
Series Editor: Naveen Kumar Arora
Microorganisms for Sustainability 36

Dinesh Kumar Maheshwari
Rajendra Dobhal
Shrivardhan Dheeman   Editors

Nitrogen Fixing 
Bacteria: 
Sustainable 
Growth 
of Non-legumes



Microorganisms for Sustainability

Volume 36

Series Editor

Naveen Kumar Arora, Environmental Microbiology, School for Environmental
Science, Babasaheb Bhimrao Ambedkar University, Lucknow, Uttar Pradesh, India



Microorganisms perform diverse roles on our planet most of which are important to
make earth a habitable and sustainable ecosystem. Many properties of microorgan-
isms are being utilized as low input biotechnology to solve various problems related
to the environment, food security, nutrition, biodegradation, bioremediation, sus-
tainable agriculture, bioenergy and biofuel, bio-based industries including microbial
enzymes/ extremozymes, probiotics etc. The book series covers all the wider aspects
and unravels the role of microbes towards achieving a sustainable world. It focuses
on various microbial technologies related to sustenance of ecosystems and achieving
targets of Sustainable Development Goals. Series brings together content on microbe
based technologies for replacing harmful chemicals in agriculture, green alternatives
to fossil fuels, use of microorganisms for reclamation of wastelands/ stress affected
regions, bioremediation of contaminated habitats, biodegradation purposes. Vol-
umes in the series also focus on the use of microbes for various industrial purposes
including enzymes, extremophilic microbes and enzymes, effluent treatment, food
products.

The book series is a peer reviewed compendium focused on bringing up contem-
porary themes related to microbial technology from all parts of the world, at one
place for its readers, thereby ascertaining the crucial role of microbes in sustaining
the ecosystems.



Dinesh Kumar Maheshwari • Rajendra Dobhal •
Shrivardhan Dheeman
Editors

Nitrogen Fixing Bacteria:
Sustainable Growth
of Non-legumes



Editors
Dinesh Kumar Maheshwari
Department of Botany and Microbiology
Gurukula Kangri (Deemed to be
University)
Haridwar, Uttarakhand, India

Rajendra Dobhal
Uttarakhand State Council for Science and
Technology (UCOST)
Dehradun, Uttarakhand, India

Shrivardhan Dheeman
Department of Microbiology, School of
Allied Health Sciences
MVN University
Palwal, Haryana, India

ISSN 2512-1901 ISSN 2512-1898 (electronic)
Microorganisms for Sustainability
ISBN 978-981-19-4905-0 ISBN 978-981-19-4906-7 (eBook)
https://doi.org/10.1007/978-981-19-4906-7

© The Editor(s) (if applicable) and The Author(s), under exclusive license to Springer Nature Singapore
Pte Ltd. 2022
This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher, whether
the whole or part of the material is concerned, specifically the rights of translation, reprinting, reuse of
illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way, and
transmission or information storage and retrieval, electronic adaptation, computer software, or by
similar or dissimilar methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.
The publisher, the authors, and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or
the editors give a warranty, expressed or implied, with respect to the material contained herein or for any
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

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

https://doi.org/10.1007/978-981-19-4906-7


Preface

The farmer folks around the globe use N sources for crop fertilization; they either use
synthetic chemical fertilizers or shift to organic farming, which is an awesomesauce
accomplishment of the scientific fraternity. The nitrogen-fixing bacteria demon-
strates to function as an alternative to meet the requirement of nutrients for the
benefit of both plants and soil.

Biological nitrogen fixation (BNF) is synonymous with sustainability. Long-term
sustainability relies on the contribution of naturally occurring beneficial
microorganisms inhabiting beneath the soil. Among them, various types of associa-
tive interactions occur between diazotrophs and their host plants. In all the associ-
ations, the benefit of the interaction is the fixed nitrogen provided by the colonization
of nitrogen-fixing bacteria.

Rhizobia are known for fixing nitrogen for more than a century. Their association
with members of the family Fabaceae is well established. This family belongs to
750 genera and about 1800–1900 plant species, but their association with nitrogen-
fixing bacteria observed only with 15% of the total genera. Taking cognizance of this
group, bacterial interaction with non-legumes is very limited. Although, association
of symbiotic, associative, and free-living N fixing bacteria including few
archaeobacteria with limited herbs, shrubs, and trees have been discovered but yet
to get a place on a suitable platform.

This book contains four parts:

1. Biological Nitrogen Fixation: Trends and Prospects
2. Plant Growth Promotion: Exploring Benefits
3. Application to Sustainable Agriculture
4. Future and Significance

The book contains 17 chapters including introduction and conclusions, authored
by leading subject experts and researchers in their field of interest. The descriptive
and illustrated literature in this book offers invaluable and updated resource material.
Further, the whole content provides an authoritative overview for individuals inter-
ested in BNF in non-legume research. Thus, it will, therefore, be of immense interest
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to agronomists, microbiologists, ecologists, plant pathologists, molecular biologists,
environmentalists, policymakers, conservationists, and NGOs who intend to use
naturally beneficial microbes for sustainable crop production and protection.

We are deeply indebted to our internationally renowned contributors for their
authoritative and cutting-edge scientific information to make this book a reality. The
book presented under the series “Microorganisms for Sustainability” is entirely
dedicated to various nitrogen-fixing microorganisms able to minimize nitrogen
requirement in the soil judiciously and for boosting the sustainable growth of
non-legumes.

We desire to pay our sincere gratitude to all the contributors, who lent their
cooperation and patience in the completion of this book. Our research team mem-
bers, who generously assisted in the compilation and completion of this project, are
gratefully acknowledged. We extend our sincere thanks to Miss. Aakansha Tyagi
and her colleagues for their mutual cooperation of scientific benefits.

Haridwar, Uttarakhand, India Dinesh Kumar Maheshwari
Dehradun, Uttarakhand, India Rajendra Dobhal
Palwal, Haryana, India Shrivardhan Dheeman
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Chapter 1
Biological Nitrogen Fixation in Nonlegumes:
Introduction

Dinesh Kumar Maheshwari, Rajendra Dobhal, and Shrivardhan Dheeman

Abstract Sustainable agriculture (SA) is on prime importance in today’s scenario.
It is achievable via eco-safe application of nitrogen-fixing bacteria (NFB)
biofertilizers, where these are applied on nonlegume crops and should not be limited
to legume crop. NFB, including rhizobia or free-living rhizobacteria for the devel-
opment of bioinoculants/biofertilizers/biopesticide, can be utilized for broad range
of legume to nonlegumes crops, which contributing toward the sustainable devel-
opment goal (SDG), “zero hunger”. This introductory chapter provides an overview
on the importance of its contents, and overall understand the role of nitrogen-fixing
bacteria and their application in growth promotion of nonlegume crops, to achieve
sustainable development.

Keywords Sustainable development · Biofertilizers · Rhizobia · Nitrogen fixation ·
Nonlegume

1.1 Introduction

The human race is on the edge of hunger due to the decline of the world’s economy
by the recent pandemic of COVID-19 that also caused food scarcity in many
developing countries. It is hard to forecast a rise in hunger due to various bottle-
necks, like climate change, an ever-growing population, a hike in food prices, etc.
The excessive use of chemically produced fertilizers, pesticides, and herbicides is
causing negative impacts on human health and agriculture. At this stage, using
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biofertilizers and mitigation of food security as an eco-friendly alternative is an
inevitable and precise way to attain scientific benefits for sustainable
agriculture (SA).

2 D. K. Maheshwari et al.

Basically, in agriculture, plant life is cultivated in soil, which majorly demands
nitrogen, phosphorus, and potassium as sole nutrients to drive their metabolic
requirement. Other than these, soil organic matter (SOM) with some trace elements
(e.g., Cu, Fe, Mn, Mg, etc.) is required. But, Nitrogen (N) requirement is often
considered on the prime importance to the plants. Thereby, utilization of abundant
fertilizer in soil, has snatched the soil fertility plus increased fertilizer dosage caused
enormous financial burden in agriculture. Therefore, in the current scenario, eco-safe
alternative biofertilizers or microbial inoculants are required to attain soil fertility
back into course of sustainable agroecosystem. Nitrogen acts as one of the significant
indicators for soil fertility, reflects the presence of good soil bacteria. As already
known that nitrogen is present in gaseous form in the environment. Nitrogen-fixing
bacteria (NFB) known for their ability of nitrogen fixation in legume crops (Soumare
et al. 2020) and nonlegume crops (Behera et al. 2021) thereby used as biofertilizers
to replace abundant input of chemical fertilizers, as an important approach for
sustainable agriculture (Misra et al. 2020). Application of rhizobia to improve
growth, yield, nutrient composition, and quality of nonlegume plants has been
advocated due to direct and indirect plant growth-promoting activities
(García-Fraile et al. 2012). The scope of using rhizobia (symbiont of legume) and
free-living bacteria for nitrogen improvement in the soil has been increased with
beneficial gears of plant growth promotion (Hayat et al. 2010). Biological nitrogen
fixation in soil or rhizosphere has been reflected to increase crop productivity
(Gaskins et al. 1985). In fact, rhizobia may associate with nonlegume via rhizosphere
colonization and crack entry in xylem tissues exhibited ACC-deaminase activity,
production of plant hormones, siderophore, HCN, and mineral (P and K) nutrient
solubilization, which also supports growth and productivity of nonlegumes (Martí-
nez-Viveros et al. 2010) other than forming true nodule in the roots and symbiotic
fixation of nitrogen. The overall picture of rhizobia, free-living bacteria, and N-cycle
can be understood with Fig. 1.1.

This sustains the quest of nonlegume crops with NFB, and judging their ecolog-
ical roles (successful partnership among plant and bacteria, via production of plant
root’s exudates and molecular signals by bacteria necessary to engineer N-fixing
association with nonlegume plants) in provisioning the benefits to nutrients trans-
formation, soil organic matter mineralization, and carbon dynamics (Barrios 2007).

Application of biofertilizer is an alternative scheme to achieve environment-
friendly sustainable crop production system (Seenivasagan and Babalola 2021).
Cultivation and N-fertilization in rice is not limited to use rhizobia, because of
several limitations, therefore, free-living rhizobacteria, as PGPR contribute signifi-
cantly in order to achieve better productivity under field conditions (Yanni et al.
1997). Recent development of rhizobia-rice association in context to progress and
challenges of developing suitable biofertilizers for rice cultivation has been
addressed. Harnessing NFB for the development of bioinoculants/biofertilizers/
biopesticide, applicable to broad range of legume to nonlegumes crops like cereals,



oil seed plants, vegetables, fruits, forages, and other important crops contribute in the
sustainable development goal (SDG). On the other hand, a strategy to establish the C
cycle coupled to N cycle in consideration to global warming is another route to
achieve sustainable development goal.

1 Biological Nitrogen Fixation in Nonlegumes: Introduction 3

Fig. 1.1 Schematic relationship of rhizobia representing possible role of N cycling and plant
growth promotion of nonlegumes. Differentiating this relationship with true symbiosis and free-
living interaction of plants with other rhizobacteria

1.2 Ecological Perspectives of Biological Nitrogen Fixation
(BNF)

Ecology starts with its primary producers; and on Earth food chain starts with plants.
An art or science of growing plant from the soil, requires nutrients, majorly nitrogen,
that stands out as most important and more susceptible nutrient to plants as well as
soil microbes. To build their proteins, and many components of life fixation of
gaseous nitrogen by bacteria in specialized compartments, i.e., root nodules in
legume plants have been studied vigorously. The benefits of these bacteria, in the
form of nitrogen biofertilizers are inevitable. On the other hand, some free-living and
associative bacteria, able to fix nitrogen biologically are in the concern to be utilized
as biofertilizers in nonlegume crops. Behind BNF, biochemical genetics of symbi-
otic and asymbiotic nitrogen fixation has been reviewed in Chap. 2. It enunciates the
potentials of symbiotic and free-living nitrogen-fixing bacteria in the transformation
of green revolution to ever-green revolution. Application of rhizobia, as PGPR for
nonlegume crops, and as a member of nitrogen fertilization has been advocated by
many workers (Behera et al. 2021). As this association has received less attention but



with the development of science on molecular (cellular communication) and eco-
logical aspects has augmented its importance in nitrogen fertilization. Plant growth-
promoting traits in beneficial bacteria felicitate application in nonlegume as
reviewed in Chap. 3. It explores future application of rhizobia as biofertilizer for
nonlegume crop, particularly for alleviation of ecological stress. Coupled to this,
Chap. 4 is concerned to the biotechnological solutions in the form of certain bacteria
and archaea for enhanced nitrogen fertilization and eco-safe crop production. This
addresses challenges for production of microbial products and biotechnological
approaches as solutions which may be implemented to improve N nutrition in
nonlegume crops.
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Nitrogen-fixing bacteria (NFB) as effective microorganisms (EM) have great
contribution to the green revolution (Lynch 2007). Chapter 5 is opened with the
past of NFB and their application for field crop, rice, and its productivity enhance-
ment. Further, understanding of genetic engineering for transferring nitrogen-fixing
genes in rice plants has been advocated; however, with due to some limitations of
extremely complex process of BNF which regulated by absence of oxygen has been
criticized, therefore, demanded to develop some newer technologies. It is an exclu-
sive account to understand application of QTL regions for BNF in rice, as a result of
advance molecular biology. Further, authors suggest more research to be carried out
to re-discover rhizospheric colonization mechanisms in NFB at molecular level. The
diverse genera of bacteria, archaea, etc. have also understood as potential agents for
BNF (Raymond et al. 2004). Similarly, reviewed in following Chap. 6; BNF in
nonlegume has been proved as an important approach for sustainable crop growth
and productivity enhancement under agroecological practices.

1.3 Playbacks of Nitrogen-Fixing Bacteria (NFB)

Application of rhizobia to improve growth, yield, nutrient composition, and quality
of nonlegume plants has been augmented (Santoyo et al. 2021). Direct and indirect
PGP traits of bacteria have been documented by a majority of workers (Orozco-
Mosqueda et al. 2021). Biocontrol mechanisms of NFB has increased their impor-
tance to promote growth and increase the yield of nonlegumes (Nosheen et al. 2021).
All these benefits are summarized in Chap. 7 with current research advancement on
rhizobia and nonlegume interaction with cereals, as a holistic approach has been
covered in Chap. 8. The increase in productivity of cereals demonstrates as a central
theme of this chapter, which explores the beneficial roles of diazotrophs in biological
nitrogen fixation and plant growth promotion. With the advent of PGP mechanisms
of rhizobia population, and research in support, have claimed the application of
rhizobia for nonlegume crops (Behera et al. 2021).

Therefore, there is a scope of using rhizobia (symbiont of legume) free-living and
associative bacteria for nitrogen elevation in the soil, well suit for plant growth
promotion (Nosheen et al. 2021). Chapter 9 states, nitrogen fertilizers are essential
for producing high crop yields and are used extensively by farmers, besides its



abundant use has decreased the soil fertility (Rahman et al. 2021). Thus, pollution-
free alternative to synthetic fertilizer in the form of diazotroph, those in play to fix
atmospheric nitrogen and release in the form of NH3 (Pankievicz et al. 2021). On the
background of previous chapters, this chapter entrusts establishment of diazotroph as
NFB, with a showcase of hurdles and success of creating microbial consortia as
nitrogenous biofertilizers.
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Exclusive benefits of nitrogen fixation in soil or rhizosphere often reflect in plant
growth promotion and yield improvement (Zvinavashe et al. 2021). Analogous to
this concept, production improvement of commercial crops such as Cacao and
Coffee, using NFB has been reviewed in the Chap. 10. This highlights on NFB as
eco-safe alternative over chemical fertilizers, as a successful outcome of diazotrophs
with nonlegume plants. Recommendations to explore management of N-sources
from the environment either via intercropping or inoculating diazotrophic
rhizobacteria have been proposed.

Further, attaining answer to the quest of sustainability of nonlegume crop, and
judging with the theme of the book, plant growth-promoting bacteria (PGPBs) and
nitrogen-fixing bacteria (NFBs) have been studied for their ecological roles,
imparting benefits to nutrients transformation, soil organic matter mineralization,
and carbon dynamics (Prasad et al. 2021). In this context, Chap. 11 identifies avenue
of development of microbial inoculants for various crops like cereals, oil seed plants,
vegetables, fruits, forages, and other important crops. In continuation, Chap. 12
unravels the benefits of using rhizobia in cereal crops, imparts stress regulation via
enzymatic ethylene regulation by ACC deaminase, production of plant hormones,
siderophore for iron management, and mineral (P and K) nutrient management via
solubilization, mobilization of other nutrients. Not forming true nodule in the roots,
it exclusively enters in cereal’s root through crack entry and colonizes in the
intercellular spaces such as in the xylem tissues.

In an overview, rhizobia have been emerged not only a true symbiont of legume
crops but also an associative bacterium for nonlegume crops where, in the
nonhabitual niche, they perform like a contender and function as plant growth-
promoting rhizobacteria (PGPR).

1.4 Biofertilizer: A Step Toward Sustainable
Development Goals

As stated earlier, food production via sustainable agriculture (SA) is a fundamental
concept for curbing food security. It directly connects to the sustainable develop-
ment goals (SDG) as a “blueprint to achieve a better and more sustainable future for
all.” The outcome target of SDG, particularly sustainable food production systems
and resilient agricultural practices, is achievable using biofertilizers, contributing to
SA. Biofertilization toward SA is a driving force to counter Goal 2—“Zero Hunger”
of the SDG. It involves promoting SA technologies in support to increase wheat,
rice, and other nonlegume’s crop productivity. To address the challenge of global



food security, it is required to be headed toward sustainable approach of using
biofertilizers.
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In line with this aspect, Chap. 13 embodied research evidences of biological
nitrogen fixation in nonlegumes and contribution to sustainable development goal
(SDG). It attempts to understand the rational of using NFB, their ecological rela-
tionship with nonlegume, in-brief, besides major discussion focused on present
challenges, future vision, and mission. Uninterruptedly, Chap. 14, explores the
role of NFB, as potential producers of secondary metabolites modulate ecological
behavior with nonlegume crops. It tries to identify mechanisms, involves in suc-
cessful partnership among plant and bacteria, via production of plant root’s exudates
and molecular signals by bacteria necessary to engineer N-fixing association with
nonlegume plants. A successful association between microbe and plants can increase
nutritional ability of crop, as a result in improving the nutrient use efficiency,
exclusively in the context to nitrogen use efficiency (Huang et al. 2022).

Application of biofertilizer is an alternative scheme to raise environment-friendly
sustainable crop production system (Seenivasagan and Babalola 2021). Equally
important as wheat, rice requires ample amount of nitrogen during cultivation and,
therefore, application of NFB-based biofertilizer has gained prominence. Recent
development of rhizobia-rice association in context to progress and challenges of
developing suitable biofertilizers for rice cultivation has been addressed in Chap. 15.

N-fertilization in rice is not limited to use of rhizobia, because of several
limitations; free-living rhizobacteria, as PGPR can contribute its production under
field conditions, which is advocated in the Chap. 16. The past and present findings
on the eco-physiological and agronomic aspects of free-living and endophytic N
fixation in nonlegume crops with emphasis on rice have been reviewed. This is not
limited to sustainable crop production of rice, besides embodied a clear commentary
on the significant progress made on molecular-microbial aspects by development of
meta-DNA/RNA analysis, indicating functioning N systems in the soil and plant.
Uncovering metabolic aspects of NFB as microbial community, it identifies contri-
butions to promote sustainable development. On the other hand, a strategy to
establish the C cycle coupled to N cycle in consideration to global warming has
been covered. Chapter 17 is concluding remarks on NFB and their role for sustain-
able growth of nonlegumes.

1.5 Conclusions

Future direction of development of biofertilizers to achieve sustainable agriculture
and ever green revolutions is not limited to producing specialized biofertilizers for
legume and nonlegume crops. With the recent science interventions of rhizobia-
nonlegume interaction, free-living and associative rhizobacteria interaction with
nonlegumes has created a notion to produce broad spectrum biological nitrogen-
fixing biofertilizers for wide range of crops. This may emerge as an era of shaping
future of human race as far as scarcity of food, safety, and security are concerned.
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Chapter 2
Symbiotic and Asymbiotic Nitrogen
Fixation: An Overview

Papri Nag, Shrivardhan Dheeman, and Dinesh Kumar Maheshwari

Abstract Biological nitrogen fixation (BNF) has evolved early during the evolution
of life. Bacteria have nitrogenase enzyme as a central moiety for nitrogen fixation.
However, the production, maturation, and function of nitrogenase are costly for the
microbe. Molecular expression and regulation of nitrogenase are important for
understanding BNF. Therefore, biochemical genetics of nitrogenase expression
and regulation becomes important to be studied in the current scenario, to be utilized
nitrogen fixation in variety of crops. Role of gene regulates enzymatic activity in
symbiotic and nonsymbiotic system covered under this review. It is being predicted
that symbiotic and asymbiotic nitrogen-fixing bacteria (NFB) both have the potential
to bring ever-green revolution from the green revolution.

Keywords Nitrogen fixation · Rhizobacteria · Rhizosphere · Nonlegume · Crop
production

2.1 Introduction

Nitrogen is one of the most important elements of life. Earth's atmosphere contains
approximately 78% nitrogen. But this N2 is not available for use in the biogeochem-
ical cycle. Plants, animals, and most of the other microorganisms require combined
form of nitrogen for incorporation into cellular biomass and growth. In an intensely
cultivated agro-ecosystem, N2 becomes limiting for crop growth as it is a highly
stable molecule and requires huge amount of energy to break the triple bond which
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limits reduction of nitrogen either chemically or biologically. In fact, the green
revolution was accompanied by a massive increase in the crop production and use
of synthetic fertilizers. Unfortunately, fertilizer use also became one of leading
causes of pollution (John and Babu 2021). It is also evident that the use of
nitrogenous fertilizers will increase further with growth in population (Bouwman
et al. 2013). “Biological nitrogen fixation” (BNF) evolved in certain prokaryotes
early in the history of evolution of life (Boyd et al. 2011; Raymond et al. 2004).
Members of many bacterial phylum are known to fix nitrogen by breaking the triple
bond of N2 to form NH3 (Fig. 2.1) which is utilized for growth, starting the N cycle.
This process of nitrogen fixation is believed to be second most important biological
process after photosynthesis and considered to be of tremendous importance to the
environment and also contributes the sustainable inputs into the agriculture world. In
this review, the involvement of Nod factor in bacteria-plant symbiosis, contribution
to plant growth has been reviewed. Further, an overview on the biochemical genetics
of symbiotic and asymbiotic bacteria for nitrogen fixation has been discussed.
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Fig. 2.1 Nitrogen fixation
carried out by nitrogenase-
producing bacteria fixes
atmospheric nitrogen into
ammonia (NH3), at
physiological pH, occurs as
ammonium ion (NH4

+) that
can be used by other
microorganisms, plants, and
animals
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2.2 Involvement of Nod Factor in Bacteria-Plant Symbiosis

Knight et al. (1986) studied the nodulation inhibition occurred due to
R. leguminosarum multicopy nodABC genes, analyzed at early inhibition of infec-
tion in plants. On the other hand, Castillo et al. (1999) worked on an increase in
nodulation in Medicago sativa, nitrogen fixation, and plant growth, inoculated with
Sinorhizobium meliloti. Further the research outcome is that the common nodulation
gene (nodABC) and nifN gene are essential for the process of BNF. The increased
copy number into S. meliloti genome showed better symbiotic properties resulting in
enhancement of plant growth and development. This suggests that increase in
symbiotic activity is corresponded to the manipulation of structural and regulatory
nod genes in rhizobia.

In the pioneer work of Spaink et al. (1991), the nod factor in the early stage of
symbiosis played a vital role in formation of nodule primordium, resulting into
enhancement of productivity. In fact, Souleimanov et al. (2002) reported a stimula-
tory effect similar to phytohormones obtained from purified Bradyrhizobium
japonicum nod factor function in nonlegume (corn) as well as leguminous plant
(soybean). This leads to identity of nod genes and nod factor cascade essential for
endosymbiosis in angiospermic plants (Geurts et al. 2005). Also, earlier report by
Prithiviraj et al. (2003) establishes that B. japonicum Nod factor induces seed
germination of several diverse genera and Nod factor-induced genes are present in
the genome of both legume and nonlegumes. Following this, Macchiavelli and
Brelles-Marino (2004) reported a significant increase in nodule number after seed
inoculation of Medicago truncatula with S. meliloti, and its lipo-
chitooligosaccharides (LCOs). This also signifies by inducing root hair curling,
re-initiation of cell proliferation, and sometimes elicitation of nodule-like structures
(Gibson et al. 2008). The symbiotic activity of Rhizobium leguminosarum bv. trifolii
was not improved due to competitive action in the presence of chemical signals in
soil, suggesting the involvement of LCOs for enhanced nodulation in clover.
Preincubation of B. japonicum with jasmonates accelerates the development of
nodules and biological nitrogen fixation in Glycine max.

Nod factors have been reported to activate defense-related enzymes and induce
synthesis of host nodulin proteins, which are important for the formation of infection
thread (Fournier et al. 2015; Tsyganova et al. 2021). These factors induce a variety of
physiological and biochemical reactions in plants such as cell division and embryo
formation in temperature-sensitive carrot hybrid (Baier et al. 1999). Nonlegumes’
root mass and length can be increased by applying a low concentration of lipo-
chitooligosaccharides (LCO) (107–109 M) to the rhizosphere (Zhang et al. 2002). In
the absence of auxins and cytokinins, Nod factors (LCO) can restore or restart cell
division and embryogenesis in plants (Dyachok et al. 2000). Consequently, Nod
factors induce seed germination and early seedling growth in nonlegumes like maize
and cotton. Nod factors are now reported to play crucial role in establishment of
plant-arbuscular mycorrhizal (AM) symbiosis. Application of very low



concentrations of the bacterial metabolite stimulated AM fungal colonization in
legume and nonlegume roots (Liang et al. 2013).
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2.3 Biochemistry of Nitrogen Fixation

Bacterial genus capable of BNF can be categorized into three classes; prokaryotes
which can perform BNF in free-living state (diazotrophs; asymbiotic nitrogen
fixation), in association with other hosts (associative nitrogen fixation; also, a form
of asymbiotic nitrogen fixation) or inside eukaryotic hosts as symbionts (symbiotic
nitrogen fixation). All these categories have one feature in common, the enzyme
“nitrogenase” capable of breaking the triple bonds present in dinitrogen at normal
temperature and pressure to form ammonium. This enzyme complex consists of two
components –the smaller dimeric component known as the iron (Fe) protein which is
designated as dinitrogenase reductase and functions as an ATP-dependent electron
donor to the larger heterotetrametric component known as the molybdenum-iron
(MoFe) protein named as dinitrogenase (Fig. 2.2). Both of these components of

Fig. 2.2 Nitrogenase enzymes. Dinitrogenase reductase (Fe protein) and dinitrogenase (MoFe
protein). Initially, electrons are transferred to dinitrogenase reductase enzyme (reaction center,
Fe4S4). Followed by transferred to P cluster (Fe4S4) of dinitrogenase protein. Electrons are passed
to FeMoco (iron-molybdenum cofactors) and Fe7S9Mo-homocitrate of the dinitrogenase. Ulti-
mately, transferred to N2, in which ammonia and hydrogen are evolved



nitrogenase are extremely sensitive to oxygen (Dixon and Kahn 2004) and
inactivated under oxygen-rich environments. Inactivation of nitrogenase centrally
depends on the availability of oxygen, and thus inactivation of nitrogenase can
reverse at a lower concentration of oxygen. The fixation of nitrogen needs not
only nitrogenase, but also ATP, reduced ferredoxin, and perhaps other cytochromes
and co-enzymes. ATP for nitrogen fixation is provided by substrate phosphorylation.
For example, Rhodospirillum, which has nitrogenase activity in the presence of light
and no activity in dark, due to reversible modification of nitrogenase in different
conditions. It is clear, that oxygen is not only responsible for the regulation of
nitrogenase activity. This phenomenon has been reported in Azotobacter, Klebsiella
pneumoniae. This nitrogen fixed by the BNF process is absorbed by plants and
microbes to be incorporated into bio-geo-chemical cycle.
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2.4 Expression and Maturation of FeMo Nitrogenase

Expression and maturation of FeMo nitrogenase have been studied in detail in
Azotobacter vinelandii and are discussed in a brief simplified manner. The complex
of genes that are responsible for the encoding of regulatory proteins associated with
nitrogen fixation are known as nif genes. They are detected in many nitrogen-fixing
bacteria. They act as an operon in free-living anaerobic nitrogen-fixing bacteria like
Rhodobacter capsulatus, Klebsiella pneumoniae, etc. The expression of these Nif
genes is induced in response to low concentrations of fixed nitrogen and oxygen. The
structural genes, NifH, NifD, and NifK, are arranged in one operon regulated by NifA
and NifL (Martinez-Argudo et al. 2004). Although, some bacteria do not possess
NifL. The function of each Nif gene required maturation of the Fe- and MoFe-protein
was determined by creating deletion mutants. The Fe protein is expressed from NifH,
the first gene in the operon. The Fe protein is simpler of the two subunits, it is a
homodimer of two NifH peptides and requires only the help of a peptidyl prolyl
cis-trans isomerases (PPIase) containing NifM. The 2[Fe4S4] clusters are first formed
on NifU and then transferred to apo-NifH. NifS, a cysteine desulfurase, supplies the
sulfur for [Fe4S4] assembly (Rubio and Ludden 2005, 2008). For full maturation of
MoFe protein, in addition to NifH, several ancillary genes controlled by NifA are
required. The structural genes NifD and NifK products assemble to form a
heterotetramer apo-FeMo protein. The metal clusters P and M are assembled sepa-
rately and inserted into the apo-FeMo protein to form the holo-FeMo protein. The
two P metal clusters containing the [Fe8S7] are assembled from 2 [Fe4S4] with the
help of NifU, NifS, NifZ, and NifH. Two P-cluster precursors 2[Fe4S4] are inserted in
each heterodimer as sequentially and converted into functional [Fe8S7] P clusters
after the insertion of M-cluster in the apo-FeMo protein. The M-cluster assembly is
much more complex and needs the help of NifU, NifS, NifB, NifE, NifN, NifW, NifY/
nafY, and NifH. The core [Fe4S4] is assembled on NifEN-B in two steps by
formation of K-cluster supplied by NifS and NifU and formation of L-cluster on
NifEN in S-adenosyl-L-methionine (SAM)-dependent manner. NifB is thought to be
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the SAM-dependent enzyme. The L-cluster on NifEN is converted to M-cluster
containing the [7Fe-9S-Mo-C-homocitrate] by insertion of Mo and homocitrate in
an ATP-dependent manner with NifH acting as the insertase. The M-cluster is
transferred from NifEN to apo-NifDK by direct protein-protein interaction. Once
the M-cluster is deposited on the apo-NifDK, the P-cluster precursors also mature
into P-clusters to form the holo-NifDK. NifY is thought to protect α-Cys275 residue
from rapid alkylation. FeMo-co is considered to be one of the most complex
metallocluster and is the active site of N2 reduction (Jimenez-Vicente et al. 2018).
In Klebsiella pneumoniae, NifY aids in the insertion of FeMo-co into
apodinitrogenase. NifM is required for the maturation of NifH. NifJ is involved in
transporting electron to nitrogenase.
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The nitrogen regulatory system activates some genes in response to nitrogen
starvation and enables the organism to utilize the unusual nitrogen sources like
histidine, proline, and N2 itself. When enough fixed nitrogen is not available for
the organism to use, NtrC triggers NifA expression which further activates the rest of
the Nif genes and if sufficient amount of reduced nitrogen is available, NifL i
activated which inhibits the activity of NifA which results in inhibition of nitroge-
nase formation. The genes for nitrogen fixation are organized into a regulon of
17 genes which consists of seven or eight operons each of which is transcribed into a
single, usually polycistronic mRNA.

2.5 Nitrogenase and Its Regulation

Most of the information about genetics of nitrogenase has been obtained from the
study of bacterium Klebseilla pneumoniae and this complex of nitrogenase is
governed by several genes known as Nif clusters. This cluster consists of set of
20 genes called as Nif genes. Nitrogenase is an oxygen-labile heteromeric enzyme
containing three metalloclusters which can function at less than 180 μM of dissolved
O2 (Oelze 2000). Nitrogenase also requires a high energy source as two molecules of
NH3 produced require 16 ATP molecules (Dixon and Kahn 2004). Further, rapid
utilization/secretion of ammonium must be ensured as NH3 can become toxic to the
microbe at higher concentrations (Brewin et al. 1999). Thus, in addition to
expressing the structural genes for nitrogenase, the microbe also has to express
ancillary genes required for metallocluster organization and modulation of nitroge-
nase expression in concert to oxygen, nitrogen, and energy levels of the cellular
environment (Dos Santos and Dean 2011). The complexity of BNF process
increases from the free-living to symbiotic diazotrophs, so does the efficiency of
incorporation of nitrogen into the living system. However, the basic biochemistry of
nitrogenase remains the same in all diazotrophs.

The genes responsible for nitrogen fixation, including the nif genes for nitroge-
nase production, are under stringent genetic regulation (Evans et al. 1991; Fischer
1994) This is an extremely complex regulatory system that controls the expression of
multiple nif genes required for the production of active nitrogenase. Genetic



regulation of nitrogen-fixation gene in Bradyrhizobium japonicum (in symbiotic
system) has been illustrated in Fig. 2.3. The regulatory system for symbiotic nitrogen
fixation is very complex. Sigma units facilitate switching of genes either turned on or
off through the control of respective promotors (Fig. 2.3).
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Fig. 2.3 Nitrogen fixation gene regulation in Bradyrhizobium japonicum. The regulation of the nif
genes that control production of nitrogenase with other genes, such as fix genes under low oxygen
conditions expressed nitrogenase. It appears functional, and especially important. Initially, fixJ and
nifA are central systems of symbiotic regulation of N-fixation. Both fixJ and nifA are functional
under low oxygen level. act activator, inh inhibitor, open green box nonsigma-dependent promotor,
blue circle sigma-dependent promotor

Three types of nitrogenases are known: MoFe nitrogenase, all ferrous nitroge-
nase, and vanadium nitrogenase depending on the metallocluster inserted in the
enzyme. Among these, MoFe nitrogenase of Azotobacter vinelandii is the best
studied system. The MoFe nitrogenase consists of two subunits: Fe protein (NifH)
is a homodimer with one ATP-binding site in each monomer and one shared
[4Fe-4S] cluster. The second subunit is the MoFe protein (NifDK), a heterotetramer
(α2β2) with one [Fe8S7] P-cluster and one [FeMo-co] (MoFe7S9C-homocitrate)
M-cluster per heterodimer. The reduction of N2 occurs when the Fe protein and
MoFe protein associate to form a functional complex. The process of nitrogen
reduction and production of NH3 is an electrochemical process. Two models have
been proposed to explain the kinetics. The Thorneley�Lowe Model (Rutledge and
Tezcan 2002) states that the electron flow starts with the electron donation by
electron donors like ferrodoxins and flavodoxins in an ATP-dependent manner to
Fe protein. The electron is transferred from MgATP-bound Fe protein to the
P-cluster of MoFe protein which in turn, passes it to the M-cluster, the active site.
Eight rounds of ATP dephosphorylation occur and electrons accumulate before a
one molecule of NH3 is produced (Seefeldt et al. 2020). The second and recent
model describes a transient electrostatic transduction state between Fe and MoFe



protein. In this state, the transfer of electron from Fe protein to the P-cluster of MoFe
protein occurs. This is followed by sequential hydrolysis of ATP and activation of
the M-cluster by a thermodynamically induced change in the reducing potential and
the subsequent reduction of N2 (Howard and Rees 1996). The release of Pi forms of
the nitrogenase complex is thought to be the rate limiting step (Yang et al. 2016). In
addition to the reduction of N2, nitrogenase can also reduce C2H2, C2H4, CO, NaCN,
NaN3, and H+.
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Several strategies are adopted to protect nitrogenase from oxygen damage and
also for regulating its expression as excess O2 can cause irreversible damage to the
Fe protein. In A. vinelandii, three strategies are used for providing protection to
nitrogenase from oxidative damage: conformational protection, respiratory protec-
tion, and transcriptional control. The FeSII or shethna protein is central to the
conformational protection by binding to the nitrogenase and making the
metallocluster of nitrogenase inaccessible for oxidation (Moshiri et al. 1994). During
respiratory protection, the high respiration rate helps in scavenging oxygen from the
cell (Oelze 2000). Central to respiratory control is the cytochrome bd oxidase (Kelly
et al. 1990). The structural Nif genes encoding for nitrogenase are controlled at the
transcriptional level by NifA-NifL (Martinez-Argudo et al. 2004). NifA is the
transcriptional enhancer of RNA polymerase σ54, the NtrA gene product is a factor
of RNA polymerase which recognizes the Nif and other Ntr-regulated genes. NtrA
allows RNA polymerase to bind at Nif promoter and to initiate transcription, while
NifL binds NifA functioning as its repressor. NifL can inhibit the binding of NifA to
σ54 by hindering its ATPase activity. In proteobacteria lacking NifL, the structure of
NifA contains an extra Cys–X4–Cys motif. Several other genes are also expressed
only when NifA binds to σ54 (Dixon and Kahn 2004; Fischer 1994). These auxillary
Nif genes are required for the maturation of nitrogenase and insertion of metal
clusters. During transcriptional regulation of nitrogenase in Klebsiella pneumoniae,
Azoarcus spp., and A. vinelandii, the oxidation of the FAD prosthetic group in NifL
induces binding to NifA to inhibit transcription (Dixon and Kahn 2004). This
inhibition is reversed when the flavin is reduced and NifL can separate from
NifA. Regulation of nif genes in Klebsiella pneumoniae has two elements, ntr as
external system and couple of nifA and nifL as internal system. The interrelationship
of both systems is summarized in Fig. 2.4.

In Rhodobacter capsulatus, the two component RegB-RegA system controls the
production of nitrogenase in relation to O2 concentration. The RegB-RegA system
was initially identified as an important system controlling the transition of the
bacteria from aerobic to anaerobic growth conditions (Elsen et al. 2004; Torres
et al. 2014). R. capsulatus has adapted a second level of control by using FdX during
conformational change (as a counterpart of FeSII) and also by binding NifA for
inhibiting transcription of nitrogenase under semi-aerobic conditions (as a counter-
part of NifL) (Hoffmann et al. 2014). In symbiotic bacteria, three levels of controls
are exerted to modulate the expression of nitrogenase gene: Direct inactivation of
NifA, through FixL-FixJ and through RegS-RegR. In symbiotic proteobacteria
lacking NifL, the NifA protein is directly modulated by the oxidation state of the
cell. This is done by controlling the metal ions present in the Cys–X4–Cys motif



present in NifA (Fischer 1994). The oxidation state of the histidine kinase, FixL,
controls the phosphorylation state of FixJ which in turn controls the transcription of
NifA. In presence of high O2, FixL is oxidized and is unable to phosphorylate FixJ
resulting in FixJ dimerization which cannot bind the promoter to initiate the tran-
scription of NifA. Once oxygen stress is removed, FixL phosphorylates FixJ which
in turn activates NifA transcription. In addition, RegS-RegR is two component
redox-sensing system which can control the production of nitrogenase by controlling
the production of NifA (Emmerich et al. 2000).
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Fig. 2.4 Regulation of nif genes expression in Klebsiella pneumoniae: The ntrA protein from ntrA
gene serves a factor for RNA polymerase, which recognizes nif and ntr genes. ntrA allows RNA
polymerase to bind at nif promotors and initiate transcription. ntrB, a product of ntrB gene functions
as kinase and phosphatase on the substrate ntrC, product of ntrC gene. Depending upon nitrogen
concentration, particularly in starvation conditions, ntrC-P acts as inactivator of nifL and nifA. The
nifA, activates nif transcription and nifL in presence of low nitrogen and oxygen, inactivates nifA,
thereby, preventing transcription of nif genes. (Adapted from Tuli et al. 1982)

In addition to oxygen, modulation of nitrogenase production in response to
nitrogen status is very important for survival of the free-living diazotroph. In the
symbiotic bacteroid, the cells keep on releasing ammonium for the host plant which
diffuses out of the cell to be utilized by the host plant. BNF is a high energy-
consuming process and is stringently controlled by the diazotroph. The regulatory
cascades involved in controlling the production of nitrogenase under different



nitrogen availability function at the global level with PII-like proteins (GlnK, GlnB,
GlnZ), transcriptional level by NtrC and NtrB (He et al. 1997), and post-translational
level by DraT and DraG (Masepohl et al. 2002). In some diazotroph like
A. vinelandii, nonuridylylated GlnK prevents NifL from repressing NifA; while in
others uridylylated GlnB binds NifA to activate the Nif gene expression. The NtrC-
NtrB global regulators function by controlling expression of NifL and NifA genes and
the glnK-amtB operon, although regulation by the NtrC-NtrB varies among different
bacteria (Dixon and Kahn 2004). GlnB activates the phosphatase activity of NtrC.
Dephosphorylation of NtrB by NtrC prevents transcription of the NifL-NifA and
glnK-amtB operons. The GlnB-GlnK system is utilized for modulation by the
presence of energy sources like ATP and 2-oxogluterate. However, the nitrogen
signal overrides the energy signal.
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2.6 Conclusion

Biological nitrogen fixation is a costly process for the microbe as it is energy
intensive. Hence, it is controlled at several levels from transcriptional control to
post-translational control. Genetic regulations of nitrogenase are still complex and
require to be understand in the current scenario. This review understood and pro-
vides a more improved picture of biochemical genetics of nitrogen fixation in
symbiotic and free-living association level.
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Chapter 3
Interactions of Rhizobia
with Nonleguminous Plants: A Molecular
Ecology Perspective for Enhanced Plant
Growth

Sourav Debnath, Nandita Das, Dinesh Kumar Maheshwari,
and Piyush Pandey

Abstract Rhizobia are known for its symbiotic association with the leguminous
plants, which have role in biological nitrogen fixation in root nodules. However, its
association with nonlegumes has received relatively lesser attention. With the
progress in technology and research strategies, the molecular ecological perspective
of rhizobial interaction with nonlegumes has recently gained much progress.
Rhizobia are now known to form symbiosis with nonlegumes without forming
true nodules, and yet promote the growth of nonlegumes through direct and indirect
mechanisms. Plant growth-promoting traits such as production of phytohormones,
siderophore, ACC deaminase activity, phosphate solubilization, and improving the
nutrient uptake by modulating the root structure are the PGPR mechanisms
described for rhizobia. Recently, rhizobia have also been reported to modulate the
rhizospheric bacterial community structure that helps plants to adapt to a new or
hostile environment. The rhizobia can also mediate biocontrol through antibiosis,
parasitism, or competition which inhibits plant pathogens, induces systemic resis-
tance in the host plant, and also releases exopolysaccharides for improving root
adhering soil in the plants. The research on cell-to-cell communication for this
unique synergistic interaction with nonlegumes, such as rice and wheat plants, has
revealed interesting facts, which may be used for better plant growth. Therefore, the
application of rhizobia as PGPR and further use as a biofertilizer, stress regulators,
and biocontrol agents for nonleguminous plants need more intervention from the
perspective of its interaction with nonlegumes, which has been addressed in this
article. Also, the importance of rhizobia with the perspective of molecular ecology,
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genomics attributes of rhizobia colonizing nonlegumes, and possible rhizobial
engineering have been included.
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3.1 Introduction

The demand for food has been increasing at an exaggerating rate worldwide. For
such a demanding process, the farmers apply chemical fertilizers, insecticides,
herbicides, etc. more than their recommended level for enhancing the production.
These applied chemicals, in turn, affect soil health and increase a load of contam-
inants into the environment, Consequently, affecting the health of humans and other
organisms. Therefore, a sustainable approach must be adopted to ensure effective
management of all the resources in an agriculture system that reduces the impact of
the chemicals while maintaining the fertility of the soil. Presently, the trend in the
agricultural sector is to explore the alternatives for the harmful chemicals and focus
on organic and inorganic fertilizers (Haggag and Wafaa 2002), which is a daunting
task (Ray et al. 2000; Bera et al. 2006). Plant growth-promoting rhizobacteria
(PGPR) are a group of beneficial microbes which are involved in symbiotic and
nonsymbiotic beneficial traits to improve the growth and yield of legumes as well as
nonlegumes (Antoun et al. 1998; García-Fraile et al. 2012; Ahmad et al. 2013;
Khaitov et al. 2016; Ziaf et al. 2016). Thus, the use of microbes as biofertilizers for
sustainable agriculture is hereby utmost necessary considering their beneficial traits
and mode of action (Nosheen et al. 2021).

Rhizobia are soil bacteria belonging to family Rhizobiaceae which are gram-
negative, chemo-organotroph, or chemolithotroph in nature (Werner 1992), and are
capable of fixing atmospheric nitrogen popularly known as biological nitrogen
fixation (BNF) (Franche et al. 2009). Some of the well-known genera of rhizobia
are Rhizobium, Sinorhizobium, Mesorhizobium, Bradyrhizobium, Agrobacterium,
Azorhizobium, Allorhizobium, etc. (Rao et al. 2018) which possess host-specific
ability to establish symbiosis with leguminous plants (Mehboob et al. 2012). How-
ever, rhizobia also possess the ability to associate with nonlegumes without forming
true nodules which are nonspecific (Reyes and Schmidt 1979). This leads to spec-
ulations and further work on the working mechanism of the well-established fact that
increases the yield upon their inoculation.

Rhizobia are known to promote the growth of many plants including various
crops and grasses (Machado et al. 2016; Borges et al. 2019). Yet various factors
govern the successful nature of the inoculants. Rhizobia meditates the growth of
nonlegume plants through its direct and indirect mechanisms or a combination of
both. These include PGP traits such as IAA production, siderophore activity, and
ACC deaminase activity to name a few including biocontrolling property as well as
by influencing other beneficial microbes in the vicinity for better growth of the plant
(Shakhawat Hossain and Mårtensson 2008).
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On the other hand, certainly incompatible rhizobia might have a deleterious effect
on certain crops (Perrine et al. 2001). Therefore, it is important to determine the
specificity of a particular strain and understand the underlying interaction before
selecting it as a PGPR.

3.2 Rhizobia and Nonlegume Interaction

Rhizobia are known for their ability to form root nodules in the leguminous plants,
by which they fix atmospheric nitrogen and provide nourishment to the plants
(Schloter et al. 1997), there had been early reports for their interaction with the
nonlegumes (Reyes and Schmidt 1979; Chabot et al. 1996). The rhizobia possess the
ability to survive as well as to colonize the roots of the nonlegume plants (Antoun
and Prevost 2000; Bhattacharjee et al. 2008). In fact, bacterial associations with
plants are of two types, i.e., close and loose. This may be endophytic, phyllosphere,
or rhizospheric (Weyens et al. 2009). This colonizing ability of the bacteria brings
about stimulating or inhibiting effects (Höflich et al. 1994; Antoun et al. 1998). The
rhizobia enter the nonlegume through cracks present in the root epidermis and
colonize the cortex within the xylem (Sabry et al. 1997) and between the root
intercellular spaces (Reddy et al. 1997). The roots of a particular plant and rhizobia
interact with each other, while this interaction results in enhancement of the growth
and yield of the plant (Lemanceau 1992; Yanni et al. 1997). Therefore, those specific
and nonspecific interactions make rhizobia a potential endophyte or rhizobacteria for
the nonlegumes (Sessitsch et al. 2002). There are various studies which suggests
rhizobia as endophytes in nonleguminous plants, e.g., Rhizobium laguerreae in
spinach (Jiménez-Gómez et al. 2018), Rhizobium phaseoli, Sinorhizobium
americanum, and Azospirillum brasilense in maize (Gómez-Godínez et al. 2019),
Rhizobium species in cotton plant (Qureshi et al. 2019), and Rhizobium alamii in
Brassica napus (Tulumello et al. 2021).

Rhizobial endosymbiosis with other nonlegumes such as Parasponia has also
been reported (Sytsma et al. 2002). Different Rhizobium species are associated with
the nodulation process of Parasponia (Trinick and Galbraith 1980; Trinick and
Hadobas 1989) with diverse genes for Nod factor biosynthesis (Op den Camp
et al. 2012). The structure of such nodules is like lateral roots, and is formed
following the typical flavonoid-dependent mechanism (Chapman and Muday
2021). It was reported that Nod factors lysin-motif (LysM) domain proteins are
important for the symbiosis of nodulation and mycorrhization in P. andersonii
(Op den Camp et al. 2011).

Rhizobia can flourish in both legumes as well as nonlegumes (Pena-Cabriales and
Alexander 1983). There are reports of the appearance of nodule-like structures in
nonlegumes (Ridge et al. 1992; Trinick and Hadobas 1995; Naidu et al. 2004).
Rhizobial colonization in rice and wheat seedling has been reported by Shimshick
and Hebert (1979), while the effectiveness of rhizobial competence was determined
by Wiehe and Höflich (1995) in maize. Many such reports of rhizobial colonization



in nonlegumes were reported by Wiehe et al. (1994), Schloter et al. (1997), Reddy
et al. (1997), and Sabry et al. (1997). Along with endophytic colonization, the
ascending migration toward stem, leaves, and leaf sheath has been reported by Chi
et al. (2005). The survival and multiplication of rhizobia in the rhizospheric region of
wheat, corn, rape, etc. (Wiehe and Höflich 1995), and lettuce (Pena and Reyes 2007)
are well studied. Moreover, the presence of rhizobia has been reported from the
epidermis of sorghum and millet plants, after inoculation (Matiru et al. 2005).
Perrine-Walker et al. (2007) detected the presence of rhizobia and their ability to
colonize rice plants.
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Rhizobia are also known to secrete different kinds of metabolites which ensure
the development of nonleguminous plants. Such compounds provide stabilizations
and protection to the plant. These compounds include cytokinins (Noel et al. 1996),
abscisic acid (Minamisawa et al. 1996), indole-3-acetic acid (Pandey and
Maheshwari 2007; Venieraki et al. 2011), gibberellic acid (Humphry et al. 2007),
ethylene (Boiero et al. 2007), ACC-deaminase (Glick et al. 1994), antibiotics
(Bhattacharya et al. 2013), etc. These metabolites are produced through the interac-
tion of rhizobia and the nonlegume which results in better tolerance of stress, growth,
and yield (Mehboob et al. 2012). In contrast, sometimes overproduction of certain
metabolites may also harm the plant. Production of bacteriocin was reported from
Sinorhizobium meliloti which inhibits the growth of rice (Perrine-Walker et al.
2009). Similarly, a high concentration of auxin and nitrate by rhizobia was reported
to inhibit nonleguminous plants (Perrine-Walker et al. 2007). The PGP of endo-
phytic Bradyrhizobium sp. strain SUTN9-2 isolated from rice plants was examined.
The expression of genes involved in IAA (nit) and ACC deaminase (acdS) synthesis
was contradictory with the results of quantitative analysis of IAA and ACC deam-
inase. This inconsistency suggested that IAA and ACC deaminase generated by
SUTN9-2 have no direct effect on rice development, but those other components
arising from IAA and ACC deaminase activities may have their role. Furthermore,
SUTN9-2 enhanced the expression of genes involved in nitrogen-fixing (nifH and
nifV) in rice tissues (Greetatorn et al. 2019). Hara et al. (2019) discovered that the
functional N2-fixing Bradyrhizobia (TM122 and TM124) found in sorghum roots
were phylogenetically related to photosynthetic B. oligotrophicum S58T and
non-nodulating Bradyrhizobium sp. S23321. In terms of the G+C content of the
nifDK genes, nifV, and possibly nif gene regulation, the nif genes of “Free-living
diazotrophs” TM122, TM124, S58T, and S23321 differ significantly from those on
the symbiosis islands of nodule-forming Bradyrhizobium sp.

The successful nature of the rhizobial and nonleguminous plant association
depends on many factors. Along with the bacterial strain, the type of plant, culture
condition, microflora, quality of soil, and various biotic-abiotic factors contribute to
the success of the inoculum (Lynch 1990a, b; O’sullivan and O’Gara 1992; Antoun
et al. 1998; Biswas et al. 2000; Hilali et al. 2001; Dobbelaere et al. 2003; Depret et al.
2004; Mehboob et al. 2008; Hussain et al. 2009). Depending upon these factors,
rhizobia have been divided into three groups depending upon their growth-
promotional, inhibitory ability, and nonassociating nature (Prayitno et al. 1999;
Perrine et al. 2001, 2005). The development of competent rhizobial strains by the



plant, soil, and environment is key (Mehboob et al. 2012). On the basis of these
reports, it may be concluded that just like the rhizobial-legume interaction, rhizobial
and nonlegume interaction is also much important for green and sustainable
agriculture.
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3.2.1 Molecular Interaction of Rhizobia in Nonlegumes

The molecular aspect of rhizobial inoculation has been extensively explored in
Parasponia andersonii and rice plants. The recruitment of LysM-Type Mycorrhizal
Receptor, which is responsible for the symbiotic association with Rhizobium, is the
fundamental mechanism of Parasponia-Rhizobia interaction (Op den Camp et al.
2011). A class of LysM-type receptors namely MtNFP/LjNFR5 is reported from
Parasponia and the functional analysis of this gene revealed a dual symbiotic
function in P. andersonii (Streng et al. 2011). Comparative transcriptomics of
P. andersonii revealed 290 symbiotic genes which are similar to a legumeMedicago
truncatula that is responsible for its nodule-enhanced expression profile. Some
important genes are Nodule Inception (Nin) And Rhizobium-Directed Polar Growth
(RPG), known for their importance for nitrogen-fixing root nodules. These set of
genes along with a putative ortholog of the NFP/NFR5-type LysM receptor for
Rhizobium LCO Signaling molecules namely NFP2 in Parasponia are critical in
forming the nodules which separate it from other plants of its category (van Velzen
et al. 2018; Dupin et al. 2020).

In rice plants, however, rhizobial invasion occurs mostly through pores in the
epidermis and fissures formed during the development of lateral roots (Reddy et al.
1997). This infection process is nod-gene independent, nonspecific, and does not
include infection thread development. Naringenin, a flavonoid, has been shown to
enhance this form of rhizobial colonization in rice plants (Webster et al. 1997).
Perrine et al. (2001) reported the involvement of specific plasmids carried by
rhizobial strains affecting the growth and development of rice seedlings. Piromyou
et al. (2015) investigated the effect of Bradyrhizobium inoculation in rice seedlings
and reported strong expression of peces, rhcJ, virD4, exopolysaccharide production
( fliP), and glutathione-S-transferase (gst genes). Wu et al. (2018) reported the
growth-promotional and signaling potential of Sinorhizobium meliloti in rice seed-
lings, which resulted in increased gene expression, which is responsible for accel-
erated cell division and cell expansion. Transcriptomic analysis revealed that
differentially expressed genes (DEG) are involved in upregulation of phytohormone
production, photosynthetic efficiency, glucose metabolism, cell division, and cell-
wall expansion. Moreover, the inoculation of Bradyrhizobium sp. in rice plants
revealed colonization, enlargement of bacterial cells, increased DNA content, and
nitrogen fixation. Some factors in rice extract induced the expression of cell cycle
and nitrogen fixation genes. The transcriptomic analysis revealed encoding a class of
oxidoreductases that act with oxygen atoms and may play a role in maintaining an
appropriate level of oxygen for nitrogenase activity, followed by GroESL



chaperonins, which are required for nitrogenase functioning. The expression of the
antimicrobial peptide transporter (sapDF) was also increased, leading to cell differ-
entiation (Greetatorn et al. 2020).
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3.3 Methods to Detect N2 Fixation by Rhizobia
in Nonlegumes

There are methods by which we can identify the activity of nitrogen fixers in
nonlegumes. One indirect method is to detect the nifH DNA in the tissues having
DNA of endophytes, which indicates the occupancy of N2-fixating bacteria. The
expression of nifH genes stipulates the probability of active N2 fixation by
diazotrophs. It is done with the help of Rt-PCR where soft stem tissues of plants
like sugarcane are being used to detect any signs of nifH expression (Thaweenut
et al. 2011). RNA is isolated and reverse transcripted into cDNA in this method
(Thaweenut et al. 2011). Using the product of RT-PCR as a template, the fragments
of nifH are amplified through nested PCR with Taq DNA polymerase. The efficiency
of the nifH PCR primer has been re-examined in different laboratories (Gaby et al.
2018) and a new modified annealing temperature was set at 58 �C to determine the
largest diversity of nifH templates.

The second way is to detect the diazotrophic rhizobia by metaproteomics. For
this, the first step is to obtain the bacterial cell-enriched fraction. The bacterial cells
are extracted from the root tissues of rice plants through different centrifugation steps
followed by a density gradient centrifugation followed by proteins extraction. A
metaproteomic analysis based on metagenome analysis on the roots of rice plant was
used to determine the peptide abundances of the proteins involved in methane
oxidation (particulate/soluble methane monooxygenase (pMMO/sMMO), methanol
dehydrogenase (MxaFI), formaldehyde dehydrogenase (FAD), formate dehydroge-
nase (FDH)) and N2 fixation (NifH, NifD, NifK, VnfD). This was followed up by
Nanoliquid chromatography (LC)–electrospray ionization–tandem mass spectrome-
try (MS/MS) analyzed using an LTQ ion-trap MS coupled with a multidimensional
high-performance LC Paradigm MS2 chromatograph and a nanospray electrospray
ionization device. The tryptic peptide spectra were recorded in an m/z range of
450–180. The MS/MS data were explored against the rice root microbiome database
that was constructed using metagenome data targeting the same rice root samples
(Bao et al. 2014).
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3.4 Genomic Attributes of Rhizobia Colonizing
Nonlegumes

Genomics is the study of genes and genomes that focuses on the structure, function,
evolution, mapping, epigenomic, mutagenomic, and aspects of genome editing
(Muthamilarasan et al. 2019). Genomics plays an important role in elucidating
genetic variation, which may enhance the performance or the efficiency of the strains
resulting in improved crop production. The rhizobial genomes that are studied,
largely belong to α and β class of Proteobacteria. The average and median genome
sizes of rhizobia were reported to be 3.65 Mb and 3.46 Mb, respectively (Dicenzo
et al. 2016) which are nearly two-three times larger than other bacterial groups. The
rhizobial genomes reflect their ability to adapt in complex conditions, where limited
and diverse types of nutrients are available to the rhizobia (Dicenzo et al. 2016).
Mostly, the genomes are multipartite, which are split into two or more large self-
replicating fragments (replicons). The replicons vary from100 to >2000 kb in size
(Geddes et al. 2020). Though the majority of the research works have been associ-
ated with the rhizobia of legume crops, there are some genomic data available for the
rhizobia in the nonleguminous group which enable us to understand the role of
molecular machinery other than nodule formation.

de Souza et al. (2015) reported the genome of Rhizobium sp. UR51a isolated from
roots of rice plants which is associated with plant growth-promoting traits such as
siderophore, IAA production along with biological nitrogen fixation. The genome
analyses revealed the genes for siderophore aerobactin uptake ( fhuABCD), genes for
biosynthesis of auxin, genes for antioxidant enzymes, antibiotic, and toxic com-
pounds resistance genes. Flores-Félix et al. (2021) isolated Rhizobium laguerreae
PEPV16 strain from root nodules of Phaseolus vulgaris and performed genomic
analysis. The beneficial traits identified through the analysis have led its application
to other vegetables such as carrot and lettuce, subsequently enhancing their growth.
The analysis revealed the genomes possess genes related to N-acyl-homoserine
lactone (AHL) and biosynthesis of cellulose, genes for quorum sensing, and forma-
tion of biofilm. Moreover, the genes related to PGP traits such as phosphate
solubilization, indole acetic acid production, siderophore biosynthesis, and nitrogen
fixation were also reported from the genome. The content of genes related to amino
acids and other associated genes were also present. For the production of cellulose,
the presence of bcsA and bcsB genes were reported. Also, a third gene (celC)
encoding an endonuclease enzyme, CelC2 has been reported to be associated with
the biosynthesis of cellulose, and the formation of biofilm. A gene encoding an N-
acyl-L-homoserine lactone (AHL) synthase has been reported to be associated with
quorum sensing. For the colonization which mediates the formation of biofilm and
attachment to plant surface, many associated genes for motility, chemotaxis, and
biosynthesis of EPS have been reported. Moreover, genes that benefit PGP such as
phosphate solubilization-related genes that carry out the phosphate solubilization
from organic compounds. A siderophore-producing gene that encodes
acetyltransferase that is similar to the vbsA gene responsible for the biosynthesis of



vicibactin, a siderophore produced in other rhizobial groups is also reported from the
genome.
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3.5 Mechanisms of Growth Promotion of Nonlegumes by
Rhizobia

Hiltner (1904) termed the soil around the roots as the rhizosphere, where the
microbial population is very high (Bodelier et al. 1997). This region is rich in
compounds such as amino acids, sugars, vitamins, organic acids, auxins, flavonoids,
etc. which are released by the plants. The microbes get attracted by these compounds
which are also known as root exudates utilized to the microbial population for their
multiplication (Lynch and Whipps 1990; Dakora and Phillips 2002; Somers et al.
2004; Dardanelli et al. 2008, 2010; Raaijmakers et al. 2009). This interaction
between plants’ roots and bacteria leads all the exchanges between them and governs
beneficial, deleterious, and neutral processes. In other words, those compounds act
as chemo-attractants and help the microbial population to communicate with the
plants, resulting in successful interaction (Bolton et al. 1986; Dardanelli et al. 2008,
2010). As a result, the competent bacteria which multiply and colonize the rhizo-
sphere are known as rhizobacteria (Antoun and Kloepper 2001). These rhizobacteria
often possess beneficial traits which enhance the growth of plants, also known as
plant growth-promoting rhizobacteria (PGPR) (Kloepper 1978). These groups of
bacteria possess different modes of action; some provide direct nourishment by
synthesizing beneficial compounds or through indirect mechanisms helping plants
to withstand deleterious effects or pathogen crisis (Glick et al. 1995). Rhizobia are
also considered as PGPRs (Chandra et al. 2007), which associate themselves with
leguminous as well as nonleguminous plants (Höflich et al. 1994; Noel et al. 1996;
Yanni et al. 1997; Antoun et al. 1998; Rodrı  guez and Fraga 1999; Sessitsch et al.
2002). Some of the well-known rhizobial PGPRs belong to genera Allorhizobium,
Azorhizobium, Bradyrhizobium, Mesorhizobium, Rhizobium, and Sinorhizobium
(Mehboob et al. 2012). These rhizobia benefit the plants in many ways (Fig. 3.1),
some of which are mentioned below.

3.5.1 Direct Mechanisms

The direct mechanism of PGPR shown by various bacterial genera includes phyto-
hormone production, mineral solubilization, nitrogen fixation, siderophore, and
HCN production. These mechanisms highly influence the plant growth and result
in better crop yield.
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Fig. 3.1 Various mechanisms of rhizobia by which they benefit a nonlegume plant

3.5.1.1 Production of Important Compounds

Rhizobia produces lower molecular weight plant hormones (phytohormones) which
are known to regulate important physiological and developmental processes during
the growth of the plant (Chiwocha et al. 2003). These compounds affect the process
of flowering, aging, root and stem development, fruit coloration, formation and
shredding of leaves, and many other processes. Some of the important phytohor-
mones are auxins, cytokinins, gibberellins, abscisic acid, indole-3-acetic acid (IAA),
and ethylene (Zahir and Arshad 2004; Khalid et al. 2006). The production of these
important compounds is an important characteristic of rhizobia (Phillips and Torrey
1970; Hirsch et al. 1997; Law and Strijdom 1988; Atzorn et al. 1988; Minamisawa
et al. 1996), and also benefits the nonleguminous category (Biswas et al. 2000;
Yanni et al. 2001; Hafeez et al. 2004; Matiru and Dakora 2005a; Mishra et al. 2006;
Chandra et al. 2007; Humphry et al. 2007; Pena and Reyes 2007).

The Nod factors produced by rhizobia which are essential in forming nodules in
leguminous plants (Buhian and Bensmihen 2018), also play an important role in
nonleguminous crops. These Nod factors help in rapid and transient alkalinization of
cells of tobacco (Baier et al. 1999), tomato (Staehelin et al. 1994), and restore
division of cell and embryonic development in carrot (De Jong et al. 1993),
increasing root mass and length (Smith et al. 2002), enhance photosynthate produc-
tion and yield of grain when sprayed over the surface of leaves (Smith et al. 2001,
2002). It has also been reported to restore cell division and embryogenesis in the
plants when auxins and cytokinins are absent (Dyachok et al. 2000). Moreover, in
maize and cotton, Nod factors induce the germination of seeds and pitches for early



seedling development, at low temperatures. Nod factors also promote colonization of
legumes as well as nonlegumes by AM fungi (Xie et al. 1995).
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Besides rhizobia produce some signaling compounds such as lumichrome which
stimulates growth of plants (Yang et al. 2002; Beveridge et al. 2003; Dakora 2003;
Matiru and Dakora 2005b). This compound is also known to help host plants in
surviving the water stress by decreasing the leaf stomatal conductance and reduction
of water loss via transpiration through the leaves (Phillips et al. 1999). Rhizobia also
produce riboflavin which possesses a significant role in plant-microbe interactions
(McCormick 1989). It can be further converted to lumichrome, which promotes
plant growth.

3.5.1.2 Production of Enzymes

Ethylene is a hormone that promotes the ripening of fruit, breaks the dormancy of
seed, and promotes the formation of root hairs (Dolan 2001). However, its
overproduction inhibits the growth of the plant (Li et al. 2018). Rhizobium
sp. produces 1-aminocyclopropane-1-carboxylate (ACC) deaminase, which is
known to reduce the ethylene levels in plants, by hydrolyzing ACC (the precursor
of ethylene) (Walsh et al. 1981; Yang and Hoffman 1984) into ammonia and
α-ketobutyrate, then absorbing them as a source of nitrogen and carbon (Honma
and Shimomura 1978; Klee et al. 1991). Rhizobia with ACC deaminase activity
possess longer roots (Glick et al. 1999) and are known to resist the ethylene stress
imposed of heavy metals (Burd et al. 2000), attack of pathogens (Wang et al. 2000),
drought stress (Arshad et al. 2008; Zahir et al. 2008), salinity (Mayak et al. 2004;
Nadeem et al. 2007; Zahir et al. 2009), and water stress (Grichko and Glick 2001).
Thus, impart indirect benefit to the plants.

3.5.1.3 Production of Siderophore

Siderophores are chelating compounds that are produced by bacteria and supply iron
to the plants which is necessary for the synthesis of chlorophyll and also present as
co-factors (Rout and Sahoo 2005). It solubilizes ferric iron from the soil and trans-
ports it readily into the cells (Neilands 1993). Siderophores contribute the majority
of the available iron supply to the plants from the rhizospheric soil (Masalha et al.
2000). Different strains of rhizobia are known to possess siderophore activity in
nonlegumes. Rhizobium meliloti (Schwyn and Neilands 1987; Arora et al. 2001),
S. meliloti, R. leguminosarum bv. viciae, R. leguminosarum bv. trifolii,
R. leguminosarum bv. phaseoli, R. tropici (Chabot et al. 1993; Carson et al. 2000),
Rhizobium sp. (Deryło et al. 1994; Antoun et al. 1998), and Bradyrhizobium
(Plessner et al. 1993; Jadhav et al. 1994; Dudeja et al. 1997; Antoun et al. 1998)
to name a few which produce siderophore for the acquisition of Fe3+ chelation in the
iron-deficient environment (Guerinot 1991; Carson et al. 1992; Reigh and O’Connell
1993; Guerinot 1994; Arora et al. 2001).
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3.5.1.4 Solubilization and Uptake of Nutrients

Phosphorus is an important nutrient for plants which is available in soil in two forms,
organic and inorganic. Organic phosphates are phosphomonoesters, phosphodiesters
(phospholipids and nucleic acids), and phosphotriesters (Rodrı  guez and Fraga
1999). Inorganic forms are apatite, hydroxapatite, and oxyapatite (Rodrı  guez and
Fraga 1999; Fernández et al. 2007) which are insoluble. Its deficiency can lead to
limited plant growth and low yield (Fernández et al. 2007). Phosphorous remains
unavailable for plants due to their immovable nature and depends on oil type as well
as pH. Some rhizobia possess the phosphate solubilization ability (both organic and
inorganic) which in turn supplies phosphate to the plant (Abd-Alla 1994; Antoun
et al. 1998; Dazzo et al. 2000; Alikhani et al. 2007; Afzal and Bano 2008). It was
reported that R. meliloti possesses phosphate solubilization activity in nonlegumes to
enhance their growth (Egamberdiyeva et al. 2004).

Similarly, supply of other important nutrients such as N, P, K, Ca, Mg, Zn, Na,
Mo, and Fe by Rhizobium, R. leguminosarum bv. trifolii, Bradyrhizobium (Khokhar
and Qureshi 1998; Biswas et al. 2000; Yanni et al. 2001), K+ and Ca+ in cotton by
R. leguminosarum bv. Trifolii (Hafeez et al. 2004), and N, K, Na, Zn, Fe, and Cu in
wheat by Rhizobium (Amara and Dahdoh 1995) are some important examples of
nutrient supply by rhizobia in nonlegumes.

3.5.1.5 Amelioration of Different Plant-Stress Conditions

Rhizobial inoculation to nonleguminous plants has yielded promising results in
stress amelioration (Silva et al. 2020) as rhizobia help in combating different types
of biotic and abiotic stresses. Rhizobial inoculation has resulted in countering water
stress in the host plant as reported by several workers (Figueiredo et al. 1999; Alami
et al. 2000; Tulumello et al. 2021). Rhizobial inoculation alters the stomatal con-
ductance and transpiration (Matiru and Dakora 2005b), improving photosynthetic
capacity (Chi et al. 2005), and also known to alter the morphology of roots which
helps in absorbing the nutrients from the soil and also resists drought conditions.
Pesticides affects the growth of the plant by disturbing the normal root functioning
altering root architecture, sites of rhizobial infection, ammonia transformation, and
exchange of compounds between plants and microbes, and also by affecting the
microbial population and diversity (al-ani et al. 2019). Kanade et al. (2010) reported
the use of rhizobia from the fenugreek plant for the degrading of malathion. Though
in other reports, the field results were not found to be very satisfactory and require
more research (Gopalakrishnan et al. 2015).
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3.5.2 Indirect Mechanism

This involved the functional role of rhizobacteria in inhibiting the phytopathogens
causing disease in plants.

3.5.2.1 Biocontrol

Biocontrol is the phenomenon by which microbes play an important role to eliminate
or reducing the effect of pathogens by secreting various kinds of compounds such as
antibiotics, HCN, cell-wall lytic enzymes such as chitinase and glucanase
(Chakraborty and Purkayastha 1984; Deshwal et al. 2003; Chandra et al. 2007).
Rhizobia possess antagonistic activity against pathogens and also change the level of
host susceptibility against a particular pathogen. Different mechanisms are being
exhibited by the rhizobia such as competition, antibiosis, or parasitism to eliminate
the pathogen. The competition of nutrients between the bacteria and pathogen may
also result in the elimination of the pathogen. Rhizobium spp. suppress the disease-
causing pathogen by the production of lytic enzymes, antibiotics, and ISR (Volpiano
et al. 2019). Siderophore activity plays an important role in starving the pathogen
from acquiring iron (Carrillo and Vazquez 1992; Arora et al. 2001). Arora et al.
(2001) reported the action of siderophore-producing rhizobia againstMacrophomina
phaseolina, a disease-causal fungus in more than 500 angiosperm plants. In antibi-
osis, the rhizobia produce compounds called antibiotics which act as an eliminator to
the pathogen. R. leguminosarum bv. trifolii produces trifolitoxin (Schwinghamer
and Belkengren 1968; Breil et al. 1993) which is potent enough against many plant
and animal pathogens (Triplett et al. 1994). Parasitism includes the elimination of the
pathogen with the help of enzymes. For instance, chitinase and glucanase break the
cell wall of pathogenic fungi. R. leguminosarum, S. meliloti, and B. japonicum are
known to be used against genera Macrophmina, Rhizoctonia, and Fusarium
(Ehteshamul-Haque and Ghaffar 1993; Özkoç and Deliveli 2001). S. meliloti and
R. trifolii are reported to inhibit F. oxysporum, and rot/knot disease of the root of
sunflower and tomato plants (Antoun et al. 1978; Siddiqui et al. 2000; Shaukat and
Siddiqui 2003), R. leguminosarum bv. viciae is known to control Pythium that
causes damping-off of sugar beet (Bardin et al. 2004), M. loti inhibits the growth
of Sclerotinia sclerotiorum (Chandra et al. 2007), B. japonicum controls root rot of
mustard and sunflower and may decrease the sporulation of Phytophthora
megasperma, Pythium ultimum, Fusaruim oxysporum, and Ascochyta imperfecta
(Tu 1978, 1979; Ehteshamul-Haque and Ghaffar 1992, 1993; Siddiqui et al. 2000).
Long back, R. meliloti was reported to control root-knot phytoparasitic nematode in
okra (Parveen and Ghaffar 1991; Parveen et al. 1993; Ehteshamul-Haque et al.
1996).
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3.5.2.2 Change in Host Susceptibility

The microbes often induce resistance in plants (Van Loon 2007), and the process by
which resistance is incurred in the plants is known as induced systemic resistance
(ISR). Rhizobia can limit the effect of the pathogen through the induction of plant
defense mechanisms (Abdel-Aziz et al. 1996). ISR system is adopted by rhizobia for
controlling many fungal pathogens of nonlegumes such as sunflower, okra, and
soybean (Ehteshamul-Haque and Ghaffar 1993; Nautiyal 1997). Rhizobia have been
reported to produce several biostimulatory agents (Yanni et al. 2001; Peng et al.
2002; Mishra et al. 2006; Singh et al. 2006), eliciting ISR in the plants. Rhizobium
etli was reported to induce ISR in the roots of potato through a special transduction
pathway that protects against Globodera pallida (Reitz et al. 2000).
R. leguminosarum bv. phaseoli and R. leguminosarum bv. trifolii inoculations
induce increased synthesis of phenolic compounds in rice plants which mediates
ISR and provides bioprotection to the plants against pathogens (Mishra et al. 2006).
Mesorhizobium sp. Showed increased growth and defense against Sclerotium rolfsii
infection (Singh et al. 2014).

3.5.2.3 Microbe-Microbe Interaction

The qualities of rhizobia as PGPR can further be enhanced with the addition of one
or more bacterial cultures, thus a consortium with other PGPR can prove much
beneficial. It was reported that using multiple cultures of PGPR promote the yield of
nonlegumes like sorghum (Alagawadi and Gaur 1988), rice barley (Belimov et al.
1995; Höflich et al. 1994), rice (Yanni et al. 1997), maize (Chabot et al. 1993), and
wheat (Galal 2003). Nitrogen-fixing bacteria like rhizobia along with other PGPRs
are highly beneficial to the crop (Şahin et al. 2004). Sheikh et al. (2006) studied the
beneficial traits of using R. meliloti and B. thuringiensis in okra plants which resulted
in better plant growth and performance against fungal pathogens. Han and Lee
(2005) reported better growth of lettuce while using co-inoculation of Serratia
sp. And Rhizobium together. Moreover, in degrading soil environments, use of
AM fungi, rhizobia, and other PGP strains have been very successful in uplifting
the quality of soil (Requena et al. 1997). Also, inoculation of rhizobia can modulate
the rhizospheric microbial community, thus improving the soil health and thus
growth of the plant (Xu et al. 2020).

3.5.2.4 Increase of Root Adhering Soil

Root adhering soil (RAS) is very important to plants as this region provides water
and other nutrients. Two types of such soil exist namely loosely adhering and closely
adhering. The soil around the root is much important to the plant as it supports the
plant (Dobbelaere et al. 2003). This is the region where the microbial activity is



much higher, results in an exchange of several beneficial compounds. Rhizobia-
producing exopolysaccharides (EPS) are of great importance which increase soil
aggregation (Martens and Frankenberger 1993), and also trap moisture, and other
essential nutrients (Alami et al. 2000). Thus, EPS improves RAS and contributes to
soil aggregation (Kaci et al. 2005).
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3.6 Nitrogen Fixation in Nonlegumes

BNF in the nonleguminous plants by symbiotic rhizobia has been relatively less
studied. Fixation of nitrogen by different rhizobia which form exogenous or endog-
enous symbiosis in nonleguminous plants has been reported by some of the scien-
tists. Werner (1992) reported Rhizobium genus to form nodule-like structures in
Parasponia and similarly fix N2 as in leguminous plants. Rhizobium parasponium
and Bradyrhizobium were reported to form nodules in oilseed plants (Cocking et al.
1992). Structures like nodules, galls, or root outgrowths have been observed in many
nonleguminous plants such as rice, oilseed, Arabidopsis thaliana (Al-Mallah et al.
1989, 1990; Bender et al. 1990; Rolfe and Bender 1990; Jing et al. 1990, 1992; Li
et al. 1991; Ridge et al. 1992; Spencer et al. 1994; De Bruijn et al. 1995; Trinick and
Hadobas 1995). Velázquez et al. (2005) reported the presence of both symbiosis and
pathogenicity-related genes Rhizobium rhizogenesi, which help to form nodule-like
structures in different plants. Rhizobium inoculation enables nitrogen fixation in
wheat was reported by Chen et al. (1991), Yu and Kennedy (1995), and Cocking
et al. (1995). Azorhizobium caulinodans was reported to increase dry weight and
nitrogen content resulting from nitrogenase activity when inoculated in wheat,
further validating BNF in nonlegumes (Sabry et al. 1997). Nitrogenase activity
was observed after inoculation of A. caulinodans in rice plants (Naidu et al. 2004).
It was suggested that the endophytic nature of particular rhizobia should be active for
effective nitrogen fixation with nonlegumes. Diverse genera like Azoarcus sp.,
Burkholderia sp., Gluconacetobacter diazotrophicus, and Herbaspirillum sp. Were
reported to have the nitrogen-fixing ability as endophytes (Vessey 2003). Verma
et al. (2004) reported higher nitrogen fixation in rice plants inoculated with
Ochrobactrum sp. Moreover, various attempts have been made by using the latest
techniques to incorporate the BNF by rhizobia in nonleguminous plants through
genetic engineering but with limited success (Saikia and Jain 2007).

