant-microorganism interactions and thereby affect 
uptake of heavy metal by plants. However, as mentioned above heavy metal 
 bioavailability in rhizosphere is considered to be a prominent factor determining the 
efficiency of phytoextraction and phytoremediation (Sessitsch et al. 2013). The 
content of bioavailable metals in the soil extremely affects the amount of metal 
accumulation in plants, because most parts of heavy metals are usually bound to 
different organic and inorganic compounds in contaminated soils and their 
phytoavailability are closely related to their chemical speciation (Ma et al. 2011). 
Rhizosphere plays an important role in phytoremediation process of heavy metal-
polluted soils, in which microbial populations are believed to impact heavy metal 
mobility and availability to the plant by several pathways including release of 
chelating agents, solubilization activity, acidifcation, and redox changes (Bharti 
et al. 2014). According to the uptake by plants, heavy metals in soil may be catego-
rized into three main classes, which comprise absorbable forms (e.g., free ions and 
chelating ions), exchangeable forms (bound to carbonates, organic matter, and iron-
manganese oxides), and unavailable/or residual forms (Wei et al. 2008).

PGPR are among the soil microorganisms which are drawn in the plant interac-
tions with metal-contaminated soil environments and require certain attention due 
to the fact that these may directly facilitate the phytoremediation process through 
changing bioavailability of metals by changes in synthesis of phytohormones 
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(e.g., auxins), siderophores, and increased release of chelators (Ma et al. 2011). The 
use of heavy metal-solubilizing microorganisms is a promising procedure for 
improving bioavailability of heavy metals in contaminated soils. Plant-associated 
bacteria may be utilized to enhance phytoextraction activities through changing the 
solubility, availability, and translocation of toxic metals as well as nutrients, by 
decreasing soil pH and releasing chelating agents (Ma et al. 2011).

Production of metal chelating agents like siderophores by PGPR plays an impor-
tant role in mobilization and accumulation of metals through a complexation reac-
tion (Rajkumar et al. 2010; Gadd 2010). Braud et al. (2009) observed that Cr and Pb 
can be released into the soil solution after soil inoculation with P. aeruginosa. 
However, siderophores can constitute stable complexes with other environmental 
concern metals including Al, Cd, Cu, Ga, In, Pb, and Zn. The plant growth- 
promoting siderophore-producing rhizobacteria may enhance the phytoextraction 
rate that usually restricts the application of phytoremediation procedures (Braud 
et al. 2009). The importance of PGPR on Ni solubilization in soils was previously 
reported by Abou-Shanab et al. (2003).

According to Carrillo-Castaneda et al. (2003), siderophores secreted by PGPR 
play a key role in mobilization of soil metals. Some results emphasized the potential 
of plant inoculation with siderophore-producing bacteria to better enhance their 
phytoextraction efficiency (Pereira et al. 2015). It has been reported by Dimkpa 
et al. (2009b) that bacterial culture filtrates having hydroxamate siderophores pro-
duced via S. tendae F4 significantly improved uptake of Cd through the plant, when 
compared to the un-inoculated control. This study revealed that siderophores may 
help to mitigate toxicity of metals in bacteria while concurrently accelerating the 
uptake of such metals through plants. Soil beneficial rhizobacteria produce certain 
organic acids including gluconic, oxalic, and citric acids, which play essential roles 
in the solubility and mobilization of heavy metals. Ullah et al. (2015) reported that 
aforesaid organic acids play significant role in the adsorption reaction of heavy met-
als and improve their mobility for plants.

Moreover, Saravanan et al. (2007) displayed the production of gluconic acid 
derivative by Gluconacetobacter diazotrophicus, which contributes in the solubili-
zation of Zn compounds.

Biosurfactants are believed to be integral significant metabolites produced by 
growth promoting that have the potential to increase mobilization and phytoreme-
diation of toxic metals. The released biosurfactants by soil microorganisms create 
complexes with heavy metals at the soil interface, removing metals from the soil 
matrix and therefore accelerating solubility and bioavailability of metals and assist-
ing phytoremediation process (Rajkumar et al. 2012). For example, biosurfactants 
produced through Pseudomonas aeruginosa BS2 would result in solubilization of 
Pb and Cd (Juwarkar et al. 2007). Furthermore, redox reactions are involved in 
mobilization of metals (Bolan et al. 2014).

According to (Gadd 2004), Thiobacillus thiooxidans (a promising sulfur- 
oxidizing bacteria) may acidify their surroundings through oxidation from ferrous 
iron to ferric iron and production of H2SO4 (Gadd 2004).
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9.4.2  Improvement of Plant Nutrition, Root System, Metal 
Detoxification, and Biocontrol of Phytopathogens 
and Consequently Plant Growth and Phytoremediation 
Efficiency

PGPR in hosted plants not only trigger physiological changes but also alter the root 
architecture which may be monitored through variation in total root length and root 
tip (Bhattacharyya and Jha 2012). Phytohormones are very efficient on plant growth 
and development, and among them, IAA (indole-3-acetic acid) is one of the most 
important groups of growth regulators (Stepanova et al. 2008; Friml et al. 2003), 
often produced by PGPR (Mayak et al. 2004). PGPR generating IAA have been 
widely applied to enhance phytoremediation efficiency of metalliferous soil (Khan 
et al. 2009; Ma et al. 2011). Production of IAA is proposed as a key property of 
PGPR (Ahmad et al. 2008). IAA supplementation to soil may increase the uptake of 
metals in plant root surfaces. The presence and richness of strains producing high 
dose of IAA isolated from heavy metal-polluted soil in comparison to other soils 
implied that this PGP ability of the strains might aid in phytoremediating the soil 
(Yu et al. 2014). Marques et al. (2010) suggested that the correlation between IAA- 
producing rhizobacteria and corn (Zea mays) root biomass promotion was positive. 
Also, Khalid et al. (2004) reported that bacterial strains with ability to produce the 
highest amount of IAA increased the growth of wheat plant.

Enhancement of root growth is one of the main indicators by which the positive 
influence of PGPR is determined. Rapid establishment of plant root systems is use-
ful for juvenile seedlings as it enhances their ability to attach themselves to the soil 
and to acquire water and different nutrients from their environment, increasing their 
chances of survival (Patten and Glick 2002).

The low level of iron uptake into plants cultivated in the presence of heavy met-
als may cause chlorosis because iron deficiency reduces both biosynthesis of chlo-
rophyll and development of chloroplast (Ismande 1998). According to these ideas, 
the siderophore-overproducing bacteria could serve as potential source of iron for 
plants that grow under heavy metal stress conditions and hinder plants from chloro-
sis (yellowing of leaf tissue) through providing an adequate value of soluble iron to 
the plants (Suthersan 1999). PGPR’s presence in heavy metal-polluted soil increases 
the uptake of iron in plants, which subsequently improve the chlorophyll contents 
and plant growth in the PGPR-treated plants (Kamran et al. 2015). Moreover, exces-
sive value of accumulated heavy metals in plant tissues may cause changes in dif-
ferent critical processes of growth and have adverse effects on iron nutrition status. 
Under such conditions, the beneficial siderophore-producing rhizobacteria might 
offer an alternative biological rescue approach that is able to chelate Fe3+ and make 
it soluble to plants. The plant roots then could take up iron from siderophore-iron 
chelates possibly through various mechanisms including chelate degradation 
and release of iron, the direct uptake of siderophore-iron complexes, and/or a 
ligand exchange substitution (Rajkumar et al. 2010). Siderophores also stimulate 
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biosynthesis of bacterial IAA through decreasing the deleterious impacts of heavy 
metals by chelation reaction (Ma et al. 2011). Rhizobacteria ability to convert insol-
uble forms from phosphorous to soluble forms is an important feature in PGPR for 
increasing plant productivity (Chen et al. 2006). However, under metal stress condi-
tions, most heavy metal-tolerant PGPR strains can either change the insoluble phos-
phates into the soluble forms by the processes of acidification, chelation, exchange 
reactions, and production of organic acids (Chung et al. 2005).

Nitrogen-fixing rhizobacteria can beneficially influence on host plant growth 
through accelerating nitrogen availability. Therefore, they can act as an efficient 
biofertilizer which enhances plant growth and development (Kang et al. 2010). The 
PGPR can also contribute in decreasing phytotoxicity of metals through biosorption 
and bioaccumulation procedures. Because the bacterial cells (~1.0–1.5 mm3) have 
very high-surface-area-to-volume ratio, they could take up more heavy metals than 
inorganic soil fractions (e.g., kaolinite and vermiculite) either through metabolism-
independent or by a metabolism-dependent process, i.e., through passive or active 
pathways (Khan et al. 2007).

The ability of soil microorganisms to take up and accumulate toxic metals includ-
ing Ag, Co, Cd, Cu, Zn, Mn, Pb, Ni, Hg, etc. has been previously reported. Various 
PGPR such as Pseudomonas, Azospirillum, Azotobacter, etc. and fungi including 
Glomus sp., Gigaspora sp., certain alga, and diatoms have such capability and are 
being investigated for their high biotechnological potential as effluent detoxification 
agents (Rajkumar et al. 2012). PGPR can also synthesize extracellular enzymes 
including cellulases, pectinases, proteases, and lipases. These bacterial characteris-
tics will confer important benefits in the presence of phytopathogens, because their 
cell membrane and cell wall will be degraded through the exoenzymes and their 
negative impacts inhibited, resulting in enhancement of plant growth (Pereira et al. 
2015).

9.4.3  Improvement of Plant Growth by Decreasing Plant Stress 
Generated by Metal-Contaminated Soils

Proline is a well-known α-amino acid, which is present in plants and microorganism 
(e.g., bacteria and fungi) experiencing abiotic stress conditions (John et al. 2009). 
Accumulation of proline also assists to maintain the structure of cell organelles and 
plays a key role in adjusting osmotic potential in plants under stress conditions 
(Kamran et al. 2015). Ahmad et al. (2006) reported that proline plays an essential 
role in the folding of proteins and molecular membrane, improving buffer cellular 
redox potential and protecting cell by scavenging reactive oxygen species (ROS) 
(Ahmad et al. 2006). Heavy metal stress induces accumulation of free proline in 
some plant species. Free proline enhances plant resistance to stress through osmo-
regulation process, which subsequently stabilizes protein synthesis, and protects 
enzymes against proteolytic degradation and denaturation (Modirroosta et al. 2014). 
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It has been reported that an increase in proline concentration was found in PGPR- 
inoculated wheat plants under heavy metal stress conditions (Janmohammadi et al. 
2013). This process is regulated by PGPR-assisted tolerant plant species, which 
reduce the phytotoxic influence for several contaminates and are assumed to 
improve the metal absorption. According to Kamran et al. (2015), Eruca sativa- 
treated plants at higher Cd levels produce more proline contents, which verify the 
metal tolerance characteristics of this plant and role of PGPR to survive under heavy 
metal stress conditions.

The classical phytohormone, ethylene, has a prominent role in modulating the 
growth and metabolism of plants (Ping and Boland 2004) and seem to be involved 
in stress tolerance, disease resistance, plant-microorganism association, as well as 
plant nutrient cycle. Among its central role in triggering different physiological and 
biochemical variations in plants, the overproduction of ethylene may cause the 
reduction of primary root growth, lateral root initiation, and root hair formation (Ma 
et al. 2011); however, PGPR are potentially able to ameliorate the stress-mediated 
effect on plants via enzymatic hydrolysis of ACC (Glick et al. 2007). Bacterial 
ACC-deaminase enzyme is an inducible enzyme that plays a significant role in the 
regulation of ethylene, modifying growth and development of plants. It is acknowl-
edged that inoculation with the ACC-deaminase-producing bacterial strains may 
ameliorate the stress-induced ethylene-mediated negative effect on plants (Glick 
2005). Bacterial ACC-deaminase metabolizes the root’s ACC into a-ketobutyrate 
and ammonia and inhibits ethylene production, which otherwise reduce plant 
growth by several mechanisms (Fig. 9.2).

The plant inoculation with bacteria possessing ACC-deaminase may have rela-
tively extensive root system and therefore more growth and development because 
of less ethylene level and can better tolerate different biotic/abiotic stresses (Jalili 
et al. 2009). ACC-deaminase enzyme has been greatly reported in multiple PGPR 
such as Agrobacterium genomovars, Alcaligenes, Azospirillum lipoferum, Bacillus, 
Burkholderia, Enterobacter, Methylobacterium fujisawaense, Pseudomonas, 
Ralstonia solanacearum, Rhizobium, Rhodococcus, Sinorhizobium meliloti, and 
Variovorax paradoxus (Ghorbanpour and Hatami 2014; Ghorbanpour et al. 2013, 
2016; Saleem et al. 2007).

Burd et al. (1998) reported that canola (Brassica napus) seedlings grown in the 
media supplemented with high concentrations of nickel produced lower quantities 
of ethylene when the canola seeds were treated with an ACC-deaminase-containing 
nickel-resistant bacteria. A positive correlation has been found between in vitro bac-
terial ACC-deaminase activity and their promoting effect on root elongation, sug-
gesting that utilization of ACC is a prominent feature determining root growth 
enhancement. Soil bacteria offer promise as inoculants to enhance growth of 
Brassica juncea (a metal-accumulating plant) in the presence of toxic levels of Cd 
and are believed to be a useful approach for developing a successful phytoremedia-
tion strategy in contaminated soils (Belimov et al. 2005). It has been reported that 
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tobacco plants inoculated with Pseudomonas putida UW4 (containing ACC-
deaminase enzyme activity) revealed better growth and accumulated a considerable 
value of metal from nickel-polluted site (Arshad et al. 2007). Furthermore, Sun 
et al. (2009) found that ACC-deaminase played influential for PGPR ability to 
enhance plant growth under heavy metal stress conditions. In a study, S. plumbiz-
incicola inoculated with RC6b performed better in terms of growth in metal-pol-
luted soils. The strain RC6b increased the root length, shoot length, fresh weight, 
and dry weight by 176 %, 27 %, 27 %, and 22 %, respectively, compared to non-
inoculated plants. The increase in plant growth caused by P. myrsinacearum RC6b 
in metal- contaminated soils may be attributed to its ability to produce IAA, ACC-
deaminase, and siderophores and solubilize P (Ma et al. 2013). Some researches in 
relation to the use of PGPR for increasing phytoremediation efficiency were listed 
in Table 9.1. Generally, the result of different researches and publications indicated 
that the use of PGPR could be effective and enhanced phytoremediation proficiency 
in heavy metal-contaminated sites.

Cell elongation

Root PGPR

IAA secretion

IAA
SAM

ACC

ACC

Ethylene

PGPR

Root elongation

ACC synthase

ACC deaminase

ACC oxidase
PGPR nitrogen source

NH3 α-ketobutyrate

Fig. 9.2 Schematic 
diagram of the role of plant 
growth-promoting 
rhizobacteria (PGPR) on 
ethylene production and 
root growth inhibition. 
Abbreviations: IAA 
indoleacetic acid, ACC 
1-aminocyclopropane-1- 
carboxylic acid, SAM 
S-adenosylmethionine 
(Ghorbanpour and Hatami 
2014)
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Abstract
Soil salinity is a major abiotic factor which adversely affects the crop growth and 
productivity worldwide. Higher salt concentration caused ion imbalance and 
hyperosmotic stress which often lead to oxidative stress in plants. Soil saliniza-
tion is mainly due to the poor irrigation management practices and natural causes. 
A total 20 % of the world’s cultivated lands and almost half of all irrigated lands 
are affected by high salinity. This chapter begins by stressing the importance of 
research into plant salt tolerance. After a brief outline of salinity-induced damage 
to both agricultural yield and growth of plants, strategies which plants adopt to 
deal with salinity are discussed, and current biotechnological efforts towards 
producing salt-tolerant crops are summarized. Particular attention is paid towards 
the application of plant growth-promoting bacteria in agriculture system for pro-
ducing salt stress-tolerant crops and a fundamental understanding towards the 
mechanisms of beneficial plant–microbe interaction in the presence of salt.

The global need for food production has never greater than it is today. This issue is 
a major concern for developing countries, where the population is expected to rise 
by 90 % and where food insecurity is a major subject. Hence, increasing human 
population and decreasing cultivable land are two threats for agricultural sustain-
ability (Shahbaz and Ashraf 2013). The increasing demand of food may be meet 
either by bringing more area under cultivation or increasing the productivity from 
the land already under cultivation. The former one seems unlikely to happen because 
of increasing pollution, urbanization, industrialization, soil degradation and limited 
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water availability. Thus, to increase the agriculture productivity, the only possible 
environment-friendly approach is to improve the agricultural land already in use. 
However, it is a big challenge to increase the efficiency and sustainability of existing 
global agriculture system, because this system is regularly marked by several biotic 
and abiotic factors.

10.1  Stresses

Once a seed germinates, plants being immobile are destined to stay where they are. 
Thus, they experience heavy selection pressure in their environments. Plants have 
developed many traits that help them to evolve and succeed across the globe under 
different environmental regimes. This selective pressure can be divided into abiotic 
and biotic stresses. Biotic stresses occur when a plant is attacked by an unwanted 
organism that causes damage to them, may it be the attack by virus, bacteria and 
fungi or grazing by an insect or higher animal. Abiotic stresses include the effect of 
winds, extreme temperatures, soil salinity, drought and flood. Among these stresses 
soil salinity is one of the most serious abiotic stresses which majorly reduce culti-
vated land area, productivity and quality.

10.1.1  Soil Salinity

A soil is defined as saline when its electrical conductivity (EC) exceeds 4 dSm−1 
(approximately 40 mM NaCl). This salinity level is critical to reduce yield of many 
crop plants (Jamil et al. 2011). Different types of salts, e.g. sodium chloride (NaCl), 
sodium sulphate (Na2SO4), sodium nitrate (NaNO3), magnesium sulphate (MgSO4), 
magnesium chloride (MgCl2), potassium sulphate (K2SO4), calcium carbonate 
(CaCO3), etc., are present in saline soil in which NaCl causes serious problems for 
higher plants. Increase in these salt limits leads to two major stresses for the plants: 
osmotic stress and ionic stress. The osmotic stress firstly comes in plants when salt 
concentrations increase outside the roots, which leads to reduction in water uptake 
and subsequently plant development. The ionic stress develops when Na+ accumula-
tion increases in plants particularly in leaves over threshold level which caused 
chlorosis in leaves and reduced photosynthesis and other metabolic activities 
(Munns and Tester 2008).

10.1.2  Reason for Soil Salinity

A saline soil possesses high concentration of Na+, K+, Ca2+, Mg2+ and Cl− salts, 
which comes from weathering of minerals, irrigation water or evaporation of shal-
low groundwater. Due to insufficient precipitation, ions could not leach from the 
soil profile resulting salts to accumulate in the soil. Rainfall contains seawater salts, 
mainly sodium chloride (10 mg/kg) that would affect the land by deposition of 
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10 kg/ha of salt during each 100 mm of rainfall per year. In arid and semiarid regions 
of the world, soils are becoming saline due to poor irrigation management. Soil 
salinity is regularly increasing, and it has been estimated that 20 % of total culti-
vated and 33 % of irrigated agricultural lands worldwide are salt affected. If it 
 happens continuously, the cultivable land would be 50 % salinized by the year 2050.

10.2  Plant Physiology Under Salt Stress

In saline soil, water potential decreased in surrounding the root, and plants suffer 
from the osmotic stress and ionic effect of Na+ and Cl−. Accumulation of Na+ plays 
a central role in reduction of plant growth and senescence during salinity. Therefore, 
cytoplasmic Na+ concentration is regulated by the plants to tolerate salt stress. In 
general, the salt stress response of plants consists of ion homeostasis, osmotic 
adjustment and detoxification (Fig. 10.1).

Fig. 10.1 Schematic pathway for the transduction of osmotic and ionic stress in plants
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10.2.1  Ion Homeostasis

From an energetic viewpoint, it is preferable to control ion uptake initially rather 
than spending energy on detoxification and damage repair. Plant cells have mecha-
nisms to buffer excess ions temporarily through the large, membrane-bound vacu-
oles. During salinity stress ion homeostasis of plant gets disturbed, resulting in 
excess toxic Na+ in cytoplasm and deficiency into K+. To regulate this, several ion 
transporters function to regulate Na+ transport and its accumulation in plant tissues 
(Huang et al. 2012). The Na+/H+ antiporters catalyse the exchange of Na+ for H+ 
across the membranes. Plant Na+/H+ antiporters have been isolated from Arabidopsis 
(AtNHX1, SOS1; Gaxiola et al. 1999; Shi et al. 2002) and rice plants (Fukuda et al. 
2004). A. thaliana plasma membrane Na+/H+ antiporter (AtNHX1), salt overly sensi-
tive (SOS1) and the high-affinity K+ transporter 1 (HKT1) genes were suggested to 
be essential for salt tolerance (Brini and Masmoudi 2012).

10.2.2  Osmotic Adjustment

Osmotic shock induced by a rapid increase of salinity triggers a fast and transient 
decrease in rates of leaf expansion and root elongation. Increased salt concentra-
tions cause the water potential of the soil more negative than the root symplast, 
arising in tissue dehydration. The plant root must establish a water potential gradi-
ent so that water abounds into the plant from the soil. Plants can regulate their 
osmotic potentials within a certain range to indemnify for the low exterior water 
potential, and this is assembling osmotic adjustment. During salt stress, plants accu-
mulate organic solutes together with primarily organic acids, nitrogen compounds 
and carbohydrates, e.g. malate, aspartate, glutamate, glycinebetaine, proline and 
sucrose, in the cytoplasm to take care of a low water potential within the cell. These 
solutes are involved in osmotic/oxidative stress management and protect macromol-
ecules from damaging effects of increasing ionic strength of surrounding media of 
these stresses (Sharma et al. 2012). Polyols such as sorbitol, pinitol and mannitol 
also play a role as osmoprotectant. In addition, free amino acids have been reported 
to accumulate in plants subjected to salt stress. Proline accumulation occurs in 
larger amount in comparison to other amino acids and thus regulates N availability 
and osmotic adjustment. Proline being osmotically active contributes to stability of 
membrane and thus reduces the damaging effects of salt on membrane (Iqbal et al. 
2014).

10.2.3  Detoxification

During salinity, the level of reactive oxygen species (ROS) is increased which cre-
ates oxidative stress in plants. Reactive oxygen species are consistently for meta-
bolic pathways localized in altered cellular compartments. These are hydroxyl 
radicals (OH.), singlet oxygen (1O2), hydrogen peroxide (H2O2) and superoxide 
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radical (O2−) (Sharma et al. 2012). These radicals catalyse self-propagating autoxi-
dation reactions that lead to the formation of other organic peroxides, which cause 
major damage to biological system. Higher ROS concentrations are responsible for 
plant cell death by causing lipid peroxidation, protein oxidation and harm to nucleic 
acid. To fight against the deleterious effects of reactive oxygen species, plants are 
endowed with several antioxidants and metabolites in different plant cell compart-
ments. The enzymatic antioxidants include superoxide dismutase (SOD), catalase 
(CAT), guaiacol peroxidase (GPX) and enzymes of ascorbate glutathione (AsA- 
GSH) cycle such as ascorbate peroxidase (APX), monodehydroascorbate reductase 
(MDHAR), dehydroascorbate reductase (DHAR) and glutathione reductase (GR). 
The nonenzymatic antioxidants inside the cell are ascorbate (AsA), glutathione 
(GSH), carotenoids, tocopherols and phenolics (Gill and Tuteja 2010).

10.3  Approaches for Producing Salt-Tolerant Crops

Strategies for making tolerant plants to salinity and produce economically valu-
able species have been extensively studied for decades. A variety of strategies are 
used for improvement of crop tolerance, including traditionally (breeding), chem-
ically (priming agents), molecular method (genetic engineering) and biologically 
(biofertilizers). Through traditional approaches, crops resistant/tolerant to salt 
stress have been bred, and the work is continuing. Direct selection based on higher 
yields on different location trials has been traditionally used for the development 
of tolerant/resistant varieties. This approach is time-consuming and labour inten-
sive. In addition, strategic marker-assisted breeding is used in the development of 
tolerant cultivars that is further accelerated by development of molecular tech-
niques such as molecular markers, gene mapping, QTL analysis and transgenics 
(Agarwal et al. 2013).

Genetic engineering (gene transfer) is the most progressive molecular approach 
which is used for the enhancement of tolerance level in plants. The variation between 
salt-tolerant (halophytes) and salt-sensitive (glycophytes) genotypes provides a 
genetic basis for engineering salt-tolerant crops. Several genes associated with salt 
response have been transferred into different plants to improve their tolerance 
against salt stress. These genes are involved in various types of activities during salt 
stress like compartmentalization of toxic ions in the vacuole, induction of antioxi-
dant enzymes, synthesis of new proteins and accumulation of compatible solutes 
(Ashraf and Akram 2009). However, genetic engineering technique is not so succes-
sive due to its related ethical issues.

Salt-tolerant plants are also achieved via priming treatment with exogenous 
chemicals. These chemicals are natural products produced in plants at very low 
concentration, and when they are synthesized chemically and applied on plants, 
they start controlling downstream process. These chemicals include nitric oxide 
(NO), hydrogen peroxide (H2O2), sugars, hydrogen sulphide (H2S), proline (Pro), 
glycinebetaine (GB), β-aminobutyric acid (BABA), jasmonates (JA), salicylic 
acid (SA), etc. (Ben Rejeb et al. 2013). However, these chemicals are 
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cost-effective and also caused a number of long-term environmental problems. 
Hence, these chemicals are not suggested for easy and economical approaches for 
sustainable agriculture.

Alternatively, the use of plant growth-promoting rhizobacteria (PGPR) is the 
most promising approach to enhance crop production in saline regions. The benefi-
cial relationship between PGPR and plants is an earlier theory, but the current con-
cern is the application of these bacteria as inoculums in agriculture to mitigate stress 
conditions (Shrivastava and Kumar 2015). PGPR are bacteria which colonize in the 
rhizosphere/endorhizosphere of plants and promote growth of the plants through 
various direct and indirect mechanisms. Indirect mechanisms are related with plant 
pathogen inhibition. In this mechanism, bacteria secrete antibiotics and lytic 
enzymes that provide resistance against pathogen attack. In direct mechanisms, bac-
teria directly effect on plant itself and enhance growth by facilitating the nutrient 
uptake through mineral solubilization and phytohormone production (Fig. 10.2). 
Various salt-tolerant PGPR genera including Rhizobium, Pseudomonas, Acetobacter, 
Bacillus, Serratia and Azospirillum are being used and tested for plant growth pro-
motion under salinity (Choudhary et al. 2015).

Fig. 10.2 Various types of PGPR responses against different factors affecting plant growth
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10.4  Induced Systemic Tolerance

Plants are sessile in nature; that’s why they have evolved many adaptive strategies 
against a broad range of external factors. Adaptation to stresses has been suggested 
to be mediated by pre-existing or “memory” defences which lead to rapid and strong 
induction of first-line defence mechanisms upon subsequent exposure to stress 
(Pastor et al. 2013). The induction of “memory” defences in plants has been reported 
through priming with microbes and certain chemicals. Plant’s perception for exog-
enous chemicals and microbe-associated molecular patterns (MAMPs) is able to 
induce response against abiotic stresses, providing tolerance in stress conditions. 
Such type of mechanism is known as “induced systemic tolerance (IST)”.

10.5  PGPR-Mediated Induced Systemic Tolerance

Upon deployment of various mechanisms, it has been reported that IST reflects 
amelioration of plants under abiotic stress. Various traits of PGPR have been 
reported on amelioration of salinity stress, e.g. ACC-deaminase, exopolysaccha-
ride, volatile production, Pi solubilization, indole-3-acetic acid (IAA) production, 
etc. (Fig. 10.3). Rhizosphere microbes are involved in altering hormonal root–shoot 
signalling in plants. Indole-3-acetic acid (IAA)-producing PGPR stimulate exuda-
tion of flavonoids by bean plants; regulate nodulation, nitrogen fixation and nutrient 
uptake; and relieved the negative effects of salt stress (Dodd and Pérez-Alfocea 
2012). PGPR contain the enzyme 1-aminocyclopropane-1-carboxylic acid deami-
nase (ACC-D), which hydrolyzes the ethylene precursor ACC and reduces the level 
of ethylene during salt condition (Glick 2014; Choudhary et al. 2015). Microbial 
secreted exopolysaccharides (EPS) are reported to chelate excessive Na+ and reduce 
their availability to plants during saline condition (Choudhary et al. 2015). PGPR 
are reported to enhance the nutrient uptake efficiency of plants by secreting enzymes 
in the soil and solubilizing bound nutrients such as phosphorus, potassium, zinc and 
iron. In recent years, volatile organic compounds (VOCs) were found as a novel 
way of signalling between PGPR and plants, in which VOCs from specific strains 
of bacteria enhanced plant growth by regulating different biological processes 
including hormone distribution, nutrient uptake, sodium homeostasis and biosyn-
thesis of osmoprotectant (Liu and Zhang 2015). The ability of soil microbes to 
improve plant growth and alleviate negative effects of salinity is evaluated below.

10.5.1  Osmolyte Accumulation and Maintaining Water 
Homeostasis

Plant growth is firstly affected by osmotic stress and then recovers a little bit by 
accumulation of osmolytes during salt stress. Salinity creates water stress around 
the root due to accumulation of salt ions which decrease osmotic balance in plants. 
Water homeostasis and photosynthesis structures are critical to salt stress; hence, 
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their maintenance is essential for alleviating the impact of salinity on plant growth 
(Iqbal et al. 2014). PGPR have the ability to improve plant–water relations by 
enhancing the accumulation of osmolytes in plants. Different bacterial genera such 
as Burkholderia, Arthrobacter, Bacillus and Pseudomonas are reported to enhance 
proline synthesis in abiotically stressed plants (Choudhary 2012). Bacillus sp.-
inoculated plant root accumulated higher proline content in salt stress compared to 
non- inoculated plant root (Vardharajula et al. 2011). Kumari et al. (2015) sug-
gested that higher proline content in roots maintain osmotic balance, leading to 
water entrance into the roots. Inoculation of Rhizobium and Pseudomonas bacterial 
strains in Zea mays was found to increase proline content along with relative water 
content (Bano and Fatima 2009). In addition, several reports determined the rela-
tion between proline accumulation and pyrroline-5-carboxylate synthase (P5CS) 
gene expression level in the presence of PGPR inoculation and suggested that bac-
terial treatment upregulated the P5CS gene expression in plant roots leading to 
accumulation of free proline content (Kim et al. 2007; Kumari et al. 2015). Similar 

Fig. 10.3 Plant and PGPR interaction in response to salt stress
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to proline, the soluble sugars have been reported to increase in PGPR-inoculated 
plants during salt stress (Kumar et al. 2010; Shukla et al. 2012). Rhizobacteria are 
reported to maintain root hydraulic conductance which is suggested to assist the 
maintenance of plant–water status under saline environment (Marulanda et al. 
2007). Relative water content is the best indicator of water stress which reduced 
during salt stress. Plants inoculated with PGPR have been reported to hydrate more 
than non-inoculated plants and enhanced photosynthesis activity and biomass con-
tent (Shukla et al. 2012; Kumari et al. 2015). Furthermore, Vardharajula et al. 
(2009) explored the role of bacterial exopolysaccharide in protection of plants 
from water stress. Authors examined that inoculation of Pseudomonas putida sp. 
GAP-P45 enhanced the survival rate of sunflower seedlings along with plant bio-
mass and root-adhering soil under drought stress. The biofilm formation increased 
the percentage of stable soil aggregates which protect plants from water stress and 
improve soil health (Choudhary et al. 2015).

Plants keep protecting their photosynthesis activity and apparatus to ROS via the 
upregulation of antioxidative enzyme expression. Different Rhizobium strains 
(Mesorhizobium ciceri, Mesorhizobium mediterraneum and Sinorhizobium medi-
cae) were studied on chickpea plant, in which M. ciceri strain was found potent to 
enhance plant tolerance by increasing POD enzyme activity under salt stress 
(Mhadhbi et al. 2004). L. sativa seedlings were inoculated with P. mendocina and 
affected by different levels of water stress. POD and CAT activities were increased 
in P. mendocina-inoculated seedlings in response to drought stress. P. mendocina- 
inoculated seedlings exhibited higher shoot and root biomass and relative water 
content compared with non-inoculated seedlings (Kohler et al. 2008). In another 
study, the effect of salt-tolerant Bacillus amyloliquefaciens NBRISN13 (SN13) 
inoculation was evaluated on rice plants exposed to salinity. SN13 increased plant 
growth as exposed by higher plant length, biomass and chlorophyll content and also 
enhanced salt tolerance by increasing proline content and upregulation of defence- 
related gene including CAT expression also (Nautiyal et al. 2013).

10.5.2  Ion Homeostasis

Na+ and Cl− accumulation in plant tissue is a crucial factor responsible for plant 
senescence and limiting growth. It is generally accepted that the exclusion of these 
ions is mostly related to salt tolerance mechanisms in glycophyte species. 
Rhizobacteria are reported to contribute in toxic ion homeostasis which improves 
plant growth and tolerance during salinity. These microbes can reduce the uptake of 
toxic ions by regulating ion transporter expression in plants and formation of rhi-
zosheaths by producing exopolysaccharides (EPS) which work as a physical barrier 
around the roots. Rhizobacteria are also contributed in the macro-/micronutrient 
status in plants. These nutrients become more accessible to the plants due to some 
microbial activities in rhizosphere like Pi solubilization, organic acid excretion and 
siderophore production. These nutrients have been reported to reduce toxic ion 
accumulation, and the specific importance has been given to microbial-mediated 
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enhancement of K+/Na+ ratios in plants (Shukla et al. 2012; Shkolnik-Inbar et al. 
2013; Vaishnav et al. 2015). Ashraf et al. (2004) explained that Aeromonas hydroph-
ila/caviae and Bacillus sp. decreased Na+ accumulation in wheat plants by the 
excretion of EPS, which bind Na+ in roots and prevent their transfer to leaves. In the 
same way, EPS producing B. circulans and B. polymyxa were found to enhance dry 
matter yield of root and shoot of wheat plants, K+/Na+ and Ca2+/Na+ ratio during salt 
stress. The effect may be attributed to the cation chelating capacity of EPS (Khodair 
et al. 2008). In another study, wheat rhizospheric bacteria were found to produce 
EPS which significantly decreased Na+ uptake in plants under both nonsaline and 
saline conditions (Upadhyay et al. 2011). Moreover, Kumari et al. (2015) suggested 
that EPS producing bacterial strains enhanced K+/Na+ which maintained photosyn-
thesis machinery in soybean plants under salt stress.

Another mechanism of PGPR-mediated ion homeostasis could be explained by 
the exposure of bacterial volatile organic compounds (VOCs) which are reported to 
modulate Na+ homeostasis pathway in plants. These compounds have low molecu-
lar weight and are found as a novel way of signalling between two organisms. 
Arabidopsis plants exposed to B. subtilis GB03 VOCs were exhibited to tolerate salt 
stress than control plants. This exposure was found to decrease root AtHKT1 expres-
sion in roots but upregulated it in the shoots which facilitate root-to-root Na+ recir-
culation (Shkolnik-Inbar et al. 2013). In a study, Vaishnav et al. (2015) examined 
that P. simiae AU-mediated putative VOC blend enhanced the expression of vegeta-
tive storage protein (VSP) in soybean leaves, correlated with lower uptake of Na+ 
ions by regulating sodium transporter activity under 100 mM NaCl stress.

10.5.3  Nutrient Acquisition

Plant growth and productivity is severely affected by inadequate supply and limita-
tion of nutrients in the soil system. Availability and uptake of nutrients depend on 
several parameters of soil such as composition, pH, moisture, soil texture and 
microflora composition. Most of the nutrients are available in the range of 5–7 pH 
of soil. Salinity changes the pH of soil by which most of compounds bound to cat-
ions and anions to form a stable compound which further makes them less available 
in soil. PGPR solubilize these nutrients and make available to plants.

Phosphorus is a crucial macronutrient for plant growth and development. It is 
present in organic form (30–65 %) in the soil which is not assimilated by plants. The 
organic P in soils is present in the form of inositol phosphatases, phosphoesters, 
phosphodiesters and phosphotriesters (Sindhu et al. 2010). It is well-known facts 
that P chemical fertilizers which are added to soil have sparingly soluble nature 
which is completely not available to the plants leading to add large amount of fertil-
izers by farmers into the fields which later cause environmental problems. Phosphate- 
solubilizing bacteria (PSB) that belong to genera Bacillus, Pseudomonas, 
Achromobacter, Alcaligenes, Brevibacterium, Corynebacterium, Serratia and 
Xanthomonas are capable of hydrolyzing unavailable form of phosphorus in avail-
able form (Sindhu et al. 2010). In a study, a large number of fluorescent 
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pseudomonad strains were screened for the solubilization of tricalcium phosphate 
on the basis of visible dissolution halos on Pikovskaya agar medium (Naik et al. 
2008). These bacteria excrete low molecular weight organic acids such as gluconic 
acid, citric acid, succinic acid, propionic acid and lactic acids that mineralize and 
dissolve organic phosphate compounds and make available to plants in the form of 
inorganic phosphate (Choudhary 2012). Phosphatases are enzyme that can hydro-
lyze different form of phosphate, originating from the organic soil sources. 
Additionally, the production of hydrogen ions in rhizosphere environments alters 
the pH sufficiently to mobilize soil minerals (Khan et al. 2013). Salinity causes the 
depletion and precipitation of available phosphorus, and PSB have tendency to solu-
bilize precipitated forms of phosphorus in hydroponic MS medium and enhanced 
the phosphorus content in plant system under NaCl stress (Shukla et al. 2012; 
Vaishnav et al. 2015). A PGPR P. mendocina has been observed to protect Lactuca 
sativa L. cv. Tafalla against different levels of salt stress. Kohler et al. (2008) 
reported that bacterial- inoculated plants exhibited higher phosphatase activity 
which released soluble phosphate from its insoluble compounds inside the plant 
cells and helped plants to tolerate salt stress.

Nitrogen is an essential component required for protein and nucleic acid synthe-
sis and other nitrogen compounds, those that are considered as vital components of 
the living system. Soil microorganisms have the capacity to fix atmospheric and 
provide it to plants in the form of ammonia via nitrogen fixation process. PGPR can 
fix nitrogen by symbiotic or non-symbiotic mechanism. In symbiotic N2 fixation, 
bacteria associated with host plant root by nodule formation and fixed nitrogen 
inside the cell that accounts nearly 65 % of the total biologically fixed nitrogen 
(Rajwar et al. 2013). Symbiotic N2 fixation occurs in Azotobacter spp., Bacillus 
spp., Beijerinckia spp., etc., whereas non-symbiotic nitrogen fixation occurs through 
free living diazotrophs, Azospirillum, Pseudomonas and Burkholderia, those fixed 
nitrogen in the rhizosphere (Mia et al. 2013). Nitrogen fixation in legume plants is 
mediated mainly by associative bacteria Rhizobium. Salinity has a major effect on 
legume biology as it affects the diversity of rhizobia in soil and their interaction with 
legume plants. Salt stress mostly reduces number of nodules that result in reduction 
amount of nitrogen fixed. In the past few years, salt-tolerant PGPR which can toler-
ate higher levels of salts, up to 1.5–2.0 M NaCl, were co-inoculated with Rhizobium 
in legumes for growth enhancement and successful N2 fixation (Divito and Sadras 
2014). The co-inoculation of PGPR is a good strategy when Rhizobium is not so 
effective in saline environment. ACC-deaminase-containing PGPR have been 
observed to reduce the ethylene concentration which decreases nodulation effi-
ciency in legumes under stress environment (Ahmad et al. 2011). Pseudomonas and 
Rhizobium phaseoli co-inoculation was observed very effective for enhancing nod-
ulation process in mung bean plants under laboratory as well as field conditions 
affected by salinity stress (Ahmad et al. 2013). Similarly, co-inoculation of 
Mesorhizobium sp. with IAA-producing Pseudomonas has been found to increase 
nodulation in chickpea (Malik and Sindhu 2011). In another study, co-inoculation 
of Pseudomonas and Rhizobium was found to increase nodulation and nutrient 
uptake (Mishra et al. 2011). Furthermore, Azospirillum and Rhizobium consortia 
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were found to enhance nodulation which increased tolerance in plants against unfa-
vourable conditions (Bashan and de-Bashan 2010).

Iron is the fourth most abundant element required by most of the living organ-
isms for growth. It plays a key role as cofactor for nearly 140 enzymes catalysing 
specific biochemical reactions and processes. Iron exists in the form of ferric state 
(Fe3+) and produces insoluble hydroxides and oxyhydroxides which are not readily 
available to plants and microorganisms (Ma et al. 2011). In saline soil, the avail-
ability of ferric is further reduced due to decreased solubility from lower pH to 
higher pH (Thomine and Lanquar 2011). Organisms have employed various mecha-
nisms to get available form of iron; among them siderophores have been best stud-
ied. Siderophores are iron-chelating agents and proved in different PGPR strains as 
an important attribute for plant growth promotion and phytopathogen protection 
(Scavino and Pedraza 2013). PGPR secrete siderophore in the rhizosphere, and then 
plant roots uptake iron from siderophore by either chelate degradation or direct 
uptake (Rajkumar et al. 2010). A great variability has been found in microbial sid-
erophores such as peptidic siderophores, aminoalkane siderophore and citric acid- 
based siderophore (Budzikiewicz 2010). Siderophores have been concerned for 
both direct and indirect mechanism of plant growth by PGPR. Sharma and Johri 
(2003) reported that siderophore-producing Pseudomonas spp. strains GRP3A and 
PRS significantly increased maize seed germination and plant growth under iron- 
stressed condition and suggested application of these bacterial strains for crop pro-
ductivity in calcareous soil system. Pandey et al. (2005) characterized P. aeruginosa 
GRC1-secreted siderophores. The purified siderophore was pyoverdine type with 
amino acid composition, when this bacterium applied in field trials, found to 
enhance the growth of Brassica campestris.

Potassium (K) is the third major essential nutrient for plant growth which 
involved in various metabolic processes in plants (Sindhu et al. 2010). Potassium is 
present in soil in the form of available (water soluble) and unavailable (micas, illite 
and orthoclase). The common components of potassium in the soil are feldspar and 
mica in 90–98 % (Sindhu et al. 2010). Potassium-solubilizing bacteria (KSB) are 
able to release K from its unavailable form. Meena et al. (2014) described the 
importance of KSB in K uptake efficiency by plants and reduction in the use of 
costly chemical fertilizers. Two KSB strains, KNP413 and KNP414, that possessed 
higher dissolution capacities of mineral K are widely used as potassium fertilizer in 
China (Hu et al. 2006). Three PGPR strains B. mucilaginosus, Azotobacter chroococ-
cum and Rhizobium sp. were found to solubilize K from waste mica and enhanced 
its uptake in maize and wheat plants (Singh et al. 2010).

Sulphur (S) is the secondary essential macronutrient which has a crucial role in 
sulphur-containing amino acids, methionine and cysteine. Only 5 % of total soil S is 
available for plants in the form of sulphate (SO4

−2), and the remaining 95 % is 
organically bound include pyrite (FeS2), gypsum (CaSO4.2H2O) and epsonite 
(MgSO4.7H2O), which are unavailable for plants. Sulphur turnovers are reported by 
both biochemical and biological mineralization (Gharmakher et al. 2009). In bio-
chemical mineralization, sulphate pools are hydrolyzed through enzymatic reac-
tions, while the biological mineralization is driven by the soil microflora. 
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Sulphur-oxidizing bacteria are chemoautotrophic and photosynthetic bacteria which 
include Beggiatoa, Chromatium, Chlorobium, Thiobacillus, Sulfolobus, Thiospira 
and Thiomicrospira, Bacillus, Pseudomonas, Arthrobacter and Flavobacterium. 
Common PGPR species such as Bacillus and Pseudomonas have been reported to 
reduce sulphate to H2S (Sindhu et al. 2010).

Zinc (Zn) is an essential micronutrient for plants, which plays several functions 
throughout the life of plants. It plays crucial roles in more than 100 enzymes which 
are involved in many types of functions in plants such as auxin synthesis, photo-
chemical reactions of chlorophyll, stability of biological membranes and SOD and 
carbonic anhydrase enzymatic activity (Broadley et al. 2007). Plant growth, matu-
rity, seed quality and yield are very much dependent upon Zn. Zinc is present in the 
soil as ZnS (sphalerite), and mineral ores include smithsonite (ZnCO3), zincite 
(ZnO), zinkosite (ZnSO4), franklinite (ZnFe2O4) and hopeite [Zn3 (PO4)2 4H2O]. 
Zinc-solubilizing bacteria have been tested on different insoluble Zn ores (Abaid- 
Ullah et al. 2015). Tariq et al. (2007) have found that Zn-mobilizing bacteria 
enhanced Zn uptake in rice seedlings which had positive impact on plant growth and 
grain yield. In another study, Serratia sp. has been noted to more solubilize ZnO as 
compared to other insoluble ores and was able to significantly increased wheat yield 
under various climatic conditions (Abaid-Ullah et al. 2015).

10.5.4  Plant Hormones

The ability to produce plant hormones is a major property of many PGPR which 
directly influence plant growth. Among these hormones, IAA, gibberellic acid 
(GA), cytokinin (CK) and abscisic acid (ABA) may play a significant role in salt 
stress. These phytohormones alter metabolism and morphology, nutrient and water 
uptake efficiency and consequently larger and healthier plants.

10.5.4.1  Indole-3-Acetic Acid
Indole-3-acetic acid (IAA) is the best-studied compound involved in numerous 
plant mechanisms like cell division, differentiation, extension, apical dominance, 
gravitropism and phototropism (Korasick et al. 2013). Salinity was found to accu-
mulate IAA in root which affects cell elongation and growth. It is also supposed 
to act as an inhibitor of cytokinin synthesis and their transport from root to shoot 
during stress condition leading to increased root elongation (Dodd et al. 2005). 
Most of PGPR adapted tryptophan-based pathway for IAA production either via 
indole- 3- pyruvic acid (IPyA) or indole-3-acetamide formation (IAM) (Spaepen 
et al. 2007). Tryptophan is synthesized from chorismate in plant and secreted out 
from loosely bound root cells, then taken up by soil microbes. Phytohormone 
production in PGPR especially IAA was extensively studied in Azospirillum spp. 
during the last decade (Cassán et al. 2014). Azospirillum brasilense strain Cd was 
found to relieve the negative effects of 50 mM NaCl on Phaseolus vulgaris as 
exposed by higher branching of roots and flavonoid production in hydroponical 
condition (Dardanelli et al. 2008). An IAA-producing Azospirillum brasilense 
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Az39 strain was co- inoculated with Bradyrhizobium japonicum E109 and found 
to enhance germination and growth of corn and soybean (Cassán et al. 2009). 
Albacete et al. (2008) reported that plants inoculated with IAA-producing bacte-
rial strains exhibited higher root and leaf growth which is considered as adaptive 
response of salinity. IAA-producing PGPR strains were also reported for enhance-
ment of nutrient uptake efficiency under hydroponic conditions (Shukla et al. 
2012). In another study, B. subtilis GB03-mediated VOCs were found to trigger 
Arabidopsis seedling growth by regulation of different RNA transcript involved in 
different metabolic processes. Further analysis confirmed that GB03 triggered 
growth promotion by regulating auxin homeostasis and cell wall loosening 
enzymes (Zhang et al. 2007). Similarly, bacterial VOCs were also reported to 
enhance expansin gene (EXP2, EXP6 and EXPA5) expressions in Nicotiana taba-
cum and Lactuca sativa (Minerdi et al. 2011).

10.5.4.2  Abscisic Acid
Abscisic acid (ABA) is primarily known for abscission of leaves and shoot growth, 
but recent studies suggested that increased concentration of ABA is required for 
inhibiting excess ethylene production in plants during stress conditions. It is associ-
ated with phytohormone response to environmental stresses. Typically, stress condi-
tion increases ABA level triggering adaptive responses essential for survival (Pliego 
et al. 2011). During low water potential condition, ABA is produced in roots and 
then translocated in leaves, where it directly involves in stomatal closing to reduce 
transpiration activity and maintain water potential. It is also responsible for stimula-
tion of root growth and emergence of lateral roots leading to enhancement of water 
uptake during drought condition. Furthermore, ABA is also involved in regulation 
of ion transport across the membrane and synthesis of specific proteins (Bashan and 
De-Bashan 2010). It was proposed that many PGPR produce ABA in vitro, and its 
production increases under osmotic stress (Dodd et al. 2010). The role of rhizobac-
teria on plant ABA status is conflicting; some reports explored that bacterial coloni-
zation prevented salinity-induced accumulation of ABA, while others were found 
that PGPR enhance accumulation of ABA, which may be responsible for survival in 
stress conditions. P. putida Rs-198-inoculated cotton seeds exhibited higher bio-
mass accumulation and prevented ABA production in 10 % salinity, while uninocu-
lated seedlings showed higher accumulation in foliar ABA concentration (Yao et al. 
2010). In another report, Zhang et al. (2008b) proposed that B. subtilis-mediated 
VOCs were observed to promote photosynthesis capacity by decreasing transcrip-
tion levels of ABA synthesis in aerial parts of Arabidopsis plants. Furthermore, P. 
chlororaphis O6 colonization was reported to decrease stomatal apertures in both 
wild-type and ABA-insensitive Arabidopsis mutant plants which suggested ABA- 
independent stomatal closure mechanism responsible for bacterial-mediated IST 
against drought and salt stress (Cho et al. 2012). In a recent study, ABA metaboliz-
ing rhizobacteria were observed to decrease ABA concentration in planta and alters 
plant growth during stress condition (Belimov et al. 2014).
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10.5.4.3  Ethylene
Ethylene is known as stress hormone which synthesized in plants under stress con-
ditions. Ethylene is also an inhibitor of rhizobial nodulation of legumes. However, 
during normal condition, ethylene production is minimal which regulate some 
physiological responses such as breaking of seed dormancy (Dodd et al. 2005). 
Ethylene is produced by Yang cycle in plants in which ACC is the precursor of eth-
ylene biosynthesis that is converted into ethylene by ACC oxidase enzyme. ACC 
can be transported to particular stressed organ resulting in synthesis of ethylene in 
the affected tissue (Yoon and Kieber 2013). In salinity stress, increased foliar ethyl-
ene is correlated with Na+ accumulation responsible for decreased growth of tomato 
(Mayak et al. 2004). In another study, 100 mM NaCl concentration enhanced ACC 
and Na+ accumulation in the root, xylem sap and leaf correlated with onset of oxida-
tive stress and decreased photosynthesis capacity suggesting ethylene role in foliar 
senescence (Albacete et al. 2008; Ghanem et al. 2008). Many soil bacteria contain 
ACC-deaminase (ACC-D) enzyme, which cleaves ACC to α-ketobutyrate and 
ammonia and thereby lowers the ethylene level in stressed plants. According to 
Glick et al.’s (1998) described model, ACC-D-producing bacteria attached to the 
root surface and take up ACC exuded from plant roots and then hydrolyze it through 
ACC-D mechanism. Hence, more ACC is exuded from roots to maintain equilib-
rium and finally ACC level reduced inside the cell. There are several reports that 
showed ACC-D containing PGPR can decrease salinity-induced growth inhibition 
(Ahmed and Farag 2011; Wu et al. 2012). Achromobacter piechaudii ARV8 which 
produced ACC-D was found to significantly increase plant weights and nutrient 
uptake efficiency in tomato seedlings under NaCl stress (Mayak et al. 2004). 
Shaharoona et al. (2006) reported that co-inoculation of ACC-D possessing PGPR 
with a Rhizobium strain Bradyrhizobium enhanced nodulation in mung bean by 
lowering ethylene production compared with Bradyrhizobium alone. ACC- 
deaminase- producing halotolerant bacterial strains B. licheniformis RS656, Z. alba 
RS111 and Br. iodinum RS16 have been reported to reduce ethylene production in 
red pepper plants at 150 mM NaCl stress. Bacterial-inoculated plants exhibited 
higher salt tolerance index and increased nutrient uptake as compared to non- 
inoculated plants which suggested amelioration of salt stress effect (Siddikee et al. 
2011). Furthermore, plants treated with ACC-deaminase-producing PGPR strains 
exhibited higher root nodules, plant growth and yield under oxidative stress condi-
tions (Roopa et al. 2012; Zafar-ul-Hye et al. 2013).

10.5.4.4  Cytokinin
Cytokinins are a group of purine-type phytohormone that regulate cell division, dif-
ferentiation processes in meristematic tissues, chloroplast maturation, cell expan-
sion and stomatal conductance of higher plants (Cassán et al. 2014). It is necessary 
for inducing root nodule organogenesis for nitrogen fixation (Kisiala et al. 2013). 
Auxin and CK ratio plays an important role in cell division and differentiation. 
Cytokinin production is a common PGP trait of rhizobacteria (Dodd et al. 2010). A 
PGPR strain B. subtilis, which produced CK, was found to enhance biomass content 
in the shoot of lettuce plants during drought stress considered root-to-shoot CK 

10 PGPR-Mediated Amelioration of Crops Under Salt Stress



220

signalling (Arkhipova et al. 2007). Cytokinin-producing bacterium B. megaterium 
increased the level of CK in A. thaliana roots which predicted the role of CK signal-
ling pathway in the plant growth promotion (Ortíz-Castro et al. 2008). Giraud et al. 
(2007) investigated that PGPR strain Bradyrhizobium has taken part in nodulation 
process with the help of CKs in the absence of nod factor in soybean plants.

10.5.4.5  Gibberellin
Gibberellins are diterpenoid acids synthesized by terpenoid pathway and involved 
in several developmental processes such as cell division and elongation, breaking 
seed dormancy. This is widely reported for starch hydrolysis mechanism during 
germination. Gibberellic acid stimulated the transcription level of α-amylase gene 
in seed embryo that is responsible in hydrolysis of starch into glucose (Richards 
et al. 2001). Inoculation of GA-producing A. brasilense enhanced germination of 
wheat and soybean and rapid plant growth at least partial to GA production under 
salt stress (Cassán et al. 2014). In another study, GA-producing Promicromonospora 
sp. SE188 was observed to improve tomato plant growth as exposed to higher shoot 
length and biomass (Kang et al. 2012). Kang et al. (2014) have reported that a 
GA-producing P. putida H-2-3 was found to significantly enhance plant length, 
weight and chlorophyll content in GA-deficient mutant soybean plants.

10.6  Selection, Characterization and Commercialization 
of PGPR Strains

For successful application of PGPR under saline regions, inoculants should be iso-
lated from indigenous salt-affected soils. Certain PGPR lost their ability and failed 
to colonize with root system under salinity (Paul and Nair 2008). Under such condi-
tion, halotolerant bacteria as inoculums would be the most appropriate approach. In 
a study, five plant growth-promoting halotolerant bacteria were found to ameliorate 
salt stress (80, 160 and 320 mM NaCl) in wheat plants and increased root length up 
to 71.7 % (Ramadoss et al. 2013).

To commercialize any PGPR strain, different stages have been followed step by 
step which include isolation, screening, pot tests and field efficacy, formulation 
development, formulation viability, industrial linkages and quality control 
(Bhattacharyya and Jha, 2012). A potent PGPR strain is selected from diverse rhi-
zospheric bacteria by screening on the basis of their ability to produce PGP activity 
and inhibit the growth of various phytopathogens and a positive interaction with the 
host plant. Pure cultures of PGPR strains are applied on seeds in in vitro glasshouse 
trials. Seeds are treated with pure and fresh bacterial suspension and then planted in 
soil for test. During the experiment, PGPR which are found potent for plant growth 
promotion and alleviate negative symptoms of stresses are selected for further field 
trials (Compant et al. 2005). Once isolates have been selected, then their character-
ization is done based on biochemical and molecular characteristics. Biochemical 
characterization is done according to Bergey’s Manual of Determinative 
Bacteriology. In molecular characterization, DNA- and RNA-based homology 
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testing, ribosomal protein profiling through MALDI and fatty acid profiling through 
GC-MS analysis are considered for identification (Bashan et al. 1993; Maiti et al. 
2009; Bhattacharyya and Jha 2012). 16S ribosomal RNA is a component of the 30S 
small subunit of prokaryotic ribosome. Through evolution this region of the gene 
remained conserved and hence widely used to define molecular phylogeny and tax-
onomy of bacteria since the last decade (Sun et al. 2008).

The mass production of bacterial formulation is performed under liquid, semi-
solid and solid state (Bhattacharyya and Jha 2012). The success and commercializa-
tion of PGPR formulations require a strong linkage between the research 
organizations and private industries, although it also depends on economical and 
viable market demand, longer shelf life, low capital costs and easy availability of 
career materials.

10.7  Conclusion

In saline conditions PGPR can induce tolerance mechanism in crop plants and pro-
mote plant growth and development. On the other hand, PGPR also improve soil 
fertility. In recent years a number of researchers have explained that plant–microbe 
interactions help to develop tolerance mechanisms in saline soil, but still need to 
understand details of their molecular and biochemical mechanism. Nevertheless, 
the microorganisms present in saline area or in the rhizosphere of halophytic plants 
may provide a valuable resource for improving the crop tolerance to salinity.
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Abstract
The diversity of microbes present in the rhizosphere plays a significant role in 
nutrient cycling and soil sustainability. Plant–microbe-modulated phytoremedia-
tion is a viable technology for the cleanup of contaminated environments. Several 
plants that were identified have various degrees of capacity to eliminate, degrade 
or detoxify, metabolize, or immobilize a wide range of soil contaminants. Plant- 
based remediation technologies are not yet commercialized because of its major 
limitation of slow process and restricted bioavailability of the contaminants, and 
it is greatly influenced by the climatic factors. The extensive use of plants can 
overcome most of the limitations by exploring the potential of microbe–plant–
metal interaction. The biogeochemical process occurring in the root zone can 
influence on several rhizobacteria and mycorrhizae directly linked with micro-
bial metabolite synthesis. Thus, a holistic approach of novel remediation tech-
nologies and understanding of plant–microbe–contaminant interaction would 
help for customizing phytoremediation process in relation to site-specific con-
tamination. There is a huge challenge to remediation of contaminated sites by 
long-term accumulation of heavy metal. Unlike organic contaminants, metals are 
very much resistant to degradation, and in the long run, continuous accumulation 
may cause food chain contamination. It is very important to decontaminate the 
polluted sites in order to reach safe level of metal concentration below the thresh-
old limit of toxicity. Recent studies revealed that phytoextraction, mainly the use 
of hyperaccumulator plants to extract toxic metals from the contaminated sites, 
has emerged as a cost-effective, eco-friendly cleanup technology. Novel, efficient 
microbes and their potential use in the plant rhizosphere could further enhance 
the phytoremediation for wider range of soil contaminants.
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11.1  Introduction

The era of industrial revolution and rapid urbanization caused various degree of soil 
contamination. The elevated levels of heavy metal at a long time in the soil are 
excessively absorbed by plant roots and translocated to aboveground parts, leading 
to impaired metabolism and reduced plant growth (Bingham et al. 1986). The severe 
soil contamination with various heavy metals tremendously hampered the soil bio-
logical function and soil fertility (McGrath et al. 1995) as well as food chain con-
tamination (Richards et al. 2000). The contamination of the soil environment in the 
long run is considered as a potential threat to the soil ecosystem services. The soil 
contaminant bioavailability is highly influenced by various factors such as nature of 
pollutants, clay content, pH, moisture content, hydrogeology, microbial community 
dynamics, temperature, and redox potential (Dua et al. 2002). Thus, understanding 
the plant–microbe–heavy metal has received a great attention for the remediation of 
contaminated site. Biological means of remediation for the contaminated environ-
ment are a promising technique that offers the possibility to degrade or detoxify 
various contaminants by employing plants and microbes. The approaches of biore-
mediation are more economically viable, environment-friendly, and an aesthetically 
pleasing approach which is most widely used for the purpose of remediation of 
contaminated site. Developing sustainable remediation technologies by employing 
plant and microbes is a promising solution to reestablish the natural state of soil 
health (Jansen et al. 1994). However, introduction of numerous waste including 
toxic heavy metals into the soil leads to considerable loss of the microbial diversity, 
despite their vital role for the growth and survival of microbes at very low concen-
trations. The plants employing for cleanup of contaminated environments is quite 
old concept. More than 300 years ago, plants were used for the treatment of con-
taminated wastewater. During the nineteenth century, Thlaspi caerulescens and 
Viola calaminaria were reported as the first plant species to accumulate higher lev-
els of metals in shoots (Baumann 1885). Several reports were available for the 
heavy metal accumulation plants like genus Astragalus which have a high potential 
to accumulate selenium up to 0.6 % in dry shoot biomass; some plants were indenti-
fied for Ni accumulator (1 %) in shoots (Minguzzi and Vergnano 1948), and Thlaspi 
caerulescens for high Zn accumulation (Rascio 1977). The plants used for phytoex-
traction of metals from the contaminated soil were developed and reintroduced by 
Utsunamyia (1980) and Chaney (1983). The first field trial for phytoextraction was 
conducted for Zn and Cd (Baker et al. 1991). Many plants that are classified as 
hyperaccumulator depend on type of metal and accumulation behavior from the 
soil. The diversity of plant rhizosphere microbes and mycorrhiza also play key role 
for the remediation of contaminated site with heavy metals. The key for successful 
bioremediation depends on the nature and bioavailability of pollutants. The compre-
hensive understanding is still required to learn the mechanisms and crucial factors 
influencing the plant–microbe–toxicant interaction in soils for the success of 
phytoremediation.
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11.2  Rhizosphere Microbe-Assisted Phytoremediation

Phytoremediation involves the use of green plants to extract, sequester, degrade, 
and/or detoxify pollutants by means of biological processes (Wenzel et al. 1999) 
and has been reported to be an in situ, nonintrusive, cost-effective, ecologically 
benign, aesthetically pleasing, socially acceptable technology to remediate contam-
inated soils (Garbisu et al. 2002). It also helps to prevent landscape deterioration 
and enhances the diversity of soil microorganisms to maintain healthy ecosystems; 
hence, it is considered to be a more attractive technique than traditional approaches 
that are currently in use for heavy metal decontamination.

Phytoremediation process can be classified according to the method and nature 
of the soil pollutants (Salt et al. 1995). Various aspects of phytoremediation process 
in relation to organic and inorganic contaminants are depicted in the Fig. 11.1.

Phytoremediation techniques can be studied under different strategies such as: 
(a) Phytoextraction: It is the process by which plants absorb metal from the con-
taminated site and transfer it to aboveground parts of the plants. These plants have 
a high degree of potential to absorb and accumulate or translocate metals or metal-
loids to the aboveground biomass. (b) Phytostabilization: It involves restriction of 
the mobility of metals in the soil. The reduced mobility of the contaminants may be 
achieved by accumulation and absorption onto roots, or precipitation within the 
rhizosphere. (c) Phytostimulation: It is also called plant-assisted biodegradation. 
Phytostimulation is the process where root-induced microbial activity is capable of 
degrading the organic contaminants. (d) Phytovolatilization/rhizovolatilization: In 
this approach, plants take up contaminants from the soil and transformed it into 
volatile compounds into the atmosphere through transpiration. These methods are 
highly used for the metal(loid)s in the soil such as mercury (Hg), selenium (Se), and 
arsenic (As). (e) Phytodegradation: It is the process of enzymatic degradation of 

Organic
contaminant

Medium Inorganic
contaminant

Phytovolatilization Atmosphere Phytovolatilization

Phytodegradation Plant Phytoextraction 

Rhizofiltration
Phytostimulation
Phytostatbilization

Soil Rhizofiltration

Phytostabilzation

Contaminated system

Phytoemediated
contaminant

Phytoemediated
contaminant

Fig. 11.1 Phytoremediation processes for organic and inorganic contaminants
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complex organic molecules to simpler ones by means of enzymatic action or the 
incorporation of these molecules into plant tissues or into new plant material. (f) 
Rhizofiltration: It is primarily used to remediate aquatic systems with low levels of 
contaminant. It can be used for heavy metals such as lead (Pb), cadmium (Cd), cop-
per (Cu), nickel (Ni), zinc (Zn), and chromium (Cr) which are generally retained 
within the roots and do not translocate to the shoots. This method can be explored 
in both terrestrial and aquatic plants for in situ or ex situ purposes.

11.2.1  Interactions in the Rhizosphere

Efficient phytoremediation techniques rely on the complex interactions among soil, 
contaminants, microbes, and plants.

11.2.1.1  Plant–Microbe Interactions
The interaction between plant roots and wide range of soil microbes, especially 
rhizospheric one, is the major determinants of the phytoremediation potential (Glick 
et al. 1995). Both the micropartner, i.e., plant-associated microbes and the host 
plant, control the functioning of associative plant–microbe symbioses in the con-
taminated soil. In plant bacterial symbiosis, plant provides specific carbon source to 
the bacteria inducing the bacteria to reduce the heavy metal phytotoxicity. 
Alternatively, in nonspecific association between plants and bacteria, plant meta-
bolic processes stimulate the microbial community through root exudates, which in 
turn enable the microbes to degrade the contaminants in soil. Moreover, the adapta-
tion capabilities of both the partners of associative symbiosis and the bioremedia-
tion potential of the microsymbiont play a vital role in minimizing the heavy metal 
toxicity.

11.2.1.2  Heavy Metal–Microbe Interactions
Rhizosphere microbes are empowered with different traits that can modify the solu-
bility and bioavailability of the heavy metals in soil (Lasat 2002; McGrath et al. 
2001; Whiting et al. 2001). Rhizobacteria may release different chelating substances 
by which acidification of the environment takes place through production of organic 
acid and changes the redox potential (Smith and Read 1997). Soil pH reduction 
mediated through Sphingomonas macrogoltabidus, Microbacterium liquefaciens, 
and M. arabinogalactanolyticum has been reported to enhance the Ni uptake in 
Alyssum murale grown in a serpentine soil (Abou-Shanab et al. 2003). An earlier 
study reported that the metal-polluted sites have negative impact on soil microbial 
diversity and microbial activities (Giller et al. 1998).

11.2.1.3  Plant–Bacteria–Soil Interactions
The soil condition also dictates the specificity of the plant–bacteria association. 
Different soil conditions regulate the bioavailability of soil contaminant such as 
composition of root exudate and levels of nutrient, influencing the bacterial meta-
bolic activity as well as phytoremediation potential. Moreover, the requirements for 
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heavy metals for bacterial metabolism may also govern whether the plant–bacteria 
interaction would be specific or nonspecific. Along with metal toxicity, there are 
several other factors that limit plant growth in the contaminated soils including 
harsh climatic conditions, poor soil structure, low water retention, and nutrient 
deficiency.

11.2.2  Rhizoremediation: Microorganism-Assisted 
Phytoremedation

Rhizoremediation is a subprocess of phytoremediation where plants along with 
their rhizospheric microorganisms are being used to enhance the efficiency of con-
taminant extraction (Jing et al. 2007). It is a beneficial association where the micro-
organisms enhance the bioavailability of the metals and the plants help in the 
extraction and removal of such compounds from soil (Chaudhry et al. 2005). It has 
positive role for both sides, where the plants supply nutrients to microorganisms, 
which, in turn, grow and proliferate, increasing the potential of degradation by the 
plant. However, there is a lack of studies about this synergism between plants and 
microorganisms facilitating phytoremediation (Kavamura and Esposito 2008). 
Some beneficial associations among plant and rhizospheric microbes that partici-
pated in the rhizoremediation are as follows:

11.2.2.1  Plant Growth-Promoting Rhizobacteria 
and Rhizoremediation

Plant growth-promoting rhizobacteria are generally known to promote the growth 
of the plants in the following manner:

 1. Fix nitrogen from the atmosphere and deliver it to the plants.
 2. Produce siderophores that can make complex with iron present in the soil and 

make available for assimilation to plant cells. Plants can easily take up the bacte-
rial siderophore–iron complex and also through production of plant hormones 
like auxins, cytokinins, gibberellins, etc. which may stimulate the growth of the 
plant.

 3. Solubilize mineral nutrients such as phosphorus through production of various 
organic acids, making them more easily available for plant growth.

 4. Act as biocontrol agent.

Several experiments were conducted to examine the ability of a wide range of 
plants for heavy metal extraction and then to translocate those metals from roots to 
leaves and shoots. However, the potential of heavy metal removal is limited by slow 
plant growth and low biomass production by hyperaccumulator plants (Raskin and 
Ensley 2000). In this context, the use of plant growth-promoting rhizobacteria as 
adjuncts has been found to stimulate significant growth of plants even in the pres-
ence of higher concentration of heavy metals in soil (Zhuang et al. 2007; Glick 
2010).
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11.2.2.2  Endophytic Microorganisms and Rhizoremediation
Endophytic microorganisms can be defined as microbial colonizations in the inter-
nal tissues (root cortex or xylem) of plants without causing any symptoms of infec-
tion or negative impacts on their host (Schulz and Boyle 2006). Among the most 
predominant genera of culturable endophytes are Pseudomonadaceae, 
Burkholderiaceae, and Enterobacteriaceae. Endophytes play a very important role 
in phytoremediation especially in rhizoremediation. Idris et al. (2004) studied the 
endophytes and rhizobacteria with Thlaspi goesingense, a hyperaccumulator of Ni 
using both cultivation and cultivation-independent techniques. Results revealed that 
endophytes are generally culture independent and are more tolerant to higher con-
centration of Ni as compared to rhizobacteria. Though endophytes hold great prom-
ise for heavy metal remediation, the mechanisms by which endophytes enhanced 
metal accumulation are yet to be well understood. Furthermore, the application of 
culture-independent endophytes is quite a challenging task (Weyens et al. 2009).

11.2.2.3  Mycorrhizoremediation
Mycorrhizoremediation is an advanced phytoremediation strategy involving contri-
bution from tripartite association among plant, mycorrhiza, and rhizobacteria. 
Mycorrhizae can be efficiently explored in the soil microsites that are not accessible 
for plant roots. They can further change the heavy metal bioavailability through 
competition with roots and other microorganisms for water and metal uptake, pro-
tection of roots from direct contact with the heavy metal via development of the 
ectomycorrhizal sheath, and restricted metal transport by increasing soil hydropho-
bicity (Lazcano et al. 2010). Ectomycorrhizal associations are reported to enable the 
host plant to withstand higher heavy metal toxicity. The structure of the fungal 
sheath, density, and surface area of the mycelium are key factors to determine the 
efficiency of an ectomycorrhizal association to resist/tolerate metal toxicity and to 
protect the host plant from pollutant contact (Hartley et al. 1997). Studies also 
reported increased uptake of metal(loid)s in the presence of arbuscular mycorrhizal 
fungi; however, there are some contradictory reports indicating negligible effect or 
decreased accumulation in plant tissues (Lazcano et al. 2010). The controversial 
results are difficult to interpret and could be attributed to the differential response 
under greenhouse experiment and field study.

