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Preface

Millets are the group of small-grained cereal crops that are cultivated for daily
human carbohydrate needs. These are among the oldest cultivated crops mainly
distributed into two groups—major and small millets based on seed size. Major
millets are composed of sorghum (Sorghum bicolor), pearl millet (Pennisetum
glaucum) while small millets are composed of finger millet (Eleusine coracana
(L.)), little millet (Panicum sumatrense), kodo millet (Paspalum scrobiculatum
(L.)), foxtail millet (Setaria italica (L.)), barnyard millet (Echinochloa frumentacea
(L.)), proso millet (Panicum miliaceum (L.), etc. These crops were earlier considered
orphan crops, but recently due to their nutritional values, it has gained importance.
They are a significant staple in the semiarid tropics and guarantee food and nutri-
tional security for farmers, who can’t grow other food crops because of poor rainfall
and soil fertility. Due to their dual-purpose application, they are used as both food
and fodder and make the millets a good choice for farmers to achieve better
profitability. Considering this, the U.N. General Assembly declared 2023 as the
‘International Year of Millets’. The objective of all planned endeavors during this
year on increasing public awareness of the health advantages of millets and their
suitability for cultivation under harsh climatic conditions. The millets require very
few Agri inputs and are highly tolerant to changes in temperatures, droughts, and
floods. However, to fulfill the growing demands we need to increase their production
via the utilization of natural and sustainable resources.

As we are aware, the interaction between microorganisms and plants has attracted
increasing attention, and a community of microorganisms that inhabit the plant
environment is called a different microbiome based on the location—above ground
(phyllosphere), inside the plant tissues (endosphere), and below ground (rhizo-
sphere). All these microbiomes play a vital role in maintaining the health of plants.
The most diverse among them is rhizospheric microbiome that includes various
microorganisms such as bacteria, fungi, actinomycetes, algae, protozoans, and
nematodes. These microorganisms promote plant growth by nutrient acquisition,
suppression of pathogens, and alleviation of abiotic stress.
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This book reviews the role of the rhizospheric microbiome in millet plant health
management. Various reports are published based on the role of the rhizosphere in
the growth and health of these crops. The rhizosphere, being a dynamic interface
among the plant roots and soil microbes, provides several advantages to the millets
too. The soil properties in the rhizospheric region are also different as compared to
the bulk soil. Millet Rhizosphere—a key to enhanced crop productivity—is the first
book that explicitly establishes the links between the extraordinarily small-scale
microbial processes and the growth and yield attributes of millet crops. This book
has 16 chapters that are contributed by eminent subject specialists and emphasize the
effects of rhizosphere biology on long-term millet crop management for achieving
nutrition security. Considering all the aspects discussed in the book, we are confident
that this compilation will help in promoting the use of beneficial microorganisms to
enhance productivity of millets.

We are grateful to the authors and people who directly or indirectly helped to
compile this book. We thank Ms. Akansha Tyagi and Ms. Muthuneela Muthukumar
of Springer Nature for continuous support during the publication process. We would
also like to thank our families, friends, and colleagues for the help in the course of
activities of writing this book.

Noida, India Ramesh Namdeo Pudake
Delhi, India Maya Kumari
Noida, India Deepak Rameshwar Sapkal

Pantnagar, India Anil Kumar Sharma
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Chapter 1 ®)
Plant—-Microbe Interactions Promoting s
Millets Plant Growth and Health:

Perspectives for Use of Microorganisms

in Millets Production

Belur Satyan Kumudini ® and Savita Veeranagouda Patil

Abstract Soil nutrition and health is of utmost importance for the plants to survive
and withstand the various stress factors (abiotic and biotic) posed in the present
climatic change situation. Millet plant health and its productivity are in turn related
to soil ecosystem. The soil microorganisms in specific plant growth-promoting
microorganisms (PGPM) play major role in managing the stress factors and thereby
augmenting the plant growth and health by different signal cascades. Studies have
evidenced the role of different PGPMs in managing/regulating major biotic stress
(bacterial, fungal, and viral diseases) and abiotic stress (drought, salinity, and heavy
metal). Also, they can increase the carbon sink in the soil by different mechanisms.
Hence, a concise review on the different PGPMs used to enhance millet plant health
and growth in turn the productivity is given in this chapter.

Keywords Millets - PGPM - Nutrition - Plant growth and health

1.1 Introduction

Over the years, climatic variations have posed increase in temperature and
undetermined pattern of rainfall. It has increased the necessity to increase the crop
productivity by utilizing various strategies, for which it is important to understand
the underlying mechanisms, signal cascades which have crafted the climate resilient
smart adaptive features in some of the crop species. The best-studied cereal crops are
millets which are semiarid tropical crops grown in minimal environments and used
as food or livestock. The different types of millets are pearl millet (Pennisetum
glaucum), kodo millet (Paspalum scrobiculatum), finger millet (Eleusine coracana),
foxtail millet (Setaria italica), little millet (Panicum sumatrense) and barnyard millet
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(Echinochloa frumentacea), and proso millet (Panicum milliaceum) which are
considered to be rich in nutritional values (Dayakar et al. 2017; Patil and Kumudini
2019; Numan et al. 2021). In comparison to the other cereal crops, millets are
nutritionally rich with high levels of essential amino acids, and micronutrients like
vitamins and calcium (Konapur et al. 2014; Nithiyanantham et al. 2019; Sharma
et al. 2021; Dey et al. 2022).

Millets are grown and produced in the semiarid and tropical regions. They are
considered as underutilized or forgotten or orphan crops (Dey et al. 2022). To
overcome this umbrella on millets, United Nations has declared 2023 as the Inter-
national Year of Millets, to unleash the potential of millets for the well-being of
people and the environment. Millets are largely produced in India accounting for
more emphasis on pearl millet as it serves the food and fodder for many (Dayakar
et al. 2017). Therefore, it is now important to have an insight in enhancing the
growth and health of the millet crops which in turn is beneficial to the mankind. With
this perspective, the current chapter highlighted the importance of plant-microbe
interactions in promoting millet health and growth.

1.2 Plant—Microbe Interactions

The continuous, dynamic, and complex mechanism underneath existing since the
colonization on earth is plant-microbe interactions (Dolatabadi 2021). This associ-
ation has created a niche for the beneficial and damaging effects of host and nonhost,
which is generally regarded as the battlefield. These interactions further signal the
cascade of reactions to induce resistance against infection or biotic stress and to
enhance the tolerance to the abiotic stress factors (Kumar and Verma 2018). The
interactions are termed as plant—microbe interactions which are beneficial, symbi-
otic, benefiting both the host and the organism. Plants undergo different signal
cascades to bring in the effect when there is an association with the microbes.
These can be endophytes (microbes associated in the plant system), plant growth-
promoting rhizobacteria (PGPR), or plant growth-promoting fungi (PGPF). These
microbes play a vital role in dense, stress alleviation by producing various plant
growth-promoting (PGP) metabolites (growth hormones, ammonia, siderophores,
and hydrogen cyanide) and activities (phosphate solubilization, iron uptake, and
biofilm formation). These bring in the importance of use of microbes for plant
growth promotion under biotic or abiotic stress (Kumudini et al. 2017; Pal et al.
2021). Various studies have focused on the plant—microbe interactions and its
impact; hence, this review pertains only on millets.

1.3 Role of Endophytes in Millets Health: The In-House
Friends

The in-house microbes that colonize the plants, regarded as endosymbionts or
endophytes, which result in the production of secondary metabolites possessing
bioactive components known for anticancer and antimicrobial effects (Gouda et al.
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2016). Bacterial endophytes are also known to alleviate the resistance against fungal
pathogens in plants, by releasing pyrazines, chalconoids, and tryptophan derivatives
that are attributed for this functioning (Garbeva and Weisskopf 2020). Interactions
leading to the ROS signalling, PR protein enhancement, primary and secondary
metabolite accumulation are the strategies developed by these endosymbionts for
enhancing the plant health and growth (Morelli et al. 2020).

In this regard, Kumar et al. (2020) reported the impact of endophytic bacterial
removal and induction in finger millet seeds. Isolated endophytes Paenibacillus
dendritiformis, Enterobacter hormaechei, Enterobacter cloacae, Bacillus safensis,
and E. hormaechei were positive for plant growth promoting parameters. These
endophytes when inoculated for seedling protection assay showed significant pro-
tection against Fusarium oxysporum infection, suggesting the role of endophytic
bacteria on seed and root colonization and their impact in plant protection. Similar
results were observed when seed endophytes (bacteria) were inoculated onto pearl
millet seeds by Kumar et al. (2021). Fluorescent microscopic results revealed the
inter- and intracellular colonization of bacteria in root hair and parenchymal cells.
The secondary metabolites like antifungals and lipopeptides showed leakage of
protoplasmic substances of the invading fungi Fusarium due to the damage caused
on the hyphae and fungal spores (Kumar et al. 2021).