3.7 Application of Rhizobia with Nonlegumes

Rhizobia as a PGPR have multiple practical applications associated with it. Rhizobia
are mostly known for its biofertilizer property, biocontrol ability, phytoremediation,
and stress regulating properties (Kumari et al. 2019). Biofertilizer increases the
growth of the plant through multiple mechanisms such as nitrogen fixation, releasing



compound which helps in the growth of the plant, by increasing the availability of
nutrients (Cocking 2003). The biofertilizer supplies or mobilizes the important
compounds with minimal resources. These properties were reported from rhizobia
while using it as a biofertilizer (Bardin et al. 2004; Chi et al. 2005). These
biofertilizers are cost-effective and environment-friendly alternative to chemical
fertilizers. Rhizobia are used as commercial biofertilizers in various nonlegumes
for enhancing their growth and yield (Perrine et al. 2001; Hussain et al. 2009). Such
rhizobial biofertilizer strains have been known to compete with the pathogen (Arora
et al. 2001), secrete metabolites such as antibiotics (Deshwal et al. 2003), produce
enzymes for cell wall lysis (Özkoç and Deliveli 2001), siderophore activity
(Deshwal et al. 2003), HCN production (Chandra et al. 2007), and also reported
inducing ISR (Singh et al. 2006). Many PGPR strains including rhizobia are reported
for their biocontrol ability (Reitz et al. 2000; Bardin et al. 2004; Chandra et al. 2007).
B. japonicum, R. meliloti, and R. leguminosarumi are used against M. phaseolina,
R. solani, Fusarium solani, and F solani (Ehteshamul-Haque and Ghaffar 1993);
M. loti against white rot disease of Brassica campestris (Chandra et al. 2007);
R. leguminosarum bv. Phaseoli and R. leguminosarum bv. Trifolii against
R. solani in rice plants (Mishra et al. 2006).
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PGPR are also known for its usefulness in phytoremediation (Khan et al. 2009;
Glick 2010). Apart from plant-microbe interactions, phytoremediation largely
depends on several abiotic and biotic factors such as soil physicochemical proper-
ties, nutrient availability, water content, type, and concentration of contaminants
(Thijs et al. 2017). Efficient phytoremediation depends on the growth and survival of
both plant and active rhizospheric microbiome in polluted soil. Heavy contamination
restricts the microbial population due to its toxic nature (Cook and Hesterberg 2013).
It becomes more potent when used in conjunction with a plant, increasing the
availability and mobility of pollutants, and also acidifies the targeted contaminants,
along with phosphate solubilization and release of chelating agents in addition to
enhancing plant growth (Abou-Shanab et al. 2003; Höflich et al. 1994; Noel et al.
1996; Yanni et al. 1997; Dazzo et al. 2000; Arora et al. 2001; Özkoç and Deliveli
2001; Dakora 2003; Matiru et al. 2005; Van loon 2007). Fagorzi et al. (2018)
emphasized the advantage of using rhizobia in phytoremediation techniques of
heavy metals.

Drought stress is one of the most important limiting factors for plant growth
which can ultimately affect agricultural crop yields (García et al. 2017; Khan et al.
2018). Drought tolerance can be regulated by the production of ethylene, ACC
deaminase, IAA, cytokinin, EPS, and antioxidant production (Joshi et al. 2019).
Due to high salt concentration, soil become dry and thus plants are unable to uptake
the water and also a high level of salt toxicity for plant cell (Kumar et al. 2019). Salt-
resistant rhizobial strains can survive under osmotic stress (Irshad et al. 2021).
Recent research on PGPR suggested that some of the strains can produce heat-/
cold-resistant proteins which can enhance the thermal tolerance in plants (Ali et al.
2009). Alexandre and Oliveira (2013) discussed the physiology of rhizobia under
thermal stress. There are several reports on ACC-deaminase producing root-
nodulating rhizobia such as Rhizobium leguminosarum and Mesorhizobium loti



(Belimov et al. 2001, 2005; Ma et al. 2003; Sullivan et al. 2002) helping the plant to
cop stress. These beneficial rhizobia are being used in different nonlegume crops as
mentioned in Table 3.1.
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Currently, various rhizobial biofertilizers are commercially available in the Indian
as well as global market. The formulation of biofertilizers can be solid carrier-based
(organic and inorganic), liquid-based (with or without additives), synthetic polymer-
based, and metabolite-based formulations. The solid carrier materials are coal,
coconut shell, wheat straw, cellulose, charcoal, etc. Using solid carrier-based for-
mulation provides easy storage, application, and handling of the biofertilizers.
Whereas liquid-based formulations are more useful for the legume plants during
their sowing in large fields (Arora et al. 2017). A brief summary on crops like rice,
wheat, and maize is further discussed.

3.7.1 Rice (Oryza sativa)

Rhizobia are known to improve the growth and yield of rice plants. There are several
reports of rhizobial inoculation enhancing the growth of rice plants (Peng et al. 2002;
Yanni et al. 2001; Chaintreuil et al. 2000; Matiru and Dakora 2004; Singh et al.
2005; Bhattacharjee et al. 2008; Senthilkumar et al. 2008). Naidu et al. (2004)
reported the increased growth and yield of rice after rhizobial inoculation. Coloni-
zation of rice was checked by Chi et al. (2005), who reported increased root and
shoot biomass followed by a rate of photosynthesis, stomatal conductance, transpi-
ration rate, efficiency in water utilization, and increased area of flag leaves when
inoculated with rhizobia. Singh et al. (2005) reported increased biomass and grain
yield of rice due to the application of three rhizobial strains. These rhizobial strains
are potent enough to colonize the rice plants and exhibit different PGP characteristics
(Yanni et al. 1997). Biswas et al. (2000) studied rhizobial isolates from different
legumes and their application in rice plants, resulting increased grain (8–22%), the
yield of straw (4–19%), nutrients N, P, K (10–28%), and Fe uptake (15–64%).
Rhizobial strains significantly contributed to the increased vigor of rice seedlings,
growth physiology, and modulate root morphology (Mehboob et al. 2012).

3.7.2 Wheat (Triticum aestivum)

Rhizobia colonize endophytically in wheat and result in various growth and yield
promotion (Sabry et al. 1997; Biederbeck et al. 2000). Webster et al. (1997) reported
A. caulinodans inoculation elicits lateral roots in the wheat plants. R. leguminosarum
bv. Trifolii is reported to increase shoot length in the wheat (Höflich 2000). Anyia
et al. (2004) observed inoculation of A. caulinodans enhances increased grain yield
and total biomass by 34% and 49%, respectively and also larger leaf surface area.
Amara and Dahdoh (1995) discussed Rhizobium inoculation resulted in a high yield
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Table 3.1 Some of the rhizobia and their mode of action in nonleguminous crops

Host plant Rhizobia Mechanism References

Rice Bradyrhizobium sp. Plant growth Chaintreuil
et al. (2000)

R. leguminosarum IAA production Biswas et al.
(2000), Dazzo
et al. (2000)

Rhizobium leguminosarum Auxin and nitrate production, and
root colonization

Perrine et al.
(2001)

Bradyrhizobium sp. Plant growth promotion Peng et al.
(2002)

Rhizobium sp. Indole-3-
acetic acid, gibberellin
production, and root
colonization

Chi et al.
(2005)

Rhizobium leguminosarum Biocontrol/phenolics production Mishra et al.
(2006)

Rhizobium sp. N2-fixation and root colonization Singh et al.
(2006)

Rhizobium leguminosarum
bv. trifolii

N2-fixation Perrine-
Walker et al.
(2007)

Rhizobium phaseoli,
Mesorhizobium cicer

Plant growth promotion Hussain et al.
(2009)

Bradyrhizobium Plant growth promotion Mia and
Shamsuddin
(2009)

Rhizobium sp. Rhizosphere, root colonization,
and N2-fixation

Vargas et al.
(2009)

Sinorhizobium meliloti Nutrient uptake and indole-3-
acetic acid production

Chi et al.
(2010)

Azorhizobium caulinodans Indole-3- acetic acid, cytokinins
production, and nitrogenase
activity

Senthilkumar
et al. (2009)

Wheat Rhizobium leguminosarum Plant growth promotion Hilali et al.
(2001)

Rhizobium sp. EPS production Kaci et al.
(2005)

Rhizobium leguminosarum Phosphate solubilization Afzal and
Bano (2008)

Rhizobium leguminosarum Production of indole-3- acetic
acid and nutrient solubilization

Etesami et al.
(2009)

Maize Bradyrhizobium japonicum Plant growth promotion Prévost et al.
(2000)

Rhizobium Low nutrient solubilization El-Tarabily
et al. (2006)

Mesorhizobium ciceri, Rhi-
zobium leguminosarum,
Rhizobium phaseoli

Plant growth promotion Mehboob et al.
(2008)
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Table 3.1 (continued)

Host plant Rhizobia Mechanism References

Bradyrhizobium Plant growth promotion Roesch et al.
(2008)

Barley Mesorhizobium
mediterraneum

Phosphate solubilization Peix et al.
(2001)

Rhizobium radiobacter Indole-3-acetic acid and
gibberellic acid production

Humphry et al.
(2007)

Bradyrhizobium japonicum Lipo-chitooligosaccharides and
gibberellin production

Miransari and
Smith (2009)

Brassica
campestris/
napus

Rhizobium leguminosarum Indole-3- acetic acid and cytoki-
nin production

Noel et al.
(1996)

Rhizobium alamii Plant growth Tulumello
et al. (2021)

Sunflower Rhizobium sp. EPS production Alami et al.
(2000)

Mesorhizobium loti Biocontrol, production of
hydrocyanic acid, indole-3-acetic
acid, and phosphate solubilization

Chandra et al.
(2007)

Sorghum Bradyrhizobium
japonicum, Sinorhizobium
meliloti

Indole-3- acetic production and
nutrient solubilization

Matiru et al.
(2005)

Cotton Rhizobium leguminosarum Indole-3-acetic acid production Hafeez et al.
(2004)

Rhizobium sp. Plant growth and yield Qureshi et al.
2019

Raddish Rhizobium,
Bradyrhizobium

Plant growth Antoun et al.
(1998)

Canola R. leguminosarum Plant growth Noel et al.
(1996)

Potato Rhizobium etli Biocontrol Reitz et al.
(2000)

Tomato Bradyrhizobium japonicum Plant growth Carletti et al.
(1994)

Lettuce Rhizobium sp. Phosphate solubilization,
siderophores and auxins
production

Chabot et al.
(1993)

Rhizobium sp. Indole-3-acetic acid production
and P-solubilization

Pena and
Reyes (2007)

Switchgrass Bradyrhizobium spp.
Rhizobium helanshanense

Plant growth promotion Bahulikar
et al. (2014)

Sugarcane Rhizobium daejonense
Sinorhizobium fredii

Plant growth promotion Thaweenut
et al. (2011)

Sweet
potato

Bradyrhizobium Plant growth promotion Reiter et al.
(2003)

Sinorhizobium meliloti
Bradyrhizobium japonicum
Rhizobium leguminosarum

Plant growth promotion Terakado-
Tonooka et al.
(2008)



of grains as compared to control. Kaci et al. (2005) studied the inoculation of
Rhizobium in wheat, increased shoot dry mass (85%), root dry mass (56%), root
adhering soil (RAS) dry mass (dm) per root dm (RAS/RT) up to 137%, and
aggregate water stability in RAS with its EPS-producing property. Similarly, Afzal
and Bano (2008) reported rhizobia along with other PGPR considerably enhance the
grain yield of wheat.
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3.7.3 Maize (Zea mays L.)

Rhizobia are also reported to increase the yield of maize. Though they do not
contribute to the nitrogen-fixing element (Höflich et al. 1994), inoculation of
R. etli has resulted in increased dry matter (Martínez-Romero et al. 2000). Chabot
et al. (1998) reported rhizobial inoculation under P-deficient and P-rich soils has
resulted in better growth of maize. Höflich (2000) reported R. leguminosarum
bv. Trifolii strain promotes the growth of maize in both greenhouse and field trials.
Shakhawat Hossain and Mårtensson (2008) reported rhizobial inoculation enhanced
shoot and root dry weight of maize plants. Mehboob et al. (2008) reported inocula-
tion of Rhizobium phaseoli has resulted in increased root length, shoot length, and
seedling biomass as compared to uninoculated control. Rhizobia with multiple PGP
traits have to increase the dry matter of shoots after inoculation (Chabot et al. 1993).

3.7.4 Other Crops

Other than above crops, the application of rhizobia as PGPR has also been tested in
cotton plants with R. meliloti, which resulted in increased yield (Egamberdiyeva
et al. 2004). Hafeez et al. (2004) reported increased seedling emergence, shoot dry
weight, biomass, and nitrogen uptake after inoculation with various rhizobia strains.
B. japonicum, A. caulinodan, Rhizobium, Rhizobium, S. meliloti, R. leguminosarum
bv. Viceae, and R. leguminosarum bv. Viceae have been reported to promote the
growth and yield of sorghum, millet, and sudangrass (Matiru et al. 2005). Chabot
et al. (1993) examined increased growth of lettuce after application of rhizobial
strains. Noel et al. (1996) observed inoculation of R. leguminosarum resulted in
increased growth of lettuce. Along with growth promotion, biocontrol activity of
rhizobia has also been reported from B. japonicum and R. leguminosarumi against
M. phaseolina, R. solani, and Fusarium spp. Causing disease in sunflower and okra
plants (Ehteshamul-Haque and Ghaffar 1993). Sheikh et al. (2006) used R. meliloti
and B. thuringiensis against M. phaseolina, R. solani, and Fusarium spp. In okra
plants. Moreover, EPS-producing Rhizobium strain plays a role in PGP, mediates
water stress, and also supplies water in sunflower plants (Alami et al. 2000). Peix
et al. (2001) reportedMesorhizobium mediterraneum enhances the growth of barley,
while Humphry et al. (2007) observed the effect of R. radiobacter strain in barley



plants. Application of B. japonicum in radish induces plant dry matter (Antoun et al.
1998). Chandra et al. (2007) reported enhanced seed germination, early vegetative
growth, and yield of Indian mustard (Brassica campestris) by M. loti. It was also
reported that the use of multiple strains of PGPR is more beneficial than using single
culture of rhizobia for growth promotion (Akintokun and Taiwo 2016).
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3.8 Rhizobial Bioengineering

The competitiveness of rhizobia in various types of soil can be by increasing their
multiplication in the specific environment or through modifying the signal mecha-
nism of the competitive microbes which in turn disrupts the normal functioning of
the introduced microbes (Savka et al. 2002). As we know for a successful interac-
tion, the soil of a particular environment, associated microbes, and the plant are
interlinked. Altering, one of them can be beneficial for the colonization of the target
rhizobia. The genetic aspect is always important which governs the competitive
nature of the target bacteria. Several studies have underlined the causative genes,
their deficit leads to limited or less competitiveness. However, the study of genes that
might increase the competitive nature is yet to be determined (Geetha and Joshi
2013). Some successful techniques for manipulating the genes are to construct
chimeric Nif HDK operon under NifHc promoter and expression in PHB negative
mutants of R. etli (Peralta et al. 2004), to develop an acid-tolerant R. leguminosarum
bv. Trifolii strain (Chen et al. 1991), to express the ACC deaminase gene in
S. meliloti (Ma et al. 2004), overexpression of putA gene (Van Dillewijn et al.
2001), overexpression of trehalose 6-phosphate synthase gene (Suárez et al. 2008),
overexpression of rosR and pssR genes (Janczarek et al. 2009), heterologous expres-
sion of ferrichrome siderophore receptor fegA and fhuA genes (Joshi et al. 2008;
Geetha et al. 2009; Joshi et al. 2009), and overproduction of the adhesion rap1
(Mongiardini et al. 2009). Also introducing the property to utilize diverge nature of
siderophore into the bacterial inoculants further enhances the root colonization
ability and biofilm formation. Though the nifH genes are critical for competitiveness,
the genes of iron up-taking are equally important. Through genome analysis, it was
established that TonB-dependent siderophore receptors are important in iron uptake
and are not adequately present naturally in the rhizobia (Joshi et al. 2009). Among
rhizobia, Bradyrhizobium possesses the most TonB receptor and hence their accu-
mulation and competitive nature are higher than other rhizobia groups (Hume and
Shelp 1990). Also, some FhuA homologs are present in the inner membrane, possess
similar functioning to FhuE (rhodotorulic acid and coprogen receptor) and IutA
(aerobactin receptor) (Streeter 1994). The receptors work in combination with
FhuBCD (ferrichrome system), suggest the transport of ferric siderophores through
the inner membrane is more specific than the outer membrane, resulting in a lesser
number of periplasmic and cytoplasmic membrane proteins present in the inner
membrane (Stevens et al. 1999). Thus, the increase of repertoire of outer membrane
siderophore receptors could enable rhizobial isolates to enhance iron uptake and



colonization in different environments (Geetha and Joshi 2013). The BNF can be
made more efficient by accelerating the delivery of electrons required for catalyzing
the biochemical reaction performed by nitrogenase enzyme. This is by
overexpressing the set of nif and fix groups of genes (Goyal et al. 2021). Moreover,
the structurally similar genes such as Nod and Myc factors are responsible for
activating the signaling pathway during mycorrhizal symbiosis in various crops
(Maillet et al. 2011). The modulation of nod factors for activating the mycorrhizal
symbiosis signaling pathway which activates the modified nodulation-related genes
has been reviewed in nonlegumes (Rogers and Oldroyd 2014). As such, a transgenic
rice plant exhibiting root deformation similar to initial nodule formation in legumes
through expressing legume-specific nodulation (Nod) factor receptor protein genes
suitably responded to the rhizobial Nod factors (Altúzar-Molina et al. 2020) but
more alteration is to be paid in carrying out the similar work on the crops.
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3.9 Challenges and Limitations

Though in many instances, rhizobia act as a potential PGPR and enhance the quality
of applied crops, sometimes it also turns harmful to the plant. Though such phe-
nomenon may be caused due to noncompatibility of the plant with an interacting
microbe or the applied inoculant may lead to overproduction of certain harmful
compounds. This phenomenon leads to deleterious effects on the plant (Alström
1991). Some PGP traits such as IAA, HCN, etc. are proved better for the plants when
released in low concentration, but are harmful to the plant at supra-optimal concen-
tration (Antoun et al. 1998; Alström and Burns 1989; O’Sullivan and O’Gara 1992).
Perrine et al. (2001) reported the harmful nature of auxin and nitrate when available
in high concentrations. Further, the growth inhibitors produced by the rhizobial
strain proved harmful to the plant (El-Tarabily et al. 2006). Other factors, such as the
plant-microbe or microbe-microbe interaction, where the inoculated PGPR may not
be competent enough to bend with the native microbial flora led to undesired results
(Antoun et al. 1998). It is also stated that the soil, pH, and environmental factors also
play multifarious role in the plant-microbe interaction (Lynch 1990a, b; O’Sullivan
and O’Gara 1992; Hilali et al. 2001).

To evaluate rhizobia as PGPR, and to develop it on a mass scale, requires a
considerable amount of time and require various steps. To develop an effective
biofertilizer, we must aim to evaluate the developmental processes, the
policymakers, associated industries, research, and tie-ups with educational institu-
tions. All should work collaboratively and must be implemented as per guidelines.
The field-oriented research carried out must be readily made available to the public
domain. The commercialization of the outcome of the conducted work should be
more encouraged and technology be transferred to the industries. There are some
limitations and associated disadvantages which are suggested below.
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3.9.1 Limitation in Field Application

Rhizobial application as PGPR in greenhouse or laboratory trials showed optimistic
outcomes. But the growth conditions in greenhouses can be controlled and adjust-
able to the favorable growing requirement of the crop throughout the season (Paulitz
and Bélanger 2001). Thus, achieving such controlled field trials is not possible as
several biotic and abiotic factors influence crop developments. Also, the abundance
of indigenous microorganisms is more pronounced in field soil which can alter or
affect the proliferation of applied PGPR strains. Knowledge and research are
required for the successful application of rhizobia in the field. The proper timing
of inoculation, types of crops, mutual interactions between host plant and microbes,
bioformulation of rhizobial strains, the concentration of inoculum applied, and
management of crops can ensure the growth support, augmentation, and bioactivity
of PGPR in field practices (Bowen and Rovira 1999; Gardener and Fravel 2002;
Mansouri et al. 2002). However, recent approaches such as rhizosphere engineering
and improved carrier techniques can overcome the limitations of rhizobial field
applications (Date 2001; Yardin et al. 2000).

3.9.2 Selection and Characterization

Major challenges in rhizobial product application are the screening of potential
microbial strains and its bioformulation process (Kumari et al. 2019). For the
selection and screening of the most promising strains, plant adaptions to particular
soil types, root exudates, and surrounding ecological environmental status play a
vital role (Bowen and Rovira 1999). Various approaches include the use of enrich-
ment medium for the selection of need-based indigenous N-fixing bacteria from the
rhizosphere. Another application of the spermosphere model is where plant root
exudates use as a sole nutrient source for the proliferation of rhizosphere bacteria
(Joshi et al. 2019). The selection of microbial populations based on their phosphate
solubilizing, siderophore, and antibiotic production abilities (Weller et al. 2002;
Silva et al. 2003) with other beneficial traits are most desirable.

3.9.3 Limitations in Commercialization

Slow growth in commercialization is due to a lack of knowledge among farmers. The
field trainers and farmers must be educated about the beneficial role of rhizobial
inoculants, its bioformulation, and its economical acceptability to the diverse genera
(Kumari et al. 2019). Several factors are to be considered before the commerciali-
zation of the PGPR. These include large-scale production of strains, shelf-life
compatibility, temperature tolerance, eco-friendly economic which does not impart



toxicity or pathogenicity to human and animal should be measured before marketing
(Joshi et al. 2019).
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3.10 Rhizobia and Omics Technologies

Didier Raoult and Jean-Christophe Lagier coined the word culturomics to describe
an approach for bringing more bacterial isolates from environmental microbiomes
into laboratory culturing (Lagier et al. 2018). PCR amplification of the ubiquitous
16S ribosomal RNA (rRNA) has been used to identify bacterial isolates in conjunc-
tion with these culture techniques (Turner et al. 2013). Despite its significance,
"culturomics" has many limitations, the most notable of which is the still limited
ability for cultivating some bacterial taxa. Now a days, the culturome (strains that
can be cultured in the laboratory) does not represent the entire microbiome (Martiny
2019; Steen et al. 2019). The genus Rhizobium is found in the core microbiome of
many plants (Oberholster et al. 2018; Pérez-Jaramillo et al. 2019). Besides next-
generation sequencing (NGS), the classification, platforms like Illumina and PacBio
are essential for analyzing the genomes of Rhizobium species (Ormeno-Orrillo et al.
2015; González et al. 2019). Some studies have already used PacBio to generate
genomes of novel species, such as Rhizobium jaguaris CCGE525T isolated from
Calliandra grandiflora nodules (Servín-Garcidueñas et al. 2019), or to complete
genome sequences, such as Rhizobium sp. strain 11515TR from tomato rhizosphere
(Montecillo et al. 2018). Irar et al. (2014), on the other hand, described a proteomic
approach to the nodule response to drought in Pisum sativum. Plants were inoculated
with R. leguminosarum strains and cultivated in "normal well-irrigated" conditions
and the other was impacted by a drought. The results showed a total of 18 proteins
expressed during a period of drought: Rhizobium leguminosarum encodes 11 genes,
and Pisum sativum encodes seven nodule proteins. These proteins have such a
relation to RNA-binding proteins, flavonoid metabolism, and sulfur metabolism.
All of the data gave a new goal for improving legume drought tolerance. Despite the
relevance of these techniques, the scientists used model organisms such as
Sinorhizobium or Bradyrhizobium species for their research. By using nuclear
magnetic resonance, researchers were able to detect the exo-metabolomes generated
by Rhizobium etli CFN42T, Rhizobium leucaenae CFN299T, Rhizobium tropici
CIAT899T, and Rhizobium phaseoli Ch24-10 from free-living culture (Montes-
Grajales et al. 2019), except the culture supernatant of R. tropici CIAT 899T none
of them contained ornithine. This chemical has been linked to symbiotic efficiency
as well as resilience to stress conditions like acidity (Rojas-Jiménez et al. 2005;
Vences-Guzmán et al. 2011).
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3.11 Rhizobium in Microbiome of Nonlegumes

The omics-based research revealed that the order
is a keystone taxon in a variety of settings, including forests, agricultural land, Arctic
and Antarctic ecosystems, polluted soils, and plant-associated microbiota (Banerjee
et al. 2018; LeBlanc and Crouch 2019). These habitats identify Rhizobium as a
keystone taxon in the core microbiomes of several plant crops rhizospheres, includ-
ing tropical crops, e.g., sunflower and sorghum (Bulgarelli et al. 2015; Yeoh et al.
2017; Oberholster et al. 2018), as well as their well-known presence and functions in
the legume nodule microbiome (Velázquez et al. 2019; Zheng et al. 2020). In long-
term experiments, several genera from the order Rhizobiales that are closely related
to Rhizobium, such as Agrobacterium, Bradyrhizobium, and Devosia have been
identified to be part of the maize rhizospheric core microbiome (Walters et al.
2018). Members of the Rhizobiaceae family and certain other Rhizobiales members
appeared to be part of the heritable component of the maize rhizosphere microbiome.
Several reports have been published in recent years about the occurrence of Rhizo-
bium and related taxa in the rhizosphere, endosphere, and phyllosphere of
nonleguminous crops. This is due to the interest in the investigation of agricultural
microbiomes with the goal of discovering native rhizobial and nonrhizobial bacteria
that may be endophytes to create benefits in nonlegume crops, being friendly with
the indigenous microbiomes (Menéndez and Paço 2020).

Further, nonleguminous crops inhabit Rhizobium, also fix nitrogen within legume
nodules, and other endophytic diazotrophs (Yoneyama et al. 2017, 2019). Using
nifH gene amplification and cloning from various sources, some studies reported the
presence of Rhizobium sp. in the roots and stems of maize plants grown in fields
(Roesch et al. 2008), R. etli in the roots of one cultivar of sorghum grown with low
and high nitrogen fertilizer doses (Rodrigues Coelho et al. 2008), while,
R. leguminosarum applied in sweet potato tubers (Terakado-Tonooka et al. 2008),
R. helanshanense in switchgrass roots and shoots (Bahulikar et al. 2014), and
R. daejeonense in sugarcane stems and roots in Japan and Brazil (Thaweenut et al.
2011). Lay et al. (2018) used NGS approaches to compare the rhizosphere and
endosphere of canola, pea, and wheat grown on the Canadian prairies. On the other
hand, R. leguminosarum was detected in varying degrees of abundance in
the endospheres and rhizospheres of the three crops; however, similar members of
the Rhizobiaceae family, such as Agrobacterium sp., were associated with the
endospheres of canola and wheat, but not in case of pea (Lay et al. 2018). Essel
et al. (2019) investigated the selection of appropriate agronomic procedures for
isolation of rhizobia from rhizospheric soils of rotationally farmed wheat and pea.
This indicates that Rhizobium is more prevalent in soils that are closely linked to the
roots, revealing the specialized functioning of genus Rhizobium with crops. Rhizo-
bium was identified as a prominent OTU among other diazotrophs in rice fields (Jha
et al. 2020). Other related OTUs, such as unclassified Rhizobiales and unclassified
Rhizobiaceae, as well as other rhizobia OTUs, were also detected with a lower
prevalence. The inclusion of a R. leguminosarum strain as an inoculant with or



without a low dosage of urea fertilizers lowered the OTU richness; Rhizobium
remained a relevant OTU, but other α-Proteobacteria OTUs were less prevalent.
Nonetheless, the beneficial effects of inoculation and inoculation + low dose of N
showed enhanced rice growth and yield, implying that the communities are not
negatively affected by selective dosage of chemical fertilizers and adaptive fertilizer
adaptive nature of rhizobia explored.
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The majority of the nonlegume researched are cereals, although, work also
conducted on the microbiomes of vegetable plants, trees, and shrubs. Member of
genus Rhizobium and related genera were reported from those microbiomes which
indicates their relevance in plant growth promotion and biocontrol measures. Rhi-
zobium spp. were found in bulk and rhizospheric soils of cucumber plants (Jia et al.
2019). Marasco et al. (2013) identified several Rhizobium species in grapevine roots,
both in the rhizosphere and in the interior tissues, using DGGE rather than amplicon
sequencing or metagenomics. Members of the Allorhizobium–Rhizobium/
ParaRhizobium–Rhizobium complex were only discovered in Xylella-infected and
Xylella-uninfected olive trees of the variety "Leccino" (tolerant to Xylella infection).
This was relevant after using NGS in the phyllosphere and endosphere of leaves and
branches (Vergine et al. 2019). Rhizobium was detected in the resistant cultivar but
not in the susceptible cultivar, implying that this taxon may have a role in this
cultivar's resistance to infections. Recently, Wang et al. (2020) identified Rhizobium
as a key bacterial genus in the microbiome of rice root and shoot.

3.12 Conclusion and Future Aspect

The rhizobia can benefit the nonlegumes as well as the legume plants. The com-
pounds released or secreted by rhizobia are beneficial to both the category of plants
alter their environment with the help of these compounds. With the advent of new
technology, the plant-microbe interaction is better understood and more research
allows us to predict the exact requirement of both the plant and microbe. With the
positive interaction, the microbe may fix atmospheric N2, release phytohormones,
increasing the immunity of the plant against different stress. It also allows the plant
to blend in a new environment, altering rhizospheric microflora. The goal is to
achieve and identify beneficial communities which not only save time but are also
cost-effective. Therefore, with the new technologies, more research has to be done
emphasizing the genetic aspect, molecular biology, and ecology of the rhizobia and
better understanding of nonleguminous plants for improving the productivity, to
attain useful rhizobia for sustainable agriculture. The futuristic focus should be to
understand the signaling mechanisms between rhizobia and nonlegume plants and
the process of colonization, to exhibit synergistic effect between host plant and
rhizobia, to genetically modify the partners for better co-operation, the use of crop-
specific promoters per the environment or soil type, selecting mutant types with
better growth traits. Also focus should be there to use of multiple beneficial



nitrogen-fixing strains benefited to diverse germ plasm of nonlegume crops so as to
achieve sustainable goal in agroecological practices.
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Chapter 4
Biotechnological Solutions to Improve
Nitrogenous Nutrition in Nonlegume Crops

Hassan Etesami and Byoung Ryong Jeong

Abstract In many developing countries around the world, nitrogen availability
greatly limits crop production. On the other hand, nitrogen (N) fertilization in
industrialized countries has become unsustainable and lead to environmental conse-
quences. It has therefore become necessary to find alternatives to chemical nitrogen
fertilizers to ensure a secure, sustainable food production. Plants are unable to
directly utilize the freely available N2 in the atmosphere, necessitating the chemical
application of N fertilization. However, certain archaea and bacteria possess the
ability to convert atmospheric N2 to ammonia, which can directly be utilized by
plants for various biological processes. This opens engineering possibilities to
improve the N nutrition in nonlegume plants, such as (1) applying nitrogenase to
plant cells; (2) introducing legume symbiosis for nonlegumes; and (3) imparting the
ability to associate with N2-fixing bacteria and/or other plant growth-promoting
bacteria (PGPB) in nonlegumes. These are challenging biotechnological approaches,
but the groundwork upon which these solutions may be implemented have been laid
out by recent advances in the field. This chapter attempts to review and collect
important up-to-date information on biotechnological solutions to improve N nutri-
tion in nonlegume crops.
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4.1 Introduction

The global population is experiencing an exponential growth and society's need for
food, including protein, is increasing. Therefore, providing solutions based on
sustainable development and paying attention to maintaining environmental health
are essential to increase agricultural production. Nitrogen (N) is an essential element
for plants, influencing their growth and forming an integral part of protein structure,
constituting about 2% of the dry weight of a plant (Santi et al. 2013). Although
molecular nitrogen (N2) forms more than 78% of the Earth's atmosphere, the stability
of the triple bond between the two nitrogen atoms makes it unavailable for plants to
absorb in this form. Instead, soil N is absorbed by plants as ammonium and nitrates
through the roots.

Adding chemical N fertilizers to agricultural soils is a common method to provide
sufficient N for agricultural products and increase their production (Rosenblueth
et al. 2018; Westhoff 2009) and on the other hand has a high potential for pollution
(e.g., eutrophication of aquatic systems and atmospheric pollution and deterioration
of the quality of the soil and water) (Rockstrom et al. 2009). In addition, N fertilizer
manufacture is very energy-intensive, with as much as six times the input than that
needed to for either P or K fertilizer production (Da Silva et al. 1978). Fossil fuels are
used in the energy-intensive processes during the production of chemical N fertil-
izers, the use of which is estimated to be approximately 1–2% of the total global
energy supply and accounts for an equivalent proportion of greenhouse gas produc-
tion (Van Deynze et al. 2018). Furthermore, plants have been reported to effectively
utilize less than 30% of the fertilizers provided, and the remainder ends up in soils
and bodies of water (Priyadarshini et al. 2021). Studies with maize, rice, and wheat
indicate that typically, plants are only able to utilize less than 50% of the N from
fertilization (Anas et al. 2020; Ladha et al. 2016). Improper, unprincipled chemical N
fertilization harms the environmental and human health, examples of which include
degeneration of the ozone layer and production of greenhouse gases (Erisman et al.
2015; Glendining et al. 2009; Ladha and Reddy 2003; Stokstad 2016). Annually,
approximately 100 million tons of N is introduced into freshwater, marine, and soil
environments (Rockström et al. 2009; Galloway et al. 2008).

Finding alternative N sources for agricultural uses has been an ongoing research
topic, as the current use of chemical N sources poses diverse environmental prob-
lems and threats to human health, resources to produce N fertilizers become scarce as
petroleum reserves used in the Haber-Bosch process decline, and plants are unable to
efficiently utilize N from chemical fertilizers. An alternative N source for agriculture
that may potentially be attractive is biological N2 fixation (BNF) (Ladha and Reddy
1995; Beatty and Good 2011; Rogers and Oldroyd 2014). BNF is responsible for
30–50% of all N in crop fields (Martinez-Romero 2006; Rosenblueth et al. 2018) and
shows promise of replacing traditional chemical N fertilizers (Olivares et al. 2013;
Dent and Cocking 2017; Good 2018). Furthermore, in mixed intercropping systems
like the wheat-soybean system and seasonal crop rotation, the fixed nitrogen can be
transferred to nonlegumes (Fustec et al. 2010). Biological N2 fixation is exclusive to



certain types of prokaryotic organisms (archaea and bacteria) that are able to produce
the enzyme nitrogenase (Franche et al. 2009). Nitrogenase acts as a catalyst to reduce
N2 to NH3 (or ammonium), to fix N2 at normal temperature and pressure, and
depends on high ATP and reductant levels (Seefeldt et al. 2009). The resulting
ammonium is then converted to nitrogenous compounds (amino acids, etc.) required
by the cell or, in the case of symbiotic diazotrophs, by the host plant. In this way,
with the help of diazotrophs, this life-giving element is continuously injected into the
soil system, making it possible for other organisms to continue living.
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Legumes are usually the only participant in the agriculturally important N2-fixing
symbioses (Werner et al. 2014). For hundreds of years, legumes have been used to
introduce N into agricultural systems without chemical fertilization. Therefore, for a
majority of agriculturally important nonlegumes like maize, rice, and wheat, NFB is
not directly available. Nitrogen availability often limits cereal crop production. It is
predicted that the projected food necessity in 2050 will not be met by cereal crop
production, based on the genetics and trends in the cereal crop (nonlegumes)
management (Ray et al. 2013). Cereal crop production historically has involved
using large amounts of chemical N fertilizers, and as such, application of NFB for
cereal crops is certainly desirable (Rosenblueth et al. 2018). The potential of
reducing the need for chemical N fertilizers has made application of nitrogen-fixing
bacteria to nonlegumes, especially cereals, a topic of great research interest for over a
century (Bennett et al. 2020; Roesch et al. 2008; Triplett 1996; Beatty and Good
2011; Mus et al. 2016). A 50-year global investigation of maize, rice, and wheat
concluded that up to 24% of the total N in these crops originate from symbiotic
nitrogen fixation of nonlegumes, and suggest that a substantial proportion of the total
N intake of cereal crops is via associative nitrogen fixation (Ladha et al. 2016).
Furthermore, in certain environments, sugarcane at least partly depends on
diazotrophic endophytes for its N nutrition (Urquiaga et al. 2012; Luo et al. 2016;
Sevilla et al. 2001). The 15 nitrogen dilution experiments in a study involving
Miscanthus � giganteus have demonstrated that the bioenergy feedstock acquires
about 16% of the total N from the atmosphere (Keymer and Kent 2014). Van Deynze
et al. (2018) have observed in a study that in maize grown in nitrogen-scarce
environments acquire 29–82% of the nitrogen from the atmosphere. These examples
demonstrate that while the total proportion may be small, some monocots are able to
associate with diazotrophs to obtain utilizable amounts of fixed nitrogen from the
atmosphere (Bennett et al. 2020). The model C4 grass Setaria viridis inoculated with
diazotrophs has been observed to be able to acquire most of its fixed N2 via
associative nitrogen fixation (Pankievicz et al. 2015).

Efforts have been made with a focus on overexpressing the genes involved in the
transport of ammonium and nitrates in the roots of maize, rice, and wheat over the
past decades to improve the nitrogen use and assimilation efficiencies, although to
differing degrees of success (Li et al. 2020). Another historical research focus has
been on the ammonium tolerance in the plants (Song et al. 2021, 2022). Since
nitrogenase was transferred from Klebsiella pneumoniae to Escherichia coli in the
1970s, engineering cereal crops to be self-sustainable on nitrogen via N2 fixation has
been a major research objective (Geddes et al. 2015). With a shared goal of



transferring fixed nitrogen to cereal crops, the aforementioned objective of
N2-fixation-based self-sustainability of cereal crops has shed light on several new
approaches. A very significant contribution to agriculture could be made by bio-
technology by adapting symbiotic biological nitrogen fixation to nonlegumes, but
the task has been recognized as a major challenge for research for many years
(Conway 2019). Scientists have continually researched strategies to make nonle-
gumes self-sustainable in terms of N2 consumption. Modifying the nitrogenase
expression in plant organelles (transferring nitrogenase into crops), applying endo-
phytic diazotrophs to nonlegumes to help fix N2, and engineering nonlegumes’
perception of rhizobia and the subsequent nodule formation (developing the root
nodular symbiosis in nonlegumes) are some of these strategies (Ladha and Reddy
1995, 2003; Beatty and Good 2011; Santi et al. 2013; Curatti and Rubio 2014;
Geddes et al. 2015; Oldroyd and Dixon 2014; Oldroyd et al. 2011). This book
chapter aims to investigate and report on the progress made to fix nitrogen in
nonlegumes, in hopes to help shed light on how to achieve one of the most important
research goals in agricultural sciences.
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4.2 Types of Biological Nitrogen Fixers

Biological nitrogen fixation (BNF) is the process that converts N2 into ammonia, and
diazotrophs are the bacteria that fix the nitrogen. The term diazotroph originates
from diazo and troph which denotes “two nitrogens” (or dinitrogen) and “pertaining
to food”, respectively. Diazotrophs are categorized into three groups on the basis of
their dependence on plants to provide carbon and energy for N2 fixation: Free-living,
Associative, and Symbiotic, which are discussed below.

4.2.1 Free-Living Diazotrophs

Free-living diazotrophs are N2-fixing bacteria that can independently fix N2 without
the cooperation of a host plant. Autotrophic and heterotrophic bacteria execute free-
living nitrogen fixation, respectively obtaining their energy from photosynthesis and
organic matter decomposition. Free-living diazotrophs are relatively rare in the
rhizosphere, although in certain cases they may account for the majority of the
rhizospheric nitrogen content. Free-living diazotrophs are categorized into physio-
logically, phylogenetically diverse groups, which include Alpha-proteobacteria
(Bradyrhizobium, Rhodospirillum, Beijerinckia, Rhodobacteria,
Rhodopseudomonas, and Rhizobium), Beta-proteobacteria (Nitrosospira and
Burkholderia), cyanobacteria (Anabaena and Nostoc), and Gamma-proteobacteria
(Azotobacter, Klebsiella, Pseudomonas, and Xanthomonas), firmicutes (Clostridium
and Paenibacillus) (Mahmud et al. 2020; Priyadarshini et al. 2021).
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4.2.2 Associative Diazotrophs

Associative diazotrophs are N2-fixing bacteria that make simple physical contact
with the plant but do not form a common, visible biological organ in the plant. Such
diazotrophs loosely associate with the root surfaces of plants and likely transfer the
fixed nitrogen through death and mineralization. Endophytic diazotrophs, on the
other hand, can colonize the insides of the host plant in the parenchyma, dead cells,
and intercellular spaces, for instance. Such endophytic diazotrophs do not cause any
apparent damage but invade the plant tissues and result in defense responses of the
host plant. Associative and/or endophytic diazotrophs constitute diverse microbial
genera (e.g., Azospirillum, Gluconacetobacter, Herbaspirillum, Moraxella,
Brevibacillus, Burkholderia, Klebsiella, Pseudomonas, Enterobacter, Nostoc,
Anabaena, Azoarcus, and Bradyrhizobium) and have been observed to be associated
with various economically important plants, such as rice, maize, wheat, sugarcane,
kallar grasssugar beet, coffee, potato, sorghum, tomato, and oilseed rape
(Priyadarshini et al. 2021; Engelhard et al. 2000; Vaishampayan et al. 2001; Eskin
et al. 2014; James et al. 2002; de Almeida et al. 2009; Compant et al. 2008; Reyna-
Flores et al. 2018; Etesami 2019). Except for a few strains that are considered
facultative endophytes, bacteria from the genus Azospirillum are primarily associa-
tive diazotrophs (Döbereiner et al. 1995). Azoarcus spp., Herbaspirillum
seropedicae, and Gluconacetobacter diazotrophicus are the most researched obli-
gate endophytic diazotrophs, and seem to limit their habit to the interior of plant
tissues. Associative and endophytic colonization are both developed by heterocys-
tous nitrogen-fixing cyanobacteria. The cyanobacteria Anabaena azollae develops a
symbiotic relationship with the aquatic fern Azolla, whose exclusive nitrogen source
in lowland paddy is the cyanobacteria (Rai et al. 2019). Nostoc is another
cyanobacteria that dwell in microaerobic environments of host plants such as
liverworts, hornworts, and cycads (Rai et al. 2000). Free-living diazotrophs are
rare in the rhizosphere. Knowledge on diverse diazotrophs have been enhanced
with the recent advances in gene-sequencing technology. Using nitrogenase as a
marker, some studies have surveyed DNAs to identify the microbiota that fix
nitrogen from the metagenome (Gaby et al. 2018). However, the mere presence of
certain genes does not guarantee that the microorganism can fix nitrogen.
Metagenomics therefore should be accompanied by additional omics approaches
to be able to identify functional diazotrophs with a certainty (Pankievicz et al. 2019).

4.2.3 Symbiotic Diazotrophs

Symbiotic diazotrophs are N2-fixing bacteria that are closely related to the plant and
are able to fix N2 by forming a specialized organ (nodules) common to a plant. Such
endosymbiotic diazotrophs include rhizobia that belong to the phylum
proteobacteria alpha subgroup that associates with the nonlegume Parasponia



species (family Cannabaceae), and legumes (family Fabaceae) (Desbrosses and
Stougaard 2011), and actinomycete family’s Frankia sp. members of that associate
with a various plants of eight actinorhizal plant families. Furthermore, it has been
discovered that nitrogen-fixing cyanobacteria (mainly Nostoc sp.) colonize different
plant organs, either extracellularly in Azolla, Cycadaceae, hornworts, and liverworts,
or intracellularly in Gunneraceae. Host plants and diazotrophs form a system where
the plant receives the benefit of the fixed nitrogen provided by the diazotroph, and
the diazotroph receives carbon and other nutrients from the plant partner. Addition-
ally, the endophytic or symbiotic plant structures colonized by diazotrophs may help
protect nitrogenase from oxygen exposure. Multiple evidences exist to corroborate
successful symbiotic relationships between different bacteria and nonlegumes. A
well-known example is the symbiosis between actinorhizal plants and Frankia for
N2 fixation (Santi et al. 2013). Nodule formation is known to occur in the symbiosis
between Parasponia and Rhizobia, where Parasponia is the only nonlegume where
rhizobia effectively drive N2 fixation by colonizing the insides of nodules
(Akkermans et al. 1978).
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4.3 Nitrogenase Enzyme Complex

Nitrogenase catalyzes the reduction of dinitrogen (N2) to ammonia (NH3), which
depends on ATP. Nitrogen fixation is a dynamic process with high energy demands
(Rosenblueth et al. 2018). The biological reduction of N2 (inert) into the NH3

(reactive) occurs as follows, under microaerobic conditions:

N2 þ 8 Hþ þ 8 e� þ 16 Mg� ATP ! 2 NH3 þ H2 þ 16 Pþ 16 Mg� ADP

The overall reaction enthalpy of forming ammonia with molecular nitrogen and
hydrogen is negative (ΔH�¼ �45.2 KJ mol�1 NH3); without catalysis, it is chal-
lenging to overcome the energy requirement for activation (EA�¼ 420 KJ mol�1).
Hence, nitrogenase requires a great amount of chemical energy release from ATP
hydrolysis (1 mol of reduced N2 with 16 mol of ATP) and reducing agents, like
ferredoxin in vivo or dithionite in vitro. Nitrogenase is present in specialized bacteria
and archaea called diazotrophs but is not found in eukaryotes. The free-living,
associative, and symbiotic diazotrophs use nitrogenase to reduce N2 to NH3.
Among different prokaryotic species (cyanobacteria, green sulfur bacteria,
methanobacteria, and proteobacteria), genes have been observed to be horizontally
transferred (Ivleva et al. 2016). Nitrogenase is a complex enzyme and consists of two
enzymes (Fig. 4.1): dinitrogenase reductase, which contains iron (an Fe protein), and
dinitrogenase, which contains molybdenum and iron (a MoFe protein) (Seefeldt
et al. 2009; Addo and Dos Santos 2020). Nitrogenase is distinguished by the fact that
ATP-dependent MoFeP-FeP interactions drive conformational changes that syn-
chronize the proton and electron transfer processes associated with substrate
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Fig. 4.1 Schematic representation of Mo-dependent nitrogenase and its associated metal-
containing cofactors. Fe protein subunits (encoded by nifH) are shown in light brown, the MoFe
protein a subunit (encoded by nifD) is shown in green, and the MoFe protein b subunit (encoded by
nifK) is shown in blue. Atoms in metal-containing cofactors are indicated as: Fe (rust), S (yellow),
Mo (magenta), C (gray), and O (red) (a). The schematic diagram of the nitrogenase complex,
showing the flow of reducing power and substrates in enzymatic nitrogen fixation. The process is
catalyzed by a cytoplasmic nitrogenase complex consisting of two enzymes: one enzyme is
dinitrogenase, which contains molybdenum and iron (a MoFe protein); the other enzyme is
dinitrogenase reductase, an iron-containing enzyme (an Fe protein). The source of the electrons
for N2 reduction is usually the reduced form of the Fe-S protein ferredoxin (Fdred) which has a very
negative EO

0 value. Anaerobic or microaerophilic bacteria can provide Fdred from oxidation of
pyruvic acid by pyruvate: ferredoxin oxidoreductase. Aerobic bacteria reduce NAD+ to NADH
during pyruvic acid oxidation and thus must use the proton motive force to power reversed electron
transport allowing NADH to reduce Fd (b)

reduction. The N2 binding and reduction take place on the molybdenum-iron protein
(MoFeP), which is a heterotetramer (α2β2) encoded by nifD and nifK. The
dinitrogenase reductase (FeP) provides electrons to the MoFeP, and is a homodimer
(α2) encoded by nifH, where each subunit contains one Mg�ATP-binding site.
Reduced flavodoxin II provides electrons to FeP, and the FeP provides obligate
electrons to MoFeP, and in the FeMo-co inside each MoFe subunit, the substrate
reduction occurs. About 16 mol of ATP are required for 1 mol of N2 in the overall
catalysis, which produces 2 mol of ammonia and reduction equivalents provided by
the reduced ferredoxin (Seefeldt et al. ; Curatti and Rubio ). The genes
nifD , nifK, and nifH comprise the same operon and are frequently found in the form

20142012



of nifHDK (Dixon and Kahn 2004). Additionally, several other genes are involved in
the operon, such as nifF and nifJ that encode the electron transport proteins, and
nifBEN that participates in the nifA biosynthesis, which is the iron-molybdenum
cofactor of dinitrogenase. Moreover, analyzing the biochemistry and genetics has
demonstrated that many additional nif genes (nifA, nifB, nifE, nifQ, nifN, nifS nifV,
nifW, nifX, and nifZ) help regulate the nif genes, electron transport maturation
processes, as well as the assembly and biosynthesis of the FeMo-cofactor biosyn-
thesis (Masepohl et al. 2004; Lee et al. 2000). The nif regulon is composed of
various operons that include nitrogenase-encoding genes, proteins associated with
electron transfer, and regulator genes, which therefore regulates the nitrogen fixation
(Shin et al. 2016). In Azotobacter vinelandii and Rhodobacter capsulatus, which
carry iron and vanadium at their active sites, twos vanadium and iron-only nitroge-
nases have additionally been identified (Mus et al. 2018). The AnfHDK and
VnfHDK subunits that are comprised by these enzymes are homologous to the Mo
nitrogenase NifHDK subunits but are only expressed in low Molybdenum environ-
ments. Iron-iron or vanadium-iron cofactors, as well as additional components with
unknown functions, like the AnfG and VnfG subunits, are contained at the active
sites of these nitrogenases (Dixon and Kahn 2004). Reductants, like ferredoxin,
flavodoxin, or sodium dithionite, are needed in BNF to deliver electrons to reduce
N2. In principle, N2 reduction to NH3 requires six electrons, but H2 is also generated
in the coupled process (Newton 2007). Therefore, most diazotrophs receive eight
electrons from reduced ferredoxin. The reductase-nitrogenase electron transfer is
also coupled with ATP hydrolysis by reductase.
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4.4 Biotechnological Approaches to Develop
Nitrogen-Fixing Nonlegumes

Historically, nonlegumes such as cereals have long interacted with associative
N2-fixing microbes. Such examples can be found in rice (Roger and Ladha 1992;
Etesami and Alikhani 2016; Etesami et al. 2014; Chi et al. 2005), several sugarcane
varieties (Boddey and Dobereiner 1995), and some maize cultivars (Garcia de
Salomone and Döbereiner 1996). On the other hand, even with artificial inoculation
with diazotrophs like Azospirillum, some cereals like certain wheat or maize culti-
vars have proven to be a tough target host for N2-fixing microbes (Garcia de
Salamone et al. 1996). In nonlegumes, the fixed nitrogen provided by N2-fixing
bacteria is insufficient and not as good as levels provided by chemical fertilizers or
found in legumes in symbiosis with rhizobium; therefore, researchers have studied
for decades to identify mechanisms that can effectively introduce biologically fixed
atmospheric nitrogen for use in nonlegumes (Rosenblueth et al. 2018). Numerous
projects are funded to genetically modify nonlegumes such that they can form
nodules with nitrogen-fixing rhizobia, fix nitrogen themselves, or enhance coloni-
zation by diazotrophs (Rosenblueth et al. 2018), although many projects have not yet



demonstrated success. A commercially viable symbiosis between cereals and
rhizobia root nodules has yet to be established. A lack of dedicated chemicals and
machinery necessary for legume-rhizobium association are attributable for the
inability of nonlegumes to establish endosymbiotic relationship with rhizobia.
Another critical setback for nonlegumes in establishing root nodule symbiosis is
the absence of the transcription activator of nodule formation genes (ARN and NIN)
(Priyadarshini et al. 2021). Major breakthroughs have been made in diazotroph
genomics, nitrogen fixation genetics, and legume-rhizobia symbiotic processes
have been made lately, which have enabled new, practical approaches aimed to
establish a systematic symbiosis between legumes and rhizobia (Beatty and Good
2011). As observed in Parasponia, the only nonlegume capable of biologically
fixing N2 through root nodule symbiosis (Akkermans et al. 1978), it has been
discovered that rhizobia can also enter plants through natural cracks, unlike in
legumes where rhizobia infect through the infection threads in the root hairs
(Behm et al. 2014). This presents the potential for all plants to intercellularly host
rhizobia. Also, plant growth hormones are well known to facilitate nodule formation.
Researchers have been trying to exploit and merge existing technology and knowl-
edge to enable root nodule symbioses in cereals. 2,4-D is synthetic auxin that is a
well-known herbicide, and has been observed to promote nodulation in soybean,
which otherwise does not form nodules (Akao et al. 1991). 2,4-D inflicts are believed
to injure the root, which enables rhizobia to penetrate and establish itself, resulting in
the implementation of the symbiosis (Azam 2002). Cellulase and pectolyase, exam-
ples of cell-wall degrading enzymes, may be able to similarly help nonlegumes
establish symbiosis with rhizobia (Cocking et al. 1990). The first barrier for cereals
to notch up N2 fixation may potentially be overcome by such chemicals and
enzymes. However, 2,4-D-induced nodules histologically from those are stimulated
by rhizobia (Francisco and Akao 1994). In contrast to legume nodules that have
peripheral vasculature, nonlegume nodules induced by 2,4-D have central vascula-
ture (Francisco and Akao 1994). The N2-fixing nonlegume Parasponia has a central
vascular structure, which suggests that the vasculature type does not impair the
N2-fixing ability in cereals. Because cereals possess significant homologies with
Parasponia, it is plausible for cereals to be able to establish nodules to fix N2 that are
like those in Parasponia, even if such nodules bear little resemblance to those found
in legumes. Paranodules, the nodule-like structures induced by 2, 4-D, are anatom-
ically and structurally unfit for N2 fixation, although such paranodules were able to
successfully fix N2 in Azospirillum and Nostoc (Francisco and Akao 1994). Because
cereals are unable to naturally form nodules that can host rhizobia, transforming
chloroplasts could be an alternative to successfully express nif and other associated
genes to help cereals shelter rhizobia (Priyadarshini et al. 2021). The following
sections discuss strategies explored by scientists to make cereals self-reliant on fixed
nitrogen (Fig. 4.2).

4 Biotechnological Solutions to Improve Nitrogenous Nutrition in Nonlegume Crops 73



74 H. Etesami and B. R. Jeong

Fig. 4.2 Biotechnological interventions to establish nonlegume-rhizobium interaction. (For more
details see the text and Priyadarshini et al. (2021))

4.4.1 Engineering Nitrogenase to Function
in Nonlegume Cells

It is suggested by research of evolutionary genomics that to transfer nitrogen-fixing
capabilities from legumes to nonlegumes, relatively few genetic elements are
involved (Bailey-Serres et al. 2019). New synthetic engineering tools have recently
applied to nitrogenase biosynthesis. Early successes in these approaches to deliver
nitrogen to cereals, transferring nitrogenase and other such traits to microorganisms
in close association with cereals is a logical strategy (Geddes et al. 2015).
Researchers are considering incorporating and expressing the genetic machinery of
bacteria to encode and support a function nitrogen system, to assemble an active
nitrogenase system in plants. A minimum set of three genes must be created by
consumerization of bacterial genetic units to transfer nitrogenase to plants (Deng
et al. 2019). The extreme sensitivity of nitrogenase to oxygen, and the complexity of
the nitrogenase biosynthesis (e.g., a coordinated expression of at least 16 N2-fixing
genes in plant cells) make it challenging to introduce nitrogenase-encoding bacterial
nif genes into nonlegumes (Li and Chen 2020; Temme et al. 2012). Nitrogen fixation
also has great energy demands (Curatti and Rubio 2014; Seefeldt et al. 2012). The
common core set of genes and gene products necessary for functionally
biosynthesizing nitrogenase has been identified by extensive studies in biochemistry
and genetics (Rubio and Ludden 2008). Active nitrogenase expression in plants in
potential subcellular low-oxygen environments (micro air pockets) offered by mito-
chondria and plastids makes transferring nitrogenase to plants feasible (Curatti and
Rubio 2014). Since chloroplasts and mitochondria can meet the energy requirements
for nitrogenase in plant cells, they are viewed as suitable sites for nitrogen fixation.



However, because nitrogenase is extremely sensitive to and is inactivated by oxy-
gen, the oxygen produced during photosynthesis by chloroplasts may prove lethal to
maintaining the integrity of the nitrogenase enzyme complex. Therefore, photosyn-
thesis and nitrogen fixation must be separated if expressing functional nitrogenase in
chloroplasts, either temporally by confining nif expression only to when photosyn-
thesis is not happening, or spatially by limiting nif expression to tissues not involved
in photosynthesis, such as the roots (Rosenblueth et al. 2018). López-Torrejón et al.
(2016) used yeast, an organism that does not photosynthesize, as a proof of concept
to engineer nifH, nifM, nifS, and nifU into the eukaryotic cell from Azotobacter
vinelandii and demonstrated that if NifH polypeptide and nifMmaturase are targeted
to the mitochondrial milieu, active nitrogenase Fe protein can be produced. They
further demonstrated that because nifH can acquire and incorporate endogenously
generated mitochondrial Fe-S clusters, nifS and nifU, the nifH-specific Fe-S cofactor
synthesizing protein components, need not be transferred into the mitochondria for
the generation of an active Fe protein. Burén et al. (2017) targeted a minimum set of
nine nif genes in A. vinelandii (nifB, nifD, nifE, nifH, nifK, nifM, nifN, nifS, and
nifU) into the mitochondria and demonstrated that the nifDK tetramer was success-
fully formed, which is an essential first step to bring together a functional nitrogenase
in a eukaryotic cell. Attempts have also been made to transfer the nif gene in plants.
nifH and nifM were expressed in the chloroplasts of tobacco and generated func-
tional nifH albeit with low activity (Ivleva et al. 2016). Allen et al. (2017) demon-
strated recently that the complete range of biosynthetic and catalytic nitrogenase
(nif) proteins can be feasibly expressed in tobacco leaves as transit peptide-nif
fusions targeting mitochondria. However, studies of tobacco and yeast demonstrated
that the nifD polypeptide is susceptible to degradation in eukaryotic cells (Burén
et al. 2017; Allen et al. 2017), and therefore, the amino acid sequence needs to be
optimized for stability such that the catalytic activity remains uncompromised. The
readers are referred to the excellent array of recently published review articles for a
comprehensive account of how to transfer nif genes to eukaryotes (Curatti and Rubio
2014; Burén and Rubio 2018).
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4.4.2 Engineering the Legume Symbiosis into Nonlegumes

In this approach, the development of root-nodule symbioses (RNS) in nonlegumes,
like that found in legumes, is considered (Rogers and Oldroyd 2014). Exudates
excreted by legumes contain specific plant chemicals that trigger only the compatible
nearby rhizobia. The arbuscular mycorrhizal symbiosis is also affected by some
components of the legume symbiotic signaling (SYM). It has also been observed that
flavonoids and strigolactones released by cereals induce specific signals in
arbuscular mycorrhizal fungi (AMF), which help initiate the symbiosis between
AMF and cereals (Steinkellner et al. 2007). Since cereals already contain the SYM
pathway for arbuscular mycorrhizal associations, the pathway can be activated by
engineering the association to perceive the rhizobial signaling molecules, and



engineering the activation outputs to the nodule-like root organs with limited oxygen
to fix nitrogen (Mus et al. 2016). Legumes and rice, and possibly other cereals have
similar genetic constituents that are import in initializing the AM symbiosis (AMS)
development (Gutjahr et al. 2008). The same genetic components are crucial in
legumes in aiding the initial stages of RNS development. The common symbiosis
pathway (CSP) is constituted of these genetic elements that promote both AMS and
RNS development (Markmann and Parniske 2009). The conserved genetic constit-
uents of the CSP are being used in current research with cereals to form a basis on
which genetic networks can be extended to build a complete signaling pathway to
support RNS in cereals like that found in legumes (Rogers and Oldroyd 2014;
Davidson et al. 2015; Mus et al. 2016). Latest research in phylogenomics also
suggest that a species that associates with arbuscular mycorrhizal fungi can be
converted into a nitrogen-fixing symbiont with a small set of genes (Griesmann
et al. 2018; van Velzen et al. 2018). Generally, symbiotic N2 fixation is very
complex, which requires execution and regulation of multiple events in the host
plant as well as the rhizobia. Therefore, adapting the existing developmental and
signaling mechanisms to establish a suitable environment for nitrogenase activity in
the new cereal nodules is necessary to successfully engineer a N2-fixing symbiosis in
cereals (Mus et al. 2016; Oldroyd and Dixon 2014; Goyal et al. 2021).
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4.4.3 Engineering Nonlegumes to Associate with N2-fixing
Bacteria and/or Other PGPB

As mentioned above, diazotrophs are found among Alpha-proteobacteria, Beta-
proteobacteria, Cyanobacteria, Firmicutes, and Gamma-proteobacteria. However,
diazotrophs are observed to not be the dominant bacteria in rhizospheres. Therefore,
it may be possible to increase nitrogen fixation by increasing the diazotroph
populations. Two nonmutually exclusive, but distinct approaches are suggested to
enhance the existing interactions between bacteria and nonlegumes: increasing the
colonization of plants by highly efficient N2-fixing microbes (e.g., developing
cereals that promote diazotroph growth), and engineering into bacteria that already
closely associate with cereals to the transfer of efficient nitrogen fixation (Geddes
et al. 2015). Endophytic bacterial population exists in too low density in nonlegume
tissues to fix sufficient nitrogen, and therefore systems should be established to
increase the colonization of diazotrophic endophytes for improved nitrogen fixation
in nonlegumes. Therefore, it is important to find and engineer bacteria that specif-
ically associate with cereals to enrich the microbiomes of cereals with associative
and endophytic N2 fixers and develop competent plant varieties. To this end,
improving the chances of the inoculating diazotroph to selectively colonize the
crop plant is important. This is especially crucial as newly introduced bacterial
strains to the rhizosphere are generally dominated by the native microbes. This
problem may be solved by engineering plants to produce specific metabolites that



lead to a “biased rhizosphere” that favors the growth and development of the new
bacterial strain to be introduced into (Rossbach et al. 1994). Historically, researchers
have investigated how the bacterial population selection in the rhizosphere is
affected by new nutritional resources (Oger et al. 1997; Savka and Farrand 1997).
Pea root mucilage, for example, is the sole carbon source for some Burkholderia sp.,
Pseudomonas sp., and Rhizobium sp. (Knee et al. 2001). This “biased rhizosphere”
approach necessarily will involve identifying appropriate target genes, signals, and
receptors, to effectively construct a rhizosphere to encourage the growth of the
newly introduced diazotroph (Rossbach et al. 1994). The traits involved for plant
colonization are poorly understood and hundreds of genes are likely involved.
Engineering into bacteria, the ability to colonize and associate with plants is daunt-
ing, and can be avoided if associative bacteria or pre-existing endophytes are
employed as the basis for enhancing or transferring the N2-fixing ability via synthetic
biology. Direct engineering of plants has been favored over engineering bacteria that
are already native in an ecological niche to help cereals fix nitrogen (Geddes et al.
2015). Molecular approaches independent of the culture have recently shown that
bacterial nitrogenase genes are expressed in plants, and some rhizobia are found in
cereals (Rosenblueth et al. 2018). In the end, multiple approaches should be inte-
grated to transfer nitrogen fixation to cereals. One such strategy would involve
developing in nonlegumes the ability to perceive rhizobial signaling molecules,
formation of nodule-like root organ in an oxygen-limited setting, and infection of
the newly formed root nodules with N2-fixing bacteria. In this new niche, the ideal
symbionts would be associative or endophytic organisms already engineered for
efficient nitrogen fixation and transfer to plants (Geddes et al. 2015).
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To enhance the competitiveness of diazotrophs, nonlegume plants may be
selected or modified in such a way that the growth of certain diazotrophs is favored.
For example, a specialized carbon source may be utilized to strengthen the compe-
tition for carbon for a given population of nitrogen-fixing microbes, in order to
establish signals between those microbes and cereals for effective colonization (Mus
et al. 2016). Transgenic plants produce opine molecules that are known to boost the
rhizosphere with bacteria that catabolize opine molecules; however, this is accom-
panied with the risk of filling the rhizosphere with chemical compounds produced by
pathogenic organisms (Mondy et al. 2014; Oger et al. 1997; Savka and Farrand
1997). A rare group of chemicals produced by rhizobia inside legume nodules that
are exuded into the rhizosphere are referred to as rhizopines. Of these, 3-O-methyl-
scyllo-inosamine 2 (3-O-MSI) and scyllo-inosamine 1 (SIA) are thought to be
suitable for ideal chemical signaling between rhizospheric bacteria and plants.
However, little success has been made in engineering plants to produce rhizopines
(Murphy et al. 1995; Savka et al. 2013; Wexler et al. 1995; Gordon et al. 1996).
Rhizobia receive their energy from rhizopines (carbon and nitrogen). MosABC is
responsible for rhizopine synthesis, and mocCABRDEF is responsible for rhizopine
catabolsim, which have been found in the rhizobium Sinorhizobium meliloti L5-30
(Murphy et al. 1987). Continued pursuits in the rhizospheric engineering of cereal
crops have led to recent success in transferring rhizospine biosynthesis into barley
(Hordeum vulgare) (Geddes et al. 2019). It is also known that even if the soil life of



or

diazotrophs is short, regular diazotroph inoculation, as is common for legumes, can
provide enough bacterial cells for plants (Rosenblueth et al. 2018).
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Free-living, nitrogen-fixing bacteria commonly assimilate to and be used by
bacteria for their own growth, instead of excreting nitrogen compounds to the host
plant with ammonium, as occurs in nodules. Through nitrogen fixation, genetically
modified bacteria were observed to improve plant growth. Mutants of some
diazotrophs that excrete ammonium were effective at supplying N to their host
plants (Setten et al. 2013; Rosenblueth et al. 2018). Azospirillum that excreted
nitrogen, for example, was shown to improve the nitrogen supply to wheat plants
(Van Dommelen et al. 2009). Similarly, Azotobacter, Azospirillum, Kosakonia, and
Pseudomonas mutants (Setten et al. 2013; Zhang et al. 2012; Geddes et al. 2015;
Ambrosio et al. 2017; Bageshwar et al. 2017) were observed to promote plant
growth. Ammonium-excreting mutants of Azoarcus, Herbaspirillum,
Paraburkholderia should also be tested to check whether they enhance plant growth
through nitrogen fixation. Setten et al. (2013) have engineered Pseudomonas
protegens Pf-5, a root-colonizing nondiazotrophic endophyte, by transferring a
DNA stretch from P. stutzeri with 52 genes including the nif gene cluster (Vermeiren
et al. 1999). The modified P. protegens strain constitutively fixed nitrogen and
released an abundance of ammonium to its surroundings, even in the presence of
combined nitrogen. Fox et al. (2016) demonstrated in greenhouse tests, increased
maize and wheat yields when inoculated with Pseudomonas protegens Pf-5, and 15N
isotope dilution analysis confirmed that nitrogen fixation in the roots was clearly
responsible for this positive effect.

All plant roots secrete exudates (Badri and Vivanco 2009), which comprise a
broad spectrum of high-molecular-weight (polysaccharides and proteins) and low-
molecular-weight (amino acids, organic acids, phenolic compounds, and sugars)
compounds (Huang et al. 2014). A wide range of functions are performed by these
exudates, which include improving the nutrient uptake, increasing abiotic stress
tolerances, structuring the soil-plant microbiome, and suppressing diseases (Badri
and Vivanco 2009; Huang et al. 2014; Hirsch et al. 2003; Dennis et al. 2010).
Mucilage derived from the root cap is usually a viscoelastic root exudate released to
the rhizosphere from the root cap cells. Mucilage is composed primarily by amino
acids, alcohols, fatty acids, polysaccharides, and organic acids, and is categorized
chemically as a high-molecular weight (HMW) carbohydrate (Naveed et al. 2017;
van Veelen et al. 2018). About 5–21% of a plant’s photosynthates are known to be
released by the roots as amino acids, soluble sugars, or secondary metabolites, which
in turn recruit and support rhizospheric microbial communities (Huang et al. 2014;
Badri and Vivanco 2009; Badri et al. 2013; Chaparro et al. 2013). A sufficient supply
of organic acids, sugars, as well as a low-nitrogen, low-oxygen environment are
generally considered essential to support microbial communities that fix nitrogen
(Bennett et al. 2020). For plants, mucilage is known to be an essential determinant of
the nitrogen fixation and researchers have suggested that for nonlegumes, mucilage
secretion may play a more general role in sheltering the microbial diazotroph
communities (Van Deynze et al. 2018; Bennett et al. 2020; Johansson and Bergman
1992; Forni and Caiola 1993). Based on their findings with the aerial root mucilage



of maize landrace native to the Sierra Mixe indigenous maize landrace (Bennett et al.
2020), they also proposed a diazotrophic microbial community model that is
supported by mucilage. In their suggested model, Bennett et al. (2020) explained
how mucilage can support the general requirements of a community of nitrogen-
fixing microbes. Mucilage refers to the wealth of sugars that can potentially act as an
energy source for diazotrophs (Bennett et al. 2020; Van Deynze et al. 2018; Osborn
et al. 1999; Chaboud 1983). Root mucilage contains fucose, glucose, galactose,
xylose, and arabinose. According to Van Deynze et al. (2018), the high levels of
nitrogen fixation (29–82% N) in indigenous landraces of maize grown in nitrogen-
depleted fields were attributed to the abundant production of sugars (41% fucose,
36% galactose, 14% arabinose, 3% xylose, and 3% mannose): the aerial-plant-root-
associated rich mucilage supported a complex nitrogen-fixing microbiome. They
concluded that the nitrogen fixation and subsequent delivery to maize plants may be
at least partially attributed to mucilage (Van Deynze et al. 2018). The monosaccha-
ride composition of mucilage may help signal the associative diazotrophic bacteria
that are able to disintegrate the polysaccharides of the mucilage complex, and
provide the released monosaccharides that support nitrogen fixation and growth
promotion (Bennett et al. 2020). It is likely that the polysaccharides of mucilage
provide the optimal environment-specific microbiota, by serving as an energy
source, and helping bacteria establish themselves in the mucilage-root environment
by supporting their metabolism and essential mechanisms of colonization (Bennett
et al. 2020). A majority of the root exudate diversity is provided by the low-
molecular-weight compounds, while a larger mass proportion is taken up by the
high-molecular-weight compounds (Bennett et al. 2020). It is likely that mucilage
will be a utilizable feature of cereal crops (e.g., wheat, barley, maize, and sorghum)
(Bennett et al. 2020; Sinha Roy et al. 2002; Carter et al. 2019; Werker and Kislev
1978; Li et al. 2014). The polysaccharide structure of mucilage details the terminal
positions and proportions of arabinose, fucose, and xylose residues; this suggests
that enzymatic release of the mucilage could feed microbiota, like diazotrophs, that
reside in the mucilage (Bennett et al. 2020). The microbial genes that encode the
minimum gene set for molybdenum nitrogenase to fix nitrogen (nif genes) are known
to be contained in the mucilage (Van Deynze et al. 2018; Dos Santos et al. 2012).
Molybdenum nitrogenase is likely an essential member for nitrogen fixation in
mucilage of nonlegumes; two additional nitrogenases, iron-only nitrogenase and
vanadium nitrogenase, may also contribute to the mucilage nitrogen fixation
(Bennett et al. 2020). The wealth of sugars in the mucilage polysaccharides can be
used by diazotrophs to fuel nitrogen fixation, which are arabinose, fucose, and/or
xylose (Bennett et al. 2020). Diazotrophs in the mucilage possess and are able to
express genes that are necessary for importing and metabolizing components of the
mucilage polysaccharides, in order to produce ATP which serves as an energy
source for the energy-intensive nitrogenase activities (Bennett et al. 2020).
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As previously mentioned, to support diazotrophs, the microbial community’s
ability to reduce the oxygen levels is critical. A delicate balance in the oxygen
level management is necessary for nitrogen fixation by aerobic bacteria, because
high ATP levels as a fuel are usually produced through aerobic respiration, but high



oxygen levels inhibit nitrogenase activities (Hunt and Layzell 1993; Marchal and
Vanderleyden 2000). At a depth of 8 mm, it was observed that root mucilage
maintained oxygen levels below 5%, which suggests that a microaerobic environ-
ment that supports nitrogenase activities could be sustained with mucilage (Van
Deynze et al. 2018). A similar oxygen depletion level was observed in a 0.2% agar
medium; the reduction of atmospheric oxygen diffusion into the mucilage matrix,
mediated by the mucilage, may result in these low oxygen levels. Oxygen levels
were observed to be similarly depleted by embedded diazotrophs in an
exopolysaccharide pellicle, which enable aerobic nitrogen fixation, and in bacterial
biofilm aggregates (Wessel et al. 2014; Wang et al. 2017). Nitrogen fixation is a
highly regulated molecular mechanism because it requires great energy levels.
Transcriptional and/or post-transcriptional mechanisms are used by diazotrophs to
deactivate nitrogenase activities when nitrogen is present in the environment
(Halbleib and Ludden 2000). Very low nitrate and ammonium levels were observed
in Sierra Mixe maize mucilage by Bennett et al. (2020), when the mucilage nitro-
genase levels were very high and the nitrogenase activity was uninhibited. These low
nitrogen levels likely help enrich diazotrophs in microbial community of the muci-
lage, as nitrogen-fixing bacteria are exposed to a significant advantage in such a
high-carbon, low-oxygen, and low-nitrogen environment. However, it has yet to be
clearly determined how nitrogen is transferred to the host plant from bacteria. The
model suggested by Bennett et al. (2020) provides a general framework on which
diazotrophic activities can be evaluated for cereal crops and optimize the function-
alities of the mucilage by specifically structuring the microbial communities associ-
ated with the mucilage and/or through genetic selection to potentially increase
nitrogen fixation in cereals. Further research is necessary to determine whether
genetic engineering or breeding can transfer the aerial root mucilage trait can be
transferred to conventional corn varieties and other cereal crops also possess the
same trait.
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One of the promising sustainable ways for reducing application of chemical N
fertilizer and increasing N use efficiency (NUE) is by providing plant growth-
promoting bacteria (PGPB) to nonlegumes (Roy et al. 2015; Adesemoye and
Kloepper 2009; Etesami 2019; Etesami and Maheshwari 2018). In addition, the
combined use of N2-fixing bacteria and PGPB can improve the root growth and help
cereals better utilize nutrients and environmental resources. To this end, systems that
can be effectively colonized by PGPB should be designed such that the diazotrophs
selectively colonize the targeted plants, since the diazotroph and plant variety all
substantially influence the N fixation (Boujenna and del Moral 2021).

The other much short-term and simpler approach to improve N nutrition in
nonlegumes is to use naturally occurring nonrhizobial, N2-fixing endophytic bacteria
(commonly known as associative N2 fixation) that can colonize the root systems of
nonlegumes intracellularly and fix N2 without any need for nodulation (Dent and
Cocking 2017; Cocking et al. 2006; Bargaz et al. 2018; Etesami 2019). Bacterial
endophytes are a plant-associated bacteria that can nonpathogenically colonize
various plant tissues internally (with no visible disease symptoms in plants) (Kaga
et al. 2009; Hallmann et al. 1997; Gaiero et al. 2013; Compant et al. 2010; Sessitsch



et al. 2012). Endophytic bacteria are considered to be a rhizobacterial subpopulation
(Compant et al. 2010). Contrasted to other bacteria (i.e., rhizosphere, rhizoplane, and
phyllosphere bacteria), the bacterial endophytes might establish more intimate
relationships with the host plant and provide fixed N without any loss to the plant.
In addition, because there is no competition between bacterial endophytes and
non-endophytic microorganisms (rhizosphere, rhizoplane, and phyllosphere bacte-
ria) in the endorhizosphere, and because carbon sources are provided with
low-pressure oxygen oscillations (James et al. 2002; Etesami 2019),
endorhizospheric bacteria contribute much more extensively to N fixation, than
rhizospheric bacteria (Etesami 2019). Different nonlegume plant tissues are well-
known to host different nitrogen-fixing bacterial genera, such as Enterobacter,
Microbacterium, Klebsiella, Beijerinckia, Citrobacter, Herbaspirillum, Bacillus,
Alcaligenes, Rhizobium, Azospirillum, Penibacillus, Azotobacter, Agrobacterium,
Sphingomonas, Methylosinus sp., Corynebacterium, Azoarcus, Gluconacetobacter,
Clostridium, Methanosarcina, Burkholderia, and Paenibacillus (Reinhold-Hurek
et al. 2007; Hongrittipun et al. 2014; Yanni and Dazzo 2010; Gupta et al. 2012; Ji
et al. 2014; Prayitno and Rolfe 2010; Etesami 2019; Yoneyama et al. 2017; Bargaz
et al. 2018). Utilizing such nonsymbiotic N2-fixing bacteria may help reduce N
fertilization for agriculture by producing 22–50 kg of N per hectare, and contribute
to reducing damage to the environment (Elbeltagy et al. 2001; Etesami 2019; Ladha
et al. 2016). In earlier reports, an increase of 21.2–23% in yield and K, N, and P
levels in rice plants inoculated with N2-fixing bacteria (i.e., Anabaena oscillarioides
CR3, Brevundimonas diminuta PR7, Ochrobactrum anthropi PR10, and Pseudo-
monas sp.) was observed, when compared to the use of recommended rate of NPK
fertilizers was observed (Rana et al. 2015; Mäder et al. 2011).
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The results of some reports indicate that nitrogen fixation is not the only mech-
anism by N2-fixing bacteria to stimulate growth and yield of rice plants (Saharan and
Nehra 2011; Bhattacharjee et al. 2008). These bacteria can also improve growth,
yield, and nutrient absorption (N, P, K, Zn, etc.) in rice plants through other
mechanisms such as production of auxin (IAA, etc.), ACC (1–aminocyclopropane–
1–carboxylate) deaminase, siderophores, and exopolysaccharides (extracellular
polymeric substance), as well as insoluble inorganic solubilization (Etesami and
Alikhani 2016; Etesami 2019; Etesami and Maheshwari 2018; Estrada et al. 2013; Ji
et al. 2014; de Souza et al. 2013). In other words, the N in nonlegumes like as rice
can be either due to nitrogen fixation or due to an increase in the uptake of soil
nitrogen by the plant (Yanni et al. 1997; Prayitno et al. 1999; Elbeltagy et al. 2001;
Oliveira et al. 2002).