11.2.3  Phytoextraction

Phytoextraction is a subprocess of phytoremediation where the pollutant- 
accumulating plants are being utilized for removal of heavy metals from contami-
nated soils by concentrating them in the aboveground biomass (Salt et al. 1998). 
The selection of plants for heavy metal phytoextraction should possess features like 
(a) potential tolerance to high levels of heavy metal concentration, (b) fast-growing 
plants for effective accumulation of heavy metal, (c) ready translocation of heavy 
metal in the aboveground biomass of plants, and (d) ease of harvest (Vangronsveld 
et al. 2009).
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However, the success of phytoextraction depends upon factors such as bioavail-
ability of heavy metal and the potential of the plant to intercept, take up, and accu-
mulate the metals in shoots (Ernst 2000).

11.2.3.1  Role of Plant-Associated Rhizobacteria in Phytoextraction
To enhance the efficiency and rate of phytoextraction, the role of plant-associated 
rhizobacteria is highly beneficial. Microorganisms can increase plant uptake of 
heavy metal in the following way: (1) may increase the root surface area and root 
hair architecture, (2) enhance the metal bioavailability, and/or (3) increase the metal 
translocation from the rhizosphere to the plant shoot (Weyens et al. 2009). Further, 
improving the plant biomass production can influence the efficiency of trace ele-
ment phytoextraction.

The plant-associated rhizobacteria metabolic performance may help develop 
new improved phytoremediation strategies. However, the dynamic and variable 
metabolic capacities of plant-associated rhizobacteria are still poorly highlighted. 
Plants stimulate the growth of rhizosphere microorganisms due to secretion of dif-
ferent organic molecules by their roots, which in turn improved the bacterial densi-
ties in the rhizosphere (Anderson and Coats 1995).

11.2.4  Bacterial Heavy Metal Resistance

The plant-associated rhizospheric bacteria have several benefits conferred to their 
hosts; the major qualification for protecting plants from heavy metals stress is resis-
tance of the bacteria to heavy metals. Along with dynamic metabolic capacity of the 
bacteria, metal resistance operon is also important to empower the bacteria against 
heavy metal toxicity. Among the heterotrophic bacteria, members of the 
β-proteobacteria have the maximum levels of heavy metal resistance. Alcaligenes 
eutrophus is a potential member of this group. A. eutrophus CH34 species is the 
extensively reported that harbors two endogenous megaplasmids encoding genes 
for multiple heavy metal resistance. Plasmid pMOL28 is 180 kb and codes for resis-
tance to various heavy metals such as cobalt, nickel, chromate, mercury, and thal-
lium. Resistance genes are organized with the chr, mer, and cnr operons, coding for 
resistances to chromate, mercury, and both cobalt and nickel, respectively, (Mergeay 
et al. 1985; Taghavi et al. 1997). The plasmid from strain CH34 is pMOL30 (240 
kb) responsible for resistance against some heavy metals. This plasmid also consists 
of organized operon out of which the mer, cop, and pbr operons encode resistance 
to heavy metal mercury, copper, and lead, respectively. The czc operon encodes for 
heavy metal cadmium, zinc, and cobalt resistance.
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11.3  Plant–Microbe Association for Heavy Metal 
Transformation in Soil–Plant System

Rhizospheric microbes play an important role in improving phytoremediation pro-
cess by changing the metal bioavailability through altering redox reactions, soil pH, 
or release of some chelators like siderophores, organic acids, biosurfactants, etc. 
(Zarei et al. 2010; Miransari 2011; Rajkumar et al. 2012) (Fig. 11.2).

Metabolites or reactions produced by plant-associated microbes have been 
reviewed and summarized in Table 11.1

11.3.1  Siderophores

Most plant-associated microorganisms can produce iron chelator siderophores at 
low levels of iron concentration in soil; however, siderophore can also form stable 
complex with other heavy metals such as Al, Cd, Cu, Ga, In, Pb, and Zn (Glick and 
Bashan 1997; Schalk et al. 2011) and cause solubilization of unavailable form of 
heavy metal to available form, thus improving efficacy of phytoextraction (Braud 
et al. 2009b; Rajkumar et al. 2010). Pyoverdine and pyochelin produced by 
Pseudomonas aeruginosa are responsible for enhancing the bioavailability of Cr 
and Pb in the rhizosphere of maize (Braud et al. 2009b). Similarly, siderophores 
produced by Streptomyces tendae F4 significantly enhanced uptake of Cd by sun-
flower plant (Dimkpa et al. 2009). Nevertheless, there are also contradictory reports 

Fig. 11.2 Schematic representation of role of rhizospheric microbes for phytoremediation (a) by 
producing metal-mobilizing chelators, (b) by excreting metal-immobilizing metabolites, (c) by 
reducing metal reduction, and (d) by metal biosorption. EPS, extracellular polymeric substances 
(Source: Rajkumar et al. 2012)
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(Sinha and Mukherjee 2008; Tank and Saraf 2009; Kuffner et al. 2010) which gen-
erated the need to study the interaction of plant–siderophore-producing microorgan-
isms–metals in the contaminated soils. Siderophore production by microbes is 
controlled by various factors, viz., iron availability, pH, nutrient status of soils, type, 
concentration of heavy metals, etc. Therefore, higher heavy metal concentration 
acts as stimuli to produce more siderophore by microbes. Findings of Braud et al. 
(2009a) revealed the fact that addition of heavy metals, Al, Cu, Ga, Mn, and Ni, in 
iron-limited succinate medium induced pyoverdine synthesis by P. aeruginosa. 

Table 11.1 Potential of microbial metabolites/actions to mobilize/immobilize metals by plants

Metabolites or reactions Microorganisms
Microbial 
potential References

Siderophores

Azoto chelin and 
azotobactin

Azotobacter vinelandii Helps in Mo and 
V acquisition

Wichard et al. 
(2009)

Pyochelin Pseudomonas aeruginosa Chelates many 
metals like Cd2+, 
Cr2+, Al3+, Mn2+, 
Zn2+

Braud et al. 
(2009a)

Desferrioxamine and 
coelichelin

Streptomyces tendae Enhanced uptake 
of Cd and Fe by 
plants

Dimkpa et al. 
(2009)

Organic acids

Oxalic acid, tartaric 
acid, formic acid, 
acetic acid, malic acid

A. niger, Burkholderia 
cepacia, Beauveria 
caledonica, Oidiodendron 
maius, Pseudomonas 
fluorescens, Penicillium 
bilaiae

Solubilized Zn, 
Ni, Fe, Pb, and 
Cd

Arwidsson et al. 
(2010), Li et al. 
(2010), and Hoberg 
et al. (2005)

Gluconic acid, 
5-ketogluconic acid

Gluconacetobacter 
diazotrophicus, 
Pseudomonas aeruginosa

Solubilized ZnO, 
ZnCO3, and 
Zn3(PO4)2

Saravanan et al. 
(2007), and Fasim 
et al. (2002)

Biosurfactants

Rhamnolipids, 
dirhamnolipid

Pseudomonas aeruginosa Mobilized Cu, 
Cd, and Pb

Venkatesh and 
Vedaraman (2012), 
and Juwarkar et al. 
(2007)

Polymeric substances

Polymeric substances 
(extracellular)

Azotobacter spp. Immobilized Cd 
and Cr

Joshi and Juwarkar 
(2009)

Glomalin Glomus mosseae Immobilized Cu, 
Pb, and Cd

Gonzalez- Chavez 
et al. (2004)

Redox reaction

Oxidation and 
reduction

Streptomyces lividans sp., 
Rhodococcus sp., 
Acidithiobacillus 
thiooxidans, Leptospirillum 
ferrooxidans

Increased the 
mobility of As, 
Cu, Cd, Hg, and 
Zn

Yang et al. (2012), 
Beolchini et al. 
(2009)
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Moreover, the presence of heavy metals such as Cu, Ni, and Cr stimulated pyover-
dine synthesis even in the case of iron (Braud et al. 2010).

11.3.2  Organic Acids

Low molecular weight organic acids, synthesized by plant–microbe interaction, 
play an instrumental role in enhancing the bioavailability of the trace elements and 
metals in the soil mainly through formation of metal complex. Organic acids work 
as a ligand which form stable complex with the heavy metals. However, the stability 
of the complex is regulated by several factors, viz., number and the position of car-
boxyl groups in organic acids, form of heavy metals, and most importantly pH of 
the soil solution (Ryan et al. 2001). Different studies have reported that 5- ketogluconic 
acids and 2-gluconic acids are prime responsible for solubilizing and mobilizing of 
insoluble ZnO, Zn3(PO4)2, and ZnCO3. The bacterial strain involved in gluconic 
acid productions and Zn solubilization are reported to be Gluconobacter diazotro-
phicus and Pseudomonas aeruginosa (Fasim et al. 2002; Saravanan et al. 2007). 
Similarly, formic acid, succinic acid, oxalic acid, acetic acid, and tartaric acid pro-
duced by rhizospheric bacteria have been reported to solubilize Cd and Zn in the 
rhizosphere of Sedum alfredii, a hyperaccumulating plant (Li et al. 2010). 
Furthermore, organic acids secreted by plant-associated microbes expedite the 
absorption of Cu (Chen et al. 2005), Pb (Sheng et al. 2008), and Cd and Zn (Li et al. 
2010) by plant root. Mycorrhizal fungi, especially ericoid mycorrhizal fungi 
(Oidiodendron maius) and other soil fungi (Beauveria caledonica), can also increase 
solubility of Zn from insoluble sources by releasing citric and malic acids. These 
organic acids either by chelation or by acidolysis process can increase the solubility 
and availability of Zn from insoluble ZnO, Zn3(PO4)2, and pyromorphite (Martino 
et al. 2003; Fomina et al. 2005).

Although the role of organic acids seem promising, however, the factors govern-
ing the fate and the performance of the organic acids need to be considered for bet-
ter understanding of their mechanisms. Moreover, the other root-mediated process 
such as contribution of root exudates and other metabolites in metal mobilization 
(Wenzel 2009) also need to be taken into account before describing the role of 
organic acids produced by plant–microbe interaction in heavy metal transformation 
and solubilization. In this respect, precise quantification of organic acids in rhizo-
sphere and the genetic sequencing of responsible microbes could shed light in 
understanding organic acid dynamics between soil, plant, and microbe continuum.

11.3.3  Biosurfactants

Biosurfactants are amphiphilic molecules comprising of a nonpolar (hydrophobic) 
tail and a polar/ionic (hydrophilic) head. Biosurfactant produced by microbes can 
increase metal solubility and bioavailability through complex formation with heavy 
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metals at the soil interface leading to desorption of metals from soil matrix. The 
potential of biosurfactant dirhamnolipid produced by P. aeruginosa in solubilizing 
and mobilizing Cd, Pb, and Cu has already been documented in earlier studies 
(Juwarkar et al. 2007; Venkatesh and Vedaraman 2012). In addition, biosurfactants 
produced by plant–microorganism association also show high promise for improv-
ing the metal (Cd) uptake by rape, maize, Sudan grass, and tomato plants, a desir-
able trait for plants to be used for phytoextraction. The biosurfactant released from 
Bacillus sp. J119 was capable of enhancing Cd uptake from soil artificially contami-
nated with different levels of Cd (0 and 50 mg kg−1 Sheng et al. (2008)). Hence, the 
knowledge regarding interactive effect of biosurfactant-producing microbes on 
plants will enrich our perception about the role of biosurfactant-producing microbes 
in heavy metal phytoremediation.

11.3.4  Polymeric Substances and Glycoprotein

Extracellular polymeric substance (EPS), mucopolysaccharides, and proteins pro-
duced by plant-associated microbes can form complex with heavy metals and 
reduce their mobility in soil. Joshi and Juwarkar (2009) reported that EPS produced 
by Azotobacter spp. could immobilize Cd and Cr through complex formation 
(15.2 mg g−1 of Cd and 21.9 mg g−1 of Cr) and reduce the uptake of Cd (−0.5) and 
Cr (−0.4) by Triticum aestivum. Arbuscular mycorrhizal fungi are also reported to 
produce glomalin which form complex with Cu, Pb, and Cd and extract approxi-
mately 4.3 mg Cu, 1.1 mg Pb, and 0.1 mg Cd per gram of glomalin from metal- 
polluted soils (Gonzalez-Chavez et al. 2004). Therefore, AMF with higher amount 
of glomalin secretion capacity could play an instrumental role in phytoextraction 
and phytostabilization effort.

11.3.5  Redox Transformation of Metal in Rhizosphere

Plant-associated microbes can change the mobility of heavy metals through redox 
transformation reactions. Oxidation of metals by rhizospheric microbes is particu-
larly interesting from a phytoextraction point of view. For instance, Cu mobilization 
in contaminated soils and its uptake in plant tissue were enhanced in the presence of 
sulfur-oxidizing bacteria in the rhizosphere (Shi et al. 2011). This enhanced uptake 
of copper in the presence of sulfur-oxidizing bacteria was due to lowering of the soil 
pH as a result of conversion of reduced sulfur to sulfates. Potential of Fe-/S- -
oxidizing bacteria to enhance metal bioavailability in the soils through acidification 
reaction was also reported by Chen and Lin (2001).

Microbial reduction of heavy metals also sometime immobilizes the heavy met-
als in the rhizosphere. For example, decreased uptake of Cr by of 37 % in shoot and 
56 % in root of green chili grown in Cr(VI)-contaminated soils upon inoculation 
with Cellulosimicrobium cellulans was reported by Chatterjee et al. (2009). This 
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effect was brought about by microbial reduction of mobile and toxic Cr(VI) to non-
toxic and immobile Cr(III) in the soil. Abou-Shanab et al. (2007) reported lower Cr 
translocation from root to shoots of water hyacinth as indicative of the Cr-reducing 
potential of rhizosphere microbes. Similarly, Di Gregorio et al. (2005) demonstrated 
the Se-reducing potential of Stenotrophomonas maltophilia isolated from the rhizo-
sphere of Astragalus bisulcatus. This bacterium significantly reduced soluble and 
harmful Se(IV) to insoluble and unavailable Se(0), thereby reducing the uptake of 
Se by plant. These examples demonstrate mechanisms, by which metal-reducing 
microbes lock the metals within the rhizosphere soil and reflect the suitability of 
these microbes for phytostabilization applications.

Besides, the synergistic interaction of metal-oxidizing and metal-reducing 
microbes on heavy metal mobilization in contaminated soils has also been studied. 
Inoculation of Fe-reducing bacteria and the Fe-/S-oxidizing bacteria together sig-
nificantly increased the mobility of Cu, Cd, Hg, and Zn by 90 %. This effect was 
attributed to the coupled and synergistic metabolism of oxidizing and reducing 
microbes Beolchini et al. (2009). Though these results open new perspectives for 
the bioremediation technology for metal mobilization, further investigations are 
needed to utilize such bacteria in phytoextraction process.

11.3.6  Biosorption

Through biosorption mechanism, the plant-associated microbes may also contribute 
in plant–metal uptake. Biosorption can be defined as the microbial adsorption of 
soluble/insoluble organic/inorganic contaminant by a metabolism-independent, 
passive or by a metabolism-dependent, active process (Ma et al. 2011). The biosorp-
tion process involves a solid phase (sorbent or biosorbent; biological material) and 
a liquid phase (solvent, normally water) containing a dissolved species to be sorbed 
(sorbate, metal ions). Higher affinity of the sorbent for the sorbate species (metals) 
is responsible for binding of metals on sorbent by different interactions. The process 
continues till equilibrium is established between the amount of solid-bound sorbate 
species and its portion remaining in the solution (Das et al. 2008). The efficiency of 
biosorption depends upon factors like initial metal concentration, pH, temperature, 
and biomass weight in solution. Several researchers have pointed out the restricted 
entry, reduced bioavailability, and lower metal uptake by plant due to biosorption. 
For instance, Madhaiyan et al. (2007) reported inoculation of metal-binding fungi 
Magnaporthe oryzae and bacteria Burkholderia sp. reduced Ni and Cd accumula-
tion in roots and shoots of tomato. These effects of inoculation of Trifolium repens 
with Brevibacillus sp. B-I decreased the concentration of Zn in shoot tissues com-
pared to respective uninoculated control due to the increased Zn biosorption by 
Brevibacillus sp. B-I Vivas et al. (2006).

The mycorrhizal fungi have also been reported to act as a filtration barrier against 
the translocation of heavy metals from plant roots to shoots. Experiments revealed 
that the inoculation of pine seedlings with Scleroderma citrinum, Amanita mus-
caria, and Lactarius rufus reduced translocation of Zn, Cd, or Pb from roots to 
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shoots by increased metal biosorption in outer and inner components of the myce-
lium (Krupa and Kozdrój 2007). Large surface area of mycorrhizal fungi endows 
mycorrhizal fungi with a strong capacity for adsorbing heavy metals from soil. The 
fungal cell wall components (e.g., chitin, extracellular slime, etc.) and intracellular 
compounds (e.g., metallothioneins, P-rich amorphic material) may also immobilize/
arrest the metals in the interior of plant roots (Meharg 2003). An exhaustive compi-
lation of microbes for biosorption of heavy metals was made by Volesky and Holan 
(1995). Although inoculation of plants with metal-binding microbes could be a suit-
able approach for plant protection against heavy metals and phytostabilization of 
metal-polluted soils, many authors believe that the reduction in accumulation and 
translocation of metal in plants is not due to biosorption/bioaccumulation alone 
(Babu and Reddy 2011).

Plant-associated microorganisms differ in their ability to alter heavy metal bioavail-
ability and its uptake by plants through metal-mobilizing/metal-immobilizing metabo-
lites/processes. Colonization and survival of these microbes also greatly influence the 
quantity of metal accumulation in plants growing in metal- contaminated soils which in 
turn is governed by soil physicochemical–biological properties such as metal toxicity, 
indigenous microbial communities, adverse pH, nutrient deficiency, etc.

The general mechanisms involved in the transformation of metal(loid) ions in the 
soil lead to retention (mediated by sorption, precipitation, and complexation reac-
tions) or loss (plant uptake, leaching, and volatilization) of heavy metal(loid)s 
(Fig. 11.3). Although most metal(loid)s do not undergo volatilization-related losses, 
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Fig. 11.3 Possible reactions involved in physical, chemical, and biological transformation of 
metal(loid)s in soil (Source: Seshadri et al. 2015)
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some metal(loid)s such as As, Hg, and Se tend to form gaseous compounds (Bolan 
et al. 2013). A greater understanding of the microbiological (activity) and chemical 
(exudates) changes occurring in the rhizosphere would identify the mechanisms 
involved in the transformation of heavy metals in the contaminated soil.

11.4  Role of Mycorrhiza and PGPR for Heavy Metal Removal 
from Metal-Contaminated Site

Rhizosphere microbes have played a key role for nutrient cycling and soil sustain-
ability. Arbuscular mycorrhizal fungi (AMF) are a group of endophytic fungi infect-
ing the roots of majority of the terrestrial plants. This symbiosis association between 
mycorrhiza and host plants has very important role on the plant’s growth and devel-
opment through the acquisition of phosphorous and other essential mineral nutrients 
from the soil. Plant growth-promoting rhizobacteria (PGPR) is a group of bacteria 
that colonize plant roots and promote growth and yield (Wu et al. 2005). However, 
PGPR are known to increase root system uptake properties of colonized plants, thus 
facilitating better supply of plant nutrient such as N, P, and Fe. The potential appli-
cation of mycorrhizal plants for land decontamination has several benefits such as 
increased plant biomass, plant phosphorus nutrition, and tolerance to heavy metal 
stress. Mycorrhizal species influences metal toxicity to plants through decreasing 
translocation of heavy metals and its concentration.

11.4.1  Role of Mycorrhiza for the Remediation 
of Contaminated Site

Remediators choose the applicable and suitable microbial species that are used as 
inoculants to plant growth promotion and bioremediation process. The arbuscular 
mycorrhizal (AM) fungi have several critical roles for improving the plant’s resis-
tance to various biotic and abiotic stresses (Harrier 2001). AM fungi also have great 
advantage to alleviate heavy metal toxicity of plants (Hildebrandt et al. 1999). AM 
fungi has significant role for improving the uptake of nutrient and water by host 
plants through their mycelial networks and protecting the host plants from heavy 
metal toxicity. Besides AM fungi, there are several other beneficial microorganisms 
in the rhizosphere that may also help for heavy metal tolerance to the plants. 
According to Khan et al. (2000), mycorrhizal species enhance the bioavailability of 
toxic metals by altering the microenvironment of the rhizosphere through decon-
tamination. This AM fungi may improve the plant nutrient uptake in alkaline and 
calcareous soils of arid and semiarid regions in which the bioavailability of P and 
several cationic micronutrients is limited. The presence of carbonates in calcareous 
soils is also limiting water holding capacity. Furthermore, plant transpiration is sig-
nificantly reduced with an increase in soil heavy metal concentration (Davari et al. 
2010). It has been reported that heavy metals like Cd can affect the hydraulic conduc-
tivity of root by multiple mechanisms occurring on the apoplastic and/or the sym-
plastic pathway (Shah et al. 2010). The ability of beneficial microorganisms to 
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promote the growth of canola and tomato seedlings treated with toxic concentrations 
of various metal(loid)s such as As, Cd, Ni, Pb, Se, and Zn has been demonstrated. 
There have been few analytical studies available on AM fungi in the contaminated 
soils. While some workers highlighted that the external mycelium of the arbuscular 
mycorrhizae was the primary site for various heavy metal localization (Kaldorf et al. 
1999; Turnau 1998), other reports emphasized the selective exclusion of toxic and 
nontoxic metals by adsorption onto chitinous cell wall structure (Zhou 1999), or onto 
extracellular glycoprotein called glomalin (Wright and Upadhyaya 1998), or intra-
cellular crystallization. These mechanisms have great significance in reducing a 
plant’s exposure to potentially toxic metals, which is called mycorrhizoremediation. 
Localization of Cu accumulation in the extraradical mycelium (ERM) of different 
AM fungi differed in their capacity for sorption of Cu which was directly related to 
the cation exchange capacity of ERM of AM fungi (Gonzalez-Chavez et al. 2002). 
Difference exists in accumulation and tolerance for different heavy metals among the 
species of AM fungi. Hence, mechanism involved in tolerance and accumulation of 
heavy metals require future research in order to explore the contribution of AM fungi 
in plant tolerance and its ecological significance in polluted soils.

11.4.2  Role of PGPR for the Remediation of Contaminated Site

Plant growth-promoting rhizobacteria (PGPR) colonize in the rhizosphere and 
improve plant growth through various mechanisms, such as plant nutrient uptake, 
suppressing harmful phytopathogens by producing antibiotics and siderophores or 
other bioactive compounds, phytohormone production, and fixation or solubiliza-
tion of plant nutrient and making it available to the plants. Better colonization of 
rhizospheric microorganism increases stress endurance of a plant and improves the 
metal bioavailability. Many isolated strains of PGPR used to enhance crop yield and 
improve agriculture sustainability (Begonia et al. 2005). PGPR are known to 
increase root system uptake properties of colonized crops by facilitating ion nitrate 
adsorption, phosphate solubilization, and iron chelation (Islam et al. 2009). Maize 
seed inoculation with rhizobacteria such as Pseudomonas cepacia, P. fluorescens, 
and Streptomyces aurantiacus in combination with nitrogen increased 25 % more 
crop yield than the non-rhizobacterium-colonized control.

When Indian mustard (Brassica juncea) and canola (Brassica campestris) seeds 
grow in the presence of PGPR strain, the plants produce siderophores, and this plays 
an important role in the remediation of Ni-, Pb-, and Zn-contaminated site (Burd et al. 
1998). According to Belimov et al. (2001), growth of Brassica napus plant is improved 
by inoculating recalcitrant PGPR through ACC-deaminase activity, and growth of 
barley plants is improved by biological nitrogen fixation and auxin production with 
PGPR inoculation in Cd-contaminated soil (Belimov and Dietz 2000). The rhizo-
sphere is a type of microenvironment where microorganisms form a special type of 
communities with plant growth-promoting capabilities present to remove the toxic 
contaminants (Ma et al. 2009). Findings of Idris et al. 2004 confirmed that metal 
mobility and bioavailability to the plants are enhanced by rhizospheric bacteria by 
releasing chelating agents, acidification, phosphate solubilization, and redox changes. 
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Thus, interactions between plants and useful rhizosphere microbes can improve bio-
mass production and accumulation of heavy metals. Growth of crop plant is promoted 
by PGPR which help in decreasing the plant stress related with phytoremediation 
methods (Reed and Glick 2005). Selection of highly potential microbial combination 
is a big challenge for developing phytoremediation strategies.

11.5  Conclusion

As an economic and green approach for decontamination of polluted soil and water, 
phytoremediation is an optimistic technology. Association of microbes has shown 
improved efficiency of phytoremediation in many cases. The capability of soil func-
tion is mostly regulated by the soil biological component. Plant–microbe interaction 
plays a critical role to remediate extensive contaminated sites and recover to health 
state of soil. Though the mechanism involved in reducing the load of contaminating 
metal through plant assisted by microbes is complex and involves several processes 
occurring simultaneously in a habitat, thorough understanding of processes will 
further improve the efficiency of phytoremediation by manipulating the interaction 
depending upon nature of pollutant, condition of microhabitat, concentration of 
contaminant, type of associated microbial community, etc. Further, identification of 
specific biomarker associated with the promising microbes for efficient microbe- 
assisted phytoremediation will further improve the remediation efficiency. Although 
promising response of inoculation of beneficial microbes particularly plant growth- 
promoting bacteria and/or mycorrhizae has been reported under laboratory condi-
tions, the result under field condition showed limited effectiveness because of 
complexity of soil environment and competing microbes. Characterizing the physi-
cochemical and biological features of target contaminated soils may be important 
for making successful microbe-assisted phytoremediation technology. The coloni-
zation and survival of inoculums in metal-contaminated soil is necessary to exhibit 
beneficial traits for improving the plant growth and overall phytoremediation pro-
cess in metal-contaminated soils. Advancing the knowledge on identification of 
favorable soil condition, efficient microbes with multiple metal resistance/tolerance 
potential, survival, and compatibility with other microbes may be important to uti-
lize the potential of inoculants for phytoremediation purpose. Identification of effi-
cient microbes for bioaccumulation of heavy metal and understanding biochemical 
and molecular mechanisms of interaction of plant–microbe toxicant play a major 
role in the processes involved in phytoremediation.
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Abstract
Plants are sessile organism and primary producer of the ecosystem and commu-
nicate with above- and belowground communities that consist of benign/patho-
genic microbes. Among these interactions, phytopathogenic fungi and oomycetes 
are the major causative agents of infectious crop plant diseases. To control these 
pathogens is extremely difficult, and a very small percentage of applied fungi-
cides used for crop protection reach the target pathogen. To combat with such 
pathogen, higher level of resistance in addition to indigenous immune system is 
required which is elicited by plant growth-promoting bacteria (PGPB) in the 
form of induced systemic resistance in plants. Induced systemic resistance is 
prior activation of resistance in plants through PGPB via root priming that leads 
to defense-related protein activation which is independent of salicylic acid and 
dependent on jasmonic acid and ethylene. In case of it, nonexpressor of 
pathogenesis- related protein 1 (NPR1) plays the most important role by regulat-
ing hormonal defense signaling pathway leading to activation of pathogenesis- 
related and defense-related protein depending on the preceding signals. 
PGPB-elicited induced resistance showed that some of the bacterial determi-
nants are responsible for the elicitation of induced systemic resistance (ISR). 
Although PGPB seem to actively suppress local host defense responses in the 
roots, it also produces elicitors that are responsible for the onset of systemic 
immunity. This chapter focuses on recent research study concerning the interac-
tion between PGPB and plants under biotic stress condition.
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12.1  Introduction

Plants are a source of nutrition for a vast biota in terrestrial environments and being 
sessile organisms continuously challenged by biotic and abiotic stresses. Fungal 
diseases caused by different phytopathogenic fungi and oomycetes are responsible 
for the major economic and social problems in the affected countries by severely 
decreasing the crop production (Vaishnav et al. 2014). To control these pathogens is 
extremely difficult, and a very small percentage of applied fungicides used for crop 
protection reach to the target pathogen. On the other hand, chemical control of dis-
eases has negative effects on the environment such as a decrease in the biodiversity 
of soil microbiota, development of fungicide-resistant pathogens, and contamina-
tion of fruits and vegetables with chemicals that endanger the health of consumers 
(Bernard et al. 2012; Ludueña et al. 2012). In plant rhizosphere, the interactions of 
microorganisms with each other may be associative, competitive, mutualistic, or 
antagonistic. Some bacteria known as plant growth-promoting bacteria (PGPB) pro-
mote plant growth and increase the availability of essential nutrients through nutri-
ent cycling activities, and some of them also induce resistance in the plants against 
plant pathogens (Wahyudi et al. 2011).

The extracellular products present in the rhizosphere and root-associated bacte-
ria play an important role in inhibiting plant pathogens (Lugtenberg and Kamilova 
2009). PGPB may colonize the rhizosphere and root surface and protect plants from 
various stresses. Biological control of plant disease by PGPB involves several 
mechanisms such as production of antifungal metabolites, cell wall-degrading 
enzymes, induced host resistance, and competition for nutrition and niches (Li et al. 
2011). It is well documented that biological control agents based on PGPB are able 
to control plant diseases, increase plant growth, and improve resistance to environ-
mental stresses, including drought and salt (Dodd and Perez-Alfocea 2012; 
Egamberdieva et al. 2013).

Plant growth-promoting bacteria have the ability to elicit changes in the physiol-
ogy and induction of defenses in the host plant that leads to protection from the 
above- and belowground pathogenic communities involving organisms at different 
trophic levels (Pineda et al. 2010, 2013), and this defense elicitation mechanism is 
termed as induced systemic resistance (ISR) which expressed not only locally but 
also systemically (in the distal parts from the site of primary infection) against sub-
sequent attack. A complex networking signaling pathway that involves salicylic 
acid (SA), jasmonic acid (JA), and ethylene (ET) as key signaling molecules regu-
lates the induced resistance in plants (Glazebrook 2001; Thomma et al. 2001).

Upon getting affected by any pathogen infection or herbivore damage/PGPB, 
plants respond by activating defense machinery via activation of distinct sets of 
pathogenesis-related and defense-related genes preceded by accumulation of SA 
and JA. Defense reaction, mediated by the SA- and JA-dependent defense path-
ways, totally depends on the type of attacker encountered and can cross communi-
cate with respect to plant protection (Pieterse et al. 2001; Choudhary et al. 2007; 
Jain et al. 2016). By keeping views of plant growth promotion under biotic stresses, 
the present chapter will unravel the mystification of mechanisms involved in plant 
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defense including ISR and system acquired resistance (SAR) using sustainable 
development of plants.

12.2  Plant Immune System and Induced Resistance

Due to the nonhost resistance, majority of the phytopathogens cannot infect plants. 
The primary defense system of the plant contains layer-by-layer protection in the 
form of physical and chemical barriers such as the cell wall, waxes, hairs, antimi-
crobial enzymes, phytoanticipins, and secondary metabolites. Apart from these, 
plants also have heightened-level defense system that gets activated by signaling 
molecules, if primary defense is found deficient to overcome pathogens (Jain et al. 
2016). Malinovsky et al. (2015) have described plant immune system in two broad 
types, namely, PAMP-triggered immunity (PTI) and effector-triggered immunity 
(ETI), based on the type of molecules recognized by the plant as indicator of patho-
gen attack (Fig. 12.1).

Microbe/pathogen-associated molecular patterns (MAMPs/ PAMPs), such as 
flagellin from bacterial flagella or chitin or different glucans present in fungal/
oomycete cell walls, are referred to as small molecular motifs/structures conserved 
within a class of microbes, hence characteristic of microbes, and required for the 
overall fitness of microbes, and these patterns act as “nonself” signals for the plants 
to activate basal/PAMP-triggered immunity (Newman et al. 2013). Apart from 
these, basal immunity can get activated by plants’ ability to sense a compromised 

Fig. 12.1 Schematic representation of PAMP-triggered immunity (PTI) and effector-triggered 
immunity (ETI) in plants
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“self” by detecting damage-associated molecular patterns (DAMPs) which are plant 
degradation products resulting from the action of invading pathogens or endoge-
nous peptides, constitutively present or newly synthesized, that are released by the 
plants following pathogen attacks (Boller and Felix 2009). Recognition of DAMPs 
also triggers immune responses similar to the PTI response. Plasma membrane- 
localized pattern recognition receptors (PRRs), present on the plant cells, recog-
nized these signature motifs (MAMP/PAMP) present on the invading pathogen 
leading to induction of a broad variety of defense responses through activation of a 
complex cascade of signaling events, including ion fluxes leading to plasma mem-
brane depolarization, production of reactive oxygen species (ROS) and nitric oxide 
(NO), and activation of mitogen-activated protein kinases (MAPKs) and calcium- 
dependent protein kinases (CDPKs). All these signaling event activities lead to 
change in transcription factor (TF) activities to activate defense genes resulting in 
accumulation of different enzymes and stress-specific metabolites which kept most 
of the potential invader in check (Burketová et al. 2015). Apart from these, plants 
also possess a second line of defense in which it produces resistance (R) NB-LRR 
(nucleotide-binding–leucine-rich repeat) receptor proteins that recognize virulence 
effector molecules released by some of the powerful pathogen which can overcome 
the first line of defense either by suppressing PTI signaling or preventing detection 
by the host (Borges and Sandalio 2015). This second line of defense, induced due to 
effector molecule known as effector-triggered immunity (ETI) (Dodds and Rathjen 
2010), is a manifestation of gene-for-gene resistance, which is often accompanied 
by a programmed cell death at the site of infection that prevents further access of 
biotrophic pathogens that flourish on living host tissue. Basically, ETI is coupled 
with hypersensitive response (HR), a strong local defense leading to programmed 
cell death at the site of infection (Dodds and Rathjen 2010). The onset of PTI and 
ETI often triggers an induced resistance in tissues distal from the site of infection 
and involves one or more long-distance signals that proliferate an enhanced defen-
sive capacity in still undamaged plant parts (Shah and Zeier 2013). This well- 
characterized form of pathogen-induced resistance is commonly known as systemic 
acquired resistance (SAR) (Spoel and Dong 2012) and confers enhanced resistance 
against a broad spectrum of pathogens.

Likewise pathogen recognition system, plants also recognize herbivorous insects, 
most likely through a similar signaling concept (Howe and Jander 2008). Generally, 
induced resistance is an induced state of resistance in plants, triggered by biologi-
cal/chemical inducers to protect plant parts against future attack by pathogenic 
microbes and herbivorous insects. Induced resistance takes place not even locally 
but also systemically (in distal plant parts that are spatially separated from the 
inducer) and confers an enhanced level of protection against a broad spectrum of 
attackers through a regulated network of interconnected signaling pathways in 
which plant hormones play a major regulatory role (Pieterse et al. 2012; Walters 
et al. 2013).
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12.3  Signaling Events upon Fungal Pathogen

In the signaling cascade of plant defense system, the commencement of pathogen- 
induced SAR is triggered upon local activation of a PTI or ETI response due to 
limited primary infection with a pathogen and leads to long-lasting and broad- 
spectrum disease resistance to uninfected plant tissue against subsequent pathogen 
attack (Wendehenne et al. 2014; Gao et al. 2015). The establishment of SAR is 
coupled with increased levels of salicylic acid (SA) followed by regulated activation 
of a specific set of pathogenesis-related (PR) genes that encode PR proteins with 
antimicrobial activity (Van Loon et al. 2006). According to Conrath (2011), primary 
infection with pathogen is a vital step of SAR, and infected tissues are in an alert 
state that enables them to more rapidly and efficiently deal with both biotic and 
abiotic stresses. The defense alert expressed upon pathogen attack in the plant cell 
amplified and transferred from the site of infection by a system of mobile signals 
into distal (systemic) plant parts (Jain et al. 2016).

The use of SA transgenic and mutant plants for the research studies has revealed 
an essential role for this phytohormone in SAR (Loake and Grant 2007; Vlot et al. 
2008a). The accumulation of SA in SAR had been proven by using Arabidopsis 
SA-non-accumulating mutant plant NahG which expressed the bacterial salicylate 
hydroxylase (nahG) gene responsible for conversion of SA into catechol. This type 
of plants cannot express SAR. SAR pathway is activated by SA, primary molecule 
for SAR, which further activates further signaling cascade to activate pathogenesis- 
related (PR) genes responsible for resistance against pathogen, which encode differ-
ent pathogenesis-related proteins of families PR-2, PR-5, and PR-1, such as 
chitinases, β-1,3-glucanases, lipoxygenases, thaumatin-like proteins, antimicrobial 
peptides, etc. (Jain and Choudhary 2014). Upon elicitation of signal from SA 
 accumulation, nonexpressor of PR genes-1 (npr-1) gets activated and encodes 
NPR1 which acts as a transcriptional coactivator of PR gene expression. Hence, as 
shown in Fig. 12.2, the overall sequence of the signaling event in SAR is in such a 
way that after recognition of pathogen, SA accumulation takes place which acti-
vates npr-1 gene followed by activation of PR genes (Choudhary et al. 2016).

Methyl salicylate (MeSA), the volatile form of SA, is itself biologically inactive 
but in the systemic tissue gets hydrolyzed to SA by the MeSA esterase activity of 
SA-binding protein 2, and that’s how it can act as long-distance mobile signal for 
SAR (Park et al. 2007; Vlot et al. 2008a, b). Being a volatile compound, MeSA can 
pass through by both air and vascular transport to intercede long-distance induction 
of resistance in distal leaves that lack a direct vascular connection to the attacked 
leaf and in neighboring plants (Heil and Ton 2008). In tobacco plant upon getting 
infection by tobacco mosaic virus, along with SA, ethylene (ET) perception is also 
required for the onset of SA-dependent SAR (Verberne et al. 2003). In addition, 
Truman et al. (2007) showed that the JA-signaling mutants sgt1b (suppressor of g2 
allele of SKP1 1b), opr3 (12-oxo-phytodienoate reductase 3), and jin1 (jasmonate 
insensitive 1) failed to develop SAR upon leaf infiltration with an avirulent strain of 
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the pathogen Pseudomonas syringae pv. tomato, suggesting that JAs play a role in 
SAR as well. However, other JA-signaling mutants such as jar1 (jasmonate resistant 
1), eds8 (enhanced disease susceptibility 8), and coi1 (coronatine insensitive 1) 
were shown to develop normal levels of SAR (Attaran et al. 2009).

12.4  Defense Molecular Mechanisms

In comparison to SAR, ISR have a more assorted and composite route to establish a 
higher degree of prior resistance. In place of PR gene, defense-related gene activa-
tion takes place in ISR. Besides SA, the plant growth regulators JA and ET have 
been implicated in plant defense responses. ISR signal transduction pathway is 
independent of SA accumulation and totally dependent on JA and ET.

12.4.1  ISR: SA Independent but JA and ET Dependent

In contrast to plant defense system, two of the main signaling pathways, namely, 
ISR and SAR, confer a broad-spectrum disease resistance in systemic plant parts 
and look like similar, but actually they are regulated by different signal transduc-
tion pathways. The first facts in support of the differential regulation of SAR and 

Fig. 12.2 Signal transduction pathway of pathogen-induced systemic acquired resistance (SAR) 
in plants
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ISR came from studies on the plant growth-promoting rhizobacteria (PGPR) 
WCS417r. Pieterse et al. (1998) have used Arabidopsis SA mutant NahG plants 
that lack SA accumulation activity. NahG plants contain bacterial salicylate 
hydroxylase (nahG) gene responsible for conversion of SA into catechol. In 
research it was shown that this mutant plant also develops normal level of ISR after 
treatment of the root with ISR-inducing rhizobacterial strain P. fluorescens 
WCS417r against the challenge inoculation that confirms ISR independency over 
SA. After that, many research studies have been done in support of SA-independent 
ISR in Arabidopsis (Stein et al. 2008; Segarra et al. 2009) and other plant species, 
such as tobacco (Zhang et al. 2002), tomato (Hase et al. 2008), and rice (De 
Vleesschauwer et al. 2008). JA and ET are the central players in the regulation of 
ISR, and similar to SA mutant NahG plants, their role was also confirmed by using 
JA mutants such as jar1, jin1, eds8, and coi1 and ET mutants such as etr1 (ethylene 
response1) and ein2 (ethylene insensitive 2). These plants were found unable to 
confer ISR upon against challenge inoculation that clears the dependency of ISR 
on JA and ET. Jasmonic acid and its different derivatives induce the expression of 
genes encoding defense-related proteins, such as thionins (Pieterse et al. 1998) and 
proteinase inhibitors, while ethylene is involved in the expression of the pathogen-
inducible genes (van Wees et al. 1999).

The signaling cascade of the ISR is elicited by nonpathogenic rhizobacteria/
PGPR and there is no need of initial infection as required in SAR. Upon receiving 
elicitation from PGPR, transient synthesis of JA and ET takes place, and the forma-
tion of phloem-mobile signal moves this signal in the direction of distal part of the 
plant, and after challenge inoculation, JA and ET responses activate npr-1 gene 
expression, which encodes NPR1 followed by activation of defense-related gene. 
NPR1 is known as the master regulator of both defense pathways, as upon getting 
preceding signal, it activates the expression of either PR gene or defense-related 
gene for the establishment of SAR and ISR, respectively. Likewise MeSA, methyl 
jasmonate (MeJA) also works as a volatile signal for the distal part of the plant. Król 
et al. (2015) studied that tomato seed priming with MeJA is found to induce 
 resistance to hemi-biotroph Fusarium oxysporum f.sp. lycopersici. Based on the 
preceding signal NPR1 get from either JA or ET or from both in concert expression 
of different defense-related genes will get express.

Saskia et al. (1999) have categorized different defense-related genes activated by 
JA and ET. Pathogen-inducible genes Hel (encoding a hevein-like protein) (Potter 
et al. 1993), ChiB (encoding a basic chitinase) (Samac et al. 1990), and Pdf1.2 
(encoding a plant defensin) (Penninckx et al. 1996) that code for the antifungal 
protein get induced by ET and JA (Thomma et al. 1998). Among the three, plant 
defensin proteins possess a wide range of activity that includes antifungal activity, 
antibacterial activity, proteinase inhibitory activity, and insect amylase inhibitory 
activity, and for its full expression, both ethylene and jasmonate are required, indi-
cating that these hormonal signals act in concert (Penninckx et al. 1998). Pal1 gene 
encodes for the phenylalanine ammonia-lyase, which plays an important regulatory 
role in the synthesis of phenylpropanoid such as lignin and of SA in Arabidopsis 
(Mauch-Mani and Slusarenko 1996), which has been also found to be induced by JA 
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(McConn et al. 1997). Along with these JA also protects plant from insect and her-
bivory. Pin gene which encoded for the proteinase inhibitor proteins was induced by 
JA in the tomato plant in case plant tissues get wounded by any intruder. This pro-
tein protects the plant against herbivory (Heitz et al. 1999). On another hand to 
combat against insect, it activates expression of the Atvsp gene (encoding vegetative 
storage protein) in Arabidopsis that possesses acid phosphate activity, and that’s 
how it retards the development of insect and increases mortality rate. That’s how, by 
triggering the activation of such a wide range of different defense-related genes, 
PGPR-elicited ISR help protect plant against a broad range of pathogens, insects, 
and herbivores (Berger et al. 1995).

12.4.2  NPR1: The Master Regulator of SAR and ISR

Even though both signal transduction pathways, ISR and SAR, vary from each 
other with respect to elicitor and signaling molecule, the defense regulatory protein 
NPR1 plays a key role in the regulation of both SA-dependent SAR and JA-/
ET-dependent ISR (Dong 2004; Pieterse and Van Loon 2004), and that’s why these 
signaling pathways are independent but overlapped due to requirement of NPR1 
(van Wees et al. 2000). Research studies on the mutant Arabidopsis npr1 plants 
were shown to be blocked in their ability to express ISR upon colonization of the 
roots by the PGPR WCS417r (Pieterse et al. 1998), P. fluorescens CHAO (Iavicoli 
et al. 2003), P. fluorescens 89B61 (Ryu et al. 2003), P. putida LSW17S (Ahn et al. 
2007), Serratia marcescens 90–166, and B. pumilus SE34 (Ryu et al. 2003) upon 
challenge inoculation.

Based on the varied initiation site, that is, root in case of ISR, whereas leaves in 
SAR, it was recommended that these two responses may not compete for NPR1, but 
these are not independent, however, and may compete for NPR1 in leaves. In case 
of SAR, NPR1 works as transcriptional coactivator of SA-responsive PR gene 
expression (Kuai et al. 2015) while not in case of SA-independent ISR (Pieterse 
et al. 1996) that indicates a different role of NPR1 in ISR signaling pathway. 
Additive enhanced capacity in case of simultaneous activation of SAR and ISR sug-
gests the roles of NPR1 are not mutually exclusive and it regulates and connects 
different hormone-dependent induced defense pathways by playing a junctional key 
role (Van Wees et al. 2000; Pieterse et al. 2009; Yang et al. 2015). SA signaling is 
clearly connected to a function of this regulatory protein in the nucleus; evidence is 
accumulating that the role of NPR1 in JA/ET signaling is connected to a cytosolic 
function of NPR1 (Dong 2004; Leon-Reyes et al. 2009).

12.5  Root Priming and Systemic Resistance

Root colonization, i.e., priming, is a critical step to establish ISR in plants. Although 
nonsymbiotic but mutualistic association between plant roots and PGPB is less well 
characterized, researchers have done well to resolve it (Zamioudis and Pieterse 
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2012). It was first confirmed by Van Loon et al. (1998) that colonization of plant 
roots by plant growth-promoting rhizobacteria (PGPR) protects aboveground plant 
tissues against different types of pathogens.

During the root priming phenomenon, different free-living PGPR get attracted 
toward root exudates secreted by plant roots. Then changes in the transcriptional 
program of the PGPR take place toward the traits involved in chemotaxis, root colo-
nization, and energy metabolism (Fan et al. 2012; Mark et al. 2005). After root 
attachments, PGPB get enclosed within an extracellular matrix of self-produced 
polymeric substances, mainly exopolysaccharides (EPS) and mucilage, and form 
biofilm on the root surface. It is necessary for the colonization of roots by B. subtilis 
and was recently revealed to be stimulated by polysaccharides derived from host 
cell walls that function as signaling molecules for the expression of bacterial genes 
involved in matrix production (Beauregard et al. 2013).

In this matrix, the coordinated interpretation of the host and self-derived signals 
was done by bacterial cells to coordinate the production and release of compounds 
related to plant growth promotion, nutrition, and ISR. That’s why this matrix can be 
considered as the mutualistic interface between the plant and bacteria through which 
they can exchange solutes and chemical information (Fig. 12.3). Due to the cell 
wall-degrading exoenzymes, such as cellulase and pectinase, PGPR endophytes 
commonly enter the root interior through cracks in the newly emerged lateral roots 
or utilize root hairs and the apical zone as entry points (Reinhold-Hurek and Hurek 
2011).

Similar to pathogen-induced SAR, this PGPR-mediated ISR has been demon-
strated in many plant species and has a wide range of effectiveness (Chen et al. 
2014). Nonpathogenic Pseudomonas spp. and Bacillus spp. were found to be the 

Fig. 12.3 Mechanism of root priming and induced systemic resistance signaling pathway in 
plants
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most effective PGPR with respect to ISR (Van Loon and Bakker 2006). Maize 
plants treated with P. putida KT2440 are found to protect plant against fungal patho-
gen Colletotrichum graminicola (Planchamp et al. 2014). Even though both SAR 
and ISR work for the plant protection against different types of pathogens, their 
range of effectiveness is partly divergent.

Ton et al. (2002) have worked on Arabidopsis thaliana, and it was shown that 
SAR triggered by an avirulent strain of the bacterial leaf pathogen P. syringae pv. 
tomato and ISR elicited by the PGPR P. fluorescens WCS417r are equally effective 
against diseases caused by the fungal root pathogen F. oxysporum and the downy 
mildew pathogen Hyaloperonospora arabidopsidis. Over the last decade, it has 
become clear that many bacterial genera such as Acinetobacter, Agrobacterium, 
Arthrobacter, Azospirillum, Bacillus, Bradyrhizobium, Frankia, Pseudomonas, 
Rhizobium, Serratia, Thiobacillus, and many others can elicit induced systemic 
resistance to provide prior resistance to plants against fungal pathogens.

Along with these, the properties of PGPB to elicit a range of defense-responsive 
activities in plants such as activation of antioxidant status by reprogramming 
defense-related enzymes, modulation of quorum sensing phenomenon, and activa-
tion of phenylpropanoid pathway leading to phenolic production, lignin deposition, 
and transgenerational defense response in order to combat the pathogen challenge 
make it a powerful substitute of synthetic chemicals for the improvement of agro-
ecosystem (Mishra et al. 2015).

12.6  Role of Bacterial Determinants

Research studies on the bacterial-elicited ISR have shown that some of the bacterial 
determinants are responsible for the elicitation of ISR. Although PGPB appear to 
actively repress local host defense responses in the roots, it also produces elicitors 
that are responsible for the onset of systemic immunity. Early reports on MAMPs 
and other elicitors of ISR-inducing PGPB pay attention on the contribution of lipo-
polysaccharides (LPS) and the iron-regulated metabolites pyoverdine and SA (De 
Vleesschauwer and Höfte 2009), but in the past years, many other bacterial determi-
nants have been identified that elicit ISR, including antibiotics, flagella, N-acyl 
homoserine lactones, N-alkylated benzylamine, volatiles, exopolysaccharides, iron- 
regulated siderophores, and biosurfactants (De Vleesschauwer and Höfte 2009).

LPS is the major structural component of the outer membrane of gram-negative 
bacteria with highly conserved structure that consist of three components: a lipid A, 
a core oligosaccharide, and an O-antigen. Among the three, O-antigen of the LPS 
seems to be the moiety that triggers ISR in plants. Leeman et al. (1995) have shown 
the ISR-triggering capacity of two strains, P. fluorescens WCS374 and P. fluores-
cens WCS417, against F. oxysporum f.sp. raphani in the radish plant. The role of 
O-antigen in triggering ISR has been also proven by showing the inability to trigger 
ISR by the mutant of P. fluorescens strain WCS 417 that lacks the O-antigen side 
chain of the LPS. LPS of P. fluorescens strain WCS 417 have also found to be 

S. Jain et al.



259

induced systemic resistance in carnation against Fusarium wilt caused by F. oxys-
porum f.sp. dianthi (Van Peer and Schippers 1992).

Biosurfactants are varied group of surface-active molecules/chemical com-
pounds synthesized by microorganisms. These amphiphilic compounds more 
importantly cyclic lipopeptides in case of bacteria are produced on living surfaces 
or excreted extracellularly. Several plant-associated bacteria such as pathogenic and 
antagonistic Pseudomonas bacteria (Raaijmakers et al. 2006) and antagonistic 
Bacillus strains (Ongena and Jacques 2008) are reported to produce cyclic lipopep-
tides. Cyclic lipopeptides produced by B. subtilis include surfactin, iturin, and 
fengycin families and reported for ISR-mediated protective effect on bean plants 
against Botrytis cinerea, similar to the one induced by living cells of the strain B. 
subtilis S499 (Ongena et al. 2007). Raaijmakers et al. (2006) have classified 
Pseudomonas spp. that produced cyclic lipopeptides into four major groups, namely, 
the viscosin, amphisin, tolaasin, and syringomycin groups. The massitolide- 
producing P. fluorescens strain SS101 was effective in avoiding infection of tomato 
leaves by Phytophthora infestans and considerably reduced the extension of pre-
sented late blight lesions. A massitolide-negative mutant of P. fluorescens SS101 
entirely lost the ability to induce systemic resistance. These results show that mas-
sitolide A is a bacterial determinant of ISR in tomato (Tran et al. 2007). Cell suspen-
sions of P. fluorescens SS101 or massitolide A are also found to cause lysis of 
zoospores of oomycete pathogens (De Souza et al. 2003).

Another determinant, N-acyl-L-homoserine lactone (AHL) present in gram- 
negative bacteria, acts as signal molecules to control the expression of various func-
tions in a cell density-dependent manner, and this phenomenon is termed as quorum 
sensing (Miller and Bassler 2001). Serratia liquefaciens MG1 produces two types 
of AHL molecules, namely, N-butanoyl and N-hexanoyl homoserine lactones. It 
can induce systemic resistance in the tomato plant against the fungal pathogen 
Alternaria alternata, while an AHL-negative mutant of S. liquefaciens MG1 slowed 
down the development of A. alternata-induced cell death, but infected plants showed 
no significant alterations in response to the fungal pathogen when compared with 
the non-inoculated control.

Inoculation with the P. putida strains IsoF having AHL-producing activity can 
also induce resistance against A. alternata. S. liquefaciens MG1 and pure N-hexanoyl 
homoserine lactone significantly increased free and conjugated SA levels in tomato 
leaves, while this increase was not observed for the AHL-negative mutant (De 
Vleesschauwer and Höfte 2009). Ongena et al. (2008) reported that P. putida BTP1 
induces resistance in bean and tomato against B. cinerea and in cucumber against P. 
aphanidermatum and Colletotrichum lagenarium. They also showed that N, 
N-dimethyl, N-tetradecyl-N-benzylammonium (NABD) appears to be the bacterial 
determinant responsible for ISR. Besides this, pure benzylamine is also found to be 
effectual in triggering induced resistance in bean and cucumber that shows impor-
tance of the aromatic amino part for the biological activity of the entire molecule. 
According to Ahn et al. (2007), the aromatic phenol group present in thiamine is 
another inducer of systemic resistance in plants.
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Siderophores are low molecular weight organic compounds and possess a very 
high and specific affinity to chelate iron (Boukhalfa and Crumbliss 2002). Different 
microorganisms produce a wide range of siderophore, but out of them, pseudobac-
tines, also known as pyoverdine or fluorescein, is the most important.

It exhibited distinctive phenotypic trait of the rRNA homology group I species of 
the genus Pseudomonas (Visca et al. 2007). According to Compant et al. (2005), 
siderophores produced by different PGPB reduce the growth of pathogenic fungi 
through Fe3+ ion sequestering and showed heterologous siderophores produced by 
coinhabitant. Siderophores produced by fungi have lower affinity for ferric ion. 
Other than Fe3+ ion sequestering mediated protection, it also triggers immune 
response in plants (Hӧfte and Bakker 2007). A lot of research has been done on 
pseudobactines in the past decade which demonstrate its role in triggering resis-
tance in plants. For example, pseudobactines produced by P. putida WCS358 were 
reported for its role in the suppression of Ralstonia solanacearum in Eucalyptus 
urophylla (Ran et al. 2005), Erwinia carotovora in tobacco (Van Loon et al. 2006), 
and Botrytis cinerea in tomato (Meziane et al. 2005). Earlier two strains of PGPB 
Rhizobium meliloti, RMP3 and RMP5, have been isolated by Arora et al. (2001) 
from Mucuna pruriens which produce siderophore and showed strong antagonism 
against pathogen Macrophomina phaseolina.

Antibiotics produced by PGPB also play a principal ISR elicitor task in plant 
defense. Finding of the characteristic of PGPB to produce antibiotics has made a 
significant increase in our knowledge about the biocontrol of disease. There is a 
wide range of antibiotics produced by gram-negative and gram-positive bacteria. 
Antibiotics produced by fluorescent pseudomonads comprise of 
2,4- diacetylphloroglucinol (DAPG), pyoluteorin (PLT), pyrrolnitrin (PRN), 
phenazine- 1-carboxyclic acid (PCA), 2-hydroxy phenazines, and phenazine-1- 
carboxamide (PCN) which have different structural configurations. Other than 
Pseudomonas a wide range of bacteria produces different types of antibiotic which 
target different pathogens and protect plant from respective diseases (Raaijmakers 
and Weller 1998; Weller et al. 2002; Fernando et al. 2005).

Diacetylphloroglucinol produced by Pseudomonas sp. is the most studied antibi-
otic among the listed one and most frequently reported in PGPB-mediated disease 
control. DAPG produced by P. fluorescens CHA0 is reported to induce resistance 
against oomycete H. arabidopsidis (Iavicoli et al. 2003) and the root-knot nematode 
Meloidogyne javanica (Siddiqui and Shaukat 2003). A wide range of bacterial 
strains have the ability to produce a broad range of antibiotics and help in suppres-
sion of diverse microbial competitors, e.g., B. cereus strain UW85 produced 
 zwittermicin (Pal and Gardener 2006; Silo-Suh et al. 1994) and kanosamine (Milner 
et al. 1996). Upon study on Arabidopsis mutants and transgenic lines which impli-
cated defense signaling pathways, it was find out that DAPG-induced resistance 
does not follow standard ISR pathway nor depend on the master regulator NPR1 or 
functional JAR1 protein but is regulated by eir1 (ethylene-insensitive root- 1) gene, 
which is ET insensitive in the roots only (De Vleesschauwer and Höfte 2009). Lack 
of ISR expression after exogenous exposure of DAPG on the eir1 mutant recom-
mended that an intact ET signaling pathway is required for the establishment of 
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DAPG-inducible resistance (De Vleesschauwer and Höfte 2009; Iavicoli et al. 
2003). PCA is the another potent antibiotic with respect to plant protection having 
antagonistic activity coupled with the accumulation of toxic superoxide radicals in 
the target cells (Fernando et al. 2005). PCA produced by P. fluorescens 2–79 and P. 
aureofaciens 30–84 exhibited antagonism against Gaeumannomyces graminis var. 
tritici (Thomashow et al. 1990). Stem rot disease of canola caused by Sclerotinia is 
suppressed by activity of P. chlororaphis strain PA-23 (Zhang and Fernando 2004).

In the context of the plant defense, volatile organic compounds (VOCs) produced 
by PGPB-elicited plant growth promotion and induced systemic resistance provide 
a new insight in PGPB–plant interaction. Out of the different types of VOCs pro-
duced by bacteria with respect to plant defense, some of the most notable includes 
dodecane, 2-undecanone, 2-tridecanone, 2-tridecanol, tetramethylpyrazine, 
2,3-butanediol and 3-hydroxy-2-butanone (acetoin), etc. Ryu et al. (2003) have 
done a lot of research on VOCs and reported that 2,3-butanediol and 3-hydroxy- 2-
butanone are the most important one with respect to their role in elicitation of 
ISR. Two bacterial strains, namely, B. subtilis GB03 and B. amyloliquefaciens 
IN937a, were found to consistently release 2,3-butanediol and 3-hydroxy-2- 
butanone. Priming of A. thaliana plants with these strains has shown significant 
resistance against the challenge inoculation of Erwinia carotovora subsp. carotov-
ora SCC1. Priming activity of such VOCs to induce resistance against diseases is 
confirmed with genetically modified Bacillus strain which is unable to produce 
VOCs and found to be unable to elicit ISR (Ryu et al. 2003). Besides Bacillus, a 
number of strains of P. fluorescens were also reported for the production of VOCs 
and have shown more effectiveness in controlling root and seedling diseases (Landa 
et al. 2002).

12.7  Role of Defense Enzymes

By using the property of defense gene to get induced upon an appropriate stimulus/
signal, through prior induction of plant’s own defense mechanisms by application of 
a biological inducer, plants can be protected against invading pathogens. Different 
defense enzymes, namely, lipoxygenase (LOX), phenylalanine ammonia-lyase 
(PAL), peroxidase (POD), polyphenol oxidase (PPO), chitinase, and β-glucanase, 
get activated through prior treatment of plants with plant growth-promoting 
microbes and lead to plant protection against the biotic stress.

Peroxidases are expressed to restrain cell spreading of disease through genera-
tion of highly toxic environments by enormously producing ROS and reactive nitro-
gen species (RNS) or foundation of basic obstructions, for example, lignin and 
suberin deposition (Passardi et al. 2005; Cavalcanti et al. 2004), while PPO also 
plays an important role in defense against plant pathogens due to its reaction prod-
ucts and wound inducibility property (Mayer and Harel 1979; Chunhua et al. 2001). 
Sundaramoorthy et al. (2012) found the increased level of POD, PPO, and 
β-glucanase in the Capsicum annum L. treated with co-inoculation of two 
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endophytic bacteria B. subtilis, namely, EPCO16 and EPC5, and rhizobacterium 
strain P. fluorescence PF1 after challenge inoculation with F. solani.

An elevated level of enzymatic activity of cell wall-bound PODs has been 
reported in different plants such as cucumber (Chen et al. 2000), soybean (Jain et al. 
2013; Jain and Choudhary 2014), rice (Reimers et al. 1992), tomato (Mohan et al. 
1993), and tobacco (Ahl Goy et al. 1992) against challenge inoculation. Research 
studies on different plants such as cucumber (Chen et al. 2000), banana (Thakker 
et al. 2007), tomato (Thipyapong and Steffens 1997), and poplar plant have been 
found with higher level of PPO upon pathogen infection. β-1,3-Glucan and chitin, 
polymer of N-acetylglucosamine (NAG), are the main components of fungal 
 phytopathogen cell wall, and β-1,3-glucanase and chitinase play a straight role in 
plant protection by degrading these cell wall compounds, respectively. PAL and 
LOX are the other defense enzymes elicited by bacteria in plants against challenge 
inoculation. PAL regulates the critical steps in phenylpropanoid metabolism and 
plays an important role in lignin production which is an inducible defense mecha-
nism used for protection against pathogen attack (Liang et al. 1989), while LOX is 
requisite for the synthesis of antifungal oxylipins, such as jasmonic acid (JA) that 
may act as signal factor for eliciting ISR in the plant (Creelman and Mullet 1997; 
Pieterse et al. 1998).

Numerous former studies on the plant–microbe interaction in the course of plant 
defense have found a significant role of PAL. Recently Ramamoorthy et al. (2002) 
found higher level of PAL and LOX in the roots of tomato plant treated with P. fluo-
rescens Pf1 challenged inoculated with F. oxysporum f.sp. lycopersici. Daayf et al. 
(1997) have shown the role of PAL in the production of phenolics and phytoalexins 
in cucumber. PAL activity could be induced in plant–pathogen interactions and fun-
gal elicitor treatment (Ramanathan et al. 2000). Chen et al. (2000) reported promi-
nent level of PAL enzyme in the cucumber roots inoculated with Pythium 
aphanidermatum and treated with P. corrugata, but in later treatment, levels were 
deceased after challenge inoculation with P. aphanidermatum. De Meyer et al. 
(1999)) reported stimulation of PAL in bean roots and increased level of salicylic 
acid (SA) in leaves upon colonization of rhizosphere by P. aeruginosa 7NSK2.

12.8  Conclusion

Plants comprise an outstanding ecosystem for microorganisms that interact with 
plant tissues and cells with differing degrees of dependence. To attain practical agri-
cultural applications, studies on the relationship between roots and microbiota are 
important. Among the bacterial strains that play important roles in the prevention of 
plant infectious diseases, many can promote plant growth by suppressing patho-
genic microorganisms, synthesizing growth-stimulating plant hormones, and pro-
moting increased plant disease resistance. New biotechnological products are 
currently being developed based on stimulation of the plant defense response and on 
the use of plant-beneficial bacteria for biological control of plant diseases and for 
plant growth promotion.
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13Essential Oils as Antimicrobial Agents 
Against Some Important Plant 
Pathogenic Bacteria and Fungi

Bachir Raho Ghalem

Abstract
Plant diseases impact negatively on human well-being through agricultural and 
economic loss and also have consequences for biodiversity conservation. They 
are caused by some pathogens like bacteria, fungi, nematodes and viruses. 
Bacteria and fungi are the most common cause of many diseases of plants. The 
use of antibiotics for the control of plant diseases is limited due to the possibility 
to the production of some pathogen populations resistant to fungicides and 
pathogen populations resistant to antimicrobial agents and the ability to the 
transfer of responsible resistant genes to human and animal pathogenic microbes. 
In addition, these chemical compounds can cause undesirable effects on environ-
ment due to their slow biodegradation and several serious side effects on mam-
malian health associated to toxic residues in agricultural products. There is, 
therefore, a need to develop alternative control agents to pathogenic bacterial and 
fungal diseases in plants. Essential oils are a concentrated hydrophobic liquid 
containing volatile aroma compounds derived from the different parts of the 
plants. They were previously known to possess many biological activities such as 
antifungal and antibacterial properties. In addition, the potential effectiveness of 
essential oils against many plant pathogenic bacteria and fungi has been verified 
by many authors. This review discusses the susceptibility of most important ten 
bacterial and fungal plant pathogens towards different essential oils and their 
constituents, which have been reported in scientific references.
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13.1  Introduction

Plants are continuously confronted in their environment with a wide range of poten-
tial pests and pathogens that include insects, nematodes, viruses, bacteria, fungi and 
oomycetes. While many pathogens evolved to infect aerial parts of the plant (leaves, 
stems, flowers and fruits), others target belowground organs (roots and tubers) 
(Hajek 2004; Yadeta and Thomma 2013). From plant diseases, fungal and bacterial 
plant pathogens cause major production and economic losses in agriculture by 
reducing quality and yield of particular crops or limiting their production in areas 
with environmental conditions conducive for disease development (Obradovic et al. 
2008; Sankaran et al. 2010; Tajane and Janwe. 2014). In addition to fungal diseases 
which account for many of disease problems due to their prevalence and the amount 
of loss caused in plant production, there are an important number of bacterial dis-
eases that are extremely destructive, and they are a threat to crops (Obradovic et al. 
2008). Despite that chemical control reduces the effects of most fungal and bacterial 
disease effectively and extensively, these are not always desirable and present a 
danger to the health of humans, animals and the environment if they are used in 
excessive and improper manner (Shabana et al. 2008; El-Mohamedy and Aboelfetoh 
2014). In addition, many farmers particularly in developing countries cannot use 
them for their high costs and lack of knowledge about its application (Dhlamini 
et al. 2005). Therefore, extensive studies for biopesticides that are easily biodegrad-
able and safe to the environment to control fungal – and bacterial – diseases of crops 
have been carried out during the last two decades (Al-Askar 2012). Hence, aromatic 
plants that have been used in traditional medicine for their antimicrobial activities 
since ancient times could represent a promising solution and wise tool (Ismail et al. 
2012; Pawar 2013). Studies done previously have confirmed that many plant essen-
tial oils exhibited antimicrobial effect on Gram-positive and Gram-negative bacte-
ria, fungi and phytopathogens. The aim of this paper is to provide an overview of the 
published data on essential oils that have been reported to be effective against the 
most important bacteria, fungi and phytopathogens.

13.2  Brief History of Plant Essential Oils as Antimicrobial 
Agents

Since ancient times, herbs and spices have enjoyed a rich tradition of use both for 
their flavour-enhancement characteristics and for their medicinal properties (Kaefer 
and Milner 2008). The earliest records of the valuable properties of medicinal plants 
were by the Sumerians (6000 BC), followed by Chinese and Greek. A Chinese 
(4000 BC) wrote the first book about herbal plants (Kaliora and Kountouri 2012). 
Around 1550 BC, the ancient Egyptians used these substances as preservative 
agents for food conservation and as embalming agent to preserve their deceased 
pharaohs (Davidson et al. 1983). EO production appeared in the East (India and 
Persia) more than 2000 years ago and was improved in the ninth century by Arabs 
(Tajkarimi et al. 2010). Essential oils started to be manufactured by chemists after 
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the thirteenth century AD, and their pharmacological effects are described in phar-
macopoeias. After their use only in London, they disseminated consequently to the 
rest of Europe in the fourteenth century (Burt 2004). In the sixteenth century, 
Paracelsus von Hohenheim used the term of “essential oil” for the first time to the 
component of a drug as “quinta essential” (Guenther 1950). Many researches in the 
nineteenth century on plant products have been focused on the antimicrobial proper-
ties of herbs, spices and their constituents; the interest in the properties of these 
compounds continues to grow (Zaika 1988). In 1881, la Croix carried out the first 
bactericidal experiment of EOs (Boyle 1955), followed by Chamberland in 1887 
who tested over 100 essential oils against spores of Bacillus anthracis and found 
that the vapour of the cinnamon oil was lethal to the spores. Hoffman and Evans 
were among the first researchers to describe the preservative effect of some spices 
such as cinnamon, cloves, mustard, allspice, nutmeg, ginger, black pepper and cay-
enne pepper. They demonstrated that cinnamon, cloves and mustard were most 
effective, while ginger, black pepper and cayenne pepper were least effective (Arora 
2003). The utilization of essential oil pharmaceutical preparations had been declined 
by the middle of the twentieth century, and its role had been limited almost totally 
to be used in food flavourings, cosmetics and perfumes (Edris 2007).

In the last two decades, many studies have been conducted with a large number 
of essential oils from different plants in order to investigate their antimicrobial prop-
erties on plant pathogenic microorganisms (Vasinauskiene et al. 2006; Tabanca 
et al. 2007; Ozturk and Ercisli 2007; Kowalska and Smolinska 2008; Kotan et al. 
2010; Dadasoglu et al. 2011; Kokoskova et al. 2011; Silva et al. 2012; Adebayo 
et al. 2013; Islam et al. 2013; Kotan et al 2014; Alamshahi and Nezhad 2015).

13.3  Chemical Composition of Essential Oils

Essential oils are volatile, natural, complex mixtures of compounds characterized 
by a strong odour and are formed by aromatic plants as secondary metabolites 
(Bakkali et al. 2008). There are many different methods of essential oil extraction 
from plants: water or steam distillation, solvent extraction, expression under pres-
sure and supercritical fluid and subcritical water extraction (Edris 2007). They have 
a complex composition, containing from a few dozen to several hundred constitu-
ents (Miguel 2010). These compounds are mainly terpenes and terpenoids, aromatic 
(phenolic) components and in a lower extent aliphatic (alkanes and alkenes) com-
pounds (Bayala et al. 2014).

Terpenes are known as the large group of hydrocarbons made up of isoprene 
units (C5H8). They are synthesized in the cytoplasm of plant cells via the mevalonic 
acid pathway starting from acetyl CoA. They have a hydrocarbon backbone which 
can be rearranged into cyclic structures (monocyclic or bicyclic structures) by 
cycles. Monoterpenes (C10H16) and sesquiterpenes (C15H24) are usually the main 
terpenes, but longer chains such as diterpenes (C20H32), triterpenes (C30H40), etc., 
also exist. Examples of terpenes include ρ-cymene, limonene, terpinene, sabinene 
and pinene (Hyldgaard et al. 2012).
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The monoterpenes are formed from the coupling of two isoprene units. They are 
the most representative molecules constituting 90 % of the essential oils and allow 
a great variety of structures. The following chemical classes are included as mono-
terpenes such as carbures, alcohols, aldehydes, ketones, esters, ethers, peroxides 
and phenols. The sesquiterpenes are formed from the assembly of three isoprene 
units. The extension of the chain increases the number of cyclizations which allows 
a great variety of structures. The structure and function of sesquiterpenes are similar 
to those of the monoterpenes which also include carbures, alcohols, ketones and 
epoxide (Bajpai et al. 2011).

Most terpenes do not possess high inherent antimicrobial activity of ρ-cymene, 
one of the most important components of thyme essential oil, and do not show anti-
microbial activity against many Gram-negative pathogens (Bagamboula et al. 
2004). Other terpenes, such as limonene, α-pinene, β-pinene, γ-terpinene, δ-3- 
carene, (+)-sabinene and α-terpinene, showed a very low or no antimicrobial activ-
ity against 25 genera of bacteria (Dorman and Deans 2000). These in vitro tests 
indicate that terpenes show ineffective antimicrobial activity when used as singular 
compounds (Nazzaro et al. 2013).