Physiological and morphological changes are being rejuvenated for the enhance-
ment of plant health. In this regard, plant root modifications, phytohormone levels,
gene signals, and expressions will vary based on the stress prevailing, accordingly
use of certain endophytes can alleviate this stress and modulate the manifestations.
Studies by Manjunatha et al. (2022) revealed such a result when treated with the
endophytes Cronobacter dublinensis strain of pearl millets thereby increasing the
levels of abscisic acid, IAA (indole acetic acid) and antioxidants (proline) under field
conditions, in turn alleviating the stress-responsive genes.

1.4 Role of PGPM in Millets Plant Health: The Neighbors

Genetic diversity analysis of fungal species adhering to the roots showed the role of
different species, Trichoderma asperellum and T. harzianum, by RAPD (random
amplified polymorphic DNA) and ISSR (inter simple sequence repeats) markers.
Trichoderma spp. was observed to colonize the roots of pearl millet plants efficiently
with varied levels of plant growth-promoting traits. Downy mildew pathogen sup-
pression was observed by these species following the induction of systemic resis-
tance, which can be the potential targets as biocontrol agents (Nandini et al., 2021).

Similarly, studies carried out by Mankar et al. (2022) by using Burkholderia
sp. enhanced the biomass and yield of little millet under polyhouse conditions. This
study was carried out to promote little millet production which required sustainable
solutions. The study also used the nonnative Azotobacter chroococcum before its
sowing as an inoculant, revealing the effectiveness of nonnative PGPM in
reconditioning the soil. Also, this study validates the studies carried out previously
using nonhost inoculants (Patil and Kumudini 2019; Mahadik and Kumudini 2020).
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The isolates Pseudomonas fluorescens, E. hormaechei, and P. migulae stimulated
seed germination and promoted growth of foxtail millets under severe drought stress
conditions with increased PGP traits like increased ACC (1-aminocyclopropane-1-
carboxylic acid) deaminase and exopolysaccharide production (Niu et al. 2018).
E. cloacae strain showed increased PGP traits like production of ammonia, hydrogen
cyanide, siderophore, ACC deaminase, IAA, and phosphate solubilization activity
besides tolerance to heavy metals like aluminum, zinc, chromium, lead, and arsenic
when treated on five millet cultivars. They showed increased seed germination,
enhanced root and shoot elongation, when tested under pH 6.0-8.0 (Labhane
2020). A categorized list of the beneficial microbes in millet plant health enhance-
ment has been enlisted in Table 1.1.

1.5 Microbes for Millet Health

Research on use and study of the mechanism of plant-microbe interactions is
innumerable. However, the study on the role of these on millets plant improvement
is short coming. Available bioformulations to millets are only a handful (Table 1.2).
The novel approaches to ascertain the utilization of microbial formulations is the
need of the hour to enhance millet health from the perspective of sustainable
development.

From using omics technology, it is possible to tunnel the signalling mechanisms
involved in millets under varying stress conditions, providing base for effective use
of bio-inoculants to target the specified mechanism inducing plant resistance or
tolerance. This will thereby enhance the millet plant health and growth. Also,
appropriate guidelines on the use and manufacturing of the bioformulations must
be congregated to minimize the repetitive data set accumulation, which can foster
deeper systematic study in-depth on the efficacy of the same.

1.6 Conclusion and Future Prospects

Plant-microbe interactions, role of rhizosphere niche for plant growth and health,
have been well established since decades with respect to different host systems. This
suggests the behavioral changes pertaining to that host system with different man-
ifestations (biotic or abiotic stress). In the wake of climate change, food security, it is
now important to investigate the microbial interactions with millet crops. This can be
well aided with usage of omics approaches—genomics, transcriptomics, proteomics,
and metabolomics. A new approach will be to equip artificial intelligence in under-
standing the belowground interactions which suggests the new approaches to
enhance millet plant growth and health as a holistic approach. This chapter and
next chapters have highlighted the importance of using rhizospheric microorganism
for the increased production on millets. These chapters will help the researchers to
work to achieve nutrient security for global population through millets.
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Table 1.1 Perspectives on millet plant health management by PGPM
Strain Host Effect on plant health Reference
Acinetobacter calcoaceticus, Foxtail Enhanced accumulation of gly- Kour et al.
Penicillium sp. millet cine betaine, proline, sugars, and | (2020)
decrease in lipid peroxidation by
P-solubilizing microbes against
drought stress
Curtobacterium sp., Browntop | Protection against Fusarium Verma and
Microbacterium sp., millet infection was elucidated by anti- | White
Methylobacterium sp., Bacillus fungal lipopeptide genes for (2017)
amyloliquefaciens surfactin and iturin
Variovorax sp., Achromobacter | Finger The treatments elevated the levels | Chandra
sp., Pseudomonas spp., millet of antioxidants which scavenged | et al.
Ochrobactrum sp. the ROS under water stress and (2020)
irrigated conditions
Fluorescent pseudomonad Finger Microbes showed accumulation Patil et al.
strains millet of PR proteins in the primed (2016)
plants which acted as antifungal
agents against blast fungi
Pseudomonas aeruginosa Finger Seed priming induced Patil and
millet phenylpropanoid pathway signal- | Kumudini
ling for host dense response (2019)
against Magnaporthe grisea
Primed plants increased levels of | Patil et al.
salicylic acid and other primary (2020)
metabolites during induction of
disease resistance
Pseudomonas aeruginosa, Finger Treated plants showed enhanced | Mahadik
Pseudomonas resinovorans millet growth promotion and plant and
health under high saline Kumudini
conditions (2020)
Pseudomonas spp. Finger ACC deaminase producing bacte- | Chandra
millet ria isolated from finger millet rhi- | et al.
zosphere was able to improve the | (2018)
growth and nutritional parameter
under drought stress under green-
house conditions
Streptomyces griseus, Pearl Root colonization increased under | Jogaiah
Streptosporangium roseum millet greenhouse conditions along with | et al.
disease-resistance capacity of the | (2016)
isolates against downy mildew
Pseudomonas extremorientalis, | Pearl Single and in consortium these Kaur et al.
Bacillus subtilis, Bacillus millet microbes enhanced plant growth | (2022)
amyloliquefaciens by increased root and shoot
length, chlorophyll, carotenoids,
total soluble sugar content, phe-
nolics, and flavonoids
Bacillus pumilus Pearl Associated with induction of dis- | Raj et al.
millet ease resistance by hypersensitive | (2012)

reaction, accumulation proteins,
antioxidants also demonstrated by
histochemical studies on downy
mildew pathogen

(continued)
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Table 1.1 (continued)

Strain Host Effect on plant health Reference

Pseudomonas fluorescens, Pearl Defense-related enzymes accu- Basavaraj

Trichoderma virens millet mulation was high in treated et al.
plants against Magnaporthe (2019)
grisea which enhanced the growth

Bacillus amyloliquefaciens, Pearl ACC deaminase producing Murali

Bacillus subtilis, millet microbes when primed with pearl | et al.

Stenotrophomonas maltophilia millet showed enhanced expres- (2021)

sion levels of antioxidant genes
which thereby defend plants
against drought stress
Penicillium oxalicum Pearl Downy mildew disease resistance | Murali and
millet was achieved by treating the Amruthesh
plants with fungi which showed (2015)
increased resistance attributed to
enhanced chitinase activity

Dyadobacter sp. Millets Isolate showed enhanced plant Kumar
growth with nitrogen fixation et al.
activity owing for their (2018)

psychrotolerance isolated from
Western Himalayas

Table 1.2 Prospective use of formulations for millets plant health

Strain Host Effect on plant health Reference
Enterobacter cloacae Millet Abiotic stress Labhane

cultivars (2020)
Pseudomonas sp. Finger Blast disease reduction with liquid Sekar et al.

millet formulation (2018)
Azotobacter chroococcum, Finger Liquid, alginate-based, fluid-bed Gangaraddi
Bacillus megaterium, Pseu- millet dryer-based, lignite formulations et al. (2020)
domonas fluorescens when treated showed increased plant

growth parameters; however, better
results were observed on treatment
liquid formulation

Streptomyces nanhaiensis Pearl Liquid formulation of the strain Patel and
millet enhanced plant growth with increased | Thakker
leaf biomass and pigment production. | (2020)
This significantly mediates minerali-
zation and accumulation of minerals in
rhizospheric region of the millet crop
under pot trials

Bacillus subtilis spp. Finger Talc-based formulation of the strain Gnanasing
millet was used for seed treatment, seedling | and Ahila
dip, and foliar spray. It increased (2017)

defense enzymes (phenylalanine
ammonia lyase, chitinase, and super-
oxide dismutase) in resistant plants.
This isolate showed promising results
against Magnaporthe grisea infection
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Chapter 2 ®)
Diversity and Function of Microbes s
Associated with the Rhizosphere of Millets

Richa Agnihotri ® and Natarajan Mathimaran

Abstract Millets, also known as the “future food”, provide a viable option for
combating malnutrition and mitigating climate change. The rhizosphere of millets
accommodates numerous microbial communities that improve plant nutrient acqui-
sition, growth, and productivity and also protect from abiotic and biotic stresses.
Exploiting the millet rhizomicrobiome will improve soil health and plant nutrition,
reduce the need for environmentally toxic synthetic fertilizers, and offer a more
affordable alternative. The knowledge about the dominant microbial groups will also
help in devising strategies for developing inoculum well-adapted to millets. The key
microbial groups in the millet rhizosphere and their effects on plant growth, stress
tolerance, and soil health have been described in this chapter. In addition, we have
provided an overview of the methods used to examine rhizosphere microbial
communities.