In addition to N availability, moisture availability (soil water) is well known to be
a key factor determining crop yield and NUE (Bänziger et al. 1999; Huang et al.
2018). To paraphrase, plants cannot extract nutrients (especially, nutrients that are
absorbed by the mass flow process like nitrate, sulfate, calcium, and magnesium)
from the soil without sufficient water (Huang et al. 2018). In saturated or partially
saturated environments, it was observed that exopolysaccharide-producing bacteria
associated with plants increased the soil water retention, diminished soil water
evaporation, and decreased the hydraulic conductivity, which helps make more



water available for a longer time for plants (Zheng et al. 2018) and consequently
increases the water use efficiency of plants (Roberson and Firestone 1992). The
water holding capacity of bacterial exopolysaccharides is great (a polymer matrix is
97% water); bacterial exopolysaccharides can change the pore space connectivity
and the soil matrix structure, as well as modify the viscosity and surface tension of
water (Zheng et al. 2018; Roberson and Firestone 1992; Bozorg et al. 2015; Volk
et al. 2016; Kroener et al. 2018). Bacterial exopolysaccharides can also rectify
rhizospheric soil structural properties (i.e., increase the rhizospheric soil aggrega-
tion, decrease the percentage of soil aggregates, increase the ratio of root-adhering
soil to the root tissue, form a hydrophilic biofilm around roots, etc.) (Etesami and
Maheshwari 2018; Kaushal and Wani 2016).
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Root architecture is also known as an important trait that affects N uptake
efficiency and plays a pivotal role in extracting available N from the soil. The
capacity of the root to absorb nutrient (i.e., N) depends on the extent of root
expansion and its absorption surface area. Some bacteria can increase plant root
system development and thereby increase the absorption of nutrients (improved N
use efficiency) by producing IAA and ACC deaminase (stress ethylene level-
reducing enzyme) (Etesami and Maheshwari 2018). When soil nutrients (i.e., P
and Fe) are scarcely available, limits are usually placed on biological nitrogen
fixation (BNF). Therefore, sufficient Fe and P levels should be maintained to
increase the nitrogen fix efficiency during BNF (Etesami and Beattie 2017; Schulze
and Drevon 2005; Alkama et al. 2012). Phosphate-solubilizing bacteria (PSB) and
siderophore-producing bacteria (SPB) are able to respectively increase the P and Fe
availability to plants grown with low P and Fe levels (Etesami 2019; Etesami and
Maheshwari 2018).

Based on the above statements, if the purpose of inoculating nonlegume plants
with nitrogen-fixing bacteria (NFB) is to supply the plant nitrogen, it is
recommended that other bacteria with the ability to produce ACC deaminase,
IAA, exopolysaccharides, and siderophores, as well as the ability to solubilize
phosphates (or fix nitrogen and promote various plant growth traits) are also
inoculated into the plants (multistrain inoculation). This bacterial consortium can
improve nitrogen uptake by rice plant via different mechanisms (Fig. 4.3). Com-
bined use of such bacteria can be effective at achieving maximum N uptake,
N-fertilizer savings, and nonlegume growth.

There are reports showing that simultaneous inoculation (multistrain inoculation)
of nonlegumes like rice with several superior bacteria has a significantly greater
effect on the nutrient uptake (decreased dependency on exogenous nitrogen supply)
and consequently plant growth, compared to inoculation with a single superior
bacterium strain (Etesami and Alikhani 2016; Roy et al. 2015; Nguyen et al. 2003;
Cong et al. 2011; Uthiraselvam et al. 2012; Hasan et al. 2014; Roy and Srivastava
2010; Williams and Kennedy 2002; Malik et al. 2002; Hegazi et al. 1998). For
example, Etesami and Alikhani (2016) observed in a study that supplementing 75%
of the recommended N-fertilizization rate with endophytic (Pseudomonas
fluorescens REN1) and rhizospheric (Pseudomonas putida REN5) bacteria as a
multistrain inoculation with several plant growth-promoting traits resulted in
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enhanced N content and growth indices in rice compared to single-strain inoculation,
which statistically were similar to when the full fertilizer rate (313 kg urea ha�1) was
employed without these isolates. In other words, in this study multistrain inoculation
with these bacterial strains diminished N-fertilizer application by up to 25%. It is
well known that bacteria, when used in combination, may produce synergy or a
particular bacterium may serve the “helper” role to boost the other bacterium’s
performance. It is found that these bacteria contribute to effects that can be
complemented by diverse functions (i.e., nutrient (N, P, etc.) provision, inhibitory
product removal, and biochemically/physically induced mutual stimulation)
(Etesami and Maheshwari 2018; Roy et al. 2015; Bashan and Holguin 1997).
Since most soils under cultivation of cereal crops, including rice, are deficient
in N, and rice production is highly dependent on N application, and nitrogen-fixing
bacteria cannot replace nitrogen fertilizer in rice plant (they can be used as a
supplement to chemical N fertilizer) (Etesami and Alikhani 2016), a combined use
of sufficient N nutrition and nonsymbiotic nitrogen-fixing bacteria would help
improve rice yields (Bargaz et al. 2018; de Souza et al. 2016; Biswas et al. 2000;
Yanni and Dazzo 2010; Duarah et al. 2011; Khorshidi et al. 2011; Khan et al. 2017;
Etesami 2019).
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4.5 Conclusions and Future Prospects

The N availability is a major bottleneck for crop growth. For a reliable quality and
yields, sufficient N fertilization is necessary for plants. However, excessive chemical
N fertilization resulted in not only a worldwide severe N pollution, but also shrunk
plants’ N use efficiency. Alternatives to chemical N fertilization need to be found, to
securely and sustainably produce food. One such sustainable N nutrition may be
achieved through biological nitrogen fixation in plants and may shift the dependence
of N provision from industrial settings. Symbiotic nitrogen fixation is currently
limited to legumes to a significant degree, multiple nonlegume rhizospheric
diazotrophs exist that have been observed to enhance N nutrition in nonlegumes.
Interventions made biotechnologically have also importantly helped provide
nitrogen-fixing capacity to nonlegumes. Constructing N2-fixing nonlegumes includ-
ing cereals, which normally use large amounts of chemical fertilizers, is an enormous
challenge biotechnologically, which if successful, would revolutionize agricultural
systems worldwide. Great efforts have been made to establish nitrogen-fixing ability
in nonlegumes, especially cereals, as they comprise a major proportion of the global
food supply. The mechanisms with which symbiotic systems are formed between
microbes and plants will help researchers successfully transfer the nitrogen-fixing
ability to nonlegumes in the future. Introducing nitrogenase for nonlegumes, and
transferring the legume symbiosis to nonlegumes are both complex technological
challenges, but if/when successful, possess the potential to revolutionize crop
production. While there will undoubtedly be obstacles to launch the two approaches,
researchers must not limit efforts in fear of the complexity of these engineering



problems to enable nonlegumes to fix nitrogen (Oldroyd and Dixon 2014). In these
potential nitrogen-fixing cereals, even minute increases in the available N levels
would lead to a substantial increase in the yields of low-input agricultural systems in
developing countries. Manipulating host plants and soil diazotrophs may also be
able to solve the overuse problem of synthetic N fertilizers in the short term.
Genetically modifying cereal crops to be able to fix nitrogen is a complex challenge,
but the current approaches being attempted are presenting exciting possibilities for
successful implementation of such crops in the foreseeable future. This will enable
the world to greatly benefit from less extensive chemical fertilization, while
nitrogen-fixing nonlegumes are unlikely to pose any substantial harm to the envi-
ronment. In addition to nitrogen, agricultural inputs like water and phosphorus may
limit agricultural productivity. Plant cultivars and mycorrhiza with high-use effi-
ciencies of phosphate use need to also be considered when researching to develop
nitrogen-fixing cereals. To achieve this, the authors reckon that effective programs to
control human population growth, and a more efficient crop management are
required in addition to genetically modifying plants and utilizing microbes
(Rosenblueth et al. 2018). These approaches integrated together then could research
to realize the dream of self-supporting, nitrogen-fixing cereals. Associative nitrogen
fixation in nonlegumes, especially cereals like maize, rice, and wheat, biased/
targeted rhizosphere, artificial symbioses, and endophytic nitrogen fixation in
nonlegume plants should be considered further and researched into to help realize
the goal of self-supporting nitrogen-fixing nonlegumes (Mahmud et al. 2020).
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Chapter 5
Contribution of Nitrogen-Fixing Bacteria
in Rice Cultivation: Past, Present,
and Future

Thilini A. Perera and Shamala Tirimanne

Abstract Potential of nitrogen-fixing bacteria had been known by the farmers as
early as the 1900s. From early days, legumes were incorporated into the rice soils to
be mineralized and absorbed into rice plants. A major re-focus toward the usage of
nitrogen-fixing microbes came into play after the realization of the negative conse-
quences that occurred due to excess inorganic nitrogen fertilizer usage during green
revolution. Initial research included the identification of rhizosphere nitrogen fixers
that can colonize non-legume rice plants, observing their behavior, and measuring
the amounts of nitrogen fixed. Then, it was targeted for induction of root nodules in
rice roots, engineering rice plants with nitrogen-fixing genes, and activation of the
nitrogenase enzyme inside the rice plant. With time, it was realized that nitrogen
fixation is an extremely complex process to be induced in a non-leguminous plant as
it is a high energy-demanding process occurring in low-oxygen conditions. A decade
ago, the scientists were under the impression that genetic engineering of a rice plant
to fix nitrogen is not an achievable target. But at present, with the improved
understanding of the molecular biology of nitrogen fixation and the use of molecular
tools and technology, the genes and the QTL regions involved in nitrogen fixation
that are crucial for BNF are identified and producing a biologically nitrogen-fixing
rice plant is not as impossible as it seems to be a decade ago. Nitrogen fixer
application as bio-fertilizers has also yielded positive results, but this process is
not as rapid as legume–Rhizobium symbiosis. Therefore, there will be research
continuing around the world until a completely nitrogen-fixing rice plant is created.
More research studies related to the genetic regulation, the factors involved in
bacterial colonization of the rice plants, and molecular levels studies needs to be
taken place.
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5.1 Introduction

Rice is one of the worlds’ most consumed cereal crops. It is a staple for more than
half of the world’s population providing 80% of their food requirement. According
to literature, rice (Oryza sativa) had been domesticated from the wild grass Oryza
rufipogon 10,000–14,000 years ago. Reports from China have shown evidence of
rice cultivation even before 8000 years. Rice is grown mostly by the poor people in
the world, especially in the Asian regions. According to statistics, in the years 2020/
2021 global rice production had been 496 million metric tons utilizing about
165 million hectares of land. As stated by IRRI, globally 21% of per capita energy
and 15% per capita protein are provided by rice (IRRI, Knowledge Bank). It is also
estimated that by the year 2050, the demand for rice will be 584 million tons (Samal
et al. 2022).

5.2 Nitrogen as a Nutrient for Rice

To feed the rapidly increasing world population, with decreasing arable lands,
increase in productivity of crops per unit land area has become a fundamental
need. Several initiatives have been taken to face these challenges, especially during
the era of green revolution. Main measures include the use of genetically improved
rice varieties and the use of synthetic fertilizers, insecticides, and pesticides for rice
cultivation. According to Evenson and Gollin (2003), high-yielding rice varieties
were a major accomplishment of the era of green revolution. Doubling of the
population leading to the upsurge of food demand was taken care of by these modern
varieties produced. These improved varieties were highly responsive to the synthetic
fertilizers used.

Among the nutrients that are required for rice plant growth and development,
nitrogen is termed as the “sine quo none” or the absolute necessity in high-yielding
agriculture (Ladha et al. 2016) as nitrogen has a direct, positive correlation with the
growth and development of rice. Moreover, nitrogen is identified as the most
frequent yield-limiting nutrient (Chauhan et al. 2017). There is no phase of growth
of the life cycle of rice that is not affected by nitrogen. During the vegetative growth
phase, nitrogen is highly involved in the increase in plant height, tiller number, leaf
size (Dobermann and Fairhurst 2000), number of stalk (total tillers/hill) (Chaturvedi
2005; Ghanbari-malidarreh 2011), dry matter content of a stem per hill (Chaturvedi
2005; Youseftabar et al. 2012), root volume (Anil et al. 2014), and many other
characteristics. During vegetative growth, sink organs assimilate nitrogen. The
assimilated nitrogen is used for amino acid, protein, and enzyme synthesis, building
up the plant architecture and components required for photosynthetic machinery
(Hirel et al. 2007). During reproductive and ripening phases of a rice plant, accu-
mulated nitrogen is remobilized to the seeds. The roots and the shoots now behave as



nitrogen source tissues, and the proteins stored in source tissues are hydrolyzed
releasing amino acids that are transported to the seeds.
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5.3 Detrimental Consequences Associated with Nitrogen
Fertilizers

Urea is the most commonly used nitrogen fertilizer and is an expensive commodity.
It is manufactured by the “Haber Bosch” process, and it consumes a large amount of
petroleum energy. Therefore, the urea prices in the global market always fluctuate
with the fluctuations of the global petroleum market. The issues associated with the
COVID-19 pandemic have led to an unexpected urea price hike during the last few
months of the year 2021. The price of a metric ton of urea that had been around USD
452 in July 2021 has increased to USD 890 in November 20211 making it a major
issue to the developing countries.

Although expensive, since it has become an essential commodity for rice culti-
vation, many Asian countries have introduced urea fertilizer subsidy schemes. In Sri
Lanka, in the year 2018, a 50 kg bag of urea with the price of about Rs. 3500 in the
global market was provided to the farmers for a subsidized cost of Rs. 500.00 while
the government bore the cost of Rs. 3000.00,2 resulting in major economic issues
that apply especially to other developing countries as well.

When nitrogen fertilizers are added to the soil, only 30% is absorbed by the plant
and the rest is lost from the system through leaching, volatilization, and denitrifica-
tion. Environmental and health issues of the nitrogen fertilizer usage are explained
briefly in Fig. 5.1 (Perera and Tirimanne 2021). Eutrophication of water bodies,
groundwater contamination, greenhouse gas emissions, global warming, and acid
rains are some of the hazardous environmental consequences. Methemoglobinemia
in infants, skin cancers, and gastric cancers are some of the detrimental health issues
associated with the urea fertilizer usage.

Due to the detrimental issues stated above, the scientific community had been
experimenting on alternatives that can replace nitrogen fertilizer usage in rice
cultivation. There, the usage of nitrogen-fixing bacteria has been identified as a
promising method that can contribute immensely to the reduction in nitrogen
fertilizer in rice cultivation,3 given that the challenges associated with the non-
legume nitrogen fixation can be overcome.

1https://www.indexmundi.com/commodities/?commodity urea.¼
2Agriculture Ministry to provide fertilizer at old prices. https://news.lk/economy/item/22652-
agriculture-ministry-to-provide-fertilizer-at-old-prices. Accessed May 20, 2021.
3Essential nutrients in rice production. http://www.knowledgebank.irri.org/ericeproduction/IV.1_
Essential_nutrients.htm. Accessed May 8, 2020.

https://www.indexmundi.com/commodities/?commodity=urea
https://www.indexmundi.com/commodities/?commodity=urea
https://news.lk/economy/item/22652-agriculture-ministry-to-provide-fertilizer-at-old-prices
https://news.lk/economy/item/22652-agriculture-ministry-to-provide-fertilizer-at-old-prices
http://www.knowledgebank.irri.org/ericeproduction/IV.1_Essential_nutrients.htm
http://www.knowledgebank.irri.org/ericeproduction/IV.1_Essential_nutrients.htm
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Fig. 5.1 Environmental and health issues of the nitrogen fertilizer usage (Perera and Tirimanne
2021)

5.4 Nitrogen Fixation and Nitrogenase

Seventy-nine percent of the atmosphere around us consists of dinitrogen (N2). Even
though this is available for free, rice plants cannot utilize this gaseous nitrogen
directly for their growth and development. But the plants of the family Leguminosae
have the ability to take in (or fix) this freely available atmospheric nitrogen through a
process called biological nitrogen fixation (BNF), in association with nitrogen-fixing
bacteria. Through nitrogen fixation, the atmospheric di-nitrogen can be converted
(reduced) into ammonia, a form that can be utilized by living organisms (plants and
animals) for bio-organic matter synthesis (Cheng 2008). It has been estimated that
annually 200 million tons of nitrogen are fixed in the world (Rascio et al. 2008).

Overall, the nitrogen fixation reaction is given in the following equation:

N2 þ 8 e� þ 8 Hþþ16 MgATP ! 2 NH3 þ H2 þ 16 MgADPþ 16 Pi

This reaction is catalyzed by a complex metalloenzyme, nitrogenase. This
enzyme has a conserved structure and mechanistic features (Rees and Howard
2000; Lawson and Smith 2002). This is considered as a high energy-consuming
process as each electron transfer of every catalytic cycle of nitrogenase enzyme, and
two MgATPs are hydrolyzed (Dixon and Kahn 2004).

This phenomenal conversion, which greatly benefits agriculture, is carried out by
certain groups of symbiotic, associative, and free-living bacteria, which belong to
kingdoms of Bacteria and Archaea but not Eukaryotes. In Bacteria, BNF is found in
subdivisions of Proteobacteria, green sulfur bacteria, Firmibacteria, Actinobacteria,



and Cyanobacteria, but is restricted to methanogens in Archaea (Dixon and Kahn
2004).

Biological nitrogen-fixing organisms could be either aerobic (e.g., Azotobacter),
anaerobic (e.g., Clostridium), facultative anaerobic (e.g., Klebsiella), anoxygenic
heterotrophs (e.g., Rhodobacter), or oxygenic heterotroph (e.g., Anabaena).
Phototrophs and chemolithotrophs (e.g., Leptospirillum ferrooxidans) have also
been found to fix N2 (Dixon and Kahn 2004).

5.5 Major Groups of Nitrogen Fixers

Two major groups of nitrogen fixers are of importance and are termed symbiotic and
free-living nitrogen fixers.

5.5.1 Symbiotic Nitrogen Fixers

Symbiotic nitrogen fixers develop a symbiotic relationship with the eukaryotic host,
which can transfer the fixed ammonia to the eukaryotic host. There the eukaryotic
host provides the biological niche and support for the bacteria through better feeding
(Lee et al. 2008). The symbiotic relationship between the plants of family
Leguminosae and the bacteria rhizobia (Lee et al. 2008) is of significant importance
to agriculture.

In the leguminous plants, root nodule formation involves a legume host, factors
released by the legume, a micro-symbiont, and the factors released by the micro-
symbiont. Nodule formation is a highly synchronized, highly regulated process
where molecular signals travel both ways, from the plant to the rhizobium and
vice versa (Kulasooriya 2008).

5.5.1.1 Regulation of Root Nodule Formation

When compatible bacteria encounter a suitable leguminous plant, a highly specific
molecular dialog between the plant and the microbe leads to a nodule formation
(Kulasooriya 2008; Schultze and Kondorosi 1998). As the first step of the nodulation
process, the plant host secretes flavonoids, chalcones, and conjugated isoflavonoids.
On the reception of these signals, the specific bacteria receive the signal and activate
their NodD regulatory proteins and otherwise silent nod genes (Franche et al. 2009;
Kulasooriya 2008). This is a very specific process, and every bacterial strain has a
highly specific host range (Young and Johnston 1989).
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5.5.1.2 Nitrogenase Enzyme and Associated Genes

Generally, a bacterium comprises a single circular chromosome and one or more
extra chromosomal DNA or plasmids. A thorough study on the genetics behind
nitrogen fixation had been done on the facultative anaerobe, Klebsiella oxytoca
strain M5a1 (initially Klebsiella pneumoniae) (Franche et al. 2009). Rhizobial nif
genes are recorded to show structural similarity to Klebsiella nif genes (Arnold et al.
1988).

A specific type of gene called the bacterial nod genes is involved in regulating the
root nodule formation in the legume. The nif genes of the bacteria are responsible for
regulating nitrogen fixation. Several other types of genes from the bacteria (e.g., exo,
lps, ndv) are involved in regulating and helping root nodule formation (Kulasooriya
2008).

According to the review by MacLean et al. (2007), nitrogen fixation and nodule
formation are considered as plasmid-borne functions; hence, the genes and the
protein they code for as well as the integrated properties could be easily lost or
gained (Franche et al. 2009).

The genes responsible for nodule induction (nod genes) are carried in the large
sym-plasmid (pSym) of rhizobia and in the chromosome in Azorhizobium
caulinodans and Bradyrhizobium japonicum as they do not contain plasmids
(Fischer 1994).

5.5.1.3 Prevention of Oxygen Damage of Nitrogenase

The nitrogenase enzyme that catalyzes molecular dinitrogen to ammonia is highly
conserved in free-living and symbiotic diazotrophs and is highly sensitive to oxygen.
Nitrogenase enzyme is composed of two metalloproteins, metalloprotein 1, or the
Mo-Fe protein, and metalloprotein 2, the Fe protein. While Mo-Fe protein is
composed of two non-identical subunits, the component 2 or the Fe protein is one
with two identical subunits (Franche et al. 2009). The common form of nitrogenase
is the Mo-nitrogenase, and it contains a Fe-Mo-co, a prosthetic group with molyb-
denum. Both Fe protein and the Mo-Fe proteins in the nitrogenase enzyme are highly
oxygen-sensitive (Einsle et al. 2002; Seefeldt et al. 2004).

This high oxygen sensitivity of nitrogenase affects the nitrogen-fixing ability of
the bacteria, and it is compelled to protect the enzyme from irreversible oxygen
damage. Several physiological adaptations can be found in diazotrophs in regard to
nitrogenase protection. These include the avoidance of oxygen (by anaerobic
growth), excess oxygen consumption through respiration, evolving oxygen diffusion
barriers, and enzyme compartmentalization (Dixon and Kahn 2004). In the legume–
root symbiosis, one of the strategies is the nodule cortex acting as an oxygen
diffusion barrier. The second strategy is the reversible binding of the nodulin
leghaemoglobin to oxygen, leading to lower frequency diffusion of oxygen. Even
the action of nif genes is controlled by the presence of oxygen. A diazotroph needs to



respond to the concentration of fixed nitrogen and the external oxygen and also
needs to provide sufficient energy for nitrogen fixation. All the diazotrophs have a
common regulatory principle but vary somewhat according to the host physiology
and the type of the microbe (Dixon and Kahn 2004).
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5.5.2 Non-symbiotic Nitrogen Fixers

From the time the scientists understood the importance of inducing BNF in cereals,
there had been many attempts to achieve it from as early as 1917, but as explained
above, it was realized that it is extremely difficult to induce nitrogen fixation in non-
legume plants.

After understanding the relationship between the legume plants and rhizobia for
nitrogen fixation and the discovery of genes encoding for nitrogen-fixating enzyme
component/s, it was realized that making a nitrogen-fixing crop plant, rice, wheat, or
maize might 1 day become a reality (Pankievicz et al. 2019).

Any new attempt on non-legume nitrogen fixation faces the following challenges.
Firstly, there should be sufficient energy available as reduction of di-nitrogen to
ammonia is a high energy-demanding process requiring at least 16 ATP per
dinitrogen fixed. Secondly, the process should happen in an environment protected
from oxygen. Finally, there should be efficient nutrient exchange between the plant
and the microbe (Pankievicz et al. 2019).

It was understood that a successful non-symbiotic nitrogen fixation can occur, if
there are sufficient numbers of diazotrophic bacteria in the rhizosphere or in the plant
and the fixed nitrogen is transferred to the plant. There is evidence of this nitrogen
transfer happening in many systems and evidence to show that the bacteria are living
in and around the root system. Whether bacteria directly provide fixed nitrogen to the
host plant was a question. James et al. (2000) suggest that this nitrogen is transferred
upon the death and mineralization of the symbiotic diazotroph but not as directly as
in legume–rhizobium symbiosis.

In non-legumes, BNF happens as associative, endosymbiotic, and endophytic
nitrogen fixation. The nitrogen fixers involved contribute in reducing nitrogen
fertilizer use in agriculture, increased plant nutrient content, and soil health recla-
mation (Mahmud et al. 2020).
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5.6 History and Early Evidences of Possible Nitrogen
Fixation in Non-legumes

Discovery of the possibilities of rhizobium forming nitrogen-fixing nodules
(Cocking et al. 1992) in the non-legume plant Parasponia andersonii (Trinick
1979) showed the possibility of induction of nitrogen fixation in non-legumes
naturally.

Al-mallah et al. (1989) have shown that, after the degradation of the cell walls by
a mixture of enzymes (cellulase and pectolyase that are known for complete removal
of rice root cell walls) and inoculation of the roots with Rhizobia or Bradyrhizobia in
the presence of polyethylene glycol (PEG), induces nodular structures in the rice
plant roots which are similar to Parasponia nodules. Other than the monocots rice
and wheat, the treatment with enzymes had been able to induce more prominent
nodules in the dicotyledon, oil seed rape (Brassica napus), which is similar to
Parasponia. It was also suggested that, given the proper conditions, non-legumes
nodulate with rhizobia (Sprent 2001; Santi et al. 2013). The findings above
strengthen this statement. Cocking et al. (1990) found that, the dicot oil seed rape
can be nodulated even without the enzymatic treatment. This led to the focus of
research on the possibility of nodulating the cereals, rice, wheat, and maize by
Parasponia nodulating rhizobia (Cocking et al. 1992). When sterilized indica rice
seeds were inoculated with Parasponia nodulating Bradyrhizobia and grown in a
medium without nitrogen, short, thick lateral roots are formed on the rice seedlings.
The membrane-bound bacteria containing vesicles were found in the cytoplasm of
the cortical cells and in the microfibrils between the cells (Cocking et al. 1990,
1992).

Rhizosphere-associated nitrogen fixation can happen in three ways (Giraud et al.
2007). In the absence of nod A, B, and C genes, first the rhizobia enter the plant
through crack entry invasion (Bonaldi et al. 2010). Therefore, this is a nod factor-
independent process. Xylem parenchyma is invaded via the cortical cells. Experi-
ments conducted by Perera et al. (2017) have shown evidence for these findings
recently. They have shown that the rice root cortex, lateral root cracks, and the xylem
region were colonized by clusters of the bacterium Azorhizobium caulinodans
labeled with green fluorescent protein (gfp) (Fig. 5.2).

In low-oxygen or micro-aerobic conditions, rhizobia can show free-living nitro-
gen fixation, e.g., Bradyrhizobium spp., Azorhizobium spp., and Burkholderia spp.
All three species can form symbiotic associations with leguminous plants and fix
nitrogen symbiotically but also can fix nitrogen in free-living conditions as well
(Alazard et al. 1988; Dreyfus et al. 1983).

In a non-symbiotic system, e.g., rhizosphere-associated nitrogen fixation, carbon
and energy for the root growth are taken by the outside environment. The nitrogen
fixed by the bacterium is released after the lysis of the cells (James 2000; White et al.
2012). The bacterium is essentially free-living (Barber and Lynch 1977; Delwiche
and Wijler 1956) dependent on the carbohydrate released by the plant root and the



digestion of soil organic matter and rice rhizosphere secretions. These non-legume
systems are generated in energy-sufficient but nitrogen-deficient conditions.

Associated nitrogen fixation by rice is of utmost significance (Mahmud et al.
2020). In any non-symbiotic nitrogen providing system (for example, rhizosphere
associative nitrogen fixation), the following criteria need to be met in order to
provide nitrogen to the non-symbiotic system.

Basically, in these systems, carbon and energy for the bacterial growth are gained
from the environment (Barber and Lynch 1977). Root excretes carbohydrates and
the bacteria are attracted toward them, which stimulate bacterial growth. Nitrogen-
fixing bacteria fix nitrogen, which is released after the lysis of the bacterial cells, and
this is the most common method as predicted by James 2000. Physiologically,
oxygen should be deficient but sufficient energy should be present. Free-living
nitrogen-fixing bacteria living in the rhizosphere represent a small fraction of the
rhizosphere ecosystem. These bacteria basically belong to the groups
alphaproteobacteria (Rhizobia spp., Bradyrhizobia spp., Rhodobacter spp.),
betaproteobacteria (Burkholderia spp., Nitrosospira spp.), gammaproteobacteria
(Pseudomonas spp., Xanthomonas spp.), firmicutes, and cyanobacteria (Mahmud
et al. 2020).

5.7 Use of Nitrogen-Fixing Bacteria for Rice Cultivation

5.7.1 Use of Nitrogen-Fixing Bacteria for Rice Cultivation
in the Past (1970–2000)

In the past, to make use of nitrogen-fixing bacteria in the rice systems, methods such
as crop rotation and co-culturing with legumes had been practiced. These methods
are still being used by the farmers around the world. During the 1990s, the com-
mendable efforts of International Rice Research Institute (IRRI), through their dream
project of BNF in rice, several discoveries were made that can be practiced directly
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Fig. 5.2 Epifluorescent micrographs of rice roots showing colonization of Azorhizobium
caulinodans: 15 days after application of plants treated with naringenin 1 � 10�4 M and
A. caulinodans (�40). Colonization of the Azorhizobium caulinodans ORS 571 (a) in lateral root
cracks, (b) in the xylem region, and (c) in the cortical region. (Extracted from Perera et al. (2017))



and provide the basis and evidence for many other researchers to carry out their
research related to BNF.
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In Egyptian rice fields, rice rotation with berseem clover (Trifolium
alexandrinum) has greatly benefitted rice cultivation by being able to replace a
portion of nitrogen fertilizer requirement (Yanni et al. 1997). Examination of the
possibility of colonization of rice plants by the clover plant endosymbiont, Rhizo-
bium leguminosarum bv. trifolii, has yielded positive results. The bacterium has
been able to migrate into the rice root interior leading to significant increase in the
shoot and root growth, increment in the grain yield, and increment in nitrogen use
efficiency (Yanni et al. 1997).

Experiments done with the intention of looking at the possibilities of rice–
Rhizobium symbiosis have revealed that the primary mode of infection of rice plants
is through epidermal cracks and fissures raised by lateral root emergence. This
infection was nod gene-independent, non-specific, and no infection threads had
been formed during the infection. Rhizobia majorly colonize intercellular air spaces
and lysed host cells (Reddy et al. 1997).

Yoshida and Ancajas (1973) has reported that flooded rice soils fix a higher
amount of nitrogen compared to upland soils. In the flooded paddy soils, the root–
soil interface was identified as the site of nitrogen fixation (Kimura et al. 1979;
Yoshida and Ancajas 1973) with highest nitrogenase activity (Yoshida and Ancajas
1973).

In an experiment conducted at IRRI, it was revealed that photosynthetic
cyanobacteria and heterotrophic diazotrophs can fix nitrogen in the rice systems.
Root secretions of cyanobacterial origin in the rhizosphere are utilized (Yoneyama
et al. 2017). A positive nitrogen balance was observed, indicating a significant
nitrogen fixation in the rice fields (Ladha et al. 2016).

App et al. (1980) have reported a positive nitrogen balance in flooded rice fields.
Nitrogen balance is the difference between nitrogen inputs and nitrogen output in an
ecosystem. The reason for the positive nitrogen balance is predicted as a result of
photo-autotrophic and nitrogen-fixing agents present in the soil. This can be taken as
an example of natural nitrogen fertility of the flooded rice fields. App et al. (1980)
have also reported that, together with P and Fe, even though blue-green algae
(cyanobacteria) do not increase the nitrogen balance, inoculating Azolla spp. has
improved the nitrogen balance in the rice fields.

5.7.1.1 Dream Project of BNF in Rice

A serious consideration of biological nitrogen fixation is rice was put forward in
early 1990, as one of the major projects in the decade by the International Rice
Research Institute (IRRI). The dream project of biological nitrogen fixation in rice
started in 1992 (Sofi and Wani 2007). Based on expert recommendations, IRRI
stated four major approaches to achieve the objective, and first was to improve
endophytic associations between rice and nitrogen-fixing bacteria. Number of
research teams from around the world started working independently and in



collaboration to study the probable endophytic diazotrophic relationships with rice
with the potential of developing endosymbiotic relationships with rice (Sofi and
Wani 2007).
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Among the endophytic diazotrophs studied, Alcaligenes sp. (Bennet and Ladha
1992), Serratia marcescens (James et al. 2000), and Azorhizobium caulinodans were
identified as aggressive colonizers of rice. A study on interaction between various
rhizobial strains and rice has found out that root exudates from rice do not often get
involved in root deformations, nod factor inductions, formation of thick lateral roots,
or attachments to the plant. Rhizobia primarily enter the rice plant by cracks of
epidermal cells or fissures caused by developing lateral roots. Endophytic coloniza-
tion is restricted only to intercellular spaces (Al-mallah et al. 1989; Reddy et al.
1997).

Second approach was the engineering of a rice plant capable of forming legume-
like symbiosis and nodules with rhizobia. Identification of diazotrophic (nod, nif and
fix genes) genes and plant-specific (noduline) genes related to the process and
identification of rice-specific promoters have shown the possibility of realizing the
second approach. Engineering rice plant was approached by the transformation of
rice leaf and the transformation of rice root (Parakaran 1997). It was realized that
engineering the rice plant to fix nitrogen will be extremely difficult as it will require a
large number of genes to work together in a foreign environment. Engineering of rice
plant capable of N2 fixation requires coordinated and regulated expression of almost
16 nif genes, 8 housekeeping nif genes assembled in an appropriate cellular location,
additional genes to keep nitrogenase in an active form, promoters to activate the
16 nif genes, and appropriate mechanisms to protect the sensitive nitrogenase from
oxygen (Sofi and Wani 2007). Achieving the nitrogen-fixing transgenic system
completely failed due to the complexity of the process. “Genetic engineering
through biotechnology has little or no success in achieving the induction of symbi-
osis between cereals and diazotrophs” (Saikia and Jain 2007). Although this was
thought initially, recent evidence suggests that this is something not impossible
(Refer section below).

The third major approach was transforming rice to ensure expression of nitroge-
nase and protect the nitrogenase system from oxygen damage. Since nitrogenase is
extremely oxygen-sensitive, it is extremely important to develop mechanisms that
can protect nitrogenase inside the eukaryotic cell. The reasons were, in the chloro-
plast, the genes that are expressed in prokaryotic fashion and polycistronic mRNAs
are translated. There it was proposed that the process of photosynthesis and nitrogen
fixation can coexist, if the oxygen damage for nitrogenase can be stopped. The fourth
major approach was enhancing nitrogen use efficiency in rice.

5.7.2 Current Developments (2000–2021)

At present, everyone is well aware of the negative consequences of the use of
nitrogen fertilizers. Focus toward probable methods of induction of nitrogen fixation



in non-legumes such as rice is therefore intensified to great heights. A large number
of studies concerning the molecular biology of nitrogen fixation, bio-fertilizer
preparation, metagenomic studies, improvement of molecular diagnostics, combin-
ing nitrogen-fixing bacterial inoculum with compost or other organic methods,
endophytic nitrogen fixation, complete genome sequencing of bacterial genomes,
use of Internet of things (IoT), and other smart tools in agriculture and nitrogen
management are carried out. The results of these research studies are available and
can be used to improve the plant–diazotroph interactions.
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5.7.2.1 Nitrogen-Fixing Biofertilizers with Improved Efficiency

Since the complexity of the nitrogen fixation process was well studied and under-
stood, several options related to making use of nitrogen fixers in rice cultivation were
taken into consideration. During this time, a major focus was given toward the
production of nitrogen-fixing biofertilizers to be added to the paddy fields.

Biofertilizers are defined as natural fertilizers that contain active or latent soil
microbial strains for enhancing plant nutrient uptake and soil productivity via their
metabolic processes such as N-fixing and phosphate solubilization (Banayo et al.
2012; Simarmata et al. 2016). According to Banayo et al. (2012), the concept of
bio-fertilizers has developed after the discovery of beneficial effects on plants from
the microbes dwelling on the plant body.

For proper functioning of a biofertilizer, at the time of biofertilizer preparation,
the micro-organisms should be selected wisely. The microorganisms chosen should
facilitate the requirement. For example, if N and P need to be provided to the plant,
the biofertilizer can be incorporated with N-fixing and P-solubilizing bacteria. Care
should be taken when microbes are selected for the process, and they should be able
to coexist and also should be able to compete with the rhizobia already residing in
the rhizosphere and survive themselves.

It was understood that, rather than adding micro-organisms as mono-cultures,
multi-bacteria complexes are more efficient in surviving in the soils and carrying out
nitrogen fixation. Other than fixing nitrogen and providing it to the plants, microbial
consortia can improve the surrounding soil of the plant resulting in healthier and
productive soil. Another group of important microorganisms that can contribute
positively to non-legume cultivation are the plant growth-promoting rhizobacteria
(PGPRs). Enrichment of the soil microbial reserve will improve the nutrient absorp-
tion efficiency.

Combined application of bio-fertilizers with efficient nitrogen fertilizer applica-
tion methods would improve the overall productivity of rice fields. Biofilms are
another important form of microbial communities that can contribute massively to
the improvement of soil. Perera et al. (2015) and Perera and Tirimanne (2021) report
that through the incorporation of a biofilm comprised of Azorhizobium caulinodans
and the fungi Aspergillus spp., into the rice soils with only 50% of the nitrogen
recommendation for rice, yield similar to application of 100% nitrogen recommen-
dation can be obtained.
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5.7.2.2 Focus of Bill and Melinda Gates Foundation on Nitrogen-Fixing
Non-legumes

Bill and Melinda Gates Foundation’s focus on nitrogen fixation in non-legumes
(Beatty and Good 2011) is one of the important recent advances in this regard. Three
approaches that have been discussed in the Gates foundation meeting are of
importance.

First focus was on developing root nodule symbiosis (similar to the second
approach by IRRI) in cereals. Several recent findings contributed positively to the
first approach. Discovery of Myc factors that are structurally similar to Nod factors
involved in legume rhizobium symbiosis is of major importance. It has been
discovered that Myc factors are involved in cross-talk between 70% and 90% of
terrestrial plants and arbuscular mycorrhizal endosymbiotic fungi (Maillet et al.
2011). Moreover, the discoveries of crack entry invasion of diazotrophs to
non-legumes (Sect. 5.7.1) and finding that the hormones that are involved in nodule
formation are common to all the plants were also positive indicators of possibility of
root nodule symbiosis in cereals (Madsen et al. 2010).

The second approach discussed at the Gates Foundation meeting (2011) was
about the possible preparation of biofertilizers from the nodule-independent associ-
ations that are being discovered (Beatty and Good 2011). Although there are several
formations of biofertilizers present, their mode of action and efficiency needs further
research and clarification (Beatty and Good 2011).

The third approach of the Gates foundation meeting deals with the introduction of
nitrogenase into plant organelles through the introduction of nitrogenase enzyme-
encoding bacterial genes into the plants and letting plants fix their own nitrogen.
Although earlier it was thought impossible due to the higher number of genes and
factors involved in the formation of nitrogenase and the other metal cofactor
(Fe-Mo-co), the recent discoveries show that it requires only three proteins (Lill
and Mühlenhoff 2008; Rubio and Ludden 2008). Moreover, to analyze nitrogenase
maturation, novel in vitro assay tools are now available. These are positive indicators
of the possibilities of making an engineering rice plant a feasible one (Beatty and
Good 2011). Mitochondria and chloroplast are suggested as the places that are
suitable for nitrogen fixation as both-high energy and low-oxygen environments
can be provided.

Rhizosphere nitrogen fixers who are free-living need to be competent in striving
successfully and tolerating the different soil types, plant cultivars, and agricultural
practices. To be beneficial to the plant, it is important to research on the available
PGPRs and their competency with the available soil type and the environmental
condition. For this, a kind of matching is vital. A well-fitting microbe will be able to
contribute to the reduction in urea fertilizer usage (Igiehon and Babalola 2018).
Hence, it is extremely important to study the microorganisms associated with
different types of crop plants. Understanding the microbiome requires studying
and identifying them correctly. Latest methodologies such as DNA analysis,
metagenomics profiling of the entire microbiome, and next-generation sequencing



(NGS) are possible approaches. NGS techniques have assisted largely in determin-
ing the accurate microbial population among the plants. NGS has assisted the
identification of these microbes more than any other method (Igiehon and Babalola
2018).
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5.8 Future Directions

Large amount of research related to symbiotic nitrogen fixation has revealed major
requirements of efficient symbiotic nitrogen fixation systems. These findings are of
extreme importance when it comes to improving the probable contribution that
nitrogen-fixing microbes can do for paddy cultivations. It has been clearly under-
stood by now that symbiotic nitrogen fixation is an extremely efficient active method
when compared to the contribution from free-living passive nitrogen fixation.

In the future, much research will be targeted on engineering non-legumes such as
rice, to nodulate and fix nitrogen symbiotically. Although this has been a target in the
past, it was decided unachievable. A great deal of information is available now, and
therefore, these data will assist positively in achieving this crucial task of producing
a nitrogen-fixing rice plant. Huisman and Geurts (2020) categorize the available
information in four themes.

First, the availability of variety of blueprints is related to non-legume nitrogen
fixation. Ten lineages in the related taxonomic orders Fabales, Fagales, Cucurbitales,
and Rosales perform nitrogen fixation (Soltis et al. 1995; Doyle 2011; Li et al. 2015).
Evolutionary studies describe this as the nitrogen-fixing clade even though there are
many lineages of non-nodulating species. The nodulating and non-nodulating plants
have a shared evolutionary origin (Soltis et al. 1995; van Velzen et al. 2019).

Second is the identified core symbiosis genes. With the help of evolutionary
genomic studies, it has been discovered that only few genetic elements are required
to induce non-legume nitrogen fixation, unlike it was thought in the past. According
to reports by Yang et al. (2018) and Bailey-Serres et al. (2019), nitrogen fixation in
non-legumes such as rice can be achieved through genetic engineering of a few
genetic components and also by exploring bacterial genetic units can be used to
create a minimal set of three genes, necessary for the transfer of nitrogen fixation. As
explained earlier, nitrogenase enzyme synthesis and nitrogen fixation are extremely
complicated processes demanding lower amounts of oxygen and higher energy. But
through extensive research, a common core set of genes/gene products required for
functional nitrogenase biosynthesis has been identified (Rubio and Ludden 2008).
To provide the low oxygen environment that is required for nitrogenase biosynthe-
sis, plastids and mitochondria are being identified as probable locations. Both could
provide the ATP and electrons required for nitrogenase to function, but they differ in
their internal O2 levels and their ability to incorporate ammonium into amino acids.

Third theme is the information and understanding of how the nodulation of the
ancient arbuscular mycorrhizal (AM) signaling pathway is used. Fourth is the



identified communication between generic plant development programs and
nodulation.

5.9 Conclusions

Application of biological nitrogen fixation particularly using bio-fertilizers, in the
form of symbiotic or free-living bacteria, has gained momentum and yielded positive
results, but certain limitation under this process are also advocated besides the
success of legume–rhizobium symbiosis. Therefore, it is high time to resolve
limitation of nitrogen fixation in other crops like rice, which can feed the world.
Continuing researches across the world is solicited until we can find an impressive
and acceptable solution to this problem. Expansion of research in the scope of
genetic regulation and controlling limiting factors for successful colonization in
rice’s rhizosphere are important approach that needs to be studied.
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Chapter 6
Nitrogen-Fixing Archaea and Sustainable
Agriculture

Amr M. Mowafy , Engy Atef Abou El-ftouh, Mohammed Y. Sdiek,
Shreef Abdelfattah Abdelshafi, Asmaa A. Sallam, Mona S. Agha,
and Walaa R. Abou Zeid

Abstract Whether free-living or symbiotic, diazotrophic microorganisms are the
main and only source of nitrogen fixation and utilization in different biotic systems.
The fixed nitrogen is an important component in various anabolic processes of many
macromolecules, which are important to the cell in terms of structure and function.
The most famous and specialized in nitrogen fixation are the root nodule bacteria,
but other types of free-living bacteria and Archaea can fix nitrogen and enrich their
environment with this important element. Archaea are a significant division of life
forms, abundant in both severe and normal habitats; little attention has been paid to
them as an integrated component of various metabolic processes of the plant
microbiome. The employment of these microorganisms in agriculture replacing or
at least decreasing the input of chemical fertilizers is one of the most important
proposals for sustainable agriculture particularly for nonleguminous plants. This
chapter is focusing on Archaea as plant growth promoters with special emphasis on
their role in nitrogen fixation.
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6.1 Introduction

Nitrogen (N) is a considerable essential macronutrient affecting growth, metabolism,
and yield of plants. It represents 2% of the plant's dry weight (Miller and Cramer
2005). It is a major component of amino acids which are the building blocks of both
structural and functional proteins. It is also critical for nitrogen bases, DNA, RNA,
alkaloids, vitamins, amides, coenzymes, hormones, and many other vital compo-
nents that constitute cell life and activity. The plant's different physiological pro-
cesses are significantly affected by nitrogen supply. The biosynthesis of chlorophyll
and stem as well as root growth is all affected by the available nitrogen dose.
Additionally, its sufficient supply improves fruit quality and the protein content of
fodder plants. Synergistically, it encourages the uptake and utilization of other
nutrients including potassium and phosphorous (Bloom 2015; Hemerly 2016) as
shown in Fig. 6.1.

For higher plants, the introduced organic and inorganic forms of nitrogen in soil
could be utilized after uptake by root in the form of nitrate (NO3

�) or ammonium
(NH4

+). Most of the ammonium is incorporated into organic compounds in the root,
whereas nitrate is mostly translocated through the xylem to the shoot system or
stored in the vacuoles of both root and stem cells, and it might be incorporated into
storage organs. In order to be assimilated into organic polymers, nitrate must be
reduced into ammonia, a step that is as vital as CO2 assimilation via photosynthesis
(Hecht and Mohr 1990). Plants cannot utilize N or the 98% of planetary N that is
immobilized in the geosphere (Rosswall 1983).To meet the increasing demands of
the growing population requirements of food, the synthetic N produced by Haber–
Bosch process, which is considered as the most important world invention of the

Fig. 6.1 Importance of nitrogen element
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twentieth century (Dent and Cocking 2017). This has been intensively added to crop
leading to the increase in the yield (Galloway et al. 2008; Kaur et al. 2017).
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The intensive use of synthetic fertilizers led to a contamination that might reach to
a toxic level not only for soil but also for the groundwater resulting in eutrophication
in the environment besides the consumption of the limited energy resources during
manufacturing (Miller and Cramer 2005; Kaur et al. 2017). In North America, the
intensive use of N fertilizers is responsible for 75% of nitrous oxide emission in
addition to the contamination of 1.5 million drinking well water with nitrate (Dent
and Cocking 2017) indicating that nitrogen deposition around the world due to N
fertilizers is not usually used efficiently by crops (Peoples et al. 1995a, b).

These disadvantages clear up the requirement of crops with high yields and lower
consumption of nitrogen fertilizers in the call of a “second green revolution” by
Norman E. Borlaug (Dent and Cocking 2017). Symbiotic nitrogen fixation, which is
positioned as a major part of biological nitrogen fixation, is an important alternative
source of nitrogen supply for sustainable agriculture. It has been estimated that
200–300 kg nitrogen could be fixed per hectare when legume crop and pasture
species are associated (Peoples et al. 1995a, b). As an alternative to chemicals, the
use of beneficial microbes is growing as biostimulant, bioprotectant, and a sustain-
able source for different plant nutrients such as nitrogen, phosphorus, potassium,
zinc, and iron. The use and application of plant growth-promoting bacteria (PGPB),
as well as fungi, are well-formulated, and more attention thus is given to Archaea as
plant growth promotors.

6.2 General Information About Archaea

Archaea are one of the three main life domains beside bacteria and eukarya which
are assigned according to the rRNA and protein (Dave et al. 2006). It is derived from
Greek “Archaios” that means primitive or ancient (Wu et al. 2022). It has been
discovered about 30 years ago as a domain of extreme environments being able to
coexist in different environments with bacteria & eukarya, as well it contains the
only organisms being able to run methanogenesis and so-called methanogens. It
tends to be more similar to eukarya than bacteria based on their mechanisms, but
according to other aspects such as the chromosomes organization and the size, it is
more similar to bacteria. But with that whole similarity they have a significant
characteristic being absent in all other organisms as till now all discovered archaeal
membrane phospholipids are isoprenoid ethers linked to glycerol 1 phosphate (G1P)
in contrast to bacterial and eukaryal fatty acid ester-containing membranes linked to
glycerol 3 phosphate (G3P). There are also some characteristics that distinguish
archaea from other domains like presence of special flagellins and absence of murein
of the cell wall (Borrel et al. 2020), having many RNA polymerases with more than
eight polypeptides. Among archaeal members, there are Pyrolobus fumarii, which
can live up to 113 �C equivalent to 235 �F and was found in hydrothermal vents. And
Picrophilus, isolated from soils of high acidity, which is the most known organism
could tolerate high acidity as they can grow at around pH 0. The methanogens can
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produce methane as a byproduct and are anaerobic, so they can be found in the guts
of animals including humans, the hot springs, and the marshes (Wu et al. 2022).
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6.3 Archaea as Plant Growth Promotors

Our understanding of the Archaea's diversity and metabolic capacity in a variety of
contexts has been greatly transformed. Archaea represents a large, wealthy, and
unknown entity to some extent, wrongly famous for existence only in harsh envi-
ronmental niches despite its spread and recent isolation from different environments.
Woese and coworkers were the first to be credited with distinguishing between
bacteria and Archaea through the comparative study of 16S rRNA sequences
analysis leading to split the “prokaryotic domain” eubacteria and archaebacteria
(Woese and Fox 1977). Archaebacteria or as it is commonly known as Archaea are a
significant component of Earth's planets and may have a role in the C-cycle and
N-cycle. Archaea differs from bacteria in that their membranes contain isoprene
lipids attached to glycerol-1-phosphate through ether bonds, they lack peptidoglycan
in their cell walls, and their proteins resemble those of eukaryotes (Wenli et al.
2021). Until recently, Archaea was believed to be restricted to extreme environmen-
tal niches, but recent metagenomic studies have proven its spread in many
mesophilic environments as shown in Fig. 6.2, especially the rhizosphere and
endosphere regions of different plants (Alori et al. 2020; Naitam and Kaushik 2021).

Nitrogen fixation along with others that directly affect plant growth including the
ability to solubilize phosphate and secrete phytohormones like IAA and chelate iron
due to siderophores productions makes them potential biotechnological candidates

Fig. 6.2 Archaea occurrence in different environmental conditions
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for plant growth promotion particularly for their adaptability for various ecosystems
(Yadav et al. 2017) as shown in Table 6.1.
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Table 6.1 Some archaea and their potential roles in plant promotion

Archaea Role References

Candidatus,
Nitrosocosmicusfranklandus
C13

Ammonium oxidation Prudence et
al. (2019)

Asgard archaea Nutrient (nitrogen and sulfur) cycling, heavy
metals (arsenic and copper) extraction

MacLeod
et al.
(2019)

Nitrosocosmicusoleophilus
MY3

Nutrient supply (ammonia oxidation), biocontrol
against pathogenic organisms

Song et al.
(2019)

Thaumarchaeota,
Crenarchaeota,
Euryarchaeota

Siderophore production Dave et al.
(2006)

Natrialba, Natrinema,
Halolamina, Halosarcina

Phosphorus solubilization, nitrogen fixation,
siderophore production and indole acetic acid
production

Yadav et al.
(2017)

Crenarchaeota, Euarchaea N. transformation (nitrification) Dubey
et al.
(2016)

Thaumarchaeota,
Euryarchaeota

CO2 fixation and glycogen degradation Taffner
et al.
(2019)

Several phosphate-solubilizing halophilic Archaea have been isolated from the
rhizosphere of wild grasses growing in halo saline Indian desert using a set of
organic acids to lower pH (Yadav et al. 2015). Besides, some of them showed the
ability to solubilize potassium and zinc. The ability of Archaea to produce IAA was
first discovered in the thermophilic Sulfolobus acidocaldarius and then followed by
other halophiles (White 1987; Yadav et al. 2019). Siderophores, the iron chelators,
are produced by several types of Archaea as such the haloalkaliphilic Archaea (Dave
et al. 2006; Patil et al. 2016; Alori et al. 2020). The ability of Archaea to thrive under
extreme conditions such as moisture-deficient saline regimes make them the best
candidates to assist plants to overcome abiotic stresses (Taffner et al. 2019) i
addition to their ability to interplay with fungi at the rhizosphere region (Taffner
et al. 2018). Plant defense response mechanisms against biotic stress caused by
phytopathogens are activated by Archaea according to some reports (Song et al.
2019; Wang et al. 2019).

Recently, it has been found that Arabidopsis thaliana-induced systemic resis-
tance (ISR) against Pectobacterium carotovorum and Pseudomonas syringae is
triggered by the ammonia-oxidizing Nitrosocosmicusoleophilus (Song et al. 2019).
Hg-methylating Archaea in the paddy field of rice are suggested to play an important
role in alleviating Hg stress on the plant (Ma et al. 2019). Indirectly, Archaea
superoxide dismutase when expressed in Arabidopsis made the plant more resistant
to heat and light (Im et al. 2009).
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6.3.1 Nitrogen Fixation by Archaea

The process of biological nitrogen fixation (BNF) is the reduction of atmospheric
nitrogen to ammonia (De Bruijn 2015), a process that could be done by some
bacterial genera and Archaea those might be free-living diazotrophs (Rhodobacter
and Azotobacter), as well as those, are living in close (Azospirillum) or in deep
association with host plants (Rhizobium) or endophytic in nature (Bacillus) (Leigh
2000; Kaschuk and Hungria 2017). Among nitrogen-fixing diazotrophs,
cyanobacteria are a distinct group with a potential ability to commit oxygen-labile
nitrogen fixation and oxygen-evolving photosynthesis within the same cell (Mitsui
et al. 1986), a description that has been turned over after discovering the ability of
some rhizobial species to perform photosynthesis via a specialized photosynthetic
system (Fleischman and Kramer 1998).

The process of BNF is of considerable interest in agriculture for its inputs of
available nitrogen forms for plants unable to make symbiotic relationship with
nitrogen fixers. Thus BNF allow the nitrogen cycle to maintain the life of non-
nitrogen fixing organisms. It has been reported that the most important agent in
nitrogen fixation is that obtained through the symbiotic relationship (80 % of the
total nitrogen biologically fixed) between legumes and Rhizobium (Herridge et al.
2008). Symbiotic nitrogen fixation has been estimated to provide at least 70 million
metric tons of nitrogen per year as stated by Brockwell and Bottomley (1995).
Therefore, the association between legumes and their specific Rhizobia offers
cheap nitrogen control than synthetic N fertilizers because the nitrogen pool
becomes slowly available to nonlegume species when crop rotation is well designed
and controlled (Pandey et al. 2000).

In Archaea, nitrogen fixation was initially discovered in Methanosarcina barkeri
and Methanococcus thermolithotrophicus and was restricted to methanogenic
euryarchaeota. Bacterial nitrogen fixation has been a prominent study area in recent
years due to the importance of the N-cycle in agriculture. On the other hand, Archaea
may undertake a variety of reductive N-cycle reactions, including assimilatory
activities like nitrate assimilation and N2 fixation, as well as dissimilatory reactions
like nitrate respiration and denitrification. However, Archaea's nitrogen metabolism
is far less well understood in comparison to that of bacteria (Cabello et al. 2004).

Ammonia-oxidizing Archaea (AOA) and bacteria (AOB) are the two major
drivers of the biological nitrogen cycle. Metabolic pathways are often shared by
Archaea and bacteria, and nearly all genes involved in this process are present in
these domains (Sun et al. 2021). The capacity to fix nitrogen is located in a wide
range of phylogenetically different bacteria, but seems to be limited to
Methanococcus thermolithotrophicus, Methanobacterium bryantii, Methanosarcina
barkeri, and Methanospirillum hungatei; those are mostly halophilic and thermo-
philic in habitat although they could be mesophilic and psychrophilic (Leigh 2000;
Mehta et al. 2003; Boyd et al. 2011; Dhakephalkar et al. 2019).
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M. thermolithotrophicus is regarded as the only known organism with the ability to
fix nitrogen at more than 60 �C suggesting the presence of different fixation
mechanisms. However, biochemical and genetic studies demonstrated that Archaea
nitrogen fixation is evolutionarily relevant to bacteria nitrogen fixation and operated
by almost the similar mechanism. At least six Nif genes (Nif-H, Nif-D, Nif-K, Nif-E,
Nif-N, and Nif-X) discovered in bacteria are also found in diazotrophic methanogens.
The majority of nitrogenases found in methanogens are most likely molybdenum-
type enzymes with few exceptions of vanadium and iron nitrogenases. Gene orga-
nization and regulation, on the other hand, differ from that in bacteria.
Methanococcus maripaludis has a single operon that contains all six known
methanogen Nif genes, as well as two homologues of the bacterial nitrogen sensor-
regulator glnB (Leigh 2000). The iron protein, or dinitrogenase reductase, and the
molybdenum iron protein, or dinitrogenase, together make up nitrogenase, the
enzyme complex that catalyzes nitrogen fixation (Turk et al. 2011). The iron protein
genes (NifH, vnfH, and anfH) are highly conserved among diverse prokaryotes, and
the NifH phylogenetic tree closely mimics that of 16S rRNA, and this conserved
nature makes it an ideal molecular tool to discriminate between different
diazotrophs. Generally, the NifH gene is grouped into four clusters in which cluster
II is for Methanogens and bacterial anfH (Mehta et al. 2003). Nitrogenase reductase
from M. barkeri was found to be homotetramer rather than a homodimer, and the
activity was lower compared to that of bacteria (Leigh 2000). Nitrogen-fixing
methanogens were found to dominate subtropical wetlands and the stagnant water
as such of rice fields making these organisms very suitable candidates forest land
reclamation and rice agriculture (Bae et al. 2018; Naitam and Kaushik 2021).
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6.4 The Diversity of Archaea in the Rhizosphere Region

Soil particularly rhizosphere region represents an attractive area for microbes of all
domains, whether they are harmful or beneficial to the plant. The rhizosphere is a
sink of microorganisms which are diverse in nature. It also comprised nitrifying,
denitrifying, nitrogen-fixing, and ammonia-oxidizing organisms involved in
N-cycle. The dynamic and complicated regions are full of interactions that are
most often in favor of the plant, where beneficial microbes predominate. The
presence, dominance, and entrance to the plant body are all controlled by genetic
factors as well as the surrounding environment conditions (Moissl-Eichinger et al.
2018). Therefore, the soil microbial community looks like a solution waiting for
more investigation to be discovered, characterized, and optimally used in agriculture
to bridge the gap between the food production and consumption that is increasing
along with the world population (Meena et al. 2017). In both the aboveground and
belowground phytobiomes, Archaea represent a significant component of plant-
associated ecosystems. Archaea are recently found to occupy plant ectorhizosphere,
rhizoplane as well as endo-rhizosphere regions (Knief et al. 2012; Oburger and
Schmidt 2016). Euryarchaeota was reported to inhabit the rhizosphere of Oryza
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sativa (Knief et al. 2012), Coffea arabica (Oliveira et al. 2013), Olea europaea
(Müller et al. 2015), Eruca sativa (Taffner et al. 2018), Jatropha curcas (Dubey
et al. 2016), and Zea maize (Chelius and Triplett 2001). Furthermore, metagenomic
studies revealed the presence of Crenarchaeota in association with Lycopersicum
esculentus, Phragmites australis, Olea europaea, Eruca sativa, Jatropha curcas,
and Erica andevalensis (Simon et al. 2005; Mendes et al. 2013; Oliveira et al. 2013;
Liu et al. 2015; Müller et al. 2015; Dubey et al. 2016; Taffner et al. 2018). There
occurrence was found to be beneficial to hosts due to the presence of different
beneficial traits including IAA and siderophores production, phosphate solubiliza-
tion, CO2 fixation, and sulfur reduction (Knief et al. 2012) like plant growth-
promoting bacteria (PGPB) (Mowafy et al. 2022).
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Crenarchaeota and Euryarchaeota were found in the rhizosphere of Jatropha
curcas, which adapted to flourish under salt stress and high-temperature conditions.
Although the exact mechanisms are yet to be known, Crenarchaeota and
Euryarchaeota may aid in the adaptation of Jatropha curcas to salt stress and high
temperatures (Dubey et al. 2016). Archaea have been implicated in increasing plant
immune responses, such as generating induced systemic resistance (ISR) to patho-
genic bacteria in Arabidopsis (Song et al. 2019). Away from the rhizosphere, a
recent report shows the signature of Archaea as a part of microbial community
inhabiting the seeds of wild alpine trees indicating the integrated role in supporting
survival and seed germination along with other microbes (Wassermann et al. 2019).
Table 6.2 shows some Archaea phyla that have been reported to be associated with
different crop plants.

6.5 Future Prospective

It became evident that the use of microbes as an alternative or at least to limit the use
of chemicals will undoubtedly achieve the goals of sustainable agriculture to
increase plant production in an environmentally friendly way with economic bene-
fits. Beneficial microorganisms in particular archaea, with their potential to survive
in harsh conditions and support plant life under abiotic stresses, make them impor-
tant candidates. However, more is yet to reveal about the diversity of Archaea and
their mechanisms to support plant growth and how could we employ them to
improve crop productivity. Archaea may show less functional adaptation to agricul-
tural plants compared to their wild relatives due to changes in nutrient and energy
levels in the soil because of excessive fertilizer applications (Taffner et al. 2018; Qi
et al. 2021). Such problems need huge effort to formulate Archaeal applications in
sustainable agricultural practices.



253

254

255

256

257

258

259

260

261

262

263

t2:1

t2:2

t2:3

t2:4

t2:5

t2:6

t2:7

t2:8

t2:9

t2:10

t2:11

t2:12

t2:13

t2:14

t2:15

t2:16

t2:17

6 Nitrogen-Fixing Archaea and Sustainable Agriculture 123

Table 6.2 Some archaea phyla that and their association with crop plants

Archaea phylum Crop References

Euryarchaeota Oryza sativa Großkopf et al.
(1998)

Euryarchaeota, Crenarchaeota Cherries of
Coffea arabica

Oliveira et al.
(2013)

Crenarchaeota Lycopersicum
esculentus

Simon et al.
(2005)

Methanogens Oryza sativa Pump et al.
(2015)

Crenarchaeota, Euryarchaeota Jatropha curcas Dubey et al.
2016)

Thaumarchaeota, Crenarchaeota, Euryarchaeota Olea europaea
L.

Müller et al.
(2015)

Crenarchaeota, Euryarchaeota Zea mays Chelius and
Triplett (2001)

Nitrosopumilus, Nitrososphaera Halocnemum
strobilaceum

He et al. (2017)

Nitrosocosmicusoleophilus MY3 Arabidopsis
thaliana

Song et al.
(2019)

Crenarchaeota, and Euryarchaeota Erica
andevalensis

Alori et al.
(2020)

Methanobacterium, Methanoregula, Methanospirillum,
Methanomethylovorans, Methanosarcina, Methanosaeta,
Crenarchaeota

Phragmites
australis

Liu et al. (2015)

Thaumarchaeota, Euryarchaeota, Crenarchaeota,
Methanosarcina

Eruca sativa
Mill.

Dubey et al.
(2016)

Methanocellales, Methanosaetaceae, Thaumarchaeota Oryza sativa Knief et al.
(2012)

Halobacteria, Methanobacteria, Methanomicrobia,
Thermoprotei

Rhizophora
mangle

Pires et al.
(2012)

Methanobacteriales, Methanosarcinales, Methanocellales Oryza sativa Moissl-
Eichinger et al.
(2018)

6.6 Conclusions

Safer biosimilars have become a priority of modern agriculture. We could not rely
only on synthetic fertilizers for their negative effect on the environment resources.
More attention is thus being given to Archaea as plant growth promotors as given to
bacteria and fungi. The ability of Archaea to thrive under extreme conditions such as
moisture-deficient saline regimes along with their ability to affect plant growth by
solubilizing phosphate and phytohormones like IAA and chelate iron by
siderophores makes them good potential biotechnological candidates for plant
growth promotion particularly for their adaptability for various ecosystems. It has
been proven that there are many strains of Archaea in the rhizosphere of different
plants. In addition to recent studies on its presence in the microbial community of
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seeds to stimulate growth and support immunity, the studies on supporting Archaea
in sustainable agriculture are still emerging day after day.
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Abstract For the improvement of crop productivity in a sustainable manner, inoc-
ulation of legume crops by root nodule endophytic bacteria is an inevitable
approach. Recently, the research regarding the use of rhizobial bacteria to improve
growth, yield, nutrient composition and quality of non-legume plants has been
augmented. Plant growth promoting characteristics of rhizobia (production of
siderophores, indole-3-acetic acid, 1-aminocyclopropane-1-carboxylic acid deami-
nase and the ability to solubilize inorganic phosphate) have been characterized as
beneficial in the production of both legume and non-legume plants. In addition, the
ability of rhizobia to promote non-legume growth under unfavourable environmental
conditions, as well as its biocontrol potential (antifungal and nematicidal), also
qualified these bacteria for the application in the contemporary production of
non-legumes. The efficiency of inoculum and harmlessness of native rhizobia to
the environment are some of the major benefits of using rhizobial inoculants to
promote growth and increase the yield of non-legumes. This chapter will summarize
recent research regarding the beneficial effects of rhizobia belonging to Rhizobium,
Bradyrhizobium,Mesorhizobium and Ensifer (Sinorhizobium) to non-legume plants,
by highlighting rhizobial mechanisms responsible for the promotion of plant growth,
biocontrol characteristics and interactions between rhizobia and non-legumes.
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7.1 Introduction

Soil bacteria having the ability to induce highly specialized structures on the roots of
leguminous plants (nodules), where the fixation of atmospheric nitrogen (N2) is
performed, are designated as rhizobia, the symbiotic nitrogen–fixing bacteria.
Rhizobia are facultative microsymbionts that live freely in the soil (and at that
stage do not fix N) or enter into symbiosis with the roots of specific legumes,
whereby they fix N from the air (Garrity et al. ; Lindström and Mousavi

). Establishing a symbiosis between rhizobia and legumes is a highly specific
reaction, where only certain types of rhizobia can effectively nodulate specific
legumes. Nodules provide a favourable environment for bacteria where they are
protected from adverse environmental conditions (van Rhijn and Vanderleyden

). Plants supply bacteria with nutrients (predominantly dicarboxylic acids),
while in return they receive N from the bacteria (Lodwig and Poole ; O’Gara
and Shanmugam

2003
). Rhizobia (microsymbionts) fix N only in symbiosis with

plants (macrosymbionts). The symbiotic community of legumes and rhizobia par-
ticipates with 20% of the total biological N fixation (BNF). Besides symbiotic
bacteria in the root nodules, a variety of non-rhizobial taxa have been isolated
from different legumes, including strains from genera: Agrobacterium, Bacillus,
Curtobacterium, Enterobacter, Erwinia,Mycobacterium, Paenibacillus, Pseudomo-
nas, Phyllobacterium, Ochrobactrum, Sphingomonas and others.

1976

1995

2019
2004
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In addition to N fixation, rhizobial species have been shown to associate with the
roots of non-leguminous plants without nodule formation and improve their growth
by one or more direct or indirect mechanisms (Mehboob et al. 2009). Therefore, the
rhizobia can be considered like other plant growth-promoting rhizobacteria (PGPR).
Some of the direct mechanisms by which rhizobia promote the plant growth are the
production of plant hormones (auxin, cytokinin, ethylene) or other chemical sub-
stances (lipo-chito-oligosaccharides or lumichrome), phosphate solubilization,
improving the uptake of plant nutrients by altering root morphology, siderophore
production, hydrogen cyanide (HCN) production, etc. (Antoun and Prevost 2005;
Etesami 2022; Katiyar et al. 2021; Vessey 2003). Indirect mechanisms include
improving the plant growth through biocontrol, competition with pathogens, or
induction of resistance mechanisms in plants (Agarwal et al. 2017; Gopalakrishnan
et al. 2015; Maheshwari et al. 2019).

The application of rhizobia-based inoculants in the promotion of legumes growth,
as well as the overall crop health and composition has been extensively used (Buntić
et al. 2019a; Knežević et al. 2022; Stajković-Srbinović et al. 2020). Recently, the
attempts to increase seed germination, yield, and quality, as well as to promote plant
growth of legume and non-legume plants have been made by the application of
non-rhizobial PGP bacteria (Abulfaraj and Jalal 2021; Buntić et al. 2019b; Knežević
et al. 2021b; Li et al. 2021; Rakić et al. 2021). The main limitation of using PGPR in
promoting the plant growth is regarded to its capability to associate with targeted
plants (Mayer et al. 2019). However, as PGP rhizobia can also colonize roots of
non-legumes, their application is lately being directed to promoting the growth of



cultivars such as pepper, mustard, lettuce and tomato (Flores-Félix et al. 2013). In
addition, rice, maize, barley and wheat are currently one of the most represented
crops for determining the beneficial effects of rhizobial inoculation on non-legume
plants (Fig. 7.1).
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Fig. 7.1 Most common rhizobial species used for growth promotion of rice, maize, barley and
wheat. NC: nutrient composition

Some of the major benefits of using rhizobial inoculants to promote growth and
yield of non-legumes are reflected in the efficiency of inoculum preparation
(as rhizobia have been extensively used in legume crops production), as well as in
the harmlessness of native rhizobia to the environment (Antoun et al. 1998). In
addition, the harmlessness of rhizobia is also important as most of the non-legumes
treated with these PGPR are being consumed raw, and treatment with potentially
infectious bacteria could cause infections in humans and animals. Regarding the
consumption of vegetables, it is of great importance to use exclusive bacterial
inoculums consisted of non-pathogenic bacteria, which do not pose any adverse
effect on human health. As rhizobial biofertilizers have been widely used for legume
inoculation, their safety has been comprehensively studied and proven (García-
Fraile et al. 2012). Similar precautions need to be taken in the case of vegetables
which are generally being consumed fresh, such as lettuce, spinach, carrots, toma-
toes, peppers or radishes (Flores-Félix et al. 2013; García-Fraile et al. 2012; Jiménez-
Gómez et al. 2018; Menéndez et al. 2020; Verma et al. 2020).
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To secure healthy food and environment and to reduce/avoid the use of chemical
fertilizers and plant protection products, humanity needs to conserve natural
resources for a healthy biological solution in crop production, considering both
legume and non-legume plants. Rhizobial inoculants, used as plant growth
enhancers, influence the soil fertility and plant productivity, etc. in a healthy way
by improving crop nutrition and physiology, crop fungal protection, and stress
tolerance.

This chapter will summarize recent and relevant research regarding the use of
rhizobia such as Rhizobium, Bradyrhizobium, Mesorhizobium and Ensifer
(Sinorhizobium) genera for promoting the non-legumes growth (both under optimal
and unfavourable environmental conditions), their biocontrol potential against var-
ious phytopathogenes, mechanisms underlying in their activity, as well as the
strategies for improving plant growth and development.

7.2 Plant Growth Promotion Rhizobial Traits

Root nodulating bacteria were widely studied for their symbiotic association with
legumes and BNF capacity. However, some members of Rhizobium,
Bradyrhizobium,Mesorhizobium and Sinorhizobium genera are capable of inducing
plant growth and development through biochemical or physiological mechanisms
other than N fixation (Boiero et al. 2007). They are capable of regulating plant
growth through the production and release of various metabolites such as phytohor-
mone, siderophores, ACC deaminase, antibiotics, HCN and others (Ahmad et al.
2019; Boiero et al. 2007; Chandra et al. 2007; Saghafi et al. 2019; Serova et al. 2019;
Vargas et al. 2009).

It is considered that the most important direct PGP mechanism, besides BNF, is
the synthesis of phytohormones (plant growth-regulating compounds) (Zahir et al.
2004). The production of auxins, cytokinins, gibberellins (GA), and abscisic acid
(ABA) is a relatively common characteristic of rhizobia (Bhattacharjee et al. 2012;
Boiero et al. 2007; Ferreira et al. 2020; Ullah et al. 2017b). It is known that hormone-
producing rhizobial strains can improve the growth of plants by inoculating seeds or
roots (Chandra et al. 2007; Humphry et al. 2007; Mishra et al. 2006; Yanni et al.
2001). The ability of root nodulating bacteria to produce plant hormones is different,
and the type and amount of hormone vary with the type of genera (Boiero et al. 2007;
Humphry et al. 2007). One strain can be capable to produce one or more different
phytohormones (indole-3-acetic acid (IAA), GA3, zeatin, ABA, salicylic acid (SA),
jasmonic acid (JA)) as stated by Boiero et al. (2007). Masciarelli et al. (2014)
showed for the first time that Bradyrhizobium japonicum was capable to produce
five different phytohormones simultaneously: indole-3-acetic acid (IAA), GA3,
ABA, salicylic acid (SA) and jasmonic acid (JA).

Besides other bacteria, algae and fungi, rhizobial species are evidenced as one of
the major IAA producers (the most important auxin-type plant hormones) (Boiero
et al. 2007; Chi et al. 2005; Pandey and Maheshwari 2007). Indole-3-acetic acid



(a by-product of L-tryptophan metabolism) is involved in the control of cell division,
tissue differentiation, while such rhizobia can induce an increase of amino acids
within the invaded plant tissues (Jaiswal et al. 2021). Among various root nodulating
bacteria, Sinorhizobium meliloti showed the high level of IAA production (612 μg/
ml), when adding 0.1% tryptophan to the growth medium (Kanaan and Al-Barhawee
2021). In addition, Bradyrhizobium and Rhizobium strains have also been shown to
be efficient IAA producers. Bradyrhizobium japonicum produced about 41 μg ml�1

and 61.25 μg ml�1 of IAA, respectively, under standard assay condition after 48 h
and 72 h in presence of yeast extract as N source (Kiruthika and Arunkumar 2021).
With increasing L-tryptophan concentrations, B. japonicum reached the maximum
production of 78.33 of IAA μg ml�1. Further, Datta and Basu (2000) found that
Rhizobium sp. isolated from the root nodules of pigeon pea (Cajanus cajan),
produced high amounts of IAA (99.7 μg ml�1) during growth in basal medium
supplemented with L-tryptophan.
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Gibberellins (GA) are a type of phytohormones produced by bacteria and fungi
which have a role in plant development and can manipulate the host plant. Although
the GA biosynthetic pathway in bacteria remains elusive, the presence of putative
GA biosynthetic gene clusters/operons has been documented in rhizobial species
(Nett 2017). The first report on gibberellin synthesis in rhizobial species was given
by Atzorn et al. (1988) in Rhizobium phaseoli. The manipulation of legume plant
host by the expression of GA operons reflects mostly during the symbiosis, by
increasing the size, number and development of root nodules and by bifurcation of
nodule meristem, while in the case of non-legumes the GA production allows
rhizobia a selective advantage over other bacteria (McAdam et al. 2018; Nett
2017; Serova et al. 2019). Additionally, it has been observed that the application
of gibberellins in combination with Rhizobium inoculant has a synergistic effect on
the growth, yield and nutrient content of chickpea (Rafique et al. 2021).

Another significant metabolite produced by rhizobia is the enzyme
1-aminociclopropane-1-carboxylase (ACC) deaminase. This enzyme reduces the
levels of ethylene (which is elevated in plant tissues during stress conditions) in
higher plants by converting a precursor of ethylene (ACC) into ammonia and
α-ketobutyrate (Orozco-Mosqueda et al. 2019). The first report documenting the
presence of ACC deaminase in Rhizobium strains (R. leguminosarum bv. viciae and
R. hedysari) was given by Ma et al. (2003). In addition, ACC deaminase producers
were found among the strains of Ensifer (Sinorhizobium), Mesorhizobium and
Bradyrhizobium (Ma et al. 2003; Piromyou et al. 2017; Saghafi et al. 2019).
Similarly, the production of higher levels of rhizobial trehalose (non-reducing
disaccharide) has been linked with higher rates of survival under unfavourable
environmental conditions, such as drought or saline stress (Sarapat et al. 2020). In
addition, rhizobia also produce bacterial metabolites which can act as inducers of
plant growth (lumichrome and riboflavin) or as a barrier against pathogens (thia-
mine, ethylene, brassinosteroid, biotin, niacin and ascorbic acid) (Jaiswal et al. 2021;
Nouwen et al. 2021).

Iron is important in the process of photosynthesis, but in general, the amount of
available Fe3+ ions is low in an aerobic environment, both at low and high soil pH



(Masalha et al. 2000). Siderophores are known as small, chelating agents of high
affinity for iron, which, secreted by microorganisms, form soluble complexes with
Fe3+ that can be introduced into cells by active transport (Neilands 1993). For
example, the proportion of root nodule siderophore-producing strains appears to
increase in iron-stressed soils, while the total population of root nodule bacteria
remains unchanged. Root nodulating bacteria are capable to produce a number of
siderophores: carboxylates (rhizobactin, citrate and anthranilate), catechols,
dihydroxamates (rhizobactin 1021 and vicibactin) and trihydroxamates (Carson
et al. 2000; Datta and Chakrabartty 2014; Storey et al. 2006). The production of
catechols or carboxylates is sporadic and may be strain-specific. Dihydroxamate
siderophores are mainly a characteristic of Sinorhizobium species, while
trihydroxamates of Rhizobium species (Carson et al. 2000). The first report about
the capability of Rhizobium species to produce a dihydroxamate type siderophore
was given by Storey et al. (2006). They showed that R. leguminosarum is capable to
produce schizokinen which has a similar structure with rhizobactin 1021.
‘Rhizobactin’ is the first chemically characterized siderophore produced by a strain
of Sinorhizobium meliloti (Storey et al. 2006). In addition, Carson et al. (2000)
observed that bradyrhizobia could not produce any types of these siderophores.
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Phosphorus (P) is one of the main macronutrients necessary for plant growth and
development. However, in the soil, it is often found in an insoluble form, as CaPO4

in alkaline soils, or as phosphates of Al and Fe in acid soils. The ability to solubilize
phosphates (organic and inorganic) to a form available to plants is an important trait
of many PGP bacteria, including root nodulating bacteria (Abd-Alla 1994; Halder
and Chakrabarty 1993; Peix et al. 2001; Rodríguez et al. 2006). In both plants and
microorganisms, the main mechanism of P solubilization is the excretion of hydro-
gen ions, the production of organic acids, and the biosynthesis of acid phosphatase
(Arcand and Schneider 2006; Bais et al. 2006). The production of inorganic and
organic acids lowers the pH of the soil solution, whereby phosphorus is released
from CaPO4. Enzymatic solubilization of phosphates takes place during the miner-
alization of organic phosphates. The main advantage of using root-nodulating
bacteria as a phosphate-solubilizing microorganism is their beneficial nutritional
effect, resulting both phosphate mobilization and N fixation (Sridevi and Mallaiah
2009). For instance, Mesorhizobium mediterraneum and Mesorhizobium ciceri are
known for their high phosphate-solubilizing efficiency (Rivas et al. 2006). Sridevi
and Mallaiah (2009) reported that Rhizobium isolated from Cassia absus reached
maximum solubilization of 620 μg ml�1.