Terpenoids are terpenes that undergo biochemical modifications via enzymes 
that add oxygen molecules and move or remove methyl groups. Terpenoids can be 
subdivided into alcohols, esters, aldehydes, ketones, ethers, phenols and epoxides.

Examples of terpenoids are thymol, carvacrol, linalool, linalyl acetate, citronel-
lal, piperitone, menthol and geraniol (Hyldgaard et al. 2012). The antimicrobial or 
antifungal mode of action of essential oil may be due to terpenoids. These com-
pounds are highly lipophilic and are of low molecular weight which disrupt the cell 
membrane, cause the cell death and are also effective in the inhibition of sporulation 
and germination of food spoilage fungi (Tian et al. 2011). For example, the ethanol- 
soluble fraction of purple prairie clover yields a terpenoid called petalostemumol, 
which produces significant activity against Bacillus subtilis and Staphylococcus 
aureus while lesser activity against Gram-negative bacteria as well as Candida albi-
cans (Cowan 1999; Ciocan and Bra 2007).

The other chemical classes of typical constituents in the essential oils are some 
aromatic compounds which are derived from phenylpropane and occur less frequently 
than all the terpenes mentioned above. The most common aromatic compounds are 
aldehydes such as cinnamaldehyde, alcohols (e.g., cinnamic alcohol), various phenols 
and methoxy and methylenedioxy derivatives. Nitrogenous or sulphur components 
such as glucosinolates or isothiocyanate derivatives can occur in some specific 
essential oils. However, these last classes of compounds are really less frequent in 
comparison with mono- and sesquiterpenes and their derivatives (Bertoli et al. 2011).

13.4  Mechanism of Action of Essential Oils

The mechanisms by which essential oils inhibit bacteria involve different modes of 
action; one of the well documented is membrane disruption by the lipophilic com-
ponents (Dreger and Wielgus 2013). They cause lipid partitioning of bacterial cell 
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membranes and mitochondria, disturbing the cell structures and rendering them 
more permeable. Extensive leakage from bacterial cells or the exit of critical mole-
cules and ions will lead to death (Božović et al. 2015). Another possibility of action 
is inhibition of production of amylase and protease which stops the toxin production 
and electron flow and results in coagulation of the cell content (Djilani and Dicko 
2012). Antifungal actions are quite similar to those described for bacteria (Djilani 
and Dicko 2012). According to Freiesleben and Jäger (2014), the antifungal agent 
can destroy the fungus by one of these six mechanisms:

Inhibition of cell wall formation: The fungal cell wall primarily consists of β-glucans. 
If the synthesis of these compounds is inhibited, the cell wall integrity will 
disrupt.

Cell membrane disruption: The ergosterols are essential for the cell membrane. If 
these sterols are bound by antifungal drugs, or the synthesis of them is inhibited 
by ergosterol biosynthesis inhibitors, the cell membrane integrity will disrupt. 
Thereby the membrane becomes leaky.

Dysfunction of the fungal mitochondria: Inhibition of the mitochondrial electron 
transport will result in reduction in mitochondrial membrane potential. The inhi-
bition can occur via inhibition of the proton pumps in the respiratory chain, lead-
ing to reduction in ATP production and subsequent cell death.

Inhibition of cell division: Inhibition of cell division can happen via inhibition of 
microtubule polymerization, thereby inhibiting the formation of the mitotic 
spindle.

Inhibition of RNA/DNA synthesis or protein synthesis: If the antifungal agent enters 
the cell, for instance, via active transport on ATPases, and interferes with the 
RNA, it can cause faulty RNA synthesis and inhibition of DNA transcription. 
Inhibition of protein synthesis is also a known antifungal target.

Inhibition of efflux pumps: Efflux pumps are present in all living cells, and their 
function is to transport toxic substances out of the cell. This transport often 
includes transport of accumulated drug out of the fungal cell. Overexpression of 
efflux pumps can lead to drug resistance. By inhibiting the efflux pumps, it is 
believed that drug resistance can be reduced.

The antimicrobial activity of several essential oils has been attributed to the pres-
ence of specific terpenoid and phenolic compounds (Villa and Veiga-Crespo 2013; 
Zengin and Baysal 2014), as well as the chemical constituents and functional groups 
contained in the essential oil, the proportions in which they are present and the 
interactions between them (Dorman and Deans 2000). Interactions between these 
components may lead to antagonistic, additive or synergistic effects. Some studies 
have showed that whole essential oils usually have a greater antibacterial activity 
than the major components mixed, suggesting that the minor components are criti-
cal to the synergistic activity, though antagonistic and additive effects have also 
been observed (Davidson and Parish 1989; Gill et al. 2002; Mourey and Canillac 
2002).
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13.5  Review of the Susceptibility of Ten Fungal Plant 
Pathogens to Different EOs

Dean et al. (2012) published the top ten fungal plant pathogen list, based on scien-
tific/economic importance. The top ten list includes, in rank order, (1) Magnaporthe 
oryzae, (2) Botrytis cinerea, (3) Puccinia spp., (4) Fusarium graminearum, (5) 
Fusarium oxysporum, (6) Blumeria graminis, (7) Mycosphaerella graminicola, (8) 
Colletotrichum spp., (9) Ustilago maydis and (10) Melampsora lini.

13.5.1  Magnaporthe oryzae

Magnaporthe oryzae was inhibited by essential oils of Gliomastix murorum and 
Pichia guilliermondii at 0.84 mg/mL and 1.56 mg/mL, respectively (Zhao et al. 
2009); methanol extract of Myristica fragrans Houttyn (nutmeg) seeds (Cho et al. 
2007); hydro-distilled roots and rhizomes of two valerianaceous species, 
Nardostachys chinensis and Valeriana officinalis (Wang et al. 2010a); EOs of the 
leaves of Ocimum gratissimum, Chromolaena odorata and Cymbopogon citratus; 
seeds of Eugenia aromatica and Piper guineense; nuts of Garcinia kola (Olufolaji 
et al. 2015); Corymbia citriodora and Cymbopogon nardus essential oils (Aguiar 
et al. 2014); the essential oil of star anise (Illicium verum Hook. f.) fruit (Huang 
et al. 2010); EOs of Callistemon lanceolatus DC leaves at 3000 ppm (Misra et al. 
1997); EOs from Piper nigrum at 500 ppm and Coriandrum sativum oils at 1000 
ppm concentration (Sukanya et al. 2011); liquid extract of Ruta graveolens (Reis 
et al. 2015); the root bark essential oil of Periploca sepium Bunge (Asclepiadaceae/
Apocynaceae) (Wang et al. 2010b); hydro-distilled essential oil from flowering 
shoots of Tanacetum annuum (Greche et al. 2000); and the aqueous extracts of pro-
cessed Coffee arabica, Nicotiana tabacum, Aloe vera and Chrysanthemum coc-
cineum (Hubert et al. 2015). Extracts of three different plants, evaluated by food 
poisoning method, had the following relative inhibitory effects on Magnaporthe 
oryzae: garlic (Allium sativum L.) > neem (Azadirachta indica L.) > Calotropis 
(Calotropis procera L.) (Jamal-U-Ddin et al. 2012).

13.5.2  Botrytis cinerea

Antifungal activity of essential oils or extracts on Botrytis cinerea has been reported 
by several researchers. In this regard, vapours of thyme, oregano and lemongrass 
and their respective major components showed complete growth inhibition of 
Botrytis cinerea as reported by Plotto et al. (2003). Also, Arrebola et al. (2010) 
indicated that thyme and lemongrass oils caused over 50 % and 25 % inhibition of 
radial mycelium growth in the presence of lemon and oregano essential oils at con-
centration of 17 μl/ml and 0.02 μl/ml, respectively (Vitoratos et al. 2013). Jaspers 
et al. (2001) reported that thyme oil at concentration of 0.33 % reduced significantly 
B. cinerea sporulation on artificially induced necrotic leaf lesion. In this respect, 
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Tzortzakis and Economakis (2007) reported that lemongrass oil at 25 ppm could 
inhibit B. cinerea spore production, and at 500 ppm, the highest oil concentration 
employed, fungal sporulation was completely inhibited. However, complete inhibi-
tion of B. cinerea to the black caraway and fennel oils at concentrations of 400 and 
600 μLL−1, respectively, in vivo and black caraway, fennel and peppermint oils at all 
applied concentrations in vivo on plum fruits has been shown (Aminifard and 
Mohammadi 2013). Daferera et al. (2003) observed that the growth of B. cinerea 
was completely inhibited by oregano, thyme, dictamnus and marjoram essential oils 
at relatively low concentrations (85–300 μg/ml). Moreover, Hammam et al. (2011) 
reported that Viola odorata L. essential oils exhibited strong antifungal activity 
against B. cinerea based on the inhibition zone and minimal inhibitory concentra-
tion values. Doğu and Zobar (2014) tested the antifungal effect of seven different 
plant essential oils and observed that thyme, mint and rosemary oils were found 
more effective to B. cinerea, but sage, grapeseed, ozone and basil oils showed vary-
ing effects. The effect of several essential oils on the growth of B. cinerea was 
investigated by Mohammadi et al. (2014) where this fungi was completely inhibited 
by the essential oil of black caraway at 400 μg l−1. Recently, Şesan et al (2015) 
tested nine different plant extracts on Botrytis cinerea and found high inhibition of 
Hyssopus officinalis (at 20, 10 and 5 %), Satureja hortensis, Allium sativum, Tagetes 
patula (at 20 and 10 %) and Mentha (at 20 %), and a moderate anti-Botrytis activity 
(efficiency between 35.7 and 65.7 %) has been noticed for Mentha (at 10 and 5 %), 
Satureja hortensis, Allium sativum and Tagetes patula (at 5 %) extracts.

13.5.3  Puccinia spp.

To date very few researches have been conducted on the antifungal activities of the 
plant essential oils or extracts on the three Puccinia spp. which rust diseases occur 
on wheat (Puccinia graminis Pers. f. sp. tritici (Pgt), Puccinia striiformis f. sp. 
tritici (Pst) and Puccinia triticina Eriks (Pt)). Somaya and El-Sharkawy (2014) 
assayed the effect of chamomile, thyme, cumin, basil, eucalyptus and garlic essen-
tial oil on wheat rust disease at seeding and adult stage of two susceptible wheat 
cultivars (Morocco and Sids-1) under greenhouse and field conditions in 2013/2014 
growing season and found that the addition of these essential oils decreased leaf rust 
severity (%), significantly, increased both spike weight (g), grains weight/spike (g) 
and 1000 kernel weight (g).

13.5.4  Fusarium graminearum

A variety of antifungal activities on Fusarium graminearum has been shown by 
Eucalyptus camaldulensis essential oils (Mehani et al. 2014); cinnamon, clary sage 
and marjoram essential oils (Gömöri et al. 2013); water-distilled EOs of mint 
(Mentha spicata var. crispa L.) and the commercially essential oil of cinnamon 
(Cinnamomum verum) (Aromax Ltd., Hungary) (Horváth et al. 2013); Ocimum 
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sanctum L. essential oil at 1250 μg/mL (minimum inhibitory concentration) and 
1800 μg/mL (minimum fungicidal concentration) (Kalagatur et al. 2015); Zataria 
multiflora, Satureja hortensis essential oils, thymol and carvacrol at 16, 31.5, 70 and 
15 μl/100 ml, respectively, in PDA media and at 16, 30, 70 and 20 μl/100 ml, respec-
tively, in PDB media (Lahooji et al. 2010); oregano, cinnamon, lemongrass, clove 
and palmarosa essential oils at two concentrations (500 and 1000 mg kg−1), at dif-
ferent water activity (aw) (0.95 and 0.995) and temperature (20 and 30 ° C) levels 
(Velluti et al. 2004); EOs from seed of asafoetida at 0.15 and 0.3 % (Mostafa et al. 
2013); hydro-distilled aerial parts of Echinophora platyloba (Hashemi et al. 2016); 
O. vulgare essential oil (Marín et al. 2004); Allium fistulosum L., Allium sativum L. 
and Allium cepa L. oils (Benmeddour et al. 2015); rice, oat and wheat crude protein 
extracts (Pagnussatt et al. 2013); hydro-distilled Artemisia afra, Conyza scabrida, 
Helichrysum foetidum, Leucosidea sericea, Mentha piperita and Pelargonium gra-
veolens oils (Samie and Nefefe 2012); Mentha piperita (peppermint) and Salvia 
officinalis L. (sage) oils (Tomescu et al. 2015); essential oil of Artemisia sieberi 
Besser (Amir et al. 2013); hydro-distilled of Zataria multiflora, Thymus vulgaris 
and Thymus kotschyanus (Amini et al. 2012); Thymus vulgaris, Satureja hortensis, 
Anethum graveolens, Mentha sativa and Capsicum annuum essential oils 
(Hoseiniyeh et al. 2012); and pure eugenol and carvacrol and clove EO (Cardiet 
et al. 2012).

13.5.5  Fusarium oxysporum

A significant antifungal effect was observed with Cinnamomum zeylanicum, Thymus 
vulgaris and Syzygium aromaticum oils which had a total inhibition at 100, 150, 
200, 250 and 300 ppm. Teloxys ambrosioides, Mentha piperita and Citrus auranti-
folia oils exhibited a dose-dependent inhibition on mycelial growth of Fusarium 
oxysporum to increase the dose of 100 at 300 ppm (Barrera-Necha et al. 2009). In 
another study, the volatile essential oils of Cinnamomum zeylanicum and Syzygium 
aromaticum showed good effects in controlling the Panama disease caused by 
Fusarium oxysporum f. sp. cubense in both 1000 and 2000 ppm (Monteiro et al. 
2013).

Istianto and Emilda (2011) studied the inhibitory effect of Cymbopogon nardus, 
Eugenia aromatica, Pogostemon cablin and Vitiveria zizanoides essential oils on the 
mycelial growth of Fusarium oxysporum f. sp. cubense (Foc), and the results showed 
that E. aromatica oil provided the strongest suppression of Foc mycelial growth, 
mainly when used at a volume of 9 and 18 μl. Lima et al (2010) studied the growth 
and survival of Fusarium oxysporum S. and Thanatephorus cucumeris F. in the 
presence of essential oil from leaves of Hedychium coronarium, which showed 
inhibitory effect on the in vitro growth of F. oxysporum. Arango et al. (2011) 
reported the fungicide effect of Eucalyptus tereticornis essential oil on the patho-
genic fungus Fusarium oxysporum. Guzmán-Guzmán et al. (2003) analysed the 
inhibitory effect of various concentrations of mint, eucalyptus, laurel, clove, sweet 
marjoram, rosemary, origanum, thyme, cinnamon, pepper and grapefruit essential 
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oils (1,250, 2,500 and 3,750 ppm) on the growth of Fusarium oxysporum f. sp. pha-
seoli and reported that it is possible to control Fusarium oxysporum f. sp. phaseoli 
with essential oils. Manganyi (2013) and Manganyi et al. (2015) also noticed that 
clove and thyme essential oils inhibited the mycelial growth of Fusarium oxyspo-
rum. Recently, a study carried out by La Torre et al.(2016) analysed the action of 
clove oil, thyme oil, rosemary oil and their major components in controlling 
Fusarium wilt in tomato, which showed that the clove oil and its major component 
eugenol were the most effective, while rosemary oil gives the lowest inhibitory 
activity on Fusarium oxysporum f. sp. lycopersici.

13.5.6  Blumeria graminis

The effects of plant extracts on Blumeria graminis have been studied by a very large 
number of researchers in different parts of the world. Haugaard et al. (2002) reported 
that the whole-plant bioassays for testing possible effects of mycelial extract from 
Bipolaris oryzae, Pythium ultimum and Rhizopus stolonifer showed that the myce-
lial extracts strongly reduced the numbers of Blumeria graminis colonies formed on 
the leaves and that the few colonies that developed appeared small and with reduced 
conidial production. Terzi et al. (2007) observed the inhibitory action of Melaleuca 
alternifolia essential oil and its principal components (terpinen-4-ol, γ-terpinen and 
1,8-cineole). Terpinen-4-ol was the most effective. Hafez (2008) tested the antifun-
gal effect of black seed (Nigella sativa) oil, rapeseed (Brassica napus) oil and paraf-
fin oil and observed great reduction of the disease severity of barley powdery mildew 
(Blumeria graminis f. sp. hordei) from 63.4 % (control) to 9.4 % (black seed oil), 16 
% (rapeseed oil) and 16.4 % (paraffin oil). The results obtained after the treatment 
of infected barley (Blumeria graminis) leaves with different concentrations of 
Artemisia herba-alba essential oil (0.25 and 0.5 % of oil) showed that this essential 
oil had a strong toxic effect against the hyphal growth and spore germination 
(Morcia et al. 2015). Recently, Věchet and Šerá (2015) analysed the antifungal 
activity of extracts from plants (oak, giant knotweed, curcuma and ginger) on pow-
dery mildew (Blumeria graminis f. sp. tritici) attack on winter wheat and found that 
the two plant extracts, giant knotweed (Polygonum sachalinense) and turmeric spice 
(curcuma, C. longa), showed the best results.

13.5.7  Mycosphaerella graminicola

Recently, in a study by Matusinsky et al.(2015), the antifungal activity of essential 
oils extracted from Pimpinella anisum, Thymus vulgaris, Pelargonium odoratissi-
mum, Rosmarinus officinalis and Foeniculum vulgare against five fungi, including 
M. graminicola, was studied using agar dilution method. All essential oils used in 
this experiment affected the growth of these fungi. Ultimately, the best antifungal 
activity (on the basis of inhibitory effect) was demonstrated by Thymus vulgaris. A 
screening of the level of inhibitory activity of essential oils from aerial parts of 
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Acantholippia deserticola, Artemisia proceriformis, Achillea micrantha and 
Libanotis buchtormensis tested by Sampietro et al. (2015) on M. graminicola 
showed a moderate antimicrobial activity of A. deserticola, A. micrantha and L. 
buchtormensis oils on these phytopathogenic fungi with MIC100 ranged between 0.5 
and 1.5 mg/ml. Scher et al. (2004) showed also antifungal activity of the dichloro-
methane and a methanol extract of liverwort Bazzania trilobata against M. gramini-
cola. Deweer et al.(2013) reported that dill seed essential oils used crude or with 
DMSO are more efficient on S6 – sensitive strain of Zymoseptoria tritici (teleo-
morph: M. graminicola) – at 350 mg/L than on R1187, resistant strain, at 1000 
mg/L but with Tween 80; the essential oil effectiveness is the same on both strains 
(300 mg/L).

13.5.8  Colletotrichum spp.

Colletotrichum is one of the most common and important genera of plant patho-
genic fungi. Virtually every crop grown throughout the world is susceptible to one 
or more species of Colletotrichum. Many essential oils have been reported as effec-
tive compounds against Colletotrichum sp.: the oil isolated by hydrodistillation of 
basil, rosemary and cinnamon on C. musae isolated from banana (Idris et al. 2015); 
hydro-distilled essential oils of Zanthoxylum monophyllum Z. rhoifolium and Z. 
fagara oils on Colletotrichum acutatum (Prieto et al. 2011); oregano and thyme 
essential oils, among 56 EOs investigated on C. acutatum and C. gloeosporioides 
(Grahovac et al. 2012); crude extracts of Acorus calamus L., Stemona curtisii HK.f., 
Stemona tuberose L., Memmea siamensis Kost, Eugenia caryophyllus and an euge-
nol essential oil (Thobunluepop et al. 2009); and Amomum cardamomum, Asarum 
sieboldii, Illicium verum, Juniperus chinensis, Myristica fragrans and Schizonepeta 
tenuifolia oils on C. gloeosporioides (Sun et al. 2007).

13.5.9  Ustilago maydis

Steam distillate from leaves of Cymbopogon citratus completely inhibited the 
growth of U. maydis, and hot water extracts from fresh leaves of Ocimum gratissi-
mum and Chromolaena odorata and dry fruits of Xylopia aethiopica reduced radial 
growth by 37–57 %. A hot water extract from dry fruits of Monodora myristica was 
ineffective as a fungi toxicant (Awuah 1989). Maize oil was more effective against 
Ustilago maydis followed by soybean and sunflower oils in controlling the disease 
(Moursy et al. 2001). The plant oils of eucalyptus, clove, cinnamon, peppermint and 
anise at 750 and 1000 ppm and clove and anise oils only at 500 ppm caused 100 % 
inhibition of the in vitro Ustilago maydis growth (El-Fiki et al. 2003).
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 13.5.10  Melampsora lini

Melampsora lini (Ehrenb.) Desm., the fungal pathogen responsible for rust disease 
on flax and linseed (Linum usitatissimum L.), is of interest for both economic and 
scientific reasons. It can cause severe losses in seed yield as well as reducing fibre 
quality in flax plants grown for linen production (Lawrence et al. 2007).

In my research in literature, I have not found any work on the antifungal activity 
of essential oils on this fungus, which constitutes a very important field of research 
to discover natural antifungal components against this species.

13.6  Review of the Susceptibility of Ten Bacterial Plant 
Pathogens to Different EOs

The top bacterial species have been listed based on their scientific and economic 
importance in plant disease: (1) Pseudomonas syringae pathovars, (2) Ralstonia 
solanacearum, (3) Agrobacterium tumefaciens, (4) Xanthomonas oryzae pv. oryzae, 
(5) X. campestris pathovars, (6) X. axonopodis pathovars, (7) Erwinia amylovora, 
(8) Xylella fastidiosa, (9) Dickeya (former Erwinia) (dadantii and solani) and (10) 
Pectobacterium (former Erwinia) carotovorum (and Pectobacterium atrosepticum) 
(Mansfield et al. 2012).

13.6.1  Pseudomonas syringae

A large number of investigations have been performed on the antifungal activities of 
essential oils against Pseudomonas syringae pv. Kokoskova et al. (2011) examined 
the antimicrobial effects of five aromatic herb species of the family Lamiaceae 
against plant pathogenic (Erwinia amylovora and Pseudomonas syringae pv. syrin-
gae) and saprophytic (Pseudomonas fluorescens, Pantoea dispersa and P. agglom-
erans). Plant essential oils from M. officinalis and M. arvensis were significantly 
more effective against P. syringae pv. syringae. The steam-distilled essential oils 
from oregano, sweet flag, caraway, peppermint, common, fern leaf and willow- 
leaved yarrow field accessions were investigated against the growth of phytopatho-
genic bacteria, Erwinia carotovora subsp. carotovora, Xanthomonas vesicatoria, 
Pseudomonas marginalis pv. marginalis, P. syringae pv. syringae, P. syringae pv. 
tomato and Bacillus sp. by Vasinauskienė et al. (2006). P. syringae pv. syringae was 
sensitive to oregano and willow-leaved yarrow essential oils. Poswal and Witbooi 
(2012) evaluated essential oils of Artemisia afra, Eriocephalus punctulatus, Mentha 
piperita, Lavandula angustifolia and Lippia javanica on the growth of Pseudomonas 
syringae pv. syringae. Essential oils from L. angustifolia and A. afra (indigenous to 
South Africa) were the most effective in inhibiting the growth of P. syringae pv. 
syringae. Antifungal properties (IŞcan et al. 2002) of the Mentha piperita oils were 
also investigated against 21 human and plant pathogenic microorganisms. 
Peppermint oils showed stronger inhibition (MIC 0.07–2.5 mg mL−1) against 

13 Essential Oils as Antimicrobial Agents Against Some Important Plant Pathogenic…



282

Pseudomonas syringae pv. phaseolicola, P. syringae pv. tomato and Pseudomonas 
syringae pv. syringae. Essential oils extracted by hydrodistillation from fruits of 
Cuminum cyminum L. and Carum carvi L. were also investigated on Gram-positive 
and Gram-negative bacteria. Among them, P. syringae pv. phaseolicola, P. syringae 
pv. pisi, P. syringae pv. syringae, P. syringae pv. aptata, P. syringae pv. apii, P. 
syringae pv. atrofaciens, P. syringae pv. lachrymans, P. syringae pv. maculicola, P. 
syringae pv. tomato and P. syringae pv. glycinea were sensitive (MIQ 910–7360 
(μg)) (Iacobellis et al. 2005). Similar activity was also verified on the same organ-
isms for essential oils that were extracted from fruits of Coriandrum sativum L. and 
Foeniculum vulgare Miller. C. sativum oil inhibits P. syringae pv. phaseolicola, P. 
syringae pv. pisi, P. syringae pv. syringae, P. syringae pv. aptata, P. syringae pv. 
atrofaciens, P. syringae pv. maculicola, P. syringae pv. tomato and P. syringae pv. 
glycinea, but F. vulgare oil inhibits only P. syringae pv. atrofaciens and P. syringae 
pv. glycinea (Cantore et al. 2004). Karaman et al. (2003) reported low inhibition of 
Juniperus oxycedrus extracts Pseudomonas syringae pvs. (8–10 mm). In recent 
screening study, Gormez et al. (2015) evaluated antibacterial activities of Satureja 
hortensis and Calamintha nepeta oils against 20 phytopathogenic bacteria causing 
serious crop loss. C. nepeta oil was most active on P. syringae pv. syringae, P. syrin-
gae pv. phaseolicola, P. syringae pv. pisi, P. syringae pv. tabaci and P. syringae pv. 
tomato.

13.6.2  Ralstonia solanacearum

Many plant EOs have demonstrated antibacterial activity against Ralstonia sola-
nacearum. The efficacy of thymol, palmarosa oil and lemongrass oil against R. 
solanacearum was investigated by Pradhanang et al. (2003). The results showed 
that the tomato seedlings transplanted in soil treated with 700 mg/l of thymol, pal-
marosa oil and lemongrass oil were free from bacterial wilt, and 100 % of plants in 
thymol treatments were free of R. solanacearum. Huang and Laksman (2010) 
observed antibacterial activity of clove oil against seven different species of plant 
pathogenic bacteria. Both Gram-positive and Gram-negative bacteria tested were 
sensitive to clove essential oil (0.1 and 0.5 %), R. solanacearum being the most 
sensitive one. In another investigation performed by Paret et al. (2010), palmarosa 
(Cymbopogon martini), lemongrass (C. citratus) and eucalyptus (Eucalyptus globu-
lus) oils evaluated for their efficacy against R. solanacearum. The experiments 
revealed that 0.04 % of palmarosa and lemongrass oils reduced the growth of the 
bacterium compared with control, and at 0.07 and 0.14 %, they showed complete 
inhibition of bacterial growth. However, eucalyptus oil treatments at 0.04 and 0.07 
% had bacteriostatic effects on the cells. Wagura et al. (2011) reported that extract 
and essential oils derived from leaves of Ocimum gratissimum at concentration of 
0.4, 0.2, 0.1, 0.05 and 0.025 mg ml−1 exhibited highly significant (p < 0.0001) dif-
ferences on their effects against the growth of R. solanacearum, the causal agent of 
bacterial wilt of potato. Nezhad et al. (2012) reported on the antibacterial potential 
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of essential oils of Coriandrum sativum, Thymus vulgaris, Cumimum cymimum, 
Rosmarinus officinalis and Eucalyptus globulus against Pectobacterium carotovo-
rum, Ralstonia solanacearum and Escherichia coli. Results showed that the most 
active essential oils against tested bacteria were thyme oil with the inhibition zone 
of 34.8 mm against R. solanacearum and the MIC of 1 μl/ml. In another experiment 
reported by Hosseinzadeh et al. (2013), antibacterial activity of essential oil from 
Cinnamomum zeylanicum, Thymus vulgaris, Lavandula angustifolia and Eucalyptus 
camaldulensis was also tested against R. solanacearum. The results of in vitro assay 
indicated that the sub-bactericidal concentrations of essential oils applied in this 
study suppressed R. solanacearum pathogenicity and virulence factors. Oboo et al. 
(2014a) investigated the antibacterial activity of Rosmarinus officinalis, Ocimum 
suave, Tarchonanthus camphorates, Lantana trifolia, Lippia javanica and Lippia 
ukambensis oil against R. solanacearum. Results demonstrated that essential oils 
extracted from O. suave, L. javanica and T. camphorates possess antibacterial activ-
ity that is effective in the control of R. solanacearum at 24 °C, 28 °C and 32 °C. The 
inhibitory effect of essential oil from Lippia javanica, Ocimum suave and 
Tarchonanthus camphoratus against R. solanacearum was investigated by the same 
team (Oboo et al. 2014b). Treatment with the three plants, T. camphorates, L. javan-
ica and O. suave, reduced the bacterial wilt disease caused by R. solanacearum by 
38, 21 % and more than 90 %, respectively. Alamshahi and Nezhad (2015) evalu-
ated the antibacterial effects of the essential oils extracted from Coriandrum sati-
vum, Cuminum cyminum, Rosmarinus officinalis and Eucalyptus globulus against 
R. solanacearum. Of all the essential oils tested, the treatment by thyme essential oil 
caused significant reduction in bacterial wilt incidence on potato by 44 %. The anti-
bacterial activity of essential oil from the leaves of Macleaya cordata was evaluated 
for the effect on the growth of several pathogens (Li and Yu 2015). The results 
showed that bacteria had different sensitivities to essential oil of M. cordata with 
diameters of inhibition zones ranging from 8.5± 0.6 to 18.6± 1.9 mm and MIC val-
ues from 125 to 500 μg/ml. Among these bacteria, R. solanacearum was the most 
sensitive to essential oil. Screening for antibacterial oils was done on nine essential 
plant oils, viz. spearmint (Spearmint viridis), neem (Azadirachta indica), marigold 
(Tagetes erecta), castor (Ricinus communis), calamus (Acorus calamus), olive (Olea 
europaea), turpentine (Syncarpia glomulifera), eucalyptus (Eucalyptus macrorhyn-
cha) and garlic (Allium sativum), against growth of tomato, brinjal and capsicum 
isolates of Ralstonia solanacearum (Sood and Pardeep 2015). Neem oil was found 
most effective to all the three isolates of R. solanacearum followed by eucalyptus 
oil and spearmint oil.

13.6.3  Agrobacterium tumefaciens

Agrobacterium tumefaciens was inhibited by Thymbra spicata essential oil with 
MBC of 328 mg/ml (Basim et al. 2000); cinnamon, clove, chenopodium, caraway, 
rosemary and thyme oils and their constituents thymol, chlorothymol and carvacrol 
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(El-Zemity et al. 2008); Heracleum persicum oils and extracts and essential oils of 
Cinnamomum zeylanicum with MIC ranged between 0.2 and 50 mg/mL (Noudeh 
et al. 2010); and leaves essential oils of Syzygium cumini L. (12 mm, MIC< 250 μg/
mL) and Cupressus sempervirens L. (8 mm, MIC 500 μg/mL) (Elansary et al. 2012).

13.6.4  Xanthomonas oryzae

A variety of antimicrobial effects on Xanthomonas oryzae has been shown by leaf 
extract of Datura metel (Kagade et al. 2004); Cymbopogon citratus, Monodora 
myristica, Ocimum gratissimum, Thymus vulgaris and Zingiber officinale oils 
(Nguefack et al. 2005); essential oil of Metasequoia glyptostroboides at 125 μg/ml 
concentration (Bajpai et al. 2010a) and Cleistocalyx operculatus at 62.5 μg/ml at 
62.5 μg/ml concentration (Bajpai et al. 2010b); essential oil and compounds of 
limonin and imperatorin or Poncirus trifoliata (Rahman et al. 2014); essential oil of 
Ocimum ciliatum Hornem (Moghaddam et al. 2014); essential oil of neem and 
lemon (Singh et al. 2015); garlic bulb (Allium sativum), tamarind fruit (Tamarindus 
indica), gooseberry fruit (Phyllanthus emblica), green mango (Mangifera indica) 
and lemon juice (Citrus aurantifolia) extracts; and palmarosa (Cymbopogon marti-
nii) lemongrass (Cymbopogon flexuosus), cinnamon (Cinnamomum zeylanicum) 
and vetiver (Chrysopogon zizanioides) oils (Raji et al. 2016).

13.6.5  Xanthomonas campestris

The below components have been reported as effective compounds against 
Xanthomonas campestris: Mentha citrata essential oils at 10−1 dilution (Maiti et al. 
1985), herb and seed essential oils of Coriandrum sativum L. (Minija and Thoppil 
2001), coriander and hyssop essential oil (Kizil et al. 2005), eugenol (Cantore et al. 
2009), hydro-distilled essential oil of seeds of Citrullus colocynthis (Mehr et al. 
2012) and Cinnamomum cassia, Cinnamomum zeylanicum, Syzygium aromaticum, 
Thymus vulgaris, Laurus nobilis, Salvia sclarea, Boswellia carterii, Rosmarinus 
officinalis, Ocimum basilicum, Calendula officinalis and Cassia tora essential oils 
(Chudasama and Thaker 2012).

13.6.6  Xanthomonas axonopodis

Thymbra spicata essential oils were bactericide at 323 mg/ml on Xanthomonas axo-
nopodis pv. vesicatoria (Basim et al. 2000). Mentha arvensis and Ocimum sanctum 
oils showed the highest inhibition zone (17 and 12 mm, respectively) against 
Xanthomonas axonopodis pv. malvacearum (Thakare et al. 2003). The essential oil 
of Rosa damascena petals had inhibitory effect against Xanthomonas axonopodis 
spp. vesicatoria (Basim and Basim 2003). The pure carvacrol and thymol showed 
the highest inhibition zone (85 mm), and MIC value was 3.125 μl/ml on X. 
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axonopodis. Also, Thymus canoviridis, Satureja hortensis, Melissa officinalis ino-
dora, Helichrysum plicatum, Thymus haussknechtii, Thymus sipyleus and Thymus 
sipyleus rosulans essential oils were the most active on X. axonopodis showing an 
inhibition zone of 22–46.3 mm and a MIC of 25–200 μl/ml (Kotan et al. 2007). 
Hydro-distilled essential oils from Origanum acutidens, O. rotundifolium and O. 
vulgare showed a wide spectrum of antibacterial activity on X. axonopodis path-
ovars (malvacearum, vesicatoria, campestris, vitians and pelargoni). It was also 
shown that carvacrol, thymol and other main components such as terpinen-4-ol and 
linalool possess antimicrobial activity (Dadasoglu et al. 2011). Leaf solvent (metha-
nolic, ethanolic, petroleum ether and water) extracts of Juniperus communis L. and 
Vitex negundo show inhibitory effect on linear growth of Xanthomonas axonopodis 
pv. punicae.

Among these plant extracts, methanolic and ethanolic extracts at 300 ppm were 
more effective than that of other extracts for both plants (Digvijay et al. 2014). 
Satureja hortensis and Calamintha nepeta oils showed a strong antimicrobial effect 
against Xanthomonas axonopodis pv. campestris (Gormez et al. 2015).

13.6.7  Erwinia amylovora

It has been shown that Erwinia amylovora is sensitive to essential oils from Melissa 
officinalis, Mentha arvensis, Origanum compactum, O. vulgare, Thymus vulgaris, 
Eugenia caryophyllata, Mentha pulegium and Nepeta cataria (Kokoškova and 
Pavela 2007); Citrus maxima essential oil (Măruţescu et al. 2009); Satureja mon-
tana spp. montana L. (inhibition zone 25 mm) and S. adamovici (MIC= MBC= 0.09 
μlml−1) essential oils (Mihajilov-Krstev et al. 2010); Satureja hortensis L. and 
Thymus vulgaris L. essential oils and their major constituents thymol and carvacrol 
(Karami-Osboo et al. 2010); Thymus vulgaris, Origanum compactum, Origanum 
vulgare, Nepeta cataria, Mentha arvensis and Mellissa officinalis essential oils 
(Kokoskova et al. 2011); Pelargonium odoratissimum, Salvia officinalis and Tagetes 
patula oils (Chiriac and Ulea 2012); and sage and clove oils (Mikiciński et al. 2012).

13.6.8  Xylella fastidiosa

Ribeiro et al.(2008) investigated the antibacterial activity of a number of flavonoids, 
coumarins, alkaloids, dihydrocinnamic acid derivative, anacardic acid, triterpenes 
and limonoids on the growth of Xylella fastidiosa. Their experiments showed that 
sesquiterpenoid components were more effective than monoterpenoid components 
of the leaf oil. These results revealed that azadirachtin A was the most active and 
hesperidin showed a moderate activity. Screening of essential oil from 17 plant spe-
cies against Xylella fastidiosa causing citrus variegated chlorosis (CVC) disease 
was carried by Massuco et al. (2013)). The essential oil of sandal proved bacteri-
cidal on Xylella fastidiosa at 125 μg/mL concentration followed by the oil of Salvia 
sclarea, cinnamon, cedar, patchouli and myrrh with concentrations ranged between 
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250 μg/mL and 500 μg/mL. The inhibitory effect of 12 phenolic compounds, repre-
senting phenolic acid, coumarin, stilbene and flavonoid, against Xylella fastidiosa 
was investigated by Maddox et al. (2010). They found that catechol, caffeic acid and 
resveratrol showed strong anti-Xylela activities.

13.6.9  Dickeya (dadantii and solani)

Several studies have demonstrated antimicrobial activity of essential oils against 
Dickeya spp. (dadantii and solani). Stefanova et al. (2005) found that Erwinia chry-
santhemi is sensitive to the extracts of the two oregano species (Hyptis suaveolens 
and Coleus amboinicus) at 1 %, with inhibition areas of 20.6 mm. Artemisia san-
tonicum and Artemisia spicigera essential oils showed a weak activity on E. chry-
santhemi (Kordali et al. 2005). Sqalli et al. (2009) have reported the inhibition of 
Erwinia chrysanthemi (Dickeya dadantii) by the aqueous and ethanolic extracts and 
the essential oil of Thymus pallidus Batt. Paradza et al. (2012) demonstrated that the 
botanical extract of neem (Azadirachta indica A. Juss.) leaf and garlic (Allium sati-
vum L.) inhibited the growth of Dickeya dadantii at concentration of 10 and 25 % 
(w/v). Among 100 plant essential oils tested for their antibacterial activity on  
E. chrysanthemi, Cinnamomum cassia, Cinnamomum zeylanicum and Citrus biga-
radia, EOs were very active on these phytopathogenic bacteria (Chudasama and 
Thaker 2012). Ethanol and methanol extracts of Juniperus squamata were found 
effective by showing a mark zone of inhibition, MIC and MBC on Erwinia chrysan-
themi (21 mm, 31.25 μg/ml and 125 μg/ml for ethanol extract) (16 mm, 250 μg/ml 
and 500 μg/ml for methanol extract) (Sati and Kumar 2015). In another research, 
Sati et al (2015) reported that Berberis aristata, Chenopodium ambrosioides and 
Tinospora cordifolia extract displayed a weak antibacterial activity on E. chrysan-
themi. Essential oils from Eugenia caryophyllata, Lavandula angustifolia, L. latifo-
lia, Melaleuca quinquenervia, Melissa officinalis, Mentha pulegium, Origanum 
majorana, Pelargonium graveolens, P. roseum, Rosmarinus officinalis, Salvia offi-
cinalis, Thuja occidentalis and Thymus mastichina (Kokošková and Pavela 2005), 
essential oil from Salvia mukerjeei (Mohan et al. 2011) and essential oil from 
Thymus bleicherianus, Thymus algeriensis and Thymus zygis (Zayyad et al. 2014) 
were active against E. chrysanthemi. Recently, Sledz et al (2015) have investigated 
the effect of caffeine Dickeya solani and found 18.3 mM as MIC and 80.0 mM as 
MBC.

13.6.10  Pectobacterium carotovorum (and Pectobacterium 
atrosepticum)

Essential oils of many medicinal plants have been used for evaluation of their anti-
bacterial on Pectobacterium carotovorum and Pectobacterium atrosepticum by 
many workers. The antibacterial activity of the aqueous extracts of 20 plants against 
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Erwinia carotovora subsp. carotovora syn. Pectobacterium carotovorum subsp. 
carotovorum was studied by (Bhardwaj and Laura 2008). The strongest inhibitory 
effect was of the leaf extracts of Camellia sinensis and bark extracts of Acacia ara-
bica and Acacia catechu. The inhibitory effect against tested bacteria was also 
shown by leaf extracts of Azadirachta indica, root extracts of Asparagus racemosus, 
seed extracts of Acacia farnesiana and fruit extracts of Aegle marmelos.

The extract of neem (Azadirachta indica A. Juss) leaf and garlic (Allium sativum 
L.) cloves inhibited Pectobacterium atrosepticum at a concentration of 10 and 25 % 
(w/v) (Paradza et al. 2012). Recently, Ikeura and Kobayashi (2015) reported that 
essential oils of coriander (Coriandrum sativum L.) inhibited 40.94 % of P. 
carotovorum.

Acetone extracts of Olea europaea L. leaves and methanol extracts of Salvia 
officinalis and Olea europaea L. leaves with 400 mg/ml (Zaidi-Yahiaoui et al. 
2008), essential oil of Cymbopogon citratus (Jeong et al. 2009) and the extracts of 
Artemisia kermanensis, Lavandula officinalis, Rosmarinus officinalis and 
Eucalyptus caesia are reported to have inhibitory effect on Pectobacterium caroto-
vorum (Mehrorosh et al. 2014). Thyme oil (Rojas Fernández et al. 2014; Alamshahi 
and Nezhad 2015) was active against P. carotovorum. In another study, the hydro- 
distilled essential oils of Coriandrum sativum, Thymus vulgaris, Cuminum cymi-
num, Rosmarinus officinalis and Eucalyptus globulus showed a weak antibacterial 
activity on P. carotovorum at high concentrations (Nezhad et al. 2012).

The inhibitory effect of caffeine against P. atrosepticum and P. carotovorum was 
investigated by Sledz et al. (2015). They found that caffeine was able to signifi-
cantly inhibit bacterial growth. The MIC and MBC values for growth inhibition 
were 8.7 and 100.0 mM for P. atrosepticum and 9.0 and 100.0 mM for P. 
carotovorum.

13.7  Conclusion

Different studies have demonstrated the effectiveness of essential oils or their active 
compounds on a range of plant pathogenic bacteria and fungi responsible for pre- 
and postharvest diseases. Also, because of the increasing demand for effective, safe, 
natural products, quantitative data on plant oils and extracts and the resurgence of 
interest in natural control of plant infectious bacterial and fungal pathogens are 
required and could lead to a new antimicrobial agent, which could support the use 
of the plant to treat various infective diseases. Nonetheless, plant essential oils have 
several important benefits; they are superior for disease control, effective at very 
low dosages of even less than one gallon per acre, excellent in spreading and stick-
ing properties on leaf surfaces and at low cost and have little or no toxicity to man 
and animals and have much lower level of risk to the environment than with current 
synthetic pesticides.
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Abstract

Salinity is one of the most critical environmental constraints which cause soil 
degradation and hampering agricultural production throughout the world. In the 
present time, a total 831 million hectares of land is affected by salinity. The salin-
ity affects the processes in plant life from its germination to maturation stage. 
Regulation of phytohormones, root/shoot development, nutrient uptake, and 
photosynthesis are severely affected by salt stress and ultimately reduce agricul-
tural productions. The loss of agriculture production due to salinization is one of 
the major constraints to feed to the growing population. High salt levels in the 
soil limit its agroecological potential and represent a considerable ecological and 
socioeconomic threat to sustainable development. In this context, the use of halo-
philic bacteria has been gained a great interest in eco-friendly and sustainable 
agriculture approach with emphasis on plant growth promotion in salt stress. 
This chapter paid attention to the use of halophilic bacteria in agriculture system 
toward producing salt stress-tolerant crops and an understanding the mechanisms 
of plant and halophilic bacterial interaction. Halophilic bacteria help plants to 
cope with salinity by supporting them in the restoration of essential activities 
such as nutrient uptake efficiency, ROS scavenging, and phytohormone produc-
tion. The second part of this chapter describes different enzymatic potentials of 
halophilic bacteria and their uses in food processing, industrial bioconversions, 
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and bioremediation. After that, a brief outline of characterization of halophilic 
bacteria by phenotypic, biochemical, chemotaxonomy, and molecular methods is 
discussed. The exploitation of halophilic bacteria in agriculture is required for 
environment and human welfare.

14.1  Introduction

A major challenge for present agriculture is to cope with the increasing demand for 
food production for constantly rising world population. This increasing demand for 
food production is paralleled by continuous losses of arable land due to enhanced 
soil destruction and erosion. Soil salinity is one of the most critical environmental 
constraints that affect more than 831 Mha of land throughout the world equating to 
more than 6 % of the world’s total land (FAO 2015) and hampering plant growth and 
development. Salinity not only decreases the agricultural crop production but also 
affects the associated ecological balance of the area by changing soil physicochemi-
cal properties. The negative impacts of soil salinity include low agricultural crop 
production and low economic returns due to high cost of cultivation, reclamation, 
and management. High salt levels in the agriculture soil limit its agroecological 
potential and represent a considerable socioeconomic and ecological threat to sus-
tainable development. Different region-wise distributions (world level) of salt- 
affected soil are presented in Table 14.1.

Accumulation of salts over long periods of time in arid and semiarid zones is the 
main factor behind development of the salt-affected land (Bui 2013). Recent report 
of ICAR-Central Soil Salinity Research Institute (2012) exhibits that India covers 
1.7 Mha saline, 3.8 Mha sodic–saline, and 1.2 Mha coastal saline soil, i.e., a total of 
6.7 Mha area of the country is saline (Fig. 14.1 and Table 14.2).

Soil salinity is the concentration of dissolved different mineral salts present in 
the soils and waters, in which the electrical conductivity (EC) of the saturation 
extract (ECe) in the root zone exceeds >4 dS m−1 (40 mM NaCl approximately) at 
25 °C and has exchangeable sodium of 15 %. The dissolved mineral salts consist of 

Table 14.1 Worldwide distribution of salt-affected soil (in Mha and %)

Regions

Total area Saline soil Sodic soil

(Mha) Percent (%)
Area 
(Mha) Percent (%)

Area 
(Mha)

Africa 1899 2.0 39 1.8 34

Asia, Australia, and the Pacific 3107 6.3 195 8.0 249

Europe 2011 0.3 07 3.6 73

Latin America 2039 3.0 61 2.5 51

Near East 1802 5.1 92 0.8 14

North America 1924 0.2 05 0.8 15

Total area 12,781 3.1 397 3.4 434

Source: FAO Land and Plant Nutrition management Service
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the electrolytes of major cations (Na+, Ca2+, Mg2+, and K+) and major anions (Cl−, 
SO4

2−, HCO3−,CO3
2−, and NO3

−). Excess of these salts in the soil solution adversely 
affects every aspect of plant physiology and metabolisms through osmotic stress in 
an early growth phase and ionic stress at later growth stage (Rojas-Tapias et al. 
2012). The physiological processes affected by salt acclimation include ionic toxic-
ity, osmotic stress, nutrient deficiency, and changes in oxygen-scavenging enzymes 
(Munns and Tester 2008; Daneshmand et al. 2009). Specific ion effects cause direct 
toxicity, or, alternatively, the competitive absorption or insolubility of ions may 
affect the plant’s metabolisms by nutritional imbalance. Under salt stress condi-
tions, excessive uptake of Na+ results in a drastic decline in K+ uptake. This is 
because Na+ ions compete with K+ for binding sites essential for various cellular 
functions (Rus et al. 2001). Potassium ion is involved in activation of enzymes, 
stomatal movements, and protein synthesis (Wang et al. 2013; Ahmad et al. 2014). 
Higher salinity reduces the K+/Na+ ratio, disturbs ionic balance of the cytoplasm, 
and ultimately affects plant growth and productivity.

Fig. 14.1 Distribution of saline areas in India (black color) (CSSRI 2012)

14 Halophilic Bacteria: Potential Bioinoculants for Sustainable Agriculture…



300

The salinity stress constraint is most acute for agriculture and developing coun-
tries like India. A sustainable management practice is a major challenge for success-
ful remediation of salt-degraded areas. In addition, sustainable management 
practices in agriculture are one of the potentially important factors to meet our 
future agricultural needs, something that conventional agriculture will not be able to 
do. Synthetic fertilizers, development of genetically modified and salinity-tolerant 
varieties, resource management practices, etc. are cost-intensive and give negative 
effects on human and environment. Recently, the use of halophilic beneficial micro-
organisms gained interest in eco-friendly and sustainable agriculture (Paul and Lade 
2014), which can help crops to cope with salinity stress. Since microorganisms are 
an integral part of any ecosystem, interest has been renewed in the nature and prop-
erties of microbes that play a major role in nutrient cycling in salt ecosystems. The 
ability of halotolerant bacteria to grow in a broad range of NaCl (0–33 %) makes 
them one of the suitable organisms for its interaction with plants under saline condi-
tion (Oren 2008). Hence, it was hypothesized that the bacteria with PGP activities 
from naturally saline habitats could help to ameliorate saline stress effect on plants.

The mechanism for growth and survival of halophilic bacteria in environments 
with elevated osmolarity has been studied well (Grover et al. 2011). The members 
of Halobacteraceae normally posses the compatibility of high salt concentrations 
within the cell cytoplasm because of extensive structural and enzymatic modifica-
tions. Whereas, other prokaryotes have evolved the mechanism to accumulate a 

Table 14.2 Major salt-affected area in India

State Saline soils (ha) Sodic soils (ha)
Coastal saline 
soil (ha) Total (ha)

Andhra Pradesh 0 196,609 77,598 274,207

Andaman and Nicobar 
Islands

0 0 77,000 77,000

Bihar 47,301 105,852 0 153,153

Gujarat 1,218,255 541,430 462,315 2,222,000

Haryana 49,157 183,399 0 232,556

Jammu and Kashmir 0 17,500 0 17,500

Karnataka 1307 148,136 586 150,029

Kerala 0 0 20,000 20,000

Maharashtra 177,093 422,670 6996 606,759

Madhya Pradesh 0 139,720 0 139,720

Orissa 0 0 147,138 147,138

Punjab 0 151,717 0 151,717

Rajasthan 195,571 179,371 0 374,942

Tamil Nadu 0 354,784 13,231 368,015

Uttar Pradesh 21,989 1,346,971 0 1,368,960

West Bengal 0 0 441,272 441,272

Total 1,710,673 3,788,159 1,246,136 6,744,968

Source: CSSRI, Karnal, India (2012)
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specific group of molecules of low molecular mass, termed compatible solutes, as a 
general mechanism to cope with environments of elevated osmolarity. They balance 
the external osmolarity with high intracellular concentrations of these osmolytes 
and protect cellular processes (Sleator and Hill 2001). The role of these microorgan-
isms is well reported in plant growth promotion, nutrient management, and disease 
control (Dodd and Pérez-Alfocea 2012). The rhizobacteria play a significant role in 
stress alleviation in the crops grown in saline soils due to their unique properties of 
tolerance to extremities, their interaction with crop plants, and their potential 
deployment methods. Several recent studies have demonstrated that these beneficial 
halotolerant bacteria colonize the rhizosphere/endorhizosphere of plants and pro-
mote plant growth and ameliorate the salinity stress in crop plants through various 
direct and indirect mechanisms such as phosphate solubilization, secretion of vari-
ous phytohormones, and production of antioxidant enzymes and siderophores 
(Alizadeh and Parsaeimehr 2011; Chakraborty et al. 2011; Kohler et al. 2009). 
Furthermore, the halotolerant plant growth-promoting bacteria (PGPB) have 
reduced the negative effects of saline stress by increasing the relative water content 
in leaves and enhancing photosynthetic pigment production under stress conditions 
(Saghafi et al. 2013).

The studies about the utilization of halotolerant and halophilic plant growth- 
promoting bacteria in mitigation of the deleterious effects of salt stress have been 
performed using Bacillus, Pseudomonas, Rhizobium, Azospirillum, and Planococcus 
(Mayak et al. 2004; Egamberdiyeva 2005; Sapsirisopa et al. 2009; Rajput et al. 
2013; Sharma et al. 2015). The effects have been demonstrated well in wheat seed-
lings (Nabti et al. 2012; Ramadoss et al. 2013), tomato plants (Tank and Saraf 2010; 
Shen et al. 2012), and maize and soybean plants by application with osmotolerant 
rhizobacteria (Naz et al. 2009; Vaishnav et al. 2015). The improvement of nutrient 
elements was recorded in sunflower under high salinity (Shirmardi et al. 2010) and 
the increase in growth of barley by the inoculation with novel halotolerant rhizobac-
teria (Cardinale et al. 2014).

14.2  Halophilic Bacteria

Halophilic bacteria are salt-loving organisms inhabiting various environments with 
the capacity to balance the osmotic pressure of the environment. The halophilic 
microorganisms are highly diverse in nature and belong to three domains of life, i.e., 
Archaea, Bacteria, and Eukarya. They inhabit salt ponds, soda lakes, and even rock 
salt crystals as dormant cells or as biopolymers. These prokaryotic organisms are 
likely evolutionary adaptations of more conventional bacterial forms rather than a 
more fundamental group or branch on the evolutionary tree (Woese 1993). A dis-
tinction must be made between “tolerance for salt” and “requirement for salt” 
(Larsen 1986). Halotolerant microorganisms do not specifically require salt, more 
than the usual concentration of 100–200 mM NaCl which is needed by all microor-
ganisms including non-halotolerant, but they could grow up to ~1.25 M NaCl. 
Within the group of halotolerant microorganisms, a distinction can be made between 
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those for which growth rate is decreased by the addition of any salt and those for 
which the growth rate reaches an optimum with the addition of some salt. There are 
several different definitions and classifications for halophiles. The definition pro-
posed by Kushner (1993) is widely accepted (Oren 2008). The halophiles have been 
classified as (1) slight halophiles, able to grow optimally between 1 and 3 % (0.2–
0.5 M) NaCl; (2) moderate halophiles, growing optimally in media with 3–15 % 
(0.5–2.5 M) NaCl; and (3) extreme halophiles, able to grow optimally in media with 
15–30 % (2.5–5.2 M) NaCl. There are aerobic as well as anaerobic halophiles; het-
erotrophic, phototrophic, and chemoautotrophic types are found within halophilic 
bacteria. The unique properties of the halophilic microorganisms make them valu-
able resources in the development of novel biotechnological processes and indus-
trial applications, e.g., proteases and amylases in detergent industry, biosurfactant 
production, poly-beta hydroxyalkanoate and exopolysaccharide as biodegradable 
plastic, biopolymers in oil recovery, bioremediation of contaminated hypersaline 
brines, etc. (Kanekar et al. 2012).

14.3  Taxonomy of Halophilic Bacteria

The halophilic bacteria belong to the order Halobacteriales, which contains only a 
single family, the Halobacteriaceae previously. After publication of Bergey’s 
Manual of Systematic Bacteriology, a total number of 19 genera and 57 validated 
species have been recognized. The first halophilic bacterial species Halanaerobium 
praevalens was isolated from the sediments of the Great Salt Lake (Utah), and after 
characterization it was placed in the family Bacteroidaceae as a genus with uncer-
tain affiliation (Zeikus et al. 1983). Later, new families and different orders of halo-
philic bacteria were proposed time to time on the basis of 16S rRNA sequence 
similarity and membrane lipid profiling. The most commonly recognized genera 
and species of the halobacteria are listed in Table 14.3.

Most of the halophilic bacteria contained ether-linked phosphoglycerides 
(C20C20; diphytanyl isoprenoids) and methyl ester-linked phosphatidyl glycerol 
phosphate (C20C25; phytanyl-sesterterpanyl isoprenoids). These polar lipid com-
positions have proved to be remarkably consistent in different halophilic bacterial 
taxonomy as compared to 16S rRNA gene sequence. The 16S rRNA gene sequence 
of halophilic bacteria showed most distantly related species in phylogenetic tree 
with 83.2 % similarity. The methanogens are their closest relatives with less than 
80 % similarity (Aljohny 2015).

14.4  Mechanisms for Adaptation of Halophilic Bacteria 
in Saline Environments

Adaptation of microorganisms to such saline environments is a complex multi-
level regulatory process in which different types of genes may be involved for 
protecting organisms against the lethal effects of dehydration (Srivastava et al. 
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2008). The optimum metabolic processes like enzymatic activities and membrane 
stability occur at high salinity in certain halophilic bacterial species (Oren 1999), 
whereas other microorganisms develop different adaptation mechanisms to com-
bat the stress such as the salt-in and compatible-solute strategy and exopolysac-
charide production.

The cytoplasm is exposed to high ionic strength to achieve osmotic equilibrium 
by maintaining a cytoplasmic salt concentration similar to that of the surrounding 
media. Microorganisms that grow optimally in the presence of extremely high salin-
ities (up to 5 M NaCl), accumulate intracellular potassium and chloride ions in 
concentrations higher than the external NaCl concentration to maintain a turgor 
pressure. This is called “salt-in” strategy found in Halobacteriales (Archaea) and 
Halanaerobiales (anaerobic halophilic bacteria) (Hanelt and Muller 2013).

Table 14.3 Introduced halophilic bacterial species since 2010

Halobacterial species
Salt concentration range 
for growth (%) Reference

Bacillus halochares 6–23 Pappa et al. (2010)

Marinimicrobium haloxylanilyticum 2–22 Moller et al. (2010)

Marinobacterium lutimaris 1–10 Kim et al. (2010)

Virgibacillus byunsanensis 8 Yoon et al. (2010)

Halanaerocella petrolearia 6–26 Gales et al. (2011)

Kangiella spongicola 2–15 Ahn et al. (2011)

Salisediminibacterium halotolerans 3–30 Jiang et al. (2011)

Amphibacillus cookie 6–26 Pugin et al. (2012)

Arhodomonas recens 2–25 Saralov et al. (2012)

Desulfohalophilus alkaliarsenatis 12.5–33 Blum et al. (2012)

Fodinibius salinus 10–15 Wang et al. (2012)

Halanaerobacter jeridensis 6–30 Mezghani et al. (2012)

Halobellus salinus 15–30 Cui et al. (2012)

Natribacillus halophilus 7–23 Echigo et al. (2012)

Salinibacter iranicus 12–30 Makhdoumi-Kakhki et al. 
(2012)

Alkalibacterium gilvum 0–17.5 Ishikawa et al. (2013)

Halomicroarcula pellucida 20–30 Echigo et al. (2013)

Halanaerobium sehlinense 5–30 Abdeljabbar et al. (2013)

Limimonas halophila 15–30 Amoozegar et al. (2013a)

Saliterribacillus persicus 0.5–22.5 Amoozegar et al. (2013b)

Aquibacillus halophilus 0.5–20 Amoozegar et al. (2014)

Bacillus daqingensis 0–16 Wang et al. (2014)

Halomonas huangheensis 1–20 Miao et al. (2014)

Oceanicola flagellatus 0–21 Liu and Yang (2014)

Oceanobacillus aidingensis 0–21 Liu and Yang (2014)

Spiribacter salinus 10–25 León et al. (2014)
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Compatible-solute strategy is a more flexible strategy, mostly found in halotoler-
ant as well as moderately halophilic microorganisms that grow over a wide range of 
salinities (typically 0.5–3 M NaCl) (Roessler and Muller 2001). In this strategy, 
“the low-salt-in” strategy depends on the accumulation of high concentrations of 
organic compatible solutes. Compatible solutes are small, mainly neutral but polar 
compounds, which are highly soluble in water and do not interfere with the cellular 
metabolism. Such solutes include glutamate and proline (amino acids), peptides, 
and N-acetylated amino acids (amino acid derivatives), glycine, betaine, and carni-
tine (quaternary amines), sucrose and trehalose (sugars), and ectoines (tetrahydro-
pyrimidines) (Paul and Lade 2014). Paul and Nair (2008) reported that Pseudomonas 
fluorescens MSP-393, a PGPR strain, as a means of salt tolerance, de novo- 
synthesized the osmolytes, alanine, glycine, glutamic acid, serine, threonine, and 
aspartic acid in their cytosol. The uptake or synthesis of compatible solutes retains 
a cytoplasm iso-osmotic with or slightly hyperosmotic compared to its surround-
ings. In addition to their well-studied function as osmoprotectants, compatible sol-
utes also have protein-stabilizing properties that support the correct folding of 
polypeptides under denaturing conditions both in vitro and in vivo (Street et al. 
2006). Compatible solutes confer the changes in structure of solvent and/or elusive 
changes in protein’s dynamic properties, not by structural changes in the protein 
itself (Lamosa et al. 2003),but it also helps in protein–DNA interaction (Kurz 2008).

Certain Gram-negative bacteria survive under abiotic stress conditions through 
exopolysaccharide (EPS) production, which protects bacteria from hydric stress and 
fluctuations in water potential by enhancing water retention and regulating the dif-
fusion of carbon sources in microbial environment (Sandhya et al. 2009a, b). In 
addition, exopolysaccharides possess unique water holding and cementing proper-
ties, thus play a vital role in the formation and stabilization of soil aggregates and 
regulation of nutrients and water flow across plant roots through biofilm formation 
(Bezzate et al. 2000).

14.5  Role of Halophilic Bacteria in Plant Growth  
Promotion Under Salt Stress

Any living organisms under stressful condition opt either fight or flight strategy. 
Since plants are sessile, they cannot run away from adverse conditions, so they fight 
back; their tolerance capacity, growth, and production can be increased with the help 
of several mechanistic actions of salt-tolerant PGPRs as shown in Fig. 14.2. Bacteria 
that help plants overcome the negative effects of abiotic stress are endowed with 
certain specialized functional traits. Previous studies reported that plant growth pro-
motion and amelioration of salinity stress in crop plants by salt-tolerant bacteria 
could involve different mechanisms such as secretion of various phytohormones, 
ACC-deaminase activity, phosphate solubilization, antioxidant enzymes, and sidero-
phore production (Chakraborty et al. 2011). The use of halotolerant PGPB possess-
ing the traits of PGP under saline stress is becoming prevalent worldwide to achieve 
sustainable agriculture along with soil reclamation through phytoremediation as well 
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as bioremediation (Tank and Saraf 2010). The ameliorative effects of PGPR on plant 
growth under saline conditions have been shown for various plant species, such as 
tomato, pepper, canola, bean, lettuce, soybean, and mung bean (Barassi et al. 2009; 
Kang et al. 2009; Egamberdieva 2009; Vaishnav et al. 2013; Kumari et al. 2016). 
Kohler et al. (2006) demonstrated the beneficial effect of PGPR Pseudomonas men-
docina strains on stabilization of soil aggregate. The three PGPR isolates 
Pseudomonas alcaligenes PsA15, Bacillus polymyxa BcP26, and Mycobacterium 
phlei MbP18 were able to tolerate high temperatures and salt concentrations and thus 
confer on them potential competitive advantage to survive in arid and saline soils 
such as calcisol (Egamberdiyeva 2007). Heidari et al. (2011) also reported increase 
in plant growth of Ocimum basilicum with increased auxin and protein contents 
under drought stress conditions when inoculated by Pseudomonas sp. Two strains of 
Azotobacter sp. have shown increased growth of Zea mays under high NaCl concen-
tration (Rojas-Tapias et al. 2012); the experiment revealed a significant restoration of 
plant biomass (length and weight), exclusion of Na+ and K+, improvement of chloro-
phyll and polyphenol contents, and maintenance of nitrogen fixation and phosphate 
solubilization activities under saline stress conditions. In another study Egamberdieva 
et al. (2013) demonstrated that the colonization of G. officinalis root tips by Rhizobium 
cells increased almost twofold under saline conditions when the plants were inocu-
lated besides Rhizobium with Pseudomonas strains. This combined inoculation 
could also enhance formation of nodules on legumes grown in salinated potting soil. 
Vaishnav et al. (2015) reported that salt-tolerant Pseudomonas simiae strain AU have 

Fig. 14.2 Application of halophilic bacteria in different environmental aspects
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growth promotion attributes at 100 mM NaCl on soybean seedling and showed sig-
nificant improvement of shoot/root length, K+/Na+ ratio, and P content of soybean 
seedling after 10 days of germination. Upadhyay et al. (2011) studied the effect of 
PGPR on growth and oxidative stress in wheat in saline soil and reported that co-
inoculation of B. subtilis and Arthrobacter sp. alleviates the adverse effects of soil 
salinity with an increase in proline content, total soluble sugars, and dry biomass. 
Similar reports were given by Shukla et al. (2012) in peanuts (Arachis hypogaea) 
where an increase of NaCl stress inhibited growth which could be alleviated after 
inoculation with the diazotrophic rhizosphere bacterium Brachybacterium saurast-
rense and other halotolerant isolates from the halophyte Salicornia (Jha et al. 2012). 
Most recently, Ramadoss et al. (2013) studied the effect of five plant growth-promot-
ing halotolerant bacteria on wheat growth and found that inoculation of those halo-
tolerant bacterial strains to ameliorate salt stress (80, 160 and 320 mM) in wheat 
seedlings produced an increase in root length of 71.7 % in comparison with uninocu-
lated positive controls. Another study was conducted on the utilization of marine 
bacteria as salt-tolerant PGPB to mitigate the effect of stress on inoculated plants 
(Kim et al. 2014). Maziah et al. 2009 and Das et al. 2011 performed studies even on 
trees such as banana and mangrove forest growing under hard environmental condi-
tions caused by salinity. Halophilic bacteria are also reported for biological control 
activity. The biological control referred as microbial activity to control plants dis-
eases. The different genera of halophilic bacteria like Virgibacillus, Terribacillus, 
Halomonas, Halobacillus, Planococcus, Staphylococcus, Marinococcus, 
Salinococcus, and Halovibrio have been identified in biocontrol activity by produc-
ing chitinase and β-1,3-glucanase enzyme activity (Sadfi-Zouaoui et al. 2007).

14.6  Mechanism of Plant Growth Promotion by Halophilic 
Bacteria

14.6.1  The Role of Bacterial Phytohormones

Phytohormones are naturally occurring, organic substances which influence physi-
ological processes of plants at low concentrations. These hormones affect differen-
tiation and development of plant growth through the regulation of diverse processes. 
The plant growth hormones of microbial origin in the vicinity of plant roots could 
evoke a physiological response in the host plant. Production of indole acetic acid, 
cytokinins (CK), gibberellins, abscisic acid (ABA), and other growth regulators 
produced by halotolerant PGPB apparently supports the rooting with increased root 
length, surface area, and number of root tips; ultimately it leads to enhanced uptake 
of nutrients and thereby improves plant health under stress conditions (Egamberdieva 
and Kucharova 2009; Jha et al. 2013). Furthermore, Jha and Subramanian (2013) 
showed clearly the direct and potential effect of some osmotolerant bacteria on 
germination of paddy seeds under saline conditions. Kumari et al. (2015) reported 
that two IAA-producing bacterial strains Bacillus and Pseudomonas enhanced soy-
bean growth under 100 mM NaCl stress by enhancing antioxidant enzyme activity 
and lowering lipid peroxidation.
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14.6.2  Aminocyclopropane-1-Carboxylate (ACC) Deaminase

Ethylene is a volatile phytohormone and plays an important role in plant growth 
regulation at very low concentrations such as development of different vegetative 
plant parts, nodulation, or rooting of cuttings (Davis 2004) and also involved in the 
transduction of a signal for the recognition of salt stress (Selvakumar et al. 2012). 
The overproduction of ethylene in response to abiotic stresses leads to inhibition of 
root growth and, consequently, growth of the plant. Chemical inhibitors of ethylene 
synthesis, such as cobalt ions and aminoethoxyvinylglycine, are often used to over-
come the problems associated with salt stress. However, these chemicals are not 
only expensive, but they have harmful effects on the environment (Dodd 2009). 
Halotolerant PGPB contains aminocyclopropane-1-carboxylate (ACC) deaminase 
which hydrolyzes ACC into ammonia and α-ketobutyrate, thereby lowering the 
level of ethylene in stressed plants. In the presence of 1-aminocyclopropane-1- 
carboxylate deaminase-producing bacteria, plant 1-aminocyclopropane-1- 
carboxylate is sequestered and degraded by bacterial cells to supply nitrogen and 
energy (Mayak et al. 2004), facilitating plant growth under the salinity stress condi-
tion (Nadeem et al. 2010; Aamir et al. 2013). ACC-deaminase has been widely 
reported in numerous microbial species of Gram-negative and Gram-positive halo-
tolerant bacterial strains that belong to different bacterial genera, i.e., Bacillus, 
Brevibacterium, Planococcus, Zhihengliuella, Halomonas, Exiguobacterium, 
Oceanimonas, Corynebacterium, Arthrobacter, and Micrococcus, that were origi-
nally isolated from saline environments and have a real potential to enhance plant 
growth under saline stress via 1-aminocyclopropane-1-carboxylate deaminase 
activity (Siddikee et al. 2010; Hussain et al. 2013). In a recent study, an overproduc-
ing ACC-deaminase mutant bacterial strain Pseudomonas simiae AU5 was found 
most prominent to alleviate salt stress in mung bean plants as compared to wild 
strain AU. P. simiae AU5-inoculated plants showed lower level of ethylene hormone 
and salt-induced membrane injury (Kumari et al. 2016).

14.6.3  Phosphate Solubilization

Phosphorous is the major nutrient for plant growth as it is an integral part of differ-
ent biochemicals like nucleic acids, nucleotides, phospholipids, and phosphopro-
teins. In most cases, salinity decreased P accumulation in plant, which developed P 
deficiency symptoms (Parida and Das 2005). Phosphorus exists in two forms in soil, 
as organic and inorganic phosphate, and, like other nutrient elements such as potas-
sium, iron, zinc, and copper, possesses limited mobility in the soil (Hayat et al. 
2010). The conversion of insoluble phosphate compounds (both organic and inor-
ganic) in a form accessible to the plant is an important trait of PGPB strains. This is 
achieved through the acidification, chelation, ion-exchange reactions, and produc-
tion of low-molecular-weight organic acids such as gluconic acids. Halotolerant 
PGPBs have been proved to be vital for circulation of plant nutrients in many ways, 
thereby reducing the need for chemical fertilizers. Apart from phytohormones and 
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ACC-deaminase activity, many strains of bacteria can affect plant growth directly 
by solubilizing inorganic phosphate, improving nutrient uptake, and mineralizing 
organic phosphate (Ogut et al. 2010). Solubilization of phosphate in the rhizosphere 
is the most common mode of action implicated in PGPR that increase the nutrient 
availability to the host plant (Rashid et al. 2004). These rhizobacteria are critical for 
the transfer of P from poorly available forms and are important for maintaining P in 
readily available pools. Diby et al. (2005) reported enhanced nutrient mobilization 
in the rhizosphere of black pepper and significant uptake of nitrogen (N) and phos-
phorus (P) in the PGPR-treated black pepper vines that resulted in root proliferation 
and enhanced plant growth. Strains of rhizobacteria that have efficient phosphate- 
solubilizing ability even under high saline (60 g L−1 NaCl) conditions have been 
reported (Upadhyay et al. 2011). Pseudomonas inoculation had favorable effect on 
salt tolerance of Zea mays L., under NaCl stress (Bano and Fatima 2009). Baldani 
et al. (2000) inoculated phosphate-solubilizing bacteria, Herbaspirillum seropedi-
cae and Burkholderia sp., to the soil and showed that these bacteria increased the 
weight of crop 1.5–21 % over uninoculated controls under saline conditions. 
Azospirillum-inoculated lettuce seeds had better germination and vegetative growth 
than non-inoculated controls after being exposed to NaCl (Barassi et al. 2009). 
Dardanelli et al. (2008) reported as salt stress affects nodulation during Phaseolus–
Rhizobium interaction that a secondary inoculation of the salt-stressed plants with 
Azospirillum caused an extended exudation of plant flavonoids compared to 
Rhizobium alone. This co-inoculation of plants with different bacterial strains con-
tributed to relieving of the abiotic stress. Vaishnav et al. (2015) proposed that P. 
simiae-mediated volatile compounds enhanced vegetative storage protein (VSP) 
expression, which is responsible for acid phosphatase activity and enhanced P 
uptake in soybean plants under 100 mM NaCl stress.