Keywords Millets - Rhizosphere - Rhizomicrobiome - Soil health - Biofortification -
Agricultural management - Environmental stress

2.1 Introduction

An agroecosystem is a dynamic self-organizing arrangement comprising numerous
levels, chiefly soils, microbes, and plants networking with each other while
remaining highly responsive to agricultural management practice (Ichihashi et al.
2020). Therefore, exploiting plant growth-promoting microorganisms (PGPMs) is a
feasible strategy for augmenting crop production (Agnihotri et al. 2017). The
recruitment of advantageous microbial communities in the rhizosphere of millets
contributes to the development of high-yielding crops capable of growing in barren
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soil and resisting climate change (Debenport et al. 2015; Xu et al. 2018). The
rhizosphere harbors diverse microbes consisting of rhizobacteria, nitrogen-fixing,
phosphate-solubilizing bacteria, arbuscular mycorrhizal fungi (AMF), and many
others. Around the world, about 40% of the crop production area is extremely
degraded and around 24% is still being subjected to constant degradation (Bai
et al. 2008; Zhang et al. 2017). By regulating microbial communities and diversity,
agricultural management practices such as reduced tillage, organic farming, crop
rotations, and intercropping can improve soil health (Sharma et al. 2010). Hence, to
sustain and boost the millet agroecosystem’s stability and profitability, understand-
ing microbial diversity associated with different millets is fundamental. This chapter
aims to highlight the diverse millet rhizomicrobiome, its response to the various
stresses and soil management practices, the use of organic and synthetic fertilizers,
and its association with activities of enzyme and nutrient release. This will improve
our concepts about the standing of microbial communities in influencing millet
productivity, soil health, and fertility, and also help in selecting appropriate man-
agement practices for sustainable development of the agroecosystem under a
climate-smarter agricultural approach.

2.2 Rhizosphere

Rhizosphere—the soil volume near the roots characterized by root exudation, strong
microbial activity, and diversity—is a dynamic environment for plant-microbe
communication (Kuzyakov and Razavi 2019; Liu et al. 2022; Maheshwari et al.
2020) (Table 2.1; Fig. 2.1). A vast exchange of signals taking place at the biochem-
ical, and molecular stages, triggers a sequence of events that occur synchronously in
the rhizosphere (Maheshwari et al. 2020). The chemical signalling in the rhizosphere
alters the plant growth environment and soil characteristics and governs the success
of plant survival, development, growth, and productivity (Hu et al. 2018a, b). The
rhizosphere is influenced by bidirectional biotic and abiotic processes (Kuzyakov
and Razavi 2019). Also, the quantity, composition, and quality of root exudates and
residues from crops influence the rhizosphere microbiome by selecting specific
microbes and generating plant-associated microbial community shifts (Hu et al.
2018a, b). Shortly after sowing, the microbes gather and microbial population
keeps altering through plant growth stages depending on processes which could be
deterministic (biological and abiotic factors-mediated selection) or stochastic (drift
and diffusion related) (Ichihashi et al. 2020; Xiong et al. 2021). The plant growth-
promoting microbes boost plant development and nutrient availability by altering the
root system, producing siderophore, ligand-mediated chelation, acidification, or
exuding phytohormones (Sirohi et al. 2015). The factors influencing microbial
activities include (1) resident microflora, (2) host plant rhizo-exudations, and
(3) soil physical and biochemical profile (Maheshwari et al. 2020; Raghavendra
et al. 2020).
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Table 2.1 Frequently used terms in rhizospheric studies

Term

Description

References

Rhizosphere

Nutrient-rich soil volume in the
proximity of plants roots having
intense microbial activity affected
by root functioning.

The area of root physical and
biochemical influence created by
root growth and exudation and the
site for interaction between
microbes and plants

Hakim et al. (2021);
McNear (2013)

Endorhizosphere

The zone of tissue in roots com-
prising a part of endodermis, cor-
tical cells, and also the apoplastic
compartments present among the
cells which might get colonized
by root-specific microorganisms
feeding upon root exudates

Kloepper et al. (1992b);
McNear (2013)

Ectorhizosphere

The outer zone outspreading from
the rhizoplane into the loose soil
volume

McNear (2013)

Rhizomicrobiome/rhizobiome

Microbial communities inhabiting
the rhizosphere

Maheshwari et al.
(2020)

Rhizodeposits

Carbon (C)-sources derived from
the roots of growing plants and
released into the adjacent soil

Pinton et al. (2007)

Root exudates

Root exudates consist of actively
released root secretions (as well as
mucilage) and passively released
diffusates (because of differences
in osmotic pressure between soil
solution and the cell), or lysates
resulting from the self-digestion
of root cells (epidermis and root
cortex)

McNear (2013); Pinton
et al. (2007)

Rhizozymes

Root-associated enzymes critical
in the decomposition, nutrient
cycling, and mineralization of soil
organic matter (SOM)

Inamdar et al. (2022)

Quorum sensing

Complex bacterial density-
dependent intracellular communi-
cation system operational in the
rhizosphere between cells upon
acquiring a certain density and
controlled by chemical signals
causing alteration in metabolic
activity and gene expression

Everett and Rumbaugh
(2014); Ghosh and
Mandal (2022)

Chemoattractant

Compounds secreted by microor-
ganisms or plants for attracting
one another or conduct their
movement frequently toward each
other

Park et al. (2003)

(continued)
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Term

Description

References

The chemotaxis index

The ratio of bacterial cell density
gathered with the root exudates
contained in the test
microcapillaries to that of buffer
control

Dheeman et al. (2020);
Lopez-de-Victoria and
Lovell (1993)

The relative chemotaxis index
(RCI)

The chemotaxis index (treat-
ment)/chemotaxis (positive
control) x 10

Dheeman et al. (2020)

Microbe-associated molecular
pattern (MAMP)/pathogen-
associated molecular pattern
(PAMP)

Microbial signature molecules
activate the plant immune system
upon interaction pattern recogni-
tion receptors (PPRs)

Damage-associated molecular
patterns (DAMPs)

Molecules, namely, small pep-
tides, fragments of cell wall
ascending from damaged or
stressed cells

Maheshwari et al.
(2020); Mhlongo et al.
(2018)

Induced systemic resistance
(ISR)

The defense response of the plant
persuaded by an outside agent
such as plant growth-promoting
rhizobacteria (PGPR) acting
against a pathogen applied to a
localized area

Kloepper et al. (1992a);
Maheshwari et al.
(2020)

Common symbiotic pathway

(CSP)

A pathway involving the signal-
ling between AMF and rhizobia
succeeded by a cascade of suit-
able responses toward either
symbiotic partner

Genre and Russo
(2016); Kafle et al.
(2019)

Common symbiotic signalling
pathway (CSSP)

The pathway critical in the estab-
lishment of the symbiotic associ-
ation between AMF and plant
which is initiated when AMF
release signalling molecules (Myc
factors) which are received by
plant root receptors generating a
series of molecular reactions

Kafle et al. (2019);
Maclean et al. (2017)

Common mycelial networks/
common mycorrhizal networks
(CMNs)

AMF extraradical hyphal network
extending beyond plant roots
connecting adjacent plants, help-
ing nutrient and water acquisition

Mathimaran et al.
(2021); Smith and Read
(2008); Walder et al.
(2012)

Root colonization

A microorganism’s ability to
develop habitation and show
rhizocompetitiveness

Dheeman et al. (2020);
Ladygina and Hedlund
(2010)

Allochthonous microbial
communities

Non-indigenous microbial species

Autochthonous microbial
communities

Indigenous/native microbial
species

Dheeman et al. (2020)
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Fig. 2.1 An overview of the millet rthizosphere and associated microbial communities (Created
with BioRender.com)