The production of various secondary metabolites by rhizobia which are toxic to
other microorganisms (antibiosis) has been documented. The production of antibi-
otics (bacteriocines) (Bardin et al. 2004; Chandra et al. 2007; Deshwal et al. 2003b),
hydrogen cyanide (HCN) (Arfaoui et al. 2006; Chandra et al. 2007), siderophores
which inhibit fungal pathogens (Deshwal et al. 2003a; Chandra et al. 2007) and
mycolytic enzymes (chitinases and β-1,3-glucanases involved in fungal cell wall
lysis) (Kumar et al. 2011) were also recorded.

Induced systemic resistance (ISR) is a state of plant stimulated to elicit its defence
response, through the production of plant defence enzymes, phenolics, flavonoids, or



other phytoalexins (Das et al. 2017). Phenolic compounds may act as structural
barriers, activators of plant defence genes, and modulators of pathogenicity (Ramos
et al. 1997). Numerous rhizobial species were able to induce systemic resistance by
producing bio-stimulatory agents (Arfaoui et al. 2006; Rabie 1998). It was demon-
strated that individual cellular components of the rhizobia induce ISR: lipopolysac-
charides, flagella, cyclic lipopeptides, homoserine lactones, acetoin and butanediol
(Lugtenberg and Kamilova 2009).
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Moreover, rhizobial bacteria can be useful in the process of improvement in crop
production on marginal soils (Naseer et al. 2019). These are some examples that
bioremediation with the usage of rhizobial strains, tolerant to heavy metals and with
some PGP traits, can be a cost-effective substitution of seed fertilizer used in
conventional remediation. Stan et al. (2011) suggested the reason for the survival
of Rhizobium strains in a heavy metal-polluted area is the alteration of different
genes, including those involved in the symbiotic process of N2 fixation.

7.3 Potential of Rhizobia to Promote the Growth
of Different Non-legumes

Plant growth-promoting mechanisms of species belonging to Rhizobium,
Bradyrhizobrium, Mesorhizobium and Ensifer genus have been considered by
various authors (Gopalakrishnan et al. 2015). Some of the studies covering the use
of rhizobia in a growth promotion of different kinds of non-legume crops are
presented in the Table 7.1.

7.3.1 Rhizobia: Rice, Wheat and Barley

There is a growing number of rhizobial species that are being discovered and
introduced into the microbiome of rice (Nadarajah 2017). Inoculation of rice with
R. leguminosarum (isolated from lentil), M. ciceri (isolated from chickpea) and
R. phaseoli (isolated from mung bean) enhanced the yield (paddy yield, plant
biomass and straw dry biomass), growth parameters (number of tiller and grains
panicle and plant height) and nutrient composition (increase in nitrogen, potassium
and phosphorus) of rice, in the potted soil (Husssain et al. 2009). Furthermore,
promotion of rice seedling emergence and establishment of early seedling develop-
ment has been achieved by inoculation with rhizobial strains (Baset Mia et al. 2012).
Hahn et al. (2016) found that inoculation of rice by Mesohizobium
(or Mesorhizobium in combination with Azospirillum) promotes the growth of
wetland rice. Inoculation of rice by ACC-producing Bradyrhizobium sp. can reduce
ethylene synthesis, indicating its potential use in enhancing the rice growth and grain
yield (Sarapat et al. 2020). Recently, Padukkage et al. (2021) demonstrated that



(continued)
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Table 7.1 Recent relevant research regarding the use of rhizobia in the cultivation of non-legumes

Rhizobia Non-legume species Reference

Rhizobium leguminosarum Wheat Mehboob et al. (2011)

Maize Ali (2017)

Rice Bhattacharjee et al. (2012)

Wheat Roque et al. (2021)

Barley Santillana et al. (2012)

Wheat Ullah et al. (2017a)

Rhizobium selenitireducens Arabidopsis thaliana Mayer et al. (2019)

Lettuce

Basil

Bok choy

Rhizobium spp. Cotton Qureshi et al. (2019)

Tomato (var. “cherry”) García-Fraile et al. (2012)

Canola Saghafi et al. (2018)

Pepper (var. “verde italiano”) García-Fraile et al. (2012)

Carrot Flores-Félix et al. (2013)

Rhizobium spp. Maize Qureshi et al. (2013)

Maize Cavalcanti et al. (2020)

Sunflower Ullah et al. (2017b)

Sunflower Ferreira et al. (2020)

Potato Naqqash et al. (2016)

Rhizobia Oat Silva et al. (2020)

Maize Silva et al. (2020)

Wheat (var. “Siran”) Adnan et al. (2014)

Rhizobium phaseoli Maize Hussain et al. (2014)

Rice Husssain et al. (2009)

Maize Hussain et al. (2016a, b)

Wheat Mehboob et al. (2011)

Rhizobium etli Barley Santillana et al. (2012)

Potato Gervasio et al. (2019)

Rhizobium pusense Onion Afify et al. (2019)

Rhizobium rubi Broccoli Yildirim et al. (2011)

Rhizobium symbiovar viciae Wheat Bartoli et al. (2020)

Rhizobium tropici Wheat Roque et al. (2021)

Rhizobium radiobacter
syn. Agrobacterium tumefaciens

Lettuce Verma et al. (2020)

Rhizobium laguerreae Spinach Jiménez-Gómez et al. (2018)

Rhizobium alamii Rapeseed Tulumello et al. (2021)

Mesorhizobium ciceri Rice Husssain et al. (2009)

Wheat Ullah et al. (2017a)

Maize Hussain et al. (2014)

Tomato Menéndez et al. (2020)

Wheat Hussain et al. (2018)

Maize Ali (2017)



B. japonicum had the best PGP effect on rice growth, under the laboratory condi-
tions, while B. elkanii was most efficient in the field and increased overall rice yield.
Moreover, IAA and ACC deaminase producing R. leguminosarum bv. trifolii (iso-
lated from root nodules of Trifolium alexandrinum L.) promoted the growth of rice,
in terms of biomass, root branching and N content (Bhattacharjee et al. 2012).
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Table 7.1 (continued)

Rhizobia Non-legume species Reference

Wheat Mehboob et al. (2011)

Mesorhizobium tamadayense Tomato Menéndez et al. (2020)

Mesorhizobium loti Arabidopsis Poitout et al. (2017)

Bradyrhizobium japonicum Wheat Roque et al. (2021)

Rice Padukkage et al. (2021)

Bradyrhizobium elkani Potato Gervasio et al. (2019)

Rice Padukkage et al. (2021)

Bradyrhizobium sp. Rice Sarapat et al. (2020)

Maize Cavalcanti et al. (2020)

Ensifer meliloti Maize Ibarra-Galeana et al. (2017)

Ensifer spp. Maize Chen et al. (2020a)

On the other hand, Roque et al. (2021) showed that co-inoculation of wheat by
rhizobia, such as B. japonicum, R. tropici and R. leguminosarum (isolated from
legumes), can improve growth and composition of wheat grain. Strains of rhizobia
(determined as R. phaseoli, M. ciceri and R. leguminosarum) isolated from root
nodules of mung bean, chickpea and lentil, respectively, with the ability to produce
siderophores, IAA, chitinases, EPS and to solubilize inorganic P, showed the
potential to promote the growth of wheat (Mehboob et al. 2011). Furthermore,
Mehboob et al. (2011) showed that although these rhizobial treatments increased
wheat growth parameters (plant height, number of tillers, straw yield, grain yield,
root length, as well as the content of P and K), some of the applied strains achieved
values which were not statistically different from the uninoculated control. Adnan
et al. (2014) reported that inoculation by rhizobial strains (isolated from lentil, pea
and chickpea) significantly increased the number of tillers and grains, plant height
and grain weight of wheat. In addition, authors indicated that rhizobia isolated from
peas had better PGP effect on wheat (except for plant height), in comparison to the
other inoculum, while isolates from chickpea showed increase in the overall plant
parameters (Adnan et al. 2014). Bearing in mind that the entrance and interaction of
rhizobia with the non-legumes is often conditioned by plant species and environ-
mental factors, this may be due to the occurrence of better interactions of different
rhizobial species with different non-legumes (Nadarajah 2017). In addition, Bartoli
et al. (2020) indicated that the level of wheat growth promotion induced by
R. leguminosarum symbiovar viciae is conditioned by the level of root colonization
by these rhizobia.

Earlier, Peix et al. (2001) examined that M. mediterraneum enhance the growth
(increased dry matter) and nutrient uptake (increased nitrogen, potassium, calcium



and magnesium content) in barley (Hordeum vulgare) plants. Treatment of barley
with this rhizobial strain increased phosphorus content up to 125% in soil enriched
with insoluble phosphates, indicating its effectiveness in mobilization and solubili-
zation of phosphorus (Peix et al. 2001). Furthermore, the growth of barley was also
improved by R. leguminosarum and R. etli under greenhouse conditions (dry matter
increase up to 37%), while these strains also showed the ability to antagonize
phytopathogenic fungi Alternaria solani and Fusarium sp. in vitro (Santi et al.
2013) causing diseases in barley.
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7.3.2 Maize

Application of rhizobia in growth promotion of maize has been studied in different
researches (Ali 2017; Hussain et al. 2014, 2016a, b; Qureshi et al. 2013; Silva et al.
2020). Silva et al. (2020) showed that inoculation of maize and oat (Avena sativa) by
native rhizobia isolated from Desmodium incanum can improve the growth of both
plant species. They suggested that native phosphate solubilizing and IAA-producing
rhizobia could be used for increasing the yield of these cultures, especially as native
rhizobia may express a better adaptability under disrupted soil conditions (Silva et al.
2020). Qureshi et al. (2013) revealed that inoculation of maize by IAA-producing
Rhizobium sp. isolated from chickpea, berseem and lentil can improve the growth,
nitrogen, phosphorus and chlorophyll content, as well as the transpiration and
photosynthetic rate in maize. Cavalcanti et al. (2020) showed that IAA and
siderophore producing and calcium phosphate solubilizing rhizobia, such as
Bradyrhizobium sp. and Rhizobium sp., have potential to promote the growth of
maize at the same level as the commercial strain of Azospirillum brasilense. Chen
et al. (2020a) showed that inoculation of PGP Ensifer sp. (isolated from the maize
rhizosphere) significantly increased grain yield of maize (by 29%, in comparison to
the untreated control).

7.3.3 Lettuce and Spinach

Few leafy vegetables also showed beneficial effect of rhizobia applied as
biofertilizer. Verma et al. (2020) showed that R. radiobacter syn. Agrobacterium
tumefaciens (isolated from root nodules of Leucaena leucocephala) with N-fixing,
Zn and P solubilization activity, IAA, siderophores and EPS producing ability,
improved nutritional content and growth parameters of lettuce (Lactuca sativa) in
saline soil. The parameters such as antioxidant activity, total carbohydrate, chloro-
phyll, flavonoid, nitrate, total protein, phosphate and zinc content were improved
after treatment of lettuce with R. radiobacter, in comparison to the chemical
fertilizer, vermicompost and farmyard manure, under field conditions (Verma et al.
2020). Earlier, Chabot et al. (1996) suggested that P solubilization activity of



R. leguminosarum bv. phaseoli is responsible for the promotion of lettuce and maize
growth in moderately or very fertile soils. Inoculation of lettuce and canola (Brassica
campestris) with R. leguminosarum induced significant promotion of growth of both
plant species. The production of IAA and cytokinin by these rhizobia could be
responsible for the direct growth promotion of leafy vegetable and oil seed crops, as
bacterial tryptophan and adenosine mutants did not promote the plant growth, in
comparison to the wild-type rhizobial strain (Noel et al. 1996).
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Inoculation by R. laguerreae significantly increased yield and growth parameters
(leaf number, size and weight, and chlorophyll and N content) of spinach (Spinacia
oleracea), suggesting that its PGP mechanisms (phosphate solubilization activity,
IAA and siderophores production, as well as the production of cellulase and the
ability to form biofilm) could be the cause of its beneficial effect on spinach
(Jiménez-Gómez et al. 2018).

7.3.4 Vegetables

Rhizobial strains with various direct and indirect PGP attributes, such as
siderophores, ACC deaminase and IAA production, showed the ability to promote
the growth of pepper and tomato by increasing the seedling biomass, number of
flowers and fruits, as well as the weight of fruits in the time of harvest (an increase of
pepper fruit fresh weight of 30%, in comparison to the uninoculated control)
(García-Fraile et al. 2012). The authors also suggested that IAA and siderophores
production ability of these rhizobial strains could indicate their potential to assist in
the iron acquisition. Menéndez et al. (2020) observed that M. ciceri and
M. tamadayense (with the ability to produce IAA, siderophores, cellulases, to
solubilize phosphate and potassium and to form biofilm) had positive impact of
tomato seedling growth and development.

Gervasio et al. (2019) concluded that R. etli and B. elkani positively influenced
the growth parameters of potato (height of plant, leaf surface and the number of
stems, leaves and stolons) in semi-controlled conditions. In addition, it has been
shown that Bradyrhizobium sp. isolated from sweet potato actively expresses nitro-
genase activity in planta, suggesting its potential to increase N content in this crop
(Terakado-Tonooka et al. 2012). Nitrogen-fixing and IAA-producing Rhizobium
sp. showed a good potential to colonize and to maintain its density in the potato
rhizosphere, which implies its potential use as potato biofertilizer (Naqqash et al.
2016).

Previously, Antoun et al. (1998) suggested that specific bradyrhizobia could
potentially be used for improving the growth of non-legumes, as they discovered
that B. japonicum significantly increased the growth of radish in growth cabinets.
Flores-Félix et al. (2013) demonstrated that rhizobia can colonize roots and promote
the plant growth of carrot (Daucus carota) and lettuce, by increasing the dry weight
of shoots and roots. Authors also suggested that the ability of these rhizobia to
produce siderophores, IAA and to solubilize inorganic phosphates makes them



suitable for biofertilizer formulation specified for non-legumes (Flores-Félix et al.
2013). The beneficial effect of R. rubi on the growth of broccoli was also recorded,
with observed increase in yield (20.2%), chlorophyll content (14.0%) and macro and
micro-nutrient composition, in comparison to the control (Yildirim et al. 2011). An
increase in onion growth parameters (number of leaves and dry weight of plant) was
observed 120 days after treatment by R. pusence, in comparison to the recommended
dose of chemical fertilizer (Afify et al. 2019).
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7.3.5 Other Non-legumes

Alami et al. (2000) showed that inoculation of sunflower by rhizobia isolated from
dystric cambisol soil can cause a significant increase in shoot and root dry mass, both
under normal and disrupted soil conditions (water stress). In addition, the authors
observed that the used Rhizobium was a major producer of exopolysaccharides
(EPS), and that the inoculation affected the soil macropore volume (Alami et al.
2000). Different Rhizobium sp. isolated from legume plants, such as lentil, mung
bean, vegetable pea, berseem and chickpea, significantly increased growth of sun-
flower (Ullah et al. 2017b). These applied rhizobia showed the ability to produce
IAA, while the most effective strain was isolated from mung bean, which also
significantly increased the content of chlorophyll a, N and P, in comparison to the
untreated plants. Ferreira et al. (2020) also showed that inoculation of sunflower by
Rhizobium sp. positively affected the growth and sprouting of sugarcane under
greenhouse conditions, probably due to the production of gibberellins, suggesting
that this strain could be used as sugarcane inoculant.

Species belonging to Rhizobiales, capable to colonize Arabidopsis thaliana roots
without negative effect on the plant growth, indicated the ability of rhizobia to
actively interact with non-legume roots and to potentially affect its host niche
(Garrido-Oter et al. 2018). Furthermore,M. loti induced promotion of shoot growth,
stimulation of root hair elongation and inhibited primary root growth of Arabidopsis
in vitro, thus the authors also concluded that auxin transport and signalling pathway
is necessary for inhibition of primary root growth, while it has no effect on root hair
elongation (Poitout et al. 2017).

Application of different strain of Rhizobium sp. to the cotton plants improved the
plant physiological parameters, such as the number and weight of bolls, chlorophyll
content, photosynthetic, transpiration and photo-active radiation rate, and promoted
the plant growth (plant height) (Qureshi et al. 2019). Rhizobium selenitireducens
improved the total length of roots of basil, bok choy and lettuce, grown in aquaponic
conditions (Mayer et al. 2019).
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7.3.6 Promotion of Non-legumes Growth Under
Unfavourable Conditions

It has been shown that the N-fixing and plant growth-promoting rhizobia could
enhance the growth of plants under different unfavourable environmental conditions
(Granada et al. 2014; Knežević et al. 2021a). Several studies revealed that strains
from genera Rhizobium, Ensifer and Mesorhizobium could tolerate low soil pH
(Brígido and Oliveira 2012; Correa et al. 1999; Knežević et al. 2022; Stajkovi-
ć-Srbinović et al. 2015a, b). As the availability of essential nutrients required for
plant growth is influenced by the physicochemical properties of the soil, mainly by
the soil pH (Dinić et al. 2019; Maksimović et al. 2021), application of rhizobia that
can improve nutrient composition under acid soil conditions is crucial. By secretion
of rhizobial metabolites into the rhizosphere, microorganisms reduce the mobility
and bioavailability of metals that become biodegradable and less toxic and benefit
plants by sequestering heavy metals during the phytoremediation process (Delić
et al. 2022) Also, heavy metal-tolerant Bradyrhizobium, Rhizobium and
Mesorhizobium strains promoted the plant growth in soils with heavy metal elevated
concentrations (Stajković-Srbinović et al. 2020; Sujkowska-Rybkowska et al. 2020).

Soil salinity is also a major factor in the sustainable plant growth and manage-
ment. Worldwide, approximately 7% of the soils on Earth and 20% of the total arable
areas are affected by salinity (Rizwan et al. 2015). Inoculation of different
non-legumes with rhizobial strains had a positive effect on plant growth, especially
on the plant height and shoot dry weight indices under salinity stress (Saghafi et al.
2018). Tulumello et al. (2021) showed that Rhizobium alamii GBV030 had a PGP
effect on rapeseed growth, increasing its tolerance to water stress, probably involv-
ing its capacity to produce EPS, and other PGP traits. The inoculation of rice by
Bradyrhizobium strain containing ACC deaminase, improved leaf relative water
content, survival, recovery rates, and improved the crop yield in field conditions
(Sarapat et al. 2020). The inoculation of seeds or roots of non-legumes with ACC
deaminase-producing rhizobial strains has emerged as a new approach for
diminishing stress-induced physiological changes in plants, as this rhizobial enzyme
lowers the level of ethylene in developing seedling and plants (Katiyar et al. 2021;
Saghafi et al. 2019).

7.3.7 Crop Rotation

Crop rotation of legumes and non-legumes can have positive effect on the soil
quality (Tokhetova et al. 2021; Nurymova et al. 2020). By enriching the soil
microbiome by rotation of inoculated legumes and non-legumes, the establishment
of a beneficial rhizobial microbiome occurs, while the amount of soil N elevates due
to the presence of N-fixing bacteria. Several studies indicated that besides direct
inoculation of non-legume crops by rhizobia, the positive effect on their growth can



also be observed as a consequence of subsequent planting after inoculated legume
crops or vice versa (Delić et al. 2013). On the other hand, Piromyou et al. (2017)
stated that stubbles of rice inoculated by Bradyrhizobium sp. can serve as inoculum
in the rice-legume crop rotation system. Positive correlation was found between
yield and N content in barley, wheat and canola, grown after peas inoculated by
rhizobia (Lupwayi et al. 2004). Dubova et al. (2017) recorded an increase in onion
leaf yield, when onions were grown as a subsequent crop after beans (inoculated by
rhizobia in the combination with mycorrhiza fungi), in a pot experiment. Inoculants
based on R. leguminosarum isolated from clover root nodules improved the growth
of rice shoots and roots, as well as the seedling vigour, in the Egyptian Nile delta,
where rice has been successfully rotated with clover (Yanni et al. 2001). Planting of
broccoli after faba bean (inoculated by R. laguerreae) and common bean (inoculated
by R. tropici) produced a similar yield of broccoli, in comparison to the conventional
practices during the first year (Karavidas et al. 2020). Similarly, planting of wheat
and barley after faba bean (inoculated by Rhizobium) improved soil fertility, lowered
the requirements for N fertilization and increased the yield up to 66% and 42% for
wheat and barley, respectively (Alemayehu 2020). Galindo et al. (2021) recorded
improvements in growth parameters of wheat, when it was grown as a subsequent
crop of cowpea (inoculated by Bradyrhizobium sp. and Bradyrhizobium sp. in
co-inoculation with Azospirillum brasilense). In addition, Kumar et al. (2021)
showed that inoculation with B. japonicum improves the yield and N content of
wheat and soybean grown in rotation, but effects on the soybean were lower in
comparison to the direct inoculation.
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7.4 Role of Rhizobia in the Biocontrol of Non-legume
Phytopathogens

In the last few years, there has been a trend in the world to give preference to the use
of biological control agents to control plant diseases, instead of using of resistant
cultivars or pesticides (Das et al. 2017; Leila and El-Hafid 2020). The application of
synthetic pesticides (fungicides and nematicides) contributes to groundwater and
soil pollution, poses a serious risk for environment and human health, and also leads
to eradication of non-target beneficial microorganisms in the soil. It is highly
desirable that the control of fungi and nematodes pursuits for an alternative
non-chemical and environment friendly strategy (Das et al. 2017; Mhatre et al.
2019). Out of different environment friendly approaches, PGP strains may act as
an efficient fungi and nematode biocontrol, and as agents for plant growth and yield
increment, at the same time (Agarwal et al. 2017; Knežević et al. 2021a; Maheshwari
et al. 2019; Mhatre et al. 2019). Studies on the potential of Rhizobium as a biological
control agent are far rarer, compared to the other bacteria, such as species of the
genus Bacillus, Pseudomonas, Paenibacillus, Streptomyces, Serratia, Klebsiella,
Actinomycetes and Azotobacter (Charpe 2019; Das et al. 2017; Knežević et al.



2021a, b; Mhatre et al. 2019; Pundir and Jain 2015; Singh et al. 2019). A few of them
are even commercialized in a form of bacterial inoculant, and most of them are
successful in combating plant pathogens (Das et al. 2017; Singh et al. 2019).
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Many studies indicated the importance of the presence of rhizobia in the rhizo-
sphere of non-legumes, as they can inhibit the growth of root pathogens. By
protecting plant roots from different diseases caused by fungi or pests, rhizobia
indirectly affect the plant growth (Mehboob et al. 2009; Zaim et al. 2017). Control of
plant diseases with rhizobia can be achieved by various mechanisms, depending on
the pathogen type. The suppression of fungal pathogens by rhizobia includes:
(1) mycoparasitism (parasitism on hyphal tips, inhibition of reproductive structures
like sclerotia or zoospores, or the production of enzymes like chitinase, which
usually degrade the cell wall of the plant pathogenic fungi); (2) production of
secondary metabolites (antibiotics, hydrogen cyanide (HCN)); (3) competition
between pathogens and rhizobia for iron (siderophore production), nutrients and
niches; (4) reduction of susceptibility to pathoges by inducting plant defence mech-
anisms and stimulating plant growth (Charpe 2019; Das et al. 2017; Gopalakrishnan
et al. 2015; Kenawy et al. 2019; Leila and El-Hafid 2020; Mehboob et al. 2012). The
mechanisms of nematode suppression by rhizobia can be categorized as direct
antagonism and indirect effect. Direct antagonism includes antibiosis (production
of low molecular weight organic compounds), production of lytic enzymes and
inducting systemic resistance, while indirect effects include phytohormone produc-
tion, N fixation, phosphate and potassium solubilization, siderophores and ammonia
production (Mhatre et al. 2019). In addition, the literature suggests that the combi-
nation of rhizobial strains (two or more), or in combination with other PGPR strains
(which have diverse modes of antagonistic activity against phytopathogens) is more
effective than single-strain inoculum (Das et al. 2017) for the biocontrol of
non-legume phytopathogens.

7.4.1 Production of Secondary Metabolites and Lytic
Enzymes

The production of one or more antifungal and nematicidal secondary metabolites
(antibiotics and HCN) and lytic enzymes by rhizobia can provide direct biocontrol of
plant diseases through inhibition, restriction and elimination of phytopathogens (Das
et al. 2017; Deshwal et al. 2003b). These bacteria play an important role in the
biocontrol of several fungi and pests by means of competition and parasitism, and
present the most powerful biocontrol mechanism for combating phytopathogens
(Martínez-Viveros et al. 2010; Mhatre et al. 2019). There are several reports on
the production of antibiotics or lytic enzymes by various rhizobia. Bradyrhizobial
strains (B. japonicum, B. elkanii and Bradyrhizobium sp.) had the capability to
produce rhizobitoxine (Deshwal et al. 2003b; Yuhashi et al. 2000), while rhizobial
strains (R. leguminosarum bv. trifolii and Rhizobium spp.) were capable to produce



trifolitoxin (Breil et al. 1996; Deshwal et al. 2003b) and rhizobitoxine (Siddiqui et al.
2007). Rhizobium leguminosarum has been reported to produce increased levels of
phytoalexins (4-hydroxy-2,3,9-trimethoxy pterocarpan) and reduced the nematode
population (Siddiqui et al. 2007). Hydrogen cyanide (HCN) is volatile antimicrobial
secondary metabolites that can also be produced by rhizobial strains, which
improves their efficiency for the suppression of plant diseases (Ahmad et al.
2019). Although the production of HCN is generally rare among rhizobial species,
some isolates showed the ability to produce HCN. Rhizobium isolates RR-1, GNR-1
and SFR-2 showed antifungal potential against both R. solani and S. rolfsii (in vitro)
and exhibited strong, moderate and weak HCN production, respectively (Manasa
et al. 2017).
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In the case of lytic enzymes, it has been determined that some cell-wall lysing
enzymes (chitinase, lyase and cellulase) cause the destruction of pathogens (Sindhu
et al. 2010; Volpiano et al. 2019). Two Ensifer (Sinorhizobium) strains and one
Rhizobium strain isolated from nodules of fenugreek showed inhibition of
F. oxysporum (in vitro), due to the loss of structural integrity of the mycelium,
hyphal perforation, lysis, fragmentation and degradation. Ensifer (Sinorhizobium)
meliloti strains were capable of producing chitinase, while R. leguminosarum (TR2)
showed β-1,3-glucanase activity (Kumar et al. 2011). Chitinase activity was con-
firmed among bradyrhizobial strains isolated from root nodules of Vigna mungo.
Bradyrhizobium sp. strains were able to inhibit M. phaseolina mycelial growth
(in vitro) and showed chitinase activity (Dubey et al. 2012).

7.4.2 Siderophores Production

Few rhizobia evolved a specific mechanism to chelate insoluble forms of iron by
siderophores. Siderophores production by rhizobia normally occurs in neutral to
alkaline pH soils, due to low iron solubility at elevated pH, as a response to iron
deficiency. These compounds could increase rhizobial competition ability under
iron-deficient conditions, consequentially limiting the availability of iron for patho-
genic fungi and nematodes, and at the same time promoting plant growth (Mhatre
et al. 2019; Volpiano et al. 2019). The role of siderophore production in the
suppression of plant pathogens is not completely clear, thus the antagonism often
occurs in siderophore-producing rhizobia.

Among the studied bradyrhizobial strains isolated from Arachis hypogaea (pea-
nut), Bradyrhizobium sp. showed inhibition of M. phaseolina radial growth in vitro
and simultaneous production of siderophores (Deshwal et al. 2003a). The variation
in antagonistic potential among siderophores-producing rhizobia could be due to the
differences in the type of produced siderophores. Among ten R. leguminosarum
bv. trifolii isolates, which showed some antifungal activity against Verticillium sp.,
two of them had the strongest antagonistic activity (CXS-12, AGR-3 and ELD-15)
and two (IRG-17 and SBO-3) displayed less pronounced antagonistic effect as
siderophore producers (Vargas et al. 2009).
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7.4.3 Indole Acetic Acid (IAA) Production

Among the phytohormones produced by rhizobia (auxins, cytokinins, gibberellic
acid, abscisic acid, ethylene, polyamines, brassinosteroids, jasmonates, salicylic
acid, strigolactones), indole acetic acid (IAA) is the most common phytohormone
(Mhatre et al. 2019). The phytostimulatory effects of IAA produced by rhizobial
species could be helpful in biocontrol of various pathogens. Moreover, rhizobia
could also directly affect the growth of plant pathogens by IAA production
(Volpiano et al. 2019). Rhizobium strains isolated from common bean (Phaseolus
vulgaris L.) proved to be strong antagonists of Sclerotium rolfsii growth. During
screening, out of 33 antagonistic Rhizobium strains, 16 were able to inhibit S. rolfsii
mycelial growth (for more than 84%). Volpiano et al. (2018) verified a direct
correlation between IAA production and inhibition of mycelial growth, with antag-
onistic strains producing up to 36.5 μg mL�1 of IAA. Furthermore, Rhizobium
isolate GNR-1 showed the high level of IAA production among all tested Rhizobium
spp. isolates (24.12 μg mL�1) and strong inhibitory effect against S. rolfsii (Manasa
et al. 2017).

7.4.4 Suppression of Fungal Pathogens of Non-legumes by
Rhizobia

Like legumes, non-legume crops are susceptible to many fungal pathogens (most of
them belong to the Ascomycetes and the Basidiomycetes) (Das et al. 2017; Glick
2015). Yield losses due to these diseases can vary each year, depending on whether it
is a severe epidemic or a regular feature (Das et al. 2017). Some of the fungal
phytopathogens of non-legumes belong to the following genera: Fusarium, Rhizoc-
tonia, Macrophomina, Sclerotinia, Ascochyta, Alternaria, Aspergillus and
Xanthomonas (Behera et al. 2020; Das et al. 2017; Dubey and Maheshwari 2011;
Fatima et al. 2009; Mehboob et al. 2009; Pundir and Jain 2015; Singh and Pathak
2015; Zaim et al. 2017). Different species of rhizobia belonging to genera Ensifer
(Sinorhizobium), Bradyrhizobium, Rhizobium andMesorhizobium have been used in
the literature to suppress fungal pathogens of non-legumes (Table 7.2).

Strains of the Ensifer have shown good potential as biocontrol agents for different
fungal disease of non-legumes plants. Ensifer meliloti KUMH 139 and KUMH
555 have been used as soil drench cover in controlling the soil-borne root-infecting
fungi (Macrophomina phaseolina, Fusarium spp., and Rhizoctonia solani) o
non-leguminous plants like okra (Abelmoschus esculentus L.) and sunflower
(Helianthus annuus L.). These strains inhibited M. phaseolina and Fusarium infec-
tion for more than 50% in both tested plants. The infection caused by Rhizoctonia
solani was reduced for more than a 50% on okra, due to application of E. meliloti,
while the infection was reduced by more than 50% on sunflower only with KUMH
139 (Ehteshamul-Haque and Ghaffar 1993). Ensifer meliloti R5 isolated from sweet



clover (Melilotus indica L.) exhibited improved plant growth with a significant
decrease in infection by the root-infecting fungi on okra, when applied with and
without locally available nursery fertilizers (flourish, frutan, NPK, urea and fish
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Table 7.2 The use of rhizobia in the biocontrol of fungi on non-legumes (literature review)

Rhizobia Non-legumes (host) Fungi Reference

Ensifer meliloti Okra
Sunflower
Chili

Macrophomina
phaseolina
Fusarium spp.
Rhizoctonia
solani
F. oxysporum
F. solani

Ehteshamul-Haque and
Ghaffar (1993)
Sheikh et al. (2006)
Parveen et al. (2020)

Ensifer sahelens Chili F. oxysporum
F. solani
R. solani
M. phaseolina

Parveen et al. (2020)

Bradyrhizobium
japonicum

Tomato
Sunflower
Okra

M. phaseolina
F. solani
R. solani
Fusarium spp.

Siddiqui and Shaukat
(2002)
Siddiqui et al. (1998)
Ehteshamul-Haque and
Ghaffar (1993)
Omar and Abd-Alla
(1998)

Bradyrhizobium sp. Okra
Sunflower
Chili

F. solani
M. phaseolina
R. solani
F. oxysporum

Omar and Abd-Alla
(1998)
Parveen et al. (2020)

Rhizobium
leguminosarum
bv. viceae

Sugar beet Pythium sp. Bardin et al. (2004)

Rhizobium
leguminosamm
bv. phaseoli

Okra
Sunflower
Rice

M. phaseolina
F. solani,
R. solani

Omar and Abd-Alla
(1998)

Rhizobium
leguminosarum
bv. trifolii

Rice R. solani Mishra et al. (2006)

Rhizobium
leguminosarum

Okra
Sunflower

R. solani
Fusarium spp.

Ehteshamul-Haque and
Ghaffar (1993)

Rhizobium trifolii Sunflower M. phaseolina
F. solani,
R. solani

Siddiqui et al. (1998)

Rhizobium sp. Micropropagated
Garnem rootstock
Sunflower
Chili

R. solani
Sclerotium
rolfsii
M. phaseolina
F. oxysporum
F. solani

Jemai et al. (2021)
Jatoi et al. (2018)
Parveen et al. (2020)

Mesorhizobium loti Indian mustard Sclerotinia
sclerotiorum

Chandra et al. (2007)



meal) as seed dressing and soil drenching. No infection of M. phaseolina, Fusarium
spp., and R. solani on okra was observed when fishmeal+E. meliloti R5 treatment
was used as soil drench (Sheikh et al. 2006).
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Two E. meliloti strains (NFB-28 and NFB-29) and three E. sahelens strains
(NFB-30, NFB-31 and NFB-32), applied individually and in combination with
Pseudomonas aeruginosa strains (PGPR-6, PGPR-11 and PGPR-37), were used
by Parveen et al. (2020) to control infection of F. oxysporum, F. solani, R. solani and
M. phaseolina in chili (Capsicum annuum L). Rhizobial strains NFB-30, NFB-31
and NFB-32 completely prevented the F. solani infection on chili roots under the
greenhouse conditions. NFB-28 also reduced F. solani infection in comparison to
other rhizobial strains. The lowest biocontrol potential was exhibited by NFB-29
strain. Infection (%) of M. phaseolina and F. oxysporum were reduced by all tested
rhizobial strains: 6.2% (NFB-31 and NFB-32), 25% (NFB-29, NFB-30) and 12.5%
(NFB-28). In the field experiments, stains NFB-28 and NFB-30 completely
prevented the F. solani and R. solani infection after 75 and 45 days, respectively.
Inoculation with dual inoculant NFB-28+NFB-30 controlled the infection of
F. oxysporum, M. phaseolina and R. solani significantly after 45, 75 and 45 days,
respectively. In dual inoculation in field experiments with Pseudomonas strains, two
rhizobial strains were used (NFB-28 and NBF30). Fusarium solani infection was
completely controlled by PGPR-37+NFB-28 and PGPR-11+NFB-28 after 45 and
75 days, respectively and infection was significantly reduced after 45 days by PGPR-
37+NFB-30 and PGPR-11+NFB-30. Interestingly, F. oxysporum infection was
reduced by PGPR-11+NFB-30 and was completely controlled by PGPR-37+NFB-
30, PGPR-11+NFB-28, NFB-28+PGPR-6, NFB-30+PGPR-6. In addition, infection
of M. phaseolina was suppressed by NFB-28+PGPR-6, NFB-30+PGPR-6 and
R. solani infection was completely controlled by PGPR-37+NFB-30, NFB-28
+PGPR-6 and NFB-30+ PGPR-6 (Parveen et al. 2020).

Similar to Ensifer and other fast-growing rhizobia, bradyrhizobial strains have
also been used successfully as biocontrol agents for charcoal rot caused by
M. phaseolina, F. solani and R. solani on plants such as tomato, okra, sunflower
and chili. Siddiqui and Shaukat (2002) used B. japonicum in the glasshouse and field
experiments to reduce the growth of tomato (Solanum lycopersicum) pathogens
(M. phaseolina, F. solani and R. solani). The highest efficiency of inoculation
with this strain was recorded against M. phaseolina, where the fungal infection
was reduced for about 80% in tomato (Siddiqui and Shaukat 2002). On the other
hand, B. japonicum was successfully used as soil drench cover in controlling
R. solani infection on sunflower, as well as Fusarium spp. and M. phaseolina
infection on okra and sunflower (Ehteshamul-Haque and Ghaffar 1993). In both
cases, the applied bradyrhizobial strain reduced infection by more than 50%. Omar
and Abd-Alla (1998) used two bradyrhizobial inoculums (B. japonicurn and
Bradyrhizobium sp.) for inoculation of soil during okra and sunflower seeds plant-
ing. These treatments exhibited different relative efficiency against F. solani,
M. phaseolina and R. solani on okra and sunflower seedlings. Both strains signifi-
cantly reduced root rot severity caused by these pathogenic fungi (Omar and
Abd-Alla 1998). Bradyrhizobium japonicum strain 811 (chickpea isolate) and



B. japonicum strain KUCC-823 also showed potential in the control of root infecting
fungi (M. phaseolina, R. solani, F. solani) on sunflower (Siddiqui et al. 1998). The
maximum reduction of F. solani and R. solani infection occurred by strain
KUCC-843. The KUCC-811 strain showed greater efficacy in reducing
M. phaseolina growth on sunflower, while Bradyrhizobium sp. NFB-1 showed
decrease in infection of M. phaseolina, F. solani and F. oxysporum in chili (Capsi-
cum annuum L), in greenhouse experiment. Infection (%) of M. phaseolina and
F. oxysporum were controlled by strain NFB-1 (25%), while F. solani by 62.5%
(Parveen et al. 2020).
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In addition to the single inoculant, bradyrhizobial strains were used in the dual
inoculant to control fungal diseases. Using B. japonicum strain 569Smr in combi-
nation with P. fluorescens strain CHA0 or P. aeruginosa strain IE-6S+ caused
significant suppression of multiple tomato pathogens (M. phaseolina, F. solani
and R. solani) in the field. The application of dual inoculant containing strains
569Smr and CHA0 provided complete protection of tomato roots against
M. phaseolina. Efficiency in controlling R. solani remained similar for both dual
inoculants (17% of infection), while slightly better effects of IE-6S++569Smr were
recorded for the reduction of F. solani infection (Siddiqui and Shaukat 2002).

Among the species of the genus Rhizobium, R. leguminosarum is the most studied
for control of fungal diseases. R. leguminosarum bv. viceae strains (isolated from
pea and lentil root nodules) showed high efficiency as biological control agents for
controlling the sugar beet (Beta vulgaris L) damping-off caused by Pythium
(Pythium sp. “group G” strain), as observed by Bardin et al. (2004). Similarly,
R. leguminosarum bv. phaseoli significantly reduced root rot severity caused by
M. phaseolina, F. solani and R. solani in okra and sunflower, when used as soil
treatment during the seed planting (Omar and Abd-Alla 1998). In addition, these
strains were effective as the fungicide treatment for protection of sugar beet seed-
lings against Pythium damping-off, in the field experiment (Bardin et al. 2004).
Inoculation of rice (Oryza sativa L.) with R. leguminosarum bv. phaseoli or
R. leguminosarum bv. trifolii mediated in the induction of systemic resistance
against R. solani. These strains were effective in inducing resistance in rice by a
rapid accumulation of phenolics (gallic, ferulic, tannic, and cinnamic acids) in the
plant. The accumulation of phenolic compounds was especially enhanced in the
presence of pathogen R. solani (Mishra et al. 2006). Rhizobium leguminosarum was
also successfully used as soil drench cover in controlling R. solani infection in
sunflower or okra, as well as Fusarium spp. infections in okra and sunflower
(Ehteshamul-Haque and Ghaffar 1993). Rhizobium trifolii (berseem clover isolate)
showed a good potential in the control of root infecting fungi (M. phaseolina,
F. solani and R. solani) in sunflower. The highest infection reduction was achieved
for R. solani, followed by M. phaseolina and F. solani, respectively (Siddiqui et al.
1998). Recently, Jemai et al. (2021) demonstrated the potential of four Rhizobium
strains to inhibit R. solani affecting micropropagated Garnem (Prunus amygdalus �
Prunus persica) rootstock. Incorporation of inoculums consisted of these strains in
sterilized peat (one week prior to inoculation with R. solani) allowed the relative
protection of Garnem micropropagated plantlets during acclimatization. PP6 (pea



isolate) and HaD4002 (bean isolate) conferred the highest survival rate (20–21%),
followed by PP29 (pea isolate) (10%) and Pch Kass, respectively. All plants grew
normally in the absence of fungus and rhizobia, while no plants survived in the
presence of fungus alone (Jemai et al. 2021). Ten Rhizobium isolates (S1–S10),
isolated from cluster bean (Cyamopsis tetragonoloba L.), were used to suppress
collar rot of sunflower caused by S. rolfsii. The Rhizobium strains S7 and S6 were
highly efficient in the reduction of S. rolfsii growth in soil in pot experiment (Jatoi
et al. 2018). More recently, Parveen et al. (2020) used Rhizobium sp. NFB-2 to
decrease the infection caused by M. phaseolina, F. oxysporum and F. solani in chili
(Capsicum annuum L.), in greenhouse experiment. Infection (%) of M. phaseolina
and F. oxysporum were significantly controlled by strain NFB-2 and it was 25%,
while the infection (%) of F. solani was 62.5% (Parveen et al. 2020).
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Earlier, M. loti (isolated from root nodules of Mimosa pudica) inhibited the
growth of S. sclerotiorum (by 75%) which caused the white rot in Indian mustard
(Brassica campestris) (Chandra et al. 2007). HCN and hydroxamate type
siderophores production probably played a significant role in the inhibition of fungi.

7.4.5 Suppression of Nematodes in Non-legumes by Rhizobia

Most of the studies focused on two major groups of plant parasitic nematodes: cyst
(Heterodera andGlobodera sp.) and root knot nematodes (Meloidogyne sp.). During
their life cycle, they have six stages: the egg, juvenile stages (J1, J2, J3 and J4) and
the adult stage (males or females), while the second juvenile stage (J2) is regarded as
an invasive stage when the infection of plant roots occurs (Maheshwari et al. 2012;
Mhatre et al. 2019; Oro et al. 2020). Among root-nodulating rhizobia, strains from
three genera, Bradyrhizobium, Rhizobium and Ensifer were used for controling
nematodes in non-legumes plants (such as tomato, chilli and potato) (Table 7.2).

Parveen et al. (2019) used Bradyrhizobium spp. NFB-1 for biocontrol of root knot
nematode (Meloidogyne javanica) on chili roots. The NFB-1 strain showed a
significant reduction of galls and number of nematode penetrations in the roots,
compared to the uninoculated control. Other bradyrhizobial strain, B. japonicum
569mr, alone or in combination with P. fluorescens strain CHA0 or P. aeruginosa
strain IE-6S+, caused a substantial mortality of M. javanica juveniles in tomato
rhizosphere (Siddiqui and Shaukat 2002). In addition, in both iron-deficient and
iron-sufficient soils, strain 569Smr significantly suppressed Meloidogyne incognita.
Used as a soil drench, these rhizobia not only suppressed root knot nematodes, but
also enhanced the growth of tomato plants, both under glasshouse and field condi-
tions. Inoculation with dual inoculums, IE-6S++569Smr induced higher reduction in
galls (about 42%) than CHA0+569Smr (about 32%), compared to the control. The
strongest effect on the decrement in gall number (about 53%) was achieved by using
the inoculant that consisted of all three strains (Siddiqui and Shaukat 2002).

Phytoparasitic nematodes have generally been controlled by nematicides. The
application of Rhizobium strains, R. etli G12 and Rhizobium spp. NFB-2 controlled



M. incognita and M. javanica, respectively (Hallmann et al. 2001; Parveen et al.
2020). The number of galls formed by M. incognita on potato was significantly
decreased when R. etli G12 treatment was applied. The reduction in the number of
galls was 34 and 39% lower for the treatment with G12 and G12 (pGT-trp),
respectively than on root treated with nematode alone (Hallmann et al. 2001).
Rhizobium spp. NFB-2 did not show a significant reduction of galls on chili roots,
but the reduction in the number of nematode penetrations in the roots compared to
the uninoculated control was significant (Parveen et al. 2020). In addition, Rhizo-
bium etli G12, alone or in the combination with Glomus intraradices, was applied as
the biocontrol agent of M. incognita on tomato. The application of Rhizobium etli
G12 alone resulted in a significant reduction of galling up to 39% and a significant
reduction in the number of egg masses, but combining the two microorganisms led
to a significant reduction in the numbers of galls (up to 61%) and egg masses (up to
54%), compared to the control (Reimann et al. 2008). Reitz et al. (2000) examined
the ability of R. etli G12 to control cyst nematode Globodera pallida. They showed
that both living and heat-killed cells of R. etli strain G12 can induce systemic
resistance in potato roots to G. pallida nematode infection. The pretreatment of
potato roots, with living G12 cells or different concentrations of LPS extract (from
R. etli G12), resulted in a significant reduction in G. pallida infection in potato roots.
The greatest reduction in G. pallida infection was achieved using 1 mg ml-1 LPS
extract (up to 44%), while treatment with living cells of R. etli reduced the nematode
infection by 34% (Reitz et al. 2000).
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Ensifer meliloti NFB-28, E. meliloti NFB-29, E. sahelens NFB-30, E. sahelens
NFB-31 and E. sahelensNFB-32, individually or in combination with P. aeruginosa
strains (PGPR-6, PGPR-11, PGPR-37), showed biocontrol potential against
M. javanica on chili roots (Parveen et al. 2020). All Ensifer strains caused inhibitory
effect on root knot nematode by reducing the number of galls and nematode
penetrations in the roots, under greenhouse conditions. Significant reduction of
galls was achieved by strains NFB-28, NFB-29, NGB-30, but NFB-29 was the most
effective. The number of nematodal penetration in roots was significantly reduced by
all strains, in comparison to the control. Strains NFB-30 and NBB-28 showed the
highest reduction in juvenile root penetration. In the field experiment, NFB-28,
NFB-30 and inoculation with dual inoculum of these strains decreased the number
of galls and nematode penetration in chili roots after 45 days. In addition, the
reduction of nematodes was also achieved by dual inoculation with rhizobium
strains (NFB-28 and NFB-30) and P. aeruginosa strains (PGPR-6, PGPR-11,
PGPR-37) (Parveen et al. 2020).

7.5 Interactions Between Rhizobia and Non-legume Plants

Rhizobium,Mesorhizobium, Bradyrhizobium and Ensifer species are conventionally
known as symbionts of legume crops. The main advantage of the formation of
symbiotic systems inside the root nodules of leguminous plants is regarded as the



protection of bacteria from the competition with other microorganisms in the
rhizosphere (including other bacteria or fungi), as well as in the possibility of
bidirectional metabolites exchange between the legume plant and symbiotic bacte-
rium (Webster et al. 1997). In addition, root nodules enable lower energy consump-
tion, both for host plant and symbiotic bacteria, as well as the protection from N
fixation inhibitors, such as elevated concentration of oxygen (Dent and Cocking
2017). Nodule formation is induced by the secretion of flavonoid compounds by
legume plants into the rhizosphere, where they activate the transcription of bacterial
nod genes which produce a lipochitooligosaccharidic signal necessary for the devel-
opment of symbiosomes (Oldroyd et al. 2011). The recognition between flavonoides
and Nod proteins is responsible for defining the specificity of the plant-rhizobia
symbiosis (Wang et al. 2018). However, as nod genes are generally located on
plasmids, they can be transferred by horizontal gene transfer by conjugation between
different species in the rhizosphere or within the root nodules/symbiosomes, which
can consequently alter the bacterial host-range specificity (Bañuelos-Vazquez et al.
2020).
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The discovery of an effective nodulation of Parasponia andersonii
(Cannabaceae) induced by Bradyrhizobium opened a new perspective in the research
of rhizobial nodulation, especially regarding the non-legume plants (Trinick 1979).
It has been shown that Parasponia can induce the transcription of rhizobial nod
genes, indicating that this plant species produces nod geneinducing compounds
(fluorescent substances with flavonoid-like properties) (Reddy et al. 2007). Although
the mechanism responsible for the induction of non-legume plants nodulation is not
completely determined, it can be concluded that the control mechanisms over
rhizobial bacteria are not exclusive to the legumes (Dupin et al. 2020).

Despite being unable to induce nodulation, rhizobial species can enter the root
system of different non-legumes at the place of lateral roots emergence. After
entering into the plant root system by a ‘crack entry’, rhizobia penetrate into the
cortex cells of young emerging lateral roots, which induces thicker and shorter roots
(Cocking et al. 1995). The production of specific rhizobial lythic enzymes such as
cellulase, amylase, and pectinase could underlie in the effectiveness of its penetra-
tion in the roots cortex system. Besides colonization of the cortical cells, rhizobia are
also able to colonize xylem vessels of the non-legume roots (Reddy et al. 2007).
Thus, as invasion of rhizobia into the tissues of non-legume plants bypasses the plant
defence mechanisms, it induces no harm for the colonized plant tissues. The
mechanisms between rhizobia and non-legumes required for successful colonization
are achieved by the exchange of different signal molecules (Santi et al. 2013).
Regarded to the induction of rhizobial nod genes transcription, it has been shown
that different types of non-legumes can secrete phenolic compounds such as vanillin
and isovanillin, which can consequently induce transcription of nod genes
(Le Strange et al. 1990; Reddy et al. 2000, 2007). Although exogenous application
of specific flavonoids can promote colonization of non-legumes roots by rhizobia,
there is insufficient data whether the colonization of non-legume roots by rhizobia is
dependent from nod genes activation. The complete nature and significance of nod
genes inducing compounds produced by non-legume plants is yet to be determined.
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The production of biofilm by rhizobia has been extensively studied (Janczarek
et al. 2015; Robledo et al. 2012). The fast-growing rhizobia, E. meliloti and
R. leguminosarum formed biofilm on abiotic surfaces, where the level of EPS
production and the presence of flagella were one of the major factors for the biofilm
formation performance (Fujishige et al. 2006). The production of EPS is highly
significant in the associative interactions of rhizobia with non-legume plants roots,
such as tomato (Vershinina et al. 2021). The ability of E. meliloti to form a
3-dimensional biofilm is induced by the expression of nod genes (Fujishige et al.
2008). Although the transcription of nod genes can be induced by plant-derived
substances, the presence of flavonoids is not essential for the maturation of rhizobial
biofilm, suggesting that their role in biofilm formation is probably an ancestral
function (Fujishige et al. 2008). However, different plant-derived substances are
likely to induce biofilm formation. As mentioned before, rhizobia enter the
non-legumes root system at the place of lateral roots emergence. The formation of
biofilm at the ‘crack entry’ could be explained by the higher concentrations of plant
exudates found around actively growing tissues (Rinaudi and Giordano 2010). The
mechanisms of flavonoid-independent biofilm production are yet to be comprehen-
sively studied, as it may underlie in the pattern of non-legume roots colonization.

It has been shown that the attachment of R. leguminosarum to tomato and pepper
seedling gradually increases during the first 9 days of inoculation, after which
bacteria became firmly attached to seedling root surfaces (García-Fraile et al.
2012). In the same research, the initiation of Rhizobium biofilm formation was
also observed in intercellular spaces of seedlings roots (García-Fraile et al. 2012).
Similarly, Bhattacharjee et al. (2012) showed that R. leguminosarum bv. trifolii has
the ability to colonize the root surface of rice, with a strong chemotaxis response
found between rhizobia and the rice seed leachates and root exudates. In the rice
seedlings, rhizobia were observed at the lateral root junctions and at the main root tip
where it formed an infection thread-like structure towards the base of the rice root
hair (Perrine-Walker et al. 2007). Chen and Zhu (2013) demonstrated that infection
of rice roots by rhizobia is a process which is independent from the common
symbiosis Sym genes. Furthermore, transcriptomic analysis of rice shoots showed
that differentially-expressed genes (DEGs) were up-regulated by rhizobia even
before its ascendance from the roots to the shoots, suggesting that rhizobia may be
involved in the promotion of rice shoot growth by long-distance signalling (Wu et al.
2018). Glaeser et al. (2015) showed that conglomerates of rhizobial cells were
particularly present at lateral barley root protrusions and that they probably serve
as entry sites. In addition, the expression of non-expressor of pathogenesis-related
genes 1 (NPR1) has been identified as a requirement for colonization of barley by
R. radiobacter, which allows the establishment of typical spatiotemporal coloniza-
tion pattern and bacterial multiplication (Kumar et al. 2020). Several Rhizobium or
Bradyrhizobium species have been observed in the roots of non-legumes such as
wheat, banana and maize (Bartoli et al. 2020; Martínez et al. 2003; Rosenblueth and
Martínez-Romero 2004; Yoneyama et al. 2019). The formation of nodule-like
structures consisted of scattered centrally located cells enclosed by several layers
of cells, with rhizobia mainly localized in spaces between the cell layers, was also



observed on rice seedling roots (Dent and Cocking 2017). Similarly, the formation of
these structures was also observed in the oilseed roots after the enzymatic treatment,
thus rhizobia invaded only dead root cells, while significant nitrogenase activity was
not observed both in oilseed and rice roots (Dent and Cocking 2017). Regarding the
colonization of sugarcane (Poaceae), bradyrhizobia is found to express N fixation
genes in planta (Thaweenut et al. 2010). A metagenomic approach based on the
improved amplification of nifH genes showed the presence of Bradyrhizobium in the
root compartment of sugarcane, indicated the importance of beneficial rhizobia
associated with this plant species (Gaby et al. 2017). In addition, metagenomic
analysis of bacterial communities associated with seeds of grasses such as Festuca
rubra (red fescue), Lolium arundinacea (tall fescue) and Lolium perenne (perennial
ryegrass) showed that the greater diversity and density of bacteria (including
Rhizobiaceae) can improve seedling growth in stress conditions, while the extremely
high concentration of these bacteria can interfere with the seedling development by
competing for the nutrients from rhizosphere (Chen et al. 2020b). Also, it has been
shown that there is a strong influence of soil microbiome on the structure of the root
microbiome of barley (Yang et al. 2017).

7 Root Nodule Bacteria-Rhizobia: Exploring the Beneficial Effects. . . 153

7.5.1 Rhizobia and Non-legumes Association Development

The necessity of achieving quality and sustainable crop production with higher yield
arises due to the increment of worldwide consumption. Recently, research regarding
the improvement of N content in economically significant plants by reducing the use
of chemical fertilizers and by creating an artificial symbiosis between PGP rhizobia
and non-legumes has been gaining the wider perspective (Santi et al. 2013). The
understanding of complex interactions between N-fixing rhizobia and non-legumes
offers a new insight into the improvement of sustainable agriculture. Although there
are some findings that rhizobial nitrogenase genes can be expressed in planta
(determined by culture-independent methods), the level of N obtained in this way
remains insufficient for an effective plant growth promotion, in comparison to the
chemical fertilizers (Rosenblueth et al. 2018). Besides a conventional approach,
where the potent PGP rhizobia is being applied to non-legume plants in order to
promote the growth of selected plants by expressing the aforementioned PGP traits, a
novel research approach based on the methods of genetic engineering is being
scrutinized. As molecular biology methods evolve and become more accessible,
the possibilities of their application to improve the properties that would contribute
to the greater efficiency of rhizobia and non-legume interactions are frequently used.

Genetic engineering of rhizobia is commonly referred to as the enhancement of N
fixation or colonization patterns regarded to efficient recognition, chemotaxis and
root invasion (Priyadarshini et al. 2021; Rosenblueth et al. 2018). Dispensability of
different rhizobial genes provides flexibility for expanding nitrogenase activity by
methods of genetic engineering (Goyal et al. 2021). Bloch et al. (2020) showed that
signalling pathways involved in the formation of symbiosomes (such as signalling



for nodules formation induced by plant hormones) are common for all plants, thus
these signalling cascades may be blocked in the non-legume plants. As the specific
signalling pathways in cereals are analogue to the ones present in the legume crops in
effective nodule organogenesis, engineering a nodule-like symbiosis between
rhizobia and cereal crops offers a promising alternative (Bloch et al. 2020). In
addition, the expression of transcription factors that regulate the induction of flavo-
noid biosynthetic pathway could be engineered to promote nod gene induction in
rhizobia (Reddy et al. 2007).
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Elevating the competitive potential of rhizobia is another target for engineering,
especially when considering unfavourable environmental conditions, which gener-
ally suppress rhizobial activity and viability. Regarding stressors coupled with water
deficiency (salinity or drought stress), modification of bacterial chaperones showed
potential for increasing the stress tolerance and adaptability of rhizobia (Goyal et al.
2021). This kind of modification is of great importance as interactions between
non-legumes and rhizobia can be altered or even inhibited by unfavourable envi-
ronment conditions (Mayer et al. 2019).

7.6 Future Prospects of Rhizobial Inoculant Formulation

Rhizobial inoculants can replace mineral N fertilizers in sustainable agriculture or
can be a fertilizer supplement in the conventional agricultural production due to their
ability to increase plant yield, provide high-quality protein food and improve N
fixation potential of the soil. These can also be used as a plant probiotic for some
non-legumes (cereals, fruits, vegetables, etc.), with the aim to enhance the plant
growth (Jiménez-Gómez et al. 2018). Besides being used as single inoculums, the
potential of using synergistic rhizobia with other soil microorganisms in sustainable
agriculture has been elucidated with examples, followed by their future plant growth
potential and quality prospects (Naseer et al. 2019; Stajković-Srbinović et al. 2021;
Siddiqui and Shaukat 2002). Rhizobial inoculants with PGP rhizobacteria (binary or
polyvalent) are the future in the production of biofertilizers, with a potential use in
the production of leguminous and non-leguminous crops. Recently, co-inoculation
of different strains of rhizobia or with other PGP rhizobacteria which have a
complementary or synergistic effect on improving plant growth has been intensively
used in agricultural production (Delić et al. 2012). The results of some authors
showed the ability of rhizobia to promote the growth of non-legumes in
co-inoculation with particular non-rhizobial bacteria (Knežević et al. 2021a;
Rosenblueth et al. 2018; Stajković-Srbinović et al. 2015b). In that way, an effective
rhizobial strain, as active agent of bivalent or polyvalent bio-inoculant, can be
intended for inoculation of plant mixtures, which involve legumes as well. In
addition, rhizobial inoculation can reduce mineral N application in the production
of non-legumes, which can be used as cost-effective way of crop production in the
soils with limited fertility. Seed inoculation of non-legumes can enhance quantity
and quality of not only non-legumes but also legumes grown as subsequent crops in



crop rotation (Alemayehu 2020; Galindo et al. 2021; Kumar et al. 2021). In order to
obtain modified strains for various purposes, different genetic methods should be
used (Das et al. 2017).
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Quality of active agents of bio-inoculant is another important task in agricultural
biotechnology. One of the most important steps in selecting the proper active agents
is its competitivness to native rhizobacteria. Highly efficient strains which simulta-
neously have more than two PGP traits should be obtained during the selection
process. Moreover, carrier quality and improved formulations are equally important
for the success of inoculants under field conditions. Liquid inoculant represents a
complex biological formulation consisted from active agents (bacteria) and its
metabolites secreted to the used growth medium (Buntić et al. 2021; Boiero et al.
2007). In that regard, during the inoculant preparation, the attention should also be
given to the physiological traits (production of different metabolites) of bacteria in
selected medium, which can have potentially negative secondary effects. Boiero
et al. (2007) demonstrated that B. japonicum can produce ethylene in a medium
enriched by of L-methionine. The authors suggested that the evaluation of all the
inoculant components for each rhizobial strain is necessary in order to obtain an
accurate quality control. Biofilm-based formulations showed a good ability to
protect microorganisms and keep their survival under stressful environmental con-
ditions (Swarnalakshmi et al. 2013; Triveni et al. 2012; Das et al. 2017). Polymer-
based formulations allow the optimal storage life of the bio-inoculant (Tittabutr et al.
2007). Water-in-oil emulsion technology for developing liquid formulations is
beneficial for bacterial inoculants (Vandergheynst et al. 2006). Das et al. (2017)
pointed out that the application of nanotechnology as new class of bacterial inocu-
lants should provide suitable carrier for bacteria due to nanostructures which
improve stability and high surface area. Suitable nano-formulations may contribute
to a stability of bacterial inoculants under the influence of high temperature, UV
influence or desiccation.

7.7 Concluding Remarks

The application of rhizobia for the growth promotion of non-legumes, as well as for
protection against different kinds of phytopathogenes has been gaining more atten-
tion. Currently, the use of non-rhizobial inoculants based on species belonging to
Pseudomonas, Bacillus and Serratia is being potentiated. However, there are several
concerns regarding the safety of these inoculants. On the contrary, crops treated by
rhizobial inoculants have been regarded as safe, both for human and animal con-
sumption. Although there is a variety of literature regarding the beneficial effect of
rhizobia to legumes, more research on the potential use of rhizobia for improving the
growth of non-legumes is required. Besides studying the mechanisms responsible for
the promotion of plant growth, identification of mechanisms necessary for the
successful interaction between rhizobia and host non-legume plant is also of great
importance. As there are many commercially available rhizobia-based products used



for promotion of legume growth, their effect should also be tested on the
non-legumes. By using the same rhizobial fertilizer for different crops (including
legumes and non-legumes), the use of chemical fertilizers could be drastically
lowered, production could be facilitated, and costs could be lower for the
end-users. Inoculums containing rhizobia with multiple beneficial properties would
have many advantages, as they would enable a more complete diet of both legumes
and non-leguminous plants and improve the general fertility of the soil. In addition,
the selection of effective and competitive rhizobia to be used as inoculants for
growing non-legumes represents an emerging solution for improving the growth
and quality of significant crops. In conclusion, enriching the rhizosphere
microbiome of non-legumes with competitive and effective PGP rhizobia, and
engineering the plants to provide better conditions for symbiosis should be the
focus of further research (Priyadarshini et al. 2021).
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Chapter 8
Interactions of Nitrogen-Fixing Bacteria
and Cereal Crops: An Important Dimension

Prashant Katiyar, Sandeep Kumar, and Naveen Kumar Arora

Abstract Cereals have been a crucial part of diets of humans as well as animals
since the advent of agriculture. These crops along with many other crops on earth
require a large amount of nitrogen (N) for their growth and enhanced productivity.
This can be achieved through biological nitrogen fixation (BNF) by utilizing
diazotrophs for converting atmospheric nitrogen to plant available form (NH4

+). It
has been established that rhizobia are the symbiotic nitrogen-fixers of legumes
forming nodules in their roots, thus promoting the growth and health of legumes.
However, rhizobial interactions with non-legumes have also been explored by
scientists for their applied benefits. During the last 30 years or so, the studies on
interactions of rhizobia in non-legumes are gaining interest, as it has been found that
rhizobia are capable of associating with the roots of non-legumes, although without
forming true root nodules. There are several mechanisms for beneficial interactions
between rhizobia and non-legumes. Some of the direct mechanisms are phytohor-
mones, signal molecules such as lipo-polysaccharides, lumichrome, siderophores,
1-aminocyclopropane-1-carboxylic acid (ACC) deaminase activity and solubiliza-
tion of minerals such as phosphates for uptake by plants. Indirect methods for growth
promotion of plants by rhizobia are differential breeding, gene editing, alteration of
root morphology, inducing systemic resistance, increase in exopolysaccharide pro-
duction, etc. These mechanisms will be discussed in this chapter to explain the
importance of rhizobial interactions for sustainable production of non-leguminous
crops.
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8.1 Introduction

Long-term viability of an agricultural system depends on the efficient use of internal
resources. Microbial inoculation of plant growth-promoting microorganisms
(PGPM) is a cost-effective and eco-friendly way to improve yields and quality of
agri-produce. The targets of sustainable agriculture can only be achieved by the
involvement of beneficial soil microorganisms (BSMs). Rhizobia, a group of very
important BSMs are non-spore forming, Gram negative rods belonging to the family
Rhizobiaceae comprising of genera Rhizobium, Mesorhizobium, Ensifer (formerly
Sinorhizobium), Bradyrhizobium, Phyllobacterium, Microvirga, Azorhizobium,
Methylobacterium, Ochrobactrum, Devosia, Shinella (α-proteobacteria),
Burkholderia, Cupriavidus (previously Ralstonia) (β-proteobacteria) with some of
the γ-proteobacteria (Pseudomonadales) (https://lpsn.dsmz.de/family/rhizobiaceae).
Most of the members of this family have the extraordinary ability to form mutualistic
association with plants and form nodules in the roots, which are the sight of
biological nitrogen fixation (BNF) and make it (nitrogen) available to their symbiotic
partners in a very efficient manner (De Lajudie and Young 2020). Rhizobia, on the
other hand, can also form non-specific associative interactions with the roots of
non-legumes without forming true nodules (Reyes and Schmidt 1979; Mehboob
et al. 2009; Ullah et al. 2017). These implicit relationships between plant roots and
beneficial bacteria stimulate growth and are of great significance due to the fact that
many crops have shown boost in growth and yield production after rhizobial
inoculation (Höflich et al. 1994; Yanni et al. 1997; Qureshi et al. 2019; Ali 2021).

Rhizobia are now being reported to enhance the growth and productivity of a
wide range of cereals, grasses and other non-legumes (Dent and Cocking 2017; Silva
et al. 2020). Rhizobia can directly affect non-legume plant development by produc-
ing phytohormones and vitamins, restricting plant ethylene production, improving
nutrient absorption, increasing stress tolerance, and solubilizing minerals such as of
phosphate, potassium and zinc. In addition, by communicating with other beneficial
microorganisms, rhizobia can indirectly facilitate the growth of non-leguminous
plants (Fig. 8.1).

Rhizobia are also capable of facilitating growth of crops under stressful condi-
tions. For example, R. leguminosarum KS09 and R. phaseoli KR16 isolated from
pea nodules under stress conditions promoted growth of Pisum sativum var. arkel
under heavy metal stress conditions (Katiyar et al. 2021). Prior to that, Antoun et al.
(1998) and Antoun and Prévost (2005) reported that specific rhizobial strains can be
used as PGPR on non-legumes as well.

This chapter is aimed to discuss different mechanisms of action used by
diazotrophs and non-legume for their interactions. Further, the importance of nitro-
gen fixation in crop improvement will be described.

https://lpsn.dsmz.de/family/rhizobiaceae
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Fig. 8.1 Role of rhizobia in promoting growth of non-leguminous plants through various mech-
anisms and interactions

8.2 Plant Growth: Direct Mechanisms

Direct mechanisms include such processes which impact the plant growth directly by
providing nutrients, releasing growth regulators, solubilizing nutrients, etc. These
mechanisms induce the metabolic activity of plants, resulting in improvement in
their adaptation and growth (Govindasamy et al. 2011; Glick 2014; Verma et al.
2019).



172 P. Katiyar et al.

8.2.1 Biological Nitrogen Fixation (BNF)

Since the last half century, BNF in cereals has become a prospect for a long-term
alternative to nitrogen fertilizers. Manufacturing nitrogenous fertilizers is a high-
energy operation that takes six times as much energy as producing phosphorus
(P) and potassium (K) fertilizers (Montalvo et al. 2016). It would be a lucrative
enterprise to reduce reliance on these fertilizers by making BNF an integral mech-
anism in crop production. According to studies, BNF extracts about 200 million tons
of nitrogen per year worldwide (Graham and Vance 1995; Salvagiotti et al. 2009).
Ramírez-Puebla et al. (2019) found that diazotrophic bacteria using the nitrogenase
enzyme contribute 50% of field N. As a result, BNF attracts agricultural researchers
interest, encouraging them to introduce this trait into staple and economically
important food crops as evidenced by rhizobia-legume interactions. However,
owing to the complexity of the BNF, there are number of technical limitations that
must be overcome in order to effectively solve this trait among non-leguminous
plants. As a result, researchers are yet to decode and establish the process of
N-fixation in cereals. Synthetic biology has been proposed as a feasible solution to
engineer cereals for carrying out nitrogen fixation (Rogers and Oldroyd 2014). In
this context, it was reported that a similar pathway for lateral root and nodule growth
showed a significant portion of the nodule-forming machinery which is present in
cereals and can be engineered for N-fixation (Katarína et al. 2019). Scientists at the
Lethbridge Research and Development Centre, Canada, have created a nif gene
cluster of 16 critical genes and successfully introduced it into wheat mitochondria, so
as to restore the wheat plantlets enriched with nif genes (Li et al. 2018). Currently,
research on maize is based on features such as disease resistance, yield, and
efficiency of fertilizer. However, research on interaction of maize with diazotrophic
bacteria is still in its infancy and not much explored in field conditions
(Brusamarello-Santos et al. 2017; Van deynze et al. 2018). Diazotrophic bacteria,
including species of Azospirillum, Azoarcus and Herbaspirillum, are reported from
intercellular plant tissues as endophytes. This opens up the possibility of studying
the importance of endophytes in maize cultivation and breeding programmes so that
dependence on nitrogen-based chemical fertilizers gets reduced. Diazotrophs also
aid plant growth by facilitating pathways such as vitamin and phytohormone
synthesis, nutrient uptake, reduction of ethylene, and pathogen tolerance (Kemper
et al. 1998; Karoney et al. 2020). As a result, under the right circumstances, a
diazotrophic relationship may also support plant growth or wellbeing (Chelius and
Triplett 2000; Teixeira et al. 2006). Taking all of this into account, combining the
BNF mechanism with maize breeding techniques would aid in achieving long-term
agricultural development (Yang and Zhu 2013; Puri et al. 2018). Since maize cannot
fix nitrogen, therefore, there is no experimental evidence to quantify its effect on
maize yields (Breedt et al. 2017). An examination of the energy cost of legumes such
as soybean can provide a rough estimate of the energy cost of N-fixation in other
crops. According to the study, soybeans absorb 19% of photosynthate, but this is
offset by N-fixation, nitrate assimilation, and other pathways such as maintenance of



carbon sink, which induces photosynthesis and boosts the health and the growth of
plant (Ladha and Reddy 2000; Rodrigues et al. 2008).
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8.2.2 Phytohormones Production

Phytohormones are the natural plant products that influence flowering, ageing, root
development, bud, stem, and other component distortion and decay, as well as stem
elongation suppression or promotion, fruit colour enhancement, leafing and/or leaf
senescence prevention, and many other factors. The well-known plant hormones are
auxins, cytokinins, gibberellins, abscisic acid and ethylene (Khalid et al. 2004).
Production of phytohormones is an important feature of rhizobia (Taller and
Sturtevant 1991; Matiru and Dakora 2004) and is considered as one of the most
feasible approach to influence plant growth. The rhizobial genera have the ability to
develop various forms of plant hormones. Various rhizobial species can secret
cytokinins (Phillips and Torrey 1970; Miri et al. 2016), abscisic acid (ABA)
(Figueiredo et al. 2008), gibberellic acid (Rafique et al. 2021), and indole acetic
acid (IAA) (Etesami and Maheshwari 2018). Production of phytohormones helps
plants in a variety of ways and influences a range of biological processes in the host,
such as root hair formation, defense against pathogens, acquisition of nutrients, etc.
(Dupuy et al. 2018; Khare et al. 2018).

8.2.3 Lumichrome

Lumichrome is a signal compound isolated from Sinorhizobium meliloti cell culture
filtrates that has the ability to stimulate plant growth (Kanu et al. 2007; Dakora et al.
2015) by improving carbon assimilation through increased root respiration (Phillips
et al. 1999). Lumichrome in addition to traditional plant hormones is reported to
coordinate plant growth. It promotes growth at a nanomolar concentration (5 nm),
while higher dosage (50 nm) inhibits root growth in non-legumes. Besides,
rhizobacterial inoculation of plants has been proposed to mitigate the effects of
drought conditions by producing lumichrome, which lowers leaf transpiration and
reduces water loss through evaporative cooling in the leaves (Phillips et al. 1999).

8.2.4 Riboflavin

Root-colonizing bacteria are commonly known to release riboflavin and this bio-
molecule may have evolved due to plant-bacteria interactions and plays a very
important role in the mutualism (García-Angulo 2017). Riboflavin is an essential
part of the flavin coenzymes in bacteria and is reported to play important role in



plant-bacteria interactions (Dakora et al. 2015; Lopez et al. 2019). Rhizobia release
riboflavin, a vitamin that is quickly transformed via photo-proteolysis into
lumichrome, which promotes plant growth by inducing root transpiration (Phillips
et al. 1999; Dakora et al. 2015; Wheatley et al. 2020). This biomolecule can also play
a crucial role in rhizobia and non-legume interactions.
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8.2.5 Ethylene Regulation

Ethylene is a ripening hormone but also required in seed germination to lower the
seed dormancy by promoting adventitious root and root hair creation (Ma et al. 2002;
Arora et al. 2012; Maheshwari et al. 2015). Root elongation is impaired if the
ethylene concentration stays elevated after germination (Le et al. 2001). Plant
growth promotion by PGPR is due to the lowering of ethylene levels in plants by
the synthesis of enzyme 1-aminocyclopropane-1-carboxylate (ACC) deaminase
enzymes (Glick 2005), that breaks down ACC which is the immediate biosynthetic
precursor to ethylene in plants. ACC-deaminase-producing PGPR protects plants
from abiotic stresses supporting better growth under water stress conditions (Penrose
and Glick 2003) and better ability to withstand the inhibitory effects of ethylene
stress due to heavy metals (Arshad et al. 2007; Kotoky et al. 2019), salinity (Bharti
and Barnawal 2019), drought (Ali et al. 2014; Saikia et al. 2018) and other abiotic
stresses. It has been reported that inoculating plants with ACC-deaminase producing
bacteria can lower the ACC and ethylene levels by two- to fourfold (Singha et al.
2018). Pseudomonas sp. strain ACP (Honma 1993) producing ACC-deaminase
enzyme is used in a diverse variety of crop plants to alleviate stresses (Kaneko
et al. 2002; Deshwal et al. 2003a, b; Ma et al. 2003; Conforte et al. 2010; Checcucci
et al. 2017) and in biological control of plant pathogens. Many researchers are
involved in studying ACC deaminase producing rhizobial strains to support growth
of non-legumes under biotic and abiotic stresses (Singh et al. 2010).

8.2.6 Siderophore Production

Iron is a very important micro nutrient and is required for a number of biochemical
activities including chlorophyll synthesis, and as co-factor of several enzymes. Its
deficiency can result in diseases and makes plants susceptible to infection. Its
overuse also results in negative effects such as the leaves turning bronze and
developing tiny brown spots (Pourbabaee et al. 2020). In an aerobic climate, iron
is insoluble at biological pH, where it occurs as oxyhydroxide in the trivalent state
(Schwyn and Neilands 1987; Arora and Verma 2017), and the free Fe3+ supply at
low soil pH (e.g. pH 4) is insufficient to satisfy plant demand. The concentration of
free Fe3+ is too low in calcareous soils with high pH, to support optimum plant
growth (Sharma and Johri 2003). Fe3+ chelation is the most effective pathway for



plant roots to absorb iron under deficient conditions (Reid et al. 1984). PGPR are
known to produce siderophores, which are low-molecular-weight, iron chelating
agents produced accumulating ferric irons from the surroundings. Catecholates and
hydroxamates are the two major types of siderophores. Bacterial siderophore as well
as other chelating metabolites are thought to be important for the chelation of iron to
plants, and a variety of plants may use bacterial siderophore complexes to meet out
the needs of iron (Alaylar et al. 2020). Moreover, the use of microorganisms that
develop chelating compounds under iron-deficient conditions can improve plant Fe
acquisition (Crowley et al. 1992). Diverse species of the family Rhizobiaceae are
reported to produce siderophores. Rhizobium meliloti (Schwyn and Neilands 1987;
Arora et al. 2001), Sinorhizobium meliloti, R. leguminosarum bv. viciae,
R. leguminosarum bv. trifolii, R.leguminosarum bv. phaseoli, Rhizobium tropici
(Carson et al. 2000), Rhizobium sp. (Roy and Chakrabartty 2000; Ahemad and Khan
2012), Bradyrhizobium (Abd-Alla 1998), etc. are commonly reported to produce
siderophores under iron-deficient conditions (Arora et al. 2001; Sullivan et al. 2006;
Boiteau et al. 2016) both in the rhizosphere of legumes and non-legume plants.
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8.2.7 Stress Tolerance

Plant growth-promoting bacteria producing ACC-deaminase have shown to shield
plants from the negative effects of a variety of environmental stresses, including
floods (Grichko and Glick 2001), phytopathogens (Chernin and Glick 2012; Li et al.
2013), heavy-metals (Yadav 2010; Etesami 2018; Katiyar et al. 2021) and drought
(Vurukonda et al. 2016; Saikia et al. 2018). Inoculation of non-leguminous plants by
stress-tolerant rhizobial strain roots has been proposed to mitigate water stress
(Farwell et al. 2007) by modifying leaf stomatal conductance, transpiration, photo-
respiration potential (Chi et al. 2005), and root development, resulting in increased
nutrient and water usage efficiency and drought resistance. Abscisic acid or
lumichrome (Phillips et al. 1999; Dakora et al. 2015) are rhizobacterial compounds
that minimize leaf stomatal conductance and thus water loss through transpiration.
So far, experiments have revealed rhizobia’s growth-promoting effects on plant
growth under drought stress through the development of various metabolites in
cells and tissues of leguminous plants, but no significant correlation to the mecha-
nism has been established. Halo and metal-tolerant rhizobia are also reported to
protect non-legumes from high soil salinity and heavy metal contamination (Arora
2014).

Apart from above, rhizobia are now well known to carry out phosphate, zinc and
potassium solubilization (Alikhani et al. 2006; Kamran et al. 2017; Menéndez et al.
2020). Recently, Verma et al. (2020) reported a zinc and phosphate solubilizing
strain of Rhizobium radiobacter enhancing growth of lettuce. Similarly, Menéndez
et al. (2020) reported phosphate and potassium solubilizing strains of
Mesorhizobium species able to enhance growth of tomatoes. Antoun et al. (1998)
reported phosphate-solubilizing strains of Rhizobium and Bradyrhizobium with



ability to enhance growth of raddish. However, more research is required to use the
symbiotic nitrogen fixers as solubilizers of other minerals. The use of such rhizobial
strains can be beneficial not only for their symbiotic legume partners but also with
non-legumes.
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8.3 Plant Growth: Indirect Mechanisms

The indirect mechanisms involve biological control through which rhizobacteria
promote plant growth by minimizing the effect of diseases, such as microbial
infections, by providing systemic resistance, competence for resources and altering
the root adherence.