14.6.3.1  Antioxidative Activity
During salt stress, the ROS level is high which causes oxidative damage to biomol-
ecules such as lipids and proteins and finally leads to plant death (Del Rio et al. 
2003). Plants cope up with these ROS through their antioxidant machinery. Major 
antioxidative enzymes SOD, APX, and CAT and nonenzymatic antioxidants such as 
ascorbic acid and glutathione participate in ROS-scavenging mechanism (Miller 
et al. 2010). PGPRs such as S. proteamaculans and Rhizobium leguminosarum are 
reported to produce antioxidant enzymes such as superoxide dismutase (SOD), per-
oxidase (POX), and catalase (CAT) and nonenzymatic antioxidants such as ascor-
bate, glutathione, and tocopherol. Ruiz-Lozano et al. (2001) reported that 
mycorrhizal-inoculated lettuce plants exhibited higher superoxide dismutase (SOD) 
activity under drought stress, and this was correlated to plant protection. Stress 
resistance in plants has been related to more effective antioxidant systems (Bor et al. 
2003). A recent study reports that salt-tolerant bacteria P. simiae AU enhanced per-
oxidase and CAT gene expression in soybean plants when inoculated under 100 mM 
NaCl stress (Vaishnav et al. 2016). Reduction in the activity of antioxidant enzymes 
was also observed in bacterial inoculated plants. Five potential drought- tolerant 
plant growth-promoting Pseudomonas spp. strains were found to alleviate drought 

A. Sharma et al.



309

stress effects in maize plants. Inoculated plants showed significantly lower activity 
of antioxidant enzyme plants as compared to uninoculated plants (Sandhya et al. 
2010). Omar et al. (2009) reported that catalase and peroxidase activities were 
increased in non-inoculated plants during salinity, whereas Azospirillum brasilense- 
inoculated plants exhibited lower enzyme activity and significantly ameliorated the 
deleterious effects of salinity.

14.6.4  Siderophore Producers

Iron is an essential micronutrient of plants as it serves as a cofactor of many enzymes 
with redox activity. A large portion of iron in soils is present in highly insoluble 
form of ferric hydroxide; thus iron acts as a limiting factor for plant growth even in 
iron-rich soils. Its availability to the organism is very limited due to the rapid oxida-
tion of ferrous (Fe++) to ferric (Fe+++) state. Ferric ion is highly insoluble under 
physiological conditions and makes its acquisition by microorganisms a consider-
able challenge (Neilands 1995). Microorganisms have evolved specialized mecha-
nisms for the assimilation of iron, including the production of low-molecular-weight 
iron-chelating compounds known as siderophores, which transport this element into 
their cells. Siderophores have been implicated for both direct and indirect enhance-
ment of plant growth by rhizospheric microorganisms (Neilands 1981). Siderophores 
provide an advantage in the survival of both plants and bacteria because they medi-
ate competition that results in exclusions of fungal pathogens and other microbial 
competitors in the rhizosphere by a reduction in the availability of iron for their 
survival (Masalha et al. 2000; Wang et al. 2000).

14.7  Other Applications of Halophilic Bacteria

14.7.1  As a Source of Industrially Important Enzymes

Under extreme salt or temperature conditions, the stability and characterization of 
industrially important enzymes of microbial origin is an important factor. A few 
enzymes of halophilic bacteria make them desired candidates for industry because of 
its stability under high ionic circumstance during process. In addition, mostly these 
halophilic bacterial enzymes not only remain active and stable in high-salt environ-
ments but are also thermotolerant and alkaliphilic. Thus, halobacteria have attracted 
much attention in recent years due to beneficial production of halophilic exoenzymes 
that can be used in diverse fields of biotechnology. The most well-investigated 
haloezymes are hydrolases such as amylases (Amoozegar et al. 2003), lipases, ester-
ases, xylanases, chitinases, proteases, cellulases, nucleases, etc. (Oren 2010; Moreno 
et al. 2013). The use of these enzymes in industrial products and processes has been 
an accepted technology for several decades because they are safe, environmental-
friendly biological molecules that make a substantial contribution to the environmen-
tal sustainability of industrial processes.
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14.7.1.1  Amylases
Amylases catalyze the hydrolysis of starch and their related saccharides and are 
used widely in several fields of biotechnology and are one of the most commonly 
used industrial enzymes. The best-known enzymes of this group are α-amylase, 
β-amylase, and glucoamylase. Halophilic α-amylases have received more attention 
due to their ability to remain active in the presence of high salt concentrations. 
α-Amylases could be used in food, pharmaceutical, biofuel, fermentation, paper, 
detergent, and textile industries (Kadziola et al. 1998; Machius et al. 1995; Souza 
2010). The amylases produced by halophilic bacteria such as Micrococcus varians 
subsp. halophilus has two protein components of 86 and 60 kDa molecular mass 
(Kamekura 1986) with optimal activity at 4.5–6 % NaCl and pH 6–7. Similarly, an 
extracellular α-amylase from Halomonas meridiana exhibited maximal activity at 
pH 7.0, 37 °C and 10 % (w/v) NaCl, respectively (Coronado et al. 2000a, b). Another 
extracellular α-amylase isolated from a haloalkaliphilic bacterium was active up to 
4 M salt, with optimal activity at 2 M salt, pH 10.0–11.0 and 50 °C (Pandey and 
Singh 2012). The amylases have significantly applied for treatment of wastewater. 
The extracellular amylase production from Halomonas meridian was highest at 5 % 
salt concentration with maximal activity at pH 7; its amylase gene, AmyH, has also 
been isolated.

14.7.1.2  Cellulases
Cellulases are one of the important enzymes for biomedical science, paper, agricul-
ture, food and laundry industries (Zhang et al. 2012). The cellulolytic enzymes 
hydrolyze the β-1,4-d-glucosidic linkages in cellulose, lichenin, and cereal β-d- 
glucans. The enzyme has been categorized in three main groups, viz., endocellulase, 
exocellulase, and β-glucosidase (ShaoMin and Guang 2013; Karnchanatat et al. 
2008), which completely hydrolyze the β-1,4-d-glycosidic bonds of cellulose to 
form glucose by acting together (Bhat and Bhat 1997; Bhat 2000). Huang et al. 
(2010) identified a novel endoglucanase from halophilic bacterium Halomonas sp. 
S66-4, cloned in E. coli, the purified recombinant enzyme, which showed the high-
est activity (4.9 U/mg) at pH 5 and 6 % NaCl. Shivanand et al. (2013) also reported 
production of cellulases from Halomonas sp. PS47 at 6 % NaCl. The maximum 
activity was at pH 7.1 and 50 °C. A novel salt-tolerant endo-β-1,4-glucanase Cel5A 
was also identified from Vibrio sp. G21; it has a cellulose-binding domain and a 
catalytic domain of glycosyl hydrolase (Gao et al. 2010).

14.7.1.3  Xylanases
Xylan is the second most abundant hemicellulose in nature after cellulose, which 
together with lignin, cellulose, pectin, and other polysaccharides constitutes the 
major components of plant cell walls and maintains cell wall integrity. Xylan is 
generally insoluble in nature but enzymatically degradation of it converts into useful 
products like xylose, xylitol, and ethanol. Biodegradation of these xylans, i.e., 
hydrolysis of 1,4-β-D-xylosidic linkages, involves catalysis by the action of two 
major xylanolytic enzymes, endoxylanase (1,4-β-d-xylan xylanohydrolase) and 
β-xylosidase (1,4-β-d-xylan xylohydrolase). There has been resurgence in interest 
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in microbial xylanases due to their numerous uses in industrial applications, such as 
biobleaching of pulp and most notably the conversion of lignocellulosic materials 
into fermentable substrates for production of economical and environmental- 
friendly biofuels (Oksanen et al. 2000). Pioneer work on characterization and puri-
fication of halotolerant endoxylanases was done by Wejse et al. (2003) from a novel 
halophilic bacterium, strain CL8, which had highest sequence similarity with 
Oceanospirillum linum and Marinobacter sp. str. CAB. Xylobiose and xylotriose 
are the major products of these enzymes. Though the optimal activity of these 
enzymes was at IM NaCl, it remained stable at 5 M NaCl. Sustainable xylanase 
activity was demonstrated up to 30 % NaCl from Gracibacillus sp. TSGPVG at 
60 °C (Giridhar and Chandra 2010). This kind of stability would be essential for the 
extracellular activity in a high-salt environment in industry.

14.7.1.4  Lipases
Lipases (triacylglycerol acylhydrolases EC 3.1.1.3) catalyze esterification, trans-
esterification, and aminolysis and have considerable physiological significance and 
industrial potential (Babu et al. 2008). The characterization of salt stable lipases 
from halophilic source has been a growing interest nowadays. Lipases have emerged 
as one of the leading biocatalysts with proven potential of contribution to the under-
exploited lipid industry with several applications: esterification, interesterification, 
transesterification fat hydrolysis, and organic biosynthesis during production of 
drugs in the pharmaceutical industry. These lipases could be used for the hydrolysis 
of milk fat in the dairy industry, for the removal of subcutaneous fat in the leather 
industry, for the removal of impurities from raw cotton in the paper industry, and as 
additives in detergents (Gomes and Steiner 2004). A moderately halophilic 
Salinivibrio sp. SA-2 produces extracellular lipase; its maximum activity was 
reported at pH 7.5 and 50 °C. The enzyme remained active in presence of 17 % 
NaCl (Amoozegar et al. 2008). Similarly, an intracellular lipase enzyme from 
Salicola marasensis LipL shows maximum activity at 1 M NaCl; however, it could 
tolerate up to 4 M NaCl with 6 mM of betaine (Moreno et al. 2013). Halobacillus 
sp. strain LY5 from the saline soil in Yuncheng, China, produced extracellular ester-
ase of molecular mass of 96 kDa. Its optimum enzyme activity was found at 10 % 
(w/v) NaCl at pH 10.0 at 50 °C (Li et al. 2012). In another study, a novel moderate 
halophile Marinobacter lipolyticus isolated from a hypersaline habitat exhibited 
lipolytic activity optimally at 7.5 % NaCl (Martín et al. 2003).

14.7.1.5  Proteases
Bacterial proteases are one among the largest studied groups of hydrolytic enzymes 
with diverse applications in industrial and biotechnological fields (Joshi et al. 2008; 
Singh et al. 2012). Extensive research has been done on the extremophile proteases 
because of their utility in food industries, detergents, laundry, wool quality improve-
ment, and waste treatment (Vijayaraghavan et al. 2012). Recently, proteases in the 
pharmaceutical industry and bioremediation process have attracted more attention. 
A moderately halophilic Geomicrobium sp. EMB2 produces an extracellular prote-
ase stable at 20 % salts, 75 % organic solvents, 2.0 % detergents, and 1.0 % 
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surfactants (Karan et al. 2011). Pseudomonas sp. strain A-14 also produces extra-
cellular protease which has its optimal activity at pH 8 at 18 % NaCl (Van Qua et al. 
1981). Chromohalobacter sp. strain TVSP101 produces halothermophilic protease 
with maximum activity at 4.5 M NaCl at pH 8 (Vidyasagar et al. 2007). Similarly, 
the extracellular proteases produced by Halobacillus blutaparonensis were stable 
up to 20 % NaCl concentration and organic solvents (Santos et al. 2013).

14.7.1.6  Chitinase
Chitinase is one of the most potential enzymes of biocontrol in agriculture and envi-
ronmental investigations (Duo-Chuan 2006). Chitinases hydrolyze the chitin from 
the cell wall of fungi and are used to produce protoplasts; they are also used during 
production of biologically active oligosaccharides (Bhattacharya et al. 2007). The 
bacterial strains Arhodomonas HCh2 and Saccharospirillum HCh1 isolated from 
hypersaline lakes in Russia had optimal growth on chitin at 1.5–1 M NaCl and 
growth range 0.5–3.25 M NaCl (Sorokin and Kolganova 2013). Virgibacillus maris-
mortui, a moderately halophilic bacterium isolated from shallow salt lakes, had the 
ability to produce chitinase (in absence of salt as well as in presence of high salinity, 
25–30 % NaCl w/v). Such strains can be significant for biocontrol purposes 
(Essghaier et al. 2012).

14.7.2  Bioremediation of Polluted Environments

Generally, the wastes coming into the environment have high salt concentration; 
hence the use of halophilic bacteria could be a promising alternative in waste treat-
ment and management. Industrial processes like tannery or food processing produce 
large volumes of saline wastewater that cannot be treated by conventional methods 
due to low efficiency. Application of halophilic bacteria can improve the removal 
efficiency of COD from saline wastewater. Tannery wastewater-adapted bacteria 
Pseudomonas aeruginosa, Bacillus flexus, Exiguobacterium homiense, and 
Staphylococcus aureus showed 80 % decrease in COD at 8 % salinity (Sivaprakasam 
et al. 2008). Introducing halophilic bacteria in textile effluents is a prominent 
approach for treatment of synthetic dyes, where other microorganisms are not able 
to degrade. In a study, Halomonas sp. strain IP8 showed decolorization of dye from 
50 to 20 mg/L, during 16–24 h at 1–1.5 M NaCl salt concentration, at temperature 
range of 25–45 °C (Pourbabaee et al. 2011). Presence of high salt concentrations in 
heavy metal and hydrocarbon contamination sites also arises great demand of halo-
philic microorganisms for biotreatment of these sites.

14.7.3  Halophiles in Food Biotechnology

The use of halophilic bacteria has a number of advantages in relation to the produc-
tion of salt-containing food. Halophilic fermentation gives taste, aroma, and flavor 
to food, and acetate production during fermentation protects food from 
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contamination. Protease secretion from halophilic bacteria in fermented product 
plays an important role in lowering the fermentation time. Halophilic fermentative 
bacteria are used to produce a wide variety of food products, notably fermented fish, 
shrimp, meat, fruits, and vegetables (pickles), Asian fish and meat sauces, rice noo-
dles and flours, and Indonesian soy sauce. The major species of the genera 
Lactobacillus, Halobacterium, Halococcus, Bacillus, Pediococcus, and 
Tetragenococcus are involved in food production (Aljohny 2015).

14.8  Tools for Characterization of Halophilic Bacteria

Characterization of different halobacterial strains from saline environments could 
be done based on the following three different approaches: (1) morphological and 
biochemical characterization (phenotypic), (2) chemotaxonomic characterization 
(chemotypic), and (3) molecular or genomic characterization (genotypic). It is dif-
ficult to classify all bacterial species based on only phenotypic characteristics; 
therefore, polyphasic approach employing all phenotypic, chemotypic, and geno-
typic characteristics is suggested. A complete integrated information would allow a 
confident classification and a reliable grouping of the organism.

14.8.1  Phenotypic and Biochemical Characterization

The phenotypic characterization of microorganisms is done by morphological, 
physiological, and biochemical properties of the microorganism (de Vos et al. 2009). 
Traditionally, colony morphology (color, dimensions, form) and microscopic 
appearance of the cells (shape, endospore, flagella, inclusion bodies); characteris-
tics of the organism on different growth substrates; growth range of microorganisms 
on different conditions of salt, pH, and temperature; susceptibility toward different 
kinds of antimicrobial agents; etc. are measured in phenotypic characterization. 
Even if cell wall composition is analyzed, the Gram reaction is still a valuable diag-
nostic character. Biochemical tests in bacterial identification include the relation-
ship with oxygen, fermentation reactions, carbon utilization, and nitrogen 
metabolism. A Biolog system has been developed for determination of carbon utili-
zation pattern in different bacterial communities (Garland and Mills 1991). In this 
culture-dependent technique, a 96-well Biolog microtiter plate containing 95 differ-
ent carbon sources and one control well per plate with growth medium are used with 
the redox dye tetrazolium salt. The color changes in tetrazolium salt because of 
bacterial metabolic actions on the substrate. Other tests may be performed as appro-
priate, depending on the bacterial strains studied (Heritage et al. 1996; Rodríguez-
Díaz et al. 2008). However, reproducibility of results from phenotypic tests between 
different laboratories is a major concern, and only standardized procedure should be 
used during execution of experiment. Other major disadvantage with phenotypic 
methods is the conditional nature of gene expression wherein the same organism 
might show different phenotypic characters in different environmental conditions. 
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Therefore, phenotypic data must be compared with similar set of data from type 
strain of closely related organism(s). Miniaturized versions of traditional biochemi-
cal tests are available for taxonomical studies and mostly contain a battery of dehy-
drated reagents. Addition of a standardized inoculum initiates the reaction (growth, 
production of enzymatic activity, etc.). The results are interpreted as recommended 
by the manufacturer and are readily accessible with a minimal input of time. The 
phenotypic fingerprinting system API 50CH has the highest rate of correct identifi-
cation; it uses forty-nine different carbohydrates and one negative control to iden-
tify different bacterial genera including Bacillus (Logan and Berkeley 1984), 
Paenibacillus, and Pseudomonas species (Barr et al. 1989).

14.8.2  Chemotaxonomic Characterization

Chemotaxonomy is the method of biological identification and classification based 
on similarities in the structure of certain compounds, i.e., cellular fatty acid among 
the organisms being classified. In cellular fatty acid analysis, chemical and physical 
techniques are employed to elucidate the chemical composition of whole bacterial 
cells and/or their individual cellular components in order to produce a chemical 
signature or profile of taxonomic significance. One successful and commercialized 
chemotaxonomic approach for obtaining bacterial fatty acid profiles is based on the 
fatty acid methyl ester (FAME) analysis by gas chromatography (GC) (Fang et al. 
2001). In microorganisms, PLFAs are found exclusively in cell membranes and not 
in other parts of the cell such as storage products. This method provides information 
on the microbial community composition based on groupings of fatty acids (Ibekwe 
and Kennedy 1998). Fatty acids make up a relatively constant proportion of the cell 
biomass, and signature fatty acids exist that can differentiate major taxonomic 
groups within a community. Therefore, a change in the fatty acid profile would rep-
resent a change in the microbial population. However, the fatty acid composition of 
microorganisms does not change by plasmid loss or gain or by simple mutations. 
Fatty acid profiles showing variability in double-bond position, chain length, and 
substituent groups are perfectly suitable for taxon description and also for compara-
tive studies of profiles that have been obtained under similar growth conditions 
(Suzuki et al. 1993). The automated MIDI Sherlock Microbial Identification System 
identifies microorganisms based on unique FAME patterns of known strains 
(Whittaker et al. 2003).

14.8.3  Molecular Characterization

Because of the inherent limitations of conventional phenotyping methods for detect-
ing microorganism strains within culture-dependent techniques, as well as their 
mechanisms of resistance, molecular techniques that complement the information 
provided by these methods have been developed (Perez et al. 2007). The application 
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of molecular biological methods to study the identification, diversity, and ecology 
of microorganisms in natural environments has been practiced since the mid-1980s. 
Methods that use this approach are directed toward DNA or RNA molecules and 
comprise measurements of DNA relatedness over the entire genome; comparisons 
of restriction patterns, especially ribotyping; and comparative analyses of sequences 
of homologous genes. DNA–DNA relatedness and ribotyping are best suited for the 
identification of closely related species or strains within a single species. Presently, 
a direct comparison of rRNA sequences is probably the most powerful tool for the 
identification of many bacteria. Indeed, rRNA genes (rDNA) are present in all bac-
terial species, are truly homologous in all organisms, are easily sequenced, and now 
offer a large and ever-increasing database of sequences and allow the identification 
of cultured as well as uncultured bacteria.

Studies of microbial isolation, identification, and characterization have always 
been intimately entwined. Comparative analysis of rRNA sequences not only pro-
vided the phylogenetic framework which was lacking in microbial diversity but also 
allowed the development of tools to address this vast microbial wealth. The ubiquity 
of rRNA molecules (small subunit 5S, 16S, large subunit 23S) in all cellular life 
forms and comparative analysis of their sequences can be universally applied to 
infer relationships among organisms. Among the three rRNA molecules, 16S rRNA 
gene (1500 bp) is the most commonly used marker. It has a universal distribution, 
highly conserved nature, fundamental role of ribosome in protein synthesis, no hori-
zontal transfer, and its rate of evolution which represents an appropriate level of 
variation between organisms (Stackebrandt and Goebel 1994). The 16S rRNA mol-
ecule comprises highly conserved sequence domains interspersed with more vari-
able regions.

The most commonly used form of comparative rRNA sequence analysis involves 
the construction of phylogenetic trees. Ribosomal RNA sequence analyses have 
been greatly facilitated by the availability of an excellent, indispensable, curated 
database of rRNA sequences (the ribosomal database project, RDP-II) (Maidak 
et al. 2001; Cole et al. 2007). Sequences can be retrieved from these databases for 
comparative phylogenetic analysis of the microbial species. The sequence- 
comparing tools such as BLAST and CLUSTAL X are used to align the 16S rRNA 
gene sequence in which after alignment the relatedness between bacterial species 
can be scrutinized by the construction of phylogenetic trees or dendrograms. The 
phylogenetic tree ascertains the identity to the genus and its nearest neighbors. At 
present, by correlation with experimental data obtained in the comparison of total 
genomic DNA (DNA–DNA hybridization), it is accepted that a similarity below 
98.7–99 % on the 16S rRNA gene sequences of two bacterial strains is sufficient to 
consider them as belonging to different species.

Besides ribosomal genes, other structural, metabolic, or housekeeping gene 
sequences have also been used to differentiate bacterial strains to species or subspe-
cies level. Among them, highly conserved housekeeping or other protein-encoding 
genes such as rpoB (the RNA polymerase β-subunit-encoding gene), rpoD, gyrB 
(gyrase subunit β-gene), recA (encoding a protein involved in repairing damaged 
DNA in the SOS regulon), and multilocus sequence analysis (MLSA) (Carro et al. 
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2012; Jacques et al. 2012) are more informative than that of 16S rDNA because of 
their size and conserved and alternating variable regions and are used for taxonomic 
and phylogenetic studies, especially when it is suspected that the tested strain may 
be a new species (Meintanis et al. 2006).

Currently, there are several genetic fingerprinting techniques that can be used to 
characterize bacterial communities or single bacterial isolates which include ampli-
fied ribosomal DNA restriction analysis (ARDRA), enterobacterial repetitive inter-
genic consensus–polymerase chain reaction (ERIC–PCR), and rapid fragment 
length polymorphism (RFLP). The genetic fingerprinting of microbial communities 
provides a pattern or profile of the community diversity, based upon the physical 
separation of unique nucleic acid sequences (Meyer et al. 2007). The use of molecu-
lar methods for study of genetic diversity primarily the sensitive and accurate PCR- 
based genotyping methods enables differentiation among closely related bacterial 
strains and the detection of higher bacterial diversity than previously considered 
(Tan et al. 2001).

At present, temperature gradient gel electrophoresis (TGGE) and denaturing gra-
dient gel electrophoresis (DGGE) are predominantly being used. These are based on 
the direct extraction of DNA or RNA from soil; the amplification of this DNA is 
done by PCR, followed by electrophoretic separation in a temperature gradient for 
the former, or by using chemical denaturing substances for the latter. These tech-
niques allow the separation of DNA fragments of exactly the same length but with 
different sequences, based on their melting properties. Each of the methods 
described above possesses its own distinctive advantages and disadvantages. 
Generally, the more selective the method, the less able it is to detect global changes 
in communities and vice versa. These tools can provide an estimate of the rhizo-
sphere diversity in the soil.

14.9  Conclusion

Salinity is one of the most critical factors which have many detrimental effects on 
agriculture and the environment. Many resident microflora in this ecology perform 
all functions of life for survival of their own and associated biological entities. 
Halophilic bacteria have evolved the capacity to function under so-called unusual 
conditions. The studies on halophilic bacteria and their metabolites have clearly 
demonstrated its potential for wide agricultural, industrial, and environmental appli-
cations. The successful restoration of plant growth under saline environment after 
inoculation with halophilic bacteria provides insight for a better alternative to 
improve crop growth and yield in saline soils. Additionally, halophilic bacteria are 
also involved in production of haloenzymes, bioremediation, and biodegradation of 
effluents from saline-based industries. Understanding and exploitation of the bene-
ficial characters of halophilic microorganisms would provide better tool kits for 
sustainable agricultural and industrial productivity and monitor and regulate anthro-
pogenic detrimental activities that affect biological and environmental health.
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15Abiotic Stress Mitigation Through  
Plant- Growth- Promoting Rhizobacteria
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Abstract
Abiotic and biotic stresses highly impacts production of principal crops all 
around the world. Due to climate change, extreme abiotic factors like high and 
low temperatures, droughts, salinity, osmotic stress, heavy rains, floods and frost 
damages are posing grave threats to crop production. There is a dire need to miti-
gate these stresses, so in order to cope with such impacts, microorganisms can be 
employed as best alternatives to chemical inputs by exploiting their unique prop-
erties of tolerance to extreme environments, their ubiquity, their genetic diversity 
and their interaction with crop plants and by developing methods for their suc-
cessful employment in agriculture production. Plant-growth-promoting rhizo-
bacteria (PGPRs) mitigate abiotic stresses on plants most effectively through 
degradation of ACC, the ethylene precursor by bacterial ACC-deaminase and 
through biofilm and exopolysaccharide production. Alleviation of environmental 
stresses in crop plants using these microorganisms opens new and emerging 
applications in sustainable agriculture.

15.1  Introduction

Agriculture is considered to be one of the most vulnerable sectors to climate change. 
Elevation in abiotic and biotic stresses has become major cause for stagnation of 
productivity in principal crops. Exposure of plants to a large number of different 
environmental stresses like flooding, drought, extremes of pH and temperature, high 
salt, heavy metals and various pathogens affect plant growth and productivity. 
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Under these environmental stresses, plants synthesize raised levels of the plant hor-
mone ethylene which halts growth and proliferation of plant to greater extent, until 
the stress is mitigated by lowering ethylene level (Gamalero and Glick 2012). The 
decline in yield of wheat and paddy in various parts of South Asia has been evi-
denced due to increased osmotic stress and temperature and reduced rainfall. The 
average temperature in the Indian subcontinent is likely to rise to 5.8 °C by 2100 
(Grover et al. 2011). Besides elevated temperature, droughts, increased CO2, heavy 
rainfall, flooding, cold and heat waves, and other huge natural disasters causing 
severe economic losses are being witnessed globally. These events cause serious 
negative impacts on crop growth and yields and impose severe pressure on our land 
and water resources. The major abiotic stress in India is drought or osmotic stress 
due to high temperatures, soil salinity/alkalinity, low pH, and metal toxicity affect-
ing about two-thirds area, leading to formation of the arid and semiarid regions. 
Nearly 11 m ha area is affected by salinity, a chemical stress and another 16 m ha 
by water logging, a physical stress (Grover 2010). It is a major challenge to develop 
efficient, low-price, and easily adaptable methods for the abiotic stress mitigation. 
Globally, extensive study is being conducted, to develop strategies to deal with abi-
otic stresses by developing heat- and drought-tolerant crop varieties, shifting the 
crop calendars, resource management practices, etc. (Venkateswarlu and Shanker 
2009). An unanticipated amplification in agricultural practices aimed to improve the 
crop production at an unprecedented rate has exploited the cost-intensive technolo-
gies and strategies which are unfavorable for the sustainability of soil health (Kumar 
et al. 2010). The ill-advised exceeding use of agro-chemicals in agricultural land is 
posing grave threats to the soil fertility. In this context, there should be a paradigm 
shift toward eco-friendly strategies to mitigate abiotic stress and enhance crop 
yields. Recently, it  has been indicated that some microorganisms can also help 
crops to tolerate environmental stresses and promote plant growth through nutrient 
management and biocontrol. This beneficial group of bacteria colonizing plant’s 
rhizosphere/endorhizosphere promotes plant growth through varied direct and indi-
rect mechanisms (Shahzad et al. 2014). However, recently, the microbes alleviating 
biotic and abiotic stresses has attained great importance. The concept of PGPR- 
eliciting tolerance to abiotic stresses has been reviewed recently (Yang et al. 2004). 
The present review compiles the recent work on the role of rhizobacteria aiding 
crops to tolerate various abiotic stresses due to climate change like heat, salinity, 
drought, chilling injury, and waterlogging. Plant-growth-promoting rhizobacteria 
(PGPRs) with ACC-deaminase activity facilitate the proliferation of plants under 
stressed conditions.

15.1.1  Plant-Growth-Promoting Rhizobacteria

There exists diverse group of bacteria in the soil which are associated with the roots 
of all higher plants. These efficient bacteria compete in the rhizosphere resulting in 
plant–microbe interactions which could be positive, neutral, or negative (Shahzad 
et al. 2014). Bacteria colonizing plant roots aggressively are able to stimulate plant 
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growth through various mechanisms and are referred as plant-growth-promoting 
rhizobacteria (PGPR) (Kloepper et al. 1986).

Plant-growth-promoting rhizobacteria are the beneficial group of rhizobacteria 
that are known to enhance plant growth via direct and indirect means and are viable 
options for meeting demand of sustainable agriculture alternate to chemical inputs 
which are hazardous to living forms and impose harmful impact on environment. 
PGPR acts as (1) biofertilizers (enhancing nutrient (N, P, K, Zn, Fe, etc.) availability 
to plant), (2) phytohormone producers, (3) rhizoremediators (degrading organic 
pollutants), and (4) biocontrol agents (Antoun and Pre ’vost 2005). These PGPRs 
can be extracellular (ePGPR), existing in the rhizosphere, on the rhizoplane, or in 
the spaces between root cortex cells, or can be intracellular (iPGPR) residing in root 
cells or in specialized nodular structures (Sundaramoorthy and Balabaskar 2012). 
Arthrobacter, Agrobacterium, Azotobacter, Azospirillum, Bacillus, Burkholderia, 
Pseudomonas, and Serratia are some examples of ePGPR, whereas iPGPRs are 
Azorhizobium, Bradyrhizobium, and Mesorhizobium (Bhattacharyya and Jha 2012). 
PGPR can promote plant growth mainly via following means:

 1. ACC-deaminase production to lower ethylene levels in plant roots
 2. Phytohormone production like indoleacetic acid, gibberellic acid, cytokinins, 

and ethylene
 3. Symbiotic nitrogen fixation
 4. Exhibiting antagonistic activity against phytopathogens through siderophores, 

b-1,3-glucanase, chitinases, antibiotics, fluorescent pigment, and cyanide 
production

 5. Solubilization of mineral phosphates and other nutrients (Shahzad et al. 2014)

These PGPRs when inoculated with crops not only promote their growth and yield 
but also maintain soil fertility; thus, PGPR as biofertilizer is an eco-friendly 
approach.

15.2  PGPR-Mediated Stress Tolerance Mechanisms

PGPRs use various mechanisms to protect plants from abiotic stresses which pose 
grave threats to agricultural production (Fig. 15.1).

15.2.1  Ethylene Biosynthesis and Role in Plant Physiology

Ethylene is a gaseous plant hormone which is produced by almost all plants and 
imposes different effects on plant growth depending on its concentration in root tis-
sues. Ethylene at low levels plays an active role in seed germination, tissue differen-
tiation, anthocyanin synthesis, root and shoot primordia formation, root elongation, 
lateral bud development, flowering initiation, opening and senescence of flower, 
pollination, ripening and degreening of fruit, and the production of volatile organic 
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compounds, which imparts aroma to fruits and is also involved in plant–microbial 
symbiotic interactions that are important for establishment of the legume–Rhizo-
bium association (Lynch and Brown 1997). At high concentrations, ethylene is usu-
ally deleterious to plant growth and health as it leads to defoliation, inhibition of 
stem and root growth, as well as premature senescence and also causes decreased 
vegetative period, which ultimately reduces crop performance. The classical “tri-
ple” response in etiolated dicot seedlings due to ethylene is a renowned example of 
ethylene as stress hormone. This effect includes three distinct morphological 
changes in the seedling shape, inhibition of stem elongation, increased stem diam-
eter, and horizontal growth (Khalid et al. 2006).

Ethylene is generated by most of the plant tissues. Synthesis of this hormone 
begins biologically with S-adenosylmethionine (SAM) compound (Fig. 15.2) that 
acts as a precursor in many other pathways and is, therefore, present in abundance 
within plant tissues. The ethylene pathways along with the Yang cycle (Yang and 
Hoffman 1984) initiate with the enzyme ACC-synthase that converts SAM to 
1-aminocyclopropane-1-carboxylic acid (ACC) and 5 V methylthioadenosine 
(MTA). It has been considered to be the foremost step in the ethylene biosynthetic 
pathway, whereas the extremely labile ACC-synthase enzyme has been shown to be 
rate limiting which rises proportionally to ethylene levels within the plant tissue. 

NEGATIVE IMPACT OF

MECHANISMS USED BY PGPR

ABIOTIC STRESSES
STRESS

Dehydration Anoxia
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High wind
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Fig. 15.1 Mechanisms used by PGPR for abiotic stress mitigation
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The next step is the conversion of ACC to ethylene by ACC-oxidase, which is pres-
ent in most tissues at very low levels. A huge increase in ethylene production is 
activated due to ACC-synthase and/or ACC-oxidase when ethylene is applied exog-
enously to plant (Wang et al. 2002). Stimulation of ethylene by IAA also occurs in 
etiolated pea seedlings, via a rapid increase in the buildup of ACC-oxidase (Peck 
and Kende 1995).

Ethylene is also known as “stress” hormone, and its accelerated production is asso-
ciated with both biotic and abiotic stresses (Arshad et al. 2008). When “stress” ethyl-
ene synthesis increases, it causes senescence in response to stress in the plant, leading 
to physiological changes in cells near to the site of stress. As a consequences of differ-
ent types of environmental stress, viz., chilling, drought, flooding, pathogens, and 
heavy metal toxicity, plants respond by synthesizing 1- aminocyclopropane- 1-carboxy
late (ACC), a precursor for ethylene (Glick et al. 2007). An increased ethylene con-
centration in the root zone is also known to inhibit nodulation and subsequently nitro-
gen fixation in lentil plants; PGPR can help overcome these deleterious effects.

15.2.2  ACC-Deaminase Production

A pyridoxal phosphate-dependent enzyme, 1-aminocyclopropane-1-carboxylate 
deaminase (ACCD) is widespread in various bacterial and fungal species. Ethylene 
production is accelerated endogenously in response to abiotic and biotic stresses via 
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elevated levels of the ethylene precursor ACC which has adverse affects on the root 
and plant growth (Shrivastava and Kumar 2013). Owing to ACCD activity, certain 
plant-associated bacteria help plant to proliferate under abiotic and biotic stresses 
by lowering the “stress ethylene” level which inhibits plant growth. Many PGPRs 
have 1-aminocyclopropane-1-carboxylate deaminase activity which can cleave 
ACC to α-ketobutyrate and ammonia to reduce ethylene level in developing or 
stressed plants. acdS is a gene which encodes this enzyme, and it is under tight regu-
lation and regulated differentially under different environmental conditions (Singh 
et al. 2015). Hontzeas et al. (2005) have elaborated the crystal structure of ACC- 
deaminase from Pseudomonas putida UW4 along with the biochemical and thermo-
dynamic properties. One of the characteristic features of all ACC-deaminase 
enzymes is their low affinity toward the substrate ACC, which is always in the mil-
limolar range. In the past few years, a large number of bacteria have been isolated 
encoding ACC-deaminase activity (Glick 2005). ACC-deaminase has been widely 
reported and extensively studied in numerous microbial species of PGPR like 
Agrobacterium genomovars, Azospirillum, Bacillus, Burkholderia, Enterobacter, 
Pseudomonas, Rhizobium, Rhodococcus, Sinorhizobium meliloti, etc. (Ali et al. 
2014). ACC-deaminase active PGPR strains have improved the maize production 
under dual stress conditions, i.e., drought and soil salinity/sodicity (Zafar-Ul-Hye 
et al. 2014). Plants inoculated with ACC-deaminase-positive rhizobacteria are 
highly resistant to the injurious effects of the stress ethylene produced under flood-
ing (Grichko and Glick 2001), drought (Creus et al. 2004), and high salt concentra-
tions (Nadeem et al. 2007).

15.2.3  EPS Production

Extracellular exopolysaccharide (EPS) accumulation is commonly observed feature 
in many bacteria. Bacterial EPS production in saline soil can prevent osmotic stress 
in plants, and it also shields microorganisms from water stress by increasing water 
retention and by regulation of organic carbon source permeability. Role of EPS 
producing root-colonizing bacteria in improving plant growth has been variously 
reported (Ali et al. 2014). EPS aids the microorganisms to attach and colonize the 
plant roots irreversibly involving a network of fibrillar material that results in firm 
gripping of bacteria to the root surface. Sandhya et al. (2009) have reported that 
exopolysaccharide secretion by PGPR forms an organo-mineral sheath around 
microbial cell which enables specific bacteria to survive under stressed conditions 
such as drought, and it also improves drought tolerance in plants through osmotic 
and intracellular adjustment. The type of polysaccharide determines water retention 
capacity, but water retention capacity by EPS may exceed 70 g water per g polysac-
charide. A study revealed that inoculation of barley with exopolysaccharide- 
producing PGPR exhibited extended drought tolerance in comparison to 
uninoculated control (Timmusk 2003).
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15.2.4  Biofilm Production

Most bacteria in natural environments persist as “biofilm” communities where cells 
are encased in an extracellular polymeric matrix. Biofilms established on varied 
surfaces like root zones and soil particles and cement soil particles form aggregates 
which improve crop production and physiochemical properties of soil (Qurashi and 
Sabri 2012). Under stressed conditions, bacteria persist in the form of biofilm com-
munities for their better survival, as an extracellular matrix provides an infinite 
range of macromolecules. The dense biofilm matrix regulates diffusion of bioactive 
substances and nutritional secretions by rhizobacteria which therefore remain con-
centrated at the root surface in order to affect plant growth. Timmusk (2003) sug-
gested that the major components of biofilm in the model bacterium Bacillus subtilis 
are polysaccharides and a Tas A protein, and when these components get mutated, 
they pose severe effects on biofilm production. The sugars in biofilms can be divided 
into simple sugars (monosaccharides, oligosaccharides, polysaccharides) and com-
plex sugars: all of which can play various roles in host–microbe interactions (Vu 
et al. 2009). The biofilm improves water retention and enhances soil aggregation 
and microbial biomass which in turn stimulates root exudation under stress. Hence, 
there is a great advantage of a slimy layer of extracellular matrix produced in the 
rhizosphere, especially under stressful conditions; it contributes to mechanical sta-
bility of the biofilm and interacts with other macromolecules and micromolecules, 
creating a microenvironment within the biofilm (Timmusk 2003).

15.2.5  Nutrient Deficiency Tolerance

Plants require various macro (N, P, and K) and micro (Zn, Mn, and Fe) nutrients for 
their growth and metabolism; thus, their deficiency in plants may lead to reduction 
in crop yields to greater extent. The deficiency of macro- and micronutrient is the 
major factor contributing not only to yield plateaus but also to declining crop pro-
duction, shrinking profits, and environmental footprint (Velu et al. 2013).

15.2.6  Biological Nitrogen Fixation

Nitrogen (N) ranks first among the major plant nutrients, yet its low availability to 
plants due to the high losses by emission or leaching is a limiting factor in agricul-
tural ecosystems. Some microorganisms are capable of making atmospheric N 
available to plants through biological nitrogen fixation (BNF) which is of great 
importance (Martínez-Viveros et al. 2010). For agricultural sustainability advance-
ment, an increase in the utilization of BNF as a major source of nitrogen for plants 
is required. PGPRs with biological nitrogen fixation (BNF) property include symbi-
otic nitrogen fixers (Rhizobium in leguminous plants and Frankia in nonleguminous 
trees) and nonsymbiotic N2-fixers (Azospirillum, Azotobacter, Gluconacetobacter, 
Achromobacter, Azoarcus, Acetobacter diazotrophicus, Bacillus, Klebsiella, and 
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Pseudomonas). Nonsymbiotic nitrogen fixation has a great agronomic significance. 
Free-living diazotrophs carrying out nonsymbiotic BNF can promote growth in 
nonleguminous plants. Studies by Antoun et al. (1998) have revealed that N-fixers, 
free-living bacteria, as well as symbiotic Rhizobium strains can stimulate the growth 
of radish which is a nonlegume.

15.2.7  Phosphorus Solubilization

Element phosphorus (P) ranks second after nitrogen among mineral nutrients which 
also limits the growth of crops. Phosphorus as an essential mineral nutrient partici-
pates in numerous metabolic processes such as transfer of energy, respiration, bio-
synthesis of macromolecules, and signal transduction (Khan and Joergensen 2009). 
The P content in soil (organic plus inorganic) is 100–400 g/ha which usually exceeds 
plant requirements; however its bioavailability to plant is one of the major con-
straints in limited plant growth. Even if phosphorus is added to soil as phosphatic 
fertilizer, it may get fixed and precipitate in calcareous and alkaline soils and become 
unavailable to plant. Phosphate anions due to their extreme reactivity get precipi-
tated with cations such as Ca2+, Mg2+, Fe3+, and Al2+ and become immobilized. On 
the other hand, much of this P is in mineral form and is available to plants only at 
gradual basis (Richardson et al. 2009).

In order to meet sustainable agricultural demands, the use of special microorgan-
isms as inoculum for mobilization of a large pool of soil phosphorus is one of the 
useful strategies to improve crop yields. A group of PGPRs referred to as phosphate- 
solubilizing bacteria (PSB) are employed as solubilizers of insoluble inorganic P 
compounds at frequent basis through production of low-molecular-weight organic 
acids such as gluconic and keto-gluconic acids, and genera belonging to Azotobacter, 
Bacillus, Enterobacter, Klebsiella, Pseudomonas, and Rhizobium are the potent 
phosphate solubilizers (Verma et al. 2013). In addition, inorganic acids such as car-
bonic acid, sulfuric acid, and nitric acid produced by PSB could also facilitate the 
solubilization of P and Zn compounds.

The PSB constitute 1–50 % whereas phosphorous solubilizing fungi (PSF) con-
tribute only 0.1–0.5 % in P solubilization potential among the whole microbial 
population in soil (Chen et al. 2006). The microorganisms involved in P solubiliza-
tion can enhance plant growth also by enhancing biological nitrogen fixation effi-
ciency and the availability of other trace elements such as Fe, Zinc, etc. (Gyaneshwar 
et al. 2002).

15.2.8  Siderophore Production

To satisfy nutritional requirements of iron, microorganisms are blessed with a spe-
cial mechanism that assimilates iron via secretion of low-molecular-weight (500–
1000 Da) chelators having greater affinity for iron which are termed as siderophores 
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and are generally produced in response to iron starvation (Sarode et al. 2009). 
Strains of Pseudomonas, Enterobacter, Azotobacter, Gluconacetobacter, Bacillus, 
and Rhodococcus genera are known to produce siderophores classified as catecho-
lates (phenolates), carboxylates, and hydroxamates by the ligands used to chelate 
the ferric iron (Saharan and Nehra 2011). Under aerated environment at physiologi-
cal pH, the unstable reduced ferrous (Fe2+) form is readily oxidized to the ferric 
(Fe3+) form, which is unavailable to biological systems, and its concentration is less 
than optimal for bacteria which necessitates special mechanisms for iron acquisi-
tion; thus, secreted siderophores by microorganisms solubilize iron by forming a 
complex ferric siderophore (Sharma and Johri 2003). Although some siderophores 
are known to chelate other ions along with iron, many siderophores chelate iron not 
only for microbial nutrition but also for microbial infection and the antagonism of 
PGPR against plant pathogen by sequestering Fe3+ in root area (Beneduzi et al. 
2012); thus, siderophores have been implicated for both direct and indirect mecha-
nisms of plant growth promotion.

Siderophores such as salicylic acid and pyoverdine are known to induce systemic 
resistance. Further, most of the catechols are derivatives of 2,3-dihydroxy benzoic 
acid (DHBA) and consist of 2,3-DHBA and one or more amino acid residues. 
Pseudomonas fluorescens is known to secrete pyoverdines which are yellow- 
greenish fluorescent siderophores involved in the transport of iron into the cell 
(Meyer et al. 2002). Siderophore enterobactin secreted by Escherichia coli, bacilli-
bactin from Bacillus subtilis and Bacillus anthracis, and vibriobactin produced by 
Vibrio cholera are some of the examples of catecholates. Ferrichromes produced by 
Ustilago sphaerogena, desferrioxamine B (deferoxamine) by Streptomyces pilosus 
and Streptomyces coelicolor, and desferrioxamine E by Streptomyces coelicolor 
belong to the hydroxamate class of siderophores (Sarode et al. 2009).

In recent years, considerable interest has been paid to rhizobacteria, which are 
aggressive root colonizers and produce siderophores. The role of microbial sidero-
phores in N-fixation has also been implicated. Indirect mode of plant growth pro-
motion is the ability of siderophore to protect from heavy metal toxicity (Glick 
2005). Thus plants are benefitted in a number of ways, i.e., by direct uptake of iron, 
suppression of proliferation of fungal pathogens, improved N-fixation, and preven-
tion from heavy metal toxicity.

15.2.9  Zinc Solubilization

Zinc is an imperative micronutrient necessary at low concentrations (5–100 mg 
kg−1) in plant tissues for healthy growth and reproduction and acts as a cofactor in 
many enzymes. Zn deficiency is currently listed as a major risk factor for both plant 
and human health globally. As a result of prevalent Zn deficiency, the production of 
cereal crops suffers twin problems of low food production and Zn malnutrition in 
the population using cereals as their staple diet (Vaid et al. 2013). In plants, its defi-
ciency results in reduction in membrane integrity and synthesis of starch, protein, 
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growth hormones, nucleotides, chlorophyll, and cytochromes and also leads to 
development of susceptibility to heat stress. Zn influences basic life processes of 
plant, such as (a) nitrogen metabolism–nitrogen uptake and protein quality, (b) pho-
tosynthesis–chlorophyll synthesis and carbon anhydrase activity, (c) abiotic stress 
tolerance, and (d) rate of protein synthesis and protein content (Potarzycki and 
Grzebisz 2010). On the other hand, dietary deficiency of zinc (Zn) leads to human 
health complications including impairments in the immune system together with 
incidence of infectious diseases such as severe acute malnutrition, diarrhea, and 
pneumonia which affects more than two billion people worldwide (WHO 2012).

Like phosphorus zinc is also present in soil in insoluble form that so plants are 
unable to utilize it. The problem of Zn deficiency in crops is attributed to its lesser 
solubility in soils instead of its low total amount. Solubilization of zinc through 
PGPR can be achieved by various mechanisms, including excretion of metabolites 
such as organic acids and chelating agents or through proton extrusion (Ramesh 
et al. 2014). Rhizobacterial genera belonging to spp. Pseudomonas and Bacillus 
have been reported to solubilize zinc through proton extrusion, chelating ligands, 
and oxidoreductive systems established on the cell surface and membranes (Goteti 
et al. 2013). Reduction in pH through organic acid production by microbial isolates 
is regarded as one of the major mechanisms of Zn solubilization. Solubilization of 
Zn compounds using soil bacteria has been reported by Fasim et al. (2002).

15.2.10  Phytohormone Production

PGPRs are known to secrete phytohormones, viz., auxins, cytokinins, gibberellins, 
and ethylene. The naturally occurring auxin is indoleacetic acid (IAA) which exists 
in abundance and has the ability to control many aspects of plant growth and devel-
opment such as differentiation of vascular tissues, apical dominance, root elongation, 
initiation of lateral roots, and fruit setting and ripening (Maheswari et al. 2013). 
Gibberellins (GA) are plant-growth-promoting hormones that are engaged in the ger-
mination of seeds, seedling emergence, stem and leaf growth, induction of flowering, 
regulation of vegetative and reproductive bud dormancy, and fruit growth (Maheswari 
et al. 2013). The phytohormones produced by rhizospheric and endophytic bacteria 
(Enterobacter, Pseudomonas, Stenotrophomonas) play a key role in modifying root 
morphology in plants exposed to drought, salinity, high temperature, and toxicity of 
heavy metals (Spaepen and Vanderleyden 2010). Plants inoculated with IAA produc-
ers have resulted in stimulation of seed germination which accelerates root growth 
and also leads to modification in root architecture to increase the root biomass even 
under stressed conditions. IAA-producing bacteria are considered as potential plant 
growth promoters as they increase the root surface and create a larger infection area 
for colonization of potential diazotrophs (Molla et al. 2001).

Ethylene, a phytohormone, is produced almost in all plants and is known to 
mediate several responses to environmental and developmental signals in plants. 
Arshad and Frankenberger (1998) have shown that ethylene when exudated by the 
roots exhibits involvement in plant growth. The fate of rhizobial infection in legume 
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root hairs is regulated by the levels of ethylene in the underlying plant cortex; a low 
level of ethylene allows proper deposition of infection thread, whereas a higher 
level of the hormone induces abortion of the infection thread by inducing cross- 
linking of its matrix glycoproteins (Ma et al. 2003). Certain free-living rhizobacte-
ria with ACC-deaminase activity promote nodulation in plant roots by endogenously 
regulating the biosynthesis of ethylene.

15.2.11  Induced Systemic Tolerance

Plant-growth-promoting rhizobacteria are known to alleviate the impact of abiotic 
stresses on plants effectively through induced systemic tolerance (IST), via (a) cyto-
kinin production by bacteria, (b) antioxidants, and (c) enzyme ACC-deaminase 
degrading ethylene precursor ACC. The terminology, induced systemic tolerance, 
has been proposed for PGPR-induced physical and chemical changes resulting in 
increased tolerance to abiotic stress. Another term, “induced systemic resistance,” 
(ISR) refers to a process involving physical or chemical changes related to plant 
defense by PGPRs. PGPR eliciting ISR has been reported to suppress plant diseases 
caused by a range of phytopathogens both in the greenhouse and field (Kloepper 
et al. 2004). However, few reports on PGPR as elicitors of tolerance to abiotic 
stresses, such as drought, salt, and nutrient deficiency, have also been published. 
More recently, the subject of PGPR-eliciting tolerance to heavy metal toxicity has 
also been reviewed. The term “induced systemic tolerance” (IST) is proposed here 
for physical and chemical changes induced in plants by PGPR resulting in enhanced 
tolerance to abiotic stress only whereas biotic stress is excluded from IST because 
conceptually it is part of biological control and induced resistance (Yang et al. 2004).

PGPR strain, Achromobacter piechaudii ARV8, producing ACC-deaminase, 
conferred IST to drought stress in pepper and tomato (Mayak et al. 2004). Under 
stressed environment, the stress hormone ethylene endogenously regulates plant 
homeostasis resulting in decreased root and shoot growth. However, breaking down 
of the ethylene precursor ACC by bacterial enzyme ACC-deaminase releases plant 
stress and rescues normal plant growth (Glick 2005).

15.2.12  Proline Accumulation in Plants Under Stress Conditions

A proteinogenic amino acid, proline is an indispensable component for primary 
metabolism which regulates plant development and also acts as a signaling mole-
cule. However, accumulation of proline is known to influence stress tolerance in 
various ways. It has also been reported that proline can work as a molecular chaper-
one in order to protect protein integrity and to activate different enzymes. An anti-
oxidant feature has been attributed to proline which suggests its ROS scavenging 
activity and its role as a singlet oxygen quencher (Matysik et al. 2002). Accumulation 
of proline could be due to de novo synthesis or decreased degradation or both. Many 
studies have revealed that under different stress conditions, an increase in proline 
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content in higher plants has been reported (Yang et al. 2004). It was first discovered 
in bacteria that proline functions as an osmoprotective agent, where a correlation 
between accumulated proline and salt tolerance has long been demonstrated. 
Numerous reviews have emphasized on protective function of proline which get 
accumulated in plants under stressed conditions (Verbruggen and Hermans 2008). 
However, the correlation between proline accumulation and abiotic stress tolerance 
in plants is not always apparent.

The potential of PGPR for enhancing plant growth and yield was also tested 
under different abiotic stresses, i.e., water shortage, high and low temperature, 
salinity, and under-deficiency nutrients (Table 15.1).

15.3  Future Prospects

Tremendous progress has been attained worldwide, in the field of PGPR biofertil-
izer technology as they are very effective plant growth promoters and have potential 
to alleviate various environmental stresses, enrich soil fertility and food nutritional 

Table 15.1 Bacteria-mediated abiotic stress tolerance in plants

Bacteria inoculated Plant species References

Osmotic stress Bacillus cereus Lentil (Lens 
culinaris 
Medikus)

Sharma et al. (2015)

PEG 6000

Osmotic stress Bacillus sp. and 
Pseudomonas sp.

Chickpea (Cicer 
arietinum)

Sharma et al. (2013)

PEG 6000

Salinity Achromobacter piechaudii Tomato (L. 
esculentum)

Mayak et al. (2004)

Salinity Pseudomonas fluorescens Maize (Zea mays) Nadeem et al. (2007)

Salinity B. amyloliquefaciens Wheat (T. 
aestivum)

Ashraf et al. (2004)

Salinity Piriformospora indica Barley Waller et al. (2005)

Drought Azospirillum Wheat (T. 
aestivum)

Creus et al. (2004)

Drought Pseudomonas sp. Pea (Phaseolus 
vulgaris)

Arshad et al. (2008)

Drought P. polymyxa Bean (P. vulgaris) Figueiredo et al. 
(2008)

Flooding Pseudomonas putida Tomato (L. 
esculentum)

Grichko and Glick 
(2001)

Temperature – 
heat

Pseudomonas sp. AMK-P6 Sorghum Ali et al. (2009)

Temperature – 
cold

P. putida Canola Chang et al. (2007)

Nutrient 
deficiency

Bacillus polymyxa, 
Pseudomonas alcaligenes

Maize (Z. mays) Egamberdiyeva 
(2007)
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quality, and enhance the agricultural production. The use of PGPR as stress mitiga-
tors, biofertilizers, biocontrol agents, and biofortifiers is an efficient alternative to 
the use of chemicals for sustainable crop cultivation at global level. Thus, present 
and future progression in understanding of diversity of PGPR, their ability to colo-
nize plant roots, and their mode of action, formulation, and application can lead to 
their development as reliable components in the management of sustainable 
agriculture.
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Abstract
Microorganisms associated to maize can present a diversity in its composition 
according to maize genotype and soil properties, such as pH, texture, water 
availability, nutritional status, weather conditions, and agricultural practices.
These microorganisms can stimulate plant growth by nutrients acquisition in 
poor soils through nitrogen fixation, phosphate solubilizing, phytate mineral-
ization besides of the phytohormone production that help in the survival stress 
and can stimulate growth of plant parts several.  Some molecules produced by 
microrganisms inhibits the action of phytopathogenic agents or can induce the 
plant resistance. Thus, the maize microbiome investigation can contribute  for 
prospecting of microorganisms  with potential for use as plant inoculant  
focused on the development of cheaper, environmentally-sound and sustain-
able agricultural techniques. 
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16.1  Introduction

Cereals have been the principal component of animal and human diet for thousands 
of years and have played a major role in the establishment of human civilization. 
Moreover, they can be used for numerous applications in general for fuels such as 
ethanol production industrially. From cereals, the maize (Zea mays L.) is the most 
produced worldwide, and it has an average of 800 million tons produced annually 
of which the United States is the largest producer, followed by China and Brazil. 
Maize has a large genetic variability, which allows its cultivation in tropical, sub-
tropical, and temperate climates. However, production systems are highly depen-
dent on chemical inputs, especially nitrogen and phosphate fertilizers, pesticides to 
control pests, diseases, and weeds, which raise production cost. In addition, inten-
sive use of agricultural inputs can cause environmental impacts. Therefore, there is 
a large demand for technological innovations that reduce the production costs, the 
inputs, and energy consumption of nonrenewable sources.

Microorganisms are attractive and viable alternatives for the reduction of fertil-
izer and pesticide use, easing the burden farming imposes on the environment, and 
reduction of production costs. Microbial inoculants that promote plant growth 
(PGPM) may be developed based on microbiota residing inside plants without 
harming their host (endophytes) or only the surface of the plant organs (epiphytic) 
or those found in the rizosphere of plants (Wu et al. 2005; Montanez et al. 2012; 
Mendes et al. 2013). The study of these microorganisms involves the investigation 
of the microbial community profile associated to plants and evaluation of cultured 
strains in vitro in order to identify genes related to vegetal growth promotion and 
ability of tissues colonization of the plant besides genes that help in the vegetal 
survival to biotic and abiotic stress (Table 16.1).

The microorganisms that penetrate and colonize plant tissues have evolved an 
elaborate system to bypass the natural defense system of plants and persist in it, 
named “competent endophytes” (Rosenblueth and Martinez-Romero 2006; 
Hardoim et al. 2008). The system involves inactivation of reactive oxygen species 
(ROS) and plant secondary metabolites by anti-oxidative enzymes such as catalase 
and superoxide dismutase. The colonization of endosphere requires indeed mecha-
nisms to increase the nutrient acquisition including siderophore production and 
membrane transporters (Barret et al. 2011; Loaces et al. 2011).

Microorganisms also show essential functions for effective bacterial coloniza-
tion and survival of the rhizosphere (“rhizosphere competence”). Although consid-
ered a nutrient-rich environment, this region also exerts a selective pressure on 
microorganisms by releasing plant-derived toxic compounds such as indoles, terpe-
noids, benzoxazinones, flavonoids, and isoflavonoids that induce a stress response 
in certain bacteria (Miche et al. 2006; Bais et al. 2006). The strategies employed by 
bacteria to cope with a toxic compound are to extrude it out of cell by efflux pumps, 
production of oxidative enzymes of aromatic compounds present in exudates, and 
alteration of composition of fatty acids and phospholipids to compensate increased 
fluidity of membrane due to interaction with phenolic compounds. The presence of 
these adaptation mechanisms can explain the selection of specific microbial popula-
tions by diverse plant species or cultivars, which can show exudates of variable 

U. de Cássia Silva et al.



347

chemical composition. The root exudation varies also with plant age (Aira et al. 
2010; Ramachandran et al. 2011).

Beyond the microorganism competence, other factors such as geo-location, cli-
matic conditions, host plant genotype, growth stage and physiological status, and type 
of plant tissue determine microbial community colonization (Hoffman and Arnold 
2008; Sun et al. 2012; Giauque and Hawkes 2013). In general, the continuation of 

Table 16.1 Gene list associated with plant growth-promoting characteristics, microbial coloniza-
tion of the plants that helps in survival to stresses

Gene Features

Promotion of plant growth

pqq, gene glucose 
dehydrogenase, pstA, B, C

P solubilization

ipdC AIA production

nifH Nitrogen fixation

Histidine acid phosphatases 
(HAP)

Phytate mineralization

Purple acid phosphatases (PAP)

β-Propeller phytases (BPP)

Pvd (pyoverdine gene), fpvA, 
mbtH, ocrA, B, fhu

Siderophore production

AcdS, rimM, dcyD Activity of the ACC-deaminase

cysC, J, I, N H2S production

Colonization ability

als, budA, C, poxB Synthesis of acetoin and butanediol

Chitinase homolog gene Chitin production

Operom lsr: LsrA, lsrB, lsrC, 
lsrD, lsrE, lsrF, lsrG

Transport, internalization, phosphorylation, and autoinducer 
processing in quorum sensing

luxS Quorum sensing control

gacA, rsmA, rpoS Regulation of LasRI and RhlRI in the quorum sensing

Secretion systems: type II, 
VI. Sec and twin arginine

Secretion systems can help both in promoting plant growth 
and colonization

Surviving to stress abiotics and biotics

phzF Fenazine, fungicidal action

dnaJ, K, groE Heat shock proteins

cspA, C, D, E Cold shock proteins

soxB, opu, proX, glycine betaine 
homologous gene

Glycine betaine production

Catalase homologous gene Catalase. Protection against oxidative stress

sodB, C, superoxide dismutase 
homologous gene

Superoxide dismutase. Protection against oxidative stress

treY, Z: trehalose synthase 
homolog gene

Helps in stress by salinity and osmotic stress

Polyhydroxybutyrate (PHB) 
metabolism genes

PHB is a compound intracellularly stored granules. It helps 
in tolerating high temperatures, exposure to UV irradiation, 
and desiccation
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plant host–endophyte symbiotic interactions changes from antagonistic to mutualistic 
(Saikkonen et al. 1998); the mutualistic microbial processes involve nitrogen fixation, 
solubilization of phosphorus and potassium, the production of siderophores and phy-
tohormones, surface-active compounds (SACs) and bioactive molecule production, 
and induction of systemic resistance (ISR) (Fig. 16.1) (Bulgarelli et al. 2013).

Several studies have prospected specific functional microbial groups associated 
with maize and adapted to the several ecosystems for development of PGPM inocu-
lants with emphasis on the traits that improve the fitness of plants (Hameeda et al. 
2008; Montanez et al. 2012; Szilagyi-Zecchin et al. 2014). However, the inconsis-
tencies between results obtained in vitro compared with field trial tests have led to 
the unsuccessful commercialization of microbial inoculants.

Thus, to obtain effective inoculant is necessary to evaluate the ideal characteristics 
of candidate microorganisms, the environmental parameters that interfere with the 
success of colonization and sustaining bacterial life within host plants in field experi-
ments. Soil health is another factor that affects the inoculation efficiency, due to sev-
eral characteristics such as type and structure of soil, soil moisture and pH, nutrient 
level and toxic metal concentrations, microbial diversity, and soil disturbances caused 
by management practices. Furthermore, another important function of soil microbiota 
is the aggregation of soil particles, which can be promoted by microbial inoculants.

This chapter presents an overview of the importance of the microbiome to the 
plant growth promotion, focusing on the functional and taxonomic diversity of the 

Fig. 16.1 Overview of growth-promoting factors triggered by microorganisms associated with 
maize
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microbiota associated with maize and the desirable characteristics of microorgan-
ism’s candidates to the use in PGP formulations.

16.2  Maize Microbiome Diversity

Microbial community which colonizes maize has been intensively investigated by a 
number of strategies, such as cultivation of microorganisms, techniques that evalu-
ate the community profile as terminal restriction fragment length polymorphism 
(T-RFLP) and others based in cloning and sequencing in small scale or high through-
put as the next-generation DNA sequencing technologies. For rhizospheric com-
munity of maize, regardless of the strategy used, most of the work describes the 
phylum Proteobacteria as dominant, particularly classes α-, β-, and γ-Proteobacteria 
(Chauhan et al. 2011; Peiffer et al. 2013; Turner et al. 2013; Johnston-Monje et al. 
2016). The genera Burkholderia, Pantoea, Enterobacter, Pseudomonas, Massilia, 
Sphingobium, Sphingomonas, Agrobacterium, Rhizobium, Bradyrhizobium, and 
Ochrobactrum are most commonly found in maize rhizosphere, many of them could 
also be found as endophytes (Johnston-Monje et al. 2016). Proteobacteria are also 
dominant in the maize rhizosphere of different regions in the world, as shown in the 
study that assessed soils of Canada and Brazil and of the states of Florida and 
Illinois, USA (Roesch et al. 2008). In this work, the β-Proteobacteria subphylum 
was dominant in all soils, except from Brazil, which is predominated by 
γ-Proteobacteria. Then, the phyla Actinobacteria, Firmicutes, Bacteroidetes, 
Planctomycetes, Verrucomicrobia, and Acidobacteria were frequent in all these 
regions (Roesch et al. 2008; Turner et al. 2013). Bacterial community rhizosphere 
of other plants has also displayed predominance of Proteobacteria phylum, such as 
potato, beet, and Arabidopsis (Weinert et al. 2011; Lundberg et al. 2012). Peiffer 
et al. (2013) characterized the bacterial diversity of the rhizosphere of maize lin-
eages during flowering grown in the field in five different environments in the 
United States and noted that some orders such as Burkholderiales, Oceanospirillales, 
and Sphingobacteriales of the Proteobacteria phylum were consistently enriched in 
maize rhizosphere. According to authors, sampling area and its geographical origin 
were the main variation source in microbiota composition followed by root proxim-
ity (rhizospheric and non-rhizospheric soil). In the rhizosphere, strains belonging to 
Proteobacteria phylum predominated because in general show rapid growth capacity 
in response to sources of labile carbon released by plant. In contrast, non-rhizospheric 
soil is predominantly enriched by slow-growth microorganisms that has more 
stable populations, such as Acidobacteria, Chloroflexi, Planctomycetes, and 
Verrucomicrobia, which are also described as oligotrophic (Fierer et al. 2007).

Some studies suggest that maize plants can select specific bacterial communities 
depending on soil properties (Castellanos et al. 2009), genotypes (Aira et al. 2010), 
management techniques, such as fertilizers (Aira et al. 2010), and growth stage of the 
plant (Gomes et al. 2001). For example, Bouffaud et al. (2012) showed that the geno-
type influenced the microbiota composition of the maize rhizosphere. These authors 
evaluated the community rhizobacteria of five main genetic groups of maize by of 
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microarray and 16S rRNA analysis that revealed a clear effect of genotype in the selec-
tion of rhizobacteria community. It was observed that main differences were related to 
the group of Betaproteobacteria, especially Burkholderia. However, other works show 
that the composition of the bacterial community is not dependent of the cultivar type or 
genotype (Schmalenberger and Tebbe 2002) or soil type (Johnston-Monje et al. 2016). 
This apparent disparity in results may be due to interactions between plants and soil 
types and according to methodology employed. The use of techniques that have differ-
ent resolution and detection limits can also influence the results. Chelius and Triplet 
(2001), for example, observed that dominant bacteria group belongs to the 
Actinobacteria phylum when cultivation techniques were used, whereas the sequenc-
ing of clone libraries showed the α-Proteobacteria as predominant group.

The plant development stage has also been described as important factor to deter-
mine the microbial community. Gomes et al. (2001) evaluated the rizosphere bacte-
rial community of two maize genotypes by cultivation-based techniques and 
TGGE. Differences were observed in the community composition of young roots 
when compared to mature plant, especially, in the α- and β-Proteobacteria popula-
tion. Similarly, Li et al. (2014) using the pyrosequencing described alteration of the 
microbiome rhizosphere of maize with the plant growth stage. The genera Massilia, 
Flavobacterium, Arenimonas, and Ohtaekwangia were abundant in the early 
stages, while the population of Burkholderia, Ralstonia, Dyella, Chitinophaga, 
Sphingobium, Bradyrhizobium, and Variovorax was dominant in the later stages.

In addition, other characteristics can modulate the structural and functional diversity 
of the plant microbiome, as abiotic factors including soil properties such as pH, texture, 
water availability, nutritional status, weather conditions, and agricultural practices 
(Berg and Smalla 2009). The effect of different fertilizers in the bacterial and mycor-
rhizal fungi community of maize was assessed by T-RFLP, cloning, and sequencing, 
respectively (Toljander et al. 2008). Changes in microbial community were mainly 
correlated with pH changes induced by fertilization type, but other factors also contrib-
uted to the observed changes, including carbon and phosphate of the soil.

Furthermore, although the effects of the genotype and fertilization are important 
separately, the interaction between them can be determinant for the microbial com-
munity, as the exudation from plants is influenced by these factors; therefore, the 
microbial community structure of the rhizosphere will be modified. Aira et al. 
(2010) evaluated the effect of different strategies of maize fertilization and detected 
change in the composition of the exudates from the roots leading to an increase in 
biomass and modification in the bacterial community structure.

In addition to rhizosphere, a wide variety of endophytic microorganisms also 
colonizes maize. This microorganism group is characterized for living within the 
plant tissues at least part of the life cycle; they can colonize the apoplast, including 
intercellular spaces and cell walls of roots, stems, and leaves. They are generally 
nonpathogenic for the plant, but may include latent pathogens that depending on the 
environmental conditions can cause disease. The high number of bacteria into plant 
tissues are originated from soil suggesting that the roots as the main entry point of 
the endophyte in the host plants (Miliute et al. 2015).

In general, species of endophytic bacteria present in maize belong to subphylum 
α-, β-, and γ-Proteobacteria. Among these groups, γ-Proteobacteria is dominant 
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and has greater diversity. But Bacteroidetes, Actinomycetes, and Firmicutes are also 
commonly observed in maize endophytic community. The genera Rhizobium, 
Burkholderia, Enterobacter, Erwinia, Pseudomonas, Flavobacterium, and Bacillus 
are the most described in studies of maize endophytic microbiome (Kobayashi and 
Palumbo 2000; Seghers et al. 2004; Rai et al. 2007; Pereira et al. 2011; Bulgarelli 
et al. 2013; Philippot et al. 2013).

Most studies of maize endophytic microorganisms were conducted in temperate 
climate (McInroy and Kloepper 1995; Fisher et al. 1992; Seghers et al. 2004). 
However, studies conducted by our research group in tropical conditions showed that 
the microbiota colonizing maize plant organs varied, being observed was the pre-
dominance of genera Microbacterium (16 isolates), Pseudomonas (three isolates), 
Staphylococcus (nine isolates), Curtobacterium and Lactococcus lactis (seven iso-
lates each), Pantoea (four isolates), and Psychrobacter (three isolates) on the leaf. On 
the roots, the predominant genera were Bacillus (11 isolates), Leuconostoc (four 
isolates), Enterobacter (six isolates), Pseudomonas (seven isolates), and Serratia 
(five isolates) (Vieira 2015). Rai et al. (2007) also evaluated maize endophytic bacte-
ria in tropical soils. They observed that the bacteria density in maize ranges from 
1.36 × 105 colony-forming units per gram of fresh tissue (UFC/g) in the first week of 
seedling emergence to 6.12 × 105 UFC/g at the end of growing season, after 10 
weeks. The peak of bacteria density was 12 × 105 UFC/g at 28 days after emergence. 
The predominant species were Bacillus pumilus, B. subtilis, Pseudomonas aerugi-
nosa, and P. fluorescens. The genera Pseudomonas and Bacillus also predominated 
in the study of McInroy and Kloepper (1995), which recovered 232 endophytic bac-
teria of maize distributed in more than 40 distinct genera.

Although most studies report that the soil is an important source of endophytic 
microorganisms, they also may be transmitted through vectors like insects and verti-
cally through propagules such as seeds, rhizomes, and cuttings (Hardoim et al. 2011). 
These sources are more relevant for the microbiota associated with stems and leaves 
of plants, both as epiphytic or endophytic lifestyle. Seeds can also be an important 
source of these microorganisms. Johnston-Monje et al. (2016) found that the most 
abundant bacteria in the rhizosphere originated from endophyte or epiphyte transmit-
ted by seeds, colonizing approximately 55 % of the bacterial population when maize 
plants were grown in non-sterile conditions and up to 90 % of the bacterial popula-
tion when maize was grown in sterile sand (Johnston-Monje et al. 2016).