2.3 About Millets

Millets are “small-seeded grasses,” and the principal categories classes of millets
include major and minor millets. Pearl millet (Pennisetum glaucum) and sorghum
(Sorghum bicolor) fall under major millets. “Small millets” or “minor millets” cover
finger millet (Eleusine coracana), barnyard millet (Echinochloa spp.), foxtail millet
(Setaria italica), kodo millet (Paspalum scrobiculatum), little millet (Panicum
sumatrense), proso millet (Panicum miliaceum L.), teff (Eragrostis tef), fonio
(Digitaria exilis), guinea millet (Brachiaria deflexa), job’s tears (Coix lacryma-
Jjobi), browntop millet (Urochloa ramosa) and guinea millet (Brachiaria deflexa).
Representing nearly 80% of the Asia production of millets, India has emerged as the
leading producer of millets (Bhagavatula et al. 2013). Only 2% of the cereal
production across the globe is represented by millets, and Asia and Africa alone
are responsible for 95% of the world’s millet production (Bhagavatula et al. 2013).
Owing to their nutritional content and health improvement traits, short maturity
period, lesser water requirement, ability to grow in low-fertility soils, and climate
resilience, millets have received vast recognition across the globe (Anbukkani et al.
2017; Gupta et al. 2017; Li and Siddique 2018; Muthamilarasan and Prasad 2021).
Foxtail millet (S. italica) is a popular summer crop widely grown in the arid and
semiarid regions of Asia and Europe. The soils of these regions are nutrient deficient,
a trait that influences the production of millets (Xu et al. 2018). Finger millet
(E. coracona) also known as “Ragi” is a popular minor millet cereal in the Asian
and African semi-arid tropics (Gupta et al. 2017). Pearl millet is considered the most
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drought and high-temperature resistant of all millets and is ideal for cultivation in
sandy loams or drained sands (Saleem et al. 2021).

Nearly half of the global population, particularly Asians and Africans have
nutrition deficiency as they prefer cereal crops as their chief food. The limited
production of millets is often credited to the preferred cultivation of economically
valuable cash crops (Muthamilarasan and Prasad 2021; Vetriventhan et al. 2020).
The dependence on cereals, more frequently known as “food monotony” is the main
ground for micronutrient deficiency (Li and Siddique 2018). Micronutrients are a
crucial constituent of biological systems, but are still lacking in soils. The formation
of insoluble complexes, and chelation, makes micronutrients unavailable to plants in
sufficient quantities (Noulas et al. 2018). The application of nutrient-based synthetic
fertilizer is a viable strategy for micronutrient uptake by plants; however, only
around 20-30% of the applied amount gets to the plant, and the rest is lost to the
environment (Fageria 2014; Hakim et al. 2021). In this context, the soil microbe-
mediated nutrient acquisition seems to suitably fulfil the nutrient requirement
(Choudhary et al. 2020). Compared to bulk soil, the rhizosphere contains more
available nutrients and rhizosphere microbes stimulate plant growth by improving
the availability of nutrients such as N, P, and K (Liu et al. 2022; Maheshwari et al.
2020). Utilizing plant growth-promoting microbes isolated from millet rhizosphere
as bio-inoculants is a viable method to improve micronutrient bioavailability for
crop assimilation contributing to low-input agriculture (Kumar et al. 2012; Singh
and Prasanna 2020; Smith and Read 2008). Based on their ability to colonize roots,
produce biofilms, and rhizocompetitiveness, PGPR are chosen for inoculating mil-
lets (Dheeman et al. 2020). The chemotactic behavior and aggressive colonizing
ability govern the rhizocompetitiveness (Chauhan et al. 2017). Another sustainable
agricultural strategy to combat the phytochemical, micronutrient, and protein deficits
in crops improving the grain’s nutritional quality is biofortification (FAO,
HarvestPlus 2019). Minor millets offer great potential for biofortification to upsurge
the nutrient accumulation in grains (Vinoth and Ravindhran 2017). Besides, partic-
ularly in nutrient-deficient soils, the utilization of beneficial rhizosphere microbes
would lessen the requirement for mineral fertilizer and chemical fungicides
(Choudhary et al. 2020; Sekar et al. 2018). Therefore, identifying the core
microbiome of the millet rhizosphere is a sustainable way to match the yield
potential for cereal and millet crops, thereby assisting farmers in the production of
higher-yielding and climate-resilient crops.

2.4 Distinct Bacterial Community Composition in Different
Millets

The diversity and distribution of microbial communities in agroecosystems are ruled
principally by the physicochemical characteristics of soil such as texture, N, P,
organic C, pH, and agricultural practices (Sharma et al. 2010). The agronomic
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parameters, such as benefit—cost (BC) ratio, land—equivalent ratio, physiological
features (C3 or C4), and nutrient requirements, and social aspects, such as labor
availability, all play a role in determining the crop to be cultivated with millets
(Agnihotri et al. 2017; Mathimaran et al. 2021). Utilizing mineral fertilizers (N, P,
and K) and manure together increases soil microbial diversity, soil health, and crop
yield (Xu et al. 2018). Intercropping can increase the yield, by assembling advan-
tageous microorganisms in the pearl millet (P. glaucum) root zone (Debenport et al.
2015). Intercropping woody shrubs with pearl millet increased the number of
Chitinophaga in the millet rhizosphere (Debenport et al. 2015). Under the combined
application of mineral fertilizers (N, P, and K) and manure, the phyla Actinobacteria
and Bacteroidetes flourished with the dominance of genera Opitutus, Mycobacte-
rium, Chitinophaga, and Devosia in comparison to sole application or other combi-
nations above fertilizers (Xu et al. 2018). A robust correlation observed between
SOM and Opitutus and Chitinophaga revealed their possible role in improving soil
health (Xu et al. 2018). Besides, soil enzyme activity strongly correlated with SOM
and available P in the rhizosphere of foxtail millet (Xu et al. 2018). A significant
correlation of bacterial communities with SOM and urease activity and available
phosphorus in the foxtail millet rhizosphere was reported by Xu et al. (2018).
Specifically, as revealed through Pearson’s correlation, significant correlations
observed for available N with Devosia and Mycobacterium, urease with Devosia,
phosphatase with Chitinophaga, and Luteimonas revealed the role of these microbes
in cycling and solubilization of the respective nutrients (Xu et al. 2018).
Rhizospheric microflora, that is, PGPR mediate millet growth and also help plants
in coping with biotic and abiotic stressors by (1) raising the antioxidant potential by
increasing the activities of the enzymes that scavenge reactive oxygen species,
(2) cellular osmotic regulation through an increase in proline content, (3) micro-
and macronutrient solubilization and acquisition, (4) siderophore production, (5) for-
mation of endospores, (6) production of extracellular and hydrolytic enzymes,
(7) production of peptide signal molecules and antifungal metabolites, and (8) accu-
mulation of lignin and oxidative phenols (Chandra et al. 2020; Dheeman et al. 2017,
Niranjan Raj et al. 2012; Sekar et al. 2018). Under drought stress, the alteration of
root-associated characteristics namely root morphology (branching of lateral roots
and growth of root hair) and functioning is an adaptive mechanism in plants. PGPR
produce phytohormones by changing the root morphology and helping plants
acquire more nutrients and water and influencing plant physiology (Vacheron
et al. 2013). The rhizobacterial isolates conferring growth-stimulating and disease-
suppressive effects on finger millets were characterized by their P-solubilizing
ability, production of antifungal compounds, siderophore, indole acetic acid
(IAA), hydrogen cyanide (HCN), ammonia 8, 1-4 glucanase, and amylase (Kumari
2019). The ability of the Pseudomonas strain to protect finger millet from drought-
induced oxidative damage and improve plant growth was attributed to increased
antioxidant activity and aminocyclopropane-1-carboxylic acid (ACC) deaminase
production (Chandra et al. 2018). By hydrolyzing the ACC (ethylene precursor)
into -ketobutyrate and ammonia, the ACC deaminase decreases the ethylene con-
centration in plants and increases plant growth (Chandra et al. 2018). The
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inoculation of finger millet with a drought-resistant ACC deaminase-producing
bacterial strain isolated from agricultural soil of the Himalayan region boosted
antioxidant activity, root and shoot length, and biomass and leaf nutrient content
under stressed and unstressed conditions compared to the control counterpart
(Chandra et al. 2018). The strain later identified as Pseudomonas displayed the
presence of the acdS gene (ACC deaminase structural gene) (Chandra et al. 2018).
In one study, under water-stressed conditions, the sole inoculation of Variovorax
paradoxus and a combined inoculation of Ochrobactrum anthropi + Pseudomonas
palleroniana + P. fluorescens + P. palleroniana enhanced plant growth and proline,
phenol, chlorophyll, and nutrient content in leaves and also reduced lipid peroxida-
tion than control plants (Chandra et al. 2020). In addition to these, a higher activity of
antioxidant enzymes, namely, ascorbate peroxidase (APX), catalase (CAT), super-
oxide dismutase (SOD), and guaiacol peroxidase (GPX) were also observed in the
aforementioned treatments than in their uninoculated counterparts (Chandra et al.
2020). In salt stress-sensitive finger millet, florescent Pseudomonas isolates SPF-33
and SPF-37 were effective in decreasing lipid peroxidation and H,O, and improving
physiological parameters such as height, germination, number of spikelet, total
chlorophyll, proteins, phenolics, flavonoids, proline, and antioxidant activity, thus
improving plant growth and alleviating salt stress (Mahadik and Kumudini 2020).
Enterobacter sp. PR14, which is a halophilic rhizobacterium-conferred finger millet
and rice with salinity stress tolerance by producing ACC deaminase-triggered
growth promotion in terms of seed germination, plant biomass, and length (Sagar
et al. 2020). Sphingomonas faeni expressing ACC deaminase genes when inoculated
into finger and foxtail millet seeds, decreased proline content and increased activity
of enzyme superoxide dismutase, catalase, peroxidase (POD), glutathione peroxi-
dase, ascorbate peroxidase, and glutathione reductase (GR) involved in antioxidant
defense and also enhanced plant biomass and root and shoot length, and therefore
mitigated cold stress and augmented plant growth (Srinivasan et al. 2017).