8.3.1 Biological Control

Biological control is a process through which microorganisms, including different
genera of N2 fixing bacteria facilitate plant growth by limiting pathogen growth
through the secretion of secondary metabolites such as antibiotics (Arguelles-Arias
et al. 2009; Deshwal et al. 2003a, b), hydrogen cyanide production (HCN) (Chandra
et al. 2007), anti-fungal enzymes (Kumar et al. 2009), and other antimicrobial
processes (Maheshwari et al. 2015). Siderophore production by rhizobia gives
them an advantage, resulting in pathogen exclusion (Arora et al. 2001). Rhizobia
can fight soil-borne pathogens in a variety of ways such as parasitism, competition,
etc. Pathogen displacement may occur as a result of nutrient competition between
biocontrol bacteria and pathogens. The iron competition is a well-known example of
microbial competition. R. meliloti was reported to secrete high Fe3+ affinity
siderophores, sequestering iron and simultaneously inhibiting phytopathogen
Macrophomina phaseolina (Arora et al. 2001). It is the non-availability of iron
required by the phytopathogen that makes it weak and incompetent.

Rhizobia are also known to produce antimicrobial compounds that suppress or
destroy phytopathogens. R. leguminosarum bv. trifolii has been found to produce
antibiotic peptide trifolitoxin (Breil et al. 1993), that shows broad range of activity
against bacteria (Breil et al. 1993; Scupham and Triplett 2006). Parasitism is also
checked by PGPR by producing chitinolytic enzymes that break down the cell walls
of pathogenic fungi. R. leguminosarum, S. meliloti, and Bradyrhizobium japonicum
are rhizobial species that have been used extensively against the biocontrol of several
phytopathogenic fungi of diverse crops (Ehteshamul Haque and Ghaffar 1993;
Hemissi et al. 2011). Rhizobia are reported to prevent the development of Fusarium
oxysporum, which causes root rot in tomato and sunflower (Perveen et al. 1994).
R. leguminosarum bv. viciae is reported to control deleterious phytopathogens such
as species of Pythium, which cause sugar beet damping-off (Huang and Erickson
2007). Mesorhizobium loti and B. japonicum are reported to control a variety of



phytopathogens (Phytophthora megasperma, Pythium ultimum, Fusarium
oxysporum) causing diseases in mustard and sunflower (Chandra et al. 2007).
R. meliloti strains are also known to control root knot caused by Meloidogyne
incognita in various crop plants (Dawar et al. 2008; Kumar et al. 2021).
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8.3.2 Disease Resistance

Disease suppression may be achieved by microbial induction of tolerance in plants
(Rabie 1998), and this process known as induced systemic resistance (ISR) occurs
when PGPR strains trigger immune response by the plants against the pathogens.
Rhizobia are known to activate plant defence mechanisms to control pathogens
(Dutta et al. 2008), such as suppression of fungal pathogens of Helianthus annus
and Glycine max (Alami et al. 1999; Dean et al. 2009). Rhizobia help
non-leguminous plants flourish by developing a variety of biostimulants (Van
Oosten et al. 2017; Backer et al. 2018). Lipopolysaccharides (LPS) formed by
Rhizobium etli result in ISR in potato against infection by the cyst nematode
Globodera pallida through a signal transduction (Reitz et al. 2002). Furthermore,
rice plants inoculated with R. leguminosarum bv. phaseoli and R. leguminosarum
bv. trifolii produce higher levels of phenolic compounds, which can result in ISR
resulting in protection from phytopathogens (Hussain et al. 2009).

8.3.3 Interaction of Rhizobia with Other PGPR

Co-inoculation/dual inoculation of rhizobia with other PGPR can result in even
better performance and yield of legumes as well as non-legumes, and there are
success stories reported for diverse crops (Kumar et al. 2009; Widawati and Suliasih
2018) such as barley (Mirshekari et al. 2012; Baris et al. 2014), rice (Ashrafuzzaman
et al. 2009), and maize (Gholami et al. 2009). Furthermore, a mixed inoculation with
N2 fixing and phosphate solubilizing bacteria is more efficient than a single inocu-
lation for providing a more balanced nutrition to plants. Co-inoculating sugar beets
with nitrogen-fixing and P-solubilizing bacteria increased sugar content and yield
(Şahin et al. 2004). Co-inoculation of R. meliloti and Bacillus thuringiensis strains
improved seed germination along with the fresh and dry weight of okra plants and
also resulted in a reduction in infection by root infecting fungi. Consequently, using
a balanced mixture of Rhizobium, and PGPR strains increase plant production in
nutrient-deficient and degraded environments (Nadeem et al. 2014). For instance,
under salinity stress, the co-inoculation effect of Serratia sp. and Bradyrhizobium in
soybean significantly increased fresh and dry weight (Han and Lee 2005). However,
further research is required to prepare and use consortia-based inoculants involving
diazotrophs and other PGPR for non-leguminous plants in order to increase



productivity in a sustainable manner. For this compatibility check and other ecolog-
ical aspects involving biochemical and molecular level studies are required.
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8.3.4 Altering Root Adherence

Root adhering soil (RAS) is very important because it is the immediate environment
of the plant root and site of several activities crucial for growth and development of
the plant. The uptake of nutrients, minerals and water along with development of
mutualistic relationships (due to root exudation) depend on RAS zone (Guyonnet
et al. 2018). As a result, around the root system, soil composition and aggregate
stabilization are much more important (Gill et al. 2007). The secretion biopolymers
known as exopolysaccharides (EPS) by PGPR are well known to improve aggrega-
tion of rhizosphere soil. This was confirmed by experimental findings showing that
amendment of soil with EPS from PGPR resulted in better soil qualities and
aggregation (Ashraf et al. 2006; Fatima and Arora 2020). The synthesis of significant
quantities of EPS is a common feature of many rhizobia (Niehaus et al. 1993; Ghosh
and Maiti 2016). Production of EPS helps microbes and the plants in many ways and
is particularly important under abiotic stress conditions. Being hygroscopic in
nature, EPS plays a very important role in the management and uptake of water,
particularly in drought conditions, resulting in improved root dry mass, root structure
and reduced fertilizer use by better nutrient uptake through improved RAS (Diaz
et al. 1989). EPS produced by rhizobia is known to play a crucial role in Rhizobium-
legume symbiosis. The role of EPS in establishing successful interactions of rhizobia
with non-legumes is yet to be elucidated. However, it is certain that EPS is an
important metabolite and has a significant role in formation of biofilm in the soil and
on root surface, and helps in tiding over the biotic and abiotic stresses.

8.4 Role of Rhizobia in Improving Productivity of Cereals

8.4.1 Wheat

Various genera of nitrogen-fixing bacteria have a role to play in growth and
development of cereals and other crops and are known to promote root growth and
improve yield. Webster et al. (1997) investigated the entry of Azorhizobium
caulinodans strain ORS571 into the lateral roots of wheat, reporting that rhizobia
are present inside the cracks associated with emerging lateral roots after inoculation
with ORS571 carrying a lacZ reporter gene. These researchers reported that the
flavanone naringenin facilitated the colonization of lateral root cracks and
intercellular colonization of cells at concentrations of 104 and 105 M. Sabry et al.
(1997) studied lateral roots of wheat plants inoculated with A. caulinodans to
measure its endophytic potential. Authors found that A. caulinodans cells were



present between the cortical cells, within the xylem, and in the root meristem. In
addition, as compared to uninoculated plants, they found substantial improvements
in dry weight and nitrogen content of seeds of wheat crop. Höflich (2000) reported
that R. leguminosarum bv. trifolii R39 resulted in better shoot formation and growth
of wheat in experiments conducted under greenhouse conditions. Hilali et al. (2001)
reported R. leguminosarum bv. trifolii from the roots of wheat grown in rotation with
clover from two different Moroccan soils. They also reported that the rhizobial strain
promoted wheat growth in greenhouse conditions. Some isolates showed their
ability to increase shoots’ fresh or dry matter yield. Strain IAT168 acted like a
PGPR, exhibiting a 24% increase in shoot dry mass and grain yields in the loamy
sand. Although, no PGPR activity was found in the silty clay Merchouch, and few of
the isolates had a noticeable negative impact on yields. These researchers proposed
that choosing an R. leguminosarum bv. trifolii strain was successful with clover and
exhibited its beneficial effect on wheat in a crop rotation scheme. Rhizobium has
been reported as a wheat growth booster in field trials. On the other hand, Anyia et al.
(2009) found that the effect of A. caulinodans inoculation on wheat enhanced grain
yield and total biomass by 34 and 49% respectively. The inoculated plants developed
more tillers and had a larger leaf area in comparison to that of non-inoculated plants.
Supplementation of bacterial inoculum gave the maximum grain yield, with a
difference of 106% over the control. Rhizobium is also reported to improve the
uptake of minerals in wheat resulting in its biofortification. By inoculating wheat
plantlets with Rhizobium KYGT207, Kaci et al. (2005) were able to report a
significant increase in shoot and root dry mass, root adhering soil (RAS) dry mass
(dm) per root dm (RAS/RT), and RAS moisture stabilization. Rhizobium strain
KYGT207 produced EPS in sandy soils under water stress, and its populations
contributed to soil aggregation, in the rhizosphere (Afzal and Bano 2008).
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8.4.2 Maize

Hossain et al. (2007) tested rhizobial strains on six different non-leguminous plants.
Rhizobial strain PAR-401 was found to be most effective for Zea mays and resulted
in more than double increase in shoot and root dry weight in comparison to control.
Prévost et al. (2000) conducted an experiment to investigate the growth and mineral
absorption of maize inoculated with B. japonicum strains. Strains 532C and USDA
136 enhanced root dry weight of corn by 8.5 and 6.7% respectively, while strain
532C enhanced shoot dry weight by 8.55%. In another experiment, rhizobial strains
significantly improved the shoot dry weight of maize in comparison to uninoculated
plants. Strains of B. japonicum may have an impact on maize growth and mineral
nutrition. Souleimanov et al. (2002) conducted greenhouse tests in hydroponics
solutions with four concentrations of Nod factor so as to determine the influence
of Nod factor Nod Bj-v of B. japonicum on corn growth. They observed an increase
in maize biomass of up to 11 and 7% at two different Nod factors, with 12% rise in
total root length. Thus it was hypothesized that the ‘hormone-like' actions of Nod



factor were responsible for the growth enhancement of maize. According to Höflich
(2000), R. leguminosarum bv. trifolii strain R39 boosted maize shoot development
in greenhouse trials, however, in field trials on two different textured soils, inocu-
lation of strain R39 also accelerated maize growth. In the field trials, author found a
considerable increase in the absorption of nitrogen, phosphorus and potassium in
maize and showed improved shoot and root growth. In a pure culture based metabolic
experiment rhizobial strain R39 synthesized cytokinin, and auxin (Mehboob et al.
2009). R. phaseoli strains enhanced root length, shoot length, and seedling biomass
of maize by 49, 21, and 35%, respectively, over the uninoculated control.
R. leguminosarum increased biomass, root length, and shoot length of maize. The
potential of these rhizobial strains to enhance the development of non-legumes has
also been demonstrated in field trial experiments. Inoculating maize with strain R39
of R. leguminosarum bv. trifolii resulted in a considerable increase in shoot dry
matter (Chabot et al. 1996; Egamberdiyeva 2007). Mandimba (1995) conducted
studies on maize intercropped with common bean (Phaseolus vulgaris) inoculated
with rhizobial strain. Results showed increase in growth and yields. Authors stated
that maize benefitted from the nitrogen fixed by the rhizobia-legume association or
bean consumed less nitrogen from the soil making it available to maize; nonetheless,
the increment of maize yield showed that the Rhizobium strains were involved in
some PGPR activity. Similarly, Chabot et al. (1996) investigated the effects of
R. leguminosarum bv. phaseoli in a field inoculation trial for forage maize. The
rhizobial strain showed a correlation in performance with simultaneous
P-fertilization. When the prescribed quantity of P fertilizer was added, rhizobial
inoculation showed best result in improving the maize growth in comparison to
un-inoculated control.
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8.4.3 Rice

Rhizobia can improve rice growth and yield production by acting as natural elicitors.
Many researchers have reported rice growth enhancement due to Rhizobium inocu-
lation (Biswas et al. 2000; Hussain et al. 2009; Yanni and Dazzo 2010). According
to Singh et al. (2009), gfp-tagged rhizobia inoculated with rice generated signifi-
cantly more root and shoot biomass, as well as other growth, biochemical, and
physiological parameters. Several researchers have looked at how to improve rice
growth and production in a laboratory or greenhouse setting. Singh et al. (2009)
employed four rhizobia isolates for rice in lab and greenhouse experiments. The
plant growth was improved by all the four isolates in terms of vegetative parameters
and dry weight. In an experiment, Mishra et al. (2006) observed significant increase
in biomass and grain production of rice plants inoculated with rhizobial strains. In a
series of tests, Yanni and Dazzo (2010) proved the ability of R. leguminosarum
bv. trifolii to colonize rice roots and its impact on rice crop. In addition, under field
conditions strains R. leguminosarum bv. trifolii showed improvement in shoot and
root development and grain yield of rice plants. Infact, R. leguminosarum bv. trifolii



strains were found to be inner root colonizers with the ability to boost rice growth
and production in both laboratory and field circumstances. Yanni et al. (2001)
looked at the effects of rhizobial inoculation on rice development in the lab and in
the greenhouse. They found that the rhizobia-rice relationship increased root and
shoot development, subsequently improved seedling vigour, resulted in a consider-
able increase in grain output at maturity. Peng et al. (2002) did experiments to assess
the effect of rhizobial inoculation on the growth and photosynthesis by rice plants.
Three rhizobial strains were inoculated into the rice seed and pot soil, along with N
fertilizer. In all three tests, rhizobial inoculation resulted in a considerable increase in
photosynthetic rate and a significant rise in grain yield, suggesting that rhizobial
strains may stimulate rice growth and production via mechanisms that boosted net
photosynthetic rate. Mishra et al. (2006) used reverse phase-high performance liquid
chromatography to estimate phenolic compounds from different regions of rice
plants inoculated with rhizobial strains infected with Rhizoctonia solani. They
found that rhizobium-inoculated rice plants produced more phenolic compounds
than uninoculated control plants. Furthermore, it was shown that when rice plants
were infected with the rhizobial strain RRE6, the phenolic content was more than
when plants were treated with another rhizobial strain ANU843. In the case of both
rhizobial strains, phenolic acids mediated ISR resulted in protection of plants from
the attack of pathogens, which in turn boosted plant growth and production.

8 Interactions of Nitrogen-Fixing Bacteria and Cereal Crops: An. . . 181

8.4.4 Barley

Peix et al. (2001) and Beatty et al. (2010) evaluated the effectiveness of a
Mesorhizobium mediterraneum strain in enhancing barley growth in a plant growth
chamber experiment. The strain PECA21 significantly improved the dry matter, N,
P, Ca, and Mg contents of barley plants. Humphry et al. (2007) investigated the
mode of action of R. radiobacter strain 204 in crop growth fostering due to
involvement of GA production. They also found that the strain 204 culture and
culture supernatant accelerated the metabolization of barley seed and facilitated
shoot growth. Further, strain 204 stimulated barley growth by producing plant
growth stimulating compounds, and GA-like activities play a key role. Thus, the
strain was found to be instrumental in inducing early vegetative growth in barley.

Apart from these crops, nitrogen fixers (including both symbiotic and asymbiotic)
are now being reported to enhance growth through nitrogen fixation and other
mechanisms in non-legumes (Table 8.1). However, association of symbiotic
diazotrophs, largely including rhizobia, needs to be explored more because of their
efficiency and endophytic nature.
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Table 8.1 Association of nitrogen-fixing bacteria with non-legume agricultural crops

Bacterial strains
Non-legume
crops Mechanism of action Reference

Burkholderia sp.
Glucanoacetobacter
diazotrophicus
Serratia marcescens
Pantoea
agglomerans

Oryza sativa L.
Common name:
rice

Biological nitrogen fixation
and phytohormone
production

Baldani et al. (2000)
Muthukumarasamy
et al. (2005, 2007)
Gyaneshwar et al.
(2001)
Feng et al. (2006)

Burkholderia
silvatlantica
Azospirillum
brasilense
Pseudomonas sp.
A. brasilense

Zea mays L.
Common name:
maize

Biological nitrogen fixation Estrada et al. (2005)
Riggs et al. (2001)
Shaharoona et al.
(2006)
Dobbelaere et al.
(2002)

Herbaspirillum
seropedicae
H. rubrisubalbicans
Gluconacetobacter
diazotrophicus
Klebsiella sp. GR9
Enterobacter sp.

Saccharum
officinarum L.
Common name:
sugarcane

Biological nitrogen fixation Oliveira et al.
(2002)
Suman et al. (2005)
Govindarajan et al.
(2007)
Mirza et al. (2001)

Rhizobium trifolii
Cellulomonas sp.

Triticum
aestivum L.
Common name:
wheat

Biological nitrogen fixation
Increased uptake of N, P and
K

Hilali et al. (2001)
Egamberdiyeva and
Höflich (2002)

Azospirillum
brasilense
Achromobacter
insolitus
Zoogloea ramigera

Triticum
aestivum hard L.
Common name:
wheat

Biological nitrogen fixation,
promoted root shoot length,
chlorophyll content
enhanced, IAA production
increased

da Silveira et al.
(2016)

Paenibacillus
beijingensis BJ-18

Triticum
aestivum L., Zea
mays L., Cucumis
sativus
L.
Common name:
wheat, maize, and
cucumber
respectively

Enhancement of activity of
glutamine synthetase
(GS) and nitrate reductase
(NR) in plants; upregulation
of expression levels of N
uptake and N metabolism
genes: AMT (ammonium
transporter), NRT (nitrate
transporter), NiR (nitrite
reductase), NR, GS and
GOGAT (glutamate synthase)

Li et al. (2019)

Azotobacter
sp. strain Avi2

Oryza sativa L.
Common name:
rice

Nitrogen fixation and
enhancement of vegetative
and reproductive growth in
plant

Banik et al. (2019)

Azospirillum
brasilense and Pseu-
domonas fluorescens

Oryza sativa L.
Common name:
rice

Co-inoculation accelerated N
transformations and
improved the N-supplying
capacity of the rhizosphere

Zhang et al. (2018)



Bacterial strains Mechanism of action

soil, and increased rice
biomass
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Table 8.1 (continued)

Non-legume
crops Reference

Bacillus megaterium
Bacillus mycoides

Saccharum
officinarum L.
Common name:
sugarcane

Nitrogenase activity, and
disease resistance

Singh et al. (2020)

Klebsiella sp. Br1
Klebsiella
pneumoniae Fr1
Bacillus pumilus
S1r1 Acinetobacter
sp.

Zea mays L.
Common name:
maize

Nitrogen fixation and nitro-
gen remobilization
Phosphate solubilization and
Auxin production

Kuan et al. (2016)

Paenibacillus
polymyxa
P2b-2R

Brassica napus
L.
Common name:
canola

Biological nitrogen fixation Puri et al. (2016)

Lysinibacillus
sphaericus
(L1) Klebsiella
pneumoniae (S2)
Bacillus cereus (R2)

Oryza sativa L.
Common name:
rice

Nitrogen fixation, production
of phytohormones, ACC
deaminase activity, Biocon-
trol activity

Shabanamol et al.
(2018)

Burkholderia
kururiensis
Burkholderia tropica
Herbaspirillum
seropedicae

Sorghum bicolor
L. Moench
Common name:
sorghum

Biological nitrogen fixation,
improve grain yield,
fertilizer-N recovery

dos Santos et al.
(2017)

Bacillus pumilus Solanum
lycopersicum L.
Common name:
tomato

Biological nitrogen fixation Masood et al.
(2020)

Brevundimonas
naejangsanensis
HWG-A15
Brevundimonas ter-
rae KSL-145
Brevundimonas
sp. X60
Brevundimonas
sp. MM68May

Solanum
tuberosum L.
Common name:
potato

Biological nitrogen fixation,
phosphate solubilization

Naqqash et al.
(2020)

8.5 Conclusion and Future Prospects

Researchers are now interested to raise the yields of cereals crops by application of
N-fixing bacteria. Cereal crops are nitrogen-exhaustive crops, requiring tonnes of
nitrogen for high yield, while a high dose of N with a poor nitrogen usage efficiency
(20–30%) causes a slew of negative side effects on the soil, water, and climate. As a



result, transferring N-fixation traits to cereals are needed to address the above issues
and ensure agro-ecosystem sustainability. However, so far it has not been possible to
engineer the cereal crops for BNF and is still a challenge for the researchers around
the globe.
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Scientific analysis and modification of diazotrophs and plants can be possible
because of technological advancement in molecular techniques involving next-
generation sequencing (NGS), genome editing, along with bioinformatics tools.
Functional genomics, transcriptomics, and metabolomics can help in elucidating
underlying mechanisms of legume-rhizobia symbiosis for successful implementa-
tion in non-legumes. Transcriptomics, proteomics, and metabolomics may produce
large datasets by monitoring, identifying, and quantifying the gene expression of
hosts and diazotrophs, and assessing the requirements or success of symbiosis-
specific metabolites and genes. A combination of high-throughput and advanced
technologies would allow the discovery of novel genes, monitoring of their expres-
sion at various stages of mutualistic interactions, and elucidation of genetic elements
needed for effective coexistence. Non-leguminous model systems must be studied in
order to harness them by breeding or engineering to improve N-fixation rates.
Significant omics datasets for integrative analysis and mining of symbiotic genes
can be created, allowing for the identification of genotypes for use in breeding
programmes. Metagenomic research is expected to uncover microbiomes in the
rhizosphere and other areas surrounding plants, both of which may be active in
BNF. To make BNF a possibility in non-leguminous plants, targeted investment is
needed to unearth the housekeeping and molecular-ecosystem-based mechanisms.
Incorporating crop and microbial activity with genetic modification would make it
easier to find short- and long-term options for increasing food productivity and
utilizing the biodiversity in a proper way.
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Chapter 9
Microbiome to the Rescue: Nitrogen
Cycling and Fixation in Non-legumes

Papri Nag and Sampa Das

Abstract Nitrogen fertilizers are essential for producing higher crop yields and are
used extensively by farmers. However, nitrogenous fertilizers are also highly pol-
luting sources in the agroecosystem. A pollution-free alternative to synthetic fertil-
izer is the process by which prokaryotes (diazotroph) can fix nitrogen from the
atmosphere and release it into the rhizosphere in plant utilizable forms. This process
is known as biological nitrogen fixation (BNF). The process of BNF has been
studied and exploited in leguminous crops, but the potential of BNF has not been
exploited in non-leguminous crops like rice, wheat or maize. The successful estab-
lishment of BNF into the rhizosphere depends not only on the diazotroph but also in
its interaction with microbes already present in the soil. The presence of nitrifying,
denitrifying, ammonia-oxidizing or nitrate/nitrite reducing bacteria in the rhizo-
sphere microbiome determines the availability of nitrogen for plant growth.
Hence, understanding the processes controlling N transformation is important for
creating microbial consortia with the ability to the supplement nitrogen requirement
of the crop plant and to reduce dependence on synthetic nitrogenous fertilizers.

Keywords Microbial consortia · N Cycle · Nitrogen fixation · Wheat · Non-legume ·
Diazotrophs

9.1 Introduction

Nitrogen fertilizer is one of the major causes of pollution from agricultural systems
(Martínez-Dalmau et al. 2021). It was estimated that approximately 52% of the
applied N is lost to the environment as ammonia, nitrate, and nitrogen oxides causing
soil, groundwater, and air pollution (Ladha et al. 2016). Among cereals, rice has one
of the lowest nitrogen use efficiency (NUE), biomass yield kg�1 N applied) (Norton
et al. 2015). NUE is controlled by the genome of the host plant; however, part of
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NUE is governed by the ability of the plant to harbour beneficial bacteria in its
rhizosphere (Wang et al. 2020). Specialized microbes expressing the enzyme nitro-
genase can convert nitrogen (N2) from the atmosphere to plant utilizable forms like
NH3. Unlike legumes, which can form specialized structures like root nodules,
providing a niche for host-specific nitrogen-fixing microbes, cereals can benefit
from associative and endophytic diazotrophs which accumulate in the rhizosphere
as a result of chemotaxis towards the root exudates (Lugtenberg and Kamilova
2009). The rhizosphere is an eclectic mix of microorganisms, consisting of nitrify-
ing, denitrifying, ammonia-oxidizing and nitrogen-fixing bacteria. Thus, the NUE of
plants depends on the presence or absence of other microbes in the rhizosphere,
which in turn determine the microbial transformation of the fixed nitrogen. Hence,
for augmenting the contribution of BNF in non-legumes, understanding the micro-
bial nitrogen cycle in the rhizosphere is essential.
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The plant along with its microbial community in the phyllosphere, rhizosphere
and endosphere is known as a ‘holobiont’, and the combined microbial genome is
called the ‘microbiome’. Each plant species contains a ‘core microbiome’ which
does not change with the environmental or soil conditions (Zilber-Rosenberg and
Rosenberg 2008). Although according to the ‘hologenome theory of evolution’
variations in host and microbiome may lead to evolutionary change in the ‘core
microbiome’ (Zilber-Rosenberg and Rosenberg 2008). Plants recruit beneficial
bacteria by providing carbon in the form of sugar, amino acids, organic acids,
fatty acids and growth factors (Mavrodi et al. 2021). It may be predicted that the
abundance of microbial taxa in the ‘core microbiome’will be affected by any change
in host plant exudates. However, the role of ‘core microbiome’ directly responsible
for recruitment of the microbial network has not been demonstrated till now (Coskun
et al. 2017a, b). The functional genomic approach of defining a ‘core microbiome’
may solve this question in the future (Lemanceau et al. 2017). The microbiome helps
the host plant by providing plant growth-promoting metabolites (Spence et al. 2014),
bio-protection against biotic and abiotic stresses (Naylor et al. 2017). One of the
most important benefits host plants derive from the microbiome is the acquisition of
nutrients by recruiting phosphate-solubilizing, iron-acquiring, or nitrogen-fixing
bacteria.

9.2 Nitrogen Cycling in the Rhizosphere of Non-legumes

Nitrogen cycling in an agroecosystem can be divided into three steps: input into the
system, retention or immobilization within the system, and loss from the system. The
input components may be from naturally occurring sources (rain, decomposition of
biomaterials like plants, microbes, small eukaryotes, or manures), or from synthetic
fertilizers. Immobilization into the ecosystem can occur when the bio-available N is
utilized by non-diazotrophic microbes and released upon their decomposition or by
charges on the soil particles to be later absorbed by the plants. The third step is the
loss occurring from the agro-ecosystem through leaching, volatilization and



microbial processes. Microbial processes like biological nitrogen fixation (BNF),
nitrification and denitrification play essential roles in all the three steps of N-cycling.
Ammonification and dissimilatory nitrification also play important role in microbial
N-cycling (Fig. 9.1).
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Fig. 9.1 Schematic diagram of rhizosphere microbial N-cycle. Part of the figure was created using
BioRender (https://biorender.com/)

9.2.1 Biological Nitrogen Fixation

The microbial N-cycle commences with the recruitment of prokaryotes capable of
fixing nitrogen into the system. The diazotrophs can fix nitrogen under asymbiotic
conditions as free-living forms in the rhizosphere, associative nitrogen fixers on the
root surface, endophytes inside plant roots and as symbionts inside root nodules
(reviewed in Santi et al. 2013). Free-living nitrogen fixers like Azotobacter, Pseu-
domonas and others can fix nitrogen in the absence of any host, while, associative
diazotrophs like Azospirillum, Burkholderia, and Klebsiella can fix nitrogen more

https://biorender.com/


efficiently in association with plant roots. Many plant endophytic diazotrophs have
been demonstrated in cereals: Pantoea agglomerans (Quecine et al. 2012) and
Gluconacetobacter diazotrophicus (Sevilla et al. 2001) in sugarcane; Azospirillum
spp. (Boddey and Dobereiner 1982), Azoarcus spp. (Reinhold-Hurek and Hurek
1998), Herbaspirillum (Baldani et al. 1986) and Pseudomonas stutzeri (Desnoues
et al. 2003) in rice; and Burkholderia spp. (Caballero-Mellado et al. 2004) in maize.
Endophytic diazotrophs can fix nitrogen inside plant roots and do not survive well in
the soil, while symbiotic diazotrophs can fix nitrogen only inside the micro-aerobic
conditions of the root nodules (Carvalho et al. 2014).
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The process of biological nitrogen fixation is exclusive to prokaryotes expressing
the enzyme nitrogenase. Three types of nitrogenases have been discovered in pro-
karyotes: Fe-Molybdenum nitrogenase, Fe-Vanadium containing nitrogenase and
only Fe-containing nitrogenase. The best-studied and most commonly occurring
nitrogenase is the Fe-Mo nitrogenase which is discussed in this article. Fe-Mo
nitrogenase enzyme has two subunits: the Fe subunit, also known as the
dinitrogenase reductase, is a homomeric subunit encoded by nifH, and the Mo-Fe
subunit, also known as dinitrogenase, is a heteromeric subunit encoded by nifD and
nifK. Nitrogen fixation by this enzyme is energy consuming for the cell, each
molecule of dinitrogen reduced requires 16 ATP molecules (Table 9.1). Hence, the
process of nitrogen fixation is stringently regulated at multiple levels (Santos-
Medellín et al. 2017). The structural genes, nifH, nifD and nifK, coding for the
nitrogenase subunits are regulated by NifA, an enhancer binding protein (EBP), and
its inhibitor NifL. NifL/NifA regulates the transcription of nif-H, D, K and other nif
genes required for maturation of nitrogenase depending on the energy status,
nitrogen availability and oxygen status of the cell (Dixon et al. 1997). Another
level of control at the transcriptional level is exerted by NtrC and NtrB and the global
nitrogen PII-like proteins (GlnK, GlnB, GlnZ) (Zhang et al. 2001a, b). At the post-
translational level, DraT/DraG can deactivate/reactivate Fe protein, respectively, in
response to N availability and at the maturation level ClpX, an ATP-dependent
protease, controls the formation of Fe protein (Martínez-Noël et al. 2011).

9.2.2 Nitrification

The process of formation of nitrate from ammonium is called nitrification. NH3

released during BNF or released as a result of decomposition is converted to NH4
+

which in turn gets oxidized to NO2
� and ultimately to NO3

�. Ammonia-oxidizing
archaea (AOA) and ammonia-oxidizing bacteria (AOB) are responsible for the
transformation of NH4

+ to NO2
�. Based on DGGE profiles, Jia and Conrad (2009)

concluded that AOB is more abundant in agricultural soil. Similar results were
obtained by Banning et al. (2015) based on qPCR analysis of 16S rRNA and
amoA gene abundance. Nitrosospira and Nitrosomonas are the most abundant
AOB in agro-ecosystems (Hendriks et al. 2000), Nitrososphaera viennensis is the
only AOA isolated so far (Tourna et al. 2011). Ammonia is converted to
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hydroxylamine using the enzyme ammonia monooxygenase (AMO) in AOA and
AOB. All AOB contain the enzyme hydroxylamine oxidoreductase (HAO), which
can oxidize hydroxylamine to nitrate. The oxidation of hydroxylamine supplies
electrons to both the AMO and a typical electron transport chain composed of
cytochrome c proteins (Walker et al. 2010). Both NO3

� and NO2
� can be taken

up by plants and other microbes in the rhizosphere or retained in the soil.
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Anaerobic ammonia oxidation (anammox) is coupled to the reduction of nitrite
and the production of hydrazine (N2H4). Kartal et al. (2011) demonstrated the
molecular mechanism of anaerobic oxidation in great detail in Kuenenia
stuttgartiensis. The process of anammox occurs inside a membrane-bound organelle
inside the cell called ‘anammoxosome’. All the enzymes hydrazine synthase (HZS),
hydrazine dehydrogenase (HDH), nitrite reductase (NiR) and hydroxylamine oxi-
doreductase (HOA) have been demonstrated to be localized inside this organelle
(de Almeida et al. 2016). NiR reduces NO2

� to NO to provide a substrate for the first
step of anammox. The first step in anammox is the production of hydrazine (N2H4)
by the enzyme hydrazine synthase (HZS). HZS reduces NO to hydroxylamine
(NH2OH) followed by the formation of N–N bond between NH4

+ and NH2OH to
form N2H4. Finally, hydrazine is oxidized to N2 by hydrazine dehydrogenase (HDH)
to complete the process.

HZS is encoded by two genes, hzsA and hzsB, and can be used as a phylogenetic
marker for anammox (Dietl et al. 2015). HAO and HZO in anammox may act as
backup systems that efficiently trap hydrazine (Kartal et al. 2011). The significant
presence of Planctomycetes in rice rhizosphere led to the speculation that anammox
may play a role in N-transformation in paddy fields. Yang et al. (2015) demonstrated
the presence of anammox bacteria in paddy fields by the presence of hzsB.

9.2.3 Denitrification

Microbial denitrification is a respiratory process of reducing nitrate to dinitrogen in
several steps by four enzymes (NO3!NO2!NO!N2O!N2) (Table 9.1). Nitrate
reductase, the first enzyme in the denitrification process, can convert NO3

� to NO2
�

and is present in many bacteria. All nitrate reductases (NRs) are molybdopterin
proteins. Based on the cellular location and function, nitrate reductases can be
divided into three distinct types: respiratory NR (Nar), assimilatory NR (Nas) and
periplasmic NR (Nap) (Moreno-Vivián et al. 1999). Nar and Nap are membrane-
associated and generate ATP as a result of NO3

� reduction, the assimilatory NR
(Nas) will be discussed later under assimilatory nitrate reduction.

The second step in the denitrification process is the reduction of NO2 to NO by
nitrite reductase (NiR). NiR exists as two iso-functional periplasmic enzymes
encoded by nirS and nirK (Giles et al. 2012). NiR is responsible for a crucial step
in the denitrification process, which decides the direction of electron flow towards
the denitrification pathway, the dissimilatory pathway or the assimilatory process
(Ding et al. 2019). The NiR encoded by nirK contains copper as a co-factor (Cu-Nir),



while the nirS encoded enzyme contains heme c and heme d1 (cd1-Nir). The third
enzyme, Nitric oxide reductase (NO reduction to N2O), is of two types- cNor, which
is encoded by norC and norB and uses ac-type cytochrome as an electron donor; and
qNor, which accepts electrons from quinols and may be encoded by norB (Hendriks
et al. 2000). The last step in the denitrification process is the reduction of N2O to N2

by nitrous oxide reductase (NOS). NOS is encoded by nosZ forming a homodimer
with a bi-nuclear copper centre (Moura and Moura 2001). The last steps in the
denitrification process are oxygen sensitive and lacking in some of the bacterial
species, resulting in the production of the harmful N2O. The most common types of
denitrifying bacteria in an agroecosystem are organotrophs, which use organic
carbon compounds as a source of energy Alcaligenes, Pseudomonas and Bacillus
species as well as Actinobacteria (especially Streptomycetes) (Pandey et al. 2020).
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9.2.4 Assimilatory Nitrate Reduction

The anabolic process of incorporation of nitrate for growth and development by
converting NO3

� to NH3 occurs in almost all organisms including bacteria, fungi
and eukaryotes. Nitrate transported into the cell is reduced by Nas NRs and NiRs. In
Klebsiella, the nasFEDCBA operon is responsible for assimilatory nitrate reduction
(Lin et al. 1994). NasA, the NR and NasD, the assimilatory NiR which converts
nitrite into NH3. In Azotobacter vinelandii two assimilatory NiRs exist in one operon
nasA and nasB (Ramos et al. 1993). NasC and NirA have been identified as the
assimilatory NR and NiR, respectively, in Bradyrhizobium japonicum (Ruiz et al.
2019). The cytoplasmic location of the assimilatory NRs and NiRs necessitates the
presence of nitrate and nitrite transporters. Several nitrate and nitrite transporters are
reported in bacteria; the genes for these transporters mostly exist in the same operon
as the NRs and NiRs.

9.2.5 Dissimilatory Nitrate Reduction to Ammonia (DNRA)

Dissimilatory reduction of nitrate to ammonium is coupled with the release of NH4
+

into the environment and is also known as the short circuit to nitrogen fixation
(Table 9.1). Two systems of DNRA occur in microbes: Nap/Nrf and Nar/Nir (Wang
and Gunsalus 2000; Wang et al. 2019). NO3

� reduction to NO2
� by Nap or Nar NRs

marks the beginning of the DNRA process. Nitrite reducers like the periplasmic
NrfA (Stewart et al. 2002) or cytoplasmic NirB (Wang et al. 2019) further reduce
NO2

� to NH3. Like denitrification, the first step of reduction in DNRA can occur in
respiratory conditions and is coupled to energy production (Simon and Klotz 2012).
The second step may occur in either respiratory or fermentative conditions. NirB
connects NH4

+ production with NADH oxidation and NADH dehydrogenase, which
utilizes the ETC to transfer electrons to menaquinone (Wang et al. 2019). Under high



NO3
� both nitrate reductase (NarGHI) and nitrite reductase (NirB) are expressed.

NapAGHBFLD (periplasmic nitrate reductase) and NrfABCD (periplasmic nitrite
reductase) are expressed under low NO3

� concentration (Yoon et al. 2015). NirB
utilizes the fermentative pathway to reduce NO2

� to NH4
+, whereas, NrfA utilizes

the respiratory pathway. NrfA is considered to be the marker gene for the presence of
DNRA in microbes (Pandey et al. 2020). Respiratory form of DNRA may be more
prevalent in agricultural soil e.g. Thiobacillus denitrificans, Desulfovibrio
desulfuricans, Desulfobacterium spp Pseudomonas and Bacillus (Pandey et al.
2020). However, DNRA is an important N-retention factor in flooded soils and is
dependent on the C/NO3

� ratio of the soil (Kraft et al. 2011; van den Berg et al.
2017; Yoon et al. 2015).
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9.3 Effect of Soil Fertilization on Microbiota

Rice plants are known to prefer NH4
+ to NO3

� (Sasakawa and Yamamoto 1978)
while Wheat and Arabidopsis plants prefer NO3

� to NH4
+ (Bloom et al. 2010).

However, in elevated atmospheric CO2 conditions, Wheat and Arabidopsis plants
prefer NH4

+ to NO3
� (Bloom et al. 2010). Hence, the type of N fertilizer applied

affects yield, instigating farmers to apply excessive fertilizers. N-fertilizers are also
potent sources for the release of nitrous oxide (N2O) (Winiwarter et al. 2017). An
estimate by NOAA shows that the amount of N2O has increased from 300 ppb in
1980 to 332 ppb in 2020 (Udvardi et al. 2021). It was estimated that out of the total
N-fertilizer applied to the crops, only 48% was utilized by the crops and the rest was
lost to the environment, causing pollution (Ladha et al. 2016). This in turn may leave
a permanent damage to the soil in its ability to support microbial growth. To fully
assess the effect of N-fertilization on the soil microbiota, several comparative studies
have been done.

Cross-biome studies for soil N-cycling show that soil moisture, C/N ratio and
microbial biomass had strong correlation to N-cycling (Yang et al. 2017). One of the
significant observations in cross-biomes studies was the contribution of DNRA to
N-cycling across all soil types (Yang et al. 2017). Studies across N-gradients in soils
show that N-rich soil encourages the growth of copiotrophic bacteria, and long-term
fertilization may lead to a shift in soil microbiota from oligotrophic to copiotrophic
bacteria (Fierer et al. 2012). Short-term fertilization studies with inorganic and
organic fertilizers show that temporal variability in microbial communities correlates
with N-availability (Norton et al. 2015). It was also observed that the diversity of
microbiota was significantly higher after compost application (Ouyang and Norton
2020). It is expected that microbial activity is higher in plant rhizosphere (Barea et al.
2005; Billings et al. 2004;); however, modern high throughput technologies like next
generations sequencing does not support this hypothesis (Trivedi et al. 2020).
Differences in the microbiota in the rhizosphere of different plant genotype
(Edwards et al. 2015; Shenton et al. 2016), depending on different growth stages
(Edwards et al. 2018; Imchen et al. 2019), and presence of different abiotic and biotic



stresses (Antoniou et al. 2017; Berendsen et al. 2012; Santos-Medellín et al. 2017)
were quite significant.
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The microbiota normally present in rice rhizosphere varies with the genotype and
geographical location (Edwards et al. 2015). However, some of the microbes like
Burkholderia, Bradyrhizobium and Methylosinus were found to be predominant in
rice rhizosphere under low nitrogen conditions (Ikeda et al. 2014). Contrastingly,
fertilized wheat rhizosphere contained Paraburkholderia, Rhizobium, Pseudomonas
and Rhodanobacter (Reid et al. 2021). In paddy fields, prolonged (32 years) effect of
fertilization with chemical fertilizer (CF) and CF combined with farmyard manure
(CFM) show increased total carbon and total nitrogen content. Application of CF
and CFM also reduced the nitrate-N and ammonium-N content, showing increased
activity of ammonia-oxidizers and nitrate oxidizers in the soil compared to no fertil-
izer application (Gu et al. 2017). Yi et al. (2018) showed that the addition of urea had
a positive effect on urease activity, available potassium, AOB, and production of
NO3-N. Ammonium addition to the soil has a stimulatory effect on nitrification when
the carbon content is high (Yi et al. 2018). The moisture content of soil also has a
significant effect on the soil nitrate content and N2O release. Low-land rice has a
unique water requirement pattern. Paddy grows under waterlogged conditions from
transplantation to panicle maturation stage. Waterlogged conditions create anaerobic
condition, and the oxygen leakage from aerenchym tissues create sub-oxic levels
near rice roots (Ding et al. 2019; Wang et al. 2015b). With waterlogging, the AOA
communities increased with Candidatus nitrosocaldus being the most dominant
(Imchen et al. 2019). AOB Nitrosospira is not affected by the waterlogged condi-
tions and increased in abundance with plant growth (Imchen et al. 2019). Nitrate
oxidizing bacteria (NOB), Nitrospira, favour paddy waterlogged conditions and is
the predominant NOB (Wang et al. 2015c). AOA, AOB and NOB bacteria increased
in abundance after urea application (Ding et al. 2019); however, the interaction
between these communities remain to be studied. Hussain et al. (2011) observed that
ammonia-oxidizers dominated over nitrate-oxidizers (Hussain et al. 2011). Low
nitrogen supported the growth of β-proteobacteria in roots compared to high nitro-
gen conditions in paddy rhizosphere. Studies show that Indica varieties of rice have
higher NUE efficiency compared to Japonica attributed to the nrt1.1b gene sequence
variation (Rakotoson et al. 2021). Using nrt1.1b mutants, it was demonstrated that
the nitrate sensor and transporter are responsible for recruiting diverse microbiota in
the rhizosphere (Zhang et al. 2019); however, the exact reason for such recruitment
is yet to be demonstrated. Evidence of carbon content available to the plant is
reflected in its root exudate (Yuan et al. 2019); similar studies for nitrogen and its
role in recruitment of microbiome needs to be investigated further.
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9.4 Root Exudates as Modulators of Microbes
in Rhizosphere

The first step in plant-microbe interaction is the recognition of plant exudates by soil
microbes, chemotaxis towards the roots, and ultimately adhesion or entry into the
root. Sugar released by the roots is one of the most important components as it is
used as an energy source for microbial growth. It is thought that 5–30% of the carbon
fixed by the plants are secreted in the form of root exudates (Dakora and Phillips
2002; Kuzyakov et al. 2000, 2003; Nguyen 2003). Using 14C isotopes Yuan et al.
(2019) concluded that within 6 hours of carbon assimilation by plants, the rhizo-
sphere microbial communities can utilize the fixed carbon. The carbon assimilated
by the plants reaches the roots via the phloem. Wang et al. (2015a) have shown that
elevated sucrose loading in the phloem of Oryza and Arabidopsis led to more
sucrose in the roots. Weisskopf et al. (2006) showed that organic acids released by
roots also act as chemo-attractants for root microbiota.

In wild maize, it has recently been demonstrated that the mucilage produced by
brace roots could provide a rich nutrient for growth of microbes including the
nitrogen-fixing Burkholderia (Amicucci et al. 2019; Van Deynze et al. 2018).
Studies of wheat microbiome across multiple soil types also showed that
Burkholderiaceae and Pseudomonadaceae were recruited by the wheat root exu-
dates (Prudence et al. 2021). In addition to sugars, secondary metabolites like
phenolics and anthocyanins in root exudates influence the rhizosphere microbiome
by encouraging growth of beneficial bacteria, while at the same time, discouraging
the growth of harmful microbes. Maize plants secrete benzoxazinoids like
2,4-dihydroxy-7-methoxy-2H-1,4-benzoxazin-3(4H)-one (DIMBOA-Glc) during
early growth stages. The breakdown product 6-methoxy-benzoxazolin-2-one
(MBOA) is converted to phenoxazinones by microbes. Phenoxazinones can repel
Bacillus and Fusarium; but at the same time it attracts Pseudomonas putida
(Hu et al. 2018; Kudjordjie et al. 2019). A ‘Red Root’ phenotypic mutant of sorghum
show higher secretion of phenolics and anthocyanin, and the rhizosphere microbiota
is enriched for Actinobacteria (Balasubramanian et al. 2021).

Many perennial grasses, rice and sorghum roots can inhibit nitrifying bacteria in
the rhizosphere (Subbarao et al. 2021; Zhou et al. 2020). This biological inhibition of
nitrification (BNI) has been attributed to the presence of a metabolite, sorgoleone, in
the root exudate of sorghum (Einhellig and Souza 1992). Sorgoleone inhibits the first
step of nitrification by inhibiting ammonium oxidizing archaea (AOA) (Sarr et al.
2020). Another metabolite, methyl. 3-(4-hydroxyphenyl) propionate (MHPP), also
present in the root exudate of Sorghum, has the same effect on BNI (Zakir et al.
2008). In rice, 1,9-decanediol, was identified to be responsible for BNI by inhibiting
the ammonia monooxygenase (AMO) (Sun et al. 2016).
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9.5 Strategies for Incorporating Microbiomes with Net N
Benefit in Cereals

The first step for increasing N absorption by plants is to introduce diazotrophs
capable of efficient N-fixation into the rhizosphere. Several strategies have been
used for introducing one or combinations of microbes into the rhizosphere. The
creation of a synthetic consortium would require in-depth studies of the effect of one
community on other members of the consortium, especially when complex
bio-geochemical processes like N-cycle are considered. Several studies have been
done to determine the effect of one community on the other. Using a 62-strain
synthetic community isolated from the A. thaliana phyllosphere, drop-out and late
introduction experiments were conducted to show that keystone species have the
greatest effect on community structures (Carlström et al. 2019). Rhizosphere
microbes isolated from plant phosphate starvation response demonstrated that
microbes can be classified into functional bacterial blocks and that a subset selected
from within these microbes can predict the outcome of the whole consortia (Herrera
Paredes et al. 2018). Statistical approaches like co-occurrence network (Huang et al.
2021) metabolic utilization network (Muller et al. 2017; McClure et al. 2020; Roume
et al. 2015; and Permutational multivariate analysis of variance (PERMANOVA)
(Anderson et al. 2017) can help gain insights into the interdependencies and antag-
onisms between microbes in a consortium.

The classical approach is to increase the adherence efficiency of the diazotroph to
the host root by seed treatment or seedling dip treatment before transplantation,
ensuring maximum benefit to the host plant (Hata et al. 2021; Khan et al. 2021).
Elevating the adherence capacity would ensure survival of the diazotroph on the root
surface as well as benefit for the host plant. Introducing a single microbe (Young
et al. 2006) or consortia (Bergero et al. 2017) encapsulated into alginate beads with
root adhering properties can also benefit the host plant (Bashan et al. 2014). The
second strategy would be to manipulate the host plant to release root exudates for
inhibiting denitrification and nitrification (Coskun et al. 2017a, b). It is thought that
the domestication of plants followed by high fertilizer application regimes to sustain
the high yields has resulted in the loss of root microbial diversity (Shenton et al.
2016). Thus, isolating root microbes from wild relatives and creating synthetic
consortiums can help in restoration of microbes capable of absorbing nutrients at a
higher rate, therefore, minimizing loss from soil. It has been hypothesised that the
functional core microbiome comprises similar microbes, it remains to be understood
how the rest of the microbiome is recruited in different soil conditions. Evidence
regarding heritability of microbiomes is slowly being revealed (Hoecker et al. 2006;
Paschold et al. 2010; Rakotoson et al. 2021); hence, plant breeding strategies to
transfer the traits from wild relatives to commonly cultivated varieties are gaining
popularity.
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9.6 Conclusions

Manipulating the rhizosphere microbiome for elevating NUE requires a thorough
understanding of the microbial N cycle, N transformation capacity among the
microbes and N uptake by the host plant. Successful creation and introduction of a
synthetic microbial consortium for net N benefit into the rhizosphere will depend on
the ability of the microbes to secrete, retain and release plant available forms of
nitrogen. Unfortunately, introduction of microbial consortium into the rhizosphere is
not a one-size-fits-all process and depends on the genotype of the host plant, the
interactions with indigenous microbes and environmental conditions like tempera-
ture, soil moisture, pH, etc. However, the most important among all the microbial
processes would be augmenting BNF in synchronization with the N requirement of
the host plant.
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Chapter 10
Biological Nitrogen Fixation
in the Rhizosphere of Cacao (Theobroma
cacao L.) and Coffee (Coffea spp.) and its
Role in Sustainable Agriculture

Angelbert D. Cortes and Shamdee Nahar-Cortes

Abstract Agricultural farming systems for cacao and coffee crops usually depend
on chemical fertilization; however, the excessive use of fertilizers poses environ-
mental threats. Alternative farming inputs are exploited to maintain soil fertility
using renewable, environmentally friendly, and cost-effective farming practices.
Biological nitrogen fixation is an essential alternative mechanism to chemical
fertilization to achieve sustainable agricultural production and healthy ecosystem
functioning. Nitrogen fixation is facilitated by diazotrophic rhizobacteria that estab-
lish mutual relationships with plants as either associative, endophytic, or symbiotic.
These plant growth-promoting rhizobacteria are isolated and characterized to assess
their potential use as a sustainable alternative to agrochemical inputs. Despite the
numerous studies that demonstrated the promising nitrogen-fixation capabilities of
cacao- and coffee-associated microbes, the present review found the lack of studies
on the direct application of diazotrophic bacteria on cacao and coffee plants.
Meanwhile, intercropping of N2-fixing trees with cacao and coffee in agroforestry
ecosystems is extensively studied due to the beneficial effects of N2-fixing trees for
the perennial crops in providing available N sources, shade, and protection from
biological agents. Hence, this minireview emphasized the two mechanisms by which
cacao and coffee plants can acquire N sources from the environment, which are
through: (i) intercropping N2-fixing trees and (ii) inoculation of diazotrophic
rhizobacteria.
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10.1 Introduction

Plant-microbe association exemplifies a complex and multi-organ system with
varying degrees of intimacy and mutual dependence (De Mandal et al. 2021).
Beneficial microorganisms in the rhizosphere form unique symbiotic and
non-symbiotic relationships with plants by maintaining nutrient recycling, hormone
production, preventing microbial infections, and improving tolerance towards poten-
tially hazardous compounds (dos Santos et al. 2020; De Mandal et al. 2021).
Meanwhile, plants facilitate root exudation at the root tips by producing primary
metabolites (sugars, amino acids, and organic acids) useable for many rhizosphere-
dwelling microbes (Canarini et al. 2019). These beneficial microbes are considered
as plant growth-promoting rhizobacteria that may provide a biological alternative to
fix and immobilize nutrients, like nitrogen, stimulating crop growth and production
(Backer et al. 2018).

Nitrogen (N) is one of the major nutrients limiting plant growth in agro ecosys-
tems (Mahmud et al. 2020). Nitrogen precursors play important roles in many
cellular processes in plants such as energy metabolism (Foyer et al. 2011), photo-
synthesis (Zhang et al. 2020), signal transduction (Forman et al. 2008), and synthesis
of macromolecules (Kaur et al. 2021). Biological nitrogen fixation (BNF) is an
essential N supply route for many terrestrial plants and is an essential mechanism
for sustainable agricultural production and healthy ecosystem functioning (Cooper
and Scherer 2012; Mahmud et al. 2020). BNF is commonly driven by nitrogenase-
possessing prokaryotes known as ‘diazotrophs’ (Cooper and Scherer 2012; Cortes
et al. 2020). Diazotrophic symbionts use oxygen-sensitive nitrogenase to reduce N2

gas to ammonia (NH3) which is performed at optimum conditions (Cooper and
Scherer 2012). This biological process takes place when excess amounts of mineral
nitrogen compounds in the environment are absent (Volkogon et al. 2021). More-
over, BNF as biofertilizers is shown to be directly proportional to agricultural
sustainability because they have the capacity to reduce the use of nitrogen fertilizers
to approximately 0.160 billion tons per year (Soumare et al. 2020). Thus, BNF is an
alternative option in sustainable agriculture, particularly in cacao and coffee
production.

Cacao (Theobroma cacao L.) and Coffee (Coffea spp.) are important perennial
crops belonging to the family of Malvaceae (de Souza et al. 2018) and Rubiaceae
(Ferreira et al. 2019), respectively. Cacao beans are mainly used for the production
of chocolate and other cocoa products (de Souza et al. 2018), whereas coffee beans
are mainly used to produce coffee beverages with unique taste and aroma (Ferreira
et al. 2019). In 2020/21, a global record production of 5.024 million tons of cacao
products is forecasted, with Africa contributing the largest cocoa output (77%),
followed by the Americas (17%) and Asia-Oceania (6%) regions (International
Cocoa Organization 2021). Coffee consumption is increasing at an annual growth



rate of 3.6%, and the global production of green beans reached 20.7 MT in 2019. The
total production of coffee for the year 2020/21 has revamped marginally (0.4%
increase) to 169.99 million 60-kg bags from 169.00 million bags from the previous
year (International Coffee Organization 2021). In agroforestry systems, these crops
are vulnerable to environmental threats due to climate change, thus there is an
urgency for land use planning to define the best areas and growing systems for the
production of coffee and cacao (de Sousa et al. 2019). In addition, excessive use of
chemical fertilization in cacao and coffee crops tends to cause environmental
consequences, thus biological nitrogen fixation is being exploited to increase agro-
nomic efficiency while reducing production costs and environmental pollution
caused by chemical fertilizers (Souza et al. 2015).
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There are several reports about biological nitrogen fixation in legumes (Masson-
Boivin et al. 2009) and limited in case of non-legume plants (Santi et al. 2013).
However, this minireview will highlight the contribution of BNF in non-legume
perennial crops, namely, T. cacao and Coffea spp., and its role in sustainable
agriculture. We summarize here the mechanisms of how the non-fixing perennial
crops acquire N sources from the environment to sustain their growth and biological
functions.

10.2 Biological Nitrogen Fixation

Biological nitrogen fixation through conversion of atmospheric N2 to NH3 is
performed by the small subset of taxonomically diverse organisms within the pro-
karyotes, which can be symbiotic, endophytic, and associative or free-living in
relation to the host plants (Cooper and Scherer 2012; Souza et al. 2015).
Diazotrophic microorganisms perform BNF through nitrogenase, a highly conserved
and oxygen-sensitive enzyme, consisting of two metalloproteins—MoFe and Fe
proteins—which contain different metal clusters (Dixon and Kahn 2004). Symbiotic
nitrogen fixation is largely limited to legumes in agricultural systems, but there are
groups of diazotrophs that inhabit the rhizosphere of other crop plants, like
non-legumes, and have shown to enhance plant growth and development (Mus
et al. 2016). This activity is highly abundant in terrestrial ecosystems as it helps
maintain the biogeochemical recycling of nitrogen molecules in the environment.
Several studies have reported the plant growth promotion traits of many plant
growth-promoting rhizobacteria (PGPR), such as biological nitrogen fixation
(Igiehon and Babalola 2018), zinc and phosphate solubilization (Mehta et al.
2015), S-oxidation stress alleviation through ACC deaminase activity (Gupta and
Pandey 2019; Duan et al. 2021), production of siderophores and phytohormones
(Sayyed et al. 2013; Maheshwari et al. 2015: Baliyan et al. 2021), and secretion of
secondary metabolites acting as biocontrol agents (Compant et al. 2005).

Besides, the degree of intimacy and interdependency between plants and
microbes are categorized into three associations: intracellular symbiotic associations,
intercellular endophytic associations, and loose associations with associative or free-



living nitrogen fixers (Mus et al. 2016). These types of associations based on the
relationship between plants and nitrogen-fixing bacteria vary in terms of their
strategy and biological processes.

218 A. D. Cortes and S. Nahar-Cortes

10.2.1 Endosymbiotic Nitrogen-Fixation

Nitrogen-fixing symbiosis between legumes and rhizobia is the most extensively
studied and exploited plant-bacteria association (Fig. 10.1). In relationship, legumes
provide rhizobia with reduced C and a protected, anaerobic environment required for
nitrogenase activity, while rhizobia provide the legumes with biologically available
N sources (Backer et al. 2018). All rhizobia elicit the formation of root nodules, the
plant organs dedicated to the fixation and assimilation of nitrogen (Masson-Boivin
et al. 2009). Within root nodules, the symbiotic association of rhizobial bacteria with
leguminous plants generates symbiosomes, the structures that are formed when
differentiated bacteria are enclosed in an intracellular plant-derived compartment
(Oldryod et al. 2011). Another common plant-microbe symbiosis involving the role
of nitrogen fixation is the association of actinorhizal plants with Gram-positive
actinobacterial species belonging to the genus Frankia. The strategies and rate of
nitrogen fixation in actinorhizal nodules are comparable with legume symbioses
(Sellstedt and Richau 2013; Mus et al. 2016).

Fig. 10.1 Plant-microbe interaction. Plant growth promoting rhizobacteria (PGPR) can establish
relationship with the host plant through several mechanisms: associative and free-living, endo-
phytic, and symbiotic. The plant growth-promoting traits of these rhizobacteria improve the growth
and development of cacao and coffee crops. (The visual concept was derived from Souza et al.
(2015))
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10.2.2 Endophytic Nitrogen-Fixation

Endophytic PGPR (Fig. 10.1) are good inoculant candidates because they colonize
the roots (within apoplastic spaces) and create a favorable environment for plant
development and function (Souza et al. 2015). These microbes establish a tight
association with the host plant by spreading and multiplying within plant tissues
without causing damage and eliciting significant defense reactions (Mus et al. 2016).
The utilization of endophytic bacteria in agricultural systems provides a potential
contribution to sustainable agricultural practices by alleviating several biotic and
abiotic stresses of plants (Prasad et al. 2020). They secrete metabolites (e.g.,
flavonoids, peptides, quinones, alkaloids, steroids, etc.) that inhibit the growth and
development of biotic stressors through antibiosis (Kumar and Dara 2021).
Nitrogen-fixing endophytes also respond to plant exudates by regulating the expres-
sion of several genes, such as those associated with exopolysaccharide biosynthesis
and biofilm formation (Meneses et al. 2011). Some of the plant growth-promoting
rhizobacteria that stimulate plant growth through nitrogen fixation are those belong-
ing to the genera Azoarcus, Burkholderia, Gluconacetobacter, and Herbaspirillum
(Vessey 2003).

10.2.3 Associative Nitrogen-Fixation

The association of plants with many free-living and/or associative plant growth-
promoting rhizobacteria (PGPR) is the simplest nitrogen-fixing symbiosis
(Fig. 10.1). Their mutual interactions in the rhizosphere are the determinants of
plant health, productivity, and soil fertility (Souza et al. 2015). These diazotrophs
respond to plant root exudation via chemotaxis and colonization in the plant
rhizosphere, or biofilm formation on the surface of the root, without invading the
host tissues (Mus et al. 2016). Many species of free-living rhizospheric nitrogen-
fixing bacteria were found to stimulate plant growth and fitness, such as those
belonging to the genera Azospirillum, Azotobacter, Burkholderia, Bacillus, and
numerous species of Cyanobacteria (Vessey 2003).

10.3 Biological Nitrogen Fixation in Sustainable
Agriculture

Agricultural production commonly depends on the large-scale use of chemical
fertilizers (e.g., N fertilizers) to provide essential nutrients for plants (Souza et al.
2015). However, the heavy use of chemical N fertilizers is a global concern due to its
economic and environmental costs. Long before, excessive use of N fertilizers poses
great unanticipated environmental impacts (e.g., eutrophication, ecosystem damage,



plant toxicity, excessive plant growth, and stratospheric ozone depletion) and
adverse effect on human health (methemoglobinemia in infants, cancer, and respi-
ratory illness) (Bohlool et al. 1992). In addition, excessive use of nitrogen fertiliza-
tion from chemical fertilizers also leads to soil acidification (Goulding 2016) and
potentially increases water contamination due to leakage of unabsorbed chemical
fertilizers (Munroe and Isaac 2014). Thus, there is a need for a sustainable farming
system that maintains soil fertility by using renewable, environmentally friendly, and
cost-effective agricultural practices.
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Alternative system options in sustainable agriculture are sought and exploited to
achieve maximum cropping benefits in terms of fertilizer savings and better plant
growth, which includes the application of microbial-based inoculation technology
(Souza et al. 2015; Aggangan et al. 2019). Besides, BNF through diazotrophic
microorganisms offers this alternative system (Soumare et al. 2020). A nitrogen-
fixing system provides an economically attractive and ecologically sound means of
reducing external inputs and improving internal resources. BNF improves nitrogen
input that serves as an N fertilizer substitute and maintains soil N reserves to attain
large crop production (Bohlool et al. 1992). Moreover, the changes in the compo-
sition and number of soil microbiota can change the rate and process of nitrogen
transformation in the soil. Specifically, the number and nitrogen fixation activity of
diazotrophs tend to increase when low mineral fertilizer is applied, providing a
favorable soil condition for their development (Volkogon et al. 2021). Microbe-
based inoculation and commercialization of these biofertilizers have shown to be
effective and relevant in sustainable agriculture; however, some success-limiting
factors against the universal utilization still exist as the efficiency of microbe-based
biofertilizers depends on the targeted crop, edaphic, biotic, and climatic factors
(Soumare et al. 2020). In agroforestry systems, intercropping of important
non-legume crops like coffee and cacao with N2-fixing plants is being employed
in order to provide the crops with available N sources, shade, and protection from
biological agents. In the next section, it will be discussed how the non-N2-fixing
plants like cacao and coffee acquire N sources from the environment.

10.4 Characteristics of Cacao (Theobroma cacao L.)
and Coffee (Coffea spp.) Plants

Theobroma cacao L. or known as “cacao” is a diploid tree fruit species and its beans
are widely known for being the raw material of cocoa and chocolate (Rusconi and
Conti 2010; Argout et al. 2011). Cacao is a fast-growing tropical forest plant usually
being cultivated in association with tall trees (e.g., nitrogen-fixing trees and fruit-
bearing trees) that provide shade and N sources (Fig. 10.2a). Based on its nature and
characteristics, cacao is grouped into three cultivars: Criollo, Forastero, and
Trinitario (Rusconi and Conti 2010). The Criollo produces large fruits with a
wrinkled, thin, or thick surface, which presents red or green color, and the seeds
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Fig. 10.2 Nitrogen fixing trees intercropped with cacao and coffee crops. (a) Theobroma cacao
L. intercropped with Gliricidia sepium and fruit-bearing plants at Dariano Cacao Farm in Silang,
Cavite, Philippines. (b) Coffea liberica intercropped with Albizia saman (Jacq.) Merr. at National
Coffee Research, Development and Extension Center (NCRDEC) in Cavite State University,
Philippines



are large with a white or pale violet interior (de Souza et al. 2018). This variety has a
nearly unique and homozygous genotype, which produces a more aromatic and finer
flavor chocolate (Argout et al. 2011), but only 5–10% of chocolate is made (Rusconi
and Conti 2010). On the other hand, the Forastero presents intensely pigmented
seeds, with dark violet or blackish interior, green fruits when immature and yellow
when ripe, ovoid shape, smooth surface, and wrinkled (de Souza et al. 2018). This
variety has foreign genotypes being introduced to create hybrids that will overcome
poor agronomic performance and disease susceptibility (Argout et al. 2011).
Forastero trees produce cheaper cocoa beans, thus used for 80% of world chocolate
production. Trinitario is a hybrid of Criollo and Forastero, which is used in about
10–15% of chocolate production (Rusconi and Conti 2010). The pods are less
bumpy than Criollo and exhibit light to medium purple colors. Besides, as a result
of several breeding programs, a cacao cultivar clone (CCN 51) was obtained and is
recognized worldwide for its high yield and adaptability to different edaphoclimatic
conditions (Jaimez et al. 2022). In addition, T. cacao also poses biomedical impor-
tance and is reported to have several biological activities, including anticancer,
antioxidant, antimalarial, antidiabetic, and antihypertensive activities (Ishaq and
Jafri 2017).
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Coffea spp. locally known as “coffee,” is among the most important agricultural
commodities on the world market. These perennial shrubs develop into small trees
maximum 3–3.5 m high, producing highly scented white flowers. It is commonly
intercropped with trees (e.g., N2-fixing and fruit-bearing trees) to provide shade,
cover crops, and available nutrients like nitrogen (Fig. 10.2b). Coffee trees produce
indehiscent drupes that contain two beans, the main source of aromatic coffee
beverage (Simon-Gruita et al. 2019). Caffeine is the main constituent of coffee
that is found in its beans, fruits, and leaves, which vary among the common
commercially grown cultivars. This alkaloid stimulates the central nervous system
and intestinal peristalsis, increases heart rate and blood pressure, and is bronchodi-
lator and diuretic (Simon-Gruita et al. 2019). More than 124 species of coffee were
identified, but two known species Coffea arabica (Arabica) and Coffea canephora
(Robusta) have shown a great economic importance. Arabica coffee grows best in
tropical highlands with elevations ranging from 700 m to 2200 m, thus better
adapted to cooler temperatures (16–24 �C). It is self-pollinating and genetically
complex carrying a tetraploid chromosome set, producing sweet and aromatic with
a range of fine flavors and some desirable acidity. Arabica bean is oval-shaped, 7 mm
to 12 mm long, and consists of a zig-zagged center cut pattern. On the other hand,
Robusta coffee is better adapted to the lowlands (below 900 m altitude) and prefers a
hotter climate (21–30 �C). This species is cross-pollinating (self-sterile) and genet-
ically simpler that carries a diploid set of chromosomes, producing a strong and
intense taste and a more pronounced bitter flavor. The Robusta bean is round,
5–8 mm long, and the center cut is almost straight (Bozzola et al. 2021). Other
commercially grown varieties and cultivars are Coffea liberica var. liberica
(Liberica) and Coffea liberica var. dewevrei (Excelsa), which showed differences
in their quantitative traits as well as detected to have genetic differentiation (N’Diaye
et al. 2005). Liberica coffee known as “Barako” is fairly abundant in Southeast Asia,



especially in the Philippines and Malaysia. It grows as a large tree (up to 18 m high),
which has larger leaves, cherries, and beans (N’Diaye et al. 2005; Gibson 2018).
Liberica coffee has a strong flavor and sharp aroma (Department of Agriculture
2019). Meanwhile, Excelsa grows on large, hardy trees at medium altitudes and has a
teardrop shape bean. It is more drought and pest resistant than other varieties. This
variety produces a pronounced tart, fruity, and dark flavor coffee (Gibson 2018).
Based on the 2017–2022 Philippine coffee industry roadmap, Robusta gains the
highest percent share (69%) of total production of green coffee beans (GCB),
followed by Arabica (24%), Excelsa (6%), and Liberica (1%) (Department of
Agriculture 2019).
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10.5 Biological Nitrogen Fixation in Cacao (Theobroma
cacao L.) and Coffee (Coffea spp.)

10.5.1 Nitrogen Transfer from N2-Fixing Plants to Cacao
and Coffee Plants

Woody perennial crops like coffee (Coffea spp.) and cacao (Theobroma cacao L.)
are often intercropped with N2-fixing trees within multistrata agroforestry systems
(Schroth et al. 2001; Nygren and Leblanc 2009). These N2-fixing leguminous trees
function as shade and cover crops to regulate the direct penetration of sunlight to
cacao and coffee crops (Schroth et al. 2001; Munroe and Isaac 2014; Mus et al.
2016). In addition, the incorporation of a tree as an overstorey enhances nutrient and
water cycling, organic matter accumulation, and pest regulation of crops (Munroe
and Isaac 2014). In tropical agroforestry systems, N2-fixing legume trees may also
enhance soil N availability to the benefit of the non-legume plants, making them an
alternative to N fertilizers (Kaba et al. 2019). The N transfer from N2-fixing trees to
non-N2-fixing crops (e.g., cacao and coffee) could be attributed to the decomposition
and mineralization of organic compounds (e.g., litter, prunings, roots, and nodules),
root-to-root direct transfer via exudation, and common mycorrhizal networks
(Munroe and Isaac 2014).

In mixed-stand agroforestry systems, with intercropped Gliricidia sepium and
Theobroma cacao trees, the amount of N produced from gliricidia diminishes the
need for N fertilizers for cocoa trees. Specifically, it was found that the leaves of
gliricidia and cocoa trees growing in proximity had similar δ15N, whereas the foliar
δ15N value of gliricidia was lower than that of distant cocoa trees (Kaba et al. 2019).
In addition, a study also demonstrated a lower δ15N value in T. cacao below Inga
edulis than T. cacao below mixed-species shade, indicating direct N transfer from
I. edulis to T. cacao (Nygren and Leblanc 2009). Erythrina poeppigiana was also
cultivated together with cacao plants to provide N supply and improve its growth
yield (Somarriba and Beer 2011). On the other hand, Snoeck et al. (2000) demon-
strated that in the field condition, roughly 30% of the nitrogen effectively fixed by a



legume was transferred to the associated coffee trees, this is based on the measured N
from litter fall or soil. Mendonça et al. (2017) also observed higher rates of N transfer
of green manure crops Cajanus cajan (55.8%), Crotalaria spectabilis (48.8%), and
Calopogonium mucunoides (48.1%) to the coffee plants. These results suggest that
the decomposed litters of leguminous trees increase nutritional status of the soil,
resulting to optimum uptake and utilization by nearby crops (Zaharah and Bah
1999). In addition, direct N transfer from legumes to non-legume plants may also
occur through root exudation and common mycelial networks (Jalonen et al. 2009).
In the agroforestry system, Nygren and Leblanc (2015) observed that fine roots of
the cacaos associated with Inga species contained ~35% of the N fixed from the
atmosphere out of the total N measured. Overall, they demonstrated that approxi-
mately 20% of the fixed atmospheric N in the system was found in cacao, suggesting
direct N transfer from Inga via recycling of its N-rich root exudates or a common
mycelial network of mycorrhizal fungi. Lastly, in the review of Munroe and Isaac
(2014), the common N2-fixing trees growing in proximity with coffee and cacao
crops were described based on their functions, N transfer estimation method, and
percent fixed-N in receiver crop. The intercropping system is found to be an effective
way to improve the growth and yield of economically important crops while
minimizing or even omitting the use of chemical fertilizers. The commonly
intercropped N2-fixing plants with cacao and coffee crops are summarized in
Table 10.1.
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Table 10.1 Summary of commonly intercropped N2-fixing plants with cacao (Theobroma cacao
L.) and coffee (Coffea spp.) crops for the provision of shade, cover crop, and N sources

Crop Intercropped N2-fixing plants References

Cacao (Theobroma cacao L.) Inga edulis Nygren and Leblanc (2009)

Erythrina poeppigiana Somarriba and Beer (2011)

Gliricidia sepium Kaba et al. (2019)

Coffee (Coffea spp.) Flemingia macrophylla Snoeck et al. (2000)

Desmodium intortum Snoeck et al. (2000)

Leucaena leucocephala Snoeck et al. (2000)

Leucaena diversifolia Snoeck et al. (2000)

Calliandra calothyrsus Snoeck et al. (2000)

Erythrina abyssinica Snoeck et al. (2000)

Cajanus cajana Mendonça et al. (2017)

Crotalaria spectabilisa Mendonça et al. (2017)

Calopogonium mucunoidesa Mendonça et al. (2017)
aGreen manure crops
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10.5.2 Nitrogen Fixation by Rhizospheric Microorganisms
in Cacao and Coffee

There is an increased interest in exploiting the beneficial role of plant growth-
promoting rhizobacteria as biofertilizers due to their ability to promote plant growth
using their own metabolism to solubilize phosphates, produce hormones and
siderophores, produce indoleacetic acid, and fix atmospheric nitrogen (Park et al.
2005, Glick 2012; Ji et al. 2014; dos Santos et al. 2020; Cortes et al. 2020; Zuluaga
et al. 2020). Studies have shown that these rhizobacterial diazotrophs are shown to
be effective in improving the growth of economically important crops, including the
commonly consumed rice (Ji et al. 2014), maize (Breedt et al. 2017), wheat (Din
et al. 2021), and tomato and lulo plants (Zuluaga et al. 2020). These bacteria are an
excellent alternative for farmers to reduce chemical fertilization and pesticide input
without compromising the environment (dos Santos et al. 2020). They are continu-
ously exploited to replace the use of chemicals in agriculture, horticulture, silvicul-
ture, and environmental cleanup strategies (Glick 2012).

In perennial crops like cacao and coffee, few studies have focused on the direct
effects of nitrogen-fixing microorganisms on their growth and development. In the
study of Argüello-Navarro and Moreno-Rozo (2014), cocoa plants effectively
responded to diazotrophic bacterial treatments by increasing their growth variables
and foliar % N, suggesting that these rhizospheric microorganisms could be associ-
ated with the adaptability of cacao plant to adverse environmental conditions.
Meanwhile, the growth of the coffee crop, especially Robusta, responded positively
to the inoculation of endophytic and rhizobacterial isolates belonging to the genera
Bacillus and Pseudomonas, suggesting to be a potential biofertilizer for the sustain-
able production of Robusta coffee (Asyiah et al. 2020; Nguyen et al. 2021). There
are only a few published studies focusing on the use of diazotrophic rhizobacteria on
the growth responses of cacao and coffee plants, thus it is recommended to contin-
uously explore their potential as biofertilizer through direct application.

Several studies demonstrated the promising plant growth-promoting characteris-
tics of certain rhizobacterial species obtained from the rhizosphere of cacao plants
belonging to the genera Bacillus, Burkholderia, Gluconacetobacter,
Herbaspirillum, Rhizobium, and Ralstonia (Argüello-Navarro and Moreno-Rozo
2014; Cortes et al. 2020). In addition, Simarmata et al. (2020) obtained plant
growth-promoting endophytic bacteria from cacao plants with higher plant
growth-promoting traits, which were identified as Pantoea sp. and Brevibacillus
brevis. The presence of nitrogen-fixing PGPR community in the acidic cacao
rhizosphere was recently demonstrated, suggesting their role in nitrogen cycling in
cacao plants (Cortes et al. 2021). On the other hand, a metagenomic study in the
coffee rhizosphere showed that the relative abundance of nitrogen-fixing bacteria
ranged from three to six percent of the whole community, and Bradyrhizobium
genus was found in all rhizospheric soil samples (Silva et al. 2020). The ability to fix
atmospheric nitrogen was demonstrated for certain species of diazotrophic
rhizobacteria associated with coffee plants belonging to the genera Acetobacter



(Jimenez-Salgado et al. 1997) and Burkholderia (Estrada-De Los Santos et al. 2001).
Moreover, the genera Rhizobium, Azotobacter, Azospirillum, Acetobacter, Pseudo-
monas, Erwinia, Bacillus, and Burkholderiawere consistently observed in the coffee
rhizosphere, contributing significantly for biocontrol, biofertilization, biostimulation
in coffee plants (Urgiles-Gómez et al. 2021). Thus, N2-fixing bacterial isolates are
potential biofertilizer candidates to improve nutrient acquisition of cacao and coffee
crops and resistance to biotic and abiotic stresses. The associated plant growth-
promoting rhizobacteria with coffee and cacao crops are shown in Table 10.2.
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Table 10.2 Rhizobacterial genera known to be associated with cacao and coffee crops that have
shown plant growth-promoting traits

Plant
Associated diazotrophic bacterial genera with
plant growth-promoting traits References

Cacao
(Theobroma
cacao L.)

Bacillus, Burkholderia, Rhizobium, Ralstonia Cortes et al. (2020)

Gluconacetobacter, Herbaspirillum Argüello-Navarro and
Moreno-Rozo (2014)

Pantoea sp., Brevibacillus Simarmata et al. (2020)

Coffee (Coffea
spp.)

Acetobacter Jimenez-Salgado et al.
(1997)

Burkholderia Estrada-De Los Santos
et al. (2001)

Bradyrhizobium Silva et al. (2020)

Rhizobium, Azotobacter, Azospirillum, Pseu-
domonas, Erwinia, Bacillus

Urgiles-Gómez et al.
(2021)

10.6 Challenges in Biological Nitrogen Fixation in Coffee
and Cacao Areas

Due to climate change, some common N2-fixing trees are experiencing losses in
habitat suitability, particularly in cacao and coffee plantations. Across Mesoamerica,
25 of the 30 N2-fixing trees assessed in coffee and 18 N2-fixing trees in cocoa areas
are expected to have>15% high losses in terms of habitat suitability. N2-fixing trees
like Erythrina poeppigiana and majority of Inga species losses 56% in suitable
areas, whereas only two selected species, Inga laurina (guam) and Senna atomaria
(vainillo) may expand their suitability in >26% across cocoa areas and 4% in future
coffee areas. Thus, it is recommended to identify the best species of N2-fixing trees
when rethinking current agroforestry species composition in coffee and cocoa
landscapes (de Sousa et al. 2019). Moreover, intensive crop production is accom-
panied by several environmental issues, including soil degradation, biodiversity loss,
and pollution due to extensive use of agrochemical inputs and generated wastes
(Duong et al. 2020). In response to climate change mitigation projects, Dawoe et al.



(2016) suggested the implementation of REDD+ (Reduced Emissions from Defor-
estation and Forest Degradation) interventions in cacao landscapes to diversify the
income sources and create incentives for farmers by rolling out tree diversification
strategies.
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Microorganisms associated with coffee and cacao plants are being isolated and
explored to highlight their plant growth-promoting characteristics. However, this
review found limited available studies being performed on the direct effects of
nitrogen-fixing bacteria on the growth of cacao and coffee plants. The application
of promising rhizobacterial isolates, like diazotrophs, as biofertilizers yet to be
strengthened to improve the growth and yield of cacao and coffee plants.