16.3  The Microbial Role in the Maize Growth Promotion

16.3.1  Acquisition of Nutrients

Nitrogen (N) and phosphorus (P) are nutrients required to plant growth and to 
ensure the productivity of crops. Farming systems are highly dependent on fertiliz-
ers, especially nitrogen and phosphorus. These fertilizers are the largest part of 
grain production costs as maize and may negatively impact the environment (Novais 
and Smyth 1999).
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Microorganism prokaryotes have the capacity of N fixing of the air and convert 
it to chemical species readily utilized by plants, such as ammonium and nitrate 
(Nunes et al. 2003). N-fixing bacteria are called diazotrophs and are found free- 
living in the rhizosphere, endophytically associated with some species or establish-
ing mutualistic symbiosis with the plants as observed in the nodulating bacteria of 
Leguminosae (Didonet et al. 2000).

N biological fixation is a complex process that requires joint expression of vari-
ous genes, including the nif genes that are responsible for the synthesis of the nitro-
genase complex, and its homologous nifH I are the most widely used for phylogenetic 
studies of diazotrophic symbionts (Zhao et al 2010; Gaby and Buckley 2012). 
Several groups of endophytic N-fixing bacteria in plants have been reported, includ-
ing the genera Acetobacter, Azoarcus, Gluconacetobacter, Herbaspirillum, 
Methylobacterium, and Burkholderia (Donato et al. 2005; Balachandar et al. 2006; 
Govindarajan et al. 2007).

Maize plants can be simultaneously colonized by a wide variety of diazotrophic 
bacteria (Table 16.2) (Chelius and Triplett 2001; Lodewyckx et al. 2002), and the 
genera Azospirillum, Herbaspirillum, and Klebsiella are the most frequently 
observed (Baldani et al. 1986; Chelius and Triplett 2001; Alves et al. 2015). The 
genus Burkholderia has also been appointed as widely spread in association with 
maize cultivated in tropical conditions, including the species B. tropica and B. 
unamae (Govindarajan et al. 2006; Perin et al. 2006). More recently, Bacillus pumi-
lus was efficient in biological nitrogen fixation in maize in greenhouse conditions 
(Kuan et al. 2016). The N-fixing bacteria are located most often in roots, followed 
by stems and leaves of maize (Mendonça et al. 2006), and high densities are 
observed during the plant growth cycle that match with the N-fixing peak (Siqueira 
and Franco 1988). Additionally, several studies have indicated that the bacterial N 
fixation efficiency in maize is strongly influenced by the plant genotype (Montanez 
et al. 2009; Araújo et al. 2014).

Arbuscular mycorrhizal fungi (AMF) play an essential role in the absorption of 
nutrients in the most land plants. Although the contribution of the symbiosis of 
AMF with plants has been recognized for phosphate nutrition, its role in nitrogen 
nutrition is still controversial (Bucking and Kafle 2015). Several works have dem-
onstrated an increased N uptake by roots infected with AMF (Saia et al. 2014; 
Correa et al. 2015; Mensah et al. 2015). However, in some cases, the N fixation has 
been attributed the bacteria associated with mycorrhizal fungi (Minerdi et al. 2001).

P is the second most nutrient limiting to plant development, participating as a 
structural component of nucleic acids, phospholipids, and adenosine triphosphate 
(ATP); it is a key element of metabolic and biochemical pathways that can also 
affect the grain yield in cereals (Khan et al. 2009). In the soil, P is distributed in the 
inorganic and organic forms. Although the organic P corresponds between 30 and 
80 % of total P, found mainly in the form of phytate (Richardson and Simpson 
2011), it is not readily available for uptake by plant root system (Mudge et al. 2003; 
Tarafdar and Gharu 2006). Insoluble mineral complexes are also important sources 
of P in the soil (Rodríguez et al. 2006), but the levels of reactivity of the P linked 
to iron and aluminum in acid soils (pH < 5) and linked to calcium in alkaline soils 
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Table 16.2 Species or genus related to factors promoting plant growth or biocontrol in maize

PGPa features or biocontrol Species or genus Reference

Nitrogen fixation Azospirillum Hungria et al. (2010)

Herbaspirillum Alves et al. (2015)

Klebsiella, Gluconacetobacter Riggs et al. (2001)

Burkholderia Perin et al. (2006)

Bacillus pumilus Kuan et al. (2016)

Pseudomonas, Bacillus Pal et al. (2001)

Phosphate solubilization Pantoea, Pseudomonas Kaur and Reddy 
(2015)

Enterobacter Chabot et al. (1996)

Serratia, Bacillus Hameeda et al. (2008)

Burkholderia Gomes et al. (2014)

Aspergillus and Penicillium Coutinho et al. (2012)

Pseudomonas, Bacillus Pal et al. (2001)

Phosphate mineralization Talaromyces rotundus

Aspergillus terreus Oliveira et al. (2009)

Burkholderia cepacia

Glomus mosseae, Glomus deserticola Vazquez et al. (2000)

Auxin Pseudomonas Picard and Bosco 
(2005)

Bacillus, Burkholderia, Micrococcus Pal et al. (2001)

Naveed et al. (2015)

Trichoderma harzianum Akladious and Abbas 
(2012)

Glomus intraradices Ludwig-Müller et al. 
(1997)

Pseudomonas, Bacillus Pal et al. (2001)

Cytokinin Bacillus, Burkholderia, Micrococcus Raza and Faisal 
(2013)

Gibberellins Azospirillum brasilense Lucangeli and Bottini 
(1997)

Azospirillum lipoferum Cohen et al. (2009)

Trichoderma harzianum Akladious and Abbas 
(2012)

Abscisic acid Azospirillum lipoferum Cohen et al. (2009)

Antifungal antibiotics Pseudomonas, Bacillus Pal et al. (2001)

Paenibacillus polymyxa Mousa et al. (2015)

Acremonium zeae Wicklow et al. (2005)

Bacteriocin Luteibacter, Microbacterium, 
Arthrobacter, Cellulomonas, and 
Burkholderia

Johnston-Monje and 
Raizada (2011)

(continued)
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(pH > 7) are low (McLaughlin et al. 2011). This, only a small proportion of P, is 
readily available for uptake by plants (Tinker and Nye 2000).

Several microorganisms solubilizing inorganic P and mineralizing phytate have 
been identified and characterized (Table 16.2). Acinetobacter, Bacillus, Burkholderia, 
Bradyrhizobium, Enterobacter, Mesorhizobium, Paenibacillus, Pantoea, Pseudomonas, 
Rhizobium, Serratia marcescens, Penicillium, Aspergillus, and Micromonospora stand 
out within the group of bacteria, fungi, and actinomycetes (Marra 2012; Silva et al. 
2014). Many of these have already been evaluated as biofertilizers (Goldstein et al. 
2003; Oliveira et al. 2009; Jorguera et al. 2011; Mander et al. 2012).

The mechanisms associated with the increased P availability in the soil by micro-
organisms are varied and are related mainly to the release of organic acids (Whitelaw 
2000; Goldstein et al. 2003), release of cations H+ and consequent reduction of the 
soil pH (Villegas and Fortin (2002)), production of exopolysaccharides (Yi et al. 
2008) and siderophores (Hamdali et al. 2008), and action of phosphatase enzymes 
(Richardson et al. 2009; Ogbo 2010), mainly as phytases (Greiner 2006). Some 
genes involved in the P solubilization and mineralization, including pqq and bpp, have 
been identified and isolated in different species of microorganisms (Table 16.1) 
(Rodríguez et al. 2006; Jorguera et al. 2011; Kim et al. 2003).

Several studies have reported increased growth and absorption of nutrients in 
maize plant inoculated with P-solubilizing microorganisms under greenhouse or 
filled conditions (Hameeda et al. 2008; Kumar et al. 2007). Some species have been 
cited such as Pantoea cypripedii, Pseudomonas plecoglossicida (Kaur and Reddy 

Table 16.2 (continued)

PGPa features or biocontrol Species or genus Reference

Siderophore Pseudomonas Pal et al. (2001)

Bacillus Szilagyi-Zecchin et al. 
(2014)

Azospirillum brasilense Tortora et al. (2011)

Luteibacter, Microbacterium, 
Arthrobacter, Cellulomonas, and 
Burkholderia

Monje and Raizada 
(2011)

Lytic enzymes Luteibacter, Microbacterium, 
Arthrobacter, Cellulomonas, and 
Burkholderia

Monje and Raizada 
(2011)

Surface-active 
compounds (SACs)

Bacillus mojavensis Snook et al. (2009)

Induction of systemic 
resistance (ISR)

Paenibacillus polymyxa Mei et al. (2014)

Pseudomonas putida Planchamp et al. 
(2014)

Pseudomonas aurantiaca Fang et al. (2013)

Bacillus subtilis, B. amyloliquefaciens Gong et al. (2015)

Azospirillum brasilense Santos et al. (2014)

Trichoderma virens Lamdan et al. (2015)

aPlant growth promotion
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2015), Pseudomonas tolaasii (Viruel et al. 2014), Serratia marcescens, Bacillus 
coagulans, and Enterobacter asburiae (Hameeda et al. 2008). These bacteria have 
significantly positive effects on grain yield, biomass and P content of the plants.

Microorganisms isolated from the maize rhizosphere have also been identified 
and showed effective solubilization and mineralization of sources of insoluble inor-
ganic P (Table 16.2). Oliveira et al. (2009) evaluated bacteria and fungi of the maize 
rhizosphere to P solubilization and mineralization. The species of Burkholderia and 
Bacillus were more efficient to P solubilization releasing up to 67 % of total P in the 
medium. For phytate, the most effective were fungal species Talaromyces rotundus 
and Aspergillus terreus and Burkholderia cepacia. The genera Aspergillus and 
Penicillium have also been associated with P solubilization in other works (Coutinho 
et al. 2012; Gomes et al. 2014).

The mycorrhizal fungi (AMF) also play an important role in increasing the P 
availability for plants. These microorganisms contribute to higher P uptake due to 
the larger volume of soil explored by higher branching and extension their hyphae 
(Berbara et al. 2006). Additionally, AMF may contribute to the mineralization of 
organic P by phosphatase enzyme production (Yao et al. 2001; Cardoso and Kuyper 
2006). Some studies suggest that the AMF interacting with plants help in the toler-
ance of crops to certain tensions present in many agricultural soils, especially in the 
nutrient starvation such as phosphorus and water deficiency (Abbott and Robson 
1991, Williams and Sylvia in 1992; Chu et al. 2013). For maize, species of AMF of 
the Glomus genus have been used as inoculant (Chu et al. 2013; Dhawi et al. 2015). 
The positive effect of this interaction is gain in plant growth by increase of the 
biomass- infected plants in many crops such as maize (Hu et al. 2009; Souza et al. 
2015; Cozzolino et al. 2013).

16.3.2  Phytohormone Production

Microorganisms are able to produce phytohormones that promote plant develop-
ment and growth, including auxins, cytokinins, gibberellins, abscisic acid, and eth-
ylene (Zahir et al. 2003). These molecules can also stimulate the reproduction and 
colonization of beneficial microorganisms, besides indirectly contributing to plant 
development by regulating the immune response of the plant against pathogens and 
herbivorous insects (Pieterse et al. 2012). For maize, bacteria and fungi, rhizo-
sphere, and endophyte have been described by their capacity to produce phytohor-
mones (Table 16.2) and help in its development directly or indirectly by increasing 
the protection of plants against pathogens (see Sect. 16.3.3).

Auxin is a group of aromatic ring compounds with a carboxyl group, and its 
main member is indole-3-acetic acid (IAA) (Korasick et al. 2013). IAA can act in 
the stimulation of stem growth, cell division, initiation and differentiation of the 
roots, differentiation of the vascular tissues in phloem and xylem, and promotion of 
the flowering and help in the formation of fruit. In addition, auxin can contribute to 
delay leaf senescence and fruit maturation (Davies 2010).
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Cytokinins are adenine-type compounds, being cytokinin zeatin the most com-
monly found in plant tissues (Davies 2010). Cytokinins are present in all parts of the 
plants, but root region, apical part of shoots, and seeds have higher concentrations 
of this hormone, which is explained by its function of triggering cell divisions in 
these plant parts (Santner and Estelle 2010). Furthermore, cytokinin is also involved 
in the germination, initial formation of branches, growth of lateral buds, leaf expan-
sion, opening of stomata, chloroplast development, and leaf senescence and still 
plays an important role in the formation of nodules during nitrogen fixation (Murray 
et al. 2007; Davies 2010).

Gibberellins are diterpene compounds (Bomke and Tudzynski 2009), and the 
gibberellic acid (GA) is the most known and active. However, there are over 130 
different molecules belonging to gibberellin group (Dodd et al. 2010). Gibberellins 
are involved primarily in cell division and elongation within the apical meristem. It 
also stimulates seed germination, pollen tube growth, and plant flowering. Various 
functions triggered by gibberellins are a result of their interaction with DELLA 
proteins (repressors of transcription GA-dependent processes). Gibberellin operates 
in destabilization or degradation of DELLA, for example, DELLA degradation by 
GA suppresses the defense response dependent on jasmonic acid and stimulates 
dependent response of salicylic acid (Pieterse et al. 2012). As auxin and cytokinin 
molecules, gibberellins act in combination with other hormones and are affected 
mainly by auxin and ethylene (Tsavkelova et al. 2006).

Abscisic acid (ABA) is a phytohormone synthesized via isopentenyl diphosphate 
and carotenoids from glyceraldehyde-3-phosphate (Davies 2010) and is involved in 
plant responses to biotic and abiotic stresses, such as the inhibition of seed germina-
tion and flowering in response to stress by drought, salinity, and toxic metals (Smyth 
2011). High ABA concentration, for example, stimulates the gene transcription 
involved in the protection against dehydration and osmotic stress. In this case, ABA 
leads to protein expression that helps in osmotic stabilization, enzymes for detoxifi-
cation of reactive oxygen species, and aquaporins, which facilitate the water and ion 
movement across membranes, also regulating water loss rate by stomatal opening 
(Davies 2010).

Ethylene is a gaseous hormone (C2H4) synthesized from methionine. It is pro-
duced from conversion of S-adenosyl methionine to 1-aminocyclopropane-1- 
carboxylate (ACC) by activity of the ACC synthase enzyme (Giovanelli et al. 1980). 
Ethylene is synthesized by most tissues in response to abiotic and biotic stress being 
mainly produced in tissues undergoing senescence and maturation and in response 
to pathogen attack. It can act synergistically with jasmonic acid. Furthermore, ethylene 
may contribute to plant growth by stimulating rooting, opening of flowers, and 
release of dormancy and may act in the detoxification of reactive oxygen species in 
stressed cells (Davies 2010; Pieterse et al. 2012)

Rhizobacteria of the Pseudomonas genus, isolated from maize, presented capacity 
to produce AIA (Picard and Bosco 2005). In this work, the authors also found that 
in hybrid plants, roots have increased the AIA-positive Pseudomonas sp. coloniza-
tion, showing a superiority of hybrid plants in comparison to their parental lines for 
the recruitment of beneficial bacteria. Besides Pseudomonas, rhizobacteria of the 
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genera Bacillus, Burkholderia, and Micrococcus also presented the phytohormone 
production, such as AIA (Pal et al 2001; Naveed et al. 2015) and cytokinin (Raza 
and Faisal 2013), and contributed to the maize growth during its colonization. The 
Azospirillum lipoferum bacterium has also stimulated the development of maize 
plants; in this case, the production of the gibberellic acid and abscisic acid hor-
mones stimulates the growth and tolerance of the plants during colonization under 
drought period (Cohen et al. 2009). In another study, endophytic bacteria 
Azospirillum brasilense inoculated in maize promoted its growth also due to pro-
duction of gibberellic acid (Lucangeli and Bottini 1997). Other genera of endo-
phytic bacteria from maize have shown potential to AIA production, such as 
Microbacterium, Pseudomonas, Bacillus, Enterobacter, Curtobacterium, Serratia, 
and Pantoea (Vieira 2015).

For fungi group, Trichoderma harzianum species showed capacity to produce 
phytohormones such as gibberellins and auxin and contributed to maize plant 
growth (Akladious and Abbas 2012). Furthermore, during maize colonization by 
Glomus intraradices (mycorrhizal fungus), there was also an observed increase in 
auxin production (IBA, indole-3-butyric acid), as well as increased activity of IBA 
synthetase enzyme (Ludwig-Müller et al. 1997). Given the beneficial effects of 
auxin on the root system structure, for example, to root growth, it can be important 
to AMF interaction establishment (Sukumar et al. 2013).

16.3.3  Biocontrol

Biocontrol of phytopathogens by plant-associated microbiota can be based on sev-
eral mechanisms which include antibiosis, competition for nutrients and niches, as 
well as induction of host defense genes to avoid pathogen attack or reduce pathogen 
growth (Beneduzi et al. 2012). The act of antagonism against pathogen growth is 
viewed as the most powerful and best-characterized mechanism that explains the 
capacity of the microbiota to pathogen control. Bacillus and Paenibacillus species 
actually devote larger part of the genome (4–8 %) to antibiotic synthesis and, there-
fore, display potential to produce a vast array of structurally diverse antimicrobial 
compounds (Chen et al. 2009; Aleti et al. 2015). These genera and others plant- 
associated  are considered a source of great biotechnological potential of  bioactive 
metabolites that not yet fully known. Strains  of Pseudomonas sp. EM85, Bacillus 
sp. MR-11(2), and Bacillus sp. MRF from maize rhizosphere antagonized the fungi 
pathogens as Fusarium moniliforme, F. graminearum, and Macrophomina phaseo-
lina (Pal et al. 2001). Pseudomonas sp. produced antifungal compounds, sidero-
phore, cianidric acid and fluorescent pigments; while Bacillus sp. MR-11(2) 
produced siderophore, antibiotics, and antifungal volatiles and Bacillus sp. MRF 
exhibited the production of antifungal, antibiotics and siderophores. In this study, 
the combined application of two bacilli  reduced 56.04 % of the Macrophomina- 
induced charcoal rots of maize. Positive effects with purified antifungal, antibiotics 
and/or fluorescent pigment of Pseudomonas sp. EM85 and purified antifungal, 
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antibiotics of bacilli along with the successful colonization of all the isolates might 
be involved in the biological suppression of the maize root diseases. 

Paenibacillus sp. produces diverse antifungal compounds including polymyxins, 
fusaricidins, colistins, volatile compounds, and lytic enzymes (Raza et al. 2015; 
Naghmouchi et al. 2012). Paenibacillus polymyxa strain and Citrobacter sp. iso-
lated from diverse maize genotypes suppressed the growth of Fusarium gra-
minearum and other 20 fungi (Mousa et al. 2015). These microorganisms reduced 
deoxynivalenol mycotoxin concentrations produced by F. graminearum during stor-
age to levels significantly below acceptable safety limit. P. polymyxa fungicidal 
action mechanism involved the fusaricidin production and induction of systemic 
host resistance (Mousa et al. 2015; Mei et al. 2014).

Pyrrocidines A and B are polyketide amino acid-derived antibiotics produced by 
endophytic fungus Acremonium zeae of Zea mays (Wicklow et al. 2005). These 
biomolecules displayed significant activity against kernel rotting and fungi myco-
toxin produced by Aspergillus flavus and Fusarium verticillioides (Wicklow and 
Poling 2009). In equivalent assays performed with conidia or hyphal cells as inocu-
lum, pyrrocidine A was active against major stalk and ear rot pathogens of maize, 
including F. graminearum, Nigrospora oryzae, Stenocarpella (Diplodia) maydis, 
and Rhizoctonia zeae, besides activity against Clavibacter michiganensis subsp. 
nebraskensis, causal agent of Goss’s bacterial wilt of maize. Pyrrocidine A dis-
played also significant activity against seed rot saprophytes A. flavus and 
Eupenicillium ochrosalmoneum, as well as seed-infecting colonists of the phyllo-
plane Alternaria alternata, Cladosporium cladosporioides, and Curvularia lunata, 
which produces a damaging leaf spot disease (Wicklow and Poling 2009). This 
antibiotic also exhibited potent activity against Bacillus mojavensis and 
Pseudomonas fluorescens, maize endophytes applied as biocontrol agents, but was 
ineffective against the wilt-producing bacterium Pantoea stewartii.

Bacteriocins are proteins or ribosomally bacteria-synthetized peptides with bac-
tericidal or bacteriostatic effect against closely related species and strains unrelated 
(Klaenhammer 1993; Cotter et al. 2013). Most bacteriocins kill target cells by for-
mation of pores or channels in the inner membrane that results in the leakage of 
cytoplasmic compounds, destruction of electrochemical gradient, ion loss, and cell 
death (Riley and Wertz 2002). Others interfere with DNA, RNA, and protein metab-
olism (Riley 1998) or contain DNase, 16S rRNase, and tRNase activities (Riley and 
Wertz 2002). Others can degrade the peptidoglycan precursor, leading to an inabil-
ity to synthesize peptidoglycan and bacterial death (Cascales et al. 2007), or prevent 
spore outgrowth (Mazzotta et al. 1997). The higher number of described active bio-
molecules was associated with B. thuringiensis, such as thuricin (Favret and Yousten 
1989), tochicin (Paik et al. 1997), entomocin 9 (Cherif et al. 2003), and bacthuricin 
F4 (Kamoun et al. 2005). Furthermore, the genus Pseudomonas produces bacterio-
cins that are structurally and mechanistically diverse, including polypeptides of 
middle size, such as colicin-like S pyocins produced by P. aeruginosa (Parret et al. 
2003); large phage taillike multiprotein complexes, such as syringacin M and R- 
and F-type pyocins produced by P. syringae and P. aeruginosa, respectively 
(Nakayama et al. 2000; Michel-Briand and Baysse 2002); lectin-like bacteriocins, 
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such as putidacin A (Parret et al. 2003); and colicin M-like colicins, such as PaeM 
produced from P. aeruginosa, PsyM from P. syringae, and PflM isolated from P. 
fluorescens (Barreteau et al. 2012).

Surface-active compounds (SACs) act also as biocide agents. Several of these 
biomolecules play essential roles for the survival of producer microorganisms in 
natural and artificial environments facilitating nutrient transport; they are important 
for gliding and swarming motility as well as de-adhesion from surfaces or microbe–
host interactions (Compant et al. 2010; Chrzanowski et al. 2012). In addition, SACs 
have been reported to be involved in the stimulation of immunity in plants and ani-
mals. Due to a broad range of physicochemical properties of the SACs, their low 
toxicity, high biodegradability, and antimicrobial properties are promising mole-
cules to be used against pathogens in agriculture (Sachdev and Cameotra 2013). 
The Bacillus-related lipopeptides, cyclopeptides (iturins) (Gong et al. 2015), or 
macrolactones (fengycins and surfactins) (Gong et al. 2015; Snook et al. 2009) are 
characterized by the presence of L- and D-amino acids and variable hydrophobic 
tails. They are among the most documented lipopeptides by their activity against 
plant pathogens in maize. As example, Leu(7)-surfactin, a cyclic heptapeptide 
linked to a β-hydroxy fatty acid, was identified as the inhibitory substance of the 
Bacillus mojavensis culture extracts, an endophytic bacterium patented for control 
of fungal diseases in maize. The bacteria antagonize the pathogenic and mycotoxic 
fungus Fusarium verticillioides (Snook et al. 2009).

The ability to produce siderophore and capture the iron allows a great competi-
tive advantage against pathogens (Radzki et al. 2013). Siderophores are compounds 
with low molecular weight (200–2000 Da) produced by microorganisms and plants, 
especially under Fe-limiting conditions. There are three main kinds of siderophore: 
hydroxamate, catecholate and carboxylate. These molecules show high specificity 
and affinity for  binding Fe3+ (Schwyn and Neilands 1987; Krewulak and Vogel 
2008). Thus, siderophores can display role of biocontrols, biosensors, and chelation 
agents as well as helps in the plant growth in weathering soil (Dimkpa et al. 2008; 
Tortora et al. 2011). The excretion of siderophores by bacteria might stimulate plant 
growth by direct effect (improving nutrition) or indirectly by inhibiting of phyto-
pathogens establishment through Fe sequestration from  environment, limiting  
mineral available to the pathogen growth. Unlike microbial pathogens, plants are 
not affected by bacterial-mediated Fe depletion and some plants can also capture 
and utilize Fe3+ from bacterial  siderophores complexes (Dimkpa et al. 2008). 
Bacteria of the genera Pseudomonas, Azotobacter, Bacillus, Enterobacter, Serratia, 
Azospirillum and Rhizobium are related to siderophore production (Loper and Buyer 
1991; Neilands 1995). In maize, endophytic strains belonging to genus Bacillus 
showed siderophore production and were efficient against the growth of Fusarium 
verticillioides, Colletotrichum graminicola, Bipolaris maydis, and Cercospora 
zeae-maydis (Szilagyi-Zecchin et al. 2014). Siderophores produced by A. brasilense 
showed also antifungal activity in vitro against Colletotrichum acutatum, the causal 
agent of anthracnose (Tortora et al. 2011).

Moreover, microorganisms can parasitize disease-causing fungi by the production 
of hydrolytic enzymes. These can hydrolyze a wide variety of polymeric compounds, 
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including chitin, proteins, cellulose, hemicellulose, and DNA. Production of extra-
cellular cell wall-degrading enzymes such as glucanases and chitinases has been 
associated with biocontrol abilities of the producing bacteria (Fridlender et al. 1993; 
Valois et al. 1996). Ordentlich and coworkers (1988) have reported the potential of 
Serratia marcescens to control fungus Sclerotium rolfsii by degrading the cell walls 
of the fungus through production of chitinase enzymes.

Several studies have attributed the increased production of plant biomass to 
antagonist activity of microbial inoculants or the combination of this activity with 
other PGP features. Johnston-Monje and Raizada (2011) reported that maize endo-
phytes of the genera Luteibacter, Microbacterium, Arthrobacter, Cellulomonas, and 
Burkholderia showed antagonist activity against Escherichia coli DH5α, B. subtilis 
spp., and yeast. These strains were also active against bacteria (Pseudomonas aeru-
ginosa and Bacillus subtilis) and fungi (Fusarium moniliforme, Aspergillus flavus 
and Helminthosporium sativum) in in vitro assays, besides showing siderophore 
production, phosphorus solubilization and bacteriocin production. The high antioxi-
dant enzyme activity including superoxide dismutase, peroxidase, catalase and 
ascorbate peroxidase were also enhanced in these bacteria inoculated to maize. 

Besides the control of plant pathogens by production of bioactive molecules, 
many microorganisms can suppress plant diseases through induction of plant resis-
tance against pathogens and herbivores. Various elicitor compounds produced by 
microorganisms can stimulate plant resistance systems, for example, surfactin, 
fengycin, rhamnolipids (Ongena et al. 2007; Sanchez et al. 2012), acyl-homoserine 
lactones, N-alkylated benzylamines (Van Loon et al. 1998), exopolysaccharides, 
volatile organic compounds (Ryu et al. 2004), phenylacetic acid (Akram et al. 
2016), antibiotics such as 2,4-diacetylphloroglucinol (Weller et al. 2012) and pyo-
cyanin (De Vleesschauwer et al. 2006), flagellum, phytohormones, and sidero-
phores such as salicylic acid that has been reported as inducers of plants resistance 
(van Loon et al. 1998).

From the induction of plant defense genes, the response can be triggered by 
defense systems dependent on jasmonic acid (JA) or salicylic acid (SA) (Vlot et al. 
2009). Briefly, the systemic acquired resistance (SAR) is a way that usually depends 
on the SA. The plant defense capability is acquired after the first infection, taking 
effect mainly against biotrophic pathogens. The NPR (non-expressor of PR genes) 
regulatory protein is activated after recognition of pathogen attack by receptors’ 
extracellular surface that recognizes molecular patterns associated with pathogens 
(PAMPs) and acts as a transcriptional cofactor of genes related to defense plant 
(Moore et al. 2011), stimulating the production of reactive oxygen species (ROS), 
the SA accumulation, and increased expression of proteins related to direct attack 
of pathogens such as chitinase, proteases, and antimicrobial compounds (Vlot et al. 
2009).

In the induced systemic resistance (ISR), JA can act synergistically with ethylene 
(ET) in response to necrotrophic and herbivore pathogens. The route of JA-dependent 
resistance, in general, has two branches: (1) triggered in response to herbivorous 
attack controlled by the MYC transcription factors (Lorenzo et al. 2004), there is 
induction of the expression of genes that affect digestive ability of the insects, 
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defense protein genes with large antimicrobial spectrum, and the production of 
volatiles that attract carnivorous arthropods or parasites and herbivorous insects; 
(2) during response to necrotrophic pathogens regulated by JA/ET, there is induc-
tion of the expression of chitinase enzyme genes and glucanase that degrade the cell 
walls of phytopathogenic fungi and peroxidases to produce reactive oxygen species 
that has antimicrobial action (Berrocal-wolf et al. 2002; Sobrinho et al. 2005).

Among the microorganisms with potential already known to stimulate the 
resistance of plants, Pseudomonas and Bacillus within the bacteria group are most 
frequently reported. Aside from these, other species of bacteria such as Serratia 
marcescens (Press et al. 1997), Rhizobium etli (Reitz et al. 2002), Streptomyces sp. 
(Salla et al. 2016), and Paenibacillus lentimorbus (Kumar et al. 2016) also showed 
ability to stimulate plant resistance. For fungi, Trichoderma sp. (Saxena et al. 2015), 
Piriformospora indica (Wang et al. 2015) and Penicillium simplicissimum 
(Elsharkawy and Mousa 2015) have been related as stimulators of the resistance of 
plants.

In maize, some nonpathogenic bacteria have shown potential to stimulate resis-
tance system to diseases. Pseudomonas putida, for example, induced resistance 
against maize anthracnose caused by Colletotrichum graminicola (Planchamp et al. 
2014). This work shows a strong reduction of the pathogenic fungus growth and leaf 
necrosis on inoculated plants with P. putida. There was also a correlation between 
the induction of resistance during inoculation depending on the phospholipid 
metabolism and phytohormone production, indicating that these molecules stimu-
lated the expression of ABA, ET, auxin, JA, and cytokines. All these phytohor-
mones are involved with plant defense system stimulation. In another study, 
Pseudomonas aurantiaca showed ability to induce resistance of maize plants 
infected with the fungus Bipolaris maydis. Both extracts as supernatant of free cells 
of P. aurantiaca were effective for reduction of leaf necrosis caused by pathogenic 
fungus, leading to reduction of about 30 % disease severity (Fang et al. 2013).

Bacillus subtilis and Azospirillum brasilense were also related to capacity of 
inducing the maize defense system (Santos et al. 2014). B. amyloliquefaciens and 
B. subtilis stimulate the expression of resistance genes (PR-1 and PR-4) in maize 
plants infected with Fusarium moniliforme through the production of iturin A, 
fengycin, and bacillomycin and prevent the emergence of root lesions (Gong et al. 
2015). Azospirillum brasilense induce also the maize resistance against the herbivo-
rous insect (Diabrotica speciosa) attack (Santos et al. 2014).

For the fungi, Trichoderma genus is the most reported with the ability to induce 
the defense of maize plants. Many studies have demonstrated the effect of 
Trichoderma sp. in the induction of maize resistance against pathogens such as 
Fusarium sp. (Luongo et al. 2005), Colletotrichum graminicola (Djonovic et al. 
2007), Fusarium verticillioides and fumonisins (Nayaka et al. 2010), and Curvularia 
lunata (Fan et al. 2015). In the working of Mukherjee et al. (2012), there was a 
detected activity of the polyketide synthase and phenylalanine ammonia lyase 
enzymes of Trichoderma virens interacting for inducing maize plant resistance. In 
an investigation of the Trichoderma virens secretome during interaction with maize 
plants, there was a detected presence of small cysteine-rich proteins that possibly 

16 Growth Promotion Features of the Maize Microbiome: From an Agriculture…



362

act as effectors to reduce the level of plant stress, which can be part of a slight induc-
tion of systemic resistance against plant pathogen attack (Lamdan et al. 2015).

16.4  Microorganisms as Bioinoculants: Challenges 
to Microbial Diversity Use in the Sustainable 
Agriculture

Some microorganisms have shown the potential as bioinoculant. These microbial 
formulations are cheaper alternative according to requirement of sustainable envi-
ronmental practice (Singh and Ratna 2016). Different microorganisms belonging to 
various taxa of bacteria, fungi, and possibly protozoa can colonize the rhizosphere 
or plant tissues and promote plant growth (Malusa et al. 2016; Szilagyi-Zecchin 
et al. 2016).

Among the main groups of microorganisms investigated for use as biofertilizer, 
it has been especially multifunctional strains. These microorganisms are both rhizo-
sphere as endophytes that have capacity to produce many beneficial factors for the 
plant development (Montanez et al. 2012). Besides, protection to abiotic stresses 
such as drought in maize was observed after inoculation with microorganisms in 
experiments performed by Zoppellari et al. (2014).

Research related to the application of microbial biofertilizer has been carried out, 
and there are some bacteria-based commercial products (Hungria et al. 2010). 
However, only particular types of N-fixing bacteria have been used most extensively 
in agriculture as inoculants, such as those based in Rhizobium spp. to soybean in 
Brazil (Hungria et al. 2015). For grasses, as maize, the use of microorganisms of the 
rhizosphere have not been promising, probably due to the weak interaction with the 
plant comparing to endophytic microorganisms that have a much close symbiotic 
relationship with the plant, and it can be an advantage for its use as inoculant in 
relation to the rhizosphere (Sharma and Nowak 1998; Souza et al. 2015).

Maize is a C4 plant of annual cycle and therefore has a high nutrient demand. 
The maize association with bacteria of the Azospirillum genus has shown increasing 
up to 40 % of grain yield, this is equivalent to addition 80 kg/ha of N under field 
conditions (Marriel et al. 2008; Hungria et al. 2010). However, the inoculant based 
on the Azospirillum has shown variable effectiveness according to environmental 
conditions, plant genotype and especially  bacteria species evaluated (Dobbelaere 
et al. 2001; Hungria et al. 2010).

Some phosphate fertilizer products for maize have been in the market in coun-
tries such as Canada, Australia, Egypt, and India, obtained from the rock phosphate 
mixture, solubilizing microorganisms, and a carbon source derived from sugarcane 
waste or cassava (Khalil et al. 2002; Faye et al. 2013). The combined use of rock 
phosphates and P-solubilizing microorganisms has been considered a promising 
strategy in environmental and economic terms (Singh and Ratna 2016). Results 
demonstrated productivity gains and plant mass of maize (Patil et al. 2016). 
Hameeda et al. (2008) observed increase approximately 30 % of the productivity 
gains related to control without microorganism inoculation and accumulation of 66 
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% of P in maize plants. Mineralizing microorganisms of phytate (MMP) has also 
been assessed for their use as biofertilizer in several crops (Goldstein et al. 2003; 
Jorguera et al. 2011; Mander et al. 2012) including maize (Oliveira et al. 2009). 
Under controlled conditions, in the maize inoculated with MMP and fertilized with 
rocks, an increase of the biomass of root up to 76 % and of the P content in the dry 
mass of maize was found (Oliveira et al. 2013). Regarding the inoculant-based 
AMF in maize, there are many difficulties for cultivation and application of AMF 
on a large scale. Part of this difficulty is because the interaction with AMF and 
plants is species specific, which affects the adaptation of the fungus according to the 
host plant (Bagyaraj et al. 2015; Zoppellari et al 2014). However, some studies also 
report the combined effect of biofertilizers containing microorganism solubilizing 
P, AMF, and diazotrophs in maize (Wu et al. 2005; Mohamed et al. 2014; Manzoor 
et al. 2016).

The use of microorganisms with ability to solubilize potassium (K) has also been 
investigated (Basak and Biswas 2009; Lopes-Assad et al. 2010; Meena et al. 2014; 
Zhang and Kong 2014; Silva et al. 2015), showing potential of the microorganisms 
to release K in the soil–plant system, promoting plant development (Alves et al. 
2010; Verma et al. 2013; Prajapati et al. 2012; Zhang and Kong 2014). In maize, 
Singh et al. 2010 observed a higher biomass and K content accumulation in plants 
inoculated with Bacillus mucilaginosus in soil added with mica rock, as K source.

The microorganism selection process for inoculant formulation involves the iso-
lation and identification of species responsible for promoting growth for a specific 
plant type and then evaluation of the survival rate, adaptation and multiplication of 
the microorganisms in the rhizosphere (rhizosphere competence), and infection and 
colonization of the host plant (endophyte competence) (Sathya et al. 2016), in labo-
ratory and field tests. Thus, there are many challenges to achieve efficient inoculants 
on a large scale; any microorganisms found effective in in vitro studies can fail in 
promoting plant growth in the field conditions. Moreover, some strain characteris-
tics are important to the successful growth promotion: ability to survive in the inoc-
ulant formulation, capacity to maintain its properties during storage, and tolerance 
to stress factors such as acidity, desiccation, high temperatures, chemical pesticides, 
and competition with other microorganisms. The high concentration of viable 
microbial cells and contaminant absence are essential factors for the quality of the 
inoculant (Leggett et al. 2007).

The adequate choice of the vehicle used in the formulation is another key factor 
to cell viability and inoculant quality (Silva et al. 2012). It can be used as vehicle in 
soil and inert material as turf or waste of industrials and of plant. Biodegradable 
polymers such as sodium alginate have also been identified as ecologically safe 
vehicles (Sahu and Brahmaprakash (2016)). These polymers promote encapsulation 
of cells and protection from environmental stress; the cells will be released after 
degradation in the environment.

The use of inoculants has found barriers with regard to reducing or replacement 
of industrial fertilizers by farmers, but its use as complement to fertilizer is becom-
ing more acceptable and already has results from productivity gains (Oliveira et al. 
2013). Considering the low cost of inoculant and its environmental role, the use of 
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inoculants based in PGPM in the maize becomes a viable and promising practice 
within of the context of sustainable agriculture (Singh and Ratna 2016). However, 
many advances in understanding of the microbes, plant, and environment interac-
tions are still required. Among the challenges, the methods to manage the introduc-
tion of the microorganism, its adaptation and colonization in several hosts, growth 
in regions with different soil and climatic conditions, and the determination of its 
effectiveness and agronomic validation stand out.
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Abstract
Chemical fertilizers are extensively being used all around the globe in order to 
get the high yield of the crops. However, their indiscriminate use has imposed 
detrimental impact on soil animal health as well. A better alternative of these 
chemicals might be to exploit the microbial capabilities to be served as biofertil-
izer. Crop growth and yield are closely related to the soil microbiota, especially 
those in close proximity to plant roots, generally termed as “rhizosphere.” These 
microbes are known to play a number of vital roles in soil fertility, crop produc-
tivity, and production in agriculture and are the best supplement of chemical 
fertilizers.

17.1  Introduction

Agriculture is the largest private enterprise in India and will continue to be the life-
line of Indian economy in the future. Indian agriculture sector has only 0.2 % growth 
rate. It comprises 13.7 % of total GDP in 2015 and half of the total work force 
(BANR/NRC 2015; Roychowdhury et al. 2014). It is estimated that overall food 
demand will rise in the proportion of world population. Global population is con-
tinuously increasing at the rate of above 1.8 % annually, and it will reach to the point 
from today’s calculated 7.4 billion to an anticipated demographical data of 9.6 bil-
lion by 2050 (United Nations 2013). After green revolution, the chemical-based 
fertilizers and pesticides have enormously boosted the agricultural production. 
However, their indiscriminate use, besides imposing a detrimental effect on 
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atmosphere has developed the resistance in insects against common pesticides. 
Therefore, establishing an environmental friendly coexisting mechanism on our 
planet Earth is of utmost importance.

Most of the fertile soils in favorable environments are being diverted toward 
alternate uses due to increasing urbanization which creates pressure to expand agri-
culture. The agrochemicals cannot increase crop yield beyond a threshold level. 
Moreover, due to lack of knowledge, farmers use more agrochemicals than the rec-
ommended level. This excessive application of agrochemicals leads to negative 
impact on consumer health and loss of soil fertility as they increase salt content of 
the soil (Swapna 2013). This poor cropping has resulted in new challenges for agri-
cultural productivity. External environments such as biotic (plant pathogens) and 
abiotic (excess or deficient water and nutrients, high or low temperature, and soil 
salinity) are dominant factors affecting crop production. Therefore, to increase 
actual yield of various crops, there is a need to modify abiotic and biotic factors in 
such a way that they will become capable to fulfill our agricultural demands, where 
the conventional agriculture practices disappoint. Recently, toxic effects of agro-
chemicals on human life and environment have shifted the focus on eco-friendly 
alternatives. Promotion of biofertilizer-based organic farming is need of the hour as 
demand for safe and residue-free food is gradually rising with high pace.

17.2  Biofertilizers: An Alternative of Chemical Fertilizers

Biofertilizers are the microbial inoculants that colonize the rhizosphere and improve 
plant growth by enhancing nutrient accessibility to plants. Microorganisms residing 
in rhizosphere immensely facilitate trace element’s uptake. They may act as biocon-
trol agent, by means of antagonistic activity against phytopathogenic microorgan-
isms, interfering in the bacterial quorum sensing systems, etc. However, biofertilizers 
perform more than one mechanism for accomplishing plant growth enhancement 
(Rani et al. 2013; Suyal et al. 2014a; Kumar et al. 2014). These abilities are of great 
agriculture importance as far as crop yield and soil fertility improvement is con-
cerned, thus decreasing the ill effects of chemical-based fertilizers in our environ-
ment. For instance, excessive use of chemical N fertilizers causes soil acidification 
and, thus, groundwater and atmospheric pollution. Nonetheless, synthesis of chemi-
cal fertilizers is highly energy-consuming processes. Chemical-based fertilizers 
impose long-lasting effects on the atmosphere in terms of carbon footprint, eutro-
phication, and soil fertility decline. Vast research program on beneficial microbes 
has resulted in the formulation of biofertilizers, which are capable to satisfy the 
needs of sustainable agricultural plans (Table 17.1). Sustainable agricultural prac-
tices using biofertilizers and biopesticides consisting potential microbes elevate 
plant health by multiple means in comparison of their synthetic counterparts. Such 
agricultural practice uses special farming techniques in order to fully utilize envi-
ronmental resources besides ensuring that no harm was done to it.
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Table 17.1 List of selected bioinoculants available in the literature

S. No. Bioinoculant PGPR trait Tested crop References

1. Acinetobacter 
rhizosphaerae

P-solubilization, 
production of 
ACC-deaminase, IAA, 
ammonia, siderophore

Pea Gulati et al. 
(2009)

2. Bacillus subtilis P-solubilization, 
biocontrol

Lentil Pandey (2009)

3. Azospirillum brasilense 
Az39

Phytostimulation Maize Cassan et al. 
(2009)

4. P. fluorescens, 
Chryseobacterium 
balustinum

Biocontrol 
(Magnaporthe grisea), 
salinity

Rice Lucas et al. 
(2009)

5. B. japonicum E109 Phytostimulation Soybean Cassan et al. 
(2009)

6. Rahnella sp. P-solubilization, 
production of 
ACC-deaminase, IAA, 
ammonia, siderophore

Pea Vyas et al. (2010)

7. Paenibacillus 
rhizosphaerae

Phytostimulation Soybean Bidondo et al. 
(2011)

8. Arthrobacter sp. and B. 
subtilis

Stress controller 
(salinity)

Wheat Upadhyay et al. 
(2012)

9. Providencia sp. Enhancement 18.6 % 
protein content

Wheat Rana et al. (2012)

10. R. tropici CIAT899 Enhanced (N and P) Bean Tajini et al. 
(2012)

11. Chryseobacterium sp. N2 fixation, 
P-solubilization

Horse gram Singh et al. 
(2012)

12. Pseudomonas putida 
710A and Comamonas 
aquatica 710B

P-solubilization, heavy 
metal bioremediation

Mung bean Rani et al. (2013)

13. Glomus fasciculatum, 
Rhizobium japonicum, 
and Trichoderma 
harzianum

Enhanced (N and P) 
biocontrol

Green gram Rajeshkannan 
et al. (2008)

14. Pseudomonas jessenii 
strain MP1

N2 fixation Chickpea, 
black gram, 
green gram, 
pigeon pea, 
finger millet

Kumar et al. 
(2014)

15. Pseudomonas migulae 
S10724

N2 fixation Green gram Suyal et al. 
(2014a, b)
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17.3  The Rhizosphere Microbiome

The soil portion which is in immediate vicinity of root is termed as “rhizosphere,” 
while soil-inhabiting bacteria, able to colonize the rhizosphere, are termed as “rhi-
zobacteria.” Besides giving the physical support and facilitating nutrient and water 
absorption, plants secrete a versatile range of compounds. These compounds may 
attract a wide range of metabolically diverse soil-inhabiting microbial 
communities.

Root exudates are organic compounds secreted by plant roots. Various chemi-
cal compounds which are found in root exudation alter the soil’s physiochemical 
qualities. By this way root exudates regulate microbial community structure and 
function. Furthermore, root exudates secreted by different plant species have ver-
satile array of chemicals. Thus, amounts and composition of exudates may consti-
tute the variation in microbial community dynamics. Root exudates provide a 
highly nutritious carbon diet to the rhizobacteria. Predominant molecules found in 
exudates are organic acids, sugars, amino acids, nucleobases, and vitamins 
(Keiluweit et al. 2015) (Table 17.2). However, root exudates composition is 
dependent upon both plant and microorganism’s species and their physiological 
condition (Wang et al. 2015). Additionally, root exudates help in developing sym-
biotic plant microbe interactions. Root exudates also hamper the growth of the 
competing plant (Wang et al. 2015). Some amount of exudates are utilized by 
adjacent microbes as nutrient source in their metabolic processes, while few 
microorganism-derived compounds are further absorbed by plants for their devel-
opmental benefits (Keiluweit et al. 2015).

Table 17.2 Various compounds in root exudates of different plant species

Amino acids α-Alanine, β-alanine, asparagines, aspartates, cysteine, cystine, glutamate, 
glycine, isoleucine, leucine, lysine methionine, serine, threonine, proline, 
valine tryptophan, arginine, ornithine, histidine, phenylalanine, homoserine, 
α-aminoadipic acid, γ-aminobutyric acid

Organic acids Citric acid, oxalic acid, malic acid, fumaric acid, succinic acid, acetic acid, 
butyric acid, tetronic acid, aldonic acid, erythronic acid, valeric acid, 
glycolic acid, formic acid, piscidic acid, pyruvic acid, lactic acid, aconitic 
acid, malonic acid, glutamic acid

Sugars Glucose, galactose, fructose, rhamnose, ribose, xylose, maltose, arabinose, 
raffinose, oligosaccharides

Vitamins Thiamine, riboflavin, niacin, pantothenate, biotin

Nucleosides 
(purines)

Adenine, guanine, cytidine, uridine

Enzymes Amylase, protease, invertase, acid phosphatase, alkaline phosphatase

Inorganic ions H+, OH−, HCO3
−

Gaseous 
molecules

CO2, H2

Adapted from Dakora and Phillips (2002)
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Plant growth-promoting rhizobacteria (PGPR) are the group of soil bacteria 
residing either around or at the plant root surface and benefitting plant through dif-
ferent means.

PGPR have direct or indirect role in plant growth and development through syn-
thesis of different chemical regulators in the rhizosphere’s close proximity. PGPR 
directly help plant development by helping them in macro and micro mineral nutri-
ent uptake as well as by modulating plant hormone levels. Indirectly PGPR boost 
plant health through declining the detrimental effects of different phytopathogens 
on plant development (Fig. 17.1). The rhizobacterial potential to utilize organic 
acids as carbon resources is correlated with rhizosphere competence (Lagos et al. 
2015). Pseudomonas spp. has the potential to metabolize malate and succinate by 
greater efficiency than glucose and fructose, during the course of rhizosphere com-
petence. Flagellar mobility, lipopolysaccharide (LPS) structure, chemotaxis, the 
outer membrane protein OprF, and, to some extent, pili are all crucial for competi-
tive root colonization (Lugtenberg and Kamilova 2009). Agglutinin is a glycopro-
tein complex of roots thought to facilitate short-term adherence of Pseudomonas sp. 
(Zhang et al. 2014).

17.4  Endophytic Bacteria as Potent Biofertilizer

Endophytic bacteria enhance plant development in nonleguminous crops and 
enhance their nutritional level through N2 fixation, phosphate solubilization, and 
siderophore production (Szilagyi-Zecchin et al. 2014). Besides biofertilization, 
endophytic bacteria also increase plant growth and yield through producing phyto-
stimulators, like phytohormones, the cofactor pyrroloquinoline quinone (PQQ), and 

Fig. 17.1 Mode of action of PGPR

17 Biofertilizers: A Timely Approach for Sustainable Agriculture



380

the volatile acetoin. Endophytic bacteria can help plant to combat stress through the 
production of stress modulators like the enzyme ACC-deaminase, which helps in 
plant growth and development by reducing plant ethylene levels as well as indi-
rectly through biological control or biotization. Some fungi are also associated in 
endophytic association, viz., Trichoderma stromaticum, T. evansi, T. amazonicum, 
T. martiale, T. theobromicola, T. taxi, etc. Few reports reveal that Trichoderma spp. 
induce transcriptomic changes in plants when associated with them as endophytes. 
Few species of Trichoderma aid plants to escape diseases and abiotic stresses (Bae 
et al. 2009). Few fungal endophytes prefer to inhabit surface of glandular trichomes 
and form structures termed as appressoria (Bailey et al. 2009).

17.5  Groups of Biofertilizers

17.5.1  Nitrogen Fixers

Nitrogen plays a vital role to sustain life on Earth. It is a major component of nucleic 
acids, proteins, and macromolecules. Nitrogen contributes to 4 % and 3 % dry weight 
of plants and human body, respectively (Cheng 2008). Nitrogen facilitates photosyn-
thesis in plants as it is essential for chlorophyll synthesis. Even though nitrogen is 
one of the most abundant elements (nitrogen gas (N2) contributes to 78 % of the 
Earth’s atmosphere), plants can only utilize reduced forms of this element.

To sustain life processes, nitrogen gets converted from one form to another. 
During this transformation nitrogen moves in between the atmosphere, land, and 
living system, and this is called nitrogen cycle. Thus, nitrogen cycle results in the 
conversion of nitrogen to distinct chemical forms (Fig. 17.2). This conversion may 
happen via biological as well as physical means. Main steps in the nitrogen cycle 
are fixation, nitrification, denitrification, and ammonification.

Fig. 17.2 Schematic representation of nitrogen cycle
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There are many routes to fix atmospheric nitrogen. Lightning fix nearly 1 % of 
the total N2 per year (∼3 × 1014 g/year). In order to fix large amount of nitrogen for 
commercial utility, Haber–Bosch process is used especially for the production of 
nitrogenous fertilizer (∼49 % of the total N2 fixed/year). In 1908, Fritz Haber 
invented the process of industrial N2 fixation. Later Carl Bosch increased the effi-
ciency by using high pressure (200 atm) and temperature (450 °C) to convert atmo-
spheric N2 to NH3 in the presence of Fe as catalysts (Smil 2001). Every year early 
50 % of the nitrogen is biologically fixed. Among microbes, diazotrophs play a 
crucial role in this process. They utilize various metabolic pathways in the presence 
of nitrogenase that is a chief metalloenzyme which facilitates the conversion of N2 
to NH3.

Diazotrophs are widely distributed in nature and are emerging as an economi-
cally beneficial alternative against chemical fertilizers. They can be classified as:

 (a) Symbiotic nitrogen fixers are from rhizobiaceae family. They form symbiotic 
association with leguminous plants (e.g., Rhizobium, Mesorhizobium, 
Bradyrhizobium) while Frankia with nonleguminous trees. Symbiotic relation 
is established by unique interaction between host and bacteria that results in 
nodulation. Rhizobium resides intracellularly within root nodules.

 (b) Nonsymbiotic (free-living/associative or endophytic) example of nitrogen- 
fixing nonsymbiotic forms are Cyanobacteria (Anabaena, Nostoc), Azospirillum, 
Azotobacter, Beijerinckia, Klebsiella, Clostridium, etc. However, they provide 
a little fraction of the total nitrogen fixed to the host plant (bacterially associ-
ated) (Fig. 17.3).

17.5.1.1  Nitrogenases
Biological conversion of N2 to NH3 is by nitrogenases which act as catalyst. 
Nitrogenases are metalloenzymes with complex and conserved structural features. 
They comprise of two parts: the small dimeric component called iron (Fe) protein 
and a heterotetrameric component, molybdenum–iron (Mo–Fe) protein. Fe protein 

Fig. 17.3 Nitrogen-fixing microorganisms
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actively donates electron to Mo–Fe protein-containing catalytic site. Other families 
of nitrogenase share common features except different central metal atoms (Mo, V, 
Fe). All nitrogenase contains a small component called Fe protein, i.e., dinitroge-
nase reductase. Fe protein comprises of [4Fe-4S] cluster that actively delivers elec-
tron to the Mo–Fe protein (dinitrogenase) in the presence of Mg ion. Larger 
component protein contains two metal clusters. One is active metal cluster and 
another is P-cluster, i.e., [8Fe-7S] that is an intermediate during electron transfer. In 
general nitrogen fixation reaction is represented as:

 N e H MgATP NH H MgADP Pi2 3 28 8 16 2 16 16+ + + → + + +− +  

A set of operons encode the nitrogenase in nitrogen-fixing bacteria that is com-
prised of structural genes (nifHDK), regulatory genes (nifLA), and rest which are 
supplementary genes. Free-living diazotrophs, K. pneumoniae, are studied as a 
model organism to examine nitrogenase regulation, its biosynthesis, and how it 
assembles (Desnoues et al. 2003). K. pneumonia nif cluster consists of 20 genes 
located in 24 kbp DNA region (Fischer 1994). Group of structural genes, i.e., nif-
HDK encodes for three entities of Mo nitrogenase. In maximum nitrogen-fixing 
prokaryotic microorganism, nifHDK genes form one unit to transcribe nifH gene. 
To ensure the activation of apo–Fe protein, i.e., NifH, products of nifM nifH, nifS, 
and nifU are essential, while activation of apo–MoFe protein needs minimum six 
genes nifH, nifQ nifE, nifB, and nifN to facilitate FeMoCo biosynthesis. There is 
significant similarity between nifDK and nifEN. Now it is well established that 
product of nifEN forms a scaffold for the synthesis of FeMoCo which is then trans-
ferred to nifDK complex. The gene product of nifB, termed NifB-co, is an iron- and 
sulfur-containing precursor of FeMoCo. Gene product of nifQ is suspected to be 
engaged in forming molybdenum sulfur precursor and has specific metal-binding 
sequences (Cys-X4-Cys-X2-Cys-X5-Cys) (Einsle et al. 2002). The gene product of 
nifV is homocitrate synthase and is essential for FeMoCo biosynthesis. The nifW is 
involved in the early assembly of MoFe protein but gene product of nifW prevents 
MoFe protein from oxygen. The function of nifY gene product is same as that of γ 
protein. The nifF and nifJ gene products are required to synthesize specific compo-
nents of electron transfer chain. In this electron transfer chain, electrons are trans-
ferred from pyruvate to flavodoxin and received by Fe protein of nitrogenase. nifM 
gene product is important for both stabilization and maturation of nifH gene product 
though its major role is still unknown. Further, many organisms have nifS and 
nifU. Thus, the products of at least 12 nif genes are necessary to initiate synthesis of 
active and stable molybdenum nitrogenase (Rubio and Ludden 2008). The nifH 
gene is a useful tool to characterize the diazotrophic communities (Suyal et al. 
2014b).

The bioavailable form of nitrogen is limited and crop growth depends upon bio-
available nitrogen. Because of all these facts, nitrogen fertilizer-manufacturing 
industries have flourished all over the world (Reich et al. 2014). Nowadays nearly 
60 % synthetic nitrogen fertilizer is being consumed solely by cereals, while irri-
gated paddy cultivation uses approximately 10 % of such fertilizers. Half of the total 
fertilizer applied to field is used by plants, and the rest half results in nitrate 
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contamination in ground and soil water, therefore leading to serious health prob-
lems and imparting threat to the concept of sustainable development. Furthermore, 
manufacturing N fertilizer is highly energy-consuming process. It consumes six 
times more energy than that is required to produce either potassium or phosphate 
fertilizers. Nevertheless, the efficiency of added nitrogen fertilizer is very low. The 
primary causes of low nitrogen fertilizer efficiency are denitrification, leaching 
losses, and NH3 volatilization. Denitrification and NH3 volatilization produce green-
house gases like N2O and NH3 and thus cause atmospheric pollution and groundwa-
ter toxicity. Moreover, the long-term use of nitrogen fertilizer depletes the soil 
organic matter (Liao et al. 2015). One way to overcome the harmful effects of syn-
thetic nitrogen fertilizer is to use plant growth-promoting diazotrophic bacteria as 
bioinoculants (Suyal et al. 2014a; Kumar et al. 2014). The need of the hour is to 
promote sustainable agricultural practices by making use of PGPR (plant growth-
promoting rhizobacteria) especially in economically important crops.

17.5.2  Phosphate Solubilizers

P is present in abundance in both organic and inorganic form in soil; still plant avail-
able form of P is usually low. Insoluble forms of P are found relatively in higher 
amount. But, plants only absorb P that is available in two forms, one in monobasic 
form (H2PO4

−) and other in form of diabasic (HPO4
−2) ions (Bagyaraj et al. 2015). 

However, as per the reports, of the total P existing, only 0.1 % is present in soluble 
form and is free for plant assimilation.

The unavailable phosphorus exists either as an inorganic mineral such as apatite 
or as one of the many organic forms such as soil phytate, phosphotriesters, and 
phosphomonesters (Bagyaraj et al. 2015). Farmers apply phosphatic fertilizers in 
agricultural fields to combat the P deficiency in soils. Plants have restricted effi-
ciency toward utilization of applied phosphatic fertilizers. Remaining unused phos-
phatic fertilizers get quickly transformed into inaccessible P complexes. Regular 
long-term application of phosphate fertilizers is detrimental to environment, and 
sometimes it is unaffordable to the farmers of developing nations. Microorganisms 
having the potential to convert plant unavailable insoluble P into plant available 
soluble P are called P-solubilizing microorganisms (PSMs). PSMs are environmen-
tally safe and economically feasible alternative of chemical-based phosphatic fertil-
izers. Most significant phosphate-solubilizing bacterial genera are reported 
Azotobacter, Beijerinckia, Bacillus, Burkholderia, Erwinia, Enterobacter, 
Flavobacterium, Pseudomonas, Microbacterium, Serratia, Rhizobium, etc.

Solubilization of inorganic phosphorus involves the synthesis of organic acids 
which are of low-molecular weight by different soil-inhabiting bacteria (Singh et al. 
2012; Rani et al. 2013). Conversion of organic phosphorus into inorganic phospho-
rus is called phosphorus mineralization. Phosphorus mineralization takes place via 
several phosphatases synthesized by soil microorganisms (Bagyaraj et al. 2015). 
However, a sole bacterial strain is found to be able to mineralize organic phosphorus 
and phosphate solubilization as well (Tao et al. 2008). Inoculation of phosphate 
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solubilizer either alone (Singh et al. 2012) or in combination with some other poten-
tial PGPR has been well reported (Zaidi and Khan 2005; Vikram and Hamzehzarghani 
2008). Besides increasing accessibility of plant available P to the plants, PSB also 
made other elemental nutrients available through synthesizing plant growth prom-
ontory substances (Ahemad and Kibret 2014).

17.5.3  Siderophore Producers

Iron is required nearly by all life forms except certain lactobacilli to carry out respi-
ration and DNA synthesis. Regardless of being the fourth most plentiful element on 
Earth (approximately 5 % by weight), the bioavailability of iron is limited. In non-
acidic, aqueous, and oxygenated environment, ferric ion is the widespread state of 
iron. Iron is accumulated to form common mineral phases. These common mineral 
phases are iron oxides and oxyhydroxides. Hence, it is not easy for organisms to 
readily utilize it. Microbes obtain Fe3+ by secreting low-molecular mass iron scav-
engers known as siderophores. To solubilize iron, these mineral compounds bind in 
the form of soluble ferric ion. Fe3+ complex uptake by microbial cell is through 
active transport system and, thus, makes iron unavailable for phytopathogens; how-
ever, plants can assimilate iron from bacterial siderophores by special mechanisms. 
Thus, phytopathogens are deprived of essential macronutrient while plants gain iron 
through siderophore producing PGPR.

Iron uptake plays a crucial role in microbial competition particularly in the 
regions of intense competition like rhizosphere. Siderophores are classified into two 
types, viz., extracellular and intracellular. These are mostly soluble in water. The 
intracellular siderophore ferricrocin is responsible for iron storage and prevents cel-
lular oxidative stress (Wallner et al. 2009). Rhizobacteria differs regarding cross- 
utilizing ability of siderophore. Some can utilize siderophores of the like genera, 
i.e., homologous siderophores, whereas others are proficient in using siderophores 
produced by rhizobacteria of unlike genera, i.e., heterologous siderophores. In rhi-
zobacterial cell membrane, iron in ferric ion-siderophore complex is converted to 
ferrous ion that is released in cell (Khan et al. 2009). This release of iron from such 
complexes takes place through gating mechanism l. In the course of reduction, sid-
erophore’s iron complex is either destroyed or recycled (Rajkumar et al. 2010). 
Thus, when there is iron-limiting situation, siderophores help in iron solubilization 
from complex compounds (Indiragandhi et al. 2008). Siderophores make stable 
complexes with several heavy metals which could have been otherwise dangerous 
to environment, viz., aluminum, cadmium, copper, gallium, lead, zinc, as well as 
radionuclides (Rajkumar et al. 2010).

Siderophores produced by bacteria alleviate plant stress due to high concentra-
tions of heavy metals in soil. Assimilation of iron by plants via bacterial sidero-
phores is done by various mechanisms such as through ligand exchange, chelation, 
and release of iron and direct acquisition of iron siderophore complexes (Colo et al. 
2014).
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17.5.4  Phytohormone Producers

Phytohormones are organic substances produced in specific plant organs. They are 
either transferred to different sites or active in the same tissue where they are syn-
thesized. They are signal molecules which control overall plant growth. Expression 
of plant intrinsic genes is regulated by them.

Phytohormones are available for the plants by two sources. They are either 
endogenously synthesized by plant tissues itself or exogenously synthesized by 
associated PGPR. Many species of soil-inhabiting bacteria and fungi are known for 
phytohormone production, viz., Galactomyces geotrichum, Pseudomonas, 
Azospirillum, Bacillus, and Arthrobacter (Waqas et al. 2014; Lei and Ya-qing 2015).

17.5.4.1  Indole-3-Acetic Acid/Indoleacetic Acid (IAA)
IAA is synthesized as secondary metabolites. Endogenous pool of plant indoleace-
tic acid is modified through rhizobacterial indoleacetic acid. This alters plant growth 
(colo et al. 2014). IAA plays prominent role in rhizobacteria–plant interactions. It is 
also a signaling molecule which is involved in the plant’s defense mechanisms. It 
influences all aspects of plant development and growth in overall cell cycle of plant 
by regulating cell elongation, differentiation, cell division, apical dominance, root 
initiation (lateral and adventitious), flowering, fruit ripening, and senescence. It 
stimulates tuber and seed germination, promotes xylem development rate and root 
development rate, regulates vegetative growth of plants, mediates tropistic responses 
(to gravity, florescence, and light), and affects formation of pigment and photosyn-
thesis. Auxin’s synthesis, transport, and signaling pathways are complex. Microbial 
auxins enhance length and surface area of root. Thus, plant will be able to utilize 
more soil nutrients due to larger root surface. Auxins secreted by PGPR act as cru-
cial hormone for interaction of plant and microbe. It plays roles in pathogenesis as 
well as in phytostimulation (Spaepen and Vanderleyden 2011).

Main precursor for IAA biosynthesis is the amino acid tryptophan. Tryptophan 
synthesis initiates from chorismate. It takes place through five stepped reactions. 
The trp operon encodes the enzymes which catalyze these reactions. Chorismate is 
biosynthesized by PEP (phosphoenolpyruvate) and erythrose 4-phosphate through 
shikimate pathway. This shikimate pathway is a common pathway for the biosyn-
thesis of aromatic amino acids (phenylalanine, tyrosine, tryptophane) and several 
other secondary metabolites.

17.5.4.2  Gibberellins/Gibberellic Acid/Gibberellin-A3/GA3 (GA)
Gibberellic acid has molecular formula C19H22O6. These are hormones found in 
fungi and plants. Gibberellins are the derivatives of gibberellic acids commonly 
known as GAs. Gibberella fujikuroi is the most common fungi which synthesize 
about 20 different types of gibberellins. GA3 is the most abundant gibberellic acid 
among all. The number in the molecular formula is according to the approximate 
order of their discovery. GA1 is the most common gibberellic acid responsible for 
stem elongation. Gibberellins promote stem growth and root growth, instigate 
mitotic division in some plant leaves, and trigger seed germination. These hormones 
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are also used in greenhouse and laboratory to initiate sprouting in dormant seeds. 
The biosynthetic pathway of GA synthesis consists of three classes of enzymes. The 
first class comprises terpene cyclases which synthesize ent-kaurene. The second 
class consists of cytochrome P450 monooxygenase, which catalyzes formation of 
GA12 from ent-kaurene, and the third class is comprised of dioxygenases. The final 
step is catalyzed by these dioxygenases. Recently, Ullah et al. 2014 gave affirmation 
that unlike forms of GA are produced by entomo-pathogenic bacterium named 
Photorhabdus temperata.

17.5.4.3  Cytokinins
This phytohormone stimulates cell division, enlargement of cell, and expansion of 
tissue in specific plant parts. Cytokinins are responsible mainly for cellular growth 
and cellular differentiation. They influence apical dominance and leaf senescence 
and axillary bud growth. It doesn’t influence parenchyma cells only by itself. Auxi- 
to- cytokinin ratio influences plant growth. When auxin and cytokinin are present 
equally, the cells of parenchyma form an undifferentiated callus but, when cultured 
only with auxin cell, grow large but do not divide. When cytokinins are introduced, 
the cells differentiate along with increment in size; it is observed that more cytoki-
nin stimulates shoot bud growth, while more auxins stimulate formation of root. 
The most common producers are Azotobacter chroococcum, Azospirillum sp., 
Azotobacter beijerinckii, Paenibacillus polymyxa, Pseudomonas putida, and P. fluo-
rescens (Kudoyarova et al. 2014; Arkhipova et al. 2007).

17.5.4.4  ACC-Deaminase/1-Aminocyclopropane-1-Carboxylic Acid
Ethylene is crucial stress hormone that works as growth regulator (Magnucka and 
Pietr 2015). Ethylene is synthesized by almost all plants through biotic and abiotic 
processes in soils. It is essential for normal growth, development, and induction of 
various physiological changes of plants (Magnucka and Pietr 2015).

Drought, salinity, flooding, extreme high temperature, heavy metal contamina-
tion, and pathogenicity like stress conditions induce the ethylene overproduction. 
Significant increase in ethylene hampers the root growth and defoliation and thus 
retards overall plant growth. Ethylene biosynthesis is initiated by methionine. Initial 
step is synthesis of S-adenosyl-methionine which is then transformed into ACC 
(1-aminocyclopropane-1-carboxylic acid) (Fig. 17.4).

In plants, ACC is an intermediate precursor for ethylene biosynthesis. ACC-
deaminase is the enzyme which catalyzes ACC cleavage into α-ketobutyrate and 
NH3, consequently decreasing ethylene levels in plants. ACC-deaminase which is in 
the form of homo-trimer protein needs a cofactor which is pyridoxal-phosphate. The 
acdS is transcribed into ACC-deaminase. acdS has already been cloned from 
Pseudomonas, Rhizobium, and Enterobacter cloacae (Magnucka and Pietr 2015). 
PGPR consisting of enzyme ACC-deaminase are able to enhance plant growth 
(Gontia-Mishra et al. 2014). PGPR synthesizing ACC-deaminase minimizes drought 
stress and induces tolerance against high salt concentration in plants (Zahir et al. 
2008, 2009). Its activity has been observed in several rhizobacteria like Acinetobacter, 
Azospirillum, Agrobacterium, Achromobacter, Ralstonia, Enterobacter, Bacillus, 

S. Tomer et al.



387

Rhizobium, Burkholderia, Serratia, Pseudomonas, etc. (Kang et al. 2010). Recently, 
ACC-deaminase synthesizing Pseudomonas stutzeri A1501 is reported to facilitate 
rice cultivation in salt and heavy metal presence (Han et al. 2015). Rhizobacteria 
capable of synthesizing ACC-deaminase also provide stress resistance from radia-
tion, poly-aromatic hydrocarbons, high salt concentration, insect predation, wound-
ing, and high light intensity (Glick 2012). ACC-deaminase synthesizing rhizobacterial 
inoculation induces the plant shoot growth and root elongation and increases nodula-
tions in rhizobium. It also promotes mycorrhizal colonization and thus nutrient 
uptake in several agricultural crops (Glick 2012).

17.6  Indirect Mechanism of Plant Growth Promotion

The traits involved in boosting plant health never work independently; rather, they 
act additively and synergistically. Biological control is environmentally friendly 
way to control diseases through application of microorganisms. One of the mecha-
nisms adopted by rhizobacteria to improve plant health is an antagonistic action 
against plant pathogens. Biocontrol activity in PGPR is possible through conflict for 
food and space. Rhizobacterial synthesis of antifungal metabolites and induction of 
induced systemic resistance by them also suppress plant pathogens (Lugtenberg and 
Kamilova 2009). Chief antifungal metabolites effective in suppressing phytopatho-
gens are HCN, 2,4-diacetylphloroglucinol, viscosinamide, pyoluteorin, tensin, 

Fig. 17.4 Mode of action of ACC-deaminase (Kang et al. 2010)
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pyrrolnitrin, phenazines, and peptaibols (Bhattacharyya and Jha 2012). A vast group 
of peptides having good antibiotic ability are reported and termed as “peptaibols.” 
Soil-inhabiting fungi like Trichoderma sp., Gliocladium sp., and Emericelopsis sp. 
are reported to be able to synthesize peptaibols (Daniel and Filho 2007; Brito et al. 
2014). Peptaibols having antimicrobial potential isolated from Trichoderma pseu-
dokoningii regulate apoptosis (programmed cell death) in phytopathogens (Shi 
et al. 2012). Some other fungal metabolites, having biocontrol potential, are:

 1. Daucanes—Daucane sesquiterpenes or carotanes, found in plant families 
Umbelliferae and Compositae, are rare fungal metabolites. T. virens one strain 
produces a novel metabolite consisting antifungal properties against various 
yeast and dermatophytes. Daucanes have a significant inhibitory effect on 
Candida albicans.

 2. 6-Pentyl pyrone (pyrones)—These compounds are obtained from Trichoderma 
spp. It has a specific coconut aroma. Pyrones suppress fungal phytopathogens 
and henceforth promotes plant health.

 3. Terpenoids/steroids—Terpenoid or steroids are versatile group of compounds. 
They are produced from pentacarbon iso-pentenyl units. The T. virens synthe-
sizes viridin. It is found to be an efficient fungistatic and anticarcinogenic com-
pound. Trichodermin is trichothecene-type terpenoid toxin; chemically it is 
fungitoxic and phytotoxic produced by Trichoderma brevicompactum 
(Mukherjee et al. 2012).