PGPR persuade disease resistance against many plant pathogens in millets. In
response to pathogen invasion, PGPR trigger defense mechanisms at the histochem-
ical and biochemical levels (Niranjan Raj et al. 2012). In the smut-resistant foxtail
millet cultivars rhizosphere, Bradyrhizobium and Streptomyces were found to be
negatively related to the prevalence of smut disease (Han et al. 2017). The rhizo-
sphere of various smut-resistant foxtail millet cultivars harbored distinct bacterial
communities, and a higher bacterial diversity could have contributed to the suppres-
sion of smut disease (Han et al. 2017). The sole and combined application of
rhizospheric P-solubilizing bacterial strain and diazotrophic Azospirillum lipoferum
of foxtail millet improved plant height and biomass in foxtail millet over control
(Rafi et al. 2012).

Bacillus species produced secondary metabolites and had plant growth-
promoting attributes and which protected finger millet plants and also enhanced
yields (Dheeman et al. 2020). Rhizospheric bacillus isolates of finger millet have
shown antagonistic activity toward foot rot disease and growth promotion traits
(Dheeman et al. 2020). Bacillus pumilus (INR-7) caused callose apposition and acted
as a biocontrol agent in pearl millet protecting against Sclerospora graminicola
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caused downy mildew by boosting the deposition of lignin in the epidermal tissues,
and their possible role in suppression of disease in pathogen inhibition was predicted
(Niranjan Raj et al. 2012). It was also noted that the vascular bundles were the
location of the defense enzymes. Similar to this, the extracellular enzymes —1,
4-glucanase, and chitinase that broke down the fungal cell wall were considered to
be responsible for the biocontrol mechanisms against Sclerotium rolfsii (Dheeman
et al. 2020). It was observed that the native rhizospheric Pseudomonas strain
MSSRFD41 improved plant growth metrics, germination, and the vigor index of
finger millet seedlings and was effective against Pyricularia grisea caused blast
disease (Sekar et al. 2018). Out of the 111 finger millet rhizobacterial isolates
assessed by Kumari (2019), many showed antagonistic activity P. grisea, 38 were
effective against Rhizoctonia solani causing the banded blight disease and 30 showed
antagonistic activity against both. Each of these strains improved the nutrient uptake
and growth of finger millet. Under sterilized and unsterile conditions, finger millet
inoculated with Chryseobacterium sp. PSR 10 from the soybean rhizosphere
improved plant chlorophyll content, nitrate reductase activity, plant biomass, and
length of root and shoot (Veer and Goel 2015). The plant growth promotion by
Chryseobacterium sp. PSR 10 was ascribed to its ability to solubilize P (Veer and
Goel 2015).

2.5 Distinct AMF Community Composition in Different
Millets

Arbuscular mycorrhizal fungi, the obligate symbionts associate well with millets and
have gathered attention for the benefits of improving plant stress tolerance and
nutrient status. The AMF glycoprotein glomalin or glomalin-related soil proteins
(GRSP) have emerged as a robust indicator of soil carbon (C) sequestration and
health (Agnihotri et al. 2022a, b). The survival of AMF in the soil is mostly reliant on
the spread of a stable hyphal network and since GRSP are primarily produced on
AMF mycelium, their production also depends on agricultural management
(Agnihotri et al. 2022b; Driver et al. 2005). The factors regulating the maintenance
of a stable hyphal network in soil include (1) undisturbed soil, (2) continuous
presence of live roots of AMF supportive plants, (3) organic manure, and (4) pres-
ence of diverse plant species as crop rotation or intercropping (Agnihotri et al. 2017,
2021a). When soil remains undisturbed for prolonged periods the hyphal growth is
continuous and the buildup of a stable hyphal network assures improved plant
nutrient acquisition and boosts soil C-sequestration and health (Agnihotri et al.
2021a). Soil edaphic factors are also important determinants of AMF perpetuation.
AMF spore numbers, glomalin content, and diversity indices were positively
influenced by soil macronutrients N, P, and K in five minor millets grown in different
soil types (Mythili and Ramalakshmi 2022). The community composition of AMF is
influenced by soil pH, type, texture, C, N, as well as land management (Oehl et al.
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2010; Xiang et al. 2014). Soil type and nutrient status can affect the performance of
AMF (Kandhasamy et al. 2020). When plants are P-deficient, as a strategy to
improve P and N uptake, the allocation of biomass into roots is higher than in shoots
which are observed as the higher dry weight of shoots than roots (Marschner et al.
1996; Srivastava et al. 2014).

The rhizosphere of millets can harbor diverse AMF species. In the experiments of
Mythili and Ramalakshmi (2022), a total of 24 AMF species belonging to 11 genera
were recovered from the rhizosphere of five minor millets grown in three different
soil types including sandy loam, clay loam, and sandy clay loam. The dominant
genera isolated from the millet rhizosphere included Acaulospora, Ambispora,
Claroideoglomus,  Funneliformis,  Entrophosphora, Glomus, Gigaspora,
Paraglomus, Rhizophagus, Scutellospora, and Septoglomus. Among the five
minor millets examined, little millet dominated in terms of mycorrhizal percentage.
The millets could be ranked as follows in the order of highest to lowest mycorrhizal
colonization: little millet > finger millet > foxtail millet > kodo millet > barnyard
millet. Among the soil types, F. mosseae, G. fascicultum, and R. intraradices
dominated with 83% isolation frequency, and A. lepoticha and C. etunicatum
followed with 67% isolation frequency. Among crop types, the top three AMF
genera found in soil types differed and R. intraradices (60%) dominated the other
two, that is, F. mosseae (50%) and G. fascicultum (40%) in terms of isolation
frequency. All 24 AMF species were detected in crop types albeit with a lower
isolation frequency than soil types (Table 2.2).

In general, AMF interfere with plant physiological and cellular processes, and
the effects are observed in the form of enhanced osmoregulation, a robust root
system, superior photosynthetic efficiency, and an efficacious antioxidant system
(Tyagi et al. 2018, 2021). The collective effect of processes taking place at the
physiological, nutritional, and cellular levels during the plant-AMF symbiosis
results in drought tolerance (Porcel et al. 2003). In response to AMF inoculation,
plant tissues exhibit enhanced growth and biomass, P-solubilization and uptake,
water and nutrient acquisition, the content of proline, soluble sugar, chlorophyll,
flavonoid, and phenol, ascorbate levels, reduced lipid peroxidation, and glutathione
levels (GSH) (Ramakrishnan and Bhuvaneswari 2014; Tyagi et al. 2017, 2018,
2021). The advancement of the millet genotype with higher AMF dependency
could further facilitate the mycorrhiza-induced benefits to the plant (Srivastava
et al. 2014). The ability to host AMF and mycorrhizal dependency could vary
among host plant species and could also be influenced by genetic structure
(Agnihotri et al. 2021a, 2022a, b, ¢; Kandhasamy et al. 2020). Accordingly, AMF
species could also be put into high- and low-benefit categories based on their plant
growth responses (Cope et al. 2022). Tewari and Tandon (1993) noted that although
inoculation by six different AMF species stimulated growth and development in five
different genotypes of finger millet, the efficacy of AMF species was contrasting.
The best combination of AMF and finger millet genotype was Glomus caledonicum
with HR-374 yielding a higher root, shoot, and whole plant biomass, substantially
developed infectious propagules (arbuscules, vesicles, and hyphae) inside the root
cortex and extraradical hyphal connected with colonized roots (Tewari and Tandon
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Table 2.2 AMF species recovered from different soil and crop types (Mythili and Ramalakshmi

2022)

Soil type* Crop typeb References
Glomus species (G. fasciculatum, Glomus species (G. fasciculatum, Mythili and
G. macrocarpum, G. aggregatum, G. macrocarpum, G. aggregatum, Ramalakshmi
G. clarum, G. microcarpum, G. clarum, G. microcarpum, G. hoi, | (2022)