10.7 Conclusions

Perennial crops like Theobroma cacao and Coffea spp. are commonly cultivated by
smallholder farmers, contributing to the cacao and coffee world market. Several
agricultural strategies are being adopted by farmers to improve the available soil
nitrogen while reducing the use of chemical fertilizers to stimulate the growth yield
of cacao and coffee crops. Excessive chemical fertilization poses environmental and
health threats due to leakage of unabsorbed substances, which can further lead to soil
acidification and water contamination. Biological nitrogen fixation is one of the
promising mechanisms that many agroforestry systems adopt due to their ability to
provide N sources for plant nutrition. This minireview found two mechanisms where
cacao and coffee plants may acquire N sources from the environment, either through
intercropped N2-fixing trees or direct association with rhizospheric diazotrophs,
which fix atmospheric nitrogen. The former is extensively used in multistrata
agroforestry systems and has been shown to effectively improve nitrogen acquisition
of cacao and coffee plants. Despite the promising results obtained from the inocu-
lation of biofertilizers on cacao and coffee, the long-term effects of these
biofertilizers should be explored to attain sustainable agricultural farming, particu-
larly for cacao and coffee plants.
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Chapter 11
Plant Growth-Promoting Bacteria
and Nitrogen Fixing Bacteria: Sustainability
of Non-legume Crops

Arshad Jalal, Marcelo Carvalho Minhoto Teixeira Filho,
Edson Cabral da Silva, Carlos Eduardo da Silva Oliveira,
Leandro Alves Freitas, and Vagner do Nascimento

Abstract Plant growth-promoting bacteria (PGPBs) and nitrogen-fixing bacteria
(NFBs) are biologically increasing nitrogen (N) efficiency with significant impacts
on nutrients transformation, soil organic matter mineralization, carbon dynamics for
sustainable growth and productivity of non-legume crops. Plant growth-promoting
bacteria may have direct or indirect impact on soil health, fertility and nutrients
cycle, leading to better crop diversity, growth and productivity. Beneficial aspects of
microbes were being ignored due to chemical fertilizers and leguminous symbiotic
associations in recent decades. Moreover, there is research gap with use of PGPBs
and NFBs to highlight their impacts as growth promoting and N-fixing bacteria on
non-legume production. In this context, our chapter focused on inoculation/
co-inoculation of species or strains of microbes as bio-fertilizer, bio-enhancer and
bio-control agents for improving growth, metabolism and production of
non-legumes in an economical and ecofriendly way. These beneficial microbes are
natural growth stimulators for better production of non-legume crops like cereals, oil
seed plants, vegetables, fruits, forages and other important crops. They provide
outstanding opportunities and utilize a wide range of processes like solubilization,
mineralization of nutrients and production of phytohormones while discouraging
synthetic and chemical fertilizers as well as biotic resilience. This review tried to
understand the reported mechanisms of PGPBs and NFBs that contributed to the
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above and below soil biome of non-legumes for better and sustainable crop plant-soil
interactions and productivity.
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Keywords Cereals · Biological nitrogen fixation · Biofertilizers · Ecofriendly
climate · Plant processes

11.1 Introduction

The contribution of rhizospheric microorganisms to crop productivity, plant growth,
and stresses without any devastating impact has been subjected to countless discus-
sions in recent years (Salvo et al. 2018). There are several beneficial microbes in soil
rhizosphere so far known as “plant growth-promoting bacteria” which may directly
or indirectly be associated with plant health and growth (Zeffa et al. 2018). Plant
growth-promoting bacteria (PGPBs) are usually free-living bacteria that can colo-
nize in root rhizosphere with a beneficial impact on soil health, fertility and nutrients
cycle which, therefore lead to better crop diversity and productivity. The
non-legumes crops (for example maize, wheat, barely, sorghum, brassica, etc.) are
associated with different species of PGPBs (Pseudomonas sp., Burkholderia sp.,
Azospirillum sp., Rhizobium sp., and Bacillus sp.) to combat biotic and abiotic
stresses with sustainable crop production (Ramakrishna et al. 2019; Zaheer et al.
2019).

The knowledge of transcriptomics, metabolomics and proteomics of plants and
PGPBs interaction optimized formulation of inoculants by improving nutrients
uptake and crop productivity in profitable strategies. These microbial communities
in the rhizosphere or within plant tissues adapted different mechanisms of action to
promote plant growth processes. These PGPBs may promote plant growth by the
synthesis of phytohormones such as indole-3-acetic acid (IAA), cytokinins, gibber-
ellins and ethylene (Meza et al. 2015), plant growth regulators like abscisic acid
(Cohen et al. 2008), nutrients (N, P, K, S and Zn) and beneficial elements
(Si) availability (Teixeira Filho and Galindo 2019; Jalal et al. 2021; Galindo et al.
2021), and polyamines like spermidine and spermine (Cassán et al. 2009) while
suppressing diseases and pathogen infestation (Corrêa et al. 2010). These microbes
can help the plants in biological nitrogen fixation (BNF), regulating cell homeostasis
and biomass production to suppress stressful environments. They improve the
stability of leaf cell membranes and reduce leaf abscission rate under water stress
conditions (Silva et al. 2019). Several PGPBs mediated defense-associated metab-
olites which increase nutrients acquisition and plant health therefore, replacing
chemical fertilizers and pesticides while sustaining an ecofriendly environment
(Rey and Dumas 2017).

The nutrition and growth of non-legume crops are known since long-time but
their sustainability and balance is only possible with holistic approach of PGPBs
inoculation. Several PGPBs are contributing to BNF in non-legumes crop species
which can therefore, reduce use of mineral fertilizer (Santi et al. 2013). In addition,
some other studies indicated that several PGPBs can improve nutrients (both macro



and micronutrients) acquisition by enhancing their solubilization and availability.
The concentration and uptake of other nutrients in non-legume crops can also be
increased through root morphological modification and thus providing large root
surface for the accumulation of nutrients like P, K, Cu, Zn, Fe and Mn (Behera et al.
2021). Therefore, inoculation of non-legume crops with PGPBs and nitrogen fixing
bacteria (NFB) is a promising and effective alternative to promote their growth and
productivity in cost-effective and environment-friendly conditions. In this context,
the current chapter aims to highlight benefits of PGPBs and NFB to improve
nutrition and productivity of non-legume crops through BNF, nutrients solubiliza-
tion, phytohormones production in a sustainable environment.
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11.2 Factors Affecting Plant Growth Promotion

Efficient crop establishment, management and production is the challenge of the day
due to several stressful factors that may limit to a greater or lesser degree for plant
growth and development. The edaphoclimatic factors of environmental stresses
represent a large portion of alterations while some others are caused by living
organisms like plants competition for survival, microorganisms (fungi, bacteria
and viruses) and mankind through pollution, soil compaction, agrochemicals, fire,
flood, etc. (Larcher 2006). The soil organisms respond differently to different
stresses depending on the symptoms however, these responses may not be immedi-
ate (Meena et al. 2017).

Climate change is one of the main global events that emphasizes on environmen-
tal issues like irregular precipitation, frost occurrence (freezing temperatures), high
temperature (global warming), and contamination of soils and water used in food
production is becoming natural. Abiotic stresses (water, salinity, heavy metals and
high and low temperatures) cause irreversible damage to cultivated plants that can
lead to cell and tissue death, nutritional and hormonal imbalance, lower yield and
even death of plants (He et al. 2018). The scarcity of water resources is a frequent
concern in the world where quality of water has been destined for human consump-
tion while forcing farmers to use low-quality water (saline or contaminated with
heavy metals) to fulfil plant requirements (Oliveira et al. 2022). The farmers’
community increased irrigated areas to circumvent drought stress while improving
quantity and quality of agricultural crops and avoiding crop losses (Enebe and
Babalola 2018).

Cultivation on saline soils (salinized by excessive use of fertilizers and saline
water) has been one of the main environmental challenges that has limited agricul-
tural production around the world (Cirillo et al. 2016). Excessive salinity causes
ionic toxicity and water and nutrient deficiencies hence, inhibiting plant growth
promotion (Acosta-Motos et al. 2017). The excessive salt concentration in soil and
irrigation water solution adversely affects crop physiology, growth and productivity
(Lima et al. 2016). In addition, the indiscriminated use of fertilizers, pesticides,
compost, municipal waste, industrial wastes and metal mines contaminated



countless cultivation areas (Yang et al. 2005) that suppress plant growth promotion.
The toxicity of heavy metals in soil can be observed by several morphological,
physiological and biochemical disorders. Such metals can be essential or
non-essential elements for plant growth while their phytotoxicity depends on expo-
sure period, concentration, plant species, and affected organ/tissues. This
hyperaccumulation is possible with water and nutrient absorption in plant tissues
from the soil and environment (Chong-qing et al. 2013). Several strategies have been
studied to mitigate abiotic effects and improve crop growth, physiology and yield
under adverse soil, climate and water conditions (Silva et al. 2019).
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In case of biotic stresses, the induction of plant defence during pathogen attack is
non-economic due to increasing photoassimilates demand and cause alterations in
the primary metabolism. In addition, pathogen also manipulates carbohydrate
metabolism to its own needs, removes nutrients and increases the demand of
assimilates (Berger et al. 2007). The development of chlorotic and necrotic areas
on leaf surface from infection lead to a consequent reduction in photosynthetically
active area (Schultz et al. 2013). Another stress such as weeds competing with crop
plants for vital resources such as water, CO2, nutrients, radiation and space that can
severely alter morphological and physiological characteristics of plants, which cause
significant losses to crop yield and quality (Galon et al. 2013). Effective crop growth
and production require early and accurate detection of different types of biotic stress.
Thus, appropriate technologies have been used in precision agriculture to early
check of weeds, diseases and pests in crops and adapt strategies to control them in
an effective and sustainable manner (Behmann et al. 2015).

11.3 Plant Growth-Promoting Bacteria and Plant Processes

Plant growth-promoting bacteria (PGPBs) interact with plants to stimulate synthesis
of different phytohormones and growth regulators, enzymatic activities, polyamide
and increase absorption and translocation of nutrients for effective plant processes
(Etesami and Maheshwari 2018).The microbial community regulates plant growth
and development processes by producing phytohormones such as auxins (indole-3-
acetic acid), cytokinins and gibberellins (Meza et al. 2015), growth regulators
(abscisic acid, ethylene and ACC deaminase, etc.) to mitigate water stressful condi-
tions (Cohen et al. 2008), nitric oxide (Fibach-Paldi et al. 2012) and polyamines like
spermidine, spermine and cadaverine to avoid senescence (Cassán et al. 2009) and
increase phosphate solubilization (Puente et al. 2004; Hungria et al. 2010), potas-
sium solubilization (Etesami and Maheshwari 2018), sulphur oxidation (Dhiman
et al. 2019), and zinc solubilization (Mumtaz et al. 2017). Greater secretion of
secondary metabolites and siderophores also exhibit in rhizosphere (Neilands
1995), BNF (Pankievicz et al. 2015), and altered N use efficiency (Galindo et al.
2016; Hungria et al. 2016). The positive responses of plants to inoculation were
observed multifarious plant microbe interactions (Salvo et al. 2018).
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11.3.1 Auxins

PGPBs increase the synthesis of auxin in root rhizosphere that contributes to cell
elongation and differentiation of stem, leaves and roots, also increasing root hairs
initiation plant water status (Meza et al. 2015; Velasquez et al. 2016). Many of the
PGPB genera are known for the synthesis of different auxins such as IAA and IBA.
The bacteria-mediated IAA, particularly by rhizobia, develops root morphogenesis,
architecture and surface area in non-legume crops (Dazzo and Yanni 2006) which
could increase the root’s ability to accumulate more nutrients and promote growth.
Enhanced production of IAA corresponds to increased cell elongation and growth by
stimulating synthesis of enzymes that promote cell wall softening, enabling cell
distension (Majda and Robert 2018).

IAA is a colourless and soluble substance in organic solvents which stimulates
cell elongation by increasing osmotic content and permeability of H2O into cells
while reducing cell wall pressure while encouraging flowering and fruiting, and
delaying leaves abscission. Several PGPBs are synthesizing IAA which could
interfere with plant growth processes (Singh et al. 2017; Singh et al. 2019). The
PGPBs secrete IAA, which is important in nodulation, branching and elongation of
root systems that trigger nutrient exchange and plant growth with better management
of biotic diseases in an ecofriendly environment (Keswani et al. 2020). Inoculation
of rice with Gluconacetobacter diazotrophicus PAL 5, Azospirillum baldaniorum
Sp 245 and Escherichia coli DH10b produced IAA that had increased growth,
diameter, volume and area of root with better nutrients acquisition and biomass
accumulation (da Silva et al. 2022).

11.3.2 Abscisic Acid

Abscisic acid (ABA) is synthesized via terpenes or terpenoids and derived from
mevalonic acid which is generated from three acetyl-CoA molecules or in
methylerythritol phosphate (MEP). ABA increases tolerance to abiotic stresses like
it alters the hormonal status of a plant when it exposes to water stress conditions.
ABA could initially close stomata to prevent plants from dehydration by accompa-
nying plant cytokinine. Several studies reported that ABA is one of the main factors
that triggers a series of events as a result of stomata closure to increase tolerance to
drought stress (Sussmilch and McAdam 2017). Abscisic acid is an early signalling
hormone in roots during drought stress which is then transported into leaves. The
ABA in wheat is antiproportional chlorophyll and photosynthesis efficiency and
leads to pollen sterility (Dong et al. 2017; Gietler et al. 2020). Abscisic acid may
interact with other hormones (methyl jasmonate and salicylic acid) to help plants to
develop defence against biotic and abiotic stresses (Bharath et al. 2021). It is
successfully reported to mitigate stress in cereal crops, improving resistance against
salinity in rice through biosynthesis of 40 different proteins that could improve plant



defence and metabolism (Liu et al. 2019). Treatment of wheat with ABA has
improved leaves proline accumulation under osmotic stress (Pál et al. 2018).
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Several PGPBs are being reported to enhance tolerance of cereal crops to stressful
conditions by decreasing ABA accumulation and preserving photosynthetic effi-
ciency (Barnawal et al. 2017; Shahzad et al. 2017). The PGPB such as strains of
Bacillus amyloliquefaciens synthesized ABA and increased resistance of rice to
drought stress (Shahzad et al. 2017). Several strains of Azospirillum and Bacillus
were assigned to increase the biosynthesis of ABA in different crops under stomatal
stress (Cohen et al. 2009; Ilyas and Bano 2010). The bacterial strains (Rhodococcus
sp. P1Y and Novosphingobium sp. P6W) isolated from rice rhizosphere indicated
that both strains use ABA as a source of carbon and also reduced ABA concentration
in root and leaves of tomato crop which described that ABA-metabolizing bacteria
interact with each other through ABA dependent mechanism (Belimov et al. 2014;
Yuzikhin et al. 2021).

11.3.3 Cytokinins

Cytokinin plays a key role in the development of vascular system, as act on
promotion of protoxylem differentiation and development of vascular cambium
(Dettmer et al. 2009). The limited synthesis of cytokinin in root vascular system of
plants could produce roots without phloem and metaxylem, and reduction of cell
proliferation in procambial cells which may reduce vascular system (Argyros et al.
2008). In addition, cytokinins could also affect seed germination, shoot bud forma-
tion, breaking of apical dominance, inhibition of leaf senescence and regulation of
cell division in leaves (Efroni et al. 2013). Auxin and cytokinin interact in a balanced
way to promote plant growth (Hussain et al. 2021). The excessiveness of one of the
hormones can directly inhibit the activity of the other. Thus, growth promotion is
possible only by the adaptation and intrinsic hormonal regulation of plants (Kieber
and Schaller 2014).

Cytokinins influence cell division and chloroplasts differentiation (Taiz et al.
2017). The biosynthesis induction of cytokinin through nitrate availability has been
characterized in several non-legume crop species (Kamada-Nobusada et al. 2013).
Several PGPBs strains are being reported for the production and biosynthesis of
cytokinin in plants. Inoculation with Bacillus subtilis (AE016877) has increased
cytokinin concentration in shoot of Platycladus orientalis (Liu et al. 2013) and
therefore stimulates shoot growth and fruit formation. Some other bacterial strains
like Pseudomonas fluorescens have increased total cytokinin concentration in the
leave of A. thaliana and Brassica napus (Pallai et al. 2012; Großkinsky et al. 2016).
These PGPBs biosynthesized cytokinin have the ability to alter homeostasis and
adopting such mechanisms that stimulate growth and provide tolerance to plants
against biotic and abiotic stresses. However, interaction of cytokinin with PGPBs is
not adequately reported due to limited characterizations and mechanisms.
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11.3.4 Gibberellins

Gibberellins (GAs) are mainly defined by their chemical structure rather than biological
activities in plants. Gibberellins play an important role in mediating environmental
effects and stimuli on plant development. Exogenous application of GAs increases stem
growth of dwarf varieties to become similar to normal-growing varieties. Gibberellins
stimulate stem growth and also increase fruit production in more bunch spaces in non-
legume crops (Plackett and Wilson 2018). Gibberellins application in citrus plants
delayed senescence and increased internodes elongation in sugarcane, leading to greater
biomass (50 t ha�1) and sugar (5 t ha�1) production (Nguyen et al. 2019).

Plant growth-promoting bacteria alter and influence GA synthesis in plants much
like other hormones. Gibberellin biosynthesized PGPBs such as Bacillus cereus
MJ-1 (Joo and Chang 2005), Promicromonospora sp. SE188 (Kang et al. 2014), and
Leifsonia soli SE134 and Enterococcus faecium LKE12 increased dry matter and
length of root and shoot in rice. These PGPBs with the biosynthesis of GA can alter
different biochemical functions of plants and act as an outstanding alternative for
increasing tolerance against stresses (Kenneth et al. 2019).

11.3.5 Ethylene

Ethylene can be produced by almost all parts of higher plants, although the rate of
production depends on tissue type and developmental stage. Ethylene levels increase
during leaf abscission, flower senescence and fruit (tomato, citrus, cucumber, pea-
nuts, etc.) ripening (Iqbal et al. 2017). The biosynthesis of ethylene is induced by
mechanical damage and physiological stresses where plant tissues convert [14C]-
Methionine into [14C]-Ethylene through an immediate precursor of
1-aminocyclopropane carboxylic acid (ACC) (Poyatos-Pertíñez et al. 2016).
PGPB-mediated ACC are able to improve root initiation and morphology for greater
nutrient acquisition in non-legume crops (Pieterse et al. 2009). Some of PGP
bacterial strains like R. leguminosarum bv. viciae and M. loti enhanced lateral
roots growth in Arabidopsis thaliana (Contesto et al. 2008). Several PGPBs can
mitigate drought stress by lowering the ethylene production in root system of plants
(Arshad et al. 2008; Saleem et al. 2018). These bacteria are lowering the enzymatic
activity (1-aminocyclopropane-1-carboxylic acid (ACC) by the production of
α-ketobutyrate and ammonia, which could constrain excessive synthesis of ethylene
(an efficient mechanism) under several biotic stresses (del Carmen et al. 2020).

11.3.6 Polyamines

Polyamines can be found in vacuoles and chloroplasts that are mainly associated
with cell walls in free or conjugated with phenolic acids. They can stabilize DNA



and cell membranes by interacting with phosphorus residues and altering enzymes
activities. The alteration in cell fluidity and membranes structure can be measured by
polyamines (Masson et al. 2017). Polyamines stimulate synthesis of proteins,
kinases and fructose-1,6-biphosphate which contribute to cell division as well as
elongation of root and stem. In addition, polyamines are used as a substitute to auxin
treatment which declare them as secondary messengers for this hormonal class. An
increase in polyamine amounts can develop flowers while their decline can cause
senescence (Nambeesan et al. 2010). The application of low concentration of poly-
amines in mono- or dicotyledonous plants prevents senescence-related processes
(chlorophyll, proteins and RNA). In addition to these processes, polyamines are
involved in the maturation of fruits and pollen grains formation, stem and root
formation, and vascular differentiation (Alcázar et al. 2020). Polyamine is
maintaining membrane integrity and gene expression, reducing production of
ROS, and regulating accumulation of Na+ and Cl� ions for synthesis of osmolytes
(Afzal et al. 2009; Roychoudhury et al. 2011). The over-expression of polyamine
biosynthesis genes and other precursors like putrescine, spermidine, and spermine
increased tolerance in rice, tobacco, and Arabidopsis against salt stress (Shevyakova
et al. 2013). Two polyamines synthesized bacterial strains (Enterobacter
bugandensis XY1 and Serratia marcescens X43) were observed for the effect of
heavy metal accumulation and biomass production of spinach vegetables. It was
noted that these polyamine strains decreased Cd and Pb accumulation due to metal
ion chelation and cell absorption and provided resistance to their toxicity (Wang
et al. 2022).
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11.4 Linkage Among Non-legumes, Nitrogen and Soil
Microbiota

Nitrogen is excessively used to improve non-legumes production and feed the world.
However, its excessive application has hazardous environmental impacts. The
alternative process of biological nitrogen fixation (BNF) is one of the most important
economic, social and environmental processes, wherein nitrogenase enzyme com-
plex catalyses and breaks down triple bond of atmospheric dinitrogen (N2) and
converting it into ammonia (NH3) for plant uptake (Reis and dos Teixeira 2006;
Franche et al. 2009; Santi et al. 2013). The recent studies (Schillaci et al. 2019, 2021;
Raffi and Charyulu 2021 and others) have increased interest of researchers in
association of non-legumes with different rhizospheric bacteria (diazotrophes, epi-
phytes, endophytes, etc.). However, this intention is still far less than legumes due to
rhizobia and root nodules interaction.

Non-legume crops contribute almost 0–75 kg ha�1 year�1 of N to environment
through BNF (Reis et al. 2018). The most recent literature reported that BNF
increased N concentration by 64% in sugarcane under field conditions (Martins
et al. 2020). In addition, inoculation of wheat and corn with strain of Pseudomonas



protegens Pf-5 X940 also increased N concentration under reduced N-fertilization in
sorghum, switchgrass, wheat, maize, rice, etc. Van Deynze et al. (2018) reported that
inoculation of corn with non-symbiotic diazotrophs bacteria fix up to 82% N in soil
rhizosphere. The inoculation of non-symbiotic microbes in non-legume crops is
grabbing attention of scientists and researchers in several countries, and with
emphasis on corn and wheat crops (Salvo et al. 2018). Several other studies reported
microbial benefits in non-legume crops such as rice (Long et al. 2018), sugarcane
(Santos et al. 2017), sorghum (Wu et al. 2021) and pastures (Hungria et al. 2016).
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11.4.1 Diazotrophic Microorganisms and Biological
N-Fixation Capacity

The symbiotic relationship of legumes with some microorganisms in the soil has
always been remained a point of interest to researchers due to its efficiency and
economic values in agriculture. However, recent studies on soil microbial relation-
ship with non-legume crops highlighted the possible contribution of the microbial
community in growth and development of plants (Galindo et al. 2022; Jalal et al.
2022; Rosa et al. 2022). These studies indicated that some soil microorganisms can
increase crop yields, reduce pathogen attacks, as well as reduce abiotic or biotic
alterations without harming crop productivity (de Cassetari et al. 2016; Teixeira
Filho and Galindo 2019; Mahmud et al. 2020). There are several genera and species
that can carry out BNF, generally known as diazotrophic microorganisms.

The habitats and association with crops involved several N-fixing bacteria such as
cyanobacteria (Anabaena, Calothrix, Nostoc), aerobic bacteria (Azospirillum, Azo-
tobacter, Beijerinckia, Derxia, Bacillus, Klebsiella), and anaerobic bacteria (Clos-
tridium, Methanococcus, Chromatium, Rhodospirillum) (Reis et al. 2018), mainly
exhibited in all types of soil, salt or freshwater as well as in rhizosphere or
lithosphere. There are several organisms that are capable of fixing N on association
with grasses or non-legume species which are demonstrated in Table 11.1 (Reis and
dos Teixeira 2006).

These microorganisms are also known as plant growth-promoting bacteria
(PGPBs) with greater emphasis on genera Azospirillum, Bacillus, Pseudomonas,
which may have endophytic or epiphytic characteristics and directly contributing to
plant growth through BNF in soil (Pankievicz et al. 2015) or indirectly as a
biological control agent of pests and diseases.

The intense interest in the possible association of free-living bacteria with non-
legume such as sugarcane (Saccharum sp.), cover grasses and rice (Oryza sativa)
exhibited the importance of bacterial inoculation. The meta-analysis of over last two
decades under different environmental conditions and different non-legume crops
exhibited that soil microorganisms (in especial diazotrophic bacteria) have the ability
to increase crop productivity up to 30% (Fukami et al. 2018). Although, contribution
of diazotrophes and non-legume crops to BNF is minimal in relation to N fixation as
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Table 11.1 Host plants and microorganisms association of nitrogen-fixing with non-legumes crops

Gender Species Host plant Reference

Azospirillum A. brasilense Grasses Tarand et al.
(1978)

A. Lipoferum Grasses Tarand et al.
(1978)

A. Amazonian Grasses Magalhães et al.
(1983)

A. Halopraeferens Kallar grass Reinhold et al.
(1987)

A. Iraqi Rice Khammas et al.
(1989)

A. Doebereinerae Miscanthus Eckert et al. (2001)

Gluconacetobacter G. Diazotrophicus Sugarcane Cavalcante and
Dobereiner (1988)

Pineapple, sweet potato and
Eleusine Coracana

Yamada et al.
(1997)

G. johannae Coffee rhizosphere Fuentes-Ramirez
et al. (2001)

Class 1: Proteobacteria—Alpha subdivision

Kisses G. Nitrogen captans Coffee rhizosphere Fuentes-Ramirez
et al. (2001)

Derxia B. fluminensis Sugarcane Krieg and Holt
(1984)

D. gummosa Sugarcane Krieg and Holt
(1984)

Class 2: Proteobacteria—Beta subdivision

Burkholderia B. Vietnamiensis Rice Gillis et al. (1995)

B. Kururiensis Aquifer polluted with tri-
chloroethylene (TCE)

Zhang et al. (2000)

B. “brasilensis” Rice, cassava, sweet pota-
toes, sugar cane and corn

Baldani et al.
(1997)

B. tropica Sugarcane Reis et al. (2004)

Herbaspirillum H. Seropediae Grasses Baldani et al.
(1986)

H. Rubrissubalbicans Sugarcane Baldani et al.
(1986)

H. Frisingense Pennisetum, miscanthus and
spartina

Kirchhof et al.
(2001)

Alkalines A. faecalis Rice You et al. (1991)

A. latus Rice Malik et al. (1997)

A. paradoxus Rice Malik et al. (1997)

Azoarcus A. Indigenes Kallar grass Reinhold et al.
(1993)

A. communis Kallar grass Reinhold et al.
(1993)



result of symbiotic bacteria and leguminous crops (Reis et al. 2018). Therefore,
attention must be given to increase the contribution of BNF to non-legume crops to
decrease consumption of N fertilizers with additional ecosystem services like miti-
gation of greenhouse gases (GHG), as well as reduction of N leaching to aquifers
(Kaye and Quemada 2017).

11 Plant Growth-Promoting Bacteria and Nitrogen Fixing Bacteria:. . . 243

Table 11.1 (continued)

Gender Species Host plant Reference

“Azovibrio” A. restrictus Kallar grass Reinhold-Hurek
and Hurek (2000)

“Azospira” A. oryzae Kallar grass Reinhold-Hurek
and Hurek (2000)

“Azonexus” A. Fungiphilus Kallar grass Reinhold-Hurek
and Hurek (2000)

Class 3: Proteobacteria—Gamma subdivision

Azotobacter A. paspali Paspalum notatum Krieg and Holt
(1984)

Klebsiella K. pneumoniae Corn, sugar cane, sweet
potatoes, wheat

Krieg and Holt
(1984)

K. Oxytoca Rice, wheat Kovtunovych et al.
(1999)

K. Planticola Rice, wheat Ladha et al. (1983)

K. terrigena Grasses Haahtela et al.
(1988)

Pantoea P. agglomerans Wheat Ruppel et al.
(1992)

Class 4: Phylum BX3—Firmicutes phy. Nov. class III “bacilli”

Paenobacillus P. Nitrogenfixans Grasses Seldin et al. (1984)

Adapted from (Reis and dos Teixeira 2006)

The association of plants and microbiological community in root rhizosphere use
available carbon and environmental energy to break down bacterial cells and release
fixed N for the crops (James 2000; Samuel et al. 2013). The microbial community is
influenced by several factors (crop genotype, soil texture, available nutrients, soil
water retention capacity, and amount and types of exudates) which may affect
availability of macro- and micronutrients, especially N and phosphorus (Mahmud
et al. 2020). Nitrogen-fixing bacteria are competing with non-symbiotic bacteria for
common available environmental resources. The association made by diazotrophs
(Beijerinckia and Azotobacter) and free-living (Klebsiella) to fix N2 may use carbo-
hydrates and exudates (James 2000). Thus, PGPBs promote the availability of
unavailable nutrients in soil while preventing pests and diseases attacks (Santoyo
et al. 2016).



244 A. Jalal et al.

11.4.2 Interaction of Plant-Soil-Microbes and Environment

Agricultural systems are built on the interaction of plant-soil-atmosphere, and soil
management systems. Research efforts have been devoted to characterize impor-
tance of microbiomes to soil health with extensive details on microbiological
complexity and functions associated with soil, plants, animals and insects (Fierer
2017; Hartmann et al. 2019). However, the new interest is yet to understand the
structure and function of microbiome as a whole, evaluate the heritability of host
phenotypes and determine the aspects that govern stability and resilience to distur-
bance (Finkel et al. 2017; Toju et al. 2018; Sergaki et al. 2018).

Recent research showed interconnected nature of microbiomes to understand
processes of their composition and function in agroecosystem (French et al. 2021).
Integrated knowledge about the factors influencing microbiomes has direct implica-
tions on soil quality and long-term sustainability, including management practices
and advances in technology.

11.4.2.1 Interaction Between Agricultural Practices and Microbiomes

Modern agriculture adapted different management and sustainable strategies includ-
ing beneficial microbes that prevent transport and accumulation of pathogens in soil.
Soil-associated microbial communities are studied as distinct sectors, without inte-
gration between disciplines. Recent studies demonstrated the interconnected nature
of microbiological communities associated with plants, soil, insects and pollinators
(Fig. 11.1) (Toju et al. 2018; Besset-Manzoni et al. 2018).

The traditional agricultural practices drive alterations across all domains of
microbial communities/ microbiomes with beneficial impact and improvement on
soil characteristics and quality, leading to healthy crops and productivity. There are
several studies on association of microbial communities with plants and impact of
management practices on microbiomes (Wolmarans and Swart 2014; Venter et al.
2016; Kim et al. 2020). However, most of the researchers focused on soil root
interaction without studying the effects on all sectors of microbiomes. Little is
known that how management practices regulate the dynamics of microbial commu-
nities associated with aboveground plant tissues (stems, leaves and flowers) in
agroecosystem.

The interconnected nature of microbiomes with plants, insects and environment is
presented in Fig. 11.1. The integrated management practices of these factors may
have positive or negative influence on soil and crop quality (French et al. 2021).
Microbes-mediated agricultural systems manipulate crop production by incorpora-
tion of traditional and emerging management practices to improve the ecosystem
with greater crop growth, yield and resilience to stresses (Dubey et al. 2019). The
main management practices and their impact on microbial community are summa-
rized in Table 11.2.
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Fig. 11.1 Crop-associated microbiomes (soil, plant, insects) in association with different agricul-
tural practices. The arrow highlights integration into microbiome in relation to agricultural man-
agement and practices and how this can affect microorganisms. (Source: This figure has adapted
from French et al. (2021))

11.4.2.2 Environmental Factors

The soil microorganisms depend on the limits imposed by environmental conditions
and their genetic factors. There are several environmental abiotic factors that can
suppress survival and functions of microorganisms in the soil (Sandhya et al. 2010).
The main abiotic factors that interfere with the interaction of diazotrophic bacteria
and plants are: soil temperature, moisture, pH, energy sources and organic carbohy-
drates, available nutrients and toxic elements.

Soil temperature is considered one of the determining factors in survival, phys-
iology and distribution of microbial diversity and activities in soil. The soil micro-
organisms are classified on the basis of temperature for their growth activities;
psychrophiles, mesophiles and thermophiles with optimal temperature of 15, 37
and 60 �C while a tolerance range of �5 to 20, 15 to 45, 40 to 70 �C, respectively
(Leite and Araújo 2007). It is also important to emphasize that temperature influ-
ences N-cycle, mineralization and nitrification processes. The low temperature has
harsh effects on mineralization of organic matter and therefore, compromising
diazotrophic activities by decreasing carbohydrates availability (Reis et al. 2018).
Soil moisture is another indispensable factor that can also trigger several antagonistic
physiological responses to plants and microbial communities, which can reduce



Description Effect on crop microbiomes References
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Table 11.2 Positives and negatives changes in management practices in microbiomes culture

Agricultural
practice

Chemical
control

Application of chemicals to
control pests (chewing and
sap-sucking insects) and path-
ogens (harmful viruses, bacte-
ria and fungi) alter microbial
community dynamics through
direct toxicity and by acting as
an energy or nutrient resource.
Using agrochemicals

# microbial diversity" micro-
bial activity" or # pathogen
suppressiondisrupts relation-
ships with beneficial
microbeslinked to microbe-
mediated insecticide
resistancealtered microbial
functioning

Hussain
et al. (2009)
Wolmarans
and Swart
(2014)
Imfeld and
Vuilleumier
(2012)

Tago et al.
(2015)
Zhang et al.
(2016)
Kakumanu
et al. (2016)
del
Fernández
et al. (2019)

Crop
diversification

Diversification strategies that
grow two or more crops in the
same location are often
designed to improve pest sup-
pression and soil fertility, and
are thus predicted to alter
microbial processes linked to
nutrient cycling and pathogen
build-up. Practices include
crop rotation, cover cropping
and intercropping

" or #microbial diversity " soil
fertility " disease insect pest
suppression " beneficial
microbe–plant interactions

Kim et al.
(2020);
Venter et al.
(2016)

Fertilizer
inputs

Chemical fertilizers (nitrogen,
phosphorus and potassium)
enhance crop yield but also
alter soil properties (for exam-
ple, pH) and plant physiology
(for example, root exudate
production) in ways that are
predicted to impact the struc-
ture and functional diversity of
crop-associated microbiomes

Microbial diversity; varies (for
example, soil- versus root-
associated)
" soil acidification negatively
impacts microbial growth
" overall microbial biomass;
depends on rate and amount
" abundance of plant-growth-
promoting bacteria
# microbial benefits to plant
growth with excessive
nutrients

Bünemann
et al. (2006)
Zhang et al.
(2016)
Yeoh et al.
(2016)

Organic soil
amendments

Addition of organic matter
contributes to soil fertility by
enhancing water and nutrient
availability to crops,
counteracting soil erosion and
modulating soil temperature
and pH, which in turn are
predicted to reshape microbial

" microbial diversity, abun-
dance and metabolic activity

Bünemann
et al. (2006)

" suppression of soil-borne
pathogens

" positive plant–soil feedback
(for example, in maintaining
soil structure)



Description Effect on crop microbiomes

community structure and
function. Examples include
residues, manure, biosolids,
biochar and plant material
residues

"

infection of endophytic bacteria, emergence of root hairs from host crop and also
reduce N-fixation rate (de Cassetari et al. 2016).
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Table 11.2 (continued)

Agricultural
practice References

Tillage Tillage practices mechanically
turn soil as a way to control
weeds and pests. However,
tillage ultimately causes phys-
ical disturbance that leads to
changes in soil physiochemical
properties and erosion, which
in turn are predicted to affect
soil microbial communities on
many levels.

# microbial diversity and
overall biomass

Wang et al.
(2020a)

# microbial functional diver-
sity (for example, catabolic
diversity)

Disrupts relationships with
beneficial microorganisms

Water
management

Water can strongly influence
soil microorganisms directly
through soil structure and
physiochemical properties
such as pH. Management of
soil moisture through irriga-
tion practices is predicted to
influence soil and rhizosphere
microbiome communities

# associations with beneficial
root microorganisms

Hartmann
et al. (2017)
Mavrodi
et al. (2018)

# presence of water-stress-
tolerant microorganisms

" multidrug-resistant bacteria
in soil (for example, waste-
water irrigation)

microbial activity

Adapted from (French et al. 2021)

The soil pH is also a determining factor in the distribution and activities of
microbial communities. Soil pH is depending on a number of factors and processes
such as source material and soil formation processes, frequency of fertilization, and
mineralization of organic matter by soil microbiota (Remigi et al. 2016). Different
microbes are adapted to different pH values as like fungi are generally adapted to pH
values lower than 5.0 while bacteria and actinomycetes are adapted to pH values
ranging from 6.0 to 8.0.

The soil pH had a great influence on the availability and toxicity of chemical
elements such as Al3+, Mn and Fe which can harm soil microbiota. In acidic soils,
root development is inhibited by the presence of Al3+ which may affect nutritional
absorption and also reducing root target area to be infected by bacteria (Leite and
Araújo 2007; Remigi et al. 2016).

The available soil organic residues and applied organic fertilizers like cattle
manure and chicken litter favour microbe’s growth and activities while chemical
fertilizers, pesticides and other pollutants can affect microorganisms and their
biochemical processes. The chemoautotrophic microorganisms are using the energy
of organic materials while the decomposition of organic substrates depends on the



complexity of the carbon chain. Thus, materials with a complex (lignified) carbon
chain have a greater resistance to decomposition whereas materials containing pro-
teins and glucose could decompose faster (Redin et al. 2014). In addition, concen-
trations of N/lignin and N/polyphenols of decomposing organic material must be
known. The decreasing ratio of N/lignin may lower the rate of organic material
decomposition and also N availability (Doneda et al. 2012).
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Generally, when it comes to non-legume species, organic material is difficult to
decompose due to lower N and higher C content as well as higher N/lignin ratio than
legume species. Therefore, to regulate nutritional availability, especially N for
bacterial growth and diversity it is obvious to include leguminous species in
intercropping or in crop rotation to increase mineralization of organic material and
thus enhancing N availability for soil microbiota.

Soil are being the reservoir of several mineral nutrients (C, H, O, N, P and S) for
microorganisms and is provided with organic matter. Mineral nutrients are important
components of different physiological, metabolic and biochemical processes such as
DNA and RNA structuring, cell wall stabilization, enzyme synthesis, cell division,
mobility, symbiotic and associative interactions (Leite and Araújo 2007). In addi-
tion, the activities of soil microbiota are also dependent on the relationships of C/N,
C/P and C/S that may influence dynamics of biogeochemical cycles of microorgan-
isms. Therefore, soil management and practices are considered to be most conser-
vative and important for a healthy microbiome.

11.5 Rhizospheric Nitrogen Fixation in Non-legume Plants

The cropping systems with non-legume crops are considered non-symbiotic where
free-living bacteria have the capacity to fix N through energy provided by the
environment. These free-living bacteria use carbon and energy obtained from the
mineralization of soil organic matter and thus release N fixed for uptake of crops
(Mahmud et al. 2020). These microorganisms do not have nodules and constitute an
association with plants in two main ways:

(a) Rhizospheric association or between plants and free-living bacteria.
(b) Association between diazotrophic endophytic bacteria and plants.

(a) This group of microorganisms live in soil and can be associated with plant
tissues whenever environmental conditions are favourable (Reis et al. 2018). They
are considered pioneers in colonization and have the ability to fix N in nitrogen-poor
niches under most whethered agroecosystems (de Cassetari et al. 2016). This group
is composed of aerobic bacteria of the genus Azospirillum, Azotobacter,
Beijerinckia, and Derxia (Reis et al. 2018). They are chemiorganotrophic microor-
ganisms and have the capacity to use soil carbon as a source of energy for their
survival and keeping their population active.

(b) The group of these microorganisms colonizes in the internal tissues of crops
without any apparent external structure and pathogenicity to crops (Teixeira Filho



and Galindo 2019). The microbial diversity of this group is classified into facultative
or obligatory endophytic bacteria. They can be isolated in the rhizosphere or inside
plants.
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The precise localization of important microorganisms within non-legume plants
can be identified by optical and electronic microscopy in addition to immunodefi-
ciency and immunofluorescence labelling with the use of polyclonal or monoclonal
(Fig. 11.2a and c) (Bashan and Levanony 1990; James 2000). The other methods
such as green fluorescent protein (Egener et al. 1998), fluorescently labelled and
RNA-specific oligonucleotide probes are more reliable analysis for identification and
localization of microorganisms. For example, to identify N-fixing bacteria in field
conditions, the microscopy labelling of associative interactions between bacteria and
plants is considered very important in distinguishing and characterizing these
individuals.

Some non-endophytic and diazotrophic associative strains of Azospirillum were
identified on the root surface, root elongation zones or within root epidermis.
However, endophytic diazotrophics such as A. diazotrophicus, Azoarcus spp.,
Herbaspirillum spp. and a strain of A. brasiliense (Sp245) colonized in root cortex
or even endoderm can be translocated to aerial parts (James 2000). These
diazotrophs colonized in the apoplast, xylem vessels (Fig. 11.2a and b), intercellular
spaces (Fig. 11.2c) and lignified parenchyma (Fig. 11.2d) of non-legume crops.

The location of bacteria in microbiomes did not mention much about the associ-
ation between plants and PGPBs. For example, a high concentration of bacteria in
associative processes, or inside plants does not mean that the nitrogenase process is
taking place. Also, the expression of nitrogenase genes or proteins cannot determine
the availability of N to crops in association (James 2000). The determination of N in
non-symbiotic associative relationships only occurs after the death and possible
mineralization of bacteria (Mahmud et al. 2020). The amount of released N in this
process is inefficient and possibly delayed compared to the process that occurs with
symbiotic bacteria.

11.6 Inoculation with Bacteria in Non-legumes: Plant
Nutrition, Yield and Fertilization Efficiency

The contribution of rhizospheric microorganisms to plant growth, crop productivity,
controlling and/or reducing pathogens infestation and mitigating the effects of biotic
and abiotic stresses without causing pathogenicity has been widely discussed. In
addition to being an economic, ecological and sustainable alternative, these micro-
organisms are able to increase fertilizers use efficiency (García de Salamone 2011).
They reduce N fertilizers through BNF by diazotrophic bacteria (Fukami et al. 2016;
Galindo et al. 2020a). In addition, they also increased soil nutrients availability by
solubilizing phosphate, converting insoluble P into soluble P by releasing organic
acids, chelation and ion exchange (Saeid et al. 2018), and zinc solubilization through
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Fig. 11.2 (a) Optical micrograph of a sugarcane leaf cross sect. 7 days after inoculation with
A. diazotrophicus strain. Bacteria can be seen as black bodies (arrows) within metaxylem (M) and
protoxylem (P). (b) Transmission electronic micrograph of A. diazotrophicus (*) colonizing ligni-
fied parenchyma of sugarcane leaf. (c) Optical micrograph of a longitudinal section of rice root after
2 days inoculation with Herbaspirillum seporopedicae strain. The arrows indicate black bodies of
bacterial colonies in addition to a large lateral arrow emerging from root. There is a concentration of
bacteria in the intercellular spaces in which they are being colonized. These bacteria are entering
through cracks at the junction between emerging lateral root (*). (d) Transmission electron
micrograph of Serratia sp. (arrows) colonizing in the parenchyma of a rice stem. (Source: Adapted
from James (2000))



production of chelators, secretion of organic acids, amino acids, vitamins and
phytohormones, oxide-reducing systems and proton extrusion (Saravanan et al.
2003). This reflects better plant nutrition and quality in agricultural production
around the world. The benefits of these beneficial microorganisms in non-legume
cropping system are described below.

11 Plant Growth-Promoting Bacteria and Nitrogen Fixing Bacteria:. . . 251

11.6.1 Cereals

Inoculation with plant growth-promoting bacteria (PGPBs) increased photosynthetic
activities, crop yield and improved nutrient uptake in cereal crops. Inoculation with
Azospirillum brasilense in maize increased the concentration of P, S, Cu, Mn and Zn,
leaf chlorophyll index, grain yield and agronomic efficiency (Galindo et al. 2016;
Jalal et al. 2020). Inoculation had also increased N use efficiency in maize (Galindo
et al. 2019). Inoculation with A. brasilense via leaves and seeds of maize increased
leaf Zn concentration. The inoculation of wheat with Azospirillum brasilense has
increased leaf chlorophyll index, leaf N and Si concentration, shoot dry mass,
number of ears per meter, number of grains per ear, grain yield and N use efficiency
(Souza et al. 2019; Galindo et al. 2020b). Inoculation with Burkholderia pyrrocinia
increased photosynthesis rate, stomatal conductance, intracellular CO2 assimilation,
leaf Si concentration and activities of catalase and ascorbate peroxidase enzymes in
rice plants (Bueno et al. 2017).

The bacterial strains Mycobacterium phlei MbP18, Pseudomonas alcaligenes
PsA15 and Bacillus polymyxa BcP26 boosted plant growth, absorption and accu-
mulation of N, P and K in maize (Egamberdiyeva 2007). Inoculation of A. brasilense
along with N application increased shoot N, K, Ca, B, and Si and grain N, S, Zn and
Cu uptake in maize under tropical conditions (Galindo et al. 2021). The inoculation
of A. brasilense increased Zn acquisition in maize and wheat plants as well as
increased productivity and Zn use efficiency in both crops (Galindo et al. 2021).
Maize and wheat plants inoculated with A. brasilense and A. lipoferum had increased
grain yield, concentrations of N, P, K and Fe in leaves, while concentrations of P, K,
Mg, S, Zn, Mn and Cu in grains (Hungria et al. 2010). Inoculation with A. brasilense
provided wheat and barley plants with a greater yield component, grain yield and
grain protein content (Ozturk et al. 2003). Inoculation with Bacillus megaterium,
Bacillus licheniformis, Paenibacillus polymyxa and Bacillus OSU-142 in barley
promoted growth and root biomass accumulation, greater BNF, concentration
of N, Ca, Fe, Mn, Zn and Cu in aerial part of plants (Çakmakçi et al. 2007).

Inoculation with Bacillus sp. and B. cereus increased chlorophyll concentration,
biometric attributes, grain yield and Zn solubilization in rice plants (Shakeel et al.
2015). Inoculation of maize with A. brasilense and B. subtilis increased P use
efficiency while in combination with P2O5 doses have increased productivity by
39% under tropical conditions (Pereira et al. 2020). The cultivation of maize
inoculated with B. subtilis and B. aryabhattai was observed with greater solubiliza-
tion of Zn from insoluble sources with a lengthy root system, greater shoot and root



dry mass, improved nutritional grains quality use efficiency of Zn and P (Mumtaz
et al. 2017). Maize inoculation with bacterial strains of the genera Azospirillum and
Pseudomonas increased absorption and accumulation of N, P, K, Zn, Cu, Fe and Mn
in shoot, leaf area, plant and root length (Goteti et al. 2013). In addition, inoculation
of sorghum with Bacillus strains favoured P concentration in shoots, roots and
grains, increased shoot and root dry mass and grain yield (Mattos et al. 2020).
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There are several other studies that report inoculation of different bacterial strains
increased crop growth, productivity and nutrient accumulation in different cereal
crops. For example, growth, productivity and P accumulation in maize was increased
with Pseudomonas tolaasii (Viruel et al. 2014), P. fluorescens and Enterobacter
radicincitans (Krey et al. 2013). In addition, rice growth, productivity, phytohor-
mones production and phosphate solubilization were increased with inoculation of
Burkholderia sp. strains (BRRh-2, BRRh-3 and BRRh-4), Pseudochrobactrum
sp. strain (BRRh-1), and Pseudomonas aeruginosa strains (BRRh-5 and BRRh-6)
(Khan et al. 2017). While Burkholderia cepacia strain (RRE25) increased uptake
of N, K and P, production of indole acetic acid (AIA), leaf chlorophyll index and
lateral roots in rice plants (Singh et al. 2013). Bacterial inoculation of wheat with
different bacterial strains (Klebsiella pneumoniae, Klebsiella varicola, Bacillus sp.
and Agrobacterium tumefaciens) increased availability of N, P and K, and leading to
greater absorption and translocation of these nutrients to plant shoot with taller
plants, greater shoot dry mass of wheat (Wang et al. 2020b). The isolated strains
of bacteria (Pseudomonas poae, Serratia marcescens, Bacillus pumilus, Pantoea
agglomerans, Pseudomonas sp. and Microbacterium sp.) increased the availability
of N, P, K, Cu, Zn and Mn in soil that favoured these nutrients uptake of these
nutrients in roots and leaf of sorghum plants (Sahib et al. 2020).

11.6.2 Oilseed Crops

Oilseed crops are the rich source of oil, raw material of oleo industries and also a
source of renewable energy for power generation. These crops consisted of several
crops (soybean, sesame, canola, safflower, sunflower, groundnut, castor, etc.) (Weiss
2000), while canola is ranked second among global oilseed crops. Several
rhizobacteria/ PGPBs increased growth, productivity and quality of non-legume
oilseed crops. Inoculation with Herbaspirillum sp. increased root growth, seedling
vigor and dry mass, Paenibacillus sp. increased plant height and shoot dry mass
production while Bacillus sp. increased nitrogenase enzyme activities and N uptake
in canola plants (Islam et al. 2009). Rapeseed plants were benefited from the
inoculation of Bacillus pumilus by increasing boron (B) concentration in leaves
with greater growth and productivity under nutrients deficient soil (Masood et al.
2019). In addition, inoculation of rapeseed with strains of Pseudomonas
thivervalensis (Y1-3-9), Microbacterium oxydans (JYC17) and Burkholderia
cepacia (J62) in Cu-contaminated soil provided greater productivity, Cu accumula-
tion and antioxidant contents such as ascorbic acid and glutathione (Ren et al. 2019).



The strain of Bacillus sp. (LTAD-52) had increased P solubilization, grain yield and
dry weight of rapeseed plants by promoting root growth and nutrient uptake (Valetti
et al. 2018).
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Inoculation of canola with strains of Rhizobium sp. (8121) and A. brasilense
(Ab-V5) root-shoot growth with greater dry mass (Gomes et al. 2018). Inoculation
with four strains of Pseudomonas sp. (312, 642, 1313W and 9421) increased soil P
contents through phosphate solubilization which had positive influence on root-
shoot growth with greater root and shoot biomass accumulation of canola plants
(Jamalzadeh et al. 2021). There was an increase in root-shoot growth, grain yield and
nutritional quality of crambe (Crambe abyssinica) plants with inoculation of
Methylobacterium komagatae, Azomonas sp. and Rhizobium sp. (Aquino et al.
2018).

Sunflower plants inoculated with Bacillus sp. (Ps-5) and Alcaligenes faecalis
(Ss-2) had increased lactic acid production (related to phosphate solubilization), root
proliferation and shoot growth, grain yield and oil concentration in grains (Shahid
et al. 2015). The rhizobacteria of Bacillus sp. and Enterobacter cloacae promoted
plant growth by increasing dry and fresh mass of shoots and roots, improved
accumulation of K, N and P in sunflower shoots. In addition, concentrations of
soluble carbohydrates, free amino acids and soluble proteins in leaves and roots of
sunflower plants were increased (Santos et al. 2014). The inoculation of sunflower
with Acinetobacter sp. strain (CC30) increased shoot-root dry weight, length, Cu
content and photosynthetic pigment content in Cu-contaminated soil (Rojas-Tapias
et al. 2012). Paenibacillus polymyxa through BNF increased leaf N content, shoot
dry mass accumulation, pod dry mass and yield of canola plant (Padda et al. 2016).

11.6.3 Vegetables and Fruits

Vegetable crop species are relatively low nutrients use efficiency in comparison of
arable crops and usually related to short growing periods and superficial rooting
which are used for edible purposes (Tei et al. 2020). Inoculation of vegetable crops
with different PGPBs stimulated several biochemical, physiological and metabolic
processes to boost up their growth, productivity and nutritional values. Inoculation
with Gordonia rubripertincta and Pseudomonas stutzeri provided greater growth of
cucumber with greater dry mass of shoots and roots in hydroponic system (Corrêa
et al. 2011). There was an increase in leaf chlorophyll index and leaf area of lettuce
plants inoculated with P. chlororaphis, B. subtilis and P. aphanidermatum in a
hydroponic system (Corrêa et al. 2010). Inoculation of P. chlororaphis increased
root hair growth, root length, shoot fresh mass, number of leaves and plant length of
lettuce in a hydroponic system (Lee et al. 2016). There are different PGPBs like
Bacillus spp. and Pseudomonas sp., facilitated growth, yield attributes and yield of
pepper and tomato plants in hydrophonic system (García et al. 2004; Kıdoğlu et al.
2009).
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The inoculation of cucumber with different bacterial genera like Acinetobacter
baumannii, Cronobacter dublinensis, Enterobacter cloacae, Arthrobacter sp. and
Cronobacter sakazakii increased root length, root dry mass, plant height, shoot dry
mass, and chlorophyll, proline, N and P contents (Kartik et al. 2021). Another study
reported that inoculation of Rhodobacter sphaeroides, Saccharomyces cerevisiae
and Lactobacillus plantarum had increased root-shoot fresh and dry mass with
higher leaf chlorophyll index, concentration of Ca, K, Mg, P, and several amino
acids like threonine, aspartic acid, serine, lysine, glutamic acid, glycine, tyrosine,
isoleucine, alanine, cysteine, valine, methionine, leucine, phenylalanine, proline,
histidine and arginine (Kang et al. 2015).

Cabbage plants inoculated with Pseudomonas poae, Plantibacter flavus and
Bacillus amyloliquefaciens were observed with a greater number of leaves, leaf
area, shoot dry mass, leaf chlorophyll index, flavonoids and yield along with higher
concentrations of N, P, K, Ca, Mg, Fe, Cu and Zn in leaves (Helaly et al. 2020). The
Chinese cabbage when inoculated with Ensifer fredii had been observed with higher
concentrations of N, P, Ca, K, Mg, Zn, and Fe in leaves and greater leaves dry mass
(Pongsilp and Nimnoi 2020). Inoculation with Bacillus amyloliquefaciens increased
fresh and dry mass of roots and shoots, K concentration and leaf chlorophyll index in
spinach plants. In addition, it also contributed to mitigate the toxic effects of lead
(Pb) in soil by accumulating greater amounts in its roots (Zafar-ul-Hye et al. 2020).
The inoculation of Thiobacillus thiooxidans, Azotobacter chroococcum and
Azospirillum lipoferum in combination with N and S fertilization increased produc-
tivity, growth and accumulation of N, P, K, S, Zn and Mn in onion bulbs (Awad et al.
2011). The inoculation of Pseudomonas proteins with N doses provided greater root
growth and yield of garlic with a reduction of 25% in N application as a top dressing
(Wang et al. 2020c). Inoculation of potatoes with Brevundimonas sp. strain (TN37)
promoted phosphate solubilization, stimulated absorption and accumulation of N
and P in potato tubers with greater shoot and root growth (Naqqash et al. 2020). Leaf
and seed inoculation of radish with Kosakonia radicincitans provided greater leaf
fresh mass, tuber fresh mass, and tuber diameter with a 20% greater leaf and tuber
yield (Berger et al. 2015).

The fruit diameter and productivity of cantaloupe melon had increased under an
adequate supply of N along inoculation of A. brasilense (Vendruscolo et al. 2019).
Inoculation of Bacillus spp. promoted shoot dry mass, stem diameter, leaf area, and
concentration of N, P, K, Ca andMg in melon plants and fruits (Vasileva et al. 2019).
In addition, B. subtilis provided greater productivity, husk firmness, soluble solids
content and fruit weight of melon (Abraham-Juárez et al. 2018). Bacterial inocula-
tion of strawberries with Enterobacter cloacae, A. brasilense and Burkholderia
cepacia reduced up to 50% N fertilizer application and increased shoot-root growth
and dry mass with greater stem diameter (Andrade et al. 2019). Inoculation with
Azospirillum brasilense and Burkholderia vietnamiensis increased leaf chlorophyll
index, plant growth index and strawberry fruit yield (Lovaisa et al. 2015).
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11.6.4 Forage Grasses

Inoculation with R. tropici CIAT 899 and A. brasilense Ab-V6 in association with N
fertilizer increased accumulation of N, Ca, Fe, Mn and Zn in shoots, absorption of P
and K by roots, and leaf chlorophyll index of Panicum maximus cv. BRS Zuri
grasses (de Lima et al. 2020). Inoculation of A. brasilense and B. subtilis in
combination with N fertilizer increased leaf dry mass and accumulation of K,
N, P, Ca, S and Mg of Marandu grass (Sampaio et al. 2021). A. brasilense,
R. tropici and P. fluorescens applied along with adequate N application increased
shoot and root dry mass, tiller number, leaf chlorophyll index and N accumulation in
shoot of Mavuno grass (Sá et al. 2019). Inoculation of P. fluorescens and P. ananatis
increased leaf and root mass, crude protein concentration, and plant productivity of
Ruziziensis grass under reduced use of N fertilizers in cover application (Duarte
et al. 2020).

The inoculation of Brachiaria brizantha and Brachiaria ruziziensis grasses with
A. brasilense reduced N application by 40 kg ha�1 through BNF, along with greater
productivity and higher N concentration in the aerial parts of plants during 26 cuts in
three different cities of Brazil (Hungria et al. 2016). Similarly, inoculation with
A. brasilense mitigated water stress, increased productivity and reduced N fertilizers
application in Marandu grass (Leite et al. 2019). Brachiaria brizantha cv. BRS Piatã
inoculated alone or together with Burkholderia pyrrocinia and P. fluorescens were
observed with larger leaf area, high leaf chlorophyll index and greater leaf fresh
biomass along with high tolerance of darkness in forest intercropping (Lopes et al.
2018). Rocha and Costa (2018) reported that inoculation with A. brasilense
increased shoot dry and fresh biomass, leaf chlorophyll index, number of tillers
and leaf production in relation to stalks of U. brizantha cv. Paiaguás under 50% of
mineral N is recommended for these grasses.

The forage plant-like sorghum growth, quality and productivity were boosted
when inoculated with P. fluorescens strain 93 under adequate supply of P at sowing
(Ehteshami et al. 2018). The use of B. subtilis and P. fluorescens in ryegrass (Lolium
perenne) favoured greater fresh and dry mass accumulation in three harvests. This
inoculation also increased diversity of natural beneficial bacteria in soil rhizosphere
(Stamenov et al. 2012). The fresh and dry mass accumulation of Napier grass were
increased with inoculation of Micrococcus sp. and Arthrobacter sp. strains which
also increased plant tolerance to harmful effects of Cu and Cd excess in soil
(Wiangkham and Prapagdee 2018). Different strains of Herbaspirillum sp. and
Azospirillum sp. had promoted plant growth by increasing antioxidant activities,
enzymatic activities and phytohormones production which therefore, lead to greater
shoot dry and fresh mass of perennial ryegrass (Cortés-Patiño et al. 2021). The
inoculation of pastures and forages for animal feed has become more frequent and
attaining attention of the researchers to alleviate harmful effects of cultivation in
marginal and contaminated areas, arid and semi-arid regions, as they favour growth
in limiting water conditions and also reduce consumption of mineral fertilizers to
provide sustainable animal production.
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11.6.5 Other Crops

Mentha arvensis when inoculated with Exiguobacterium oxidotolerans and Glomus
fasciculatum had increased root, leaf and shoot growth, greater fresh and dry leaf
weight and oil yield (Bharti et al. 2016). Inoculation of Pseudomonas fluorescens
WCS417 and Bacillus amyloliquefaciensGB03 improved the quality of essential oil,
phenolic content and antioxidants along with greater growth and yield of Mentha
piperita (Chiappero et al. 2019). The bacterial strains Halomonas desertis G11,
Pseudomonas rhizophila S211 and Oceanobacillus iheyensis E9 provided higher
productivity and citronellol compounds, and better-quality essential oil of Pelargo-
nium graveolens (Riahi et al. 2020). The antioxidants, cannabinoids, phenolic
compounds and plant growth of Cannabis sativa were increased under the effects
of inoculation with native rhizobacteria (Pagnani et al. 2018). Inoculation of lemon
balm (Melissa officinalis L.) with P. fluorescens and P. putida was observed with
higher productivity, photosynthetic pigments, phenolic compounds, total soluble
proteins and accumulation of fresh and dry mass of leaves (Hatami et al. 2021). In
general, PGPBs increased root and aerial growth, productivity, nutrient absorption,
hormone production, N, P and Zn solubilization while reducing the use of mineral
fertilizers in plant cultivation to promote sustainable cultivation in the world.

11.7 Benefits of Co-Inoculation of Plant Growth Bacteria
in Non-legumes

Due to multiple growth-promoting mechanisms and the potential of BNF in non-
legume plants, several studies have sought to evaluate the use of microorganisms in
co-inoculation with plant growth-promoting bacteria (PGPBs) to enhance or add up
the individual beneficial effect of each bacterium. Therefore, reducing the applica-
tion of synthetic fertilizers with greater development and productivity of non-legume
crops.

The global inoculants market has been looking for new strains with new formu-
lations and validation of application methods. In the last decade, the idea of
combined application of different species of microorganisms contributed to different
plant processes and is known as mixed inoculation or co-inoculation. Most of the
studied co-inoculations include symbiotic rhizobia together with PGPBs. Currently,
a variety of co-inoculants are present in the market for many crops (Santos et al.
2019). Treatments containing inoculation with Azotobacter sp. + Azospirillum
sp. and Bacillus sp. + Pseudomonas sp. favoured the growth, the increase in the
number of branches, the productivity of seeds, leaves and essential oil in the two cuts
of the basil plants, contributing to the reduction in the use of mineral fertilizers
(Tahami et al. 2017). Co-inoculation of Andrographis paniculata with Azotobacter
chroococcum, Bacillus megaterium, Pseudomonas monteilii and Glomus
intraradices improved soil chemical properties, acid phosphatase, plant growth,
yield and desired herb quality (Khan et al. 2015).
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11.7.1 Maize

Interestingly, the co-inoculation of maize showed prominent improvement in plant
growth, biochemical properties and yield (Fukami et al. 2018) as compared to single
inoculation. Picazevicz et al. (2017) observed that maize shoot dry mass was
increased by 21.4 and 15.1% with co-inoculation of A. brasilense and R. tropici in
the absence and presence of reduced N application, respectively. We conducted a
field study on maize single and co-inoculation of A. brasilense with combinations of
A. brasilense + B. subtilis, A. brasilense + P. fluorescens, B. subtilis + P. fluorescens
and A. brasilense + B. subtilis + P. fluorescens in association with N doses. Our
results indicated that greater maize grain yield was observed with co-inoculation
under a 25% reduction in recommended N dose (Table 11.3) for the crop (Teixeira
Filho and Galindo 2019).

Several other studies performed with co-inoculations of maize showed that
co-inoculation of R. tropici and A. brasilense (Ab-V5 and Ab-V6) increased plant
height, grain yield, and an interesting alternative to combat saline stress in maize
(Fukami et al. 2017b). In another study, it was noted that co-inoculation of
A. brasilense (strain Ab-V5) and Herbaspirillum seropedicae (strain SmR1) in
maize increased shoot dry matter by 12% and yield by 7% in relation to the control
(Dartora et al. 2013). Reis Júnior et al. Reis Júnior et al. (2008) described that
combined inoculation of A. amazonense and H. seropedicae strains increased
phytohormones production which therefore, increased root and shoot dry matter
production by 40% as compared to control. A huge combination of plant
growth-promoting bacteria (A. brasilense, B. amyloliquefaciens, B. licheniformis,
B. pumilus, B. subtilis and P. fluorescens) was applied via maize seeds or jet directed
at V3 stage. The results reported that B. licheniformis improved nutrient absorption

Table 11.3 Maize grain yield as a function of the combination of PGPBs and nitrogen topdressing

Treatment Grain yield (kg ha�1)

0% N without inoculation 4995b

75% N without inoculation 5477b

100% N without inoculation 4872b

Azo and 75% N 6246a

Azo+bac and 75% N 7102a

Azo+pseud and 75% N 6449a

Bac + pseud and 75% N 6434a

Azo+bac + pseud and 75% N 6033a

Standard error 298.43

Overall mean 5951

Means followed by similar letters in column do not differ statistically from each other by Scott
Knott test at 5% significance
Teixeira Filho and Galindo (2019), Extension and Education Research Station, São Paulo State
University (UNESP), Ilha Solteira, Brazil



(kg kg�1)

while the co-inoculation of B. licheniformis and P. fluorescens increased grain yield
can be reduced N fertilization by 25% when inoculated via seed or in a jet directed at
V3 of maize (Gaspareto 2018).
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11.7.2 Wheat

Several researches are being conducted with greater yield and nutritional values of
wheat under co-inoculations. A study was conducted by Teixeira Filho and Galindo
(2019) with inoculation of A. brasilense and B. subtilis alone and together showed
promising results for concentrations of P and K in leaf tissue which was reflected in
greater grain yield by 62% in relation to control (Table 11.4). In addition,
co-application of Azospirillum and mycorrhizae had synergetic influence on
efficiency N, P and K absorption in wheat (Ardakani et al. 2011).

11.7.3 Rice

The single and co-inoculation of rice with rhizobacteria under irrigated conditions
raised growth yield attributes. Santos et al. (2019) verified that inoculation and
co-inoculation of rhizobia and A. brasilense increased number of panicles and
grain yield with a 60% reduction in N fertilizer doses. The co-inoculation of
P. putida REN5 and P. fluorescens REN1 has the ability to increase rhizosphere
colonization. They have a positive impact on root and stem height, root fresh mass
and shoot dry mass and root branching to better uptake of N under field conditions
(Etesami and Alikhani 2016). The co-inoculation of rice genotypes with
Trichoderma asperellum and Pseudomonas fluorescens was observed with better

Table 11.4 Leaf N, P and K concentrations and wheat grain yield as a function of PGPBs

Inoculation

Leaf N
concentration
(g kg�1)

Leaf P
concentration
(g kg�1)

Leaf K
concentration
(g kg�1)

Grain yield

Control 41.87a 3.08c 23.33c 3052c

A. brasilense 41.06a 3.30b 23.75c 4037b

B. subtilis 41.25a 3.41ab 26.67b 4397ab

A. brasilense + B.
subtilis

40.53a 3.51a 28.50a 4947a

LSD 2.18 0.21 1.78 657

Overall means 41.18 3.33 25.56 4221

CV (%) 5.39 6.51 7.10 19.00

Means followed by similar letters in the column do not differ by Tukey’s test at 5% probability
Teixeira Filho and Galindo (2019), Extension and Education Research Station, São Paulo State
University (UNESP), Ilha Solteira, Brazil



biochemical and physiological processes, and soil nutrient concentration that were
reflected in the greater growth and development of rice plants (Singh et al. 2020).
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11.7.4 Sugarcane

Several studies have been so far conducted on sugarcane interactions with N-fixing
bacteria since 1950s (Döbereiner 1992). A consortium of diazotrophic bacterial
strains contributed an approximately 30% of BNF to sugarcane planted in green-
house (Oliveira et al. 2002); however, sugarcane productivity was increased under
field conditions (Oliveira et al. 2006). The combination of diazotrophic bacteria
(Gluconacetobacter diazotrophics, Herbaspirillum seropedicae, Herbaspirillum
rubrisubalbicans, Azospirillum amazonense and Burkholderia tropica) in associated
with N doses increased stalk yield, dry matter, N accumulation and N use efficiency.
In addition, sugarcane was inoculated with A. brasilense, B. subtilis and
P. fluorescens (single and combined) to increase stalk productivity (Fig. 11.3) up
to 17% and reduce phosphate fertilization (Rosa et al. 2022). The researchers
recommend further studies to improve the methodology with great potential to
optimize this process on a commercial scale.

Fig. 11.3 Sugarcane productivity as a function of PGPBs inoculations or co-inoculations.
[Abbreviations: Azo: Azospirillum brasilense, Bac: Bacillus subtilis and Pseud: Pseudomonas
fluorescens; Means followed by similar letters in the column do not differ from each other by
Scott-Knott test at 5% probability] (Rosa et al. 2022)
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11.7.5 Pastures

The innovative and revolutionary multifunctional inoculation technology of pastures
contributed to plant growth via different microbial processes. The elite strains of
Azospirillum sp. and Pseudomonas sp. were selected and can be applied to seed at
the time of pasture implantation, or by foliar spraying of established pastures.
Inoculation of Poaceas plants with different strains of Azospirillum alone or com-
bined contributed to plant growth hormones (Hungria et al. 2010; Fukami et al.
2017a) for better establishment and yield.

There are several other studies that indicated the beneficial impacts of PGPBs on
pasture quality and biomass production. Co-inoculation of Mavuno grass with
R. tropici and A. brasilense in association with N doses was observed with greater
root-shoot dry mass (Sá et al. 2019). The co-inoculation of P. fluorescens with
R. tropici + A. brasilense was observed for a relatively higher chlorophyll index in
Zuri Guinea grass (de Lima et al. 2020).

11.8 Final Considerations

The PGPBs and NFBs improve plant nutrition, growth and production of non-
legume crops like cereals, oil seed plants, vegetables, fruits, forages and other
important crops through solubilization of plant promoting nutrients in mainly N
and P and production of phytohormones from soil nutrients pool while discouraging
synthetic fertilizers and chemicals. Due to the positive impacts of inoculation with
these PGPBs for BNF and other nutrient acquisition, the growing use of these
technologies has been observed in large agricultural crops of economic interest,
such as corn, wheat, pastures, rice, sugarcane and sorghum, with emphasis on the
genera Azospirillum sp., Bacillus sp. and Pseudomonas sp. The use of PGPBs tends
to grow even more in the coming years due to their low cost (an average dose of
inoculants is $4.00 per hectare), ease in acquisition and application (via seed,
planting furrow or foliar). In addition, their application is a non-polluting technology
which is part of a sustainable context and has a potential of BNF in non-legumes in
order to promote better nutrition, plant growth and agricultural yields. Several
researches with inoculations or co-inoculations of PGPBs have shown that it is
possible to obtain high yields while reducing N dose in coverage of main cultivated
crops (cereals and grasses) by 25% and therefore, these microorganisms increase
fertilization use efficiency. Furthermore, their occurrence and activities are not
limited to host plants but have other environmental features such as bioindicators
of environmental changes and are applicable in bioremediation processes, especially
those related to the degradation of C-rich environmental pollutants. We believe that
considering the interaction between environment x genotypes x strains (bacteria) is
the key to success in developing new recommendations and applicability of inocu-
lants in agriculture which yearns for low-cost sustainable technologies.



11 Plant Growth-Promoting Bacteria and Nitrogen Fixing Bacteria:. . . 261

11.9 Future Prospective

The improvement of N fixation in non-legume crops is being considered as a dream
in agronomic prospective for so many decades which needs to be addressed and
realized on urgent basis. The scientists had been overlooked a natural solution due to
the intense focus on legume crops as a result of their nodulation. However, the
promising results of PGPBs in non-legumes, simultaneous application
(co-inoculations) of several microorganisms in same cultivation cycle or similar
cropping system as well as forms and times of application should be increased. The
study of interaction between several NFB and PGPBs, applied together in the same
production cycle aiming to aggregate positive characteristics of each bacterium in
the development of plants. The interaction among PGPBs with microorganisms
already existing in soil and their synergistic or antagonistic effects in different
edaphoclimatic conditions needs to be focused and highlighted. Therefore, it is
believed that this knowledge can lead to the development of new inoculants or
techniques to protect bacteria against environmental effects such as solar radiation,
high temperatures, water deficit and others for the practice of sustainable tropical
agriculture. These PGPBs and NFBs need special focus to identify the most suitable
consortium/ consortia, their mode of action and attribution to production plant
hormones and non-hormones that may lead to increase root growth and uptake of
N from soil, phosphate solubilization, siderophore production, and antagonism
towards pathogens. The development of technologies like sequencing, gene editing
and synthetic biology can also manipulate plants and microbes at a large scale. We
believe that combination plant and microbial diversity along with genetic engineer-
ing should increase N fixation, plant nutrition and other metabolic and biochemical
processes of non-legume crops in short and long cropping systems to feed the world
in a more sustainable manner. Finally, it is hoped that the gains obtained with these
technologies will sustain and encourage the exploration of countless other processes
that occur in soil microbiology with a potential biotechnological application for
increasing modern and sustainable agriculture.
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Chapter 12
Harnessing Cereal–Rhizobial Interactions
for Plant Growth Promotion
and Sustainable Crop Production

Swati Tyagi, Kedharnath Reddy, Koj Haniya,
Karivaradharajan Swarnalakshmi, Murugesan Senthilkumar,
Upendra Kumar, and Kannepalli Annapurna

Abstract Rhizobia are known to establish symbiotic association with legume crops,
and develop root nodules, a specific niche for N2 fixation. The interaction between
rhizobia and cereal crops does not elicit to nodulation or nitrogen fixation but found
to exhibit the plant growth-promoting characteristics and positively influence growth
and yield by direct and indirect means. They can directly promote plant growth in
cereal crops by producing plant hormones such as auxin, gibberellin, abscisic acid,
and cytokinin, as well as lowering plant ethylene levels by producing the enzyme
1-aminocyclopropane-1-carboxylic acid (ACC) deaminase and providing bioavail-
able phosphorus and iron for plant uptake. They can also indirectly promote the plant
growth of cereal crops by inhibiting the growth of pathogens by removing the iron in
the rhizosphere with siderophore production, by releasing the antibiotics, and/or by
producing cell wall degrading enzymes. Rhizobia forms endophytic association with
cereal crops without forming any structure such as nodules or causing any symptoms
of the disease. They enter through crack entry and colonize the intercellular space
and xylem tissues. Inoculation of rhizobia imparts more tolerant toward biotic and
abiotic stress and helps sustainable cereal crop production.
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12.1 Introduction

Field crops are becoming more intensive to fulfill human food demands and save
renewable energy supplies. According to the UN Food and Agriculture Organization
(FAO), global agricultural product demand would increase to 60% by 2030. To meet
an ever-growing need for food, the world has relied on increased agricultural yields
for almost half a century. Application of balanced fertilizer on a timely basis will
improve sustainable food production. Nitrogen fertilizer is one of the most essential
factors in producing high yields from cereal crops. As a result, farmers are using
large amounts of fertilizers, which are expensive and detrimental to the environment,
especially when used in an indiscriminate manner. The use of biofertilizers
containing predominantly N-fixing microorganism(s) may minimize the need for
synthetic nitrogen fertilizers by increasing plant N absorption. These inoculants
increase the nitrogen availability of cereal crops via biological nitrogen fixation
(BNF) (Ladha and Reddy ; Rogers and Oldroyd ). Most common free-
living N-fixing (diazotrophs) microorganisms that form natural associations with
cereal crops include Azotobacter (Gerlach and Vogel ), Azospirillum (Boddey
et al.

1902
), Beijerinckia spp. (Govedarica ), Herbaspirillum (Baldani et al.1990

), Gluconacetobacter diazotrophicus (Boddey et al. ), Azoarcus
(Reinhold-Hurek and Hurek ), and N contribution by diazotrophs in cereal
budget is only 10% (Ladha et al. ).2016

1997
19912000
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20141995
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The levels of N2 fixed by associative diazotrophs in cereals are modest and
inefficient while compared to biologically fixed nitrogen contributed by legume–
rhizobia interaction under favorable conditions (Lupwayi et al. 2006; Saikia and Jain
2007; Swarnalakshmi et al. 2020). Rhizobia form a nitrogen-fixing symbiosis with
legume plants belonging to diverse groups of α- and β-proteobacteria and fix
nitrogen in a host-specific manner. Bradyrhizobium inoculation significantly
increases fixed nitrogen in sweet corn and cotton (McInroy and Kloepper 1995) as
bradyrhizobial strains are able to fix nitrogen in free-living conditions. Plant growth-
promoting Rhizobium leguminosarum bv. phaseoli, Bradyrhizobium japonicum,
Rhizobium leguminosarum bv. trifolii, Rhizobium leguminosarum bv. viciae, and
Sinorhizobium are known to colonize cereal crops (Antoun et al. 1998). Parasponia,
a nonlegume woody member of the dicotyledonous elm family, is confined to
rhizobial infection and develops an efficient nodular nitrogen-fixing symbiosis
(Webster et al. 1995). Azorhizobium caulinodans ORS571, a diazotrophic bacteria
that forms nodulation in Sesbania, can colonize rapeseed (O’Callaghan et al. 2000),
which emphasize that the plant–rhizobial interaction is highly promiscuous.

Rhizobia also act as a PGPR (plant growth-promoting rhizobacteria), enhance
nonleguminous plant development by producing phytohormones such as auxin,
gibberellic acid, and cytokinin, which improve root architecture and stimulate
water and mineral intake from the soil (Gopalakrishnan et al. 2015; Vargas et al.
2017; Jaiswal et al. 2021). As a PGPR, rhizobium also increases the solubility and
availability of nutrients by phosphate solubilization, organic acid production, and
siderophore production (Bardin et al. 1996; Marra et al. 2012; Hu et al. 2018).



Rhizobia also inhibit many soilborne pathogens through various biocontrol mecha-
nisms. Biocontrol potential of several rhizobial genera including Sinorhizobium
meliloti, Bradyrhizobium japonicum, Rhizobium leguminosarum bv. phaseoli, Rhi-
zobium leguminosarum bv. trifolii R39, Rhizobium sp. NBR19513 against
Macrophomina phaseolina, Phytophthora megasperma, Fusarium oxysporum, Scle-
rotium rolfsii, Rhizoctonia bataticola, Pythium sp., Fusarium sp.,
Helminthosporium sativum, Gaeumannomyces graminis have been reported
(Nautiyal 1997; Deshwal et al. 2003). Production of siderophores, HCN, toxins
(antibiotics), hydrolytic enzymes (chitinase degrade the cell wall of the pathogenic
fungi) suppresses the broad spectrum of pathogens (Ahmad et al. 2008; Igiehon et al.
2019). The current focus is on figuring out how rhizobia might help to improve the
growth and productivity of cereals, as well as the processes involved in nonlegume–
rhizobia interactions. This chapter will cover the rhizobium–nonlegume interaction,
their plant growth-promoting mechanisms, and applications of this group of organ-
isms in cereals, and the synergism involved in this plant–microbe interaction.
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12.2 Rhizobium and Non-legume Interaction

Rhizobia are rod-shaped soil bacteria that are gram-negative, chemolithotrophic in
nature (Werner 1992). Beijerinck (1988) isolated the first bacterium nodulating the
legume, named Bacillus radicicola and then renamed as Rhizobium leguminosarum.
Rhizobia belong to the Rhizobiaceae family, which are a perfect example of mutu-
alism. Allorhizobium, Azorhizobium, Mesorhizobium, Bradyrhizobium, Rhizobium,
and Sinorhizobium are common genera of rhizobia (Young 1996). They are aerobic
motile and nonspore producing, having the exclusive ability to infect legumes and
form root nodules to fix the atmospheric nitrogen via symbiotic relationship
(Schloter et al. 1997). The interaction between plant and rhizobia may either closely
associated or loosely associated. They would be rhizosphere (present in the rhizo-
sphere), phyllosphere (resides on leaves, stem, fruits), and endophytic (exist in the
internal tissue of plant). In nonleguminous plants, rhizobia colonize as endophytes
and live inside the root tissue for the rest of their lives without causing any disease
symptoms (Chabot et al. 1996; Hussain et al. 2009; Matiru et al. 2000; Hilali et al.
2001; Yanni et al. 2001; Peng et al. 2002; Lupwayi et al. 2004).