 4. Polyketides—These metabolites have anticarcinogenic properties. They possess 
antimicrobial activities and also suppress immune system. They are synthesized 
by filamentous fungi and by many other organisms. They facilitate communica-
tion between organisms and also promote struggle for substrate (Khosla 2009). 
Polyketides may have possible role in mycoparasitism. This phenomenon has 
been noticed while T. atroviride encounters with Rhizoctonia solani. Two 
polyketide genes were expressed in Trichoderma during the course of phyto-
pathogen confrontation (Mukherjee et al. 2012).

 5. Gliotoxin and gliovirin—These are fungistatic compounds. Their discovery 
was based on its antagonistic properties. Gliotoxin is beneficial to Aspergillus 
fumigatus in soil habitat due to its antagonistic properties (Giles et al. 2011). 
Gliotoxin producing microbes may be an excellent biopesticide to control plant 
disease caused by the soilborne phytopathogen (Mukherjee et al. 2012).

Induced systemic resistance is a well-known phenomenon in which plants defend 
themselves against phytopathogen infection through several mechanisms. These 
mechanisms might be local, constitutive, or inducible. Induced resistance mecha-
nism is plant defense response which is biologically induced either by exposing 
plant with certain weak pathogenic strain or by exposing it to natural/synthetic 
chemicals. Bacterial components such as cell wall-derived oligouronides, glycopro-
teins, lipopolysaccharides (LPS), 2,4-diacetyl phloroglucinol, cyclic lipopeptides, 
homoserine lactones, volatile chemicals like 2,3-butanediol and acetoin, and sidero-
phores and flagella induce defense responses in host plant (Lugtenberg and Kamilova 
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2009). These defense responses involve cell wall thickening by lignification, accu-
mulation of callose, phytoalexins, and synthesis of various proteins (e.g., chitinases, 
peroxidases, glucanases, and other pathogenesis-related proteins).

17.7  Tripartite Relationship Between N2 Fixers, 
P-Solubilizers, and Arbuscular Mycorrhizal Fungi

Little is known regarding the effects of inoculation of plant with phosphate solubi-
lizers as well as diazotrophs simultaneously in the occurrence of arbuscular mycor-
rhizal fungi (AMF). PSMs increase plant growth by providing plant utilizable 
phosphates, while on the other hand, diazotrophs increase nitrogen content in the 
soil which is used by plants to enhance their growth. When there is deficiency of 
both phosphorous and nitrogen, AMF helps in the assimilation of phosphates, hence 
supporting plant growth. In plants high level of phosphorous supports the diazo-
trophs and increases nitrogenase activity. By this nitrogen fixation is enhanced 
which facilitates root growth and mycorrhizal development. This is the beauty of 
intergeneric interaction.

17.8  Biofertilizers for Mountain Ecosystems

Diazotrophy at mountain ecosystems is considered good plant growth-promoting 
property for cold climate agriculture and is reported by distinct research teams 
(Breitbarth et al. 2007; Suyal et al. 2014a, 2015). These ecosystems contain a series 
of different climatic zones within small distances and elevations, displaying the 
diverse microhabitats (Regato and Salman 2008). They are delicate and susceptible 
to any change and thus grow well only in specific environmental conditions. 
Moreover, changes caused by infrastructure development, excessive tourism, over-
utilization of natural resources, land use pattern, habitat loss, and long-term changes 
in the Earth’s climate are exerting an additional pressure on these ecosystems. They 
harbor a variety of psychrophilic and psychrotolerant bacterial communities (Suyal 
et al. 2015). Kumar et al. 2014 and Shukla et al. 2015 reported the effect of psychro-
tolerant diazotrophic bacteria isolated from Western Himalayan region on plant 
growth promotion of various hill cultivated crops. Few psychrotolerant species of 
genus Pseudomonas have been found capable to fix nitrogen at low temperature 
4–10 °C but with a significant reduction in the nitrogenase activity (Eckford et al. 
2002; Kumar et al. 2014). Further, occurrence of nifH gene, an indication of diazot-
rophy, is also reported in psychrotolerant species of Paenibacillus (Rodríguez-Diaz 
et al. 2005), Arthrobacter, and Rhodococcus (Suyal et al. 2014b). Low temperature 
adversely affects the rate of N2 fixation (Soni et al. 2015). Temperature below 9 °C 
is generally considered as the limiting temperature for nitrogen fixation (Simon 
et al. 2014). In recent past, seven diazotrophs which are able to survive in low tem-
perature have been isolated from kidney bean’s rhizosphere from Kumaun, 
Himalaya. Among them proteome of Pseudomonas migulae strain S10724 has 
already been listed (Suyal et al. 2014a).
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17.9  Indirect Mechanism of Crop Improvement

Increased level of salt in soil possesses major threat to crops and other important 
plants. The bacteria Pseudomonas is of utmost importance in these areas as it is able 
to use many substrates, produces a diverse range of compounds, as well as easily 
conquers rhizosphere, thus helping plant to withstand unfavorable situations. PGPR 
can act as prominent substitute to overcome plant stress caused by salinity, as well 
as it induces the host resistance mechanism and direct antagonistic interaction with 
pathogens.

17.10  Application of Genetic Engineering in Developing New 
Strain

Biofertilizer performance mainly depends on its potential to colonize a certain rhi-
zospheric habitat. Biofertilizer colonization study gives information about its suc-
cess. Plate count enumeration method and most probable number (MPN) method 
are helpful in understanding those rhizospheric bacterial communities which act as 
biofertilizers. Not even 1 % of the total bacterial communities inhabiting in the 
environment are cultivated by known standard techniques. Strain-specific DNA 
probes help to estimate the diverse microbial population in the rhizosphere. With 
the advancement of techniques in molecular biology, it is now possible for microbi-
ologists to decipher the non-culturable microbial communities (Soni et al. 2010; 
Suyal et al. 2015). Thus, molecular biology techniques are extensively useful to 
characterize microbial communities in different habitats.

Cloning and sequencing techniques are commonly used techniques which are 
helpful in determining composition of microbial community. Besides them, hybrid-
ization and probing techniques can also determine the same with the advantage that 
they are less time consuming; however, it is mandatory to have adequate informa-
tion of microbial community in order to select desired target sequence. Alternative 
methods such as ribosomal intergenic spacer analysis (RISA) and amplified ribo-
somal DNA restriction analysis (ARDRA) are helpful to analyze community struc-
ture and colonization ability of biofertilizers. They are often used to analyze 
bacterial diversity from varied environments. ARDRA can mark genotypic transfor-
mation occurring in a community with respect to time. However, RISA aids in com-
parative analysis of microbial communities exposed to unlike habitats or treatment 
without any kind of biasness enforced through culture-dependent methods. In short, 
it includes PCR amplification of intergenic spacer region (ISR). These techniques 
involving molecular biology have higher quantitative effectiveness and are further 
used to characterize bioinoculants in situ.

In case of PSM, organic acids help to solubilize mineral phosphate. Solubilization 
of phosphorus is carried out by reducing pH or by chelation of cations accompany-
ing phosphorus. Knowledge of the genes governing the production of organic acids 
would make it possible to transfer the ability of P-solubilization to those bacteria 
which are able to colonize a specific rhizosphere. It is now understood that 
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rhizosphere competence is an important factor to determine the fate of victory or 
defeat of microbial inoculum. Rhizosphere has versatile carbon sources that can be 
utilized by the diversified microbial communities residing in soil for the production 
of different organic acids. Available phosphate is readily utilized by plant before its 
precipitation to unavailable form. In gram-negative bacteria, gluconic acid has been 
proved to aid phosphate solubilization (Oteino et al. 2015). Oxidative metabolism 
of glucose to gluconic acid occurs in the presence of glucose dehydrogenase (GDH). 
GDH in turn needs pyrroloquinoline quinone (PQQ) as a cofactor. Therefore, genes 
associated in the transfer and synthesis of PQQ are cloned from bacteria of one type 
and passed to other type (Bruto et al. 2015). If the PQQ-synthesizing genes are 
transferred to Rhizobium strain that possess apo-GDH and that is rhizosphere com-
petent too, then, the resulting strains will possess the ability to solubilize phosphate 
activity as well as will fix atmospheric nitrogen. Enhanced expression of GDH 
genes along with PQQ biosynthesis in Pseudomonas spp. also produces gluconic 
acid via oxidative metabolism of glucose. Similarly, Ambrose et al. (2015) have 
successfully characterized salicylate hydroxylase gene from the fungal endophyte 
Epichloë festucae.

17.11  Conclusion

The integrated approach is vital to improve crop productivity and to maintain the 
soil fertility. As PGPR have multidimensional approach toward sustainable agricul-
tural system, it is important to determine the most favorable plant–microbial inter-
action. Biofertilizers not only exhibit plant growth promotion but are also effective 
in bioremediation by detoxifying detrimental pollutants such as pesticides and 
heavy metal pollutants. Nevertheless, they are potential biopesticides, as they can 
control a wide variety of phytopathogens. Few reports reveal that in case of con-
trolled soil conditions, significant enhancement in crop production was achieved 
through biofertilizer applications. But soil is an unpredictable natural ecosystem. 
Biofertilizer efficacy in crop productivity may vary between controlled condition of 
laboratory and farm, and therefore, desired results are not always attained. Besides 
it, effectiveness of biofertilizers also depends upon climatic changes among differ-
ent geographical locations. However, their performance can be optimized through 
acclimatization according to prevailing natural soil environment. In present sce-
nario, where genetically modified food crops have a big question mark, biofertiliz-
ers may be a boon to humanity. This is a technology which is easy access even to the 
farmers of developing nations including India. PGPR-mediated organic farming 
would pave the way to prosperous, healthy, and sustainable nation. Thus, this trend 
of least possible input of chemicals in sustainable agricultural systems may help to 
achieve the goal of holistic well-being of planet Earth.
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18Role of Beneficial Fungi in Sustainable 
Agricultural Systems

Mehrnaz Hatami and Fereshteh Ahangarani

Abstract
Sustainable agriculture is a farming technique on the basis of knowledge of eco-
system services, the study of relationships/interactions between organisms and 
their physical environment. In sustainable agricultural systems, the inhabitant 
soil microflora is more crucial for ecosystem processes including nutrient avail-
ability and pest/disease suppression.

The rising demand for environmental friendly, organic, and sustainable agri-
cultural practices are driving the application of fertilizers based on beneficial 
biological products. The use of beneficial fungi in agriculture sector is poten-
tially useful for improved plant health and growth, water uptake, nutrient avail-
ability, stress tolerance, and biocontrol. Fungi also play a fundamental role in 
multifarious physiological processes including mineral and water uptake, photo-
synthesis, stomatal movement, and biosynthesis of compounds termed biostimu-
lants, auxins, lignan, and ethylene to enhance the ability of plants to establish and 
cope environmental stresses such as drought, salinity, heat, cold, and heavy met-
als. This chapter describes the mechanisms underlying beneficial impacts of 
fungi on growth promotion of the host plant.
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18.1  Introduction

Many of the world’s ecosystems are in different moods of decline affirmed by ero-
sion, low fertility and productivity, poor water quality, etc. caused by forest clear-
ing, high-input agricultural production, and stay using land resources for multiple 
purposes that are not sustainable. However, sustainable agriculture prepares high 
yields without causing weakness or damages the natural systems and resources that 
productivity depends on. This kind of agriculture utilizes a special cultivation tech-
nique wherein the environmental resources may be entirely used and at the same 
time guarantee that no injury was executed to it. Therefore, the method of perfor-
mance is environmental friendly and assures safe and healthy agricultural crops and 
products. In low-input organic and sustainable agroecosystems, the natural function 
of microorganisms in supporting soil fertility and/or control of plant pathogens may 
be more important than in conventional agriculture practices where their importance 
has been marginalized using high inputs of chemical fertilizers and other 
agrochemicals.

The status of soil microbial populations is beneficial to vital processes that com-
pel fertility, productivity, and stability of agricultural systems. Several investiga-
tions are directed to enhancing knowledge of the diversity, structure, dynamics, and 
significance of soil microbial communities and their advantageous and cooperative 
actions in soil fertility and crop productivity.

There is a growing body of evidence that exhibits the potential of different micro-
organisms to improve plant growth and productivity in agricultural systems. 
Understanding the potential of soil-beneficial microorganisms needs comprehen-
sion of the action of microorganisms in growth enhancement, especially in terms of 
nutrient supplement and disease suppression, the underlying mechanisms, and the 
challenges in implementation and commercialization of plant growth-promoting 
(PGP) microorganisms (Johansson et al. 2004; Pereg and McMillan 2015).

Soil microorganisms possess a close, symbiotic (reciprocal) relationship with 
plants. They are the most plentiful of all the biota in soil and responsible for promot-
ing nutrition and organic matter cycling, soil fertilization and restoration, and plant 
health and growth as well as ecosystem primary production. Two examples include 
rhizobia and mycorrhizae. Mycorrhizae are known as very host-specific fungi that 
create symbiotic associations with roots of host plant. The beneficial fungi play an 
important role in improving plant growth and increasing plant yield and also 
involved in biotic and abiotic stress tolerance, hazardous materials remediation, sus-
tainable crop production, and food safety (Borde et al. 2009). Some of the fungi do 
not permit the deleterious fungi to colonize the root surface area and are beneficial 
as biocontrol agents (Ha 2010). In this chapter, we explain the mechanisms behind 
the positive role of symbionts to host partners.

M. Hatami and F. Ahangarani



399

18.2  General Mechanisms Involved in Plant Growth 
Promotion Elicited by Microorganisms

Plant growth and performance is remarkably affected by the interactions between 
plant roots and the surrounding relative soil involving the microbial community 
inside the soil. The rhizosphere supports microorganisms that may have both 
positive and negative or inconsequential impact on plant growth and productivity. 
Although most rhizospheric microorganisms seem to be desirable, harmful microbes 
such as pathogens and microorganisms generate toxins that prevent root growth or 
those that eliminate essential substances from the soil. In contrary, the major mecha-
nisms for promoting plant growth include improvement of nutrient availability 
(biofertilization), suppression of parasitic and nonparasitic pathogens (biocontrol), 
and production of plant hormones/and or plant growth-promoting substances 
(phytostimulation) (Martinez-Viveros et al. 2010; Bhattacharyya and Jha 2012).

Many factors are affecting the population of the indigenous rhizospheric 
microbes including agricultural practices (e.g., soil cultivation, stubble mainte-
nance, burning, season, and so on), plant species, variety/cultivar and genotype, and 
soil type (Berg and Smalla 2009; Reeve et al. 2010). Plant exudates may cause 
alterations to soil characteristics including carbon availability and pH, influencing 
the diversity and activity of microbial communities (Haichar et al. 2008). It is 
acknowledged that the addition of microorganisms to cropping systems and agricul-
tural soils (bioaugmentation) exhibit an important action on soil microbial pro-
cesses. The application of agrochemicals such as chemical fertilizers and pesticides/
and or fungicides caused concerns about their potential risks to living organisms 
and pathogen resistance, imposing continuous expansion of novel agents (Fernando 
et al. 2006). Rhizospheric microorganisms that prevent plant pathogens could be 
applied as biocontrol agents and may be considered as efficient and alternative to 
chemical pesticides. Some of the mechanisms for suppression of plant pathogen are 
direct inhibition of pathogen growth via production of antibiotics, hydrogen cyanide 
(HCN), and toxins and activation of hydrolytic enzymes (e.g., lipases, proteases, 
and chitinases) that degrade toxicity agents or pathogen cell-wall components 
(Whipps 2001; Compant et al. 2005).

18.2.1  Mechanisms of Biofertilization

“Biofertilizers” are beneficial microbes that improve nutrient uptake and availabil-
ity to inoculated plants, contributing to plant nutrition through increasing nutrient 
uptake and/or through accelerating primary nutrient availability in the rhizosphere. 
Also, they could be applied for improving crop yield when used complementary to, 
or as alternative for, synthetic fertilizers.

Nitrogen (N) is an important plant macronutrient that is frequently limited in 
agricultural soils because of high losses through leaching and emission. Biological 
nitrogen fixation can be performed by nonsymbiotic bacteria including Azospirillum, 
Gluconacetobacter, Burkholderia, and Pseudomonas species (Dobbelaere et al. 
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2003) and may be employed in biofertilization of nonleguminous plants including 
wheat (Egamberdiyeva and Hoflich 2002), rice (Mirza et al. 2006; Muthukumarasamy 
et al. 2007), maize (Estrada et al. 2005), and sugarcane (Suman et al. 2005). Also, 
the Azotobacter Azo-8 strain was introduced as an efficient bio-inoculant for wheat 
plant grown under water scarcity conditions along with urea and manure (Singh 
et al. 2013).

Although agricultural soils usually have considerable total phosphorus, available 
phosphorus is frequently exhausted from the rhizosphere (Richardson et al. 2009). 
Soil microorganisms play an essential role in the phosphorus cycle and, therefore, 
in facilitating phosphorus availability to plants, improving the capacity of plants to 
obtain phosphorus from the soil through solubilizing and mineralizing inorganic 
phosphorus, or via accelerating the mobility of organic phosphorus by microbial 
turnover and/or extending the root system of crop species (Richardson and Simpson 
2011). A great number of soil microorganisms with the ability of solubilizing inor-
ganic phosphorus have been isolated, such as Actinomycetes, Pseudomonas, 
Rhizobium, and Bacillus spp. (Richardson et al. 2009; Richardson and Simpson 
2011; Bhattacharyya and Jha 2012). Moreover, some fungal from the Penicillium 
genus excrete compounds (organic acids) that expedite the conversion of immobi-
lized phosphorus into soluble forms available for root uptake and plants (Wakelin 
et al. 2004).

The response of root growth and the flexibility of root system architecture along 
with the expansion of the rhizosphere, via either root growth or root hair develop-
ment, are obviously significant for impressive exploration of soil environment and 
interruption of nutrients. Root hair may form up to 70 % of root volume and can 
take up to 80 % of phosphorus in non-mycorrhizal inoculated plants (Fohse et al. 
1991). Mycorrhizal fungi generally colonize the root cortex of plant and enlarge 
exteriorly, joining the roots with soil environment and enhancing efficacy of phos-
phorus absorption by mycorrhizal inoculated plants (Barea et al. 2008).

Mycorrhizal symbiosis can increase plant growth by improvement of plant estab-
lishment, protection against different types of stress, and enhanced soil structure 
and nutrient uptake, especially as fundamental macronutrients (e.g., P, Mg, Ca, K) 
and micronutrients (e.g., Zn, Cu,) depend on soil pH (Clark and Zeto 2000; 
Richardson et al. 2009).

It has been reported that enhanced absorptive surface area of the inoculated 
plant-root systems caused increased area for interactions with other soil microor-
ganisms through formation of hyphae of these symbiotic fungi which also act as a 
significant route for the translocation of energy-rich plant assimilates to the soil 
(Johansson et al. 2004). Generally, the effect of plant assimilates on microbial popu-
lations has been described in relation to the rhizosphere (Hiltner 1904). The rhizo-
sphere (the narrow region of soil surrounding living plant roots) is characterized by 
improved microbial activity stimulated by root exudates (Grayston et al. 1997). 
However, since plant roots in natural habitats are prevalently mycorrhizal, the con-
cept of rhizosphere has been broadened to comprise the fungal component of the 
symbiosis, causing the term “mycorrhizosphere” (Rambelli 1973; Johansson et al. 
2004) (Fig. 18.1).
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18.2.2  Mechanisms of Disease Suppression

Generally, protection of plant growth is consecutively challenged through emerg-
ing, reemerging, and indigenous plant pathogens (Miller et al. 2009). As mentioned 
above, there are a number of mechanisms for plant-pathogen suppression including 
direct inhibition of pathogen growth by production of antibiotics and other toxins 
(Whipps 2001; Compant et al. 2005).

Antibiotics are a common section of the self-protective arsenals of bacteria, 
including Pseudomonas species (e.g., Pseudomonas fluorescens strains) (Haas and 
Defago 2005) and Bacillus species (e.g., Bacillus subtilis) (Kim et al. 2003), as well 
as fungal species including Trichoderma, Gliocladium, Ampelomyces, and 
Chaetomium (Kaewchai et al. 2009); therefore, these living organisms have great 
potential for soil conditioning process.

Multifunctional microorganisms including Trichoderma harzianum Rifai appear 
to improve plant growth through solubilizing phosphate and essential micronutri-
ents required for plants, including iron (Fe) and manganese (Mn), and suppress 
plant pathogens (Altomare et al. 1999). Hydrogen cyanide production inhibits 
microbial growth and may suppress pathogens including root-knot, black rot, and 
bacterial canker in tobacco and tomato plants (Lanteigne et al. 2012; Voisard et al. 
1989; Siddiqui et al. 2006). However, it has been reported that HCN might be 

Fig. 18.1 Schematic model of possible interactions between various components of the mycor-
rhizosphere (Johansson et al. 2004)
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injurious to plants through reducing energy metabolism and inhibiting root growth 
(Siddiqui et al. 2006). Many various bacterial genera produce HCN, such as 
Rhizobium, Alcaligenes, Bacillus, Aeromonas, and Pseudomonas spp. (Ahmad 
et al. 2008). Also, pathogen suppression may take place competitively by indirect 
inhibition. There is evidence that a number of bacteria and fungi produce sidero-
phores as iron-chelating sources particularly in times of iron deficiency (Sharma 
and Johri 2003), such as Azospirillum, Pseudomonas, Bradyrhizobium, Rhizobium, 
Serratia, and Streptomyces (Martinez-Viveros et al. 2010). Their ability to reduce 
iron from their surrounding environment makes it unavailable form to pathogenic 
fungi, resulting in a competitive benefit (Loper and Henkels 1999; O’Sullivan and 
O’Gara 1992).

Carrillo-Castaneda et al. (2002) reported that inoculation of alfalfa (Medicago 
sativa) with siderophore-producing bacteria grown under iron-limiting conditions 
resulted in a positive effect on plant growth; however, the possible role for a combi-
nation of several growth-promoting mechanisms and not siderophore generation 
alone cannot be ignored. Moreover, activation of the plant’s own defense system, 
termed induced systemic resistance (ISR), may be considered as another mecha-
nism that is involved in disease suppression. Release of a blend of volatile organic 
compounds by plant growth-promoting bacteria and fungi may initiate ISR, causing 
enhanced expression of defense-related genes in the inoculated plants (Naznin et al. 
2014).

18.2.3  Mechanisms of Phytostimulation

One of the most important mechanisms involved in plant growth enhancement 
through some rhizospheric living microorganisms is the production of plant hor-
mones, or phytostimulation; plant growth-promoting microbes stimulate plant 
growth by producing growth hormones, including auxins, gibberellins, and cytoki-
nins in the adjacency of the roots, or by regulating the levels of ethylene produced 
by plants. Root characteristics, size, and depth affect the capacity of plants to effec-
tively entrap nutrients from soil environment and vice versa; root elongation and 
morphology can alter in response to soil nutrient availability (Wijesinghe et al. 
2001). Plants bearing both deep and shallow root systems are able to acquire miner-
alized nitrogen available in top of soils and leached nitrogen in the subsoils (Ho 
et al. 2005). Therefore, application of phytostimulation for improving plant-root 
growth could play an important role in facilitating nutrient uptake, particularly if 
employed in combination with biofertilization.

The main phytohormone, auxin (IAA), promotes root growth and root architec-
ture attributes such as root hair cluster positioning, lateral root extension, and root 
vascular tissue development (Aloni et al. 2006). Many rhizobacteria, such as benefi-
cial, pathogenic, associative, and free living, are potentially proficient to produce 
IAA (Tsavkelova et al. 2006). These include Azospirillum, Azotobacter, Aeromonas, 
Bacillus, Burkholderia, Enterobacter, Rhizobium, and Pseudomonas (Spaepen 
et al. 2006; Martinez-Viveros et al. 2010). Cytokinins promote plant cell division 
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and regulate root growth and development through reducing primary root elonga-
tion and lateral root formation and stimulating root hair formation (Werner et al. 
2003; Riefler et al. 2006). These substances are produced by some plant growth-
promoting rhizobacteria, including Arthrobacter, Azospirillum, Pseudomonas, and 
Paenibacillus species, but their participation in plant growth promotion is not well 
known (Richardson et al. 2009).

Likewise, gibberellins induce the development of stem tissue, root growth, and 
lateral root branching and are produced by different species of plant growth- promoting 
rhizobacteria, including Azotobacter, Azospirillum, Bacillus, Herbaspirillum, 
Rhizobium, and Gluconobacter (MacMillan 2002; Bottini et al. 2004).

Another important hormone involved in plant growth and development is ethyl-
ene, although it may have distinctive impacts on plant growth depending on its 
doses in plant roots (Pierik et al. 2006). Ethylene synthesis is necessary for the ini-
tiation of systemic resistance during interaction with associative microorganisms, 
and higher doses are mediated in plant defense against a range of stresses and upon 
pathogen infection (Broekaert et al. 2006). Certain growth-promoting bacteria, 
including Azospirillum brasilense, may produce lower levels of ethylene, which 
may enhance root hair formation (Ribaudo et al. 2006). In plants, ethylene has pre-
viously been found to be produced from the precursor 1-aminocyclopropane-1- 
carboxylate (ACC), which is released by roots within the rhizosphere during stress 
and reabsorbed through the roots, which is in turn converted to ethylene. However, 
accumulation of ethylene in the roots causes decreased root growth, aggravating 
plant stress (Babalola 2010). Rhizospheric plant growth-promoting fungi and bacte-
ria that can break down ethylene precursor ACC diminish the adsorption of ethylene 
through the root tissues and permit the plant to reestablish a healthy root and cope 
with environmental biotic and abiotic stresses (Glick 2005). Plant growth enhance-
ment by ACC (a source of nitrogen) degrading microorganisms seems to be specifi-
cally significant under stress conditions including drought, cold, salinity, or heavy 
metal stress (Mayak et al. 2004; Grichko and Glick 2001). Root zone microorgan-
isms are able to degrade ACC including Azospirillum, Achromobacter, Enterobacter, 
Bacillus, Pseudomonas, and Rhizobium strains (Martinez-Viveros et al. 2010).

18.3  The Arbuscular Mycorrhizal Symbiosis

The oldest (>460 million years BP) and the most popular kind of mycorrhizal asso-
ciation is arbuscular mycorrhizal (AM) symbiosis. Many terrestrial plants (~250,000 
species of plants worldwide) are capable of forming the symbiosis (Smith and Read 
1997).

According to Schussler et al. (2001), almost 160 fungal taxa of the order 
Glomales (Glomeromycota) have been explained in terms of their spore morphol-
ogy, although new molecular technique exhibit that the real number of AM taxa 
may be much higher (Daniell et al. 2001; Vandenkoornhuyse et al. 2002).

It has been reported that in time of AM symbiosis formation, the fungus perme-
ates the cell walls of root cortical and constitutes haustoria-like structures that 
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interact with the host cytoplasm (Smith and Read 1997). These fungal structures 
and highly branched arbuscules in particular prepare an improved surface area for 
metabolic conversions between the fungus and the plant. Moreover, production of 
certain structures, vesicles, by some of the AM believed to act as storage tissues 
(Smith and Read 1997). According to Johnson et al. (2002), plants in natural ter-
restrial ecosystems colonized with AM may instate about 10–20 % of the fixed 
carbon through photosynthetic process in their fungal confederate. Obviously, this 
exhibits an important input of energy to the soil environment, and this source of 
carbon may be vital to living microbes associated with the mycorrhizosphere.

It has been acknowledged that AM fungi also interact directly with the soil 
through producing extra radical hyphae that may spread out several centimeters 
within the soil (Rhodes and Gerdemann 1975). The extra radical hyphae structures 
constitute a greater total surface area than that of roots solely, which enhances the 
potential for nutrient and water uptake (Auge 2001; Rhodes and Gerdemann 1975). 
Besides, the extra radical hyphae structures seem to be significant to the plants for 
phosphorus acquisition efficiency and other mineral nutrients uptake (Read and 
Perez-Moreno 2003). Also, Hodge et al. (2001) suggested that the extra radical 
mycelium of AM fungi may improve mobilization of organic nitrogen forms from 
plant residue. It was previously believed that mycorrhizal symbiosis may also miti-
gate adverse effects of plant pathogens (Newsham et al. 1995; Niemira et al. 1996; 
St-Arnaud et al. 1997; Azcon-Aguilar and Barea 1996) and negative role of metals 
(Khan et al. 2000). Moreover, the extra radical hyphae may interface with other soil 
microbes either directly through physically and/or metabolically interfacing with 
other soil- living organisms in the mycorrhizosphere or indirectly through altering 
host plant physiology (e.g., root morphogenesis and patterns of exudation within the 
mycorrhizosphere) (Johansson et al. 2004).

18.3.1  Effects of AM Fungi on Fungal Pathogens

Arbuscular mycorrhizal fungi may interact with other root-associated microbes, 
like pathogenic fungi. The potential mechanisms of interaction are similar as those 
mentioned above. The differential impacts of a crude extract from the growth 
medium of the AM fungus Glomus intraradices were studied on spore formation of 
two pathogenic fungi and on the growth of two bacterial species (Filion et al. 1999). 
Conidial germination of Fusarium oxysporum (a plant-root pathogen) was inhib-
ited, while conidial germination of Trichoderma harzianum (a mycoparasitic fun-
gus) and the growth of Pseudomonas chlororaphis were promoted, and Clavibacter 
michiganensis growth was uninfluenced. The assayed impacts were correlated with 
extract dose, and no significant effect of pH on germination or growth was found. 
They concluded that the unspecified substances released by the AM fungus to the 
growth medium were the major factor describing the differential growth of the 
employed microbes.

Citernesi et al. (1996) screened bacteria separated from 17-year-old Glomus 
mosseae pot culture. They reported that many of the bacterial strains within the 

M. Hatami and F. Ahangarani



405

various zones of the mycorrhizosphere were vigorously antagonistic against in vitro 
growth of Fusarium and Phytophthora. Their findings also suggest the probability 
of integrated application of AM fungi and their associated bacteria in biocontrol of 
soilborne pathogenic fungi. Many researchers have mentioned that the ability of 
AM-inoculated plants to better stand up to an attack from root pathogens may be 
described to an improved nutritional status in the host plant because of the atten-
dance of the AM fungus. However, there are contradictory reports on this theory. In 
a field experiment, Newsham et al. (1995) transplanted Glomus sp.-treated and 
Glomus sp.-non-treated seedlings of Vulpia ciliata into a natural ecosystem and 
found that inoculation of AM did not influence phosphorous content in the plants. 
However, the AM protected the plants from the adverse impacts of Fusarium oxys-
porum attack on root and shoot growth. Obviously, the AM inhibited pathogen 
development in the root tissues. The results also showed that root-infecting myco-
floras of AM plants had fewer naturally occurring infections of F. oxysporum and 
Embellisia chlamydospora compared to AM plants following transplantation 
(Newsham et al. 1995). They suggested that the main advantage granted by AM 
fungi to V. ciliata seedlings is the protection from deleterious fungi, rather than 
enhanced phosphorous acquire. In a study, Niemira et al. (1996) employed a peat- 
based medium containing Glomus intraradices to test whether it could inhibit 
Fusarium sambucinum (a common tuber dry rot) in minitubers of potato plants. 
Results revealed less (20–90 %) tuber dry rot for minitubers grown in this medium. 
Furthermore, St-Arnaud et al. (1997) reported that the presence of Tagetes patula 
plants inoculated with AM fungus G. intraradices may suppress root pathogen 
development in soil and by means of that decrease severity of disease in cocultured 
non-mycorrhizal carnation (Dianthus caryophyllus). In other study, Caron (1989) 
found significant decrease in Fusarium populations in the soil surrounding mycor-
rhizal tomato (Lycopersicon esculentum) roots and subsequently proposed a possi-
ble role for AM fungi in biocontrol of the soilborne pathogens.

18.3.2  Soil Fungal Communities Confer Agroecosystem Stability

Beneficial soil microorganisms such as AM fungi are key component in natural 
agroecosystem through providing crucial ecosystem services including nutrient 
uptake, organic matter recycling, and antagonism versus plant pests/disease (Borie 
et al. 2010; Pozo et al. 2009; Ramos-Zapata et al. 2012). Arbuscular mycorrhizal 
fungi, saprophytes, use up the destroyed organic materials in soil and are definitely 
innocuous and often beneficial for mobilization of mineral nutrients (Hodge et al. 
2001; Lopez-Roez and Pozo 2013).

The ecological importance of Perisporiopsis lateritia, Phanerochaete velutina, 
and Pleurotus sp. can be described by their function in dead vegetation recycling 
process through converting hard wood to usable forms (Chaverri and Gazis 2010; 
Wells et al. 1998; Cohen et al. 2002). Some fungi (e.g., Navisporus floccosus), char-
acterized in digesting the secondary compounds such as lignin, tannin, and cellulose 
in soils; preparing nutrients availability for offspring of the present plant generation 
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(Parihar et al. 2012). It has been reported that soil AM fungi may be considered as 
an essential component of an ecosystem to help the carbon and nitrogen recycling 
in soil environment (Phillips et al. 2012).

Generally, mycorrhizal fungi include higher value of carbon (10/1 C/N) and less 
amount of nitrogen (N ¼ 10 %) in their cells than those of bacteria (Hoorman 2011). 
Mycorrhizal fungi contribute in recycling of both nitrogen and phosphorus to 
improve availability of mineral nutrients for the plants. Their properties, small size 
and high surface area, are more efficient in mineral acquisition from the soils when 
compared to the plant-root hairs (Hoorman 2011). Evidence suggests, however, that 
plant’s roots cultivated with particular species of fungi caused significant nutrient 
acquisition and higher nutritional levels of crop plants (Yaseen et al. 2011; 
Albrechtova et al. 2012). In addition to symbiont, free-living soil fungi including 
Trichoderma are established to be responsible for improved plant growth and devel-
opment, higher biomass production, and lateral root branching via the mechanism 
mediated by synthesis of auxins (Contreras-Cornejo et al. 2009). Specific fungi, 
including Piriformospora indica and Trichoderma, are beneficial in plant-soil sys-
tems and act as biocontrol agents (Harman and Mastouri 2010; Serfling et al. 2007) 
to support agricultural crops from severe injury caused by pathogen attack (Ha 
2010). According to Chalot and Brun (1998), ectomycorrhizal fungi can effectively 
degrade the undesirable phenolic constituents in the forest soils.

The ecto- and endo-AM fungi may prepare definite advantages to host plants 
through expanding surface area for sufficient water and nutrient uptake, improving 
stomatal regulation to preserve proper water potential, and increasing twofold the 
minimal stomatal conductance (Aroca et al. 2008; Arnold and Engelbrecht 2007) 
for better gaseous exchange which subsequently result in amplified photosynthetic 
quantum yield (Wu and Xia 2006; Xian-Can et al. 2010) (Table 18.1).

18.3.3  Relevance of Mycorrhizosphere Interactions 
to Sustainable Agriculture

Soil-beneficial fungi are specifically useful for the plant partner in agriculture and 
take part in several services including water levels, nutrient improvement, stress 
tolerance, pest and disease protection, and weed control. Sustainable agroecosystem 
relies on beneficial fungi due to its contribution in decomposition of soil organic 
matter, nutrient uptake, organic matter and nutrient recycling, antagonism against 
plant pathogens/pests, and crop management (Ansari et al. 2013). Generally, two 
main groups of soil endophytic fungi have been previously recognized, exposing 
dissimilarity in evolutionary interaction: (1) the clavicipitaceous endophytes 
(C-endophytes), which associate with grasses and systemically infect their hosts, 
and (2) the non-clavicipitaceous endophytes (NC-endophytes), which can be repro-
duced from asymptomatic parts of a broad range of plant (nonvascular) hosts, 
belonging to angiosperms (Singh et al. 2011).

Mycorrhizal fungi colonizing the plant-root systems (rhizosphere) extend within 
the rhizosphere and are efficiently involved in enhancing soil fertility and crop 
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productivity in natural and agroecosystems (Bonfante and Genre 2010). It has been 
reported that mutualistic symbioses (intimate interspecies interactions) contribute 
to plant’s life cycle through supplying micro- and macronutrients, enhanced growth, 
and improved thermotolerance and resistance from different environmental biotic 
and abiotic stresses such as drought, salinity, herbivore, and pathogen infection 
(Lingua et al. 2012; Singh et al. 2011; Rodriguez et al. 2008). A strong growth- 
promoting activity was found during the symbiosis of Piriformospora indica, a 
plant-root-colonizing basidiomycete fungus, with a broad spectrum of plant species 

Table 18.1 Soil-beneficial fungi effects on different physiological and catabolic processes in 
various host plant species

Fungal species/strain Plant type
Fungi-mediated 
response/activities

Beneficial effects 
on plant species References

AM fungi Dead 
vegetation in 
soil

Degrade of dead 
organic

Nutrient 
mobilization

Hodge et al. 
(2001)

Phanerochaete 
velutina

Wood Decomposing 
wood

Phosphorus 
translocation

Wells et al.
(1998)

Pleurotus sp. Wood Wood decay Nutrient 
mobilization

Cohen et al. 
(2002)

Perisporiopsis 
lateritia

Leaves of 
Hevea sp.

Leaves decay Nutrient 
mobilization

Chaverri and 
Gazis (2010)

Navisporus 
floccosus

Wood Wood decay Nutrient 
mobilization

Phillips et al. 
(2012)

M fungi Pinus taeda Decomposing 
organic matter

Carbon and 
nitrogen cycling

Hoorman 
(2011)

AM fungi Vigna 
unguiculata

Mineral uptake Improved 
nutritional status

Yaseen et al. 
(2011)

M fungi Allium cepa Plant growth Improved 
nutritional status

Albrechtova 
et al. (2012)

Trichoderma sp. Arabidopsis 
sp.

Auxins dependent 
mechanism

Higher biomass 
production and 
increased lateral 
roots formation

Contreras- 
Cornejo et al. 
(2009)

Trichoderma sp. Agriculturally 
important 
crops

Biocontrol Crop 
management

Chalot and 
Brun (1998), 
Harman and 
Mastouri 
(2010), and 
Serfling et al. 
(2007)

Ectomycorrhizal 
fungi

Higher plant 
species

Phenolic 
compounds 
degradation

Plant protection Ha (2010)

Ectomycorrhizal 
fungi and AM 
fungi

Agricultural 
crops

Stomatal 
physiology and 
water relation

Improved water 
potential status 
and increased 
photosynthesis 
rate

Arnold and 
Engelbrecht 
(2007) and Wu 
and Xia (2006)
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(Verma et al. 1998). The P. indica produces thin-walled, white color, and hyaline 
hyphae throughout the life cycle which exhibits multinucleated character. Following 
to anastomosis between various types of hyphae, the formation of certain chla-
mydospores (thick-walled big resting spore) occurs either separately or in clusters 
at their tip. The released chlamydospores then trigger germination in the soil and 
subsequently infect other host through creating intra- and intercellular hyphal net-
work (Das et al. 2012). Moreover, P. indica imitate the potentiality of specific AM 
fungi in different morphological, functional, and growth promotional points of view 
(Das et al. 2013) with supplemental profit that it can grown axenically. Tsimilli- 
Michael and Strasser (2013) confirmed that the P. indica may be a novel candidate 
symbiont for supplying immense growth-promoting activity with a broad spectrum 
of plants species. This symbiotic interaction caused in higher biomass production of 
the shoots and floral parts of the plant which can be used for biologically active 
compounds in pharmaceutical industries (Kumar et al. 2011; Oelmuller et al. 2009). 
P. indica (the growth-promoting endophyte) in many cases acts as a biofertilizer, 
bioregulator, and bioprotector both in mono- and dicotyledonous plant species (Das 
et al. 2012). The mutually beneficial relations between P. indica and roots are valu-
able being its wide spectrum of uses in farming systems (Franken 2012). It is 
acknowledged that specific biochemical and/or genetic processes are involved in 
biosynthesis of ethylene and signaling to maintain an interaction between the sym-
bionts and host plants (Khatabi et al. 2012).

18.3.4  Sustainable Nutrient Supply

It has been well known that AM may improve phosphorous level, enhance nitrogen 
uptake, or increase disease resistance in their host partners. Other soil microorgan-
isms, such as nitrogen fixing and or phosphate solubilizing bacteria, can synergisti-
cally interact with AM fungi and stimulate plant growth through a range of 
mechanisms (Puppi et al. 1994). The symbiotic association between fungi and host 
plants becomes even more important in low sustainable input and organic agricul-
tural systems. Under these situations, AM mycelium may act an influential role in 
nutrient mobilization from plants litter (Johansson et al. 2004).

Hodge et al. (2001) suggested that the inoculation with AM Glomus hoi improved 
decomposition of plant litter in soil and caused increased nitrogen acquisition from 
the litter as well. Hyphal growth of the fungal symbiont was also improved in the 
presence of the complex organic material in soil (Fig. 18.2). Bacteria associated 
with the AM may assist the nutrient cycling in soil. Several examples of this kind of 
association are available from bacterial-AM fungal-legume tripartite symbiosis, 
where diazotrophic bacteria prepare fixed nitrogen for both the plant and the fungus. 
Interestingly, legume nodulation by nitrogen-fixing bacteria and AM establishment 
often take place synchronously and synergistically.

The presence of nitrogen fixation genes in endosymbiotic bacteria (Burkholderia) 
in AM hyphae has been previously showed by Minerdi et al. (2001) who suggest 
that there may be a potential for enhanced nitrogen source to mycorrhizal infected 
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plants through atmospheric nitrogen fixation. More study is also required on the 
possible interactions of mycorrhizal fungi with decomposition processes. There is 
now a growing consciousness of functional differences among various AM fungi, 
and as our ability to perceive of their functional capacities raises we may be able to 
select appropriate species for maximize of nutrient recycling (Johansson et al. 
2004).

18.3.5  Biocontrol

Microbial inoculants may be utilized as alternative and efficient tools for suppres-
sion of disease and pests in agricultural cropping systems, allowing the decreased 
application of chemical pesticides that could otherwise display threats to human 
health and nontargeted living organisms. The biological control agents may influ-
ence AM fungi, or be influenced themselves by AM fungi, in the same manner to 
the interactions as mentioned above. Biocontrol organisms against particular patho-
genic fungi may have adverse impacts on nontarget soil AM fungi. Studies have 
shown that the mechanisms of antagonistic interactions causing biocontrol may 
involve competition for soil nutrients and colonization sites as well as production of 
fungistatic compounds. However, few researches have explicitly investigated 

Fig. 18.2 Schematic model of the mycorrhizosphere concept compared to the rhizosphere con-
cept: characteristics of conventionally managed agricultural soils (left) in contrast to sustainably 
managed agricultural soils (right) (Johansson et al. 2004)
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interactions involving AM fungi (Johansson et al. 2004). Some beneficial impacts of 
rhizobacteria on AM fungal colonization of roots could be because of antagonistic 
effects on competing pathogens (Azcon-Aguilar and Barea 1996), as well as direct 
synergistic effects on mycorrhizal colonization itself (Budi et al. 1999). Different 
plant-root-colonizing or seed-borne Pseudomonas spp. have been reported to be 
influential microbial control agents in plant-pathogen systems under in vitro (Chin-
A-Woeng et al. 2003; Leeman et al. 1996), greenhouse (Knudsen et al. 1999), and 
field (Johnsson et al. 1998; Knudsen et al. 1997) conditions. Chin-A-Woeng et al. 
(1998) reported that Pseudomonas chlororaphis PCL1391, an effective bacterial 
strain for colonizer of tomato roots, revealed efficient antagonistic activity against 
Fusarium oxysporum. The aforesaid bacterial strain produced a broad spectrum 
of antifungal compounds, such as hydrogen cyanide, phenazine-1 carboxamide, 
proteases, and chitinases (Chin-A-Woeng et al. 1998).

By knocking out the phenazine biosynthetic operon, it was shown that the 
mutants exhibited significantly lower biocontrol activity, indicating that this sub-
stance was an important antifungal factor for suppressing disease in tomato roots. It 
has been reported that the presence of the biocontrol bacteria caused in 70–80 % 
reduction of the density of the hyphal network inside part of tomato roots (Bolwerk 
et al. 2003). However, the effects on AM fungal hyphae were not investigated. 
Besides producing antifungal substances, the capacity of bacteria to colonize root 
surfaces and thereby closely interact with pathogens may further promote patho-
genic suppression (Lagopodi et al. 2002).

Despite the rising number of studies over the last years, the underlying mecha-
nisms are poorly understood. Some fundamental mechanisms have been previously 
proposed: enhancement of plant nutrition and competition for photosynthates 
(Azcon-Aguilar and Barea 1996); however, AM caused suppression of root patho-
gens and promotion of saprotrophs and plant growth (Kapoor and Mukerji 1998). 
The other mechanisms that tend to be inconsistent among studies include changes 
in morphological and anatomical features of root system induced by the AM fungus 
and triggering plant defense mechanisms by AM fungi (Gianinazzi-Pearson et al. 
1994). The combination of AM fungi with growth-promoting rhizobacteria may 
prefer the inoculum production (Singh 1992).

Many studies have shown that some AM fungi present biocontrol characteristics 
(Niemira et al. 1996; Caron 1989; Newsham et al. 1995) against plant-root patho-
gens. Whether AM fungi may be applied as biological control agents virtually or 
potentially act as vectors for associated bacteria with biocontrol characteristics 
remains to be further explored.

18.4  Conclusions

Interactions between symbiotic microbial and host plant are prominent to keep the 
continued existence of both microorganism as well as the host under environmental 
restrictions. These interactions are important for soil-plant-water relations, mineral 
uptake, stomatal regulation, gas exchange, and photosynthetic process. Moreover, 
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symbiotic root-associated fungi are critically efficient in enhancing plant growth 
and conferring plant tolerance to different types of stresses. In view of the fact that 
process of plant growth and development, which conclude crop yield, cannot be 
correctly described without possessing idea of microbial interactions. Thus, it is 
required to study plants from a symbiotic systems attitude to understand the contri-
butions of all organisms in a symbiotic relationship for better plant health, growth, 
and survival.
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19Significance of Arbuscular Mycorrhizal 
Fungi and Rhizosphere Microflora 
in Plant Growth and Nutrition

Hindumathi Amballa and Narasimha Reddy Bhumi

Abstract
Arbuscular mycorrhizal fungi are common components of soil microorganisms 
inhabiting the rhizosphere. The rhizosphere is a dynamic microhabitat where 
microorganisms, plant roots and soil constituents interact with constituting root- 
soil interface. The rhizosphere of mycorrhizal plants – the ‘mycorrhizosphere’ – 
harbours a wide range of microbial activities responsible for several ecosystem 
processes. Arbuscular mycorrhizal fungi interact with microorganisms coloniz-
ing the rhizosphere. The microbial interactions in the mycorrhizosphere are the 
primary determinants of plant health and soil quality. This chapter summarizes 
various microbial interactions between mycorrhizal fungi and other soil micro-
bial communities. This chapter discusses (1) microbial communities in the soil, 
(2) arbuscular mycorrhizal fungal interaction with plants, (3) interaction with 
rhizosphere microorganisms, (4) interaction with soilborne pathogens, (5) poten-
tial benefits of arbuscular mycorrhizal fungi in plant growth and disease control 
and (6) effect of soil microorganisms on mycorrhizal symbiosis. The main con-
clusion is that the microbial population interactions with arbuscular mycorrhizal 
fungi in the rhizosphere majorly influence plant health, crop productivity and 
soil fertility. Arbuscular mycorrhizal fungi in corporation with other rhizosphere 
microbial organisms can contribute to improve plant growth and nutrition.

19.1 List of Abbreviations

A Acaulospora
AM Arbuscular mycorrhiza
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AMF Arbuscular mycorrhizal fungi
AMB Bacteria associated with arbuscular mycorrhizal fungi
AV Auxiliary cells
BLO Bacteria-like organisms
Br Bromine
C Carbon
C-source Carbon source
Ca Calcium
CBE Chlorazol black E
cfu Colony-forming units
Cl Chlorine
CO2 Carbon dioxide
Cu Copper
DNA Deoxyribonucleic acid
ERH Extraradical hyphae
F Funneliformis
Fe Iron
G Glomus
Gig. Gigaspora
GM Genetically modified
rDNA Ribosomal deoxyribonucleic acid
H Soil hyphae
μm Micrometre
Mg Magnesium
Mn Manganese
K Potassium
MHB Mycorrhizal-helper bacteria
N Nitrogen (Elemental Nitrogen)
N2 Nitrogen (Molecular Nitrogen)
NH4

+ Ammonium ion
Ni Nickel
NO3

− Nitrate ion
O2 Oxygen
P Pseudomonas
Pb Lead
PGPR Plant growth-promoting rhizobacteria
pH Hydrogen ion concentration
PR Pathogenesis-related proteins
PSB Phosphate-solubilizing bacteria
S Sulphur
SAR Systemic acquired resistance
S Scutellospora
Spp. Species
T Trichoderma
VAM Vesicular arbuscular mycorrhizal fungi
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WT Wild type
Zn Zinc
15N Isotope of nitrogen with atomic mass 15
31P Isotope of phosphorus with atomic mass 31
32P Isotope of phosphorus with atomic mass 32

19.2  Introduction

Soil is a dynamic medium and supports different microbial communities such as 
bacteria, fungi, actinomycetes, algae, viroids, viruses, protozoans, nematodes, etc., 
which play a vital role in maintaining soil fertility, cycling of nutrient elements in 
the biosphere, humus formation, biological conversions, geochemical cycling, eco-
system sustenance, etc., besides supporting plant life and plant productivity. Plant-
microbe interactions are an integral part of our terrestrial ecosystem that contribute 
to sustainable agriculture. The different interactions of rhizosphere microorganisms 
with each other and with plants influence plant health and soil quality.

The plant roots grow into the soil creating plant-root interface named ‘rhizo-
sphere’, the term first coined by Hiltner (1904). The rhizosphere probably repre-
sents a unique habitat on the Earth. In particular, the major factor that determines 
the availability of nutrients to the plants in the rhizosphere is the microbial activity 
that has significant influence on plant growth as well as soil health and productivity. 
It is very important to understand the basic principles of rhizosphere microbial ecol-
ogy, viz. the function and diversity of the microorganisms that reside there, before 
soil microbial technologies can be applied.

19.3  The Rhizosphere

The rhizosphere is best defined as the volume of soil in close proximity to roots 
characterized by high microbial populations of active microorganisms than the soil 
away from the plant roots (Hiltner 1904). The rhizosphere is under continuous 
influence of living roots and the microbial activities in such microsite makes rhizo-
sphere the most dynamic habitat for soil microorganisms on Earth. It differs from 
the bulk soil in its physicochemical characteristics such as low pH, low water 
potential, low partial pressure of O2 and higher concentrations of soluble carbohy-
drates due to root exudates.

The rhizosphere is known to be a hot spot of microbial activities as the plant 
roots influence microbial communities by depositing photosynthates (amino acids, 
low molecular weight organic acids or phytosiderophores) into the rhizosphere (rhi-
zodeposition). The root activities can also modify soil physicochemical properties. 
Rhizodeposition is influenced by plant and soil biotic and abiotic factors. Some 
plant biotic and abiotic factors that influence rhizosphere comprise mycorrhiza, root 
architecture, nutrient deficiency, photosynthesis, temperature, light intensity and 
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physical disturbance, while soil biotic and abiotic factors include pathogens, bio-
control agents, root herbivores, metal toxicity, soil pH, soil texture and water avail-
ability (Jones et al. 2004).

Root exudates constitute a major part of rhizodeposition, mainly composed of 
flavonoids, phenolic compounds, carbohydrate monomers, organic acids and plant 
hormones (Lynch and Whipps 1990). Rhizodeposition also corresponds to 15–30 % 
of total carbon produced by plants during photosynthesis transferred towards micro-
organisms of the rhizosphere.

The organic materials released as root exudates act as signal molecules or growth 
substrates to the heterotrophic microbial communities (Werner 1998) and regulate 
different kinds of associations between the plant and soil microorganisms affecting 
microbial composition and diversity. Rhizosphere functioning is known to signifi-
cantly influence plant fitness and soil quality because microbial activities in such 
habitat can help the host plant to adapt to stress conditions like water and mineral 
deficit and also soilborne plant pathogens (Lynch 1990; Bowen and Rovira 1999).

The overall influence of plant roots on soil microorganisms is termed ‘rhizo-
sphere effect’. The microbiological activity is greater in rhizosphere than in the soil 
away from the plant roots. The intensity of such activity depends on the distance to 
which exudations from the root system can diffuse. Hence, the rhizosphere micro-
flora differ both qualitatively and quantitatively from that of bulk soil, i.e. beyond 
the influence of roots (Parkinson 1967). The number of microorganisms (cfu) per 
gram soil is greater by two- to threefolds in the rhizosphere than in the non- 
rhizosphere soil (Mehrag and Killham 1995). The rich nutrient supply and close 
contact to the living roots enable rhizosphere microorganisms to have a direct influ-
ence on plant growth and phytopathogens. The rhizosphere has been described as 
both a ‘playground’ and a ‘battlefield’ for beneficial microorganisms and soilborne 
pathogens (Raaijmakers et al. 2008).

Though it may be difficult to physically separate rhizosphere and bulk soils, they 
differ in inherent biological, chemical and physical characters (Barea et al. 2005). 
The rhizosphere is characterized by altered microbial diversity and activity.

The major soil ecological environment for plant-microbe interactions is the plant 
rhizosphere which involves colonization of different microorganisms in and around 
growing roots which result either in associative, symbiotic, neutralistic or parasitic 
interactions depending upon plant nutrient status, soil environment, plant defence 
mechanism and the type of microorganism proliferating in the rhizosphere. In 
response to the adhesion of microorganisms very close to the epidermis, plants 
secrete signal molecules for protection against invasion of the heterogeneous 
microbes into the root zone. Plant signal molecules such as flavonoids and flavones 
produced in the rhizosphere in response to microbial adhesion remain attached to 
plant cell walls to act as antimicrobial agents (phytoalexins). The microorganisms 
inhabiting the rhizosphere produce a variety of compounds that stimulate plant 
growth or can be antagonistic to plant pathogens. These interactions may be benefi-
cial or detrimental. The beneficial interactions are caused by symbiotic and non- 
symbiotic bacteria and by a highly specialized type of fungi, the mycorrhizae. The 
pathogenic or detrimental interactions involve microbes such as viroids, viruses, 
bacteria and fungi.
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19.4  Microbial Communities in the Rhizosphere

Plants live in association with a rich diversity of microorganisms during their entire 
development. Of the various microbial communities colonizing rhizosphere, mycor-
rhizal fungi, nitrogen-fixing bacteria, soilborne pathogens, free-living fungi and 
bacteria and antagonistic/plant growth-stimulating fungi and bacteria are commonly 
known to share the microhabitat.

Of the different interactions of rhizosphere microorganisms with each other and 
also with the plants, the beneficial plant microbial interactions in the rhizosphere are 
the primary determinants of plant health and soil fertility (Jeffries et al. 2003).

The most abundant and important members of the soil microbial community that 
develop mutually beneficial relationship with plant roots and contribute majorly to 
plant growth by nutrient acquisition and pathogen control are the mycorrhizal fungi. 
Mycorrhizal symbiosis plays a key role in the productivity and diversity of natural 
plant ecosystem. Mycorrhizal fungi are the relevant members of the rhizosphere, 
mutually symbiotic population known to carry out many critical ecosystem func-
tions such as improvement of plant establishment, enhancement of plant nutrient 
uptake, plant protection against various abiotic and biotic stresses and improvement 
of soil structure (Smith and Read 1997).

The term ‘mycorrhiza’ that literally means ‘fungus root’ was coined by Frank 
(1885) to describe symbiotic relationship of plant roots with certain soilborne fungi. 
Mycorrhizal fungi differ from other plant-fungus associations because of their abil-
ity to create an interface for nutrient exchange which occurs within living cells of 
the plant (Brundrett 2002, 2004). There are different types of mycorrhizal interac-
tions which have been broadly classified into ectomycorrhiza, endomycorrhiza and 
ecto-endomycorrhiza based on the presence of various extraradical or intraradical 
hyphal structures. Based on the type of fungus involved and the resulting structures 
produced by the root-fungus combination, seven different types of mycorrhizal 
associations have been identified. They are ectomycorrhiza, ecto-endomycorrhiza, 
monotropoid mycorrhiza, ericoid mycorrhiza, arbutoid mycorrhiza, orchid mycor-
rhiza and vesicular arbuscular mycorrhiza (VAM) (Fig 19.1). All these mycorrhizal 
types differ from each other by the characteristic host plant that they associate with, 
fungal species involved and morphology within the roots (Brundrett 2002).

Of the seven mycorrhizal types that have been identified, the most common type 
of endomycorrhizas are the vesicular arbuscular mycorrhizas that are most com-
monly found in agriculturally important crop plants and are one of the most impor-
tant symbiotic associations on earth linking the root and the soil system (Koide and 
Mosse 2004). VAM fungal association is the oldest and probably the most abundant 
plant-microbe association on earth (Simon et al. 1993; Smith and Read 1997).

19.5  Arbuscular Mycorrhizal Fungi

Vesicular arbuscular mycorrhiza (VAM) is the most common type of mycorrhiza 
found associated with some bryophytes, pteridophytes, gymnosperms (excluding 
Pinaceae which have sheathing mycorrhizas) and in virtually all families of 
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angiosperms. They generally occur in Gramineae, Palmae, Rosaceae and 
Leguminosae which include many crop plants. They have a very ancient origin, 
dating back to early land plants (Simon et al. 1993), and they could even have been 
a major factor in the colonization of land.

Several aspects of plant physiology such as mineral nutrient composition, hor-
monal balance, C allocation patterns, etc. are responsible to be modified by the 
mycorrhizal establishment (Harley and Smith 1983; Smith et al. 1994). Bidirectional 
movement of nutrients characterizes this symbiosis where photosynthetically 
derived carbohydrates flow to the fungi and inorganic nutrient get transported to the 
plant through mycelial network, thereby providing a critical linkage between the 
plant root and rhizosphere. They are of ecological significance for higher plants as 
they govern their growth and survival. Hence, they are employed to augment the 
production of forest and crop ecosystem.

AM fungi are widely distributed being abundant in phosphorus- and mineral- 
deficient soils. AM fungi are characterized by the formation of arbuscules and ves-
icles inside the cortex cells. Their presence led to the former common name vesicular 
arbuscular mycorrhizal (VAM) fungi, but the term arbuscular mycorrhiza (AM) is 

Fig. 19.1 Root cross section: illustrating different types of mycorrhizal relationships that exist 
within plants (Courtesy: Saved from davidmoore.org.uk)
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now preferred (Friberg 2001) because not all fungi produce vesicles. But there is 
some disagreement about the two terms as arbuscules are not always present in the 
mycorrhizal roots. Vesicles are not formed by the genera belonging to the order 
Gigasporales but are found in the other genera of the Glomeromycota (Isaac 1992).

The arbuscular mycorrhizal (AM) fungi are the most common obligate symbi-
otic fungi, belonging to phylum Glomeromycota (Schüßler et al. 2001). This asso-
ciation is geographically ubiquitous, occurring in arctic, temperate and tropical 
regions over a broad ecological range from aquatic to desert environment 
(Gerdemann 1975). From fossil records of Ordovician age, the evolution of symbi-
otic fungi was thought to have existed at least 470 million years ago.

19.6  Taxonomy

Traditionally the taxonomy of AM fungi was largely based on the morphological 
and anatomical characteristics of their spores and sporocarps, spore germination 
and the method of spore formation on the hypha (Morton 1988). The spores are rela-
tively large (40–800 μm) with layered walls and lipids in their cytoplasm. Spores 
are important for identification of AM fungi. AM fungal species isolated from the 
rhizosphere soils of safflower were identified based on their morphological charac-
ters are represented in Figs. 19.2 and 19.3. Among them Acaulospora alpina, A. 
myriocarpa, G. australe, G. diaphanum, G. heterosporum, G. manihotis, G. micro-
aggregatum, G. multicaule and Gigaspora rami sporopora are the first reports from 
Telangana state (Hindumathi and Reddy 2016a).

Now, several modern methods like serology, isozyme variation by electrophore-
sis (Hepper et al. 1988), fatty acid variation (Bentivenga and Morton 1994) and 
molecular techniques such as DNA-based methods (Helgason et al. 1999; Schüßler 
et al. 2001) have aided in a clearer phylogenetic analysis that was possible using 
morphological and microscopic identification.

19.7  Classification

In earlier systems of classification, the AM fungi were placed in the order Glomales 
within the division Zygomycota. They have nonseptate hyphae, a similar character-
istic to that found in hyphae of most Zygomycota. However, AM fungi are distin-
guished from the zygomycotan lineages due to some spore characteristics, e.g. 
mutualistic symbiotic nutrient habit and lack of formation of characteristic zygo-
spores. The rDNA analysis exposed a clear separation of AM fungi from other fun-
gal groups, and the AM fungi have been elevated and now placed in a separate new 
phylum Glomeromycota (Schüßler et al. 2001). Three glomeromycotean classes 
(Archaeosporomycetes, Glomeromycetes and Paraglomeromycetes), five orders 
(Archaeosporales, Diversisporales, Gigasporales, Glomerales, Paraglomerales), 14 
families, 29 genera and approximately 230 species have been recognized 
(Table 19.1). The classification of arbuscular mycorrhizal fungi (Oehl et al. 2011) 
up to genus level is presented in Table 19.1.
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The distribution and occurrence of AM fungi differ both qualitatively as well as 
quantitatively with changes in seasonal variation, climatic and edaphic factors and 
type of soil vegetation. Physicochemical factors and microbiological components of 

Fig. 19.2 (A) Acaulospora alpina, (B) A. myriocarpa, (C) A. scrobiculata, (D) G. ambisporum, 
(E) G. australe, (F) G. diaphanum, (G) G. fasciculatum, (H) G. heterosporum, (I) G. manihotis, 
(J) G. microaggregatum, (K) G. multicaule, (L) G. multisubstensum
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the soil are reported to play significant role in the distribution, density, composition 
and activity of AM fungi (Nicolson 1959; Bagyaraj et al. 1979b; Mukerji et al. 
1982; Manjunath and Bagyaraj 1984; Hindumathi 1999; Sreevani and Reddy 2005; 
Reddy et al. 2006a, b, 2007; Hindumathi and Reddy 2011a, b, 2012b, 2015, 2016a; 
Satya Vani 2012; Satya Vani et al. 2014a).

Fig. 19.3 (A) G. rubiforme, (B) Gigaspora gigantea, (C) Gig. rami sporopora, (D) Scutellospora 
nigra, (E) S. pellucida, (F) Scutellospora sp., (G) Entrophospora schenckii, (H) Entrophospora sp., 
(I) Funneliformis caledonius, (J) F. geosporum, (K) F. mosseae, (L) Unidentified genus/sp1

19 Significance of Arbuscular Mycorrhizal Fungi and Rhizosphere Microflora…



426

Table 19.1 Classification of Glomeromycota up to genus level
Phylum: Glomeromycota

Class Order Family Genus

Glomeromycetes Glomerales 
Morton and 
Benny

Glomeraceae 
Pirozynski and Dalpe

Glomus Tulasne and 
Tulasne

Funneliformis

Septoglomus

Simiglomus

Entrophosporaceae Claroideoglomus

Albahyphae

Viscospora

Entrophospora Ames 
and Schneider

Diversisporales Diversisporaceae Diversispora Walker & 
Schüßler

Redeckera

Otospora

Tricospora

Sacculosporaceae Sacculospora

Pacisporaceae Pacispora Oehl & 
Sieverding

Acaulosporaceae 
Morton & Benny

Kuklospora

Acaulospora 
(Gerdemann and 
Trappe) Berch

Gigasporales Scutellosporaceae Orbispora

Scutellospora Walker 
and Sanders

Dentiscutataceae Fuscutata

Dentiscutata

Quatunica

Racocetraceae Cetraspora

Racocetra

Gigasporaceae Morton 
& Benny

Gigaspora (Gerd. & 
Trappe) Walker & 
Sanders

Archaeosporomycetes Archaeosporales Ambisporaceae Ambispora Walker, 
Vestberg & Schussler

Archaeosporaceae Archaeospora Morton 
and Redecker

Intraspora

Geosiphonaceae Geosiphon

Paraglomeromycetes Paraglomerales Paraglomeraceae Paraglomus Morton 
and Redecker

Phylum: Glomeromycota
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19.8  Interaction of Arbuscular Mycorrhizal Fungi with Plants

Arbuscular mycorrhizal fungal associations are established in the presence of a vari-
ety of microorganisms, and some of these microbes interact in rather specific ways 
to influence this association and its effect on plant growth. About 80 % of plant 
families of land plants and majority of agricultural crops are estimated to be colo-
nized by AM fungi. The remaining plant species are either non-mycorrhizal or non- 
hosts of AM fungi. Plant species belonging to the Cruciferae and Chenopodiaceae 
are not known to form AM fungal symbiosis (Smith and Read 1997). Giovannetti 
and Sbrana (1998) suggested that this is due to the lack of any recognition event 
leading to the establishment of a functional symbiosis. The inability of these plants 
to support mycorrhizas may also be related to accumulation of chemicals like alka-
loids, cyanogenic glucosinolates and antifungal compounds in the root cortical tis-
sues or in root exudates (Brundrett 2002). The degree of host specificity could be 
under the genetic control of the host, the AM fungus or more likely a complex 
interaction of both symbionts with the soil environment (Sylvia et al. 2003).

19.9  Arbuscular Mycorrhizal Fungal Root Colonization

The spores of most species do not require host factors for germination and initiation 
of the hyphal growth, but continuous hyphal growth, differentiation into infection 
structures and penetration into the host are reported to be affected by plant signals 
(Bécard and Piché 1989). Three major parameters such as specificity, infectivity and 
effectivity determine root colonization. The process and rate of colonization deter-
mine the effectiveness of an AM fungus or a mycorrhizal association.

As the infection spreads within the root cortical cells of the host, extraradical 
hyphae grow out into the soil, play an important role in nutrient acquisition and, 
furthermore, form a source of secondary colonization (Harley and Smith 1983).

The other important structures involved in the colonization of roots are spores 
and extraradical auxiliary bodies (Fig. 19.4) produced in the soil and unique struc-
tures such as hyphae, arbuscules and vesicles produced inside the roots (Fig. 19.5). 
Arbuscules are dichotomously branched intracellular structures and are considered 
as the major sites of carbon needed for energy and nutrient exchange between the 
fungus and host plant. Vesicles are storage organs and store phosphorus as phospho-
lipids and sometimes help in vegetative reproduction. The establishment, develop-
ment, survival and performance of AM fungi are affected by soil fertility, cropping 
patterns, environmental factors and host-plant genotype.

The extraradical hyphae (ERH) also known as soil hyphae or external hyphae 
associated with the root radiate out into the soil. These hyphae are distinguished as 
thin highly branched ‘absorptive’ hyphae responsible for nutrient acquisition (Friese 
and Allen 1991) and thick ‘runner’ or ‘distributive’ hyphae (infective hyphae) run-
ning towards and along the root surface to establish new entry points. Maximum 
root colonization and sporulation is most prevalent in soils of low fertility. External 
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Fig. 19.4 (A) Darkly pigmented soil hyphae (H) of a Scutellospora species with auxiliary cells 
(AV), (B) auxiliary bodies on soil hyphae (Source Brundrett et al. 1996)
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Root-Soil
 interface

Cortex
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Spore
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Fig. 19.5 Diagrammatic representation of the characteristic structures of arbuscular mycorrhizal 
fungi as identified in the cortical cell of a plant host when viewed under a microscope (Source 
Isaac 1992)
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input of mineral N or P to the soil decreased mycorrhizal development in several 
legumes (Abbott and Robson 1977) and nonlegumes (Krishna and Bagyaraj 1982).

Plant growth hormones like auxins and other compounds such as flavonoids, 
phenolics and carbon dioxide are known to play an important role in spore germina-
tion, development, proliferation and stimulation of hyphal growth and mycorrhizal 
colonization. The association/colonization of AM fungi is usually not detected by 
the naked eye as there are no external or morphological root changes. Root coloni-
zation structures (Fig. 19.6) are visible only when they are cleared, stained and 
examined under the microscope following the most commonly and frequently 
adopted method (Phillips and Hayman 1970). Detection and quantification of AM 
fungal colonization in the roots is very essential for mycorrhizal research. A range 
of light microscopy-based, biochemical and molecular techniques were also used 
for identification and/or quantification of AM fungi in roots. Nonvital staining with 
various stains such as trypan blue, cotton blue, aniline blue, ink, vinegar and chlora-
zol black E (CBE) are some of the methods used to visualize AM fungi in roots 
(Vierheilig et al. 2005).

Fig. 19.6 (A–D, H) Colonization of root cortical cells of sorghum by arbuscular mycorrhizal 
fungi showing mycelium and different shaped vesicles in agricultural field conditions; (E–H) 
mycelium and arbuscules; (I) sporocarp in root tissue (Source Hindumathi and Reddy 2011c)
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19.10  Mycorrhizal Dependency

In natural ecosystems, plants have varying degrees of dependence on mycorrhizal 
associations, based on the availability of nutrients in the soil in which they naturally 
occur. Mycorrhizal dependency is a measure of the benefit provided by mycorrhizae 
and depends on relative contribution of root and mycorrhizal-mediated nutrient 
uptake to plants. AM fungi are not host specific because many species have been 
shown to colonize a wide range of hosts, and the same plant root may be colonized 
by a mixture of AM fungal species (Helgason et al. 1999; Klironomos 2000). 
Vandenkoornhuyse et al. (2002) demonstrated that distinct AM fungal communities 
are associated with different plant hosts, and Van der Heijden et al. (1998) reported 
plants might select AM fungal species. The magnitude of response to root coloniza-
tion varied with different cultivars of sorghum (Hindumathi and Reddy 2011c).

19.11  Mycorrhizosphere

The mycorrhizal symbiotic status of the plant changes the chemical composition of 
root exudates and modifies the root functions and microbial communities. This zone 
of soil influenced by combined activities of the root and mycorrhizal fungus is 
termed as ‘mycorrhizosphere’ (Linderman 1992, 2000; Barea 1997, 2000; Gryndler 
2000). The fungal soil mycelium serves as carbon source to the rhizosphere micro-
bial communities. These changes therefore affect the microbial communities in the 
rhizosphere of mycorrhizal plants both qualitatively and quantitatively producing 
the ‘mycorrhizosphere effect’ (Linderman 1988). As the mycorrhizal fungus uses 
the root exudates and modifies root functions, microbial communities in the mycor-
rhizosphere differ from those in the rhizosphere soil (Garbaye 1991; Barea et al. 
2002c).

Mycorrhizosphere has two components: one is the layer surrounding the mycor-
rhizal roots (colonized by AM fungi) referred to as the ‘mycorrhizosphere’, and the 
other is the layer of the soil surrounding the hyphae of AM fungi referred to as 
‘hyphosphere’ (Marschner 1995), ‘hyphorhizosphere’ (Klynchnikov and Kozherin 
1990) or ‘mycosphere’ (Gilbert and Linderman 1971). Microbial interactions in the 
rhizosphere of mycorrhizal plants improve plant fitness and soil quality, the critical 
issues for a sustainable agricultural development and ecosystem functioning (Barea 
et al. 2002b).