G. albidum); Gigaspora species
(G. margarita, G. gigantea);
Claroideoglomus species

(C. etunicatum, C. claroideum);
Rhizophagus intraradices;
Funneliformiss species (F. mosseae,
F. geosporum); Paraglomus
brasilianum; Entrophosphora
colombiana; Acaulospora species
(A. denticulata, A. delicate);
Ambispora lepoticha: and
Septoglomus constrictum

G. albidum); Gigaspora species

(G. margarita, G. gigantea);
Claroideoglomus species

(C. etunicatum, C. claroideum);
Rhizophagus intraradices;
Funneliformiss species (F. mosseae,
F. geosporum); Paraglomus
brasilianum; Entrophosphora spe-
cies (E. infrequens, E. colombiana);
Acaulospora species

(A. scrobiculata, A. denticulata,

A. delicate); Ambispora lepoticha:

Scutellospora erythropha: and
Septoglomus constrictum

# Sandy loam, sandy clay loam, and clay loam
b Barnyard millet, finger millet, foxtail millet, little millet, and kodo millet

1993). The uptake of Zn>* increased by 2.55 and P by 2.20 times in plants inoculated
with G. caledonicum than in control (Tewari and Tandon 1993). AMF may also
show ecological specificity and there can be preferential association and plants may
select particular AMF species for colonization (Gollotte et al. 2004; McGonigle and
Fitter 1990).

Plants can also respond differently to mixed or single species inoculum
(Agnihotri et al. 2022a, b, c). The differential ability of AMF species to support
growth and nutrient uptake could be associated with the increased expression of
genes associated with photosynthesis, strigolactone, lipid biosynthesis, sugar and
nutrient transporters, and environmental stress responses (Cope et al. 2022). On the
contrary, in some cases, the colonization by AMF such as G. aggregatum could elicit
plant defense and also be perceived as pathogen invasion (Cope et al. 2022). Despite
delivering similar growth benefits, AMF species could differ in terms of colonization
and it has been noted that the more aggressive colonizer, that is, G. intraradices
possessed higher mycorrhizal responsiveness and could improve finger millet
growth more than G. etunicatum (Srivastava et al. 2014). In general, the finger millet
rhizospheric isolates of Glomus species, that is, G. intraradices and G. etunicatum
improved P uptake in most of the finger millet genotypes examined (Srivastava et al.
2014). Even though G. intraradices and G. etunicatum boosted the P-status of the
plant, the inoculation by the former improved shoot biomass and P status in all the
examined finger millet genotypes to a slightly higher extent than the latter
(Srivastava et al. 2014). However, AMF-induced plant growth in any situation
may not necessarily stimulate root growth. In the experiments of Srivastava et al.
(2014), the control plants registered higher root biomass and root/shoot ratio. Since
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the AMF hyphae extend the root zone to acquire nutrients for the plants, roots may
not develop after attaining a certain level of growth (Srivastava et al. 2014)
(Table 2.3).

To improve plant survival, C-allocation to AMF tends to increase under stressful
situations (Treseder and Turner 2007). Upon closer investigation using
compartmented microcosm, it was observed that the plant that invests a little C
into the common mycorrhizal network (CMNs) connecting the two plants gets more
benefits than the plant that makes a huge C-investment into the same (Walder et al.
2012). In the case of CMN-facilitated bioirrigation, though shallow-rooted finger
millet benefited from CMN-promoted bioirrigation by the deep-rooted pigeon pea,
the extent of the spatial connection between roots played a critical role in the course
(Singh et al. 2019). Another study confirmed that under field conditions, the
selection of AMF species and crop spacing might affect AMF functioning (Schiitz
et al. 2022).

Mathimaran et al. (2020), while working on AMF + PGPR consortia found out
co-inoculation was way better than sole inoculation for boosting crop productivity
and the effectiveness of biofertilizers was inversely proportional to soil fertility. In
one study, the inoculation of R. intraradices and endophyte Piriformospora indica
in finger millet boosted drought stress tolerance (Tyagi et al. 2017). Though distinct
genetic and biochemical processes could be involved in their functioning, the
inoculation improved chlorophyll content, the antioxidant defense, and osmoregu-
latory mechanism and reduced lipid peroxidation, electrolyte leakage, and also the
levels of malondialdehyde and hydrogen peroxide (Tyagi et al. 2017). The sole
inoculation of AMF in finger millet improved P uptake, whereas the co-inoculation
of AMF with Azospirillium brasilense and Bacillus polymyxa improved growth
parameters, N and P uptake, and AMF biomass in terms of root infection, and spores
(Ramakrishnan and Bhuvaneswari 2014). The co-inoculation of AMF and
Azospirillum promoted plant growth and increased the finger millet yield by
36.8% over control (Bama and Ramakrishnan 2010). Precisely, AMF helped in P
mobilization, whereas Azospirillium contributed to N uptake and improved the straw
biomass and grain yield (Bama and Ramakrishnan 2010). Similarly, the
co-inoculation of P-solubilizing bacteria Azotobacter chroococcum and AMF spe-
cies Glomus mosseae improved finger millet productivity and reduced the fertilizer
cost by 25-50% without compromising productivity. In this case, the individual
effects of A. chroococcum were observed in the form of hormone production and
N-fixation and G. mosseae in the form of P-acquisition (Chandana and
Venkataramana 2018). Glomus intraradices performs well with Pseudomonas and
Streptomyces strains in terms of plant growth, and biomass in finger millet under
irrigated and moisture deficit conditions (Kamal et al. 2015). The combination of
Pseudomonas poae and G. intraradices accumulated the proline substantially and
also recorded a superior activity of SOD in leaves under the conditions of water
stress (Kamal et al. 2015).
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2.6 Techniques to Study Soil Microbial Diversity

There are many methods available to characterize microbial community structure
and assess the functional and metabolic diversity (Table 2.4). The developments in
analytical tools and microbiological techniques help in soil and plant microbiome
research and the advancement of innovative microbial bioinoculants (Debenport
et al. 2015). Structural profiling includes techniques such as phospholipid fatty acid
analysis, which provides the quantitative and qualitative estimation of the total
microbial biomass as well as the dominant soil microbial groups (Neha et al.
2022). The fluctuations in metabolomic profiles also throw light on the association
between plants and microbes (Mythili and Ramalakshmi 2022). Metabolomic anal-
ysis revealed the presence of alkane and fatty acyls as the main compound classes
detected in the exudates of maize roots inoculated with the AMF spores recovered
from the millet rhizosphere (Mythili and Ramalakshmi 2022). Precisely, a sum of
117 compounds belonging to 26 different classes was recovered from the maize
roots colonized by C. etunicatum, F. mosseae, G. fascicultum, G. margarita, and
R. intraradices (Mythili and Ramalakshmi 2022). Principally, omics strategies
reveal the nonculturable soil microbial community (Meena et al. 2017). High-
throughput illumina sequencing is another method to study and compare the
rhizospheric bacterial community structure in different crop species having specific
attributes such as disease resistance (Han et al. 2017). The obligate symbiotic nature
of AMF complicates their quantification, and therefore their study requires distinct
techniques (Table 2.5). The quantification of AMF, however, also requires expertise
and results warrant careful interpretation (Agnihotri et al. 2022a, b, c).

2.7 Need of the Hour

Action steps for utilizing PGPMs to enhance growth and productivity of millets
cover the following: (1) the assessment of microbial species for their differential
growth responses and patterns with diverse millet varieties in controlled experiments
followed by field trials prior to inoculum development, (2) preparation of inoculum
from nutrient-poor or stressed sites to get an ecologically-adapted microbial inocu-
lum, (3) development of mycotrophic millet genotypes, and (4) the identification of
best plant-AMF/microbial combination for a particular agroecosystem. The identi-
fication and assessment of soil microbiomes associated with millets will assist in
(1) formulating biofortification strategies to cut the synthetic fertilization-induced
losses in soil health and quality and also reduce its application cost, (2) the selection
of agricultural practices capable of supporting the growth of beneficial microbes,
(3) the enrichment of native microbes, (4) the adjustment of agricultural manage-
ment to utilize rhizosphere microbiome as a natural source of nutrients,
(5) bioinoculant inoculation and commercialization, and (6) for generating agricul-
turally significant germplasms. Specific requirements for AMF studies and inoculum
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Table 2.4 Techniques to study soil microbial diversity

Metabolic profiling and functional assessment

Substrate utilization pattern/C-source utilization

Dheeman et al. (2017)

Community-level physiological profiling (CLPP)

Soderberg et al. (2004)

Substrate-induced respiration

Anderson and Domsch (1978)

Microbial biomass carbon

Vance et al. (1987)