Rhizobia have been encountered as an endophyte in diverse range of cereal crops.
They form endophytic association with rice (Roger and Watanabe 1986; Ladha et al.
1989; Singh et al. 2006), wheat (Hilali et al. 2001; Lupwayi et al. 2004), maize
(Schloter et al. 1997; Gutierrez-Zamora and Martınez-Romero 2001; Rosenblueth
and Martinez-Romero 2004; Mehboob et al. 2008), corn (Cassan et al. 2009), barley
(Lupwayi et al. 2004; Peix et al. 2001) and promote plant growth and productivity.
The practice of cereal–legume rotation might have promoted endophytic coloniza-
tion of indigenous rhizobia in nonlegume crops. Rhizobium leguminosarum
bv. trifolii found to form endophytic association with rice roots under field condi-
tions when the crop has been grown in rotation with the clover for many generations



(Yanni et al. 2001). A positive correlation between rhizobial population on wheat
roots with N accumulation and yield was observed when the crop was grown after
pea (Lupwayi et al. 2004). Similarly, Rhizobium etli bv. phaseoli found to colonize
maize roots and promote plant growth under maize–bean rotation (Gutierrez-Zamora
and Martınez-Romero 2001). Photosynthetic Bradyrhizobium was found to be a true
endophyte of rice when the crop was grown in the same wetland site of aquatic
legume (Chaintreuil et al. 2000). Inoculation of Azorhizobium caulinodans accumu-
lated increased levels of phytohormones and improved root biomass in rice (Chi
et al. 2005). As Azorhizobium and photosynthetic Bradyrhizobium invade their
legume host by nod independent pathway, they dwell as endophyte in cereal
crops. A lot of experimental evidence is available on rhizobial-associated yield
enhancement in cereal crops (Table 12.1).
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12.3 Root Colonization and Nodule Formation
of Rhizobium in Nonlegume Plants

The presence of rhizobia at the time of germination and root development performs
similarly with nonlegumes and legumes (Pena-Cabriales and Alexander 1983).
Rhizobia not only colonize the rhizoplane of cereals but also colonize the
intercellular space of the root cap (Wiehe et al. 1994). However, a penetration of
rhizobia in the cortex cells, within the xylem and in root meristem of wheat, was
reported by Sabry et al. (1997). Rhizobia and nonlegume interaction vary from
variety to variety due to their variation in the root-exudate composition and different
soil ecology. The process of colonization starts from the rhizosphere to the
apoplastic region of root, then further colonizes the intercellular space before
colonizing the vessels where the main colonization takes place (James 2000).
Azorhizobium spp. can directly enter into the intercellular region of the cortex by
the cuts and wounds present in the lateral roots of rice (Cocking et al. 1994; Jain and
Gupta 2003). Transmission electron microscopy with high magnification and reso-
lution explains the colonization of azorhizobia with the rice roots in the intercellular
spaces of the root cortex (Reddy et al. 1997). Rice-adapted rhizobial strains tagged
with the green fluorescent protein (GFP) confirmed that their mode of entry is via the
lateral root emergence site, and interior of the root epidermal cells, followed by the
movement up to stem and leaf sheath (Chi et al. 2005). Rhizobium leguminosarum
bv. phaseoli strains tagged with lux genes also showed in situ colonization of
bacteria in maize roots (Chabot et al. 1996). Intercellular colonization Azorhizobium
caulinodans ORS571 at later root cracks (LRC) and xylem tissues of rice was
detected using lacZ reporter gene system (Gopalaswamy et al. 2000).

The interaction between the rhizobia and nonleguminous plants results in the
production of metabolites that help in the improvement of seed germination, root
elongation, root architecture, shoot growth, photosynthetic activity, leaf area, grain
yield, nutrient uptake, and tolerance to abiotic stress (Hilali et al. 2001; Hafeez et al.



Rhizobial genera References
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Table 12.1 Influence of rhizobial inoculation on plant growth and yield of cereal crops

Host
plants

Percentage increase in
growth/yield

Rice Bradyrhizobium 23–59% root/shoot
weight

Chaintreuil
et al. (2000)

15–22% grain yield Bhattacharjee
et al. (2012)

Greetatorn
et al. (2019)

Rice Rhizobium leguminosarum bv. trifolii 18% biomass Yanni et al.
(1997, 2001)

43% yield Biswas et al.
(2000),

Afify et al.
(2019)

Rice Rhizobium leguminosarum Shoot dry matter by
24%

Hussain et al.
(2009)

Jha et al.
(2020)

Rice Azorhizobium caulinodans ORS
571, Sinorhizobium meliloti 1021, and
Mesorhizobium huakui 93

Improved growth and
yield

Chi et al.
(2005)

Rice Bradyrhizobium, Rhizobium Improved early growth
and seedling vigor

Tan et al.
(2014)

Rice Sinorhizobium meliloti 1021 Accelerating cell divi-
sion and expansion in
seedlings

Wu et al.
(2018)

Wheat Rhizobium leguminosarum bv. trifolii 34% yield Hilali et al.
(2001)

Rhizobium sp. Adnan et al.
(2014)

Ullah et al.
(2017)

Maize Rhizobium leguminosarum bv. trifolii 34.3–43.4% dry
weight

Riggs et al.
(2001)Sinorhizobium sp.

Maize Rhizobium radiobacter 15–25.73% dry weight Singh et al.
(2020)

Rhizobium leguminosarum bv. phaseoli 30% Yield Chabot et al.
(1996)

Barley Mesorhizobium mediterraneum Plant biomass by 56%,
P uptake by 100%

Peix et al.
(2001)

Sorghum Bradyrhizobium japonicum 8–55% shoot dry
weight

Matiru et al.
(2005)

Wasai-Hara
et al. (2020)



2004; Siddiqui 2007; Reimann et al. 2008). The interaction of rice and rhizobia is
differed with variety due to the secretion of the specific type of root exudates. The
rhizobial infection disrupts cytoplasmic membrane, which induces the production of
phenolic compounds in rice roots. These phenolic compounds such as gallic, tannic,
ferulic, and cinnamic acids accumulate in leaves and actively participate in the stress
response in vivo. The flavanone naringenin improves the intercellular colonization in
rice roots by Azorhizobium caulinodans. The application of naringenin at a low
concentration (10�5 M) increased the lateral roots in rice and rhizobial colonization
in xylem (Gopalaswamy et al. 2000). Inoculation of wheat plants with Azorhizobium
caulinodans ORS571 induced 2,4-dichlorophenoxyacetic acid and formed
paranodules (Liu et al. 2017). Tagging this strain with GFP label showed the
rhizobial infection in the paranodules.
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Al-Mallah et al. (1989) successfully performed the induction of nodule in rice by
treating 2-day-old rice seedling roots with cell wall degrading enzyme followed by
rhizobium inoculation in the presence of polyethylene glycol. The interaction of
genetically engineered Rhizobium transconjugants with maize and rice seedlings
resulted in root hair curling but not nodulation (Plazinski et al. 1985). When rice
seedling roots are treated with a cellulase–pectolyase enzyme mixture and infected
with either Rhizobium or Bradyrhizobium in the presence of polyethylene glycol,
nodular formations appeared on the roots. Rhizobia with nodulated legumes are the
foremost example of endosymbiosis and it is the most significant nitrogen fixation
mechanism in agriculture (Dent and Cocking 2017). The nodule-like structure
formed by rhizobia could not help in the nitrogen fixation in cereal crops
(Al-Mallah et al. 1989; Bender et al. 1990; De Bruijn et al. 1995; Jing et al. 1992;
Li et al. 1991; Rolfe and Bender 1990; Trinick and Hadobas 1995; Naidu et al.
2004).

12.4 Nitrogen Fixation in Nonlegumes

Nitrogen is the most vital nutrient that is required for metabolic function as well as
for optimal growth and yield. The phenomenon of biological nitrogen fixation
(BNF) in cereals and leguminous plants is well known. N contribution of free-
living diazotrophs in cereal budget is low due to poor bacterial nitrogen release.
Endophytic diazotrophs have an advantage over free-living N fixers, in which the
former can enjoy direct provision to carbon substrates within the host (Dobereiner
1992; Boddey et al. 1995a, b). The low pO2 factor also facilitates better expression of
nitrogenase and N fixation (Baldani et al. 1997). In sugarcane, endophytic
diazotrophic bacteria contribute 30–80 kg N ha�1 year�1 (Boddey et al. 1995a, b).
Endophytic Azoarcus sp. isolated from Kallar grass, profusely colonize and express
nif genes in rice roots (Engelhard et al. 2000) and the endophytic diazotrophs
contribute 16–24% of the total nitrogen in cereal crops (Ladha et al. 2016; Keymer
and Kent 2014). Several rhizobial inoculation tests with nonlegumes failed to reveal
a significant contribution of biological nitrogen fixation on plant growth and



development. Although it was observed that shoot-N and grain-N in rhizobium
inoculated rice plants, majority of the increased combined nitrogen is derived from
soil mineral nitrogen rather than biological nitrogen fixation (Biswas et al. 2000;
Yanni et al. 2001). Sabry et al. (1997) reported increased dry weight and nitrogen
contents in wheat inoculated with Azorhizobium caulinodans. In a hydroponic
experiment, Naidu et al. (2004) discovered nitrogenase activity in rice plants inoc-
ulated with Azorhizobium caulinodans. Various attempts to extend Rhizobium’s host
range beyond legumes to nonlegumes through plant genetic modification have had
little or no success in inducing symbiosis between cereals and diazotrophs (Saikia
and Jain 2007). According to Velazquez et al. (2005), the coexistence of symbiosis
and pathogenicity-determining genes was found in Rhizobium rhizogenes strains,
allowing them to create nodules or tumors depending on plant species. Rice roots
were treated with a cell wall degrading enzyme combination including 1% cellulase
YC, 0.1% pectolyase Y23, and 8% mannitol, and then inoculated with rhizobia in
the presence of polyethylene glycol to produce nodules. Naringenin, a flavonoid,
influenced the colonization of Azorhizobium caulinodans in rice roots systems
(Shamala et al. 2018). The criteria for successful nitrogen fixation are most likely
to be met only in endophytic systems (Quispel 1991). Another straightforward
strategy to improve BNF in cereal crops is based on the finding that naturally
occurring nonrhizobial nitrogen-fixing bacteria that fix nitrogen under N-deficient
conditions are reported in sugarcane. Such nonrhizobial endophytic diazotrophs can
infect the root systems of cereals and form intracellular symbiosis with host plants
and fix nitrogen (Dent and Cocking 2017). However, in contrast to root-nodulating
rhizobia, nonrhizobial diazotrophs assimilate ammonia for their growth instead of
providing N-rich compounds to the host (James 2000). The use of mutant strains
such as ammonium excreting Azospirillum (Schnabel and Sattely 2021) and Azoto-
bacter (Bageshwar et al. 2017) improved N availability and growth in cereal crops.
The genetically engineered recombinant N-fixing Pseudomonas protegens Pf-5, able
to fix nitrogen constitutively, increased soil ammonium in maize under N-deficient
conditions (Setten et al. 2013).
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12.5 Plant Growth Enhancement: Mode of Action

Endophytic rhizobacteria act as biofertilizers and bioenhancer for a variety of non-
legumes and enhance plant growth and yield in cereal crops plants (Peix et al. 2001;
Lupwayi et al. 2004; Yanni and Dazzo 2010; Wu et al. 2018). Rhizobium
leguminosarum isolated from red clover nodules increases the growth and produc-
tion of nonlegumes such as maize, wheat, barley, and radish by 10%, 8% 16%, and
21%, respectively (Hoflich 2000). Rhizobium significantly increases the plant
growth of cereals by improving seed germination, radicular growth and aerial
portion, radical elongation, plumule length, cumulative leaf and root areas, and
grain yield (Yanni and Dazzo 2010; Hemissi et al. 2011). It was found that rice
plants inoculated with rhizobia had increased N uptake (Yanni et al. 1997), raising



the question of whether this rhizobial benefit is due to their associative N2 fixing
activity and/or their ability to change the phytohormone balance, which impacts
growth physiology.
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Fig. 12.1 Rhizobial association improves plant growth and yield in cereal crops

Certain mechanisms are postulated toward Rhizobium, which may be involved in
growth-promoting activities, i.e., mobilization and efficient uptake of nutrients,
enhancement of stress tolerance, solubilization of insoluble phosphate, induction
of systematic disease resistance, production of phytohormones, vitamins, and
siderophores (Biswas et al. 2000; Mayak et al. 2004; Alikhani et al. 2006; Dakora
et al. 2015; Dobbelaere et al. 2003). The beneficial contribution of rhizobia–cereal
crop growth and yield has been shown through multiple mechanisms that influence
growth physiology and yield of cereals (Fig. 12.1). The basic mechanisms behind the
rhizobia–nonlegume interaction which improved the plant growth and yield produc-
tion were through phytohormone production and nutrient (P and Fe) solubilization,
as well as biocontrol potential (Franks et al. 2006). Antimicrobial metabolites, cell
wall disintegrating enzymes, siderophores, and nutritional competition have all been
involved in the biocontrol process.

Cellular and molecular bases for beneficial cereal–rhizobia interaction were
revealed by several researchers, and plant growth responses were induced by the
rhizobia in cereals via bacterial synthesis of plant growth-stimulating substances
(Wu et al. 2018). Phenotypic analyses revealed that rice seedlings inoculated with
live cells of Sinorhizobium meliloti strain 1021 had improved plant growth by
mediating long-distance signaling at early stages of plant growth. Significant cyto-
logical differences including enlargement of parenchyma cells and reduction in
shape complexity were observed in rice–rhizobial association. Transcriptomic anal-
ysis of shoots showed that upregulation of 46 differentially expressed genes (DEGs)
involved in phytohormone production, photosynthetic efficiency, carbohydrate



metabolism, cell division, and wall expansion. These cellular changes are in consis-
tent with the observed phenotypic changes in rice cell morphology and shoot growth
(Wu et al. 2018). These findings suggest the involvement of molecular crosstalk
during rhizobial colonization in rice. However, the rhizobial–cereal interaction may
support or inhibit the crop growth or remain as commensal, without causing any
effect on the nonleguminous plants. The strains of plant growth-promoting
rhizobacteria improve the plant growth and yield in nonlegumes by direct and
indirect modes of action that depicted below.
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12.5.1 Direct Growth Promotion in Plants

Phyto-effective metabolites produced by the rhizobacteria cause the direct growth
promotion in nonlegumes in the absence of pathogens (Lugtenberg and Kamilova
2009). Better root colonization, synthesis of phytohormones, siderophores, organic
acids, enhanced nutrient absorption, and induced systemic resistance might be linked
to plant-beneficial traits of rhizobium species. Rhizobia can directly promote
nonleguminous plant growth by producing plant hormones such as auxins, gibber-
ellins, abscisic acid, and cytokinins, as well as lowering plant ethylene levels by
producing the enzyme 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase,
providing bioavailable phosphorus for plant uptake, conserving iron for plants via
siderophores production, and other useful compounds such as lipo-
chitooligosaccharides (LCOs) and riboflavin.

12.5.1.1 Plant Growth Hormone Production

Rhizobial phytohormones triggered changes in root architecture and physiology,
resulting in higher nutrient and water intake from the soil (Mantelin and Touraine
2004). Phytohormones are synthesized endogenously by plants and have beneficial
effects on its growth and development. Five major groups of phytohormones are
auxins, gibberellins, cytokinins, ethylene, and abscisic acid (ABA). Indole-3-acetic
acid, cytokinins, gibberellins, and abscisic acid are produced by rhizobia in response
to seed or root inoculation with nonleguminous plants. Early research revealed that
the auxin indoleacetic acid (IAA) was secreted by rhizobial endophyte in gnotobiotic
rice culture. Several species of Rhizobium are capable of synthesizing IAA, which
affect plant functions such as cell elongation and cell division, apical dominance,
root initiation, vascular tissue differentiation, ethylene biosynthesis mediation of
tropic responses, and altering the expression of specific genes to influence root
development (Warren and Warren 1993). IAA-producing rhizobial strains belong
to Bradyrhizobium japonicum, Azorhizobium caulinodans, Bradyrhizobium elkanii,
Rhizobium japonicum, Mesorhizobium loti, Rhizobium leguminosarum, Rhizobium
lupine, Rhizobium meliloti, Rhizobium phaseoli, Rhizobium trifolii, and
Sinorhizobium spp. (Ullah et al. 2019; Weyens et al. 2009). IAA improves shoot



and root growth and seedling vitality and promotes nutrient absorption by increasing
root surface area. As a result, the roots release chemicals in the form of root exudates
into the rhizosphere and promote microbial population growth and its interaction
with plant roots for disease suppression and plant stimulation (Glick 2012). Inocu-
lation of Rhizobium and L-Tryptophan-a precursor for IAA synthesis resulted in the
presence of IAA at rhizosphere and support for the development of stronger root
system in maize (Qureshi et al. 2013). The cereal–rhizobia interaction may have
some deleterious effects on plants due to the overproduction of phytohormones and
some toxic metabolites. The overproduction of IAA and related compounds sup-
presses plant growth (Antoun et al. 1998).
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Different Rhizobium strains associated with rice also produce cytokinins
(CK) and gibberellic acid (GA) (Phillips and Torrey 1972; Molla et al. 2001;
Jarzyniak et al. 2021). Bradyrhizobium japonicum 61A68 (Sturtevant and Taller
1989) has been found to release cytokinin into the medium in pure culture. Bacterial
CK appeared to shorten root length, but increase total root mass, indicating a
swelling of root axes (Vogel et al. 1998). Cytokinins were quickly loaded into the
xylem vessels directly and accumulated mostly in shoots of inoculated plants and not
in roots. Cytokinin can interact with plant tissues and stimulate cell division and
induce polyploid mitoses (Caba et al. 2000), and rhizobial-secreted CK are essential
for nodulation (Heckmann et al. 2011; Kisiala et al. 2013). However, for
Nod-independent symbiosis in Aeschynomene plants, CK-synthesized
Bradyrhizobium sp. ORS285 is not essential (Podlesakova et al. 2013).

GA is secreted by a broad range of bacterial strains of Rhizobium and
Sinorhizobium meliloti, and its relevance in plant cell elongation and seed germina-
tion was revealed (Boiero et al. 2007). Abscisic acid (ABA) is produced by Rhizo-
bium sp. and Bradyrhizobium japonicum when they colonize plant root systems
(Boiero et al. 2007). Abscisic acid travels via the xylem and phloem, stimulating root
development, inhibiting shoot growth, inducing proteinase inhibitors, and thereby
activating the defense system (Mauch-Main and Mauch 2005).

In the absence of auxins and cytokinins, rhizobia release
lipo-chitooligosaccharides (LCOs) that can repair or continue cell division and
embryogenesis in nonlegumes. Application of LCOs to the rhizosphere at low
concentrations (10�7 to 10�9 M) can improve seed germination, early seedling
development, root mass, and root length in nonlegumes, whereas application of
LCOs to the leaves at micromolar concentrations (10�6, 10�8, or 10�10 μM) can
boost photosynthate production and grain yield in nonlegumes (Mehboob et al.
2012).

Besides phytohormones, riboflavin produced by Sinorhizobium meliloti and
Rhizobium leguminosarum bv. viciae is converted into lumichrome either enzymat-
ically or photochemically (Yang et al. 2002; Dakora et al. 2002). Lumichrome, a
by-product of riboflavin degradation, is a signaling molecule found in the culture
filtrate of Sinorhizobium meliloti that can stimulate the growth of nonlegumes by
increasing root respiration (Dakora et al. 2015).
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12.5.1.2 Phosphate Solubilization

Depending on the soil and pH, a considerable amount of organic and inorganic form
of soil phosphorus, as well as applied phosphorus immobilized in soil, becomes
inaccessible to plants. Waterlogged conditions of rice cultivation resulted in poor
soil-phosphorus (<8 ppm) availability to the crop. In situ solubilization of complex
forms of phosphate by rhizobacteria enhances the phosphate availability to cereal
crops. The organic form of bound phosphorus is mineralized by rhizobial strains
through releasing phosphatases and inorganic bound form is solubilized by releasing
organic acids, such as 2-ketogluconic acid, glutamic acid, sulphuric acid, nitric acid,
and carbonic acids (Alori et al. 2017). Organic acids bind to the cation of the
phosphate complexes and make soluble form of phosphate through hydroxyl and
carboxyl groups. Phosphate mineralization requires microbial enzymes such as acid
phosphatases, phosphohydrolases, phytase, phosphonoacetate hydrolase, D-a-
glycerophosphate, and C–P lyase. Rhizobium leguminosarum, Rhizobium meliloti,
Mesorhizobium mediterraneum, Bradyrhizobium japonicum, and Bradyrhizobium
sp. are among the rhizobial species capable to solubilize or mineralize phosphate in
the rhizosphere of nonlegumes. Inoculation of phosphate-solubilizing rhizobia in
cereal crops may aid on improving P-acquisition and use efficiency in agriculture
system where naturally or synthetically generated P resources are used.

12.5.1.3 Siderophore Production

In an iron-deficient environment, rhizobial retention of iron by producing
siderophore is considered as a source of available iron for plants. Plants require Fe
for chlorophyll production; however, Fe is usually found in the environment in the
form of ferric hydroxide, which is highly insoluble. Siderophores are low-molecular-
weight compounds that are utilized to mobilize iron and are used to retain Fe3+ due to
their high Fe3+ affinity constants (Plessner et al. 1993). Siderophore production may
solve a dual purpose for PGP: increasing plant Fe absorption and inhibiting rhizo-
sphere pathogens that are unable to use the Fe–siderophore complex. Siderophore
production by Rhizobium is strain specific (Smith and Neilands 1984) and it provides
competitive advantage to Bradyrhizobium under iron-limited environment
(Fuhrmann and Wollum 1989). In addition, siderophore production also reduces
the availability of rhizosphere iron and inhibits the pathogen growth. Rhizobia and
plants can cross-utilize siderophore produced by other species (Plessner et al. 1993).
Experiments by Yanni et al. (2001) found no siderophore production on chrome
azurol sulfonate (CAS) agar, leaving the role of siderophore in Rhizobium–rice
interaction undetermined. However, siderophore-producing rhizobial isolates were
discovered in the root system or the vicinity of the rice rhizosphere. A variety of
Rhizobium strains were found to produce siderophores that bind with insoluble Fe3+

and convert them into plant available form (Rajkumar et al. 2010).
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12.5.1.4 ACC Deaminase

Production of high-level 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase
enzyme is considered to decrease plants’ ethylene level that promotes the growth
mechanism in plants (Glick 2012). Alpha-ketobutyrate and NH3 are produced from
1-aminocyclopropane-1-carboxylic acid, which is the source of nitrogen and carbon
and plays a key role in plant development. Rhizobial strains such as Rhizobium
leguminosarum bv. viciae, Rhizobium hedysari, Rhizobium japonicum,
Bradyrhizobium japonicum, Bradyrhizobium elkanii, Rhizobium gallicum,
Mesorhizobium loti, and Sinorhizobium meliloti are known to produce ACC deam-
inase (Duan et al. 2009; Hafeez et al. 2008) and increase nodulation and nitrogen
fixation (Ma et al. 2003; Murset et al. 2012). Inoculation of ACC deaminase-
producing Rhizobium leguminosarum bv. trifolii SN10 colonizes rice roots and
imparts stress tolerance (Bhattacharjee et al. 2012).

12.5.2 Indirect Growth Promotion in Plants

Rhizobia indirectly enhance the growth of nonleguminous plants by a different
mechanism that reduces or avoids the harmful effect of pathogenic organisms and
abiotic stress factors. Rhizobia can secrete secondary metabolites such as antibiotics,
volatile substances, HCN, and fungal cell wall degrading enzymes that help to
inhibit the growth of plant pathogens. Rhizobium successfully competes for nutrient
resources with pathogens, as well as induces plant’s defensive mechanisms through
induced systemic resistance (ISR). Siderophore production is another mechanism to
inhibit the growth of a pathogen by making limited iron sources unavailable for the
pathogen. Colonization of roots with rhizobial species induces physiological immu-
nity in nonleguminous plants such as rice, sunflower, okra, and potato against viral,
bacterial, and fungal infections (Ehteshamul-Haque and Ghaffar 1993).

12.5.2.1 Biocontrol Activity

Several rhizobial species have been reported to lead disease resistance while pro-
moting plant biomass and yield proliferation. The biocontrol properties of rhizobia
can be associated with lytic enzymes and the production of an antimicrobial metab-
olites, especially when it is associated with diseases affecting plant roots. In addition
to the action of antifungal cells, the suppression of plant diseases may be associated
with the promotion of rhizobial plant growth and/or symbiotic activity. In addition,
rhizobia have been found to cause systemic resistance to plant vaccines. Inoculation
of Sinorhizobium meliloti, Rhizobium leguminosarum bv. viciae, and
Bradyrhizobium japonicum reduced infection of Macrophomina phaseolina, Rhi-
zoctonia solani, and Fusarium spp. in both leguminous and nonleguminous plants



(Ehteshamul-Haque and Ghaffar 1993). Rhizobium leguminosarum bv. phaseoli
RRE6 and Rhizobium leguminosarum bv. trifolii ANU843 have successfully
prevented the sheath blight disease caused by Rhizoctonia solani in rice (Chandra
et al. 2007; Mishra et al. 2006). Some rhizobial strains of Rhizobium leguminosarum
bv. phaseoli, Rhizobium leguminosarum bv. trifolii, Rhizobium leguminosarum bv.
viciae, andMesorhizobium loti can inhibit the growth of pathogenic microorganisms
by producing HCN. The overproduction of HCN in plant-microbe interaction was
reported by O’Sullivan and O’Gara (1992) and Alström and Burns (1989), showed
inhibitor effect on the root pathogen as well as plant growth and development.
Sinorhizobium meliloti 1021 produces a bacteriocin-like substance that inhibits
rice growth (Perrine-Walker et al. 2009).
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12.6 PGPR Effects on Abiotic and Biotic Stress

Plant growth-promoting rhizobacteria make the plants more tolerant of biotic and
abiotic stress. Drought, soil salinity, acidity in the soil, and chemical stress are some
of the challenges for the cultivation of cereals. Kulkarni and Nautiyal (2000)
described the capacity of Rhizobium and Bradyrhizobium to attenuate abiotic stress
in nonlegume crops. Heavy metals have a deleterious influence on plant and
microbial growth in the environment. Certain microbes have developed unique
mechanisms for using heavy metals and reducing heavy metal pollution in the
environment. The harmful heavy metals in the soil are reduced to harmless forms
by these bacteria. Heavy metal tolerance in Rhizobium spp. has been aided by
determinants such as extracellular polymeric substances (EPS) and lipopolysaccha-
rides (LPS) (Liu et al. 2001). Heavy metal-tolerant Rhizobium species include
Rhizobium etli, Rhizobium meliloti, Rhizobium leguminosarum bv. trifolii, Rhizo-
bium leguminosarum bv. viciae, Bradyrhizobium japonicum, and Bradyrhizobium
sp. (Kinkle et al. 1994).

The pH of the soil is a significant component in determining the microbiota in
rhizosphere. Low pH denotes a high proton concentration in the soil, which affects
plant colonization by microbes and reduces the crop yield. Most beneficial micro-
organisms are sensitive to soil acidity. Acidity reduces the concentration of calcium
and phosphate in soil, which inhibits plant development and reduces the grain yield.
Some rhizobial strains belong to Azorhizobium, Rhizobium, and Bradyrhizobium can
withstand acidic soil and aid plants in combating acid stress. Rhizobium
leguminosarum bv. trifolii accumulates potassium (K) and phosphorous (P) that
impart acid tolerance (Watkin et al. 2003). Glutathione produced by Rhizobium
tropici helps to survive under acidic pH (Muglia et al. 2007).

Drought and salinity stress in plants can affect morphological, physiological, and
molecular responses because of severe and rapid global climate change. Although
not all rhizobial isolates are effective in increasing growth and yield in dry or
semiarid environments, some have demonstrated outstanding positive characteristics
of these beneficial microorganisms that incorporated in rice agriculture’s long-term



sustainability. Rhizobium phaseoli, Rhizobium leguminosarum, and Mesorhizobium
ciceri produce LPS (lipopolysaccharides), EPS (extracellular polysaccharides), cat-
alase, and heat shock proteins that aid rhizobia in surviving in arid climates by
increasing the available nutrients and water retention capacity at rhizosphere that
indirectly allow the plants to cope with stress.
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12.7 Conclusion

Cereals suffer from a mismatch of their available nutrients supplied through chem-
ical fertilizer due to substantial loss of the applied fertilizer. Around 50–70% of
applied fertilizer always vanishes from the plant–soil system. The high input of
commercially available fertilizers has led to the degradation of air, soil, and water
quality with the exhaustion of natural resources such as nutrients and water. Nitrogen
fixation and plant growth promotion by plant beneficial bacteria are important
criteria for an effective biofertilizer. Rhizobial interaction in cereals such as rice,
wheat, corn, barley grains, and other grains as endophytic association without
forming any structure such as nodules or causing any symptoms of the disease
showed that rhizobia can be used as a biofertilizer in nonlegumes crops. Rhizobial
inoculation in cereal crops improved plant nutrients such as P, K, Ca, Mg, and Fe
accumulation, apart from imparting biotic and abiotic stress tolerance. Cereal–
legumes crop rotation should be employed to capitalize beneficial plant–microbe
association if higher levels of production and sustainability are to be realized. Future
research in this area will be able to develop a rhizobial technology for large and
natural grain production systems.
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Chapter 13
Ecology of Nitrogen-Fixing Bacteria
for Sustainable Development of Non-legume
Crops

Shrivardhan Dheeman and Dinesh Kumar Maheshwari

Abstract Plants provide a substantial ecological niche for bacteria. The symbiotic
association between legume and rhizobia contributed World’s largest share of
biologically fixed nitrogen. This review explains the rational of using nitrogen-
fixing bacteria in sustainable agriculture particularly from the genetic engineering
in non-legumes for root nodule development to rhizobia and non-legume interaction
covering mode of entry. Associative and entophytic role of nitrogen fixation bacteria
in various cereal and non-cereal crops is well established and their functional
molecules are covered in the chapter. This review attempts to discuss present
challenges, future visions and missions to achieve improvement in soil fertility and
crop production.

Keywords Non-legume · N-fixation · Sustainable agriculture · Plant–microbe
interaction · Rhizobacteria

13.1 Introduction

Second Green Revolution from Green Revolution can be channelled via adopting
micro-irrigation system, organic farming, precision farming, green agriculture,
eco-agriculture, white agriculture, straw revolution and in all use of plant growth-
promoting rhizobacteria. The value of crop rotation in improving the crop field was
well known to Greeks, as they have practiced cultivation of corn followed by the
cultivation of legume, for enhanced crop productivity of corn. It gives an idea of
beneficial role of legume cultivation, increases soil fertility and nutrient balance.
Though, in early days, it was not concluded, but understood later by the pioneer
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work of Gilbert (1891), in which they postulated “legume has inherent ability to add
nitrogen in soil”. Further, Hellriegel and Wilfarth in 1988 observed nitrogen gain in
pea plant (Pisum sativum) due to the presence of microorganisms in its rhizosphere,
also forms root nodule (Möllerová 1990). The discovery by Martinus W. Beijerinck
became famous and successful, elucidating the role of root nodule bacteria in
nitrogen fixation, and named it as Bacillus radicicola (Beijerinck 1901).
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The plant root system significantly contributes to the establishment of the
microbiome in the rhizosphere populated with diverse array of microorganisms;
therefore, harnessing benefits from microbial processes and properties, a crucial
determinant to support functional agriculture. The microbe–plant interaction in the
rhizosphere is dynamic and characterized as symbiotic relationship and free-living
relationship. The excellent examples of plant–microbe interaction are beneficial
association on above-ground parts of the plant, i.e. development of stem nodule by
Azorhizobium in Aeschynomene americana, Sesbania aculeate, Sesbania rostrata
and Neptunia sp.

Among three basic classes of nitrogen-fixing bacteria, free-living N-fixers, asso-
ciative N-fixers and symbiotic N-fixers, the first two are most often applied to non-
legume crops (Fig. 13.1). The last group can be found in the rhizosphere of legume
crops, establishing one of the most studied mutual interaction and forms root nodule.
In the last few years, significant efforts have been made to extend nitrogen fixation to
crops particularly in cereals and non-legume crops (Beyan et al. 2018). For this

Fig. 13.1 Various type of bacterial associations including rhizobia, free-living bacteria, legumes
and non-legumes relates with the biological nitrogen fixation



exclusive concern, bioformulations of certain free-living and associative N-fixer
have been developed and applied as biofertilizers to the soil ecology and crop
ecosystem.
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Free-living bacteria such as Bacillus sp. are believed to enhance the plant growth
through synthesis of plant growth regulators such as auxins (indole-3-acetic acid),
nutrient mobilization, etc. Effective colonization of plant roots by plant growth-
promoting rhizobacteria (PGPR) plays an important role in growth promotion
irrespective of the mechanism of action, i.e. production of metabolites, antibiotics
against pathogens, etc. It is now common knowledge that bacteria in natural envi-
ronments survive by forming biofilms (Davey and O’Toole 2000). Many Bacillus
strains are considered as natural factories of cyclic lipopeptides, including iturins,
fengycins and surfactins, and their involvement in control of plant microbial diseases
has been proved (Agarwal et al. 2017). The management of nitrogen in soil,
particularly during the cultivation of non-legume crops, is only possible with
nitrogen-fixing bacteria (NFB) compatible with non-legume crops.

In terrestrial ecosystem, non-symbiotic (free-living and associative) N-fixers
contribute about 30% share of biologically fixed nitrogen, but have less agronomic
importance than symbiotic nitrogen-fixing bacteria (Smercina et al. 2019). In the
category of non-symbiotic bacteria, Azospirillum develops intimate relationship with
certain non-legume crops and is called as associative symbiont. A few examples of
such association are Azotobacter paspali with roots of tropical grass, Beijerinckia
with sugarcane roots and Azospirillum with corn, wheat and sorghum roots. As
associative symbiont, it does not form root nodule but causes root hair deformation,
invasion in root’s cortical and vascular tissues as well as enhancement of lateral root
hairs. Other example of nitrogen-fixing bacteria form nodule in non-legume plants is
Frankia. Frankia is a symbiont of actinorhizal plants, similar to the Rhizobium found
in the root nodules of legumes.

The understanding of ecological factors may compensate with this exclusive task
and can control biological nitrogen fixation systems in the field, which is quite
essential for determining successful adoption of newer technologies of sustainable
farming and so as to evaluate the fertilization efficiency of biofertilizers under
different agro-climatic conditions. This review highlights the ecological and agro-
economic importance of nitrogen-fixing bacteria for non-legume crops.

13.2 Genetic Engineering in Non-legumes for Root Nodule
Development

Transferring traits of biological nitrogen fixation to non-legumes, especially in
cereals, still remain elusive (Griesmann et al. 2018; Bueno Batista and Dixon
2019). The recent trend of genetic analysis has allowed a tremendous progress
towards N-fixation in non-legumes. A decade ago, Rogers and Oldroyd (2014)
attempted to engineer cereal plant by transferring gene responsible for root nodule



but as nitrogenase enzyme requires anaerobic environment within the cell, it is
difficult to deal with the oxygen toxicity issues and nodule development. In the
process of gene transfer to Escherichia coli and Saccharomyces cerevisiae, plastids
of tobacco provide a new ray of hope in this field for the near future to implement
these approaches for the betterment of the agricultural systems (Mabrouk et al.
2018). The introduction of nitrogenase enzyme into cereal plants, so that plants
can synthesize nitrogen for their needs without bacterial association, has proven
difficult due to the complexity of biosynthetic pathway and oxygen sensitivity.
Further, two mitochondria and root plastids of eukaryotic cell are considered to
offer a low oxygen environment and expression of nitrogenase enzyme, hence can
overcome the obstacles of oxygen sensitivity (Ivleva et al. 2016; Wardhani et al.
2019). Ivleva et al. (2016) suggest similarity in these organs to prokaryotes.
Approaches in this field in recent years are adopted to improve N-fixation pathway
in diazotrophic, endophytic, associative, symbiotic microorganisms, which are in
relation with plants by using different strategies.
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13.3 Rhizobia and Non-legume Interactions

Nitrogen-fixing endophytic bacteria belong to a very small group of the total number
of endophytes. These bacteria are found in seeds and roots of different paddy
cultivars (Mano and Morisaki 2008). A few of them are isolated and identified
from cereal crops (Mia and Shamsuddin 2010). Certain non-leguminous dicots
taxons possess root nodules formed by rhizobia in soil. These plants belong to
18 genera with about 175 species distributed in nine different families and do not
bear pods. These are found in different habitats and have wide variations in their
morphological forms such as prostrate herb (e.g. Dryas spp.), shrub (e.g. Colletia
spp.) and some woody species (e.g. Casuarina spp.). Most of these are symbiotic
with actinorhiza (e.g. Frankia spp.) but genus Parasponia of family Ulmaceae is
associated with Rhizobium spp. It forms effective root nodules and exhibits nitrogen
fixation (Trinick 1973). Root nodules in Parasponia recorded in three species,
namely P. rugosa, P. parviflora and P. andersonic. Rhizobial nodulation has also
been observed in xerophytic plants of family Zygophyllaceae (Sabet 1946), mainly
Zygophyllum coccineum, Z. album, Z. decumbens and Z. simplex. Nodules have been
seen in Fagonia Arabica, Tribulus alatus and Tribulus terrestris (Mostafa and
Mahmoud 1951). The isolated strains of rhizobia showed cross-infectivity in Trifo-
lium alexandrinum and Arachis hypogaea. Later, Becking (1982) also confirmed
nodular structures in Z. coccineum.

A number of agro-biologically significant species namely Rubus ellipticus of
horticultural importance, others such as Ceanothus spp., Alnus spp., etc. play a major
role in re-afforestation and involve their functional role in plant succession ecosys-
tem. Nodulation and N-fixation also occur in Trema aspera, now known as Trema
cannabina. Later, it has been accommodated with Parasponia sp. (Akkermans et al.
1978). The difference in both plants lies in the presence of its intricate perianth and



intra-petiolar connate stipules in the terminal bud. Long ago, scientists reported a
non-legumes tree called Angqrung (Java) or Kuranj (Sudan) that bore nodules and
have the ability to trap nitrogen.
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The root nodules formed are of two types: (1) determinate and (2) indeterminate
in nature. The later type involved active meristem having infections zone and
nitrogen-fixing senescent zone. While studying, the internal root-nodular tissues
showed similarity to that of nodular tissues of legume plants. More precisely, root
nodules in non-legumes bear a central vascular bundle with bacteria-like structure of
different shapes, which form a horse-shoe-shaped zone around it. The nodules of
Parasponia possess an apical meristemate zone which provides for the continuous
elongation of the nodules (van Velzen et al. 2018). The infection thread enters
through root hair, persists and penetrates the host cells behind. The apical meristem
consists of intercellular spaces between the cells and such cells become
hypertrophied (cell enlargement), resulting in nodule formation. However, the
Rhizobium cells in Parasponia species comprised mainly inside the cells and rarely
released from the infection thread (Op den Camp et al. 2012), a distinct feature of
this genus. In such cases, more than two-thirds of the cells showed infection.
Probably, infection threads are the N-fixation sites which play similar role to that
of bacteroids (in legumes) enclosed in a membrane envelope. Further, transmission
electron microscope (TEM) studies showed the variations in the thickness of the
thread walls, and these are observed without a rigid cell wall only enveloped by the
cell membrane. The difference between the root nodules of Parasponia to that of
Alnus lies in the structure, which showed attachment to the root quite thin but
rhizobia exhibited of normal rod-like structure and do not show any distortion as
seen in legumes (Soyano et al. 2021). The bacteroid enveloped with double-layered
cell membrane, which is generally estimated varying number of bacteria. The
poly-β-hydroxybutyrate is present as reserve food material similar to that of legu-
minous nodular cells.

13.3.1 Mode of Entry

In the roots of non-legumes, rhizobia have different modes of entry as observed by
using various classical and modern techniques such as the use of green fluorescent
marker (GFP). Perrine-Walker et al. (2007) reported Rhizobium strain ANU843, E4
and R8 on the root surface of rice. These strains adhere to the root surface for quite
some time. Some endophytic bacteria proved aggressive colonizer and remain in
root-rhizosphere (Verma et al. 2004). The curled root hair in Brassica campestris
(Chandra et al. 2007) and GFP-labelled Rhizobium trifolii inoculated plants also
showed curly root hair in rice (Perrine-Walker et al. 2007). In non-legumes, mode of
entry of rhizobia generally occurs from root-tip, lateral root cracks of the emergence
of roots, damaged tissues of epidermal cells and stomata (James et al. 2002; Sevilla
et al. 2001; Perrine-Walker et al. 2007). Herbaspirillum seropedicae at entry point
induces to emerge lateral root in Arabidopsis thaliana (James et al. 2002). From



histological perspective, the inter-cellular and cortex region of the root showed
initial colonization of endophytes, which is further spread in the intercellular space
of the cortical region to the xylem (vessels) as reported by Gyaneshwar et al. (2002),
Roncato-Maccari et al. (2003) and Yang and Lin (2005). The involvement of various
lingo-cellulolytic enzymes namely endo-β-glucanases, exo-β-glucanase,
β-glucosidase cellulose complex and pectolytic enzymes such as polygalacturonases
and pectinolyase produced by R. leguminosarum bv. trifolii, H. seropedicae,
H. rubrisubalbicans, Pantoea agglomerans assisted the entry (invasion) and dis-
semination of the bacteria in their host plants (Yanni et al. 2001). Compant et al.
(2005) reported endo-β-glucanase and polygalacturonase cell wall-degrading
enzymes by Burkholderia sp. infect Vitis vinifera.
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For the effective process of rhizobia–plant interaction, it is imperative that the
bacteria must attain a definite number for their establishment that helps them to show
their benefits to the host plants. It is likely that some biofilm formation and quorum
sensing (QS) phenomenon might also exist for successful relationship. Plant defence
phenomenon is utmost requirement for the effective plant–microbe interaction of
mutual benefits. When rhizobia enter and establish inside the root, plants produce
certain phenolics, phyto-toxins, etc., which are defensive in nature. The increase in
phenolics such as gallic acid, tannic acid, ferulic acid, cinnamic acid, o-
dihydroxyphenols, etc. imparts resistance to pathogenic stress-related character in
plants against entry of rhizobia and rhizobacteria-mediated induced systemic resis-
tance (ISR). In sugarcane, ethylene signalling occurred due to the inoculation of a
beneficial N-fixing bacteria Acetobacter diazotrophicus to the host cell,
i.e. sugarcane, due to involvement of glycoproteins. Similarly, the significance of
lipopolysaccharides secreted by rhizobia in maize rhizosphere contributes to aggres-
sive bacterial colonization in Zea mays.

13.4 Associative and Endophytic Nitrogen Fixation
in Wheat, Rice, Maize and Other Crops

Few taxa of the family Poaceae do not form symbiotic nodules due to rhizobia
inoculation but they trap free atmospheric nitrogen and convert into NH3. In such
cases, nitrogen fixed (%) is quite small in comparison to that of legumes nodule
forms by rhizobia, although increase in plant growth and yield have been observed
significantly (Verma et al. 2010; Bhattacharyya and Jha 2012; Santi et al. 2013).
Plant growth and health-promoting bacteria (Maheshwari 2010) have the ability to
enhance growth and development of several plants due to their aggressive root
colonization and biofilm formation with different plants including grasses. Their
association with roots usually called their “associative” nitrogen-fixing bacteria
(Elmerich 2007). However, few bacteria designated as “endophyte” can live inside
different plant parts, having no visible deleterious effect on the plants-fixing nitro-
gen. The biology and biotechnology (Maheshwari 2017; Maheshwari et al. 2017)



and their role in mineral nutrient management in different host plants have been
incorporated in different volumes published earlier (Dhiman et al. 2021). However,
more precisely, diazotrophic rhizobacteria have been reported in several bacterial
genera of alpha- and beta-proteobacteria including Acetobacter, Azoarcus,
Azospirillum, Azotobacter, Burkholderia, Enterobacter, Herbaspirillum,
Gluconobacter and Pseudomonas (Cocking 2003; Richardson et al. 2009).
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There are very few bacterial genera namely Azoarcus spp., H. seropedicae and
Gluconobacter associated with various cells and tissues of maize, rice and wheat but
do not live freely in soil (Reinhold-Hurek and Hurek 1998). Root exudates contain
different primary and secondary metabolites. The primary metabolites containing
amino acids, sugar, vitamins, etc. act as nutrient sources to the microbial community
present in their vicinity, which depend upon the nature of root exudates. Differences
in its comparison are obvious due to hosts. Some studies between legumes and
rhizobia showed that the flavonoids seem to be important plant signals for the host
interaction with bacteria as also evidenced in wheat by Azospirillum brasilense. The
formation of microcolony or biofilm structures occurs on the root surface (Reinhold
et al. 1994). Diazotrophic bacteria have an ability to outcompete the other indige-
nous bacteria and provide homeostasis (Pandey et al. 2005). This results in chemo-
taxis due to the presence of motility, twitching, etc. based on the mechanism, which
includes extrusion, surface attachment of the pilus tip and retraction of pilus to
facilitate the bacterial cell to the point of attachment (Böhm et al. 2007). In case of
rice, genus Azoarcus, type IV pili, involved in adherence to the plant surface and the
pilA, pilB and pilI genes required for the root surface colonization (Krause et al.
2006).

Participation of A. brasilense exo-polysaccharides (EPS) and lipopolysaccharides
(LPS) in the maize root colonization occurred as evidenced by Tn5 mutant
(Balsanelli et al. 2010). In addition to the LPS, a major outer membrane protein
from A. brasilense strain showed binding to roots of wheat, maize and sorghum
seedlings in vitro (Burdman et al. 2001). Most of the endophytic bacteria passively
enter the root system using disrupted endodermal cell layers resulting from the
emergence of developing lateral roots. Various workers have demonstrated to
measure nitrogenase activity by acetylene reduction assay, adopting different tech-
niques 15N dilution studies, immunogold labelling with antibodies against the iron
protein of nitrogenase, expression of transcriptional fusion between nifH and
reporter genes and RT-PCR on transcripts encoding the nitrogenase complex. Sevilla
et al. (2001) used this technique in several endophytes tightly associated with grasses
including Gluconacetobacter diazotrophicus, while Hurek et al. (2002) applied in
Azoarcus sp. and Herbaspirillum spp. in rice (James et al. 2002) and Klebsiella in
wheat and maize (Chelius and Triplett 2000; Iniguez et al. 2004). Van Puyvelde et al.
(2011) studied transcriptome analysis in A. brasilense interfering with indole-3-
acetic acid (IAA) biosynthesis led to transcriptional changes. Thus, IAA is a
necessary signalling molecule that is responsible for plant–bacteria communication
process.
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13.5 Functional Molecules of N-Fixing Bacteria and PGPR

Symbiotic, associative and free-living N-fixing bacteria participate in multifarious
activities including nutrient acquisition and assimilation, improvement in soil texture
and modulating functional molecules (intracellular and extracellular). These mole-
cules include hormones, secondary metabolites, antibiotics, organic acids, vitamins,
etc. besides intermediates of various metabolic pathways. The N-fixing bacteria
confer advantage in minimizing or diminishing the application of N-fertilizers and
improve crop tolerance to abiotic and biotic stresses. Several N-fixing bacteria have
plant growth promotion of non-legume hosts. The bacteria synthesize and release
hormones, auxins, gibberellins, cytokines, ethylene, lumichrome, riboflavin, lipo-
chitooligosaccharides, rhizobitoxins, jasmonic acids, brassinosteroids, enzyme
1-aminocyclopropane-1-carboxylic acid (ACC) deaminase, etc., which can directly
or indirectly support non-legumes hosts.

Phyto-hormones play major role in plant growth promotion sustainable in nature.
As stated earlier, several N-fixing bacteria secrete IAA that imparts variable effects
on host plants (Spaepen and Vanderleyden 2011). The rhizospheric free-living
N-fixing and endophytic bacteria associated with non-legumes also produce
gibberellic acids (GA). Baliyan et al. (2021) recently observed the endophytic
GA-secreting Bacillus cereus in growth promotion of Cicer arietinum (chickpea).
Phytohormones deficiency in general and gibberellic acids in particular had a major
impact on the level of several major dicarboxylate supplied to rhizobia by the plant
and also led to a significant deficit in the amino acids involved in glutamine–
aspartate transamination, consistent with the limited bacteroid development and
low fix rate of gibberellin-deficient mutant nodules. On the other hand, in contrast,
no major effects of brassinosteroid deficiency or ethylene insensitivity on the key
metabolites in these pathways were found. Therefore, although the three enzymes
influenced interaction and nodulation, only gibberellic acid proved important for the
establishment of a functional nodule metabolome (McGuiness et al. 2019).

In general, endophytic bacteria have been considered to hold more growth
potential for sustaining phytohormone production demand in plants to that of free-
living N-fixing bacteria (Dheeman et al. 2017) but the endophytic bacteria act well in
comparison to free-living soil bacteria, e.g. A. brasilense has been suitably utilized as
bioinoculants in improving N management for wheat production (Galindo et al.
2022). In fact, free-living bacteria of the genus Azospirillum host more than
100 angiospermic plants and improve their growth and development (Pedrosa
et al. 2021) mainly by the action of secreting beneficial functional molecules in
increasing root surface that leads to more nutrient acquisition from soil and water
(Caires et al. 2021) as well as improve N use efficiency integrated with chemical-
based nitrogenous fertilizer. A. brasilense excrete nitric oxide that regulates phyto-
hormones so as to maintain/regulate hormonal balance in the plants, thus assists in
facilitating growth (Cassán et al. 2020; Barbosa et al. 2021). Biological nitrogen
fixation was the first biochemical phenomenon wherein A. brasilense induced
growth of both legumes and non-legumes (Day and Döbereiner 1976; Okon et al.



1983; Pedrosa et al. 2020). On the other hand, Dakora et al. (2015) studied the
ecology of rhizobial molecules lumichrome and riboflavin in symbiotic legumes.
Their functional role in non-legumes to rhizobial hosts, e.g. Parasponia spp., is yet
to be established. Involvement of ethylene and its regulation in plants have been
observed by several workers (Glick et al. 1998; Glick 2003; Pandey et al. 2005).
Dubois et al. (2018) described the pivotal role of enzyme ACC deaminase-producing
rhizobia PGPR in favour of the enhancement of plant growth and development.
Earlier, Ma et al. (2003) observed improve in nodulation and plant growth by
involvement of rhizobitoxine via the bio-synthesis of ethylene production. Further,
the influence of ethylene, gibberellin and brassinosteroids on energy and nitrogen
fixation metabolites in nodular tissues was reported (McGuiness et al. 2019).
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13.6 Importance of PGPR/Nitrogen-Fixing Bacteria
as Biofertilizer

Biofertilizers are the biological preparations of living microorganisms and consid-
ered to be the basic input of nutrients to promote the plant growth and organic
farming. PGPR enhance the soil productivity as they transform various nutrients and
major geochemicals from inutile to highly available forms without harming the
natural environment (Kloepper et al. 1980). The efficient PGPR within the rhizo-
sphere are activated through seed or soil interaction and make the nutrients available
to the plants (Choudhary et al. 2007). It is also important to understand the concept
of consortia due to the fact that it exerts beneficial effects in plants and plays a major
role in the management of plant diseases that affect the single species. Once the
microbial consortia are introduced into the soil, it benefits the plant by enhancing the
defence mechanism against multiple phytopathogens. Hence, it can also be used as a
biofertilizer and act as bio-control agents due to their extraordinary ability of
increasing the yield of the crops (Yi et al. 2013; Bourion et al. 2018).

The importance of PGPR or biofertilizers is increasing day by day as it proved a
boon for agriculture production and that’s why the whole world is seeking to adopt
organic farming to meet the demand of global population and to avoid the negative
effects of chemical fertilizers, which damage the soil quality and fertility (Kumar and
Goh 2002). India has gone through a vital change over the last few decades by
emphasizing on sustainable agriculture system. In recent years, the worldwide
researchers paid attention to this idea of replacing the agrochemicals (fertilizers
and pesticides) with PGPR due to its extraordinary applications in biotechnological
industries such as pharmaceuticals and mining and also considered as environmen-
tally and economically beneficial (Udvardi and Poole 2013). The use of PGPR as
biofertilizer depends upon crop selection, for instance, legume crops are biofertilized
by nitrogen-fixing symbiotic bacteria, such as Rhizobium, Bradyrhizobium,
Mesorhizobium, Ensifer (Sinorhizobium), etc., while for nitrogen fixation in other
non-legume crops, such as rice and wheat, Pseudomonas, Azotobacter, etc. are



utilized (Gourion et al. 2015). Pseudomonas of the family Pseudomonadaceae
distributed in the environment also inhabits in soil. It is a Gram-negative,
rod-shaped, non-spore forming, aerobic, catalase–oxidase positive bacteria. Some
of the Pseudomonas spp. is considered as one of the most promising groups of
bacteria amongst PGPR as it is known to have various beneficial plant growth-
promoting traits (Etesami 2022). Recently, seed inoculants of some specific strain of
Pseudomonas fluorescens have been used on crop plants to increase crop yield and
soil fertility (Swarnalakshmi et al. 2020).

310 S. Dheeman and D. K. Maheshwari

PGPR as microbial inoculants are used to apply on several crops differently, in
the form of liquid and solid formulations. In addition, the mode of inoculation may
vary from crop to crop, depending upon their interaction with the host plants (Sindhu
et al. 1999). For example, a rhizobia bioinoculant must be inoculated, often in liquid
formulation, so as to colonize in the rhizosphere rapidly and develop root nodule in
the initial of rhizosphere genesis. However, several reports suggest that solid
bioformulation in certain carrier materials has a positive influence on vegetative
and reproductive parameters of growth and increases crop productivity
(Egamberdieva et al. 2013). Besides, the interaction of rhizobacteria with plants is
ever considered as a central and focal phenomenon to decide the beneficial impact of
bioinoculants on the plant growth promotion.

13.7 Constraints, Challenges and Future

The major constraints have arisen due to failure of performance in the farmer’s field.
It indicates the results obtained at laboratory scale are not adopted in field soil. The
nitrogen content of the soil, its texture and chemical composition also remain
challenging. Furthermore, host plant age, variety and other characteristics affect
the performance of nitrogen-fixing bacteria. The recommended dose of N fertilizer is
detrimental to the bacteria growth and survival; therefore, optimization of sub-lethal
dose is utmost necessary to evaluate before inoculating the nitrogen-fixing bacteria
in soil or coating on the seed. In some non-legumes, e.g. in sugarcane, the high
N-fertilized soil (NH3) reduces root colonization of H. seropedicae. Similarly, Ca2+

(PO4)
3� also inhibit colonization efficiency of Azospirillum in wheat. Hence, chem-

ical adaptive nitrogen-fixing bacteria (NFB) variants counteract the derogatory effect
of N fertilizer and allow them to colonize aggressively. In addition, edaphic, climatic
and other environmental factors contribute to the variable effects in diazotrophic
bacteria. Hence, proper research is required to sustain the benefits and application of
NFB in non-legumes.
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13.8 Conclusion

Associative including free-living and endophytic bacteria are exclusively beneficial
for non-legume crops with respect to nitrogen fixation. However, these exhibit other
beneficial roles, considering their roles as plant growth-promoting rhizobacteria
(PGPR). On the other hand, rhizobia–non-legume interactions are still in the nutshell
and require putting more effort to emerge these bacteria as bioinoculants or
biofertilizers. However, having a successful bioinoculant depends upon various
aspects during plant–microbe interaction, hence selecting demand-based
biofertilizers for future agriculture is an inevitable approach that can lead us to
ever-sustainable agriculture.
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Chapter 14
Role of Bacterial Secondary Metabolites
in Modulating Nitrogen-Fixation
in Non-legume Plants

Asadullah and Asghari Bano

Abstract Nitrogen is one of the essential elements which plays a key role in plant
growth and development. Beneficial microorganisms are eco-friendly and sustain-
able source of agroindustry. Bacteria either free-living or as endophytes in plant
roots can fix atmospheric nitrogen to nitrogenous compounds in the soil and make
them readily available to plant roots. Extensive research was carried out to unravel
the mechanisms involved in rhizobia–legume interaction. However, little attention
was paid to nitrogen-fixation in non-legume plants including important cereals like
maize, wheat, rice, sugar cane and other actinorhizal plants. Both the associative
symbiosis in non-legumes and those in legumes are modulated by the presence of
secondary metabolites, exuded by both the partners (microbes and the host plants).
This chapter will highlight on signalling molecules involved in establishing symbi-
otic association between non-legume plants and their partner with particular empha-
sis on growth-promoting rhizobacteria. Their role in improving nitrogen use
efficiency in plants and the effects of abiotic factors will also be discussed. The
identification of key secondary metabolites involve in cross talk for better N-fixation
is necessary to engineer N-fixer non-legume plants.

Keywords Non-legume · N-fixation · Rhizobacteria · Symbiosis · PGPR

14.1 Introduction

Besides the inflated rate of fertilizers, their losses and subsequent contamination of
ground water and eutrophication of rivers led scientists to search for an alternative
effective eco-friendly approach, i.e. biological nitrogen-fixation.

Asadullah
The Peace Group of Schools and Colleges, Charsadda, KP, Pakistan

A. Bano (*)
Department of Biosciences, University of Wah, Wah Cantt, Pakistan
e-mail: asghari.bano@uow.edu.pk

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
D. K. Maheshwari et al. (eds.), Nitrogen Fixing Bacteria: Sustainable Growth
of Non-legumes, Microorganisms for Sustainability 36,

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-4906-7_14&domain=pdf
mailto:asghari.bano@uow.edu.pk
https://doi.org/10.1007/978-981-19-4906-7_14#DOI


318 Asadullah and A. Bano

14.2 Diversity of Nitrogen-Fixing Bacteria

The members of bacteria, archaea, cyanobacteria and mycorrhizal fungi are involved
in nitrogen-fixation and occur in a wide range of habitat based on their growth
requirements. They are found in multifaceted association: free-living in soil, sym-
biotic association with legumes, in associative symbiosis with actinorhizal plants
and Frankia, and cyanobacterial association with mosses, ferns, angiosperms and
gymnosperms. The symbiotic association found between cyanobacteria and cycads,
Frankia and actinorhizal plants, rhizobia and legume plants is governed by the
release of flavonoids and activation of nod factor. The bacteria exchange fixed
nitrogen with host cell in response to carbon source from host. This constitutes a
major group of nitrogen-fixing microbes. The associative nitrogen fixers
(Azospirillum, Herbaspirillum, Klebsiella, etc.) have been reported to found on the
histoplane or as endophytes in roots of maize, wheat and sugarcane. Their exudates
contain carbon substrate, which serves as source of energy for nitrogen-fixation.
They derive energy from oxidation of organic molecules for nitrogen-fixation. Free-
living nitrogen fixers can fix about one-tenth of the total atmospheric nitrogen fixed
by the symbiotic association (Dahal 2016).

Actinorhizal plants have the ability to develop endosymbiosis with Frankia, a
nitrogen-fixing soil actinomycetes (Martin et al. 2017). This endosymbiosis is
established by root nodule in which Frankia provides fixed N to plant roots in
response to reduced carbon. In contrast to rhizobia-nodule legume association,
Frankia can protect oxygen-sensitive nitrogenase enzyme complex. In some cases,
e.g. cereals, these bacteria can colonize the plant roots system intracellularly and fix
nitrogen inside the cells utilizing photo assimilates (such as glucose) as a source of
energy.

The blue-green algae (cyanobacteria) establish symbiotic in a wide range of plant
species, viz. angiosperm Gunnera, the water fern Azolla, the bryophytes Blasia and
Anthoceros and the gymnosperm Cycas. In case of Azolla, it is an integral part of the
host throughout the life and inherit to next generation (Adams et al. 2013; Chang
et al. 2019; Warshan 2017). Mycorrhizal fungi are the most abundant fungal
symbionts of plants that have colonized plant roots since 400 million years ago
(Selosse et al. 2015). They are associated with roots of 70–90% of land plants,
including trees, grasses and many crops. They are classified into two broad catego-
ries, referred to as ectomycorrhiza and endomycorrhiza. Endomycorrhiza are further
divided into orchid, ericoid and arbuscular mycorrhizae (AM) fungi. Examples of
AM fungi include Funneliformis, Claroideoglomus, Rhizoglomus, Gigaspora,
Acaulospora, Glomus, Diversispora, Septoglomus and Scutellospora (Lara-
Capistran et al. 2021). The AM fungi make association with Coffea arabica,
Hordeum vulgare, Triticum aestivum, Sorghum bicolor and Zea mays (Chang
et al. 2019; Lara-Capistran et al. 2021).
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14.3 Diversity of Non-legume Plants

In non-legume plants, the symbiosis of root nodulation is limited to single clade
Fabids, which include four orders: Fabales, Fagales, Rosales and Cucurbitales.
Together these orders are commonly termed as nitrogen-fixing clade (NFC)
(Li et al. 2015). The diversification of nitrogen-fixing trait into four orders finds its
origin about 110 million years ago. According to the single gain massive loss
hypothesis, two major switches in microsymbionts had occurred, resulting in the
evolution of rhizobia from most primitive Frankia ancestor, as Frankia have intrin-
sic characteristic to protect nitrogenase from oxidation and can fix N in free form. In
contrast to rhizobia, which depend on the mechanism provided by plants. N-fixing
nodulation traits are distributed amongst ten lineage of NFC orders, despite the
occurrence of many non-nodulating species. The greatest diversity of root nodule
symbiosis is found in order Fabales, which contain legume family (Leguminosae).
Actinorhizal plants represent a diverse group of about 220 species belonging to eight
plant families distributed in three orders, Fagales, Rosales and Cucurbitales. They
establish a N-fixing nodule symbiosis with diazotrophic Actinobacteria of the genus
Frankia (Li et al. 2015). The remaining two lineage, legumes (Fabales) and
Parasponia (Rosales), establish a nodule symbiosis with rhizobia (Li et al. 2015).
Parasponia is the only non-legume lineage to have evolved a rhizobia symbiosis.
Parasponia andersonii is able to modulate nitrogen-fixing rhizobia symbionts under
low nitrogen conditions (Dupin et al. 2020). A study was conducted on Sierra mixe
and Maize landrace to explore the mechanism of nitrogen-fixing microbial associ-
ation with cereals in nitrogen-depleted field. The plant was characterized by the
extensive development of aerial root system that secretes a large amount of muci-
lage. Analysis of mucilage showed that it was enriched with nitrogen-fixing
microbiota. Three main functionalities were identified in maize mucilage responsible
for productive diazotrophic association and these were fructose, arabinose and
galactose (Van Deynze et al. 2018).

14.4 Signal Cross-Talk for Synergetic Symbiosis

The establishment of symbiosis for N-fixation is a complex event and requires
coordinated regulation of corresponding genes expression and release of signalling
molecules into the rhizosphere. The exchange of such signalling molecules varies
according to the microbe–host interaction. Plants, the recruiter of efficient symbi-
onts, secrete a complex mixture of secondary metabolites such as amino acids and
amide, benzoxazinoids, coumarins, enzymes, growth factors, sugars, organic acids,
phenolic acids, flavonoids and strigolactones to reshape and drive resilient N-fixer
partner for symbiosis (Jacoby et al. 2020; Zhalnina et al. 2018).

Flavonoids are the major class of secondary metabolites (phlobaphene, flavones,
flavanones, flavanols, aurones, isoflavonoids, anthocyanins and condensed tannins),



which have prime role in biological nitrogen-fixation (Dong and Song 2020).
Flavonoids activate nod box genes to encode enzymes responsible for the synthesis
of lipo-chitooligosaccharides (LCOs), well known nod factors perceived by legumes
and Parasponia that trigger a symbiotic signalling cascade (Granqvist et al. 2015).
The control mechanism of N-fixation by rhizobia is not exclusive to the legume
clade only. Sequenced genome of Frankia spp. showed the presence of homologues
nodABC genes that encode proteins required for the synthesis of core Nod factor
structure (Nguyen et al. 2019). Root hair deformation factor, a signalling molecule
secreted by Frankia to initiate deformation (curling) of root hair for infection, is
chemically distinct from chitin-based rhizobia Nod factor (Cissoko et al. 2018). For
Frankia–Alnus symbiosis, amino acids (citrulline, arginine, aspartate, glutamate,
beta-aminobutyric acid and alanine) are involved in promoting nodule organogen-
esis and stimulating nitrogen-fixation (Hay et al. 2020). The microbial community
(Frankia and non-Frankia plant growth-promoting bacteria) of the nodule in
non-legumes appears to be shaped by different bioclimates, with being less abundant
under more arid environments (Ghodhbane-Gtari et al. 2021). There are four taxo-
nomic clusters of Frankia. Clusters I, II and III engage in root nodule symbiosis.
Cluster II species activate symbiosis by producing LCOs, whereas clusters I and III
do not produce LCOs as they lack the canonical nod genes. Initial characterization
showed that molecules of clusters I and II alternative signal to LCOs are hydrophilic,
thermoresistant and resistant to chitinase digestion, indicating structural differences
from LCOs (Cissoko et al. 2018).
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A class of terpenoids, strigolactones, has been recently identified as suitable
candidate for AM fungi association with plant roots (Mishra et al. 2017). This
novel phytohormone stimulates fungal metabolism and hyphae branching under
nitrogen-deficient environment. AM fungi use Myc factors (a combination of chitin
oligomers and LCOs) for symbiosis, which are structurally very similar to nod
factor.

14.5 Mechanism of Symbiosis

All nitrogen-fixing symbiosis require the activation of common symbiotic signalling
pathway (CSSP). Therefore, both Myc and Nod factors are perceived by lysine-
motif-domain containing receptor-like kinase (LysM-RLKs) present on the plasma
membrane of plant cells (Bozsoki et al. 2017). Upon binding, this also interacts with
the leucine-rich repeat-type symbiosis receptor kinase, thereby activating the CSSP.
In case of rhizobium symbiosis, the CSSP is activated by root exudates containing
flavonoids in response to LCOs. Studies in the non-legume rhizobium nodulator
Parasponia andersonii and the two actinorhizal plant species, Casuarina glauca and
Alnus glutinosa, revealed that instead of LCOs, the CSSP pathway is regulated by
calcium oscillations (Huisman and Geurts 2020). Nuclear Ca2+ oscillations are a
hallmark of symbiotic signalling induced by rhizobia, Frankia and AM fungi. Ca2+

spiking is decoded by calcium-calmodulin-dependent kinase (CCaMK), leading to



activation of MtNFP/LjNFR5/PanNFP2 (Van velzen et al. 2018). It results in the
transcriptional activation of NIN (nodule organogenesis, which is also activated by
cytokinin), ERN (intracellular infection) and RAM1 (AM symbiosis programme)
(Huisman and Geurts 2020).
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The general pattern of plant–cyanobacterial symbiosis involves two phases. The
early phase comprised chemical signalling between partners, and in the second phase
the physical association with host is achieved. The host plant releases chemical
signal known as hormogonia-inducing factor (HIF) into rhizosphere soil, which
induces the conversion of vegetative cyanobacterial filament into transient motile
stage termed hormogonia (Warshan 2017). The motile hormogonia then migrate into
the host’s internal cells. Various chemo-attractants are believed to be released by
host plant to trigger this phenomenon. One such compound is 1-palmitoyl-2-
linoleoyl-sn-glycerol, isolated and characterized from coralloid roots of Cycas
revoluta (Hashidoko et al. 2019). This sugar base molecule has proven to be
attractive for hormogonia to permit their entry into host root cells. Once a cyanobiont
successfully enters its host, the plant partner releases hormogonia repressing factor
(HRF), which hinders HIF release. Besides HIF and HRF, phenolics are also known
to participate in cyanobacteria–host symbiosis. The next stage is the formation of
heterocyst, the site for N-fixation.

14.6 Abiotic and Biotic Factor Effects on the N-Fixation
in Non-legumes

Abiotic factors like drought, salinity, temperature and light exert significant impact
on N-uptake by plants as well on nitrogen solubilization in soil. An investigation was
carried out to find out the effect of drought on nitrogen availability to fine roots and
N-uptake by accessing the saplings of Acer pseudoplatanus, Fagus sylvatica,
Quercus petraea, Abies alba, Picea abies and Pinus sylvestris (Joseph et al. 2021).
Study evidences the role of drought in reduction of nitrogen uptake in plants, thereby
affects the net biomass and overall N content in plants. Drought increased mineral N
content (+31%) but reduced N-mineralization rate (�5.7%) and nitrification rate
(�13.8%), and thus left total N unchanged (Deng et al. 2021). In contrast, high water
availability also impacts nitrogen transfer as nitrates leach down below root zone and
become less available to plants (Thilakarathna 2016). Global warming has negative
impact on N-uptake by plants and their translocation from roots to shoots.
Jayawardena et al. (2017) performed an experiment on Lycopersicum esculentum,
which was grown at two levels of CO2 (400 or 700 ppm) and two temperature
regimes (30 or 37 �C) with NO3

� or NH4
+ as the N source. Elevated CO2 plus

warming decreased N assimilation by roots, and their translocation to shoots. In
another experiment, it was suggested that global warming reduced fertilizer N use
efficiency and increased N loss to environment in the paddy rice (Yang et al. 2019).
Similarly, salinity affects different stages of N-metabolism including N-uptake,



ammonia reduction and ammonium assimilation, leading to severe decline in crop
productivity (Ashraf et al. 2018). Maize plants were treated with NaCl and grown in
two separate N forms molecules, the first one contains NO3

�while the other contains
NH4

+ as N source (Hessini et al. 2019). Results showed that nitrate was partly
replaced by Cl� ion during root uptake; however, NH4

+ favoured maize growth. The
spatial arrangement of root system has an association with efficient N transfer. The
close contact of root system with N root exudates decreases the distance for mass
flow, but as the distance increases the N translocation also decreases, because
majority of N (95%) is located in top soil layer (Laberge et al. 2011; Rasmussen
et al. 2013). The composition of plant community also directs the flow of N from soil
to plant biomass. A mix crop stands of legume and non-legume plants enhance the
N-uptake from soil (Li et al. 2015). Phenology of plants also affects N transfer. In
mung bean, it was reported that N transfer slightly increased from pod setting (7.6%)
to maturity (9.7%) (Zang et al. 2015).
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14.7 Effects of N-Fixing Bacteria on Amount
of Nitrogen-Fixed in Non-legumes

The effective role of bacteria in sustaining N-metabolism, as well as their uptake and
effect on plant growth, is summarized in Table 14.1. A comprehensive study of BNF
was carried out in Saccharum spp., inoculated with Bacillus megaterium (CY5) and
Bacillus mycoides (CA1). The expression of the nifH gene in both sugarcane
varieties (GT11 and GXB9) inoculated with CY5 and CA1 was confirmed (Singh
et al. 2020). Nitrogen-fixation was also confirmed using N-balance and 15N2 isotope
dilution in different plant parts of sugarcane. This was the first report of Bacillus
mycoides as a nitrogen-fixing rhizobacterium in sugarcane (Singh et al. 2020). In
another study, it was reported that bacteria contribute up to 65% of N content of two
sugarcane cultivars under field conditions (Martins et al. 2020). Azospirillum
brasilense (HM053), an ammonium excreting strain, strongly promoted maize
growth, increasing the production from 460.5 to 1769.3 kg ha�1 (Pedrosa et al.
2019). An experiment was conducted to evaluate whether N-metabolism affects the
bacterial contribution to plant growths. In one study, Setaria viridis plants were
inoculated with A. brasilense FP2 and its ntrC mutant (Kukolj et al. 2020); in
another study, S. viridis plants were challenged with Herbaspirillum seropedicae
SmR1 and its mutant nifA (Agtuca et al. 2020). Both the studies concluded that
plants inoculated with wild and mutant strains could increase plant biomass, dem-
onstrating that nitrogen-fixation is not essential for plant growth promotion, at least
under laboratory conditions. A study was conducted to investigate the uptake of N
and their impact on two actinorhizal plants: Alnus incana infected with Frankia
strain Ar13 and Hippophae rhamnoides infected with Frankia strain T1 (Gentili and
Huss-Danell 2019). Result showed that inoculated plants exhibit increases in
N-fixing rate and higher plant dry matter at all harvesting times. Pennisetum



purpureum is a perennial elephant grass. It receives 70% N through biological
nitrogen-fixation (De Morais et al. 2017). Similarly, feather moss receives 50% of
total N input from its partner cyanobiont (Rousk et al. 2013).
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Table 14.1 Effect of beneficial bacteria and N-metabolism and yield of plants

Microorganisms Host plants Effects on N-uptake and yield References

Azotobacter chroococcum,
Klebsiella variicola

Wheat (var.
Xiaoyan)

Enhance plant height, dry
weight and N content by 97.7%

Wang et al.
(2020)

Stenotrophomonas maltophilia,
Enterobacter sp., Bacillus sp.,
Ochrobactrum haematophilum

Rice Higher germination percentage,
seed vigour index and total dry
biomass

Mir et al.
(2021)

Paenibacillus beijingensis
BJ-18

Wheat,
maize and
cucumber

The total N were increased by
49.1–92.3% under low N and
by 13–15.5% under high N

Li et al.
(2019)

Pantoea dispersa AA7,
Enterobacter asburiae BY4

Sugarcane Contributed 21–35% of plant N
by biological N-fixation

Singh et al.
(2021)

Rhodopseudomonas palustris,
Rhodobacter sphaeroides, Sac-
charomyces cerevisiae, Strep-
tomyces griseoviridis

Brassica
‘Zahoor’
cultivar

Application with N and P at the
rate of 180 kg ha�1 and
130 kg ha�1, increased yield

Hazratullah
et al. (2021)

Frankia species Parasponia
species

Root nodules in the non-legume
plant Parasponia sp.

Van Velzen
et al. (2018)

Azospirillum brasilense DSM
1690, A. brasilense DSM 2298,
Pseudomonas sp. DSM 25356

Lactuca
sativa

Increased N leaf concentration
particularly when combined
with N at 30 or 60 kg ha�1

Consentino
et al. (2022)

Pseudomonas sp. Y1 Switchgrass Containing ACC deaminase and
increased the total root length,
root surface, shoot length and
fresh and dry weight

Chen et al.
(2022)

Pseudomonas protegens Pf-5 Arabidopsis
thaliana

Improved N-fixation Jing et al.
(2020)

14.8 Conclusion

Enhancement in biological nitrogen-fixation in non-legume (cereals and cash crops)
is imperative to boost crop production and quality of cereal grains and is an
alternative effective eco-friendly approach to minimize fertilizer usages. A mix
crop stands of legume and non-legume plants enhance the N-uptake from soil;
phenological stage of plants also plays dominant role in this context. Plant growth-
promoting rhizobacteria (PGPR) used as bioinoculants and exhibiting associative
symbioses may be more effective in terms of N-metabolism as they also produce
phytohormones, which modulate the process of N-fixation and plant growth under
abiotic stresses. To unravel signalling mechanism, identification of more secondary
metabolites and their cross talk appears an effective way to modulate biological
N-fixation and metabolism in non-legumes.
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14.9 Future Perspectives

Most crops belong to non-legumes, so understanding the molecular mechanism
mediated by secondary metabolites of plant and bacterial origin is of prime impor-
tance for agronomic implications that enable the use of N-fertilizers to be reduced.
Indeed, the short-term goal is to exploit the diversity of N-fixing bacteria, but the
long-term goal is to transfer the endosymbiotic association of major non-legume
crops. Thus, the identification of key secondary metabolites involved in cross talk for
better N-fixation is necessary to engineer N-fixer non-legume plants.
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Chapter 15
Progress of N2 Fixation by Rice–Rhizobium
Association

Ali Tan Kee Zuan, Amir Hamzah Ahmad Ghazali, and M. A. Baset Mia

Abstract Large amounts of nitrogen fertilizer are required for successful rice
production, which is very costly and hazardous to the environment. The biofertilizer
application is an alternative source of chemical fertilizer that can create an
environment-friendly sustainable rice production system. They are microbial inoc-
ulum often used for boosting crop productivity. Recently, the application of rhizobia
biofertilizer has gained prominence for a sustainable rice production system. A large
body of researches has been performed to develop a suitable rhizobia biofertilizer to
increase rice production. However, the success rate is not satisfactory, and this
chapter discusses the progress and challenges of developing suitable biofertilizers
for rice cultivation.