19.12  Potential Benefits of AM Fungi

The beneficial effects of AM fungal inoculation on plant growth and yield promo-
tion have generally been attributed to improved nutrition uptake, mobilization of 
nutrients (Abbott and Robson 1977), production of enzymes (Tarafdar and Claassen 
1988) and plant protection against pathogen infection (Dehne 1982). AM fungal 
partner has been shown to acquire mineral nutrients from the soil, especially 
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immobile elements such as P, Zn and Cu, and also more mobile ions such as S, Ca, 
K, Fe, Ni, Pb, Mg, Mn, Cl, Br and N (Tinker 1984). In the soils where such elements 
may be deficient or otherwise less available, mycorrhizal fungi increase efficiency 
of mineral uptake, resulting in enhanced plant growth.

The fungal hyphae in ERH phase extending into the soil serve as extensions of 
the root systems, which are both physiologically and geometrically more effective 
in the absorption of nutrients, especially phosphorus (P), than the roots themselves, 
and translocate to the root. AM fungal hyphae are not only structurally efficient in 
extraction of nutrients from exchange sites in soil, they also produce exogenous 
enzymes such as phosphatases, phytases and nitrate reductase, which are important 
in uptake and metabolism of nutrients (Ho and Trappe 1980).

The absorbed ‘P’ is probably converted into polyphosphate granules in the exter-
nal hyphae (Callow et al. 1978) and passed to the arbuscules for transfer to the host. 
This flow of phosphates is known to occur in the presence of acid phosphatases 
(Gianinazzi et al. 1979) during arbuscule life span or senescence.

Exogenous enzymes, like phosphatases produced by AM fungal extraradical 
hyphae, hydrolyse unavailable sources of P and release P from organic P complexes 
and facilitate absorption of P especially under humid tropical conditions (Koide and 
Kabir 2000; Carlile et al. 2001).

AM fungal extraradical hyphae obtained nitrogen in different forms such as 
amino acids, peptides, ions (No3

− or NH4
+) and recalcitrant organic nitrogen forms 

(Hawkins et al. 2000; Giri and Mukerji 2004).
AM fungal influence on plant N nutrition is not as high as ‘P’, but they give their 

host access to different forms of N, thereby increasing plant N uptake (Hodge et al. 
2001). Hodge et al. (2001) demonstrated that the ability of AM fungi to decompose 
organic matter and acquire N from organic source. They also found that AM fungi 
increased N diffusion rate into its host. Hence, mycorrhizal plants have additional 
access to N sources compared to non-mycorrhizal plants. AM fungal extraradical 
hyphae were reported to absorb inorganic N and transfer it to intraradical hyphae as 
amino acids (arginine). They have also evidenced intraradical hyphae decompose 
the amino acids to access the C and then transfer the remaining N as ammonium to 
the host plant.

ERH or external fungal mycelial network extend beyond the nutrient depletion 
zone for enhanced nutrient acquisition and water uptake and provide to the plant. In 
addition, fungal hyphae are better adapted to explore patch nutrients through rapid 
proliferation and competitive ability with soil microbe (Smith and Read 1997).

AM fungi also play an important role in the water economy of plants. Their asso-
ciation improves hydraulic conductivity of roots which contributes towards better 
uptake of water by the plants. It has been suggested that mycorrhizal fungi help the 
plants in better absorption of water by the roots by exploiting in wider zones of soil 
and result in better performance (Safir et al. 1971; Kehri and Chandra 1990). It has 
been demonstrated that in extremely dry conditions, mycorrhizal plants showed a 
better survival over non-mycorrhizal ones. The most established benefit from AM 
fungus to the host plant is due to the widespread mycelial network that penetrates 
deeper and wider in the soil in search of water and nutrients, thereby widening the 
zone of activity.
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AM fungal effects extend to production of phytohormones such as gibberellins, 
cytokinins, ethylene and other growth hormones suggesting that mycorrhizae play a 
key role by influencing regulatory systems in plants.

Other major benefits include improved tolerance to drought and salinity (Augé 
2004; Augé et al. 2015), high soil temperatures, adverse soil pH, heavy metal toxic-
ity alleviation (Lingua et al. 2008; Meier et al. 2015), toxicities related to mine 
spoils or landfills, toxicities due to minor element imbalance such as Mn, increased 
uptake of macronutrients (N, K and Mg) other than P as well as uptake of micronu-
trients and overcoming transplantation shock compared to non-mycorrhizal plants.

It was demonstrated that AM fungal inoculation increased mineral nutrient 
uptake with consequent increase in plant growth and seed yield over control plants 
(Bagyaraj et al. 1979a; Hindumathi and Reddy 2012a; Satya Vani 2012; Satya Vani 
et al. 2015).

Mycorrhizal symbiosis plays an important role in the tropical agriculture because 
the soils are phosphorus deficient and P fixing. The soil phosphate (P) availability is 
the most limiting factor in legume growth and biological N2 fixation, and AM fungal 
symbiosis with legume can overcome this limitation. Nodules require relatively 
large amounts of P indicating high demand for P by the nodules. It has been sug-
gested that P level influences not only mycorrhizal infection frequency but also 
process of nodulation in legume species since legumes are poor competitors for soil 
phosphates. It was demonstrated that mycorrhizal nodulated plants exhibited higher 
levels of nitrogenase and nitrate reductase activity compared to non-mycorrhizal 
plants (Carling et al. 1978).

Inoculation of AM fungi in legume-Rhizobium symbiosis in the presence of the 
pathogen resulted in better nodulation, biological N2 fixation, enhanced plant growth 
and nutrition and biological control of root rot pathogens and increased soil nitro-
gen content (Bagyaraj et al. 1979a; Hindumathi and Reddy 2012a; Hindumathi 
et al. 2016b). Experimental evidence showed that dual inoculation of AM fungi 
with Rhizobium strain in legume tripartite (AM + Rhizobium + legume) symbiosis 
enhanced nutrient uptake (Krishna and Bagyaraj 1982; Morton et al. 1990; 
Hindumathi and Reddy 2012a; Hindumathi et al. 2016b) compared to single inocu-
lations. Legumes cultivated in soil with low P were most responsive to combined 
inoculation of AM fungi and Rhizobium as increased ‘P’ availability stimulates bio-
logical N2 fixation and growth of the host legume.

Furthermore, AM fungi improve soil structure through the secretion of protein-
aceous substance called glomalin (Steinberg and Rillig 2003). It can have a direct 
effect on the ecosystem, as they improve the soil aggregation by forming structure 
of macroaggregates through physical binding of soil particles and organic material 
(Rillig and Mummey 2006; Leifheit et al. 2014, 2015; Rillig et al. 2015). Such 
aggregates enhance carbon and nutrient storage and create conducive environment 
for survival and growth of soil microorganisms. They also influence soil porosity, 
which promotes aeration and water movement, essential for better root growth, root 
development and microbial activity, thereby driving the structure of plant communi-
ties and productivity.
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Some mycorrhizal fungi produce metabolites that can alter the plant’s ability to 
produce roots from cuttings or alter root regeneration and root morphology result-
ing in greatly increased absorptive surface area and feeder root longevity (Linderman 
and Call 1977).

One of the major changes in mycorrhizal plants is reduced membrane permeabil-
ity primarily due to increased P nutrition affecting quality and quantity of root exu-
dates which, in turn, has the potential to induce significant changes in the rhizosphere 
microflora.

19.13  AM Fungi in Disease Tolerance

AM fungal colonization in plant roots has been found to increase plant tolerance to 
root/soilborne plant pathogens, thereby acting as a biocontrol agent (Chhabra et al. 
1992; Azcón-Aguilar and Barea 1996). Several mechanisms or combination of 
mechanisms could account for the observed bioprotection of plants by AM fungi.

Smith (1988) proposed that the interaction of AM fungi with soil root pathogens 
enhanced uptake of P and other nutrients. Through this action, the fungus increases 
the plant tolerance to pathogens, through mechanisms such as alteration of root 
exudates, increased root growth and function and competition for space of infection 
sites. Chhabra et al. (1992) reported that increased nutritional status of plants with 
AM fungi might increase tolerance to root pathogens. But no effect was observed on 
the development of leaf diseases caused by Helminthosporium maydis and 
Acremonium kiliense in maize. AM fungi were found to increase Zea mays toler-
ance to leaf rust showing less than 5 % over pathogen-inoculated plants with 80 % 
leaf rust.

In addition, microbial changes in the mycorrhizosphere and anatomical changes 
in the root induced by AM formation may bring about stimulation of specific func-
tional groups in the microbiota that are antagonistic to pathogens (Azcón-Aguilar 
et al. 2002; Sylvia et al. 1998; Azcón-Aguilar and Barea 1996; Linderman 1994). 
Several studies on biocontrol potential of AM fungi used as inoculant on root/plant 
pathogens proved to increase plant tolerance to the pathogen.

Systemic acquired resistance (SAR) plays an important role in the ability of 
plants to defend themselves against pathogens. SAR occurs in most plants in 
response to colonization of AMF. A number of biochemical and physiological 
changes have been associated with AM colonization including the production of 
antifungal or oxidative enzymes, cell death and deposition of lignin.

The AM fungus-plant combinations also proved to be useful in conferring local-
ized or induced systemic protection against pathogens to plants. It was indicated 
that this mechanism is signalled by modulations such as lignifications, induction of 
cell wall appositions containing callose and accumulation of pathogenesis-related 
(PR) proteins or phenolic compounds (Pozo et al. 2002).

AM fungi not only have synergistic interaction with beneficial soil microorgan-
isms but also exihibit antagonistic interaction with root pathogenic microflora and 
microfauna, thereby promoting plant growth (Dehne 1982).
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19.14  Interaction of Arbuscular Mycorrhizal Fungi 
with Rhizosphere Microorganisms

19.14.1  Interaction of AM Fungi with Bacteria

A variety of microorganisms interact with mycorrhizal fungi which include phos-
phate solubilizers, free-living and symbiotic nitrogen fixers, antibiotic, plant growth 
hormone, siderophore and chitinase producers, saprophytes, plant pathogens, pred-
ators and parasites. These soil bacteria possess the ability to produce antibiotics or 
siderophores which are Fe chelators that may act as inhibitors against pathogens or 
stimulate plant growth.

AM fungal hyphae, in addition to having enhanced nutrient absorption capability 
of their host plant, provide area for the interaction of plants with other soil microor-
ganisms that have effect on root development and performance. These interactions 
can be found at all stages of AM fungal life cycle, from spore formation and germi-
nation through root colonization to external hyphae (Bianciotto and Bonfante 2002; 
Bianciotto et al. 1996, 2003; Toljander et al. 2006). The nature of these interactions 
may be inhibitory or stimulatory and competitive or mutualistic to each other for the 
plant.

Mycorrhizal establishment changes the microbial population in the rhizosphere 
both quantitatively and qualitatively (Azcón-Aguilar and Barea 1992; Linderman 
1992; Barea 1997; Cordier et al. 1999). Mycorrhizal formation can directly or indi-
rectly affect microbial communities in the rhizosphere through induced changes on 
root exudates and transport of carbon compounds to the mycorrhizosphere (mycor-
rhizosphere effect).

Two main groups of microorganisms, the saprophytes and symbionts, interact 
with mycorrhizal fungi in the rhizosphere environment, both of them comprising 
detrimental, neutral and beneficial bacteria and fungi. Detrimental microbes include 
the major plant pathogens, as well as minor parasitic and nonparasitic deleterious 
rhizosphere organisms (Weller and Thomashow 1994; Nehl et al. 1996). Beneficial 
microbes include nitrogen fixers, phosphate solubilizers, growth promoters and bio-
control agents which are known to play a major role in soil-plant systems (Barea 
1997). Important among them are rhizobacteria (Kloepper 1994, 1996) that are 
known to show a specific ability for root colonization, some of them able to improve 
plant development, therefore they are termed as plant growth-promoting rhizobac-
teria (PGPR).

19.14.2  Interaction of AM Fungi with Plant Growth- Promoting 
Rhizobacteria

Interaction of AM fungi with PGPR carries out many important ecosystem pro-
cesses and contributes to the productivity of agricultural system (Adesemoye and 
Kloepper 2009), and also they are known to involve in the biological control of plant 
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pathogens, nutrient cycling and/or seedling establishment and soil quality (Kloepper 
et al. 1991; Barea 2000; Jeffries and Barea 2001).

PGPR belonging to genera Paenibacillus, Burkholderia, Pseudomonas and 
Bacillus spp. exert direct or indirect effects on plant growth. The direct effects are 
through the release of phytohormones, nitrogen fixation and mineralization of 
organic phosphates into available forms for plants, while the indirect effect on plant 
growth is by decreasing or preventing deleterious effects of pathogens mainly 
through synthesis of antibiotics or production of siderophores.

The AM fungi interact with different types of soil bacteria that can influence 
their development and symbiotic establishment. The interaction between AM fungi 
and bacteria can be positive (Gryndler et al. 1996), negative (Gryndler et al. 1996) 
or neutral (Edwards et al. 1998). The positive interactions include enhanced mycor-
rhizal development and function. Synergistic positive interactions have been 
reported between AM fungi and PGPR such as N2 fixers, fluorescent pseudomonads 
and sporulating bacilli (Hameeda et al. 2007). Negative interactions include reduced 
spore germination and hyphal length in the extrametrical stage, decreased root colo-
nization and a reduction in metabolic activity of the internal hyphae. Studies of 
Walley and Germida (1997) on dual inoculation of Pseudomonas strains with AM 
fungi evidenced varying effects, i.e. Pseudomonas strains hindered AM fungal ger-
mination. Hence, this indicates that not all PGPR are mycorrhizal-helper bacteria 
(MHB) or vice versa.

Pseudomonas strains produce non-volatile diffusible compounds such as meth-
ane, acetaldehyde, acetoin and diacetyl that may or may not reduce mycorrhizal 
volume (Aspray et al. 2006; Gryndler 2000; Linderman 1992). It was demonstrated 
that incorporation of fungus Trichoderma harzianum with Pseudomonas fluores-
cens, Azospirillum sp. and AM fungal species G. mosseae and G. deserticola did not 
affect the establishment of AM fungal spp. in maize (Vázquez et al. 2000). However, 
an increase in phosphatase, esterase, trehalase and chitinase enzymatic activity was 
observed. These soil enzymes are mainly used as indicator to detect microbial func-
tioning in the rhizosphere as influenced by AM fungi. Phosphatases which are pro-
duced both by bacteria and AM fungi catalyse organic bound P into inorganic 
P. Esterases indicate catabolic activity in the soil which is directly correlated with 
microbial activity (Vázquez et al. 2000). Trehalase hydrolyses trehalose, a common 
sugar found in plant symbiosis, while chitinase degrades chitin, a major compound 
of fungal cell walls that plays a major role in plant defence mechanisms (Pozo et al. 
2002; Vázquez et al. 2000).

Ravnskov et al. (1999) observed that G. intraradices showed negative effect on 
the growth and survival of Pseudomonas putida under controlled conditions which 
may likely be due to competition for nutrients. The bacterial population composi-
tion in the mycorrhizosphere of AM plants can affect the interaction between plant 
and AM fungi (Andrade et al. 1997), or alternatively the AM fungi can influence a 
shift in specific groups of bacteria in the rhizosphere of mycorrhizal plants towards 
more facultative anaerobic bacteria and fewer fluorescent pseudomonads. 
Klyuchnikov and Kozherin (1990) demonstrated proliferation of fluorescent pseu-
domonads in the hyphosphere. Vosatka and Gryndler (1999) reported the most 
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common bacteria in the mycorrhizosphere were Pseudomonas, while Arthrobacter 
and Bacillus were common in the hyphosphere. It was suggested that AM fungi can 
regulate the microflora for its own benefit which, in turn, can benefit the host plant.

Marschner et al. (1997) studied the effect of mycorrhizal colonization by G. 
deserticola and G. intraradices on the changes in root exudation pattern and rhizo-
sphere microflora using split root system. The results evidenced the latter species 
colonizing the root on one-half of the split root system significantly altered the root 
exudation pattern compared to the former. It was found that root colonization by G. 
intraradices in one-half of the root system reduced the population of Pseudomonas 
fluorescens on both sides of the split root system. Further, it was observed that G. 
deserticola could also reduce population density of P. fluorescens on the side where 
fungus colonized the root system, suggesting that colonization by AM fungi could 
significantly influence the organisms colonizing the rhizosphere.

19.14.3  Interaction of AM Fungi with  
Phosphate- Solubilizing Bacteria

Phosphate-solubilizing bacteria (PSB) have great potential to improve plant growth 
under P-deficient conditions when used in combination with AM fungi (Gryndler 
2000). They are known to solubilize sparingly soluble organic and inorganic P 
sources and mobilize phosphate ions to the plants. However, the released P does not 
reach root surface due to inadequate diffusion (Barea et al. 2005; Azcón-Aguilar and 
Barea 1992). It was demonstrated that AM fungi could improve uptake of solubilized 
P. Hence, combined interaction should improve P nutrition and transfer to the plants 
(Barea et al. 2002a, b, c). Dual inoculation of PSB such as Bacillus circulans together 
with AM fungi resulted in increased uptake of ‘P’ and enhanced plant yield.

Raj et al. (1981) studied the effect of G. fasciculatum and non-phytohormone- 
producing PSB strain Bacillus circulans on phosphate solubilization, growth of fin-
ger millet and ‘P’ uptake from isotope labelled 32P-tricalcium phosphate and super 
phosphate. Their results clearly indicated that though AM fungi did not solubilize 
unavailable form of ‘P’, it enhanced ‘P’ uptake, which was attributed to better 
exploration of soil. The synergistic interaction effect between AM fungi and PSB 
was further confirmed by Karthikeyan et al. (1995) on neem and by Singh (1995) on 
Pennisetum grass.

By using split-dish in vitro carrot mycelial system, it was demonstrated that AM 
fungi are capable of hydrolyzing organic phosphorus sources and are able to trans-
locate ‘P’ to plant roots (St. Arnaud et al. 1996). These findings indicated that 
mycorrhizal plants have access to organic ‘P’ sources and successfully compete 
with soil microorganisms for ‘P’. Van der Heijden (2010) established that AM fungi 
have the capacity to increase available soil ‘P’ and reduce losses of ‘P’.

Free-living microorganisms solubilize phosphate ions from sparingly soluble 
organic and inorganic P compounds (Whitelaw 2000), increase soil phosphate pools 
and make available for extraradical AM fungal mycelium to absorb. Barea et al. 
(1997) and Kim et al. (1998) demonstrated in their experiments the symbiotic micro-
bial interaction involving phosphate-solubilizing bacteria (PSB) and AM fungi.
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By using a soil microcosm system integrated with 32P dilution, the interactive 
effects of AM fungi and PSB were studied on plant use of soil in the form of either 
endogenous or added rock P. The results revealed that the PSB (Enterobacter sp. 
and Bacillus subtilis) promoted mycorrhizal establishment of G. intraradices, and 
their dual inoculation increased biomass and N and P accumulation in plant tissues 
of onion (Toro et al. 1997). They also found that mycorrhizal formation increased 
the density of PSB population.

The interactive effect of PSB, AM fungi and Rhizobium with regard to agro-
nomic efficiency of rock phosphate for legume crops (Medicago sativa) was evalu-
ated using isotopic 32P and 15N dilution technique under controlled conditions and 
further validated under field conditions (Barea et al. 2002a, b). They have observed 
that the tested microbial interaction improved plant growth and N and P acquisition 
under normal cultivated conditions. Similar results were obtained by using Medicago 
arborea, a woody legume of interest for revegetation and biological reactivation of 
desertified semiarid Mediterranean ecosystem (Valdenegro et al. 2001).

Multi-microbial interactions between AM fungi, PSB and Azospirillum when 
inoculated combinedly have reported to show synergistic effect (Muthukumar 
et al. 2001). They have confirmed by inoculating G. intraradices, G. geosporum, 
Azospirillum brasilense and PSB individually or in various combinations on 
neem tree seedlings under nursery conditions. Mycorrhizal colonization, leaf 
area and number, plant height, biomass, nutrient content (N, P, K) and seedling 
quality showed significant increase because of combined interaction of microbial 
inoculants.

Dual inoculation of mycorrhizal fungi and mycorrhizal-helper bacteria (MHB) 
showed significant increase in biomass and N and P accumulation in plant tissues 
compared to controls. The dual inoculated plants also showed lower specific activity 
(32P/31P) than their controls suggesting that these mycorrhizal interaction contrib-
uted to biogeochemical ‘P’ cycling, thereby promoting plant nutrition.

The synergistic interaction of mycorrhizal fungi and N2-fixing bacteria and 
phosphate- solubilizing microorganism has been demonstrated to improve the bio-
availability of major plant nutrients N and P. These interaction effects are a promis-
ing approach for low-input agricultural technologies (Bethlenfalvay and Linderman 
1992; Jeffries and Barea 2001).

19.14.4  Interaction of AM Fungi with Rhizobium

The interaction of AM fungi with Rhizobium has received much attention due to 
high ‘P’ demand for N2 fixation. Studies have shown that co-inoculation of legumes 
with AM fungi and Rhizobium increased plant growth compared to plants inocu-
lated with Rhizobium alone (Hindumathi and Reddy 2012a; Hindumathi et al. 
2016b). This was attributed to the fact that under N- and P-limiting conditions, AM 
fungi improves P uptake, thereby enhancing the plant nitrogenase activity, which in 
turn promotes root and mycorrhizal development (Sylvia et al. 1998; Fitter and 
Garbaye 1994). Several reported results on synergistic interaction between AM 
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fungi and Rhizobium showed that AM fungi have been found to improve nodulation 
and N2 fixation, with consequential benefit to plant growth and soil quality (Azcón- 
Aguilar and Barea 1992; Barea 2000; Hindumathi and Reddy 2012a; Hindumathi 
et al. 2016b). Thus the symbiotic effect of Rhizobium is said to be dependent on the 
beneficial nutrient effect of AM fungi. Apart from enhanced P uptake, other nutri-
ents such as Zn, Cu and Ca by AMF can also influence the symbiotic effectiveness 
of Rhizobium as well as other microbial processes that occur at root nodule level 
(Barea et al. 2002a, b; Azcón-Aguilar and Barea 1992).

Rhizobium is a well-known inoculant for legumes; they have also been used as 
inoculants for nonleguminous plants (Chabot et al. 1996). Galal et al. (2003) studied 
effect of P and N fertilization on the growth and yield of wheat on inoculation with 
AM fungi and Rhizobium using radiolabelled 15N technique. They found increase in 
growth of wheat when both AM fungi and Rhizobium co-inoculated at high levels of 
N and P. This dual inoculation also showed increase in the uptake of N and P, while 
plants inoculated with AM fungi alone increased grain yield of wheat indicating the 
ability of both organisms to stimulate plant growth and accumulate P and N.

Harrison (1997) reported that certain nod factor stimulated mycorrhizal coloni-
zation in soybean. Dual inoculation by the two symbionts showed greater advantage 
in field experimental studies. These studies have additional advantages in the tropics 
because of the grain legume programmes introduced to increase protein content of 
the diet. The reason is that the tropical soils are deficient in ‘P’.

Genetically modified (GM) Rhizobium developed to improve the nodulation 
competitiveness of the wild type (WT) strain (Sanjuan and Olivares 1991) was inoc-
ulated with Glomus mosseae on Medicago sativa (Tobar et al. 1996). The results 
indicated that GM Rhizobium strain did not interfere with any process related to 
mycorrhizal formation (spore germination, mycelial growth) and ‘entry point’ for-
mation on developing root system of host plant. Indeed, the GM Rhizobium 
increased the number of colonization units and the nutrient acquisition ability in 
mycorrhizal plants compared with WT Rhizobium strain. This symbiotic interaction 
establishment also induced changes in the root morphology; particularly the degree 
of branches increased and the number of lateral roots was higher in mycorrhizal 
plants inoculated with the GM Rhizobium strain (Barea et al. 1996).

Rhizobium strains have also been shown to colonize the rhizosphere of nonle-
gume hosts and established interactions with mycorrhizal fungi (Galleguillos et al. 
2000). Several experiments have demonstrated a positive effect on the interaction 
between mycorrhizal fungi and nodule rhizobacteria under drought stress 
conditions.

A synergistic effect was observed between Glomus fasciculatum and Azotobacter 
chroococcum in tomato plants. The latter helped to enhance fungal colonization and 
spore production, while the former increased the bacterial population in the rhizo-
sphere (Bagyaraj 1984). Similar interactions have also been observed between 
Azotobacter paspali and AM fungi in Paspalum (Barea et al. 1973) and A. chroococ-
cum and G. fasciculatum in tall fescue (Ho and Trappe 1979). Biro et al. (2000) 
reported an increase in nodulation of alfalfa plants with combined inoculation of G. 
fasciculatum, Azospirillum and Rhizobium under sterile and normal soil conditions.
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Synergistic interaction was reported between AM fungi and Azospirillum species 
(Saxena and Tilak 1997) and Acetobacter diazotrophicus (Paula et al. 1992). An 
interaction study between the Beijerinckia mobilis, phosphate-solubilizing fungi 
Aspergillus niger and G. fasciculatum was reported to show symbiotic beneficial 
effect on the growth of onions with all three organisms (Manjunath et al. 1981). It 
was attributed to the production of hormones. Mosse et al. (1981) suggested that 
hormones produced by these three bacteria could exert symbiotic effect on plant 
growth or mycorrhizal effect.

In the studies conducted between free-living N2-fixing bacteria and AM fungi in 
the rhizosphere, a positive interaction was observed with consequent improvement 
in plant growth.

The actinomycetes Frankia is known to produce N2-fixing nodules on roots of 
nonlegumes like Alnus, Casuarina, Ceanothus, Myrica, etc., fix atmospheric nitro-
gen and made available to the host plant. Dual inoculation of AM fungi with Frankia 
increased total dry weight of shoots and roots, number of nodules, weight of nodular 
tissues, as well as levels of N and P in Casuarina (Vasantha Krishna et al. 1994).

The importance of this type of symbiotic fungal association for plant mineral 
nutrition and more generally plant health makes it one of the potentially more useful 
biotechnological means of assuring plant production with a minimum input of 
chemicals such as fertilizers or pesticides.

19.15  Effect of Rhizosphere Microorganism  
on Mycorrhizal Symbiosis

Rhizosphere microorganisms are known to either interfere with or benefit mycor-
rhizal development and symbiotic establishment. AM fungi interacting with differ-
ent types of rhizosphere bacteria can influence their development and symbiotic 
establishment. These interactions can be found at all stages of the AM fungal life 
cycle, from spore formation and germination through root colonization to external 
hyphae (Bianciotto and Bonfante 2002; Bianciotto et al. 1996, 2003; Roesti et al. 
2005; Toljander et al. 2006). The nature of interaction between AM fungi and bac-
teria can be positive, negative or neutral. Negative effects are reduced spore germi-
nation and hyphal length in the extramatrical stage, decreased root colonization and 
a decline in the metabolic activity of the internal mycelium. Positive beneficial 
interactive effects include enhanced mycorrhizal formation and function. One 
example among the beneficial effects is that exerted by mycorrhizal-helper bacteria 
(MHB) known to stimulate mycelial growth of mycorrhizal fungi and/or enhance 
mycorrhizal formation (Garbaye 1994; Barea 1997; Gryndler et al. 2000).

Rhizosphere microorganism can produce compounds that can influence increased 
rates of root exudation, which in turn stimulated mycorrhizal fungal mycelium in 
the rhizosphere or facilitated root penetration by the fungus. Plant hormone produc-
tion by rhizosphere microorganisms is known to affect mycorrhizal establishment 
(Azcón-Aguilar and Barea 1992, 1995; Barea 1997, 2000).
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Rhizobacteria are reported to affect the pre-symbiotic stages (Giovannetti 2000) 
of mycorrhizal development, like spore germination and mycorrhizal growth rate of 
AM fungi G. mosseae (Azcón-Aguilar and Barea 1992), which resulted in higher 
influence on plant root.

Dual inoculation with different species of AM fungi and Pseudomonas putida on 
subterranean clover and maize showed increase in plant growth and AM fungal 
colonization (Gryndler and Vosatka 1996). Azcón (1987) observed increased growth 
of emerging mycelium from G. mosseae spores in the presence of PGPR. The 
nodule- forming bacteria, Frankia, Rhizobium and Bradyrhizobium, generally form 
symbiotic interactions with AM fungi. It is evidenced that AM fungal symbiosis 
reduced phosphate stress for the plant, which is essential for N2-fixing and nitroge-
nase activity of the bacteria, resulting in enhanced fixation and improved N status of 
the plant. This in turn promotes plant growth and mycorrhizal development. Thus, 
this type of interaction between AM fungi and bacteria depends on the soil environ-
ment, bacterial spp., AM fungal spp. and plant spp.

MHB are organisms that specifically promote mycorrhizal formation especially 
ectomycorrhiza by producing growth metabolites that encourages easy proliferation 
of fungal hyphae, thereby increasing its chances to colonize plant roots with a large 
surface area for absorption. When PGPR are found to stimulate mycorrhizal forma-
tion, they can be regarded as MHB (Fitter and Garbaye 1994).

Spanish workers reported that cell-free extracts of Rhizobium enhanced coloni-
zation of host by AM fungi and was attributed to the presence of extracellular poly-
saccharide production by Rhizobium, which might have increased the number of 
entry points of AM fungi per unit length of root (Azcón-Aguilar and Barea 1992).

Okon (1994) reported Azospirillum bacteria benefit plant development and yield 
under appropriate conditions and suggested that these bacteria mainly act by influ-
encing the morphology, geometry and physiology of the root system. Volpin and 
Kaputnik (1994) demonstrated in their interaction study between AM fungi and 
Azospirillum that Azospirillum could enhance mycorrhizal formation and response, 
while AM fungi may improve Azospirillum establishment in the rhizosphere.

PGPR bacteria are extensively studied for their role in improvement of crop pro-
duction in agriculture. Biological active substances such as amino acids, plant 
growth hormones, vitamins, volatile substances (CO2) and other organic compounds 
produced by rhizosphere microorganisms can stimulate the growth rates of AM 
fungi. Positive interactive effect between AM fungi and PGPR was evidenced by 
Chanway et al. (1991).

19.16  AMF-Associated Bacteria

Mosse (1962) first showed that bacteria colonize the spores of AM fungi (AMB). 
Different studies have shown that the spore-associated bacteria can influence AM 
fungal spore germination, their growth (Walley and Germida 1996; Bianciotto and 
Bonfante 2002; Hildebrandt et al. 2002; Xavier and Germida 2003) and the forma-
tion of the mycorrhizosphere (Budi et al. 1999).
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AM fungal structures such as external hyphae (Toljander et al. 2006) and spore 
or spore walls have been found to be associated with some bacteria (AMB) (Xavier 
and Germida 2003; Roesti et al. 2005). Spores of Glomus fasciculatum were found 
associated with Azotobacter sp. (Ho and Trappe 1979). Mosse (1962) reported 
certain bacteria on the surface of AM fungal spore aid infection and colonization 
of alfalfa roots by G. mosseae. Pseudomonas sp. associated with AM fungal spores 
was found to help mycorrhizal fungi in infecting the roots suggesting that it could 
be either due to production of enzymes or growth-promoting substances. There are 
also reports that bacteria associated with AM (AMB) fungal spores have the ability 
to influence spore germination and hyphal growth (Mosse 1962; Walley and 
Germida 1996; Xavier and Germida 2003). The AMB can degrade biopolymers 
such as protein, chitin and cellulose (Roesti et al. 2005), inhibit the growth of dif-
ferent plant pathogens (Budi et al. 1999) and improve the soil structure (Andrade 
et al. 1995).

Hildebrandt et al. (2002) reported that AMB have the potential to stimulate the 
growth of AMF up to the formation of fertile spores in the absence of a host. These 
reports indicate that AMB might be one important factor involved in AMF develop-
ment, plant growth and plant protection.

Budi et al. (1999) found that some AMB have antagonistic potential against sev-
eral soilborne plant pathogens. The antagonistic potential of spore-associated bac-
teria against pathogens is to be studied in order to obtain information on the plant 
health-promoting effect of the mycorrhizae.

Xavier and Germida (2003) reported the ability of Bacillus pabuli to enhance 
AMF root colonization and also improve plant growth (Artursson et al. 2006). Budi 
et al. (1999) reported that Paenibacillus sp. isolated from surface-sterilized G. mos-
seae spores significantly stimulated mycorrhizal colonization in Sorghum bicolor. 
Thus, AMB from spores can have potential both as mycorrhizal-helper bacteria 
(MHB) and PGPR. The multifunctional traits could confer an advantage to the 
AMB in colonizing the spore surface and spore walls and ensure their survival in 
specific microhabitats in competition for nutrients and space with other soil 
microbes.

Interest in research has been increasing on spore-associated bacteria because 
these have shown the potential to support AMF to complete spore production 
in vitro in the absence of a host (Hildebrandt et al. 2002).

19.17  Bacteria-Like Organisms (BLO)

Bacteria have also been reported to live inside the spores of certain AM fungal iso-
lates (Bianciotto et al. 1996, 2003). The AMF also harbour bacteria-like organisms 
(BLO) in their cytoplasm. They are referred to as BLO because they are actually of 
true bacterial origin and have endobacterial properties, i.e. they complete their life 
cycle within fungal cells (Bianciotto et al. 1996). The BLOs are gram negative and 
rod-shaped and present in several AM fungal species such as Acaulospora laevis, 
Gigaspora margarita and Glomus versiforme. They are usually found in the cyto-
plasm of intracellular hyphae, arbuscules and resting spores.
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19.18  Interaction of AM Fungi with Soilborne Pathogens

The role of AM fungi in biological control has been studied in a number of plant 
pathogen-host species combinations. Several reports suggested that mycorrhizal 
establishment has been shown to reduce damage caused by soilborne plant patho-
gens (Azcón-Aguilar and Barea 1996; Schenck 1987). Few reports have also indi-
cated that there is either no effect or an increase in the severity of disease due to 
mycorrhizal colonization. Primarily, the ability of AM fungi to enhance plant vigour 
due to increased nutrient uptake enables it to resist pathogen infection. Different 
AM fungal species have been studied and found to be effective in reducing plant 
disease caused by the pathogens such as species of Cylindrocladium, Fusarium, 
Macrophomina, Phytophthora, Pythium, Rhizobium, Sclerotium, and Verticillium 
on different host species. AM fungi-mediated biocontrol potential of Macrophomina 
root rot on cowpea (Bagyaraj 1984; Caron et al. 1986), Pythium aphanidermatum 
on tomato (Reddy et al. 2006c) and Verticillium wilt in brinjal, chilli (Satya Vani 
2012), tomato (Satya Vani et al. 2014b), sorghum (Hindumathi 1999), soybean 
(Hindumathi and Reddy 2012a) and mung bean (Hindumathi et al. 2016b) proved 
to increase plant tolerance to the pathogen, thereby acting as biocontrol agents.

Several mechanisms or a combination of mechanisms is reported to involve in 
bioprotection of plants by AM fungi against soilborne pathogens. One of the pro-
posed mechanisms is based on the microbial population changes produced in the 
mycorrhizosphere. Azcón-Aguilar and Barea (1992) and Linderman (1994, 2000) 
evidenced changes in the microbial population shift in the mycorrhizosphere and 
suggested that the resulting microbial equilibrium could influence the general health 
of the plants. Earlier studies reported that mycorrhizal formation induced changes 
in the microbial population may lead to the stimulation of certain organisms of the 
resident microbiota that can be antagonistic to the root/plant pathogens. Caron et al. 
(1986) reported a reduction in the population density of Fusarium oxysporum f. sp. 
lycopersici on tomato colonization by G. intraradices.

Meyer and Linderman (1986) observed lower number of sporangia and zoo-
spores of Phytophthora cinnamomi by adding extracts of rhizosphere soil from 
mycorrhizal plants. Secilia and Bagyaraj (1987) found that there were more 
pathogen- antagonistic actinomycetes in the rhizosphere of plants inoculated with 
mycorrhizal fungi than in that of non-mycorrhizal controls. Further studies have 
ascertained these findings and demonstrated that such an effect is dependent on the 
mycorrhizal fungi involved, as well as the substrate and the host plant (Azcón- 
Aguilar and Barea 1996; Linderman 2000).

Various synergistic effects of AM fungi and bacteria can also be exploited for 
pathogen control and nutrient acquisition in low-input agricultural systems 
(Artursson et al. 2006). Rhizosphere microbes antagonistic to soilborne pathogens 
are being used as biological control agents. Therefore, the prophylactic ability of 
mycorrhizal fungi has been exploited in association with these antagonists 
(Linderman 1994, 2000; Barea et al. l998; Budi et al. 1999). Several studies have 
demonstrated that microbial antagonism of fungal pathogens, either fungi or PGPR, 
exerts no microbial effect against mycorrhizal fungi (Barea et al. 1998; Vázquez 
et al. 2000).
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19.19  Interaction of AM Fungi with Fungi

Saprophytic fungi are common in the rhizosphere of plants and live on dead organic 
material utilizing a wide range of complex organic molecules such as lignins, pro-
teins, glycoproteins, cellulose and other polysaccharides. AM fungi have the ability 
to utilize stored C-related products in the hyphae of saprophytic fungi in the absence 
of plant photosynthates (Suresh and Bagyaraj 2002).

Saprophytic fungi can be classified into ecological functional groups such as 
phosphate solubilizers, antagonists or symbiotic organisms. As antagonists, they 
may affect the germination of AM fungal spores and development of mycorrhizal 
colonization by their competition for space and nutrients (Gryndler 2000).

Fusarium and Trichoderma koningii were tested for their effect on the growth 
and mycelial formation of Glomus mosseae in maize and lettuce (Mc Allister et al. 
1994). They evidenced that mycorrhizal root colonization by G. mosseae was 
decreased in maize when inoculated before or at the same time with T. koningii, 
while Fusarium had no effect on colonization of maize. However, T. koningii 
showed no effect on mycorrhizal colonization in lettuce.

Gliocladium virens used as a biocontrol agent was tested for its effect on the 
pathogen Pythium ultimatum and colonization of AM fungi Glomus etunicatum in 
cucumber plants. Gliocladium virens showed no deleterious effect on AM fungi 
ascertained by the colonization of cucumber roots, while it showed biocontrol activ-
ity on P. ultimatum. This indicates synergistic interaction between AM fungi and 
Gliocladium virens.

Several reports suggest that the organisms such as Trichoderma viride (Reddy 
et al. 2016) are potential plant growth promoters and Trichoderma harzianum, 
Aspergillus niger, Penicillium variable, white-rot fungi and other filamentous fungi 
are capable of solubilizing P along with exhibiting biocontrol activity. This potential 
was known to be exerted by the production of siderophores, organic acids, lytic 
enzymes, glucose oxide and melanin-degrading enzymes.

The synergistic effects of phosphate-solubilizing fungi (Penicillium bilaji) and 
mycorrhizal fungi to effectively increase the absorption of P by the plant root sys-
tem of wheat and bean plants were confirmed by Kucey (1987).

19.20  Conclusion

From the present information, it can be stated that interactions of arbuscular mycor-
rhizal fungi and rhizosphere microflora of plant roots play an important role in 
enhancing plant growth. AM fungi are promising for their potential use in sustain-
able agriculture.
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Abstract
Phyllosphere is the most abundant environment that supports microbial life. This 
ecosystem is a stress environment characterized by fluctuation in moisture, nutri-
ents, radiation and plant’s own immune system. However, plants support micro-
bial community on the phyllosphere as a strategy for its survival and growth. 
This chapter addresses general characterization of phyllospheric environment, 
microbial association process, microbial population structure, quorum sensing 
and cross talk between plant and microbes. This chapter provides information on 
the microbial diversity of the phyllosphere of bioenergy crop Jatropha curcas. 
Major bacterial groups prevalent on the J. curcas phyllosphere and plant growth- 
promoting activities are addressed.

20.1  Introduction

Phyllosphere is one of the large habitats for microbial population accounting for 
~6.4 × 108 km2 on the earth. Leaf surface supports extensive bacterial populations 
which can be as high as 107 cm−2. It is estimated that phyllosphere bacterial population 
could be of 1026 cells in the tropical plants (Morris et al. 2002). The phyllosphere is 
a stress environment because it is controlled by external factors like temperature, 
moisture and solar radiation. It is also a low-nutrient environment. The phyllosphere 
provides environmental niche for different microorganisms. Bacteria are the most 
predominant groups of the phyllosphere. Plant modifies phyllospheric bacterial 
community by changing leaf exudates and moisture like regulating leaf moisture 
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through stomata opening and closing. Some microorganisms invade into leaf tissue 
as a strategy to survive under water stress condition while others manage to survive 
under low moisture condition (Hardoim et al. 2008). The phyllospheric microorgan-
isms play crucial role in plant’s growth. These bacteria fix N and C protect plant 
from pathogens and produce phytohormones (Bulgarelli et al. 2013). Thus, the 
phyllospheric organisms provide ecosystem services like C sequestration, N fixa-
tion, and bioremediation, enhance crop yield and improve soil health (Bulgarelli 
et al. 2013). These microbial groups hold key to plant’s solvability under extreme 
condition and sustainability in future climate change.

Jatropha curcas is also known as the biofuel/biodiesel crop. The J. curcas 
belongs to Euphorbiaceae family and is characterized as a drought-resistant peren-
nial plant. It is propagated in tropical and subtropical countries for augmenting 
renewable energy. In addition, it has several beneficial properties that are significant 
for agriculture, ecology and environment. Plantation of J. curcas is generally 
 recommended to manage degraded wasteland. J. curcas-derived biodiesel is a 
biodegradable and non-toxic fuel compared to petroleum-based diesel. J. curcas 
grows well in low to high rainfall areas. It is cultivated as a commercial crop or as a 
hedge plant to protect agricultural fields from grazing animals. It can improve socio- 
economic status of poor farmers in Third World countries as a resource for bio-
diesel. It is interesting that this plant doesn’t need much input like other plants. It 
can grow under various stress condition like low nutrient and water input. It is 
hypothesized that microbiome of this plant may hold the key for its sustainability 
and growth under limited environmental conditions.

Recently many studies elucidate the diversity of microorganisms prevalent in the 
rhizosphere of J. curcas. It harbours significant numbers of arbuscular mycorrhizae 
like Acaulospora sp., Gigaspora sp., Glomus sp., Sclerocystis sp. and Scutellospora 
sp. The major bacterial groups are Pseudomonas sp., Enterobacter sp. and several 
gram-negative and gram-positive bacteria. In addition, many plant growth- 
promoting bacteria including Azotobacter, Rhizobium, Pleomorphomonas diazotro-
phica, Bacillus megaterium and Bacillus thuringiensis have been isolated from its 
rhizosphere. J. curcas can fix 5100–6100 kg C ha−1 as biomass. Incorporation of J. 
curcas biomass into the soil results into significant increase in soil macro- and 
micronutrients. Keeping in view of the extent of microbial diversity in the rhizo-
sphere of J. curcas, the basis of such microbial diversity is unclear. Further studies 
are required to link microbial diversity with the plant and environment. It is hypoth-
esized that phyllospheric microbes might have significant role in framing the rhizo-
sphere microbial community. To understand the plant-microbial interaction, this 
paper aims to address the diversity of phyllospheric microbes in different terrestrial 
plants and microbial species associated with the J. curcas.

20.2  Phyllosphere Environment and Microbial Diversity

The phyllosphere is a much intricate environment than the rhizosphere. It is a 
nutrient- poor environment for microbial activity compared to the belowground rhi-
zosphere. The microbial colonization on leaves is not homogenous because leaf 

S.R. Mohanty et al.



455

veins, hairs and stomata affect surface uniformity. Microbial communities of phyl-
losphere are under constant variation of temperature, moisture and radiation over 
the day and night. These external factors also affect the phyllosphere microbiome 
by altering plant metabolism. Precipitation and wind also contribute to the temporal 
changes in the phyllospheric microbes.

There is limited information on the chemical characteristics of leaf surface that 
would explain for the high microbial activity. The unevenness of cuticle and com-
plicated structures of veins and trichomes are the adverse structures for microbial 
growth. In addition, rain, dew and leaf exudates, pollutants and removal of nutrients 
after rain inhibit microbial proliferation. On the leaf surface, microorganisms 
assimilate carbon and nitrogen mainly from the leaf exudates. These organic com-
pounds are generally glucose, sucrose and fructose. In addition to organic acids, 
alcohols and amino acids are also released from leaf. The concentration of the nutri-
ents on the leaves is very low and occurs in the range of 1–20 ug/g leaf. The analysis 
of protein and genomic data revealed that phyllospheric microorganisms assimilate 
plant-derived NH4-N, amino acids and simple carbohydrates as primary N and C 
sources. Microbial stress response protein porins, the component of ATP-binding 
cassette transporters and TonB-dependent receptors, remain at high level among the 
phyllospheric microorganisms. This suggests that phyllosphere is a nutrient-poor 
environment for the growth of microorganisms.

The methylotroph species are generally found on the phyllosphere of many 
plants. These methylotroph species actively assimilate and metabolize methanol 
from plant pectin. Several phyllospheric microbial species have rhodopsins. These 
light-sensing proteins and proton pumps have different absorption spectra than the 
host plants. This indicates that energy metabolism of the phyllospheric microorgan-
isms is not dependent on the plant. Phyllospheric microbes are capable of coping 
with UV radiation. These species possess pigments which help them to withstand 
UV radiations. A group of bacteria isolated from peanut produced pink or orange 
pigments when exposed to UV as protectant mechanism. Limitation of water and 
nutrients is compensated by microorganisms with the help of various mechanisms. 
Some epiphytic Pseudomonas sp. produces surfactants that increase the water reten-
tion ability of leaf surfaces. This increases solubilization and diffusion of nutrients 
for the microbial metabolism. Some bacteria increase the diffusion potential of the 
leaf cuticle by producing toxins. These toxins affect the ion transport potential of 
cell plasma membranes and improve water and nutrient availability for the phyllo-
spheric microorganisms (Quigley and Gross 1994; Hutchison et al. 1995; Schreiber 
et al. 2005). Epiphytes also produce extracellular polysaccharides. These com-
pounds protect the bacteria from water stress and help in binding to the leaf surface 
(Morris et al. 1997; Gal et al. 2003).

Using molecular techniques, phyllospheric microbial diversity has been studied. 
Microbial species richness on the phyllosphere is high in warmer and humid cli-
mates than the temperate regions. The alpha and gamma classes of Proteobacteria 
are the dominant bacterial phyla in phyllosphere. The Bacteroidetes and 
Actinobacteria represent the most common species of these phyla. The phyllo-
sphere of several Mediterranean plants is dominated by lactic acid bacteria. In 
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summer, the most dominant species associated with these plants are Firmicutes. The 
growth of Firmicutes on the phyllosphere increases plant’s tolerance to the hot and 
dry weather. At higher taxa level, phyllospheric microbiomes of different plants are 
similar, but at the species level, strains vary significantly. This suggests that bacte-
rial diversity of the phyllosphere is linked with the micro-environment.

The environmental parameters like UV radiation, relative humidity and tempera-
ture influence the association of E. coli with plants (Seo and Matthews 2014). The 
indigenous phyllosphere microorganisms are also influenced by these environmen-
tal parameters. Changes in the indigenous microflora contribute to the promotion or 
prevention of E. coli. However, the role of the indigenous microorganisms on the 
long-term persistence of the pathogens is unclear. However, the interaction between 
pathogens and indigenous microbiota is difficult to understand because the diversity 
of phyllosphere microbiota varies with geographical locations and environment.

20.3  Ecological Niche of Phyllospheric Bacteria

In the phyllosphere, bacteria colonize typically as aggregates or clusters. In a study, 
it was found that up to 50 % of Pseudomonas syringae bacteria on bean leaves were 
present in clusters of 103 cells or more. It is assumed that before colonization, the 
incoming bacteria first reach at the leaf as single cells on different parts of the leaf. 
Only a few sites on the leaf are suitable for bacterial multiplication. The growth of 
cells in the favourable sites of leaf results into microbial colonies. Secondly, the 
bacterial species colonize on the leaf surface vary in their ability to produce off-
spring. This suggests that the leaf surface consists of sites with different conducive-
ness for bacterial cluster formation.

Moisture is one of the major factors that shape the bacterial clustering on leaf 
surfaces. Water stays for longer period in the veins and trichomes of leaf than other 
parts (Esser et al. 2015). Prolonged presence of water at these sites increases the 
nutrient availability. Most leaf nutrients available on the leaf surface are the photo-
synthetic compounds diffused from the leaf cuticle. Water droplets on a leaf surface 
also act as the effective sink for the diffused nutrients. The rate of diffusion of nutri-
ents from leaf to water droplet depends on the volume of water and the activity of 
bacteria in consuming the nutrients. It also depends on the hydrophobicity and 
thickness of the cuticle (van der Wal et al. 2013). These factors regulate nutrient 
availability for bacterial community and act as the major driving factors for the 
spatial and temporal variation in bacterial population on the leaf surface.

20.4  Microbial Communities on the Phyllosphere

The phyllospheric microbial communities represent bacteria, filamentous fungi, 
yeasts, algae, protozoa and nematodes. Filamentous fungi are considered transient 
inhabitants of leaf surfaces because they are present predominantly as spores. 
However, the rapidly sporulating fungal species and yeasts colonize easily on the 
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leaf surface. Phyllospheric bacterial populations differ sharply among and within 
the same plant species. Bacterial population vary with the growth phase of the host 
plant as the plant’s growth is associated with colonization of microorganisms. 
Variation in bacterial population in phyllosphere is caused by the extensive fluctua-
tions in the physical and nutritional status of the phyllosphere. Plant species vary 
with different carrying capacity of the leaf microbiota. For example, the broader 
leaves of cucumber and beans carry high number of bacteria than grasses or waxy 
broad-leaf plants. The physicochemical environments of phyllosphere substantially 
cause variation in the bacterial flora.

The phyllosphere-dominating microorganisms are unique, but their community 
can be reproduced with the same plant system. However, the biogeography of these 
phyllospheric bacteria is less known. In a study, the bacterial communities on the 
leaves of Magnolia grandiflora were analysed by sequencing the 16S ribosomal 
RNA (rRNA) gene. Bacterial assemblages were dominated by members of the 
Alphaproteobacteria, Bacteroidetes and Acidobacteria. Patterns in community 
composition are measured by both relative abundance and Jaccard metrics. Distance 
based on the analyses indicated that trees positioned closely had more similar bacte-
rial communities than the distantly placed. Indirect gradient analyses indicated that 
environmental parameters like canopy cover, slope, elevation and aspect of the 
ground beneath trees significantly influence bacterial community (Finkel et al. 
2012).

20.5  Phyllospheric Microbes and Plant Growth-Promoting 
Activities

Generally it is considered that the community composition of phyllospheric 
microbes to some extent is random. It is the plant who selects microbes by provid-
ing favourable environment in the rhizosphere or phyllosphere for the specific 
microbial communities. Phyllosphere microbial communities influence plant 
growth. These microbial communities also contribute to the ecosystem function. 
However, the host plant is mainly responsible to modulate the plant-microbial inter-
action. Environmental factors also affect biosynthesis of many photosynthates 
within the plants. This change in metabolite concentration in plant affects the asso-
ciation of the rhizospheric microbes and alters plant development. Occurrence of 
certain microbial groups on the leaves suppresses feeding by insect larvae. Some 
signal molecules produced by phyllospheric microorganisms enhances plant growth 
under abiotic stress. For instance, the phytomicrobiome of Arabidopsis senses 
drought to maintain growth.

Many phylloplane-inhabiting microbes produce phytohormones. Among differ-
ent phytohormones, auxin is the most commonly found molecule in the phyllo-
plane. Like phyllospheric microorganisms belowground, PGPRs also produce 
auxin. This phytohormone plays an important role in the development of root sys-
tem and overall plant growth. Indole acetic acid (IAA), another potential phytohor-
mone, is also produced by the phyllospheric microorganisms. Many of these 

20 Prospect of Phyllosphere Microbiota: A Case Study on Bioenergy Crop Jatropha…



458

phytohormones stimulate root growth that eventually enhances plant’s root contact 
surface with soil and increases nutrient uptake. Due to this ability, microbial inocu-
lants are recommended as a substitute or supplement for chemical fertilizers.

Yeasts are also widely distributed in the nature and coexist with other microorgan-
isms. In a study, 12 yeast strains were isolated from leaf samples of a carnivorous plant 
Drosera indica L. This plant is currently endangered because of restricted habitats and 
use in herbal industries. The 16S rRNA gene sequence revealed that these yeasts belong 
to the phylum Ascomycota and Basidiomycota. The isolated yeasts produced indole-
3-acetic acid (IAA). The IAA produced by wild yeasts modifies auxin-inducible gene 
expression in Arabidopsis. Phyllospheric yeasts can promote plant growth and may be 
considered for inclusion into biofertilizer for sustainable agriculture.

20.6  Phyllospheric Microbes and Plant Protection

Generally plants are exposed to the attack of herbivorous insects and pathogens. 
Herbivorous insects induce production of phytohormone jasmonic acid in plant, 
while many phyllospheric bacteria induce salicylic acid production in the host plant. 
The proportion of the two phytochemicals decides whether a plant would be suscep-
tible or resistant against the pathogens. In an experiment, the bittercress plant 
(Cardamine cordifolia, Brassicaceae) was applied with jasmonic acid or salicylic 
acid prior to damage. Changes in abundance of phyllosphere bacteria were moni-
tored to examine if chewing of herbivores correlates with the bacterial abundance 
on leaves. Study revealed that jasmonic acid treatment reduced herbivory, while 
salicylic acid treatment increased herbivory. Phyllospheric bacterial abundance was 
higher in herbivore-damaged plants than the undamaged plants. It is hypothesized 
that the abundance and the complex diversity of phyllospheric microorganisms have 
significant role in the plant’s defence mechanism.

The phyllosphere acts as a media that supports the survival or proliferation of 
diverse microorganisms that are epiphytes, saprophytes and pathogens. Some phyl-
lospheric microorganisms complete their life cycle along with the plant’s growth. On 
the contrary, pathogens enter the leaf and multiply in the interior leaf tissue. Natural 
surface openings, such as stomata, are important entry ports for microorganisms. 
Stomata are the key organ for water transpiration and gaseous exchange. This activity 
is important for plant’s growth. Recent studies show that stomata can limit pathogen 
entry as part of the plant innate defence process. Some plant pathogens have devel-
oped counter defence system. For example, the plant pathogen Pseudomonas syrin-
gae produces coronatine which suppress plant’s stomata-based defence system.

20.7  Quorum Sensing in Phyllosphere

The microbial community dynamics of phyllosphere is complex. Cross talk or sig-
nal exchange occurs among the various microbial groups present on the phyllo-
sphere. These signals regulate activities and community dynamics of various 
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phyllospheric microbial groups. These signals either help the plants to initiate 
immune responses to the harmful pathogens or facilitate the entry of beneficial 
microbes (Hartmann et al. 2015). Some Bacillus sp. secretes antibiotic in the pres-
ence of plant root exudates. This process keeps off pathogens in the rhizosphere. 
Phyllospheric bacteria also interfere with signalling between plants and microbial 
strains. Lipo-chito-oligosaccharides produced by many microorganisms are cleaved 
by certain bacteria which produce chitinases. In this way, these bacteria interfere 
with plant-microbial interaction. Plant signalling compounds are carbohydrates, 
proteins, organic acids or the secondary metabolites like flavonoids, phenol, phyto-
hormones etc. The PGPR-related signalling compounds are phytohormones, acyl 
homoserine lactones, phenols and peptides.

Like other ecological niches, bacteria in the phyllosphere communicate by quo-
rum sensing. One of the best studied quorum-sensing molecules is N-acyl homoser-
ine lactone. These molecules trigger immune responses and change the phytohormone 
profile of plants. Plants also detect signal molecules from pathogens and respond by 
activating their own defence systems. Aboveground microorganisms communicate 
with the belowground microorganisms and shape plant’s microbiomes. It has been 
observed that change in aboveground microbial communities due to environmental 
factor or even herbivore activity alters microbial community composition of the 
below ground.

20.8  Phyllosphere Microbial Diversity of J. curcas

Bioenergy crop J. curcas is a renewable energy plant. In a study the diversity of 
bacteria prevalent in phylloplane and rhizosphere of J. curcas compared. The diver-
sity of bacterial 16S rRNA gene was estimated by molecular technique known as 
terminal restriction fragment length polymorphism (T-RFLP). The terminal restric-
tion fragments (ribotypes) obtained from both rhizosphere and phylloplane were 
affiliated to Firmicutes, Actinobacteria, Bacillus, Chloroflexi, Acidobacteria, 
Verrucomicrobia and Methylobacteria. Fluorescence intensity of TRFs was high in 
the phylloplane than the rhizospheric soil. The ribotypes TRF56, TRF65, TRF95 
and TRF423 were the main variables in soil. The ribotypes TRF466, TRF475 and 
TRF483 were major TRFs in the phylloplane of J. curcas. Diversity indices were 
high in soil than phylloplane. Study indicated that both belowground and aboveg-
round plant parts harbour selective bacterial groups with different level of diversity 
and abundance. In a study, it was observed that Jatropha plantation increased the 
members of Proteobacteria and Bacteroidetes compared to unplanted soil (Agarwal 
et al. 2015). Several diazotrophic bacterial species, like Azospirillum, Herbaspirillum, 
Burkholderia and Gluconacetobacter, are present in the rhizosphere of J. curcas 
(Zehr 2011). These PGPRs occur on the rhizoplane or as endophytes. Some of these 
PGPRs fix nitrogen and promotes plant growth (Liu et al. 2011). These strains have 
the ability to enhance J. curcas through the production of IAA, solubilize inorganic 
P and produce ACC-deaminase and siderophore (Jha and Saraf 2012).
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Phylloplane of J. curcas possesses many gram-positive and gram-positive bacte-
ria. Plants like Mangifera indica have more of gram-positive Bacillus sp. and 
Corynebacterium sp. than gram-negative bacteria (Jager et al. 2001). Gram-positive 
Bacillus sp. has been isolated from leaves of groundnut, and these strains stimulate 
plant growth when inoculated as seed coat (Kishore et al. 2005). Methylotrophs are 
found from the phylloplane of J. curcas. Many species of Methylobacteria colonize 
plants as epiphytes and endophytes (Kwak et al. 2014; Dourado et al. 2015). 
Methylobacterium has been isolated from bamboo phylloplane (Madhaiyan and 
Poonguzhali 2014). These methylotrophs use methanol as C source released by the 
plant during pectin demethylation process (Galbally and Kirstine 2002). These bac-
teria can also multiply using other simpler photosynthates (Iguchi et al. 2015).

The role of phyllospheric microbes and their interaction with the growth of J. 
curcas is not clearly known. In an experiment, the dominant phylloplane bacteria of 
J. curcas were isolated, and their plant growth-promoting activities were evaluated. 
The 16S rRNA gene sequences of these bacteria were similar to Alphaproteobacteria, 
Betaproteobacteria, Gammaproteobacteria, Firmicutes and Actinobacteria. Most 
of the isolates were motile and gram variable. Many novel species closely related to 
Ralstonia, Methylobacter and Actinomycetes detected. The isolates exhibited PGPR 
activities like ACC-deaminase, phosphatase, K solubilization and indole acetic acid 
(IAA) production activity. These isolates were further tested on maize plants to 
check their plant growth-promoting activities. The isolates significantly increased 
the shoot and root length of the maize seedlings. Linear regression model of the 
PGPR activities significantly correlated with growth parameters. Among the plant 
growth-promoting attributes, ACC-deaminase and IAA production were the major 
growth factors for improving the maize growth.

In J. curcas phylloplane, the most abundant species were Firmicutes, 
Alphaproteobacteria, Gammaproteobacteria and Actinobacteria. Species belong-
ing to Betaproteobacteria were the least abundant. The 16S rRNA gene sequences 
of the Alphaproteobacteria were similar to Brevibacterium sp., Methylobacterium 
extorquens and Agrobacterium tumefaciens. Phylloplane of many terrestrial plants 
contains Alphaproteobacteria. Some of these plants are Magnolia grandiflora, 
Prunus species and bamboo. Firmicutes are predominant on the phylloplane of 
plum and dessert plants. Actinobacteria are a group of important plant-associated 
spore-forming bacteria, known for their role in the biocontrol of pathogens, plant 
growth promotion and interaction with plants. Actinobacteria were mostly related 
to Nocardia, Micrococcus, Brevibacterium and Agromyces. This group has been 
found on the phylloplane of apricot (Jo et al. 2015) and many salt-tolerant plants 
(del Rocío Mora-Ruiz et al. 2015). Gammaproteobacteria has been found on the 
phylloplane of Prunus species (Jo et al. 2015) and dessert tree (Belkin and Qvit-Raz 
2010). The isolates stimulated the growth of the maize seedling through various 
plant growth-promoting attributes. Such relation between PGPR activities of phyl-
loplane microorganisms and plant growth has been found in agroforestry plants 
(George et al. 2002). Probably, the phosphates and indole acetic acid (IAA) produc-
tion potential of the phylloplane bacteria stimulated plant growth. IAA stimulates 
cells present on root tip and shoot tip. Further studies are essential to explore the 
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phyllospheric microbes of Jatropha curcas to develop microbial inoculants for agri-
culturally important crops.
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21Sinker Root System in Trees 
with Emphasis on Soil Profile

S. Devi, R. Angrish, S. Madaan, O.P. Toky, and S.S. Arya

Abstract
Anchorage, water and nutrient uptake and transport are well-known functions of 
tree roots. However, recent studies ascribe more complex physiological and eco-
logical role to tree roots. This is more particularly so in many tree species where 
roots have a characteristic dimorphic spread having (1) the surface roots that 
have a subterranean horizontal spread a few metres around the trunk and (2) 
sinker roots that go vertically downwards to 10 m and beyond. Increasing evi-
dence is accumulating that the surface and sinker roots form a very dynamic 
water facilitating system in the soil. This is discussed under three main heads. 
Firstly, the sinker roots have access to groundwater moisture and even the capil-
lary fringe of the deep water tables making the transpiration and the vital shoot 
processes sustainable, even when the upper soil profiles are dry. Such roots also 
cause biodrainage of the water table preventing it from rising to surface layers 
and making the soil waterlogged. Secondly, the sinker and surface roots form an 
integrated conduit in the soil that causes upward hydraulic redistribution of the 
deep soil water to soil surface. Interestingly, this water may also be used by 
shallow-rooted herbaceous vegetation for its sustainability during episodes of 
drought. Thirdly, a downward hydraulic redistribution from the surface roots in 
moist topsoil to the deep soil through the sinker roots may recharge the deep dry 
soil profiles for future use. The sinker root system, therefore, enables hydraulic 
redistribution sustaining dry season transpiration and photosynthetic rates of the 
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parent tree and surrounding shallow-rooted vegetation, prolonging the life span 
of fine roots and maintaining root–soil contact in dry soils and storing rainwater 
down into deeper soil layers for dry season utilization.

21.1  Introduction

Roots of a tree are its dynamic hidden half. These are essential conduits for water 
and mineral transport. They are equally important in anchorage of the shoot. Tree 
roots also store carbohydrates and are also involved in signalling to the shoot system 
in response to the soil–environment cues (Pallardy 2010). Tree roots have been 
found to be wonderfully opportunistic in their search for water and nutrients and 
follow moisture gradients up to 20 m horizontally or even vertically downwards 
(Knight 1999). Study of the structure of tree root spread in the soil has been limited 
as destructive soil excavation and safety issues are involved in such studies. 
However, the increasing use of non-destructive techniques like geoelectric measure-
ments is becoming increasingly popular for detecting root placement in soil (Zanetti 
et al. 2011). Likewise the increasing use of sensitive thermal probes involving heat 
ratio method is being suitably used to measure up- and downstream movement of 
water (Hultine et al. 2003, 2004) through the root. In this article we specifically 
discuss some lesser-known ecophysiological functions attributed to the sinker roots 
that explore profiles of the soil some 5 m or more vertically downwards. Sinker 
roots have been known to be responsible for biodrainage or the vertical drainage of 
the groundwater through evapotranspiration so as to stabilize the water table. 
Further the sinker root-based phenomenon of hydraulic redistribution of water has 
been described in which water moves from the wetter soil profiles to the drier ones 
in both upward and downward directions. The ecological implications of these pro-
cesses have been discussed along with.

21.2  Tree Root Spread

21.2.1  Surface and Sinker Roots

Trees have a diverse root spread. If water and nutrition requirements are available in 
the topsoils, roots remain confined to 1–2 m depth and a few metres around the 
trunk below the surface soil. In other cases, the tap root may extend deeper and 
deeper vertically downwards into the soil and explores the soil for water and nutri-
ents. While the subterranean root system around the tree trunk is designated as 
surface root system, the singularly vertically downward roots are designated as 
sinker roots. Trees may have a dimorphic root system comprising of both the sur-
face and sinker root system.

It may be noted that much length of a tree root is inactive on its surface so far as 
water uptake from the soil is concerned. This is due to secondary growth-related 

S. Devi et al.



465

bark insulating greater lengths of the tree root system. These remain unaffected 
even if the soil becomes dry. It is only at the ends of the surface and sinker roots that 
non-lignified primary roots with root hairs make dynamic contact with the soil par-
ticles. These fine roots have to be in optimal soil moisture to remain functional. 
Mycorrhizal associations that assist in nutrient uptake are also found on the fine 
roots. In the perennial tree system, fine root viability must be maintained in soil 
profiles that may go dry.

21.2.2  Extent of Depth of Sinker Roots

An intensive study of 6-year-old tree species in semiarid north–west India was stud-
ied by one of the authors (Toky and Bisht 1992). It was seen that species like Melia 
azedarach, Morus alba (Fig. 21.1) and Populus deltoides showed a more or less 
horizontal surface root system confined to the top 80 cm of the soil profile and 
extending up to a radius of 120 cm.

On the other hand, species like Prosopis cineraria, Acacia nilotica and Eucalyptus 
tereticornis (Fig. 21.2) had a distinct sinker root system that penetrated more deeply 
to 250 cm in addition to a horizontal surface root system.

In a monograph on Prosopis juliflora–Prosopis complex, Pasiecznik et al. 
(2001) highlighted that the root system in these arid land species is dimorphic. It, 
characteristically, has a deep sinker root system and a superficial root system, both 
having different functions during different seasons. The sinker root system is made 
up of one, two or three (rarely more) main tap roots, which may divide at lower 
depths. They have the function of anchoring the tree but are primarily for sourcing 
groundwater reserves, whether a water table or other subterranean supply. They 
can become very thick and tens of metres long until a permanent water source is 
found. These authors quoted reports to show that in certain cases, P. pallida tap 
roots reach water tables at 20–25 m depth. Such plants are also designated as phre-
atophytes (Hultine et al. 2003). Phreatophytes are deep-rooted trees and shrubs that 
obtain a dependable water supply from the ‘phreatic surface’, i.e. from the 

Fig. 21.1 Root system of 
Morus alba. Note the 
horizontal surface root 
system and lack of sinker 
roots
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saturated water table, and thus maintain water status that is largely independent of 
soil water derived from incident precipitation. These plants develop a zone of max-
imum root development in the capillary fringe above the water table, rather than in 
the oxygen-poor saturated zone within the water table. Jackson et al. (1996) sur-
veyed literature and reported root depths of 253 plant species including trees. 
Maximum depth striking sinker roots were reported to be 68 m for Boscia 
albitrunca in the central Kalahari Desert. They reported 194 species had roots at 
least 2 m deep, 50 species had roots at a depth of 5 m or more, and 22 species had 
roots as deep as 10 m or more. Tropical grassland/savanna had maximum root 
depth of 15.0 ± 5.4 m. They computed that trees had an average root depth of 
7.0 ± 1.2 m and concluded that deep root habits are quite common in woody species 
across most of the terrestrial biomes worldwide.

21.3  Sinker Roots and Biodrainage

21.3.1  Soil Water Use by Trees and Biodrainage

Biodrainage may be defined as the vertical drainage of water table through evapo-
transpiration of strategically planted vegetation, particularly deep-rooted trees. 
There is nothing new in the concept of consumptive use of water by trees. Also the 
fantastic volumes of water the trees can transpire are a matter of record. For exam-
ple, an overstory Eperua purpurea tree in Amazonian rainforest was estimated to 
transpire 1180 kg day−1 of water (see Wullschleger et al. 1998). Equally notewor-
thy is the fact that at the ecological level, interaction of deep-rooted tree flora with 
groundwater table is recognized since long. Thus, Wilde et al. (1953) noted that 
tree species influence groundwater table by acting as biological pumps. However, 
large- scale scientific use of trees in water table control seems to be of more recent 
origin. The concept of biological drainage or biodrainage appears to have origi-
nated from the waterlogged agricultural areas where the conventional surface and 

Fig. 21.2 Root system of 
Eucalyptus tereticornis. 
Note the presence of a 
surface root system and a 
deep sinker root system
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subsurface drainage techniques were in vogue. Frequent use of the term ‘biodrain-
age’ in scientific literature is only post 2000. Trees as plantations along the canal 
banks, in fields as agroforestry components and as commercial block plantations, 
have had always been a common sight. Their contribution as simple biological 
pumps cannot be disputed. It is the strategic component of their plantation that 
revolves around the concept of biodrainage (Anonymous 2003; Angrish et al. 
2006; Toky and Angrish 2014).

21.3.2  Conventional Drainage and Biodrainage

Conventionally the control of the problems of waterlogging and soil salinity has 
been obtained through civil engineering techniques like surface drainage and hori-
zontal subsurface drainage. In surface drainage, excavation of open trenches is 
done to immediately drain away surface water and to prevent ponded conditions, 
flooding and consequent damage to the crops. In the horizontal subsurface drain-
age, removal of soil water below the crop root zone is done through a network open 
tile drains or underground perforated pipes. However, these techniques, particu-
larly horizontal subsurface drainage, are costly to install and maintain (Tanji 1991; 
Ritzema et al. 2008).

Biodrainage or the use of trees as a drainage system in problem areas is a green 
concept that is catching the fancy of technoscientific community in agriculture 
and even urban development. Its merits are economy in cost and environment 
friendliness. The limitations are requirement of land for tree plantations, slow 
lowering of water table, limited evacuation of salts from the system and vulnera-
bility of trees to highly saline conditions. In planning of a biodrainage system, the 
concept of recharge and discharge zones should be clearly understood. Recharge 
areas are locations from where water seeps into the water table, e.g. leaky canals 
or distributaries, elevated areas receiving rainfall with runoff water. However, the 
most significant recharge areas are the agricultural fields where liberal canal irri-
gation is applied. The areas where biodrainage plantations are raised to offset the 
recharge water are known as discharge areas. On an average, about 10 % of land 
in a waterlogged agricultural landscape is to be marked as discharge area 
(Heuperman et al. 2002).