Production of indole acetic acid (IAA), phosphate
solubilization, hydrogen cyanide (HCN),
1-aminocyclopropane-1-carboxylic acid (ACC)
deaminase, siderophore production, and enzymatic
activities

Chandra et al. (2018); Dheeman et al.
(2017)

Fatty acid methyl ester (FAME) analysis/phospho-
lipid fatty acid (PLFA) profiling

Chandra et al. (2018); Neha et al. (2022)

Root metabolomics

Mythili and Ramalakshmi (2022)

Genetic profiling

Polymerase chain reaction-denaturing gradient gel
electrophoresis (PCR-DGGE)

PCR-temperature gradient gel electrophoresis
(PCR-TGGE)

Restriction fragment length polymorphism (RFLP)
Terminal-restriction fragment length polymorphism
(T-RFLP)

Single-strand conformation poly-morphism (SSCP)
Amplified ribosomal DNA restriction analysis
(ARDRA)

Sharma et al. (2010)

Microbiome sequencing (expression profiling)

16S rRNA sequencing

Chandra et al. (2018); Dheeman et al.
(2020)

18S rRNA sequencing

Banos et al. (2018)

High-throughput illumina sequencing

Debenport et al. (2015); Han et al. (2017);
Tveit et al. (2014); Xu et al. (2018)

ABI solid sequencing

Lata et al. (2010)

Microbial diagnostic microarrays (MDMs)

Sessitsch et al. (2006)

Macroarray analysis

Puranik et al. (2011)

Microbial Diversity Index

Simpson Diversity Index

Simpson (1949)

Shannon Diversity Index

Shannon and Weaver (1949)

development to improve the growth and yield of millets include (1) the identification
of the most potent plant-AMF combination to derive maximum benefit from sym-
biotic association (Srivastava et al. 2014); (2) the development of microbial inocu-
lum from the rhizosphere of native soil would also help overcome the hostpreference
phenomenon (Agnihotri et al. 2022a, b, c; Torrecillas et al. 2012); (3) the develop-
ment of centralized biobanks maintaining native AMF strains with a complete set of
information regarding their mycotrophic capacity, host compatibility, responsive-
ness and growth-promoting capacity, competition with other microbial species, and
adaptability to stressed situations (Agnihotri et al. 2018; Peterson et al. 1984). The
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Table 2.5 Techniques to study AMF biomass

Assessment References

Spore density Gerdemann and Nicolson (1963)
Mycorrhizal colonization percentage Phillips and Hayman (1970)

16:105c is phospholipid fatty acids Agnihotri et al. (2021a); Qin et al. (2015)
16:1w5c is neutral lipid fatty acids

Glomalin-related protein (soil/root) Agnihotri et al. (2022a, b, ¢)

Small ribosomal subunit (SSU) rDNA gene sequence Opik et al. (2006, 2010, 2013)

Large ribosomal subunit (LSU) rDNA gene sequence | Jansa et al. (2014)

Internal transcribed spacer (ITS) region Stockinger et al. (2010)

plant growth-promoting traits of the rhizosphere microbiome can boost the growth
and nutrient status of millets under moisture and nutrient-deficit conditions and
could serve as the basis for selecting better candidates for inoculation in
agroecosystems, particularly drought-affected agricultural fields. Owing to the
abovementioned factors, the inoculum should be carefully tailored to cater to the
requirements of growing plants. As the awareness about microbial bioinoculants
continues to rise, techniques to identify microbes residing in the millet rhizosphere
will support the introduction of novel microbial biofertilizers. Practices such as
intercropping, and the application of organic residues offer a practical alternative
for small farmers to boost crop yield, and plant and soil health (Debenport et al.
2015). In conclusion, using millet-specific PGPMs will offer a practical, long-
lasting, and environmentally safe substitute for synthetic fertilizers. It will also
help to improve soil health, prevent environmental deterioration, and alleviate
nutrient deficiencies to meet the needs of the growing human population.
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Chapter 3 )
Biodiversity of Arbuscular Mycorrhizal s
Fungi and Its Impact on Millets Growth

T. Muthukumar @ and R. Koshila Ravi

Abstract Millets are popular for their nutrient richness and environmental smart-
ness. Millets are often grown on marginal lands under rainfed conditions and are
favored crop species in intercropping systems. Roots of millets are colonized by a
wide range of fungi including the arbuscular mycorrhizal (AM) fungi. Diverse AM
fungi associate with millets as revealed by the diversity of AM spores in the soils and
through the examination of millet roots using molecular techniques. Glomus is the
dominant taxa associated with millets followed by Acaulospora, Funneliformis, and
Rhizophagus. AM fungal symbiosis enhance the growth and nutrient uptake of
millets in a wide range of soil and environmental conditions. The response of millets
to AM symbiosis happens despite the presence of an elaborate root system. How-
ever, the responsiveness of millets to AM fungal symbiosis tends to vary with
species and genotypes of the same species. Nevertheless, the yield response of
millets to AM fungal presence is not well explored when compared to other popular
cereal crops. AM symbiosis also imparts tolerance in millet against abiotic stresses
like drought and salinity and induces changes in the structure and diversity of
microorganisms in the soil. Agronomic and cultivation practices like the application
of fungicides and synthetic fertilizers, crop rotation, and intercropping are known to
affect AM fungal symbiosis in millets. The development of appropriate strategies for
efficient use of millet-AM symbioses would increase millet production under limited
inputs in resource-poor regions.

Keywords Agronomic practices - Drought - Salinity - Intercropping - Crop rotation -
Sorghum - Finger millet - Pearl millet
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3.1 Introduction

Millets are grown worldwide for food and fodder. The adaptability to thrive under
low soil moisture and fertility, high soil pH, salinity, and temperature has rendered
millets more popular in arid and semiarid regions where other cereals like rice
(Oryza sativa L.), wheat (Triticum aestivum L.), or maize (Zea mays L.) often fail.
Millets are an important source of nutrients like calcium (Ca), iron (Fe), and zinc
(Zn) for humans (Passot et al. 2016). In addition to these, some millets also have a
short maturation time. For instance, Indian barnyard millet
(Echinochloa frumentacea Link) has a maturation period of 45-70 days against
120-140 days for popular cereals like rice (Kumar et al. 2018).

The role of plant root architecture in the acquisition of water and nutrients is well
documented in different crop species. Root characters are important targets in the
genetic improvement of crops to enhance the efficiency of nutrient uptake (Lynch
2019). Millets like other cereal crops possess a fibrous root system. The root system
of millets contains various groups of roots that vary in their extent of growth,
tropism, and branching patterns in addition to water acquisition and transport.
Notably, great variations in root traits were observed in pearl millet (Pennisetum
glaucum (L.) Morrone) grown in different soils (Briick et al. 2003; Passot et al.
2016). Nevertheless, information is limited pertaining to the structure and function
of root systems for millets compared to other widely cultivated cereal crops.

The root of millets like other crop species is colonized by a wide range of fungi
belonging to different groups. For instance, Mofini et al. (2022) have shown that the
roots of cultivated and wild pearl millet growing in three different agroecological
regions of Senegal were associated with a wide range of fungi belonging to
Ascomycota, Basidiomycota, Chytridiomycota, and Glomeromycota. Nevertheless,
the root fungal communities of the wild and cultivated pearl millets are dissimilar
with cultivated varieties harboring more diverse root fungal taxa than the wild
varieties (Mofini et al. 2022). The nature of the relationship between these
endorrhizal fungi-colonizing roots and millets can range from mutualism to parasit-
ism. In addition, mutually beneficial fungi-colonizing millet roots perform a wide
range of functions ranging from nutrient absorption to modification of the soil
environment. Among the different types of soil fungi-colonizing millet roots,
arbuscular mycorrhizal (AM) fungi belonging to the subphylum Glomeromycotina
of the phylum Mucoromycota (Spatafora et al. 2016) are one of the most habitual
and ubiquitous ones. Nevertheless, studies examining the role of AM fungi on millet
growth or imparting tolerance against various stresses are limited when compared to
cereal crops like wheat or maize. Moreover, millets like the finger millet [Eleusine
coracana (L.) Gaertn.] and sorghum [Sorghum bicolor (L.) Moench] are the major
experimental plants used in examining the role of AM fungi on millet growth,
physiology, or biochemical changes in millets. In this chapter, we first discuss the
general aspects of AM symbiosis followed by the diversity of AM fungi associated
with millets, the influence of AM fungi on millet growth, mechanisms involved in
AM-mediated plant growth improvement, and factors influencing AM symbiosis.
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3.2 Arbuscular Mycorrhizal Fungi

One of the most common and widespread types of symbiosis in the plant kingdom is
the AM fungal association established between the endorrhizic AM fungi and plant
roots. Roots of millets like other field-grown crops are colonized by AM fungi. The
fungal symbiosis is established from the different types of AM fungal propagules
that persist in the soil. The infective propagules of AM fungi include the spores, the
soil extramatrical hyphal network, and the mycorrhizal roots. The proportion of
different types of AM fungal propagules tends to vary with vegetation types. As
mycorrhizal roots and extraradical hyphae are the chief propagules in vegetations
like the forests where new roots development happens throughout the year. Con-
trarily, spores are the chief perennating propagules for AM fungi in seasonal
vegetations like the agroecosystems where the soil is barren for some part of the
year. Similarly, the type of propagules initiating mycorrhization can also vary with
AM fungal taxa. For example, as mycorrhization is initiated from the spores in
Gigasporales, it is chiefly from the soil hyphae in Glomeraceae or Acaulosporaceae
(Abdelhalim et al. 2014). The mycorrhization of the roots is initiated after the
exchange of a wide range of molecular signals between the symbionts and the
stimulation of the plant-signalling pathway (Park et al. 2015).