Keywords Rice · Rhizobium · N2 fixation · Nodulation · Root growth

15.1 Introduction

Rice is the staple food of most people around the world, and its demand is increasing
gradually. The world will require 60% more rice than current production to meet the
teeming hungry population (Ladha and Reddy 2003). Additionally, the demand for
rice will be increased by 70% over the next 30 years, mainly due to rapid population
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growth. Consequently, the world has to fight against hunger and produce more food
to feed people. Two approaches should be taken to enhance rice production at a
significant level: increasing the land area and improving the management practices
where the former is almost impossible for developing countries as the land area
decreases gradually due to rapid industrialization and urbanization. Therefore, we
have to move forward to the second approach, i.e., increase the management
practices including higher application of fertilizers. The application of adequate
fertilizers is essential to boost production and the development of high-yielding
rice varieties. However, excessive use of chemical fertilizer especially nitrogen is
expensive and may cause hazards to the environment. Hence, it is imperative to
explore alternative cost-effective and environment-friendly solutions. Developing a
continuous supplier vis-à-vis an automated system of nitrogen incorporation to the
rice plant is required for an economical and environmentally friendly rice production
system. Additionally, rice variety possessing N2-fixing capacity will be naturally
beneficial and appropriate for broader acceptance. Plant scientists have been
questing for a long time to achieve this automated nitrogen incorporation system,
which could be obtained through biofertilizers. Nowadays the application of
biofertilizers to crop plants is gaining prominence, an internationally accepted and
clean practice of crop production systems. A large body of research has been
performed and remarkable progress has been achieved in developing biofertilizers
and bioenhancer to boost the world’s sustainable crop production. The biofertilizers
are microbial inoculum that can add essential nutrients, especially the N, P, K, to the
plants and the soil. Among the biofertilizer system, rhizobial inoculum has been
utilized to boost legume production for a long time. Rhizobium–legume symbiosis is
the well-established association for beneficial interaction between host and microbes
accepted throughout the globe. Rhizobium, Bradyrhizobium, and Azorhizobium are
efficient nitrogen (N2) fixers for various leguminous crops. These three genera are
collectively called Rhizobia and the family is Rhizobiaceae (Elkan and Bunn 1992;
Young 1992). This symbiosis system is powerful for a successful beneficial inter-
action. Remarkable advancements have been obtained in inoculum development and
their commercial application have been well documented. However, soil microbiol-
ogists have long been interested in using this rhizobial inoculum for rice production.
Recently, the use of Rhizobium to nonlegumes has been initiated for cereal crop
production, and much attention is being given to creating a successful arena in
developing rhizobial biofertilizers for rice production systems. Although the devel-
opment of biofertilizers by associative and free-living bacteria in rice has progressed
to a certain extent, the beneficial effects, especially in field application, are very
inconsistent. Interestingly, the rice rhizosphere harbor diazotrophic microbes both
endo and ectophytically created serious interest to the microbiologist for utilizing as
N2 fixers and developing as biofertilizers. However, after an enormous effort, no
consistent results and remarkable successes have been achieved in developing
rhizobial biofertilizer for rice production. There are various challenges for achieving
successful results, and this chapter discusses the present status, progress, and future
perspective in the development of rhizobial biofertilizer for rice production
(Table 15.1).
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Table 15.1 List of Rhizobium and Bradyrhizobium spp., which are beneficial to rice under
controlled and field conditions

Name of species
Name of
strain Beneficial effects References

Rhizobium
taibaishanense

CCNWSX
0483T

Growth enhancement Zhao et al. (2017)

Rhizobium vitis NCPPB Stimulate plant growth Eastwell et al.
(2006)

Rhizobium
oryziradicis
sp. nov.

Increase plant growth Zhao et al. (2017)

Rhizobium
pseudoryzae
sp. nov.

J3-A127 Stimulate plant growth Zhang et al. (2011)

Rhizobium
radiobacter

Stimulate rice plant growth Tan et al. (2014)

Rhizobium
leguminosarum
bv. Trifolii

Enhanced plant growth Yanni et al. (1997)

Bradyrhizobium
liaoningense

Stimulate rice plant growth Tan et al. (2001)

Rhizobium spp. UPMR30,
UPMR31

Increased plant growth of rice Ali-Tan et al. (2017)

Rhizobium
undicola

Ouran110 Increased plant growth Singh et al. (2018)

Rhizobium spp. Rf7, Rpr1,
Rpr2, and
Rpr11

Increased shoot growth Hernández Forte
and Nápoles García
(2019)

Azorhizobium
caulinodans

ORS571 Stimulate rice growth Chi et al. (2005)

Sinorhizobium
meliloti

1021 Enhanced plant growth Chi et al. (2005)

Mesorhizobium
huakui

93 Enhanced plant growth Chi et al. (2005)

Rhizobium
leguminosarum

PEPV16,
LS1

Increased plant growth of lettuce and
carrot, increased growth and yield of
rice

Husssain et al.
(2009)

Rhizobium
leguminosarum
bv. viciae

BICC635 Solubilize rock phosphate Halder et al. (1990)

Rhizobium sp. Rn1 Increased plant growth Mirza et al. (2007)

Rhizobium
phaseoli

A2 Increased growth and yield Husssain et al.
(2009)

Azorhizobium
caulinodans

ORS571 Fixation of N2 Liu et al. (2017)
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15.2 Nitrogen in Rice

Nitrogen (N) is a primary macronutrient element most frequently used, and it often
becomes a limiting factor for crop growth and development, especially rice.
Although the N requirement is not equal and uniform throughout the whole life
cycle of the rice plant, starting from vegetative to reproductive phases. It is a
monocarpic plant, and the final product is the grain rice, and the grain:straw ratio
of modern rice is almost 1:1. A large amount of N is required for growth, develop-
ment, and grain production, and generally, rice plants utilize 14–20 kg N ha�1 to
produce 1 ton of grain (Choudhury et al. 2013). Around 10 million tons of
N-fertilizers are being used for rice production, and it is costly and causes an
environmental hazard when used excessively. Presently, N-fertilizer especially
urea is manufactured artificially through the Haber-Bosch process (Appl 1982),
and is significantly an energy-consuming process and also creates a hazard to the
environment as given below:

N2 þ 3H2 ! 2NH3, ΔH0 � 91:8kJ=mol

This process was discovered in the early twentieth century and has made com-
mercialization since then (Goyal et al. 2021). To boost the rice production to an
ambitious level, i.e., 13 ton ha�1, N fertilizer application is increased to 400 kg ha�1

from its 220 kg ha�1. To overcome the problem of N supply to the rice plants, two
approaches may be taken viz. increased supply or automated incorporation through
the biological nitrogen fixation (BNF) process. The latter is more acceptable as it is
cost-effective and environmentally friendly (Reddy et al. 1997). The BNF contribu-
tion is very high, ranging from 40 to 70 Tg N year�1, and this huge amount is almost
50% of the global production of N fertilizer (Galloway et al. 2008; Herridge et al.
2008).

The rhizosphere of rice plants harbors a million-microbe having both beneficial
and harmful among the beneficial microbes, many of them do colonize both ecto-
and endophytically. The endophytic microbes especially the bacteria create a con-
ducive environment for beneficial interactions. However, associative and free-living
diazotrophic microbes are less efficient as success rate is limited compared to an
established symbiosis system like legume–Rhizobium symbiosis.

15.3 Nitrogen Fixation in Rice

The ever-increasing demand for boosting rice production by resource-poor marginal
farmers and apprehension for environmental hazards due to excessive use of inor-
ganic N-fertilizer has increased the interest in alternative approaches like autono-
mous incorporation of N to plant biology (Mia 2015). Biological nitrogen fixation
(BNF) is a potential alternative system of accumulation of N to the plant system for



their utilization, and this is a significant contribution of N incorporation to the
biosphere amounting to nearly 30–50% of the total N in the crop field (Ormeño-
Orrillo et al. 2013; Mia et al. 2013; Mia and Shamsuddin 2013). This process is
mediated by the activity of an enzyme known as nitrogenase, and it is an energy-
expensive process. Unfortunately, the higher plants do not contain this enzyme;
however, bacteria and cyanobacteria possess the enzyme. The N2-fixing bacteria are
known as diazotroph, generally Gram-negative α-proteobacteria, Firmicutes, and
cyanobacteria. They are mainly found in the rhizosphere via ectophytically, some-
times found in the stem or a leaf as endophytically. Among the diazotroph, Rhizo-
bium and Bradyrhizobium are smart enough to fix N2 in association with plants of
the Fabaceae family, i.e., Leguminosae. Frank (1889) first described the genus
Rhizobium, and the genus has great economic importance for boosting crop produc-
tivity, especially pulse crops. However, species of this genus Rhizobium have been
found in various non-legumes namely rice, wheat, maize, sugarcane, cotton, carrot,
and rape (Antoun et al. 1998; Chaintreuil et al. 2000; McInroy and Kloepper 1995;
Gutiérrez-Zamora and Martínez-Romero 2001; Peng et al. 2008; Sharma et al. 2005;
Yanni et al. 1997; Zhang et al. 2011). Egyptian scientist Yanni et al. (1997)
succeeded in isolating Rhizobium leguminosarum bv. trifolii from clover in the
Nile valley of rice-growing field and found a significant positive effect on growth
promotion in rice after inoculation.

15 Progress of N2 Fixation by Rice–Rhizobium Association 333

15.4 Beneficial Effects of Rhizobium on Rice

The Rhizobium leguminosarum strains LSI-23, LSI-26, LSI-29, LSI-30 and
Mesorhizobium ciceri strains CRI-28, CRI-31, CRI-32, CRI-38 have been found
to colonize on the roots of rice cv. Super Basmati. Inoculation process increased the
number of the tiller (46%); grain yield (43%), total dry matter (18%), straw dry
weight (45%), and 1000-grain (25%) improved maximally by the strain LSI-29 over
uninoculated control (Husssain et al. 2009). Combined inoculation of rhizobial
strains and brasilense increased the yield attributes of wetland rice and Rhizobium
strains that could successfully colonize the root surface and lateral roots (Hahn et al.
2016a, b). Similarly, inoculation of rhizobial strains could form colonies
endophytically and enhance plant growth through the synthesis of phytohormone
like indole-3-acetic acid (IAA), solubilized complex phosphate into available phos-
phate, and are also able to act as biocontrol agents as reported by several scientists
(Yanni et al. 2001; Singh et al. 2006; Yanni and Dazzo 2010; Chen et al. 2005;
Bhattacharjee et al. 2012; Dutta et al. 2007). Inoculation of Rhizobium enhanced the
vigor seedling in rice as reported by Mia and Shamsuddin (2009) (Fig. 15.1).
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Fig. 15.1 Application of Rhizobium in rice: (a) control and Rhizobium-inoculated rice seedling, (b)
rice field

15.5 Mechanism of Beneficial Effects

Rhizobial inoculation of rice promotes growth and yield through diversified ways of
mechanisms (Hahn et al. 2016a, b; Mia and Shamsuddin 2013, 2010; Mia et al.
2013). The rhizobia exert beneficial effects upon inoculation of rice in various
dimensions like fixation and incorporation of N2 into rice plant, root stimulation
through the production of growth hormone especially the auxin, enhanced nutrient



accumulation of various nutrients like Fe, P, K, and finally act as a biocontrol agent
(Fig. 15.2).
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Fig. 15.2 Overview representation of the mechanisms of beneficial effects of Rhizobium inocula-
tion in rice

15.5.1 Colonization of Rhizobia on Rice Roots

Rhizobial strains could form colonies successfully on the roots of rice where the
bacteria enter into the internal portion of roots through the junction of lateral roots,
apoplastic area, and crack of the roots (Fig. 15.3). The colonization occurs mainly in
the plant tissues of the root, stem, and leaf but not the real nodule but forming
nodules-like structure or swollen structure on the root surface, which is known as
paranodule/hypertrophies (Dakora 1995; Tchan and Kennedy 1989; Al-Mallah et al.



1989; Rolfe and Bender 1990; De Bruijn et al. 1995). However, surface colonization
could be carried out through the normal invasion process. Perrine-Walker et al.
(2007) confirmed the inoculation process by GFP-labeled technique marked with
bacteria. Aggregated type of colonization on the root surface of Malaysian rice roots
cv. Mayang Segumpal has been reported by Naher et al. (2009). Among the
colonization pattern, the endophytic behavior confers a significant ecological advan-
tage over ectophytic (Santos et al. 2018). The pattern and mode of colonization as
indicated lacZ reporter gene of azorhizobia indicated mainly on the site of lateral root
initiation and lateral roots cracks. Colonization could be stimulated by applying
flavanone naringenin in the apoplastic area and the site of lateral root formation
(Fig. 15.4). Interestingly, to note that common Sym genes consisting of nod, nif, and
fix genes are not required for internal colonization of rice roots by rhizobia (Chen and
Zhu 2013).
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Fig. 15.3 Transverse section of rice roots showing tissue system of rice roots

15.5.2 N2 Fixation of N2 by Rhizobium

The Rhizobium could form colonies successfully and fix a significant amount of N2

in associated with rice roots. Naher et al. (2009) and Ali-Tan et al. (2017) found
enhanced tissue N concentration of Malaysian wetland rice cv. Mayang Segumpal
by the inoculation of Rhizobium sp. strain SB16. Several researchers reported the
fixation of N2 by Azorhizobium caulinodans (ORS571) in association with rice roots
by applying cellulase and pectolase enzymes (Liu et al. 2017).
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Fig. 15.4 Transverse section of rice roots showing lateral root initiation and apoplastic area

15.5.3 Bioremediation of Toxic Elements

Rhizobium has the potential to bioremediate several toxic compounds viz. polycyclic
aromatic hydrocarbon, which are responsible for ecological and environmental
pollution (Parshetti et al. 2010; Tan et al. 2001; Yanni et al. 1997; Zhang et al.
2012). This bacterium is a powerful tool for the bioremediation of heavy metals in
soil (Hao et al. 2012). They also possess the ecological and biochemical capacity to
degrade organic chemicals and to decrease the risk of heavy metals (Teng et al.
2015). Numerous findings have been obtained on the remediation of heavy metals by
applying Rhizobium in different crop plants (Fagorzi et al. 2018).

15.5.4 Enhanced Uptake of Nutrients

Rhizobium leguminosarum bv. trifolii E11, Rhizobium sp. IRBG74, and
Bradyrhizobium sp. IRBG271 strains inoculation on rice increased the uptake
of N, P, and K by 10–28% as reported by Biswas et al. (2000a). Mia and Shamsuddin
(2010) found that a higher accumulation of P, K, Ca, and Mg occurred when
inoculated by Rhizobium spp. in Malaysian rice despite N2 fixation.

15.5.5 Enhanced Uptake of Fe

Inoculation of endophytic rhizobial strains isolated from a rice field in Cuba could
produce siderophore and biofilm when inoculated to Cuban rice consequently



increasing the uptake of Fe (Hernández et al. 2021). Similarly, Biswas et al. (2000b)
found 15–64% more Fe uptake by rice variety Pankaj under Filipino condition.
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The N, P, and K uptake were increased by 10–28% due to rhizobial inoculation,
and 15N isotope-based studies indicated that the increased N uptake was not due to
biological N2 fixation (BNF). Inoculation also increased Fe uptake in rice by
15–64%, and IAA accumulated in the external root environment of rice plants
when grown gnotobiotically with rhizobia. Certain strains of rhizobia can promote
rice growth and yield, most likely through mechanisms that involve changes in
growth physiology or root morphology rather than BNF.

Recently, Rhizobium oryzihabitans sp. nov. isolated from rice roots showed
biofertilizer activity such as production of siderophore 1-aminocyclopropane-1-
carboxylate (ACC) deaminase and IAA after inoculation to rice (Zhao et al. 2020).
Inoculation of Rhizobium to rice could increase the availability of P through solu-
bilization of unavailable and insoluble complex-P (Halder et al. 1990; Johri et al.
2003; Sashidhar and Podile 2010; Rodriguez and Fraga 1999).

15.5.6 Enhanced Total Dry Matter

Inoculation of endophytic rhizobial strains, namely Rpr2 and Rdp16, increased plant
height and total dry matter of Cuban rice under glasshouse conditions (Hernández
et al. 2021). Shahdi (2021) found increased grain number and rice yield by the
inoculation of Rhizobium in mixed cultivation with clover. Nahar et al. (2021)
isolated an astonishing number of Rhizobium spp. like Rhizobium tropici,
R. leguminosarum, R. freirei, and R. oryzae from the rice rhizosphere, and inocula-
tion of those selected rhizobial strains enhanced plant growth and yields, which
could be brought significant benefit for the farmer and are recognized as an
environment-friendly sustainable agricultural system. Inoculation of strains of Rhi-
zobium sp., Bradyrhizobium sp., and Achromobacter sp. on rice resulted in plant
growth-promoting traits like phytohormone production, namely IAA, and showed
the P-solubilizing capacity (Satyanandam et al. 2010). On the other hand, inocula-
tion of Bradyrhizobium japonicum E109 and B. elkanii SEMIA 587 increased the
growth and yield of rice under field and laboratory conditions (Padukkage et al.
2021).

15.5.7 Enhanced Tolerance of Abiotic Stress

Despite plant growth-promoting rhizobacteria (PGPR) activity, inoculation of alamii
significantly increased rice plants’ growth and enhanced the host plants’ capacity to
overcome abiotic stress like drought by increasing the root growth, which helps to
absorb water from deeper soil profiles. The rhizobia spp. can adjust to saline
conditions through the intracellular gathering of low molecular weight organic



solutes known as osmolytes. Rhizobium meliloti, Rhizobium fredii, and Ensifer fredii
can adjust to these osmotic shocks where K+ controls Mg2+ flux during osmotic
shock (Botsford and Lewis 1990; Jian et al. 1993; Le Rudulier and Bernard 1986;
Smith et al. 1994a, b; Zahran and Sprent 1986). This accumulation of osmolytes
counteract the dehydration effect of low molecular structure or functions.
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15.5.8 Nodulation Process

A large body of research has been conducted on the formation of nodule/nodule-like
structure or paranodule formation on rice roots by Rhizobium/Bradyrhizobium spp.
However, very little success has been achieved. The possible reasons are that the root
exudates of rice roots cannot activate the nodulation gene. The species of genus
Rhizobium form nodules in the roots of legume crops through the process of
endosymbiosis. However, it is interesting to note that they have also found a positive
association with the roots of non-legumes, namely rice, wheat, and maize; successful
nodule formation is performed by the Parasponia (Cocking et al. 1990). The
Rhizobia isolated from Parasponia and other tropical legumes can colonize rice
roots and perform the beneficial activities endophytically. The path of entry of
bacteria to the roots through the opening of lateral roots or crack of roots and a
higher level of colonization have been found through the crack of roots, mainly
found in the intercellular space. Despite nodule formation, the paranodule is differ-
ent from the legume nodule formed by the inoculation of Rhizobium (Tchan and
Kennedy 1989). The induction of paranodule is enhanced by applying IAA 2-4-D
and tryptophan. These have been able to infect and colonize the rice roots despite
nodule formation, and common Sym genes are not required for efficient colonization
(Chen and Zhu 2013). Regardless of being unable to induce nodulation, rhizobia can
infect and colonize the roots of non-legumes such as rice. One interesting question is
whether the establishment of such associations requires the common symbiosis
(Sym) genes that are essential for infection of plant cells by mycorrhizal fungi and
rhizobia in legumes. Here, we demonstrated that the common Sym genes are not
required for endophytic colonization of rice roots by nitrogen-fixing rhizobia. The
cell structures of pseudo-nodules on barley roots were very fine, with organelles and
infection threads from which the rhizobial bacteria were released to the cytoplasm.
The bacteria enclosed in peribacteroid membranes become the bacteroids, and these
morphological structures are similar to those of the legume nodules with seemingly
symbiotic characteristics, but the bacteroids were vesiculated. In the pseudonodules
on rice roots formed by Rhizobium sesbania sp. cultured in the medium containing
rice extract, the bacteria were distributed in intercellular spaces and cells themselves.
The structures of the infected cells were coarse and bacteria were not enclosed by the
peribacteroid membrane, which is completely different from those of the legume
nodules. However, no nitrogenase activity was detected, but plant growth was better
than the control.
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Fig. 15.5 Activation of nod gene for nodule formation

It is reported that certain strains of Bradyrhizobium could form nodule-like
structures on the roots of Arabidopsis and Brassica spp. under controlled conditions,
and the size of the nodule is relatively larger. Similarly, Rhizobium strains NGR234
and NGR76 isolated from Lablab purpureus and Phaseolus vulgaris respectively
formed similar nodule-like structures on Brassica spp. Still, the form and shape of
nodules vary on the strains inoculated. However, the formation of a nodule in rice
roots by the inoculation of Bradyrhizobium or Rhizobium was not successful. The
initiation of any nodular structure could not be observed through light or electron
microscopy. The nodule formation by Rhizobium in plant roots is controlled by
nodulin genes, which are either constitutive or inducible or even repressible, and N-1
is the largest and N-30 is the smallest one. The nod genes are categorized as nodA,
nodB, nodC, and nodD (Sofi and Wani 2007). The nodulation process starts with the
exchange of signals between the host plant and rhizobia (Fig. 15.5). The plant
secretes a chemical substance known as flavonoid, a potential inducer of nod
genes, into the rhizosphere, which activates the nod gene nodD. The nod factor
binds to a specific plant kinase, initiating a signaling pathway that leads to root hair
curling and trapping of the rhizobia (Khush and Bennett 1992). In the case of rice,
the infection process of Rhizobium/Bradyrhizobium is not dependent on nod genes
and even does not involve the formation of infection threads. The endophytic



colonization is mostly confined within the apoplastic area either by schizogenously
or lysigenously. The fiber of sclerenchymatous tissue of root hypodermis is the main
barrier to forming deeper colonization in the roots (Reddy et al. 1997).
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15.5.9 Genetic Regulation of N2 Fixation by Rhizobia

The role of the Nif gene is vital for N incorporation into the rice plant as the
commercial N-fertilizer is expensive. The genes regulation for symbiotic N2 fixation
by rhizobia are broadly recognized as nod gene, fix gene, and nif gene where the
former is responsible for nodulation and the latter two are responsible for N2 fixation
(Dasgupta et al. 2021). Studies on genomic with the high-output capability of data
can play a substantial role in the judicious mechanism of communication occupation
in N2-fixing ability (Goyal et al. 2021).

15.6 Conclusions and Future Perspective

Varieties of research have been performed throughout the globe for achieving an
effective rhizobial inoculum for rice cultivation. The rhizobial application enhances
root and shoot growth consequently, and the higher yield accumulation of N, P, Fe is
also found by several researchers. Amelioration of various abiotic stresses has also
been observed. However, the overall progress is not satisfactory. This approach for
developing a sustainable rhizobial inoculum is a great challenge, which could be
overcome through various ways, including the transfer to the manifestation of N2

fixation (nif, fix) genes in the rice itself (Dixon et al. 1997). Alternatively, substantial
steps should be taken to isolate naturally occurring endophytic N2-fixing bacteria
and modify them genetically for increasing the efficiency of N2-fixing capacity
(Barraquio et al. 1997; Colnaghi et al. 1997; Kennedy et al. 1997; Kirchhof et al.
1997; Stoltzfus et al. 1997). Another approach may be taken to modify rice and
rhizobia for a functional symbiosis system that produces either nodule or
paranodule. Appropriate knowledge is required to get a strategic design for
extending this symbiosis to rice and other cereals (De Bruijn et al. 1995). To create
a functional symbiosis system, genetically manipulated rice and/or N2-fixing
rhizobia should be developed, the interaction between rice and rhizobia at the
cellular and molecular levels should be established, and evaluation should be
performed in rice gene similar to nodulin gene of legume. A functional symbiosis
could be achieved by gathering much information and genetic engineering tools to
build genetically modified rice. This might be attained by cellular and molecular
features of interaction between rice and rhizobia evaluation of rice gene similar to
nodulin genes of legumes and revelation of their roles, and valuation of the expres-
sion of legume nodulin genes in a rice background and response to rhizobial
inoculation or Nod factors. Therefore, a long way to move through a systematic



approach and conduct molecular experimentation for developing effective rhizobial
inocula for a successful rice production system.
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Chapter 16
N-Fixation by Free-Living and Endophytic
Bacteria and Their Impact on Field Crops
with Emphasis on Rice

Motohiko Kondo, Rina Shinjo, and Takanori Okamoto

Abstract Effective use of N-fixation is important to establish crop production
system with reduced dependency on chemical N fertilizer. This chapter reviews
the past and recent findings on the ecophysiological and agronomic aspects of free-
living and endophytic N-fixation in non-legume crops with an emphasis on rice and
proposes the future research. Paddy fields are unique in that they have diverse
N-fixation systems in soil, rhizosphere, and plant, due to waterlogging and the
resulting various oxygen environment, and their effective utilization is valuable for
sustainable food production. In particular, significant progress has been made in the
microbial aspects by development of meta-DNA/RNA analysis, indicating that a
variety of N-fixiation systems may be functioning in the soil and plant. Further
elucidation of the metabolic aspects of these systems as microbial community with
quantitative estimation on their contributions will help to promote their utilization. In
addition, since C substrate is a driving factor in all N-fixation systems, a strategy to
establish the C cycle to optimize N enrichment, C sequestration, and crop produc-
tivity in agricultural land will be useful from a micro- to macroscopic and long-term
perspective with consideration on global warming.

Keywords Endophyte · N-fixation · Rhizosphere · Rice · Soil · Sustainable food
production

16.1 Nitrogen (N) and Crops

N is an element that is essential for plant growth, yet the amount of N present in the
soil is relatively small compared to the amount required by plants. For example,
paddy soils contain only 0.24% as total N and 0.01% as mineralizable form on
average (Oda et al. 1987), while approximately 2.0 kg of N is required to produce
100 kg of brown rice at the standard yield range in Japan (Toriyama 2002). For this
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reason, the supply of N is a key factor in determining crop production, and humans
have devised various ways to supply N to crops. Organic N source has been used for
crop production since ancient times till the time of the establishment of the Haber-
Bosch process, industrial atmospheric N-fixation became possible, and chemical
synthetic fertilizers began to replace the organic fertilizers used until then. In
particular, semi-dwarf varieties in wheat and rice developed at the time of the
Green Revolution responded well to N fertilization, and the amount of N applied
worldwide increased tremendously. Cereals harvested N globally sums 1551 Tg
of N, of which 48% was supplied from fertilizer-N from 1961 to 2010 (Ladha et al.
2016). It can be said that our current human activities are benefited greatly from N
fertilizers. However, finite fossil fuels are used in the production of N fertilizer,
which consumes a large amount of energy, equivalent to 1% of total energy
consumption. Moreover, the use of excess N has serious ecological and other
consequences. The outflow of nitrate from agricultural systems to water systems
has a significant negative impact on ecological imbalance and even on human health.
The concept of Planetary boundaries has been proposed to present nine environ-
mental issues within which humanity can continue to develop and thrive for future
generations, among which environmental pollution by N and P is the most urgent
problem to be solved worldwide (Rockström et al. 2009). CO2 produced in the
production process of N fertilizers and N2O generated from chemical fertilizers
applied in farmland are also sources of greenhouse gases (IPCC 2014). Various
fertilization technologies have been developed to improve N use efficiency. In
particular, coated controlled-release fertilizers have greatly improved the recovery
of applied N by crops and have become widely used. However, it is also regarded as
a potential source of microplastic that threatens ecosystems. While excesses are a
problem in some areas, there are also many areas where the use of N fertilizer is
severely limited by economic and geographical circumstances. Therefore, in order to
support the future growth of the world’s population, there is a need for strategies to
maintain food productivity while limiting dependence on chemical N fertilizers as
much as possible. In this regard, it is becoming more important to utilize the N-fixing
capacity of crops and farmland.
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The legume–rhizobia symbiosis has been widely studied and understood. On the
other hand, the utilization of N-fixation in the plant, soil, and rhizosphere of non-
legume crops is also important for cereal production and sustainable food supply,
and recent progress in research shows that new avenues may be found. In this
chapter, we review ecophysiological and agronomic aspects of free-living and
endophytic N-fixing bacteria associated with non-leguminous crops, with special
emphasis on rice. Rice is a major cereal crop in the world, especially in Asia, and is
becoming increasingly important as a staple food in other regions such as Africa.
Paddy fields with submerged soils, where most rice plants with efficient oxygen
conducting system from shoot to root are grown, create diverse oxygen conditions
and thus provides a stage for various N-fixation systems.
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16.2 N-Fixation in Paddy Fields

16.2.1 N-Fertility and N-Balance in Paddy Fields

In natural ecosystems, biological N-fixation plays a very important role in cycling
nitrogen between the atmosphere and the biosphere as well as denitrification
(Sullivan et al. 2014). N-fixing bacteria are widely present in ecosystems and
contribute to the supply of N in various cropping soils. Paddy soils are known to
have a high natural capacity to maintain fertility as compared to upland field
conditions (Kawaguchi and Kyuma 1975; Kyuma 2004). This is partly due to the
supply of nutrients contained in irrigation water and the slow decomposition of soil
organic matter. In paddy fields under anaerobic conditions, organic matter is mainly
decomposed by anaerobic bacteria, and the accumulation of organic matter is larger
than in aerobic soil conditions. In addition to these factors, N-fixation capacity of
paddy fields has been attracting attention to explain high ability to maintain soil N
fertility since long time (Chakraborty and Gupta 1959; De 1939; Watanabe et al.
1951). Paddy field is a favorable environment for N-fixation activity because of its
reductive conditions and abundance of labile organic matter (Ladha and Reddy
2003; Wada et al. 1978; Yoshida and Ancajas 1973). In rice paddies, there is an
abundant supply of organic matter from roots, residues, aquatic plants, and micro-
organisms, which provides an energy source for N-fixation. In paddy field, it has
been shown that N absorption by rice can be maintained to some extent over long
periods even when cultivated continuously without N-fertilization. Many estimates
of positive N balance, i.e., enrichment, calculated from the long-term N-uptake by
rice and the amount of residual N in the soil, have been reported from a wide range of
regions. For example, in a cold region of Japan with gray lowland soil, N-uptake and
relative N-uptake to N-fertilized plot in a no N-fertilized condition were almost
maintained for more than 20 years even when the above-ground parts of the plants
were removed out of the system after each harvest (Fig. 16.1). The positive balance
between rice uptake and changes in soil N was estimated to be about 18 kg ha�1 per
year, and the contribution from irrigation water was estimated to be less than
1 kg ha�1 per year. It is estimated that more than this amount of N was enriched
in the soil by N-fixation since there was loss of N due to denitrification and leaching.
In fact, the measured enrichment of N in the soil increased by 1–3 g m�2 per crop
season (Yasuda et al. 2000), confirming the results of the N balance. The N
enrichment is often estimated to be larger when organic matters and/or Ca are
applied. The N balance under a long-term N omission in field trial in the tropics
showed enrichment of 19–98 kg ha�1 (average 50 kg ha�1) per crop season (Roger
and Ladha 1992). In an early study, estimates by cumulative acetylene reduction
activity (ARA) indicate that N-fixing activity is greater in submerged waterlogged
conditions than in upland conditions, and that N-fixation increases with rice planting
(Yoshida and Ancajas 1973). Global estimation indicated that rice profited more N
from N-fixation at 22 kg ha�1 year�1 larger than maize and wheat at
13 kg ha�1 year�1 (Ladha et al. 2016). Although the use of paddy fields requires



irrigation and environmental conditions that guarantee water supply, the efficient use
of paddy field systems for food production is considered to be an important option
for global food security in the future.
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Fig. 16.1 Change in N-uptake and relative N-uptake to N-applied plot (80 kg N ha�1 crop�1) in
no-N plot in long-term experiment using rice in Tohoku region in Japan

Various N-fixation systems are known to function in paddy fields (Roger and
Watanabe 1986; Ladha and Reddy 2003; Yoshida and Yoneyama 1980). The first is
by free-living N-fixing bacteria in the soil, the second is by associative N-fixation in
the rhizosphere, and the third is by endophytic N-fixing bacteria living inside the rice
plant, such as in the roots, leaves, and stems. In general, the contribution to N
enrichment is estimated to be largest from the soil. The fourth option is to use
external inputs from N-fixing plants and green manure, such as aquatic plants
symbiotic with the Rhizobia, such as Sesbania and Aeschynomene species, and
cyanobacteria, such as Azolla, an aquatic fern symbiotic with Anabaena azollae.
Although there are limitations in the use of these N-fixing green manure crops in
terms of proper controls of the growth, labor, and cost, they have a large N-fixing
potential in paddy fields under favorable conditions (Ladha and Reddy 2003).

16.2.2 N-Fixation in Soil and Water in Paddy Fields

In rice paddies, the contribution of N-fixation by phototrophs such as photosynthetic
bacteria and cyanobacteria on the soil surface and in the surface-water is much larger
than in the upland field because of the presence of standing water (Kobayashi and
Haque 1971). In addition, N-fixation by heterotrophs functions in the soil below the
surface layer. The reductive environment created by low oxygen conditions
enhances the N-fixing activity of these free-living organisms in paddy soils. The
presence of oxygen inhibits nitrogenase activity while providing energy through
respiration. Therefore, the oxidation–reduction boundary is usually considered to be



the most favorable condition, which is created in the soil surface, rhizosphere, and
soil under intermittent irrigation. It is also known that the presence of consortium
increases the activity of N-fixing bacteria in anaerobic microsites by cooperation
with aerobic non-N-fixing bacteria, which also provide energy sources.
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Accurate quantitative estimation of long-term N-fixation in surface soil and water
is not easy due to the lack of reliable and feasible methods, but many semi-
quantitative assessments have been made. Estimates of annual fixation by
phototrophs from ARA in tropical rice paddies ranged from 10 to 80 kg ha�1 with
an average of 30 kg ha�1 (Roger and Ladha 1992). On a 74-day experiment using a
chamber with 15N2, the contribution of N-fixation was generally higher in the light-
exposed surface layer (Ma et al. 2019b). On the other hand, in the lower layers, C
substrate supply generally limits N-fixing capacity, and it is inferred that external
application of fresh organic matter increases the activity and contribution of hetero-
trophs in lower layers (Wada et al. 1978).

16.2.3 Effect of Organic Matter

The supply of organic matter as a substrate and energy source is a key environmental
factor for N-fixation capacity in soil, and the application of organic matter to paddy
fields promotes N-fixation in phototrophs and heterotrophs. In the tropics, straw
application has been estimated to promote N-fixation of 2–4 kg N Mg�1 by the N
balance method in pot trials (Santiago-Ventura et al. 1986). Rice stubble also
maintains N-fixing activity when waterlogged (Yoneyama et al. 1977). Compost
with low C/N is less effective, while rice straw and matured manure with high C/N
ratio are more effective. Therefore, long-term continuous application of rice straw
and manures not only supplies C to the soil but also contributes to the enhancement
of N fertility through N enrichment capacity by increasing the potential for
N-fixation (Kondo and Yasuda 2003a, b) (Table 16.1). Among the components of
rice straw, sugars, hemicellulose, and cellulose contribute the most effective to
stimulating N-fixation. According to the results of model experiments using straw
containing various types of components indicated that hemicellulose had the highest
contribution to N-fixation capacity under light conditions (48–53%), followed by
cellulose (27–43%), glucose (0–9%), and lignin (<1%) (Yoo et al. 1991). One
reason for these differences may reflect the accessibility for decomposition. High
molecular weight C compounds are thought to be utilized by N-fixing bacteria
mainly as low molecular weight compounds such as organic acids, sugars, and
amino acids through decomposition. Cooperative N-fixation by cellulolytic bacteria
and anaerobic N-fixing bacteria is thought to occur in rice straw and cellulosic soils
(Adachi et al. 1989). C use efficiency (mg N fixed/g C consumed) was higher for
cellulose (14.1) than glucose (3.4) in paddy soil (Kondo and Yasuda 2003b). The
network of cooperative N-fixation between different groups of bacteria for such a
less labile substrate is a topic that needs further understanding, which leads to a more
efficient method of promoting N-fixation through the use of organic matter.
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The position of rice straw application influences the amount of N-fixation. When
rice straw is applied to the surface, the amount of N fixed is greater than when it is
plowed into the entire layer (Kanungo et al. 1997; Yasuda et al. 2000), mainly
reflects the enhanced activity of cyanobacteria and photosynthetic bacteria. Rice
straw application in anaerobic soil promotes an increase in methanogenic
populations (Adachi et al. 1996) and substantially increases methane production
(Oyediran et al. 1996). Methane is regarded as a greenhouse gas that needs to be
reduced. The surface application of straw is also considered to be one of the effective
options to mitigate methane emission.

16.2.4 Seasonal and Diurnal Change

Seasonal variation in N-fixation capacity of paddy soils has been observed (Quesada
et al. 1998). In terms of ARA variation during the cropping season, there is a
tendency to increase from the maximum tillering stage to the heading stage (Yoshida
and Ancajas 1973; Wada et al. 1978). The N-fixing activity of soil, when organic
matter is applied, varies depending on the degree of its decomposition and environ-
mental factors such as light and temperature. When rice straw was applied, ARA
peaked at the heading stage, but when cellulose, which is more easily decomposed,
was applied, ARA peaked at an earlier stage. The rice straw applied immediately
after harvest of the previous crop also increased N-fixing activity during the follow-
ing crop-year, but to a lesser extent than that of the spring application (Kondo and
Yasuda 2003a). Diurnal variation in nifH gene expression was observed
(Mårtensson et al. 2009) and N-fixing activity by ARA showed a peak at mid-day
(Balandreau et al. 1974).

16.2.5 Effect of N, P, and Trace Elements in Soil

In order to secure a certain level of yield of rice, it is important to combine the
minimum required amount of fertilizer without suppressing the N-fixing activity of
the soil. In general, high levels of inorganic N in the soil tends to suppress N-fixation
activity (Rao 1976), while there was a case with no clear effect (Hsu and Buckley
2009). Comparison among soils under different fertilizer and organic matter appli-
cations showed that mineralizable N had a negative effect on ARA under dark, but it
was positive in light, probably dominated by positive effect by labile C (Kondo and
Yasuda 2003b). N source may also affect N-fixation activity. The lower colonization
of Azospirillum sp. isolated from rice stems under NH4

+ nutrition compared to NO3
�

nutrition was attributed to lower rhizosphere pH and lower organic acid secretion
from roots (Naher et al. 2018). The effects of soil N on diazotroph community
structure tended to be complex (Hsu and Buckley 2009; Tan et al. 2003). By



elucidating these complex factors, clearer strategies can be developed to achieve
both minimum fertilization and maximum soil N-fixing activity.
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P also has a significant effect on phototrophic and heterotrophic N-fixation,
especially in low available P in soil (Cholitkul et al. 1980; Kondo and Yasuda
2003a; Matsuguchi et al. 1975; Rao et al. 1986) (Table 16.1). In weathered soils,
mainly found in the tropics, where the level of available P is low, the N-fixing
activity is limited by P (Matsuguchi 1979). Application of Mo, a constituent element
of nitrogenase, increased N-fixing activity, especially that in the cyanobacteria
Leptolyngbya and Microcoleus, in low-Mo paddy soils (Ma et al. 2019a). Long-
term manure application enhanced bioavailability of Mo by increasing reactivity of
Fe oxide and N-fixation through an increased abundance of nifH genes and nitroge-
nase activity (Yu et al. 2021). The ecological significance of canonical (Mo-)
nitrogenases (nifD) and alternative (Fe-only and V-) nitrogenases (anfD and vnfD)
in N-fixation is still unclear in crop lands. Although alternative nitrogenase has lower
specific activity and is often regarded as a backup to canonical nitrogenase (Eady
2003), its possible contribution in soil is suggested (Bellenger et al. 2014). The
results of the analysis of canonical (nifD) and alternative (anfD and vnfD) nitroge-
nase amplicons in the coastal environment showed that both nitrogenase are present,
and it is possible that alternative nitrogenases are also widely distributed (McRose
et al. 2017). The higher aluminum oxide was found to enhance the N-fixation
activity and nifH expression, which may be particularly important in strongly
weathered soils such as Ultisol and Oxisol (Wang et al. 2019). Further elucidation
of the relationship between soil constituents and N-fixation will have a significant
impact on improving N-fixation in the tropics, where N fertility is often low and N
fertilizers are not readily available.

16.2.6 Effects of Redox Potential and Other Soil
Environments

The redox status of soil has a significant effect on N-fixation. At very low redox
potentials, where methane is actively produced, N-fixing activity is lower than under
higher redox potentials (Kanungo et al. 1997). Recently, it has been shown that
Fe-reducing bacteria may have a significant contribution to N-fixation in paddy soil
(Masuda et al. 2017). N-fixation was enhanced in the converted paddy field under
rotation with upland crops (Kondo and Yasuda 2003b). The increase in Fe oxide due
to oxidation under rotational use of field may enhance N-fixing activity after
restoration to paddy fields although further evidence is needed. Field conversion
may have a negative impact on soil fertility by depleting available associated with
promoted decomposition of organic matter. Therefore, it is necessary to understand
the balance between soil N depletion and enrichment for the rotational use of paddy
fields that need further understanding on the relationships among redox status,
oxides, organic matter decomposition.
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Temperature may affect N-fixation efficiency through the decomposition process
of organic matter and probably redox status. In a simple incubation experiment,
while N-fixing rate decreased with low temperature, C use efficiency for N-fixation
was similar or increase at low temperatures (Kondo and Yasuda 2003b). This may be
partly attributed to the mechanism that the intermediate degradation products of
polymeric organic matter increase under low-temperature conditions, making them
more readily available for N-fixation although further examination on mechanisms
should be conducted. A 2 �C increase in soil temperature was associated with
changes in the bacterial flora in the subsoil (Okubo et al. 2014). A comparison of
nif levels by climatic zones showed that nif levels were higher in the warm-temperate
regions than in the tropics, suggesting that not only climatic conditions but also soil
properties such as pH and C/P ratio affect N-fixing capacity and N-fixing bacterial
flora (Wu et al. 2021).

16.2.7 Influence of Rice Genotypes

Several estimates showed a significant influence of rice varieties in N-fixation in soil
and plant. Pot studies showed varietal differences in soil N balance (App et al. 1986),
and a comparison of 69 rice lines, using 15N dilution methods estimated that
1.5–21% of the variability in the contribution of N-fixation (Shrestha and Ladha
1996). The high contribution was mainly detected in local landrace varieties, but also
found in improved varieties. Genetic analysis studies using early F2 populations
suggested that multiple quantitative traits loci (QTLs) are involved in the variation in
the contribution of N-fixation (Wu et al. 1995). The genetic control responsible for
these genotypic variabilities seems to be complex and is still largely unknown.
Variation in the compatibility of varieties with bacterial species and strains is
thought to be present. The growth-promoting effect of Bradyrhizobium sp. isolated
from rice fields in Thailand differed among rice varieties, with the effect being
greater in Thai varieties than in Japanese varieties (Piromyou et al. 2015). N-fixing
activity of hybrid indica (IIY) was higher than that of inbred japonica (W23),
according to the cultivar comparison using 15N2 chamber with higher abundance
of cyanobacteria species, among heterocystous Nostoc, Anabaena, and
Cylindrospermum based on nifH sequencing in hybrid indica (Ma et al. 2019b).
Root exudates, root morphology, and growth rate are assumed to be the factors that
cause such differences in bacterial flora and N-fixing activity among genotypes
(Hirota et al. 1978), and their identification is expected.
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16.3 Microflora Contributing to N-Fixation in Paddy Fields

16.3.1 Layered Dynamics of Bacterial Flora in Paddy Soil

Waterlogging soils in paddies develop anaerobic conditions overall, but heteroge-
neity exists in terms of soil layer and microsites. At the soil surface, there is diffusion
of oxygen through the water and also oxygen generated from photosynthesis by
cyanobacteria and other organisms. Oxygen released from roots creates oxidized
condition also in rhizosphere. Metatranscriptomic analysis in Italian rice paddy soils
showed that photosynthesis and methane oxidation were dominant in the oxidized
layer, while methane production and aromatic compound degradation were charac-
teristic in the reduced layer (Kim and Liesack 2015). These results reflect the
succession of taxonomic compositions that are responsible for substrate dynamics
in the oxidized layer and the reduced layer. The decomposition of organic matter and
the production of energy, which are essential for N-fixation, involve a large number
of bacterial flora, and their composition may vary depending on the stratum in which
they are found. In the case of mixed culture of Azotobacter and photosynthetic
bacterium Rhodopseudomonas capsulatus, slime substances are secreted and anaer-
obic microsites are formed to promote N-fixation with metabolic interaction between
them (Okuda and Kobayashi 1961).

16.3.2 N-Fixing Microflora in Paddy Soil

In paddy soils, rhizospheric Alphaproteobacteria, Betaproteobacteria, and
Gammaproteobacteria and phototrophic cyanobacteria are commonly found in
N-fixing bacteria species (Mårtensson et al. 2009). Facultative anaerobes Klebsiella
and Enterobacter, aerobes Azospirillum and Pseudomonas were found in rice
rhizosphere in earlier studies (Ladha et al. 1983; Watanabe et al. 1979, 1987; Yoo
et al. 1986). RT-PCR-DGGE analysis of the functional diversity and dynamics of
nifH expressed in N-fixing bacterial populations revealed that many of them were
clustered into nifH Cluster I and III, and were identified such as Azoarcus spp.,
Methylococcus spp., Rhizobium spp., Methylocystis spp., Desulfovibrio spp.,
Geobacter spp., and Chlorobium spp. (Mårtensson et al. 2009). Recently, the
taxonomic composition of nif transcripts suggested that Deltaproteobacteria such
as Anaeromyxobacter and Geobacter are also key groups for N-fixation (Masuda
et al. 2017). The ability of these Fe-reducing bacteria to fix N in rice paddy soils was
verified by the increase in N-fixing activity following the application of Fe oxide
materials (Masuda et al. 2021). N-fixation by these groups of Fe-reducing bacteria
may be of interest in paddy soils, which are generally rich in active Fe oxide. High-
throughput sequencing together with network analyses showed that Bradyrhizobium
and Geobacter were the major genera in paddy soil under double cropping in China
(Dai et al. 2021).
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The species and number of cyanobacteria in paddy fields are largely influenced by
soil conditions, stratification, and climatic conditions (Quesada et al. 1998; Song
et al. 2005). The direct analysis of 15N-enriched nifH genes by 15N-SIP has shown
that heterocystous Nostocales and Stigonematales are the major cyanobacterial
species (Wang et al. 2020). Soil comparison in a wide climatic zone in China showed
a variation of N-fixation at 2.2� 0.5 to 20.1� 3.7 kg N ha�1 over 42 days using the
15N2 labeling method, with the strongest effect of Nostocales species as the major
species (Wang et al. 2019). On the other hand, in some cases, Synechococcales were
also found in abundance (Song et al. 2005), suggesting that there may be environ-
mental variation.

The contribution of cyanobacteria to N-fixation mainly occurred in soil surface.
There was a case where 95% of fixed 15N2 during feeding for 28 days was
incorporated into the surface layer (0–0.5 cm), indicating a large contribution of
cyanobacteria and photosynthetic bacteria, and this was higher under the rice crop
11.33 � 1.90 kg N ha�1 and was larger than that in uncropped crop
3.55 � 1.18 kg N ha�1 (Wang et al. 2020). Cyanobacteria inoculation has attracted
attention in temperate and tropical area (Vaishampayan et al. 2001; Peoples et al.
1995). In an early study in India, sugarcane yields more than tripled in 3 years after
waterlogging during the rainy season with cyanobacteria inoculation in Usar, an
alkaline soil (Singh 1950). In Japan, a positive effect by inoculation with the
cyanobacterium Tolypothrix on rice growth was found (Watanabe et al. 1951) and
an increase in paddy rice yields by an average of 10.6% across several sites was
reported in the 1950s and 1960s.

With recent progress in meta-DNA/RNA analysis together with metabolic anal-
ysis, it is expected that the N-fixing bacterial flora and their dynamics will be
comprehensively and accurately clarified in relation to the substance dynamics
associated with diverse redox conditions in soil layers.

16.4 N-Fixation by Endophytes in Rice

16.4.1 N-Fixing Endophytes in Non-leguminous Crops
and Rice

N-fixing endophytes that reside inside plants are widely found in cereals and non-
legume plants (Yoneyama et al. 2017). Since the isolation of Beijerinckia Derx from
the rhizosphere of Brazilian sugarcane in the 1950s, which was inspired by the
observation that soil N was not depleted by continuous cropping, indicating a
possible contribution of N-fixation (Dobereiner 1961), we have made tremendous
advancement in our understanding on plant-associated N-fixation, including endo-
phytes (Baldani et al. 2002). In sugarcane, the quantitative contribution of N-fixation
to N nutrition has been shown in ARA (Döbereiner et al. 1972) and also in N
balance, with a maximum of 109–175 kg N ha�1 in hybrid varieties, confirming the
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significant magnitude of its contribution (Boddey et al. 1995; Lima et al. 1987).
Estimation using δ15N value indicated 0–72% dfa, 30% dfa on average in sugarcane
grown in Brazil, Philippines, and Japan (Yoneyama et al. 1997). The significant
contribution of endophytes to N-fixation has been also reported in various cereals
and other crops other than sugarcane. 32 kg ha�1 or 26% dfa, a contribution of N
fixation from atmosphere to total N accumulation, has been estimated by Avalue in
Kallar grass (Leptochloa fusca) (Malik et al. 1988). In sweet potato (Ipomoea
batatas), estimates by δ15N have been up to 26–44% dfa (Yoneyama et al. 1998).
These suggest the significance of the contribution of plant-associated N-fixation in
non-legume crops, especially in high sugar crops.
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It can be inferred that competition with other bacteria is lower in plant tissues than
in soil, and that the lower oxygen concentration and higher C substrate, such as
sugars, organic acids, and amino acids, contribute to offering the suitable habitat for
activity of N-fixing bacteria (Baldani et al. 1997). One possible route of entry for
endophytes into roots is at the base of the developing lateral roots and in the spaces
between the cortical cells (James 2000). The bacteria entering from these sites may
travel through the intercellular spaces and aeration tissues to the xylem, where it is
transported by conduit flow to other parts of the root and to the aboveground. The
endophytic bacteria are mainly found in the intercellular spaces, xylem, and dead
tissues, and are rarely found in the vicinity of phloem or inside the cell (Bacon and
Hinton 2007; Gyaneshwar et al. 2001; James et al. 2002). The extracellular location
of N-fixing bacteria is different from that of rhizobium bacteroids.

The existence and contribution of endophytic N-fixing bacteria have been also
well known in rice (Yoneyama et al. 2017), although their N-fixing capacities in rice
are generally lower than high sugar plants. For example, the Most probable number
(MPN) method counted 7.94 � 107 g dry wt�1 and 257 � 106 N-fixing bacteria in
roots and stems, respectively, in a modern variety IR72, with a range of 103 to 107 in
roots and 104 to 106 in stems among cultivars (Barraquio et al. 1997). Roots and
stems are known to be the major habitat of N-fixing endophytes in rice. It has been
known that among the above-ground parts, the lower part of the stem has high
N-fixing activity (Ito et al. 1980). Recently, it was pointed out the possibility that
high NSCs (non-structural carbohydrates), especially sugars, in the lower stems may
be effective in enhancing N-fixing activity by endophytes (Okamoto et al. 2021). In
rice, sugars and starch are the major storage NSCs with large genetic variation in
their amounts (Arai-Sanoh et al. 2011). These variations possibly are related to
diversity in degree of perenniality found in Oryza sativa and O. glaberrima, a
African rice in part (Morishima et al. 1962). Recent progress in our understanding on
genetic control of the accumulation of NSCs is expected to be utilized to lead to
genotypic improvement in N-fixation.
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16.4.2 Bacterial Flora of N-Fixing Endophytes

As an endophyte, Gluconacetobacter diazotrophicus was first isolated from sugar-
cane stalks in Brazil (Boddey 1995; Cavalcante and Döbereiner 1988) and has also
been isolated from sugarcane in a wide area such as the Philippines (Asis et al.
2000) and India (Muthukumarasamy et al. 1999). The genus has also been isolated
from other high-sugar crops such as sweet potato, pineapple (Ananas comosus),
Napier grass (Pennisetum purpureum), as well as coffee (Coffea arabica) and rice
(Jimenez-Salgado et al. 1997; Muthukumarasamy et al. 2005; Tapia-Hernandez et al.
2000). A variety of N-fixing endophytic bacteria have been found in various plants.
N-fixing bacteria of the generaHerbaspirillum, Burkholderia, and Azospirillum have
been isolated from sugarcane (Asis et al. 2000; Boddey et al. 2003; Reis Junior et al.
2000). Klebsiella pneumoniae have been isolated from Zea mays and Zea luxurians
(Palus et al. 1996). Azoarcus spp. have been reported to be found in endophytically
symbiotic rice, sugarcane, and Kallar grass (Hurek and Hurek 2003) and also been
found in wild rice Oryza longistaminata (Demba Diallo et al. 2008). Rhizobium
species such as Bradyrhizobium sp. and non-rhizobium species such as
Paraburkholderia sp. have also been found in sweet potato (Terakado-Tonooka
et al. 2008) and sugarcane stems (Fischer et al. 2012).

Proteobacteria are the major N-fixing species as endophytes in roots and stems at
the Phylum level in rice (Bertani et al. 2016; Edwards et al. 2015; Ikeda et al. 2014;
Okamoto et al. 2021). Firmicute and Planctomycetes were the next most common in
root and shoot, respectively (Ikeda et al. 2014). Proteobacteriawere also found to be
major endophytes in wheat (Gdanetz and Trail 2017). Culturable endophytic micro-
flora differed among plant parts and changed with growth stages (Mano et al. 2007).
In both above-ground and root, Proteobacteria and Alphaproteobacteria were
predominant, with rhizobium in above-ground and about 10% of
Alphaproteobacteria in root were Bradyrhizobium (Ikeda et al. 2014). Isolation of
rhizobial Bradyrhizobium has also been reported in Thailand under oligotrophic
conditions in rice roots (Piromyou et al. 2015). In addition, Burkholderia and
Bradyrhizobium, which have nifH, iaaMH, and acdS genes, were abundant in root
under low-N conditions, suggesting that they may promote rice growth under
oligotrophic conditions through N-fixation and also by others such as indole-3-acetic
acid (IAA) biosynthesis and 1-aminocyclopropane-1-carboxylic acid (ACC) deam-
inase activity. Bradyrhizobium sp. has also been isolated from paddy soil as a
bacterium with denitrification genes, and it is assumed to play a major role in N
dynamics (Ikeda et al. 2014; Ishii et al. 2011). In the lower part of the stem, nifH
analysis showed that Alphaproteobacteria such as Bradyrhizobium sp. were pre-
dominant followed by Betaproteobacteria such Paraburkholderia sp. with com-
monalities among rice varieties also associated with some specificities (Okamoto
et al. 2021). Herbaspirillum sp. isolated from wild rice Oryza officinalis was
observed to colonize the intercellular spaces of leaves (Elbeltagy et al. 2001).

Methane-oxidizing N-fixing bacteria have also been estimated to contribute
significantly to N-fixation in rice roots. In roots, Methylosinus and Methylocystis,



which belong to Alphaproteobacteria and Type II methanotrophs, were found in
abundance, especially under low N conditions, and were highly active in methane
oxidation (Ikeda et al. 2014). Metaproteomic analysis of root-associated bacteria
from field-grown rice revealed that nitrogenase proteins were mainly derived from
Methylosinus and Methylocystis (Bao et al. 2014a). Methylosinus sp. isolated from
rice roots had 15N2-fixing activity using methane as a substrate and the N-fixing
activity was maintained even under 10% oxygen conditions (Shinoda et al. 2019).
This suggests that Type II methanotrophs may perform N-fixation in the vicinity of
vascular bundles with relatively high oxygen concentrations, which is interesting
when considering the dual functions of methane oxidation and N-fixation. The nifH
composition showed higher complexity in the rhizosphere than the phyllosphere
with Azorhizobium and Rhodopseudomonas, as the most frequently found
sequences, in phyllosphere while with Rhizobium, Methylococcus, Dechloromonas,
Anaeromyxobacter, Syntrophobacter, and some methanogenic archaea in rhizo-
sphere (Knief et al. 2012).
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On the other hand, anaerobic Clostridium spp. has been isolated from shoot in
rice and wild rice (Minamisawa et al. 2004). These anaerobic bacteria may form a
consortium with aerobic bacteria. It seems that there is a diversity in the substrates
and energy production systems involved in endophytic N-fixation in rice.
Gluconacetobacter diazotrophicus ATTCC 49037 and Herbaspirillum
rubrisubalbicans PAL8 isolated from sugarcane differed in their ability to utilize
sucrose or aconitate as sole C source (Asis et al. 2003). An integrated understanding
is expected for the relationship between the sites where endophytes express
N-fixation activity, their oxygen environment and energy supply, as well as their
N-fixation efficiency.

16.4.3 Growth-Promoting Effects by N-Fixing Endophyte

Growth promotion by inoculation of diazotrophic endophytes, Herbaspirillum
seropedicae and Burkholderia spp., with significant N-fixation was demonstrated
under controlled conditions (Baldani et al. 2000). Among species of diazotrophic
endophyte found in rice plant, responsive species for N-fixation and their quantita-
tive contribution to N acquisition are still not very clear in field-grown rice. A nifH
gene expression profiling in rice root indicated that Azoarcus, Burkholderia, and
Azotobacter are for active transcriptome but with large varietal differences among
cultivated- and wild-rice genotypes (Knauth et al. 2005). The nifH RNA sequences
in the stems and roots of sugarcane were similar to those of Bradyrhizobium sp. and
Azorhizobium caulinodans, indicating possible contribution of rhizobia (Thaweenut
et al. 2011).

In addition to N-fixation, many evidence suggested that number of other factors
are involved in the promotion of plant growth by N-fixing bacteria living in the plant
and rhizosphere. Inoculation of bacteria-free sugarcane with isolated N-fixing bac-
teria resulted in the uptake of 15N2, and a mutant strain lacking N-fixing function also



promoted growth, suggesting the role of plant hormones (Sevilla et al. 2001). Bashan
et al. (1989) showed that growth promotion of tomato by Azospirillum brasilense
was independent of N-fixation process using a mutant strain deficient in N-fixation
capacity. A similar result was obtained with Pseudomonas stutzeri A15 (Pham et al.
2017). Furthermore, some reports have not shown a significant contribution of
N-fixation by endophytes to N accumulation in plants (Boddey et al. 1986; Bremer
et al. 1995). Several endophytes have been reported to synthesize and metabolize
phytohormones and can stimulate or inhibit the plant’s own hormone synthesis
(Tsukanova et al. 2017). Inoculation of endophytes with such phytohormone-
producing ability has been reported to increase lateral root growth and enhance the
plant’s ability to acquire N (Vacheron et al. 2013). Inoculation of Serratia
marcescens to rice increased root length, but ARA was detected only when C
sources (malate, succinate, or sucrose) were added in growth media (Gyaneshwar
et al. 2001). The changes in root system structure may be due to the interference of
endophytes and rhizosphere bacteria with auxin, cytokinin, ethylene, as well as
gibberellins and abscisic acid (ABA), which are the major hormonal pathways
controlling plant root development (Dodd et al. 2010; Moubayidin et al. 2009;
Stepanova and Alonso 2009) Some bacterial species are capable of producing indole
compounds such as indole-3-acetic acid (IAA), an auxin produced by plant growth-
promoting bacteria (Spaepen et al. 2008). Lateral and adventitious roots are induced
by high concentrations of IAA, whereas primary root growth is stimulated by
relatively low concentrations of IAA (Meuwly and Pilet 1991; Pilet and Saugy
1987). However, the involvement of hormones produced by N-fixing bacteria in
the regulation of hormone balance in plants has not been sufficiently understood.
Some rhizosphere bacteria have been reported to promote nutrient absorption
through increase root surface area (Lin et al. 1983; Mantelin et al. 2006); inoculation
with A. brasilense promoted growth of wheat through increased inorganic N absorp-
tion (Saubidet et al. 2002). Co-inoculation of A. brasilense and Pseudomonas
fluorescens also enhances N supply to rice through enhancement of N mineralization
in the rhizosphere in addition to nitrogenase activity (Zhang et al. 2018). Shinjo et al.
(2020) showed that Burkholderia vietnamiensis, an N-fixing endophyte, promotes
growth and N accumulation in rice associated with increased root N absorption rate,
which is at least partly explained by upregulation of nitrate transporters in roots
(Table 16.2). This suggested that N-fixing endophytes also have the potential to
increase the activity of transporters involved in nutrient absorption.
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16.4.4 Utilization of N Fixed by Free-Living and Endophytic
Diazotrophs by Plants

Most of the N fixed by N-fixing bacteria in soil is assumed to remain in the soil as
biomass and is gradually mineralized for use by rice plants in the subsequent
cropping seasons, but some of it is expected to be mineralized relatively quickly
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(Inubushi and Watanabe 1987). These mineralized N is expected to show basically
similar dynamics to that of fertilizer N. It was demonstrated that N fixed in rhizo-
sphere could be translocated to shoot including panicle (Yoshida and Yoneyama
1980). In an experiment in which glucose was added to promote 15N-fixation, most
of the fixed N was converted to the amino form and then mineralized in which 34%
of the fixed N was absorbed by the rice plants in 42 days (Ito andWatanabe 1981). In
a 74-day experiment using a 15N chamber, 1–2.5% of fixed Nmainly in 0–1 cm layer
was taken up by rice (Ma et al. 2019b). The fixed N is considered to also be
transferred to other bacteria, probably in the community. N flow analysis indicated
that fixed N was transferred more to ammonia-oxidizing bacteria K-strategists such
as Nitrosospira sp., which grow slowly in nutrient-limited conditions (Bei et al.
2019).
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Little is known about the dynamics of N fixed by endophytes in the intercellular
spaces of the plant tissue and its assimilation by plants. As in the case of rhizosphere
associative fixers, it is assumed that most of endophytically fixed N released by the
decomposition of bacterial cells are mainly utilized by plants, but further verification
is awaited. The fact that Rhizobia in free-living state export fixed N as NH4

+ (O’Gara
and Shanmugam 1976) indicates a possibility of excretion of NH4

+ in apoplast from
endophytic Rhizobia. Model experiments have shown that 15N is transferred to yeast
when G. diazotrophicus is cultured with yeast (Cojho et al. 1993). In sugarcane, the
transfer and assimilation of fixed 15N was observed to be relatively slow and
remained as 80% ethanol-soluble fraction in fixed sites even after 3 days of feeding
(Momose et al. 2009). The dynamics of fixed N may differ depending on the growth
stage and site.

16.4.5 Ecology of N-Fixing Endophytes in Soil Ecosystem

It has been reported that high N fertilization suppresses bacterial numbers and
activity in some cases, but there were also observations that early N fertilization
may not depress N-fixation and proper fertilization may be useful to promote
endophytic N-fixation in sugarcane. In sugarcane, high N levels (300 kg ha�1)
reduced G. diazotrophicus but had no effect on Herbaspirillum spp. (Reis Junior
et al. 2000). Rhizoplane and endophytic colonization by Serratia marcescens and
Herbaspirillum seropedicae in rice was suppressed by high NH4

+, but not with
NO3

� (Gyaneshwar et al. 2000). A. diazotrophicus formed long pleomorphic,
immobile cells with the high concentration of N, especially NH4

+, which may be
related to low detection of this species in sugarcane under high N
(Muthukumarasamy et al. 2002). Type II methanotrophs, which have N-fixing
activity in roots, increased under low N conditions (Ikeda et al. 2014; Shinoda
et al. 2019). Attempts are also underway to reduce inhibitory effect by inorganic N
and oxygen for nitrogenase by genetic modification of the bacteria (Ryu et al. 2020;
Wen et al. 2021).
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Soil properties and land use are also assumed to be critical to affecting flora and
number of endophytes in plant. Bradyrhizobium sp., an oligotroph of rice roots and
rhizosphere soil, is more abundant in fields with legumes (Guong et al. 2012;
Piromyou et al. 2015). Photosynthetic Bradyrhizobium strains isolated from rice
roots and rhizosphere are symbiotic with the aquatic legumes Aeschynomene indica
and Aeschynomene evenia, and non-photosynthetic Bradyrhizobium strains were
able to form nodules in symbiosis with Aeschynomene americana, Vigna radiata,
and Macroptilium atropurpureum. Photosynthetic Bradyrhizobium strains, which
form nodule on Aeschynomene legumes, were found as endophytes on wild rice
O. breviligulata in West Africa and promoted growth by inoculation (Chaintreuil
et al. 2000). These lead to speculation that rotation of rice with leguminous crops
may be effective in maintaining endophytic Bradyrhizobium sp.

In agro-ecosystems including rice paddies, endophytes may be transmitted by
propagules, seeds, plant residues left in the soil, and insect vectors, but their transfer
and establishment processes seem not to be well understood. It is possible that rice
stubbles can be used as an inoculum in the rice–legume crop rotation system
(Piromyou et al. 2017). In some cases such as forG. diazotrophicus, bacteria isolated
from inside the plant were not detected in the soil, suggesting a possibility that this
N-fixing bacterium can be transmitted through vegetative organs. The genetic
diversity of G. diazotrophicus in sugarcane from different regions was relatively
limited (Caballero-Mellado and Martinez-Romero 1994).

16.4.6 Endophyte and Plant Interaction

Recent knowledge on plant–microbe interaction suggests that plants are able to
regulate the bacterial community in the phytosphere (Ikeda et al. 2010). It is assumed
that there is a selection of bacteria during the process of invasion and establishment
from soil through roots. Most of the endophytes are assumed to invade
non-specifically through roots and become established in the plant organs; i.e.,
Azospirillum, Klebsiella, Rhizobium, Clostridium, and Bradyrhizobium are detected
both in the soil and in the plant. However, it is certain that there are some bacteria
that preferentially colonize specific parts of the plants, and those specificities are
related to physiological factors such as substrate requirement, mobility, oxygen
requirement, quorum sensing, and biofilm formation (Sessitsch et al. 2012). The
results of nifH amplicon analysis in sugarcane showed that Bradyrhizobium,
Methylocapsa, Burkholderia, and Azotobacter were dominant in roots and stems,
and Azorhizobium was more abundant in rhizosphere soil in addition to those found
in plant (Gaby et al. 2018).

Differences in N-fixing activity and bacterial flora among rice genotypes also
indicate endophyte–genotype specificity. Klebsiella pasteurii BDA134-6 and
Phytobacter diazotrophicus, isolated from African rice O. glaberrima grown along
the Niger River, also formed colonies and expressed N-fixing activity on O. sativa,
but the establishment was higher on O. glaberrima (Bianco et al. 2021).
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The presence of specific partnerships through the signal exchange, as in the case
of rhizobia and host legumes, would be expected to be examined in no-leguminous
crops. The common symbiosis pathway (CSP) involved in mycorrhizal symbiosis is
known to exist in legume–rhizobial symbiosis, and orthologs of the genes constitut-
ing the CSP have been found in rice (Banba et al. 2008). It was suggested that
CCaMK, a calcium/calmodulin-dependent protein kinase gene and a central factor of
CSP, has roles in the promotion of the growth of methanotrophs, especially in rice
under low-N conditions (Bao et al. 2014b; Ikeda et al. 2011; Minamisawa et al.
2016).

16.5 Research Issues on Sustainable Rice Production
and N-Fixation

16.5.1 Metabolic Functions of Microbial Community

In recent years, meta-DNA/RNA analysis of the N-fixing bacteria has greatly
expanded our knowledge on the microbial aspect of N-fixing bacteria in different
N-fixing system. The great diversity in contribution of soil and plant-associated
N-fixation among genotypes would offer an opportunity for improvement of
N-fixing capacity in rice. On the other hand, there are large variations among reports
in the quantitative contribution of soil and plant-associated N-fixation in rice and
other crops, but the reasons for these variations are not necessarily clear in many
cases. One reason for those is that the methods to quantify long-term N-fixation in
the field remain a challenge: semi-quantitative estimations such as ARA and the
δ15N method have limitations, while the use of the 15N2 method in the field remains
costly and technical limitation. The other reason is due to the insufficient under-
standing of the physiological and ecological mechanisms of N-fixation by free-living
and endophytic bacteria as microbial community under diverse and heterogenous
environment both in soil and plant. A deeper understanding of energy supply to
N-fixers and the metabolic pathway driving N-fixation in microbial community in
soil and plant is expected to find a way to effectively enhance N-fixation in the soil–
plant system.

16.5.2 Utilization of N-Fixation and C Flow in Rice Culture

N-fixation in agricultural fields is a process in which the supply of C sources,
whether in the soil, rhizosphere, or plant, is a determining factor in activity.
Therefore, optimizing C flow is considered to be important controlling factor for
N-fixation driven by diverse microbial communities (Fig. 16.2). After the Green
Revolution, high yielding hybrid and inbred varieties have been developed in
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Fig. 16.2 Schematic relationships between C cycle and N-fixation in soil and rice plant driven by
microbial community as affected by various biotic and abiotic factor

various regions until today. Tropical japonica genetic resources were utilized in the
development of New Plant Type (NPT) at International Rice Research Institute
(IRRI) started in the 1980s, strong culm and extremely heavy-panicle varieties.
Indica and japonica-indica hybrid high-yielding varieties have also been developed
in China, Korea, and Japan. These varieties have a yield potential of more than
15 and 30 t ha�1 as dry matter production under favorable conditions. Such high-
yielding varieties also have large N requirements, for example, in some cases,
30 kg ha�1 of N was absorbed to produce 16 t ha�1 of grain (Okamura et al.

). It is obviously unsustainable to supply such a large N requirement with
chemical fertilizers. For sustainable cultivation of such high-yielding varieties,
enhancement of N-fixation capacity is crucial. Since high-yielding cultivars produce
large amounts of photosynthate as NSC in stem, straw, root, and root exudate, the
efficient use of these C sources for various N-fixation systems in the soil, rhizo-
sphere, and plant is a desirable strategy. The use of by-products is also possible. Rice
husk biochar has been reported to be a possible carrier for N-fixing bacteria and
growth-promoting bacteria (Win et al. ). Since the N-fixing capacity of rice
grown in paddy field is lower than that of legume–rhizobium, it would be effective to
maximize the N-fixing capacity in an integrated manner in rice culture, by combi-
nation of N-fixation in the soil, endophytes, rhizosphere, and externally applied
green manure, depending on the natural and cultivation environment. Although
green manure was not the focus of this chapter, many studies have been conducted

2019

2022

s



that showed its potentials in rice culture. For example, the high N-fixing ability of
Azolla, which is unique to rice paddies, has been demonstrated in Asia and Africa as
a source of readily available N to improve rice yield (Ito and Watanabe 1985; Kondo
et al. 1989; Watanabe et al. 1989). Although practical and economic constraint
should be solved, the integration of such green manure into the cropping system is
an effective source of N and also C source to enhance N-fixation in soil and plant.
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16.6 Conclusions

It is also necessary to consider how N-fixation can be utilized in accordance with
global warming. N-fixing activity in soil is enhanced under elevated CO2 (Cheng
et al. 2001). This may be due to the fact that elevated CO2 increases photosynthesis
and growth, which in turn increases organic exudates from roots and enhances
N-fixing activity. The increase in N-fixing capacity due to elevated CO2 is also
observed in legume–rhizobium. It will be interesting to see whether the future
increase in CO2 will promote N-fixation by enhancing C fixation, and whether this
will be commensurate with the increased demand for N. There is also a possibility
that land productivity can be further improved by intensified land use, such as double
cropping, even in temperate regions, by taking advantage of the longer growing
season due to elevated temperature; this may have a significant impact on the C cycle
and microbial ecology in the soil–plant system. A model suggests that substitution of
organic N in double cropping in China contributes to long-term improvement and
stabilization of N-fixing capacity (Dai et al. 2021). The strategy to optimize C
sequestration in soil and N-fixation of cropped soils with regards to microbial
characteristics are to be examined from a long-term view with consideration of
global warming.
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Chapter 17
Conclusions: The Rhizobial Eminence
for Biological Nitrogen Fixation—Revisited
and Refined

Piyush Pandey and Shrivardhan Dheeman

Biological nitrogen fixation (BNF) has been one of the most significant processes on
Earth. Nitrogen being important for living and non-living forms, finds a gateway to
enter in the domains of life processes through BNF. Rhizobia, a group of prokaryotes,
has been researched and exploited for improving nitrogen status of agricultural fields,
for their unique attribute of BNF in symbiotic association with plants. While there is
no deficiency in literature, about the infinitesimal details related to cell-to-cell com-
munications and molecular machinery that work during symbiotic nitrogen fixation
process, yet this book has been a timely effort to revisit the concepts with extended
perspectives. Up till now, the focus of the book on rhizobia-mediated BNF had been
mainly focused over compatibility and efficiency of rhizobia with its respective host
plants. However, the book entitled Nitrogen Fixing Bacteria: Sustainable Growth of
Non-legumes has taken a broader outlook, to further elaborate the discussion on this
symbiosis, which is beyond the rhizobia and respective host plant, and include a
holistic approach with other possibilities. The book opens with an excellent epilogue,
written by experienced researchers, followed by different sections.

The first section, ‘Biological Nitrogen Fixation: Trends and Prospects’ has four
chapters that discuss the different aspects of BNF by prokaryotes, with emphasis on
the diversity and processes that are not centred to legumes only. In fact, rhizobia
have been demonstrated to function as a plant growth-promoting rhizobacteria
(PGPR) when applied to non-leguminous crops. However, their interaction with
non-legumes has not received the same attention as with host legumes. The molec-
ular ecology viewpoint breaks the traditional approach to create new dimension for
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rhizobial application. This also creates a parallel to other well-known PGPR genera
with established attributes of direct and indirect mechanisms for plant growth. In a
similar line of discussion, another chapter explores the possibility of biotechnolog-
ical approaches to improve the nitrogen nutrition in non-legume plants, with inno-
vative suggestions such as applying nitrogenase to plant cells and/or introducing
legume symbiosis for non-legumes. This may be challenging but such readings do
provide opportunity to the open-end discussions and possibility of research in
this area.

380 P. Pandey and S. Dheeman

While humankind discovered the process of nitrogen fixation at the inception
twentieth century, it was never too late to imagine the transfer of this physiological
monopoly of prokaryotes to staple foods. Rice being one of the major crops was
suggested to be the primary target for such genetic engineering efforts. Although
earlier the complexity of molecular mechanisms behind BNF was realized and the
task appeared to be unreal, but as the genome-level information for QTLs is available
now, the possibility of nitrogen-fixing rice plant has been discussed. Not only
rhizobia but also a different group of prokaryotes—Archaebacteria, which are
otherwise different from eubacteria, but may fix nitrogen—should be explored for
nitrogen enrichment in soil. These organisms are conferred with cellular ultrastruc-
ture, which make them survive in challenging microenvironments, and BNF in such
conditions is itself an interesting phenomenon. These organisms have been described
for their potential to be used as N-fixers in chemical-free agri-practices.

The second section, ‘Plant Growth Promotion: Exploring Benefits’, has six
chapters. The role of rhizobia for their antifungal and nematocidal activities has
been described, with special focus on genera such as Rhizobium, Bradyrhizobium,
Mesorhizobium and Ensifer (Sinorhizobium) to non-legume plants. The cereal crops
have been the major source of nutrition globally, and to achieve maximum produc-
tivity, often faces indiscriminate use of chemicals. Rhizobial nitrogen fixation in
cereals has been less visited in research, yet the contributions of other direct and
indirect methods including inducing systemic resistance hold promising outcomes
for application in agricultural fields. This has been successfully elaborated.

Recently, the environmental genomics has gained popularity due to advances in
sequencing strategies, with deeper understandings of microbial community struc-
tures and their functions. Soil microbiomes are being characterized to understand the
holistic view of microbe–microbe and plant–microbe interactions, including the
unculturable microbial populations too. Therefore, this approach is now extensively
used to assess the presence of nitrifying, denitrifying, ammonia-oxidizing or nitrate/
nitrite-reducing bacteria in the rhizosphere microbiome, as all these processes are
detrimental for nitrogen mobilization in soil. This type of information, as I men-
tioned previously, makes this book to be highly meaningful in revisiting BNF with
wider perspectives. In addition, the cash crops, such as coffee and cocoa, are also
sought to have benefits of BNF, and hence a couple of strategies are applied, which
include intercropping with N-fixing plant–microbe pair in agroforestry ecosystems
and/or inoculation of diazotrophic rhizobacteria. It is interesting to learn the oppor-
tunities that is available to the biofertilizer industry to fill in the demand.

The third and last section, ‘Application to Sustainable Agriculture’, includes four
chapters that provide opinions and information on the applications and challenges
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ahead for BNF as a sustainable approach. Associative and entophytic role of
nitrogen fixation bacteria in various cereal and non-cereal crops has been discussed
with prospects of improving soil fertility and crop production. In addition, the
aspects of colonization with root hair conformity change in non-legumes under the
influence of rhizobia have been described, with an emphasis on contribution and
effects of plants. Such discussion also induces curiosity to a reader with scientific
acumen, to understand the crosstalk, through signalling molecules involved in
establishing symbiotic association between non-legume plants and N-fixing PGPR,
which has been elaborated in another chapter. Finally, the ecophysiological and
agronomic aspects of free-living and endophytic N-fixation in non-legume crops are
required to be understood for the successful application of diazotrophs. In fact, as
explained, rice being a crop that attracts much attention due to its high demand as
well as distinctive growth conditions, including submerged anaerobic environment,
its ecophysiological aspect has been explained with respect to N-fixation. In addi-
tion, the role of carbon sequestration as a driving factor in all N-fixation systems has
been explained, as required, for optimal BNF.
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The BNF in non-legumes has been an opportunity less visited than anticipated,
and hence is an opportunity from agriculture, food security and environmental
sustainability. Though environmental sustainability has not been a direct point of
discussion here, it is relevant if I raise this issue with respect to BNF and climate
change. In fact, according to one of the estimates, the C-storage in terrestrial
ecosystems in 2100 will need an increase of 2.3–37.5 Pg of N, but the reactive N
supply will only increase by 1.2–6.1 Pg of N (Hungate et al. 2003). Hence, the
nitrogen supply would not be sufficient for the estimated amount of biological C
sequestration. This clearly indicates the mandatory efforts to be made to achieve the
desired levels of nitrogen through BNF. The challenges of using rhizobia with
non-legumes are numerous, but the technological advantages have provided the
opportunity to meet such challenges. Because of the complexity of nitrogenase
synthesis and its sensitivity to atmospheric oxygen, engineering nitrogenase biosyn-
thesis genes in non-legumes seems to be a difficult task (Rubio and Ludden 2008).
An alternative to this could be to design non-leguminous hosts that release the
nutrient requirements for target N-fixing rhizobia, resulting in a synthetic but
effective symbiosis (Mus et al. 2016). Though the concerns of application and
efficiency of this will require some experiments and optimization efforts, this
seems to be a promising strategy. This book shall be able to induce thought-
provoking discussions, and also help to reach some meaningful conclusions about
BNF in non-leguminous plants. Given the expertise of authors, the insights
presented here will be highly useful to the researchers and academicians, as this
looks like an excellent effort to raise the issues at right time and at the right platform.
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