21.3.3  Impact of Biodrainage on Depression of Water Table

Biodrainage certainly depresses the water table immediately underneath the planta-
tions, but in agroforestry set-up, the objective is to take the water table to a safer 
depth well below the crop root zone in the vast cultivated area that surrounds the 
plantation. Pumping from a well in water table aquifer (unconfined aquifer) is 
known to develop a cone of water table depression with lowest point near the cavity 
of the well. Further if two wells are operating simultaneously at suitable distance, 
two ‘interfering’ cones of depression shall be formed. It was clearly demonstrated 
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by Ram et al. (2007) that the drawdown effect of two adjacent Eucalyptus tereticor-
nis block plantations was similar to the combined interacting cones of depression of 
two pumping wells. Another interesting analogy was made by Heuperman et al. 
(2002), who showed that in case of parallel strip plantations of trees, the water table 
contours would be similar to the contours found between parallel open drain ditches. 
The relationship between water table depression, rate of recharge, hydraulic con-
ductivity of soil, depth of barrier layer and distance between plantations can be 
computed by applying the equation developed by Donnan (see Heuperman et al. 
2002) as follows (Fig. 21.3):

 
L

KY h

R

Kh

R
o= +

8 4 2

 

Here L = distance between parallel strip plantations (m)
R = rate of recharge (m/day)
Yo = water table height above impervious layer under the tree plantations (m)e
K = soil hydraulic conductivity (m/day)
h = head difference (m)

Taking rate of recharge (R) equal to 0.5 mmd−1, head difference (h) of 10.0 m, 
depth of impervious layer underneath biodrainage plantations (Y0) as 10 m and 
hydraulic conductivity value of (1) 10 m d−1 (2) 100 m d−1 and 1000 m d−1, the dis-
tance between plantations for the three values of h is worked out to be 150, 500 and 
1500 m, respectively. Thus, plantations shall provide effective biodrainage to greater 
distances in soils with greater permeability as compared to impermeable soils.

Fig. 21.3 Water table contours due to biodrainage by strip plantations and the associated flux of 
water (arrows). See text for symbols details (Use authorized by FAO, Heuperman et al. 2002)

S. Devi et al.



469

21.3.4  Practical Examples of Biodrainage Systems

First example of biodrainage by sinker roots pertains to the Australian continent. 
Here a pristine tree system with sinker roots was in a cut-off state of existence with 
underlying brackish water aquifers for the past thousands of years. This was 
because the annual rainfall was intercepted and evapotranspired by the native veg-
etation. Recent introduction of intensive agriculture in the past 100 years necessi-
tated the clearing of this tree vegetation and its replacement with shallow-rooted 
annual crop plants. The annual consumptive water use of this vegetation was less 
than the rainfall, and as result water percolated to the underlying saline groundwa-
ter table causing its gradual rise. The twin menace of salinity and waterlogging 
appeared. Now suitable development of agroforestry systems incorporating tree 
flora with deep- rooted sinker roots has been planted to recede the salinity and 
water table down away from the root zone of commercially important annual crops. 
The Australian system is the most exhaustively studied disturbed agroecosystem 
that unambiguously demonstrates the necessity of harmony between water use by 
vegetation vis- à- vis its root depth and groundwater table (Heuperman et al. 2002; 
Crosbie et al. 2008)

In the second case, introduction of canal irrigation and intensive agriculture 
caused gradual seepage of the liberally used irrigation water which caused rise of 
saline water table. Productive lands became waterlogged and saline. For example, 
in western zone of Haryana, average water table depth was static at about 28 m from 
the ground surface from the 1930s to the early 1950s. After the commissioning of 
Bhakra canal system in 1956, a sharp increase in saline water table has brought the 
water table up to a peaked average of only 6 m from the ground surface towards 
2002. As a matter of fact during the past two decades, nearly 50 % of the area of 
south-west Haryana has been critically waterlogged with water table hitting <3 m of 
the ground surface at one stage or the other. The phenomenon is worldwide but 
where biodrainage systems involving Eucalyptus trees which have robust sinker 
roots are being planted. This adoption of such biodrainage systems in Haryana and 
elsewhere in India has resulted in widespread drop of water table (Anonymous 
2003; Angrish et al. 2006; Toky and Angrish 2014).

21.4  Hydraulic Redistribution

21.4.1  Definition of Hydraulic Redistribution

In literature different workers have used different terms and here the terms used 
have been defined after Neumann and Cardon (2012). When root systems span soil 
layers of different moisture content, water is moved in soil by roots in the direction 
of the difference in water potential involving the phenomenon of hydraulic redistri-
bution. This phenomenon has been increasingly demonstrated in woody perennials 
with elaborate root systems with the help of sap flow movements and soil moisture 
measurements. Hydraulic redistribution is of two types. Firstly, when the surface 
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root system is in dry topsoil and the sinker roots are in wet soil near to the water 
table, a movement of water from the soil surrounding the sinker roots to the tips of 
the surface root occurs and is denoted as upward hydraulic redistribution or hydrau-
lic lift (Fig. 21.4).

Conversely, when the surface roots are in wet topsoil and the ends of the sinker 
roots are in dry deep soil, a net movement of water occurs from wet topsoil to the 
dry deep soil at the end of the sinker roots due to downward hydraulic redistribution 
or hydraulic descent (Fig. 21.5).

Fig. 21.4 Diagrammatic representation of upward hydraulic redistribution in trees (dark dots 
denote optimal soil moisture, broken line arrows indicate routine water movement due to transpira-
tion pull, and line arrows denote water movement due to upward hydraulic redistribution). Note 
that the surface root system is in dry soil and the terminal ends of the sinker root system are in 
moist soil profile of the groundwater. Due to upward hydraulic redistribution (line arrows), water 
accumulation occurs in upper soil profile near the ends of the surface root system. Other shallow- 
rooted vegetation also utilizes this water
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21.4.2  Case Studies in Hydraulic Redistribution

Australian workers (Burgess et al. 1998; Stephen et al. 2001) were the first to pro-
vide convincing evidence on hydraulic redistribution using heat ratio method for sap 
flow measurements on a river red gum (Eucalyptus camaldulensis) and a coastal 
moort (Eucalyptus platypus). It was demonstrated that when root systems span soil 
layers of different moisture content, water is redistributed by roots in the direction 
of the difference in water potential. Tree sinker roots were shown to transfer signifi-
cant quantities of water downwards to dry soil layers when surface soil layers 
become wet following rain. The benefits of this modification to the external envi-
ronment include reduced waterlogging in surface soils and increased moisture con-
tent in dry subsoils.

Fig. 21.5 Diagrammatic representation of downward hydraulic redistribution in trees (dark dots 
denote optimal soil moisture, broken line arrows indicate routine water movement due to transpira-
tion pull, and line arrows denote water movement due to upward hydraulic redistribution). Note 
that the surface root system is in proper moist soil and the terminal ends of the sinker root system 
are in the dry soil profile. Downward hydraulic redistribution is due to which water accumulation 
occurs in the deeper soil profiles
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Hultine et al. (2003) measured sap flow in sinker-tap roots, lateral roots and 
stems within a single individual in each of three co-occurring tree species Fraxinus 
velutina, Juglans major and Celtis reticulata in a Chihuahuan Desert to assess the 
seasonality and magnitude of hydraulic redistribution. The species showed hydrau-
lic redistribution, but the patterns were not essentially similar. Nocturnal downward 
hydraulic redistribution in surface roots of Fraxinus was 0–120 g h−1 and 0–18 g h−1 
in Juglans. No such downward hydraulic redistribution was recorded in Celtis. The 
workers concluded that species differences in nocturnal root function may have 
significant impacts on ecosystem hydrological fluxes and should be considered 
when scaling fluxes to catchment, landscape and regional levels.

Priyadarshini et al. (2015) demonstrated very interesting tree–grass coexistence 
involving hydraulic redistribution in semiarid savanna vegetation in South Africa. 
Experiment involved labelling deep soil (2.5-m depth) with a deuterium tracer. 
Trees and grasses used water from the topsoil after rainfall. All tree species shifted 
to groundwater or subsoil water use when there was no water in the topsoil indicat-
ing partitioning of water use. Grasses always used water from the topsoil. The sea-
sonal changes in water source used by trees and grasses indicated possible shifts in 
tree–grass interactions during different periods of the year. The tracer experiment 
confirmed upward hydraulic redistribution in all the three tree species and water 
transfer to grasses via the topsoil. However, this occurred only in the dry season. An 
important facilitative mechanism maintaining tree–grass coexistence in savannas 
involving upward hydraulic redistribution was described for the first time.

Neumann and Cardon (2012) used data on hydraulic redistribution from 29 pub-
lished papers focused on 16 different ecosystems and concluded that the movement 
of water from moist to dry soil through plant roots, both as upward and downward 
hydraulic redistribution, occurs worldwide within a range of different ecosystems 
and plant species. They computed average magnitude of hydraulic redistribution 
and reported it to vary by nearly two orders of magnitude across ecosystems, from 
0.04 to 1.3 mm H2O d−1 in the empirical literature and from 0.1 to 3.23 mm H2O d−1 
in the modelling literature. The authors considered these upward and downward 
hydraulic redistribution rates to be ecologically and hydrologically significant in 
many ecosystems, enhancing transpiration and photosynthetic carbon gain and con-
ducting precipitation to deep soil layers.

21.4.3  Biological Significance of Hydraulic Redistribution

Some additional significance of the hydraulic redistribution is enlisted pointwise as 
follows:

During dry seasons, moisture content of the topsoil layers is rapidly depleted. 
Bulk of the root biomass of the shallow-rooted vegetation lies here and is prone to 
water stress. Growth during dry season may stop, and the very survival of the 
shallow- rooted plants may be at stake. By moving deep soil water to topsoils through 
upward hydraulic redistribution where bulk of root spread of the vegetation, particu-
larly the shallow-rooted one, exists, the vital transpiration and photosynthesis of the 
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vegetation are sustained (Hawkins et al. 2009). Excessive dryness of the topsoils 
may also restrict or abolish the active microbial populations. In the event of upward 
hydraulic redistribution, the nutrient availability through microbial, particularly 
mycorrhizae, is improved in the moist soil zones (Aanderud and Richards 2009; 
Lehto and Zwiazek 2011).

Active root–soil contact through fine roots with root hairs is of utmost impor-
tance. During dry spells in soil, this fine root system is the first casualty. Upward 
and downward hydraulic redistribution can prevent fine root damage in upper or 
lower soil profiles, respectively, as the case may (Bauerle et al. 2008).

More recently, it has been shown by Yu and Foster (2016) that deep-rooted CAM 
plants in CAM-grass associations could perform upward hydraulic redistribution at 
a higher rate than trees in tree–grass associations in a relatively wet environment, as 
explained by a significant increase in grass transpiration rate in the shallow soil 
layer, balancing a lower transpiration rate by CAM plants. By comparison, trees in 
tree-CAM associations may perform downward hydraulic redistribution at a higher 
rate than those in tree–grass associations in a dry environment.

21.5  Concluding Remarks

This article, incorporating some work done in the authors’ laboratory, provides 
information regarding some lesser-known but important function of the tree root 
system involving sinker roots. These are (1) biodrainage that stabilizes the ground-
water tables and (2) hydraulic redistribution that causes upward or downward move-
ment of soil water through the tree roots. Both the processes have ecophysiological 
implications and need more investigations.
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Abstract
During the past few decades, increasing use of chemical fertilizers has caused 
many negative effects in agriculture: development of infectious agent resistance, 
adverse impact on nontarget species, and reduction in crop yield resulting from 
the harmful effects of chemical fertilizers on soil quality parameters. Thus, the 
search for an eco-friendly approach has been emphasized during the past several 
years. Plant growth-promoting rhizobacteria (PGPR) perform varied functions as 
(1) biofertilizers, (2) phytostimulators, (3) rhizoremediators, and (4) biopesti-
cides. Plants do not seem to be axenic in natural conditions, and typically are 
influenced directly by completely different microorganisms such as rhizobacte-
ria, of which several have the ability to provide phytohormones. This chapter 
sums up data relating to the synthesis, metabolism, regulation, physiological 
role, and agronomic impact of plant products made by plant growth-promoting 
rhizobacteria. We have included information regarding the auxins, cytokinins, 
gibberellins, and ethylene.

22.1  Introduction

Soil is a mixture of organic matter, minerals, gases, liquids, and innumerable micro-
organisms and macroorganisms that can support plant life. Soil operates as an engi-
neering medium, a locale for soil organisms, a reprocessing system for organic 
dissipation of nutrients, a means to modify atmospheric composition, a manager of 
water supply, and a medium for plant growth. Over the years crop demands have 
increased as the world’s population has increased. Thus, dependency on 
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agrochemicals such as chemical pesticides and fertilizers has increased many fold. 
The increased use of chemical fertilizers and pesticides to support crop yield and to 
manage plant diseases has resulted in serious issues such as the accumulation of 
chemicals in plant products and their entry into the food chain. Moreover, their 
continuous use leads to the generation of resistant strains of pests and pathogens 
(Agrios 1988). Further, chemical fertilizers contaminate water resources and 
adversely affect the populations of naturally occurring beneficial organisms, which 
has resulted in the depletion of soil fertility (Kuhajek et al. 2003). Chemically based 
products generally persist in the environment: they are cyanogenic and nonbiode-
gradable in nature and also exert harmful effects on animals, human health, and our 
environment. These factors have generated alarms for limiting the usage of agro-
chemicals in regard to food quality and safety.

Soil fertility is directly or indirectly related to the microorganisms residing in the 
soil because they are a vital part of the soil ecosystem with a major role in plant 
growth. Microorganisms improve the value of the soil and are involved in different 
biotic activities of the soil bionetwork to enhance it for nutrient turnover and sus-
tainable crop production (Ahemad et al. 2009; Chandler et al. 2008). Microorganisms 
support plant growth through collecting the nutrients in soils, fabricating many 
plant growth regulators, defending plants from phytopathogens by dominating or 
inhibiting them, enhancing soil structure, and bioremediating impure soils by 
sequestering toxic heavy metals and degrading xenobiotic compounds (such as pes-
ticides) (Chandler et al. 2008; Podile and Kishore 2006; Barea et al. 2005; Kloepper 
et al. 1991; Kloepper and Okon 1994).

22.2  Rhizosphere and Rhizobacteria

The term “rhizosphere” was derived by the German expert and plant life scientist 
Lorenz Hiltner in 1904 to explain the plant–root interface: this word is fabricated 
from the Greek word “rhiza,” which means root (Hiltner 1904; Hartmann et al. 
2008). According to wide-ranging opinion, the area around a plant root that is colo-
nized by a distinctive population of microorganisms and roots of plants releasing 
chemical compounds would be termed the rhizosphere. The rhizosphere includes 
three major zones (endorhizosphere, rhizoplane, and ectorhizosphere), which are 
defined on the basis of their relative closeness to plant tissue. The endorhizosphere 
includes parts of the cortex and endodermis within which microbes and cations 
occupy the “free space” between cells (apoplastic space). The medial zone directly 
together with the foundation cuticle and mucilage is the rhizoplane. The outermost 
zone is the ectorhizosphere, which extends from the rhizoplane out into the bulk soil 
(Barea et al. 2005; Kloepper et al. 1991; Kloepper and Okon 1994). High levels of 
water content and nutrients within the rhizosphere attract larger numbers of 
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microorganisms than those further away within the soil. The composition and pat-
tern of root exudates have an effect on microorganism action and population num-
bers that, in turn, have an effect on the different soil organisms which share this 
environment. The rhizosphere zone is about 1 mm wide and is supplemented with 
sugars, amino acids, secondary metabolites, DNA, and polysaccharides.

As plant roots grow through the soil, they release water-soluble compounds such 
as amino acids, sugars, organic acids, vitamins, enzymes, inorganic ions, and gas-
eous compounds that offer food for the microorganisms. All these activities make 
the rhizosphere the most active surroundings within the soil because the roots are 
underground and rhizosphere activity has been for the most part been unseen 
because of the occurrence of the advanced interactions of microbes among the roots. 
The exclusive biological, chemical, and physical properties of soils that are related 
to roots, compared to the soils far away from the root and root surface, are account-
able for improved microorganism populations at the site of enhanced numbers and 
microorganism activity within the rhizosphere (Zaidi et al. 2009).

Bacteria present in the rhizospheric soil, called rhizobacteria, have an important 
function in plant growth and development. Rhizobacteria are divided into those that 
form a dependent relationship with the plants and those which do not. Those that do 
not form a dependent relationship are referred to as free-living (nonsymbiotic), 
closely connected with the root surface, or existing within the roots as endophytic 
bacteria (Kloepper et al. 1989). Rhizobacteria exert a beneficial effect through 
increasing soil fertility and crop improvement by their various direct and indirect 
mechanisms under various environmental conditions. The microorganisms lodging 
around or in the plant roots (rhizobacteria) are very adjustable in reworking, mobi-
lizing, and solubilizing the nutrients as compared to different microbes present in 
bulk soils. Therefore, the rhizobacteria are the dominant deriving forces in utiliza-
tion of soil nutrients and, as a consequence, they have a significant role in soil fertil-
ity and plant growth (Vaishnav et al. 2014).

22.3  Plant Growth-Promoting Rhizobacteria (PGPR)

Soil bacterial species growing in the plant rhizosphere that grow in, on, or around 
plant tissues and stimulate plant growth by numerous mechanisms are jointly 
referred to as PGPR (plant growth-promoting rhizobacteria). The term PGPR was 
coined by Kloepper and Schroth to explain the helpful microorganism population 
that colonizes the roots of plants within the rhizosphere, once attached to the root 
surface, to support plant growth and plant growth promotion activities (Chandler 
et al. 2008). PGPR can be classified into completely different subgroups on the 
basis of their application: (1) biofertilizers (increasing the availability of nutrients to 
plants), (2) phytostimulators (plant growth promotion, usually through 
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phytohormones such as indole-3-acetic acid), (3) rhizoremediators (degrading 
organic pollutants), and (4) biopesticides (controlling diseases, chiefly by the pro-
duction of antibiotics and antifungal metabolites) (Fig. 22.1) (Antoun and Prévost 
2005). All PGPR perform either directly or indirectly to facilitate or support plant 
growth under nutritionary, biotic (biocontrol, PGPB), or abiotic stress conditions in 
three different ways by synthesizing explicit compounds for the plants (Dobbelaere 
et al. 2003; Zahir et al. 2004), facilitating the uptake of bound nutrients from the soil 
(Lucas et al. 2004a, b; Çakmakçi et al. 2006), and reducing or preventing plant dis-
eases (Guo et al. 2004; Jetiyanon and Kloepper 2002; Raj et al. 2003) (Fig. 22.2). 
These mechanisms can work autonomously or simultaneously with one another. 
The indirect plant growth promotion inspired by biocontrol PGPB includes a vari-
ety of mechanisms such as rhizosphere competition, rhizospheric engineering, quo-
rum sensing, production of volatile organic compounds, enzyme production, 
induced systematic resistance (ISR), reduction or prevention of deleterious effects 
of phytopathogens on plant growth by biosynthesis of stress-related phytohormones 
such as jasmonic acid (JA) or ethylene, and biosynthesis of antimicrobial molecules 
(Jain et al. 2014). In direct plant growth promotion mechanisms, PGPR assists the 
uptake of nutrients from the environment by nitrogen fixation, diminishes toxic 
compounds, provides phytohormones such as auxins, gibberellins (GAs), cytoki-
nins (CK), and nitric oxide (NO), phosphate solubilization, and iron sequestration 
by siderophore production (Choudhary et al. 2015).

To provide tolerance to host plants under different environmental conditions, 
various bacteria belonging to different genera have been reported in the last decade, 
including Achromobacter, Bacillus, Pseudomonas, Methylobacterium, Pantoea, 
Paenibacillus, Variovorax, Azospirillum, Microbacterium, Burkholderia, 
Rhizobium, and Enterobacter, similar to the diagram (Choudhary 2012). PGPR 
enjoy a close in-depth organization with the plant and so they are vitally important 
candidates to be developed as tools for improving plant stimulatory factors and 
plant health, growth, and development.

Biofertilizer

Stress Tolerant Rhizomediator

Phytostimulators Biopesticide

(Based on Functional Activities)

Plant Growth Promoting Rhizobacteria

Fig. 22.1 Classification of plant growth-promoting rhizobacteria (PGPR)
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22.4  PGPR: Phytohormone Producers

Phytohormones are naturally available to the plants from two sources: endogenous 
production by the plant tissues, and exogenous production by associated microor-
ganisms. These phytohormones are iinvolved in several restrictive functions that 
comprise biological process and enlargement, cell division and expansion, cell elon-
gation, stem elongation, root growth, activation of bud growth, branch maturity, 
promotion or delay of leaf senescence, and chlorophyll production (Kumar and 
Lonsane 1989; Arshad and Frankenberger 1991; Costacurta and Vanderleyden 
1995; Patten and Glick 1996).

Phytohormone production by PGPR is one of the foremost imperative mecha-
nisms that promote plant growth (Spaepen et al. 2007). Phytohormones are natural 
signal molecules acting as chemical messengers. They have an associated necessary 
role as growth and development regulators in extraordinarily low concentrations; as 
a result they influence biochemical, physiological, and morphological processes in 
plants, and their synthesis is finely regulated (Fuentes-Ramírez and 
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Caballero- Mellado 2006). The phytohormone manufacturing ability is widely dis-
tributed among microbes related to soil and plants. Various fungal and bacterial 
species, such as cyanobacteria, can produce phytohormones (Tsavkelova et al. 
2006). Rhizospheric, epiphytic, and symbiotic bacteria known as PGPR are able to 
secrete hormones. However, free-living microorganisms are reported to provide 
phytohormones (Spaepen et al. 2007). Growth regulators (indole-acetic acid), cyto-
kinins, gibberellins, and ethylene are the most important plant hormones. These 
plant hormones are also synthesized by bacteria that are directly associated with 
plant growth (Pirlak and Kose 2009; Bloemberg and Lugtenberg 2001; Bottini et al. 
2004). The level of phytohormones in plant-associated bacteria is a critical factor in 
phytostimulation on the plant side (Spaepen et al. 2007) (Fig. 22.3).

22.4.1  Auxins

An auxin is a crucial cluster of chemical compounds distinguished by their capabil-
ity to encourage cell elongation in the subapical region of the stem and to reproduce 
the physiological impact. Auxins have a crucial role in the regulation of numerous 
plant growth processes: (a) gravitropism and tropism, (b) plant tissue differentia-
tion, (c) apical dominance, (d) lateral and adventitious root initiation, (e) stimula-
tion of cell division, and (f) stem and root elongation (Teale et al. 2006). 
Indole-3-acetic acid (IAA) is a naturally occurring auxin molecule that is the most 
abundant chemical compound.

A number of molecules are categorized as auxins; however, IAA is among the 
foremost established and vigorous in biological systems. Different molecules are 
sensitive to indole-3-butyric acid (IBA) and phenylacetic acid (PAA), and in addi-
tion to the precursor indole-3-acetonitrile (IAN), are considered active auxins. A 
variety of inactive molecules, together with IAA halogenate compounds such 
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Fig. 22.3 Graphic representation of bacterially produced phytohormones in plant growth 
regulation
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4-chloroindole-3-acetic acid and conjugated forms with sugars, alcohols, amino 
acids, and glycoproteins, are known in plants and bacteria (Glick et al. 1999; 
Korasick et al. 2013).

Various very important plant–microbial communications center on the fabrica-
tion of auxins; among them, IAA is the chief plant growth regulator (auxin). The 
ability to synthesize IAA has been detected in several bacterial species such as rhi-
zobacteria, as in pathogenic, symbiotic, and free-living bacteria (Tsavkelova et al. 
2006; Costacurta and Vanderleyden 1995). At present, auxin-synthesizing rhizobac-
teria are the foremost well-studied phytohormone producers (Spaepen et al. 2007; 
Tsavkelova et al. 2006).

The rhizobacteria synthesize IAA by two major pathways: the tryptophan (Trp)-
independent and Trp-dependent pathways. In plants, two major pathways have been 
postulated for Trp-dependent IAA biosynthesis: (1) the indole-3-acetamide (IAM) 
pathway and (2) the indole-3-pyruvic acid (IPyA) pathway (Spaepen et al. 2007). 
The indole acetamide pathway is principally utilized by phytopathogenic bacteria 
for the production of IAA, which is responsible for tumor induction in plants. 
Utilization of the IAM pathway by beneficial bacteria for IAA biosynthesis is not 
clear. In contrast, the PGPB make use of the IPyA pathway for IAA biosynthesis 
(Patten and Glick 2002).

Azospirillum is one of the simplest IAA producers among the PGPR species 
studied (Dobbelaere et al. 1999). From different rhizospheric soils, other IAA- 
producing bacteria belonging to the genera Aeromonas, Azotobacter, Bacillus, 
Burkholderia, Enterobacter, Pseudomonas, and Rhizobium have been isolated 
(Halda-Alija 2003; Ahmad et al. 2008; Swain et al. 2007; Shoebitz et al. 2009; 
Hariprasad and Niranjana 2009; Ghosh et al. 2008). IAA-manufacturing PGPR has 
been inoculated to stimulate seed germination, to extend the root biomass, to accel-
erate root growth, and to modify the design of the root system. An IAA-producing 
Mycobacterium sp. strain has been reported to extend the germination of orchid 
seeds (Dendrobium moschatum) (Tsavkelova et al. 2006). Besides stimulating root 
growth, IAA-producing bacteria can also be used to stimulate tuber growth. In one 
study, an IAA-producing Bacillus subtilis strain had a positive effect on the edible 
tubercle Dioscorea rotundata L. and increased the length and fresh weight of root/
shoot and the root:stem ratio and numbers of sprouts as compared with noninocu-
lated plants. There are several techniques for detection of IAA and related indole 
compounds (Fig. 22.4).

22.4.2  Detection Techniques of IAA

Indole is generated by indole pyruvic acid via subtractive deamination of trypto-
phan. Through the deamination reaction, during which tryptophanase catalyzes the 
amino alkane (−NH2) group, the tryptophan molecule is removed, and therefore the 
final products of the reaction are indole, pyruvic acid, ammonium (NH4

+), and 
energy. Pyridoxal phosphate is needed as a coenzyme. To determine the assembly 
of IAA from the culture, the most necessary requirement is that the medium 
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contains an adequate amount of tryptophan and a pinch of sodium chloride as per 
Difco to culture an organism before the indole test (Mac Faddin 1976). For an asso-
ciated alternate approach to IAA production, casein peptone, sodium chloride, and 
tryptone are also used as a medium (Mac Faddin 1976). At the same time, deciding 
alternative characteristics such as motility and therefore the ability to produce 
hydrogen sulfide as a by-product of metabolism of the bacteria, the sulfide indole 
motility (SIM) medium could be a multi-test agar used to test for indole production 
(Mac Faddin 1976). Another multi-test agar is motility-indole ornithine (MIO) 
medium. In addition to testing for indole production, it is used to test for motility 
and ornithine decarboxylase, causing an rise in pH in the tube. The positive results 
of this test are indicated by the purple-gray color throughout the tube (Hiroya et al. 
2004).

We can also detect the assembly of IAA production by many alternative strate-
gies, such as detection IAA with biochemical assay, detection of IAA by capillary 
electrophoresis, qualitative detection of IAA by thin-layer chromatography (TLC) 
and paper chromatography, quantitative determination by high pressure liquid chro-
matography (HPLC), detection by the HPTLC method, detection of auxin (IAA) by 
chromatography/mass spectroscopy, and detection by Fourier transform infrared 
(FTIR) analysis.

22.4.3  Cytokinin

Cytokinins are units of phytohormones that control cell division, the cell cycle, and 
differentiation and stimulate developmental processes in plants (Srivastava 2002). 
By structure, cytokinins are divided into two subgroups: the adenine-type and the 
phenylurea-type cytokinin group. The adenine-type cytokinin group is pictured by 
natural and artificial compounds such as kinetin (K), zeatin (Z), or 
6- benzylaminopurine (6-BAP), and therefore the phenylurea-type cytokinin group 
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is represented by the synthetic molecules diphenylurea and thidiazuron (TDZ). 
Chemically, adenine-type cytokinins are mostly purines and derived from adenine 
and modified by substitutions on the N6, which also contains their several ribotides, 
ribosides, and glycosides. The stimulatory or repressing functions of cytokinins are 
related to several physiological and biological processes, including senescence 
delay by chlorophyll accumulation and organ formation in a wide range of tissues, 
root and shoot development, leaf expansion, control of apical dominance in the 
shoot, and chloroplast development (Sakakibara 2006; Werner et al. 2001). By defi-
nition, once these compounds are combined with an optimal auxin concentration 
they induce cell division in plants. Miller et al. (1955) discovered the primary arti-
ficial cytokinin molecule that was named kinetin (K). In 1963, Letham knew 50 
molecules referred to as zeatin (Z), and their metabolites have been classified as 
CKs. The biological activity for all CK-like compounds is not uniform and normally 
depends on many structural aspects such as a purine ring within the molecule, sub-
stitution of N6 with a simple ribosyl chain isopurine-derived unit, and substitution 
on positions two and nine of the ring for H, CH3–S, or an unsaturated side chain 
(optimally five carbons). The natural and artificial adenine-type cytokinin mole-
cules with confirmed biological activity on plant tissues are zeatin, isopentenyl 
adenine, kinetin, and 6-benzylaminopurine, and all have a double alkyl bridge at 
position N6.

By altering the size and activity of meristems, cytokinin influences cell division 
activity in embryonic as well as mature plants (Werner et al. 2001). Yang et al. 
(2002) demonstrated that the pace of reproductive structure cell division is inti-
mately connected with the cytokinin level in the endosperm. They also reported that 
exogenous kinetin significantly increased the number of endosperm cells and grain 
weight. These various rhizobacterial strains (Halomonas desiderata, Proteus mira-
bilis, P. vulgaris, Klebsiella pneumoniae, Bacillus megaterium, B. cereus, B. subti-
lis, and Escherichia coli) were detected as phytohormones producing cytokinins 
(Arkhipova et al. 2005; Karadeniz et al. 2006; Ali et al. 2009). Different cytokinins 
are detected not only in the culture medium but also in the biomass of microorgan-
isms (in free state or bound to certain tRNAs) within the type of either adenine 
derivatives, isoprenylated at N6 position, or their ribosides, such as 6- benzyladenine, 
N6-isopentenyl adenosine, and zeatin riboside (Serdyuk et al. 2003). Krall et al. 
repoted that trans-zeatine has also been found in the culture of Agrobacterium 
tumefaciens (Krall et al. 2002). Ryu et al. (2003) reported that cytokinin from a 
bacterial origin improves growth in Arabidopsis. Inoculation of a plant with 
bacteria- producing cytokinin has been shown to stimulate shoot growth and reduce 
root:shoot ratio in drought-stricken plants (Arkhipova et al. 2007). Rhizobium was 
reported to enhance cytokinin production in plants by regulation of expression of 
the communication pathway and to trigger cortical cells to divide in plants (Oldroyd 
2007). A variety of these effects has been observed in wheat when cultured with 
Paenibacillus polymyxa strains B1 and B2 (Lindberg and Granhall 1984; Lindberg 
and Granhall 1986). One of every strain (B2) was, therefore, chosen for further 
investigation.
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22.4.4  Detection of Cytokinin

Reverse section column under acidic condition is used for separation of cytokinin- 
like compounds. Acetic acid or formic acid and their ammonium salts are added to 
the solvent methanol/acetonitrile for better separation (Ge et al. 2005). UV detec-
tion is appropriate for detection of cytokinin because it exhibits strong UV absor-
bance between 200 and 300 nm. These differing kinds of ionization techniques were 
used for mass analysis of cytokinin together with reversed-phase (RP)-HPLC 
including thermospray, electrospray, atmospheric pressure chemical ionization, and 
fast atom bombardment (Novák et al. 2003).

22.4.5  Gibberellins (GAs)

Gibberellins (GAs) are a vast range of tetracyclic diterpene acids that elicit numerous 
metabolic functions needed throughout plant growth, at the site of seed germination, 
stem elongation, sex expression, flowering, fruiting, and senescence (Hedden 1997; 
Hedden and Kamiya 1997; Davies 1995). GAs are known and isolated from higher 
plants and from bacterial and fungal species. To date, 136 gibberelins from higher 
plants (128 species), 28 GAs from fungi (7 species), and only 4 GAs (GA1, GA3, 
GA4, GA20) from bacteria (7 species) are known (MacMillan 2002). Plant growth 
promotion and development by PGPR species that produce GAs has been previously 
reported (Atzhorn et al. 1998; Bastian et al. 1998; Gutierrez-Manero et al. 2001).

Gibberellins are present in two main forms, the free form and the conjugated 
form. Free gibberellins are subdivided into two subgroups. One subgroup possesses 
the entire complement of carbon atoms, or is referred to as C20-GAs; within the 
alternative subgroup, the C20 is lost so it is called the C19-GAs. Except GA12- 
aldehyde, all gibberellins are carboxylated at C7, and possess one (G4), two (GA1), 
three (GA8), or four (GA32) hydroxyl functions. The biological activity of the mol-
ecule is determined by the position of the hydroxylation (OH). Hydroxylation of C3 
and C13 in their β- and α-positions, respectively, results in activation of the mole-
cule, whereas the hydroxylation of C2 in the β-position has a strong negative effect 
on activity (Pearce et al. 1994). In addition to the opposite types of GAs, such as 
free forms, conjugated forms are known in plants: these include organic glycoside 
ethers (GA-G), in which a sugar molecule is connected to the structure of the GA by 
a hydroxyl group, and glycoside esters (GA-GE), in which a sugar residue is bound 
to the hormone through a carboxyl group on C7 (Sembder et al. 1980). The organic 
chemistry and physiological aspects of the GA conjugates have been discussed by 
Rood and Pharis (1987), who recommend that the most notable feature of those 
compounds is the lack of biological activity and therefore the potential reversibility 
to the active forms by hydrolytic enzyme activity. GA production by PGPR pro-
motes the expansion and yield of many crop plants by deconjugation of gibberellin 
glucosyl in the root zone, causing 3β-hydroxylation of inactive 3-deoxy GAs to 
active forms such as GA1, GA3, and GA4 bacterial enzymes (Cassan et al. 2001a, 
b; Piccoli et al. 1996).
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Bottini et al. (1989) were the first to validate the ability of Azospirillum sp. to 
produce gibberellins in a chemically outlined medium. Using gas chromatography–
mass spectroscopy (GC-MS) analysis, they reported the production of GA1 and 
GA3 in a nitrogen-free medium culture of Azospirillum lipoferum Op33. Similar 
results were reported in Azospirillum brasilense Cd and in A. lipoferum AZm5 and 
A. brasilense VS9 (Janzen et al. 1992; Esquivel-Cote et al. 2010). In addition, the 
assembly of inactive precursors GA19 and GA9 in a chemically defined medium of 
A. lipoferum Op33 was reported (Piccoli et al. 1996). Kang et al. (2014) isolated 
Leifsonia soli sp. SE134 and detected different GAs by chromatographic analysis. 
Application of L. soli culture filtrate was found to have considerably increased bio-
mass, hypocotyl, and root lengths of cucumber seeds as compared to noninoculated. 
Similarly, Pandya and Desai (2014) isolated and identified Pseudomonas monteilii. 
The culture filtrate of this bacterium was bioassayed on wheat and chana bean crops 
and was found to significantly promote growth in both plants. In the same manner, 
Acinetobacter calcoaceticus-inoculated cucumber plants exhibited higher GAs 
(GA1, GA4, GA9, GA20) as compared to noninoculated plants. The PGPR acti-
vated the GAs biosynthesis pathway, thereby promoting cucumber plant growth 
(Kang et al. 2012).

22.4.6  Detection of Gibberellin

The estimation of gibberellic acid should be done in a specific medium, wherever an 
organism can increase its biomass that results in the production of gibberellin or 
gibberellic acid-like substances. Gibberellic acid from Fusarium species was deter-
mined by the acid–base volumetric analysis technique, in which gibberellic acid 
was titrated with 0.1 or 0.25 N NaOH solution using phenolphthalein as an indicator 
and measured in 10–3 gram equivalents (milliequivalent) of gibberellic acid. The 
gibberellin phytohormone was also detected by several other techniques such as 
spectrophotometric assay: qualitative estimation by TLC, HPLC, and paper 
chromatography.

22.4.7  Ethylene

Another necessary hormone in plant growth and development is ethylene (Et). A 
protected Et was not thought to be a phytohormone because of its gaseous state 
under physiological conditions. Currently, totally different studies have shown that 
its synthesis and action are vital for certain physiological processes. A large number 
of publications have been found related to the synthesis of Et in higher plants, but 
only a few studies have been published on the microbial biosynthesis of ethylene 
(Arshad and Frankenberger 1993). It is a simple and symmetrical molecule com-
posed of two carbon atoms (joined by a double bond) and four hydrogen atoms. It 
is water soluble, and at very low concentrations in plant tissues (about 0.1 ppm) will 
exert physiological effects. In higher plants, all tissues have the potential to 
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manufacture this hormone; however, in general its concentration is related to the 
developmental state and growth phase of the plant, with a higher concentration in 
those tissues involved in vigorous cell division, those which are under a stressful 
environment, or those in a senescence stage (Burg and Burg 1968). It is produced in 
principally all plants and mediates in an exceedingly wide selection of various 
responses and developmental processes (Arshad and Frankenberger 2002; Belimov 
et al. 2002). The presence of ethylene also in some instances has a stimulatory 
result, whereas in others it represses this result, depending upon its concentration in 
the tissues of the roots, the physiological nature being processed, and the stage of 
plant growth. The endogenous level of ethylene, which causes a change in a plant 
tissue, may modify growth and development (Arshad and Frankenberger 2002).

Ethylene influences varied physiological processes together with liberation of 
dormancy, shoot and root growth differentiation, adventitious root development, 
initiation of flowering, and amplified female function in dioecious plants, flowering, 
fruit ripening, leaf senescence, and leaf and fruit abscission (Abeles et al. 1992; 
Johnson and Ecker 1998). Different studies showed that Et was involved in prema-
ture shedding of leaves, the geotropism of etiolated pea seedlings on exposure to a 
revealing gas, premature flowering of pineapples treated with smoke, and matura-
tion of oranges exposed to gas from fuel combustion (Arshad and Frankenberger 
2002; Abeles et al. 1992). Aside from the positive effects of ethylene, its overpro-
duction may lead to abnormal growth of roots and induce defoliation and cellular 
processes that also result in inhibition of stem and root growth as early senescence, 
all of which lead to reduced crop performance because of adverse affects on plant 
growth and development (Ovakim et al. 2000). Ethylene production in plant roots is 
accelerated in response to both biotic and abiotic stresses (Arshad and Frankenberger 
2002; Abeles et al. 1992). Senescence of plant leaves is among the most important 
symptoms of accelerated ethylene levels (Arshad and Frankenberger 2002). There 
is a dire need to regulate ethylene production in the rhizosphere for normal growth 
and development of the plants.

Plants respond to different stresses by synthesizing 1-aminocyclopropane-1- 
carboxylate (ACC), which is the precursor for ethylene (Chen et al. 2002; Glick 
et al. 2007). Some of the ACC is secreted into the rhizosphere and is readsorbed by 
the roots, where it is converted again into ethylene. This accumulation of ethylene 
results in a downward-sloping spiral effect, because poor root growth leads to a 
diminished capability to obtain water and nutrients, which in turn leads to the pro-
motion of stress. Thus, PGPR, with the ability to degrade ACC in the rhizosphere, 
can help to break this downward cycle and reinstate the healthy root system that is 
required to manage environmental stress. The primary mechanism that is used by 
rhizobacteria that degrade ethylene is the destruction of ethylene via the enzyme 
ACC-deaminase. This enzyme can diminish or prevent some of the harmful effects 
of high levels of ethylene (Glick et al. 1998). ACC-deaminase acts on ACC, an on- 
the- spot ethylene precursor in higher plants, degrading this chemical to alpha- 
ketobutyrate and ammonium (Glick et al. 1998; Grichko and Glick 2001; Mayak 
et al. 2004). Rhizosphere bacteria with ACC-deaminase activity belonging to the 
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genera Achromobacter, Azospirillum, Bacillus, Enterobacter, Pseudomonas, and 
Rhizobium have been isolated from different soils (Ovakim et al. 2000; Govindasamy 
et al. 2008; Ghosh et al. 2003; Duan et al. 2009). Various studies have demonstrated 
that plants treated with PGPR bacteria that produce ACC-deaminase have increased 
their resistance to environmental stress. Grinchko and Glick (2001) inoculated 
tomato seeds with the ACC-deaminase expressing the bacteria Enterobacter cloa-
cae and Pseudomonas putida and registered a rise in plant resistance on 55 days of 
aging to 9 consecutive days of flooding. Ghosh et al. (2003) found ACC-deaminase 
activity in three Bacillus species (Bacillus circulans DUC1, Bacillus firmus DUC2, 
and Bacillus globisporus DUC3), which stimulated root elongation of Brassica 
campestri plants. Mayak et al. (2004) evaluated tomato plants inoculated with the 
bacterium Achromobacter piechaudii under water and saline stress conditions. The 
authors reported a major increase in fresh and dry weight of inoculated plants. In 
soils with a high copper content, Reed and Glick (2005) reported an increase in dry 
matter content of the root and the air part in rape seeds inoculated with the ACC-
deaminase-producing bacterium Pseudomonas asplenii (Fig. 22.5).

22.4.8  Ethylene/ACC Detection Assay

Ethylene can be detected by gas chromatography (GC) or GC–mass spectroscopy 
(GC-MS). We can indirectly check the amount of ACC by HPLC and spectropho-
tometric analysis. Several studies also detected ACC-deaminase (ACC-D) enzyme 
activity in ACC-D-producing bacteria. Bacterial cells were induced by ACC for a 
time period and then labeled by toluene, a supernatant used for the quantification 
of ACC-deaminase activity by observing the amount of α-ketobutyrate produced 
by ACC through the ACC-deaminase enzyme (Penrose and Glick 2003; Kumari 
et al. 2016).
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ACC deaminase 
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Ammonia & α- ketobutyrate

ACC
synthase 
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Fig. 22.5 Mechanism of bacteria that reduce ethylene levels in the plant root using bacterial 
1-aminocyclopropane-1-carboxylate (ACC) deaminase
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22.5  Conclusion

Phytohormone production by bacteria has been a groundwork topic for several 
decades in either infective or beneficial plant-associated bacteria. Phytohormone- 
producing PGPR contribute to eco-friendly, sustainable, and organic farming, pro-
viding high yield and quality in sustainable agriculture and therefore alleviating 
food deficiencies. These phytohormones act as effector metabolites in plant–microbe 
interactions and phytostimulation in agro-ecosystems. Bacteria manufacturing phy-
tohormones within the rhizosphere are helpful for plant growth and development by 
triggering nutrient accessibility, encouraging root colonization, and imparting pro-
tection from phytopathogens. However, the ecological significance of bacterially 
produced phytohormones still needs exploration. As each plant and bacteria secretes 
these hormones in the rhizosphere, it is difficult to determine the contribution of 
each one.
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Abstract

Endophytic bacteria are widely distributed among plants and colonize both intra-
cellular and intercellular spaces and do not harm the host plant. However, the 
distributions of endophytic diazotrophs are limited. Endophytic diazotrophs like 
Gluconacetobacter diazotrophicus are mainly associated with sugarcane and 
some other plants and responsible for significant contribution of biological nitro-
gen fixation with sugarcane. In this article, we described the diversity and role of 
quorum sensing. We also discussed the contributions of different bacterial traits 
that are necessary for successful colonization of the plant interior part. Further 
mechanisms of plant growth promotion are elaborated. Molecular characteriza-
tion and identification of endophytic diazotrophs will further help in better 
understanding of plant colonization and plant growth promotion.
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23.1  Introduction

The Green Revolution had increased the agricultural productivity to a great extent 
by the increased application of high-yielding crop varieties, heavy farm equipments, 
synthetic fertilizers, pesticides, improved irrigation, better soil administration, and 
massive conversion of forest to agricultural lands (Tilman et al. 2002; Gomiero 
et al. 2011). But there is a growing apprehension that intensive practices employed 
for increasing agricultural output promote ecosystem deterioration and loss of yield. 
Adverse environmental effects include deforestation, soil degradation, large-scale 
greenhouse gas emissions, accumulation of pesticides and chemical fertilizers, pol-
lution of groundwater, and decreased water table due to excessive irrigation (Tilman 
et al. 2002; Foley et al. 2011). The International Fertilizer Industry Association 
(IFA) agriculture committee projected that the global fertilizer consumption is 
expected to grow, and it will reach 199.4 million metric tons (Mt) of nutrients in 
2019 (Heffer and Prud’homme 2015). The projected increase will be at the rate of 
1.3, 2.1, and 2.4 % for nitrogen, phosphorus, and potassium, respectively. In reality, 
an intensive agricultural practice is considered to be the main source of loss of 
global biodiversity. Traditional agricultural practices like organic farming, which 
considerably decrease the input of chemical fertilizers, pesticides, energy, and 
mechanic stress, help us in extenuating the harmful effects of intensive agricultural 
practices and simultaneously boost the sustainable agriculture production (Gomiero 
et al. 2011).

World total population is presently around 7 billion, and this is anticipated to 
grow to approximately 8 billion people until the year 2025 and 9 billion by 2050. 
Considering the increase in worldwide population with the increase in environmen-
tal damage due to ever-increasing industrialization, it is clear that, in the coming 
next 50 years, it will be a daunting task to feed the existing population, a problem 
that will increase with time. Therefore, to provide food for the ever-growing popula-
tion, there is an urgent need for tremendous increase in agricultural productivity in 
a sustainable and environmentally friendly manner. To produce more food, human-
kind will need a range of diverse schemes and approaches which should consist of 
feasible and environmentally favorable biological solutions (Glick 2014). The 
effective use of PGPR in agriculture in an integrated manner is an interesting tech-
nology to tackle these problems.

Microbes provide help to plants either directly by increasing crop nourishment 
or indirectly by minimizing the damage created by pathogens or environmental 
stress. Plants live in a close relationship with microbes that fulfill important func-
tions in agricultural ecosystems. Microorganisms may live as free-living organisms 
in soils or may be associated with the surface of the roots or phyllosphere and may 
establish symbiotic relations with plants (Smith and Goodman 1999). Endophytic 
bacteria are a class of endosymbiotic microbes that live in inner plant tissues of 
apparently healthy host plants (Schulz and Boyle 2006). Unlike phytopathogens, 
generally such bacteria do not create any substantial disease symptoms, and occur-
rence of endophytes is not associated with morphological changes of plant tissues 
such as caused by root-nodule symbionts.
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Endophytes inhabit plant apoplast, as well as the intercellular regions of the cell 
walls and xylem vessels present in roots, stems, and leaves; in addition to this, these 
bacteria also reside in tissues, flowers, fruits, and seeds (Compant et al. 2011; 
Pereira et al. 2012). Populations of endophytes are uneven in different plant parts 
and have been shown to vary from 102 to 109 of bacterial cells per gram of plant tis-
sue (Jacobs et al. 1985; Chi et al. 2005). This density is governed by several factors, 
like the plant under study, the respective part under investigation, the developmental 
period of the plant, the genotype, and the cooperation with other microorganisms 
(Costa et al. 2012). Normally, the plant roots and other belowground tissues contain 
higher densities of endophytes as compared to aboveground plant parts.

The cooperation that takes place among sugarcane and other grasses with 
nitrogen- fixing endophytic bacteria has increased their importance for their utiliza-
tion in agriculture, because of their positive response on root development and 
enhanced biomass and productivity. It is well known that close association between 
host plant and endophytes takes places through various compounds secreted by the 
microbes and the host plant (Reinhold-Hurek and Hurek 2011; Brader et al. 2014). 
The endophytes enhance nutrient availability and uptake, augment stress tolerance, 
and offer disease resistance (Ryan et al. 2008).

Sugarcane (Saccharum officinarum L.) is a high-rising, long-standing grass that 
belongs to the family Poaceae and subfamily Panicoideae, which is generally grown 
in tropical and warm-temperate regions between 35°N and 35°S. It belongs to the 
C4 plant category and has high photosynthetic efficiency, increased rate of biomass 
conversion from solar energy, and high efficiency of water use (Ward et al. 1999; 
Reis et al. 2007). Endophytic bacterial isolates have been obtained from sugarcane 
(Saccharum spp.) that promotes plant growth. The most distinguished sugarcane 
endophytic diazotrophs are Gluconacetobacter diazotrophicus (alpha subclass of 
Proteobacteria), Herbaspirillum seropedicae, Herbaspirullum rubrisubalbicans, 
and Burkholderia sp. (beta subclass of the Proteobacteria) (Reis et al. 2000).

The communication that takes place between the target plant and nitrogen-fixing 
endophytes depicts a different organization regarding advantageous plant–microbe 
associations, which showed distinctive properties that need description. In this arti-
cle, we have attempted to review the scientific literature available on endophytic 
bacteria and their identification and impact on plant growth and health.

23.2  Diversity of Endophytic Diazotrophs Associated 
with Sugarcane

It has been proposed that the planet Earth consists of approximately 300,000 species 
of plants, the bulk of which consists of endophytes (Smith et al. 2008). Actually, 
endophytes (bacteria and fungi) have been reported to be present in each and every 
plant species that has been investigated. Partida-Martínez and Heil (2011) reported 
that an endophyte-free plant is a rare exception in nature. Timmusk et al. (2011) 
observed that a plant devoid of endophytes was unable to cope with environmental 
stress conditions and susceptible to pathogen attack. In case of sugarcane, the 
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majority of the study on endophytic microbes has been directed on diazotrophs. The 
major representative includes Gluconacetobacter diazotrophicus, Herbaspirillum 
spp. (Baldani et al. 1986; Cavalcante and Döbereiner 1988; James 2000; Boddey 
et al. 2003), and Azospirillum amazonense (Reis Júnior et al. 2000). However, the 
Indian sugarcane was found to contain a low population of diazotrophic bacteria 
among the entire populations of microbes (Suman et al. 2001).

Gluconacetobacter genus was suggested by Yamada et al. (1997) as one of the 
four genera for acetic acid bacteria. Gluconacetobacter diazotrophicus is known to 
be a plant growth-promoting bacteria (PGPB) which colonizes sugarcane, pineap-
ple, wetland rice, sweet potato, corn, sorghum, coffee, wheat, and tomato plants 
(Cavalcante and Döbereiner 1988; Cocking et al. 2006; Saravanan et al. 2008; Luna 
et al. 2010). In addition to this, a significant feature of G. diazotrophicus is the toler-
ance to high sucrose level (30 %), demonstrating high osmotolerance, which is con-
stant with its continued existence in sugarcane stems naturally (Cavalcante and 
Döbereiner 1988). However, on the contrary, this organism is susceptible to NaCl 
(Tejera et al. 2003; Boniolo et al. 2009).

G. diazotrophicus, associated with sugarcane, is known as “obligate endophytes,” 
because it is not possible to isolate it from non-rhizospheric soils and can only be 
isolated from plants, fungi, insects, etc. The isolation of this bacterium can only be 
possible from roots, stems, and leaves of sugarcane (Gillis et al. 1989) and coffee. It 
normally inhabits the sugarcane tissues that lack dissolved carbon compounds, like 
root and stem xylem vessels. It was also found to inhabit intercellular apoplastic 
stem areas that contain the sucrose niche and phloem sieve tubes involved in sucrose 
translocation. The cells of this bacterium were reported to inhabit inside plant stems 
as microcolonies and haphazardly distributed on the plant surface in an apolar direc-
tion forming a monolayer wrapped around roots and leaves. G. diazotrophicus was 
also found compiling the lateral root junctions and inhabiting the damaged epider-
mal cells, where it does not penetrate beyond the epidermis of root. G. diazotrophi-
cus is not capable to exist in the soil in the absence of their host plants and can only 
grow in low-pO2 environment, which is essential for the expression and normal 
performance of the nitrogenase system (James and Olivares 1997). Ahmad et al. 
(2004) isolated a total of eleven isolates of Acetobacter diazotrophicus 
(Gluconacetobacter diazotrophicus) from roots, stems, and leaves of the four locally 
grown varieties of sugarcane (Co-1148, UP 39, Satha-676, and Satha-91269) of 
Aligarh. These isolates along with three Brazilian strains of Acetobacter diazotro-
phicus (PR2-ATCC49039, Pal5-ATCC 49037, Ppe-4 ATCC49038) were considered 
for their biochemical characteristics and resistance traits. These isolates use sucrose, 
glucose, and ethanol (1 %), whereas all the isolates were found negative for maltose 
and ethanol (10 %). Fructose was consumed inconsistently. Similarly all the isolates 
were found positive for catalase and H2S production and negative for oxidase, 
nitrate reduction, denitrification, gelatin liquefaction, and indole test. Antibiotic 
resistance was expressed by 12 isolates only. Metal resistance at MIC 100 μg ml−1 
was found highest against lead followed by cadmium, mercury, nickel, and copper. 
Majority of the indigenous isolates demonstrate resistance to both antibiotics and 
heavy metals. However, three Brazilian isolates of Acetobacter diazotrophicus were 
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found sensitive to all five (Cu, Cd, Ni, Pb, and Hg) metals. Further, tolerance to salt 
(NaCl) was higher (1.0–1.5 %) within indigenous isolates compared to Brazilian 
isolates, which showed NaCI tolerance up to 0.5 % in agar medium.

Azospirillum species is a native soil bacteria commonly found as root-associated 
diazotrophs. They are attached to the roots by fibrillar material and are occasionally 
reported from the superficial film of the root cortex (Bashan and Levanony 1990). 
Majority of the Azospirillum species have been isolated from the surface-sterilized 
roots, which signifies that a portion of these cells get shielded from different steril-
izing agents and are located inside the root tissues (Dobereiner and Day 1976; 
Hallmann et al. 1997). These bacterial species were obtained from different cash 
crops like sugarcane, palm trees, forage grasses, tuber plants, cereals, and sweet 
potato (Mohanta et al. 2010). Farrar et al. (2014) reported several different endo-
phytic bacteria from sugarcane like Gluconacetobacter diazotrophicus (syn. 
Acetobacter diazotrophicus), Burkholderia, Pantoea, Pseudomonas, 
Microbacterium, Citrobacter, Enterobacter, Klebsiella, Erwinia, Brevibacillus, 
Staphylococcus, Curtobacterium, Pseudomonas sp., Bacillus, Paenibacillus, 
Brevibacillus, and Burkholderia australis. Velázquez et al. (2008) reported the 
genetic diversity of 29 endophytic bacteria from healthy grown sugarcane plant 
from Cuba and investigated using two primers, random amplified polymorphic 
DNA fingerprinting (TP-RAPD) and 16S rRNA gene sequencing, demonstrating 
that these isolates are associated to different phylogenetic groups being strongly 
connected to species of genera Bacillus and Staphylococcus from Firmicutes; 
Microbacterium, Micrococcus, and Kokuria from Actinobacteria; Rhizobium and 
Gluconacetobacter from α-Proteobacteria; Comamonas and Xanthomonas from 
β-Proteobacteria; and Acinetobacter and Pantoea from γ-Proteobacteria.

23.3  Cell-to-Cell Communication Among Endophytes

Gluconacetobacter diazotrophicus is a well-known endophyte obtained from the 
inner tissues of many crop plants. The plant growth-promoting capability of this 
Alphaproteobacterium has been associated not only to its ability to carry out bio-
logical nitrogen fixation but also through the production of siderophores, antimicro-
bial compounds, and solubilization of phosphate and other minerals by the 
production of gluconic acid (Saravanan et al. 2008). Colonization and persistence of 
an endophyte involve intricate regulatory pathways. Among them, quorum sensing 
systems (QS) are signaling methods connected with the regulation of numerous 
genes associated with microbial communications, host establishment, and survival 
under stress conditions. Quorum sensing is connected with the capability of a bac-
terium to react to autoinducers, hormone-like compounds which are capable of 
altering gene expression at a critical threshold population (Reading and Sperandio 
2006).

The genes related to quorum sensing in G. diazotrophicus consist of one luxI 
autoinducer synthase gene and two luxR-type transcriptional regulator genes, which 
are associated with the expression of three N-acyl homoserine lactones (AHLs) 
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(Eskin et al. 2014). Analysis of G. diazotrophicus AHLs identified 8 different sig-
naling molecules: C6-homoserine lactone (HSL), C8-HSL, C10-HSL, C12-HSL, 
C14-HSL, 3-oxo-C10-HSL, 3-oxo-C12- HSL, and 3-oxo-C14-HSL (Nieto-Penalver 
et al. 2012).

Research should also continue to focus on the importance of quorum sensing. It 
has been revealed that G. diazotrophicus contains 3 different AHLs; their precise 
roles have yet to be identified. Recently recognized molecular methods used for 
studying G. diazotrophicus such as mutational studies via Tn5 transposon mutagen-
esis could assist in identification of quorum sensing genes.

23.4  Methods for Detection and Characterization 
of Endophytes

The endophytic habitat provides defense against the adverse environmental condi-
tions for bacteria that are capable of colonizing and residing in planta. These bacte-
rial isolates usually take possession of the areas/voids present between cells, and 
they have been reported from almost all the sections of plant together with seeds 
(Posada and Vega 2005). Endophytic microbes have been described and obtained 
from both monocotyledonous and dicotyledonous plants. Classical research related 
to the diversity of endophytes (Gluconacetobacter diazotrophicus, Herbaspirillum 
seropedicae, and H. rubrisubalbicans) had paid attention on classification of iso-
lates acquired from inner spaces of tissues after sterilization of plant outer areas 
using sodium hypochlorite or by culturing serial dilutions prepared from plant tis-
sue macerates in nitrogen-free semisolid media which acts as semi-selective media 
for the species/genera (Miche and Balandreau 2001; Silva-Froufe et al. 2009). 
Fundamentally, the most probable number (MPN) procedure, using a McCrady 
table, has been used to enumerate the quantity of bacteria (Paula et al. 1991; Eskin 
et al. 2014). But, the MPN technique is not recognized to be very precise and should 
be directed for additional testing to authenticate isolates at a species level. The 
weakness of MPN method can be mitigated by using enzyme-linked immunosor-
bent assay (ELISA) (Silva-Froufe et al. 2009). Further, by the use of different 
microscopies like optical and transmission electron microscopy (TEM), the pres-
ence of G. diazotrophicus endophytic colonization can be confirmed (Luna et al. 
2010). In addition to these methods used for localization of G. diazotrophicus, one 
of the most widespread techniques used is green fluorescent protein (GFP) labeling 
(Gaiero et al. 2013). Eskin et al. (2014) described the application of gusA and gfp 
reporter genes from strains containing pHRGFPGUS (gfp::gusA) and pHRGFPTC 
(gfp) plasmids, respectively. G. diazotrophicus UAP5541/pRGS561 constitutively 
expressing GUS and UAP5541/pRGS562 with a nif H::gusA transcriptional fusion 
is two supplementary strains that have been used in different investigations in which 
both intercellular and intracellular localization have been determined. Rouws and 
colleagues (2010) in their study related to G. diazotrophicus strain Pal5 carrying 
gfp::gusA plasmid pHRGFPGUS and gfp plasmid pHRGFPTC proved the validity 
of these techniques for colonization and localization of endophytes.
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Different techniques are used to study plants for the occurrence of G. diazotro-
phicus. One of the key techniques for identification of G. diazotrophicus is through 
polymerase chain reaction (PCR). While a simple PCR is sufficient in identifying 
the bacterium at high colony numbers, a nested PCR in which a second round of 
PCR is used to amplify the product from the first round of PCR is instrumental in 
detecting the bacterium when found at very low colony numbers (Tian et al. 2009). 
While PCR is proficient to authenticate the presence of the bacterium, it is not 
capable of determining the number of bacterium present within a sample. Bacterial 
populations colonizing the stems, roots, and tubers of different plants were studied 
by 16S rRNA gene-associated methods like terminal restriction fragment length 
polymorphism analysis, denaturing gradient gel electrophoresis, as well as 16S 
rRNA gene cloning and sequencing. Characterization related to endophytes involves 
not merely the separation from sterilized tissues but also visualization by various 
types of microscopy within plant tissues (Sagarika et al. 2010). Endophytes nor-
mally present can be seen using different types of microscopy such as fluorescence 
in situ hybridization (FISH) together with confocal laser scanning microscopy 
(CLSM) using specific probes, scanning electron microscopy (SEM), transmission 
electron microscopy (TEM), and phase contrast microscopy (Amann et al. 1990; 
Loy et al. 2007). Nautiyal (2000) has reassessed new development which includes 
the use of various markers for studying root colonization. Microscopic researches 
related to gfp tagged endophytic inoculants disclose extremely diverse colonization 
arrangements.

23.5  Colonization of Plant by Endophytic Diazotrophs

Generally, the communities of endophytes were observed to be present in lower 
concentration as compared to root-associated bacteria or phytopathogens (Hallmann 
et al. 1997; Rosenblueth and Martínez-Romero 2006). Endophytes similar to their 
rhizospheric counterparts are hardened by biotic and abiotic components (Fuentes- 
Ramírez et al. 1999; Hallmann et al. 1997; Seghers et al. 2004). However, the endo-
phytes received better protection from biotic and abiotic stress compared to 
root-associated bacteria (Hallmann et al. 1997). These bacteria also perform a cru-
cial task in inhabitation.

Colonization related to bacterial species either in roots or on plant surfaces is a 
complicated procedure facilitated by the exchange of numerous bacterial character 
and genes. Colonization process is a step-by-step procedure, which involves (1) 
movement toward root surface, (2) adhesion, (3) dispersal along the root, and (4) 
persistence and survival of the bacterial communities. Among endophytes, besides 
the above-said steps, the colonization process involved one extra step, which 
involves the access inside the root and development of small colonies within and 
between tissues, which can be tracked by labeling the target bacteria with molecular 
indicator such as (gfp) or β-glucosidase (gus) and finally visualizing with electron 
or confocal laser scanning microscopy (Reinhold-Hurek and Hurek 2011). The 
mechanism implicated with endophytic colonization process is not fully inferred. 
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Experimental data based on genomic and other techniques revealed a similarity in 
the colonization process among pathogenic and plant growth-enhancing bacteria 
(Hardoim et al. 2008). The endophytic bacteria get entry into the plants using two 
modes: vertical transmission and horizontal transmission. In vertical transmission, 
endophytic bacteria might be transferred by seeds (vegetatively), and during hori-
zontal transmission, endophytes may be selected by soil and most likely need a 
stage of rhizoplane colonization, for which they require properties assigning “rhizo-
sphere competence.”

Apart from sugarcane, G. diazotrophicus has been isolated from several different 
crops like coffee, pineapple, and wetland rice. The large part of these hosts consists 
of comparatively higher levels of sucrose which appeared to be a requirement for 
colonization by this bacterium (Riggs et al. 2001). G. diazotrophicus, an obligate 
endophyte, is incompetent of surviving in soil without a plant host for more than 2 
days, with the exception of being capable of surviving within the spores of the 
vesicular arbuscular mycorrhizal fungus Glomus clarum and within the root hairs of 
a host plant’s rhizosphere (James et al. 2001; Luna et al. 2010).

The bacterium is capable to achieve entry into its host plant through the roots, 
stems, or leaves. With respect to the roots, G. diazotrophicus enters through the root 
tips and cells of the root cap and meristem, at areas of lateral root emergence, and 
by root hairs (Rouws et al. 2010). In case of stems of host plants, especially sugar-
cane, the bacterium gets entry at cracks generated by the disjointing of plantlets into 
individuals. Finally, through the leaves, the endophyte gets entry via injured sto-
mata. An added pathway used by G. diazotrophicus is accomplished through an 
insect vector, the pink sugarcane mealybug (Saccharicoccus sacchari), a plant sap- 
sucking insect (Franke-Whittle et al. 2005; Ortega-Rodes et al. 2011). Once inside 
the host plant, G. diazotrophicus was observed to mainly occupy intercellular apo-
plastic spaces, the xylem, and the xylem parenchyma (Boddey et al. 2001). However, 
new research showed that β -glucuronidase (GUS)-labeled G. diazotrophicus bac-
terium is also proficient in intracellular colonization with in membrane-bound ves-
icles in its host plant (Cocking et al. 2006). Recognized G. diazotrophicus colonies 
can grow up to 108 CFU per gram of tissue, as found within sugarcane. The above-
mentioned methods of passage for G. diazotrophicus were found to be assisted by 
hydrolytic enzymes (Adriano-Anaya et al. 2005). Adriano-Anaya et al. (2005) 
established the secretion of endoglucanase, endopolymethylgalacturonase, and 
endoxygluconase within both PAL5 and UAP5541 strains of G. diazotrophicus, 
which utilizes sucrose as carbon source. These enzymes perform a key function in 
the entry of endophytic bacteria to host and its mobility inside host plant tissue.

The colonization of root surface by endophytes involves the arrival of bacteria to 
the rhizoplane as a result of chemotactic response, to surpass the additional microbes 
in order to get entry into root surface, express genes in a synchronized manner for 
intrusion in the plant, prevent host plant immune responses, and protect a place 
inside the plant tissue (Bais et al. 2006; Rosenblueth and Martínez-Romero 2006; 
Compant et al. 2010). Moreover, microbe–microbe communication and microbe–
plant signaling are implicated at every point involved in the process of root coloni-
zation. The root endophytic bacterial populations can vary considerably compared 
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to the rhizospheric communities, signifying identification and collection of helpful 
microbes by roots (Compant et al. 2005). Lipopolysaccharides, flagella, pili, and 
twitching motility have been reported to influence endophytic colonization and bac-
terial motion inside host plants (Böhm et al. 2007). Additionally, the discharge of 
cell wall-degrading enzymes (CWDEs) is reported to be implicated in bacterial 
infiltration (Lodewyckx et al. 2002) and dispersal inside the plant. To inhabit the 
inner plant tissues, it has been suggested that bacterial endophytes contain genomic 
differences compared to root-colonizing bacteria, despite the fact that so far no ulti-
mate group of genes has been recognized that is accountable for the endophytic way 
of life. However, a directory of genes which play a potential role in endophytic 
behavior was recently recognized by Ali et al. (2014) by analyzing the complete 
genomes of nine proteobacterial endophytes. At this junction, barely a few genes 
have been experimentally revealed to be implicated in colonization by endophytes.

Several defense reactions have been implicated throughout plant–endophyte 
associations. Reinforcement of cell walls, organization of adjoining substance 
within the cortex or xylem, as well as gum secretion inside vessels have been 
reported (Miché et al. 2006). Although several defense reactions have been reported 
for plant response to plant pathogens, merely a few defense responses have been 
explained in plant reply to endophytes. These differences may be illustrated through 
the discharge of several substances, which may be of extremely small quantity for 
endophytes (James et al. 2002). On the other hand, it has been observed that plants 
may demonstrate resistance response regulating colonization by endophytes 
(Iniguez et al. 2005). Dicotyledonous plants species are acknowledged for using 
salicylic acid (SA) and ethylene in communication, which manage colonization of 
some endophytes, as confirmed under laboratory conditions (Iniguez et al. 2005). 
However, among monocotyledonous plants like rice, accumulation of jasmonic acid 
(JA) but not ethylene was observed to obstruct the colonization of the diazotroph 
Azoarcus sp., signifying that plant protection reactions linking the JA signaling 
pathways may also be involved in managing endophytic colonization within the root 
system (Miché et al. 2006). However, in a well-matched endophytic organization, 
JA-related plant reactions were negligible and do not limit endophytic establish-
ment (Miché et al. 2006).

23.6  Plant Growth-Promoting Effect of Endophytes

Plant growth-enhancing bacterial endophytes inhabit the inner part of plant and are 
capable of establishing a unique type of association, in which both the participants 
get benefitted from their relationship (Hallmann et al. 1997; Reiter and Sessitsch 
2006). Bacterial endophytes increased plant growth using different mechanisms like 
production of phytohormones, siderophores, solubilization of phosphate, nitrogen 
fixation, and accessibility of key nutrients to their host plants (Lodewyckx et al. 
2002; Lee et al. 2004; Puente et al. 2009), as shown in Fig. 23.1. Endophytes can 
also enhance plant growth as a result of the bacterium secreting the enzyme 1- amin
ocyclopropane- 1-carboxylate (ACC) deaminase which dissects ACC to 
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α-ketobutyrate and ammonia and thus diminishes ethylene levels in host plants 
(Glick 2014). Moreover, these plant growth-promoting endophytes are also playing 
a significant role in forest restoration and phytoremediation of polluted soils 
(Ryan et al. 2008).

Earlier researchers reported that endophytes promote plant growth by changing 
plant physiology (osmotic pressure regulation), modifying stomatal reaction, alter-
ing root dimensions and make, changing nitrogen buildup and metabolism, and 
enhancing uptake of necessary minerals (Compant et al. 2005). Endophytic microbes 
also work as a biocontrol agent. The mechanism used by the endophytes for work-
ing as biocontrol agents involves the secretion of antibiotics and lytic enzymes like 
hydrolases and chitinases (Chernin and Chet 2002; Ezra et al. 2004). Further, the 
bacterial endophytes were also found to activate induced systemic resistance (ISR)-
based plant growth promotion (Ait Barka et al. 2000, 2002). Several workers 
reported the beneficial effect of application of Gluconacetobacter on enhancement 
of sugarcane growth under field conditions (Fig. 23.2).

Chauhan et al. (2010) isolated 11 species of Gluconacetobacter from different 
varieties of sugarcane, and under field trial, it was observed that the endophytes sig-
nificantly increased plant height, chlorophyll content, cane girth, number of millable 
canes, and total nitrogen, ensuing the enhancement in cane yield by 42 % compared 
to control plant. Murumkar et al. (2016) under their field experiments observed that 
the use of Gluconacetobacter diazotrophicus + phosphate- solubilizing bacteria along 
with 75 % recommended N and 75 % recommended P2O5 considerably enhanced the 
growth, two eye bud-set yield, and quality of sugarcane. Hari (1995) and Srinivasan 
and Naidu (1987) observed that application of N-fixing bacteria to sugarcane has 

Fig. 23.1 Mechanism of sugarcane growth promotion by endophytic microbes

I. Ahmad et al.



505

augmented the cane yield by 5–15 %, which helps in saving of 25 kg fertilizer N ha−1, 
and also enhanced the juice quality factors, like sucrose and clarity. Schultz et al. 
(2014) also reported the similar results on sugarcane yield by inoculating endophytic 
diazotrophs. Oliveira et al. (2003, 2006) demonstrated the increased contribution of 
biological nitrogen fixation (BNF) in micropropagated sugarcane by inoculating 
with endophytic diazotrophic bacterial isolates. In addition to providing beneficial 
plant growth-promoting effect on sugarcane, the endophytic bacteria also conferred 
drought tolerance to sugarcane (Vargas et al. 2014).

23.7  Conclusion and Future Direction

Considerable research work has been carried out on endophytes including G. diazo-
trophicus. It is known that the endophytic bacteria G. diazotrophicus possess 3 dif-
ferent AHLs, but their precise function is yet to be discovered. Recently discovered 
molecular methods, employed in research for endophytes, can aid in discovering the 
role of quorum sensing genes and their role in biological nitrogen fixation. Although 
plenty of scientific data is available on endophytes, still there is a lot more to dis-
cover on how a PGPR changes onto plant endophytes. The sufficient understanding 
of plant–endophyte interaction will certainly play a significant part not only in the 
enhancement of plant growth and health but also in sustainable agriculture and in 
obtaining the biotechnological efficiency for various tasks.
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