The AM fungus forms an appressorium on the root surface before entering the
root. Once entered within the root, the fungal hyphae coil in the first few cells and
then spread through the root cortex intercellularly and/or intracellularly. Based on
the spread of the intraradical hyphae, the AM morphology is characterized by Arum-
type and Paris-type. In the Arum-type, the hyphae spread intercellularly, whereas in
Paris-type the hyphal spread intracellular. However, there are a wide range of
intermediate types sharing the characteristic of both Arum- and Paris-types (Dickson
2004). The fungi also form different structures for the exchange of resources and
storage in the endorhizosphere. The structures involved in the exchange of nutrients
are the finely branched hyphal structures called arbuscules, which are essential for
the functioning of the symbiosis. The development of arbuscules is determined by
the nutrient demand of the host plant and these structures have a limited life span
(Kobae et al. 2016). The arbuscules are either rudimentary or may be absent in
typical Paris-type AM. Nevertheless, the function of arbuscules is replaced by the
hyphal coils or arbusculate coils with different extent of arbuscule development in
the Paris- or intermediate-type AM morphology. Many plant genes are involved in
the development and functioning of the arbuscules (Park et al. 2015). Unlike
arbuscules, vesicles (the fungal storage structures) are not found in all taxa of AM
fungi. Members of Gigasporales do not form vesicles inside plant roots; instead, they
produce special extraradical structures known as auxiliary cells. Although the
function of auxiliary cells is obscure, they are suggested to function as storage
structures. The proportion of different AM fungal structures in plant roots tends to
vary with the growth stages of the plants. As arbuscular abundance peaks during the
early stages of plant growth, the development of vesicles happens during later stages
of plant growth. The different types of AM fungal structures frequently observed in
millet roots are presented in Fig. 3.1.



38 T. Muthukumar and R. Koshila Ravi

Fig. 3.1 (a—k): Arbuscular mycorrhizal (AM) fungal structures associated with roots of millets. (a)
Extraradical hyphae (eh) on the root surface and entry of roots (black arrowhead); (b) Appressorium
(ap) on the root surface; (¢, h) Arbusculate coils (ac) in cortical cells; (d, f) Hyphal coils (hc) in
cortical cells; (e) Arum-type arbuscule (a); (g) Arbuscule (black arrowhead) formed on intracellular
linear hyphae (ih); (i-k) Intercellular vesicles (v) in the cortex. (a, g, i—k) Finger millet; (b, c, d, e,
g) Foxtail millet; ( f, h) Pearl millet. Scale bars = 50 pm

3.3 Presence of AM in Millets

The AM symbiosis is prevalent in all the millet species that have been examined for
their mycorrhizal status (Table 3.1). Nevertheless, a few millet species like Sonoran
millet (Panicum hirticaule J.Presl), black fonio millet (Digitaria iburua Stapf),
Raishan millet [Digitaria compacta (Roth ex Roem. & Schult.) Veldkamp], and early
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Table 3.1 Millet species, their common names, and arbuscular mycorrhizal (AM) status

Mycorrhizal
Millet species Common names status® References
Brachiaria deflexa Guinea millet AM Utaile et al. (2021)
(Schumach.) C.E.Hubb.
ex Robyns
Brachiaria ramosa (L.) Browntop millet AM Duponnois et al. (2001)
Stapf
Coix lacryma-jobi L. Adlay millet AM Bei et al. (2021); Ndoye
et al. (2016)
Digitaria compacta (Roth | Raishan NA -
ex Roem. & Schult.)
Veldkamp
Digitaria exilis (Kippist) | Fonio, fonio millet, | AM Ndoye et al. (2016)
Stapf hungry rice, acharice
Digitaria iburua Stapf Black fonio NA -
Digitaria sanguinalis Polish millet AM Rashidi et al. (2020);
(L.) Scop. Rashidi et al. (2022)
Echinochloa crus-galli Common barnyard AM Hossler (2010); Htay et al.
(L.) P.Beauv. grass (2021); Veiga et al. (2011)
Echinochloa esculenta Japanese barnyard NA -
(A. Braun) H. Scholz millet
Echinochloa frumentacea | Indian barnyard AM Ragupathy et al. (1990)
Link millet
Echinochloa oryzoides Early barnyard grass | NA -
(Ard.) Fritsch
Echinochloa stagnina Burgu millet AM Rodriguez-Echeverria et al.
(Retz.) P.Beauv. (2017)
Eleusine coracana (L.) Finger millet AM Krishna et al. (1982);
Gaertn. Mythili et al. (2021);
Kandhasamy et al. (2020)
Panicum hirticaule J Presl | Sonoran millet NA -
(=P. sonorum Beal)
Panicum miliaceum L. Broomcorn millet, AM Caruso et al. (2018);
Common millet, hog Channabasava and
millet, proso millet, Lakshman (2012);
white millet Channabasava and
Lakshman (2015);
Channabasava et al.
(2015a)
Panicum sumatrense Roth | Little millet AM Channabasava and
(=Panicum miliare Lam.) Lakshman (2015)
Paspalum scrobiculatum | Kodo millet AM Channabasava and
L. Lakshman (2011);
Channabasava and
Lakshman (2015)
Pennisetum glaucum (L.) | Pearl millet AM Bielders et al. (2010); Pal

R.Br.

(2017); Pal and Pandey
(2017)

(continued)
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Table 3.1 (continued)

Mycorrhizal
Millet species Common names status® References
Setaria italica (L.) P. Foxtail millet, Italian | AM Channabasava and
Beauv. millet, panic Lakshman (2015); Shen
et al. (2022); Suharno et al.
(2021)
Sorghum bicolor (L.) Great millet AM Symanczik et al. (2018)
Moench
Spodiopogon formosanus | Taiwan oil millet NA -
Rendle

# NA not assessed

barnyard grass [Echinochola oryzoides (Ard.) Fritsch] are yet to be assessed for their
mycorrhizal status. Likewise, the AM morphology of millets is also largely
unknown. Sorghum is shown to possess both typical Arum- and intermediate-type
AM morphologies (Dickson 2004). The AM morphology of sorghum is shown to
vary with the colonizing AM fungi. As Funneliformis coronatus, Rhizoglomus
intraradices, and Funneliformis mosseae formed typical Arum-type morphology in
sorghum roots, Scutellospora calospora, Gigaspora margarita, and Gigaspora
rosea established a varying type of intermediate morphologies (Dickson 2004).
Observations of AM morphology of field-grown millets also suggest the predomi-
nance of intermediate-type AM morphologies.

3.4 Diversity of AM Fungi Associated with Millets

Information on the AM fungal communities associated with millet roots and soils is
limited compared to those on other field crops. The AM fungal spores isolated from
the root zone soils of millets are shown in Fig. 3.2. Most studies examining the
diversity of AM fungi with millets involve the morphological identification of
spores, and others have utilized molecular techniques.

3.4.1 Morphological Diversity of AM Fungal Spores
in Millets

An examination of the diversity of AM fungi associated with finger millet growing
in the Hassan district of India indicated the presence of 11 spore morphotypes
belonging to Acaulospora, Glomus, Rhizophagus, and Scutellospora (Sunilkumar
and Garampalli 2010). The spore density in the soil was 320 spores/100 g of dry soil,
and the percentage of root length colonized by AM fungi was 40% (Sunilkumar and
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Fig. 3.2 (a-i) Spores of arbuscular mycorrhizal fungi reported from the root zone soils of millets.
(a) Fractured spore of Acaulospora scrobiculata; (b) Funneliformis mosseae; (¢) Funnel-shaped
hyphal attachment and the curved septum of F. mosseae; (d) Claroideoglomus etunicatum; (e)
Scutellospora calospora; (f) Rhizoglomus microaggregatus; (g) Rhizophagus aggregatus; (h)
Funneliformis geosporus; (i) Dentiscutata heterogama. Scale bars = 50 pm

Garampalli 2010). An assessment of AM fungal communities associated with
sorghum through trap culture technique in the Sikasso region of Mali indicated the
association of 24 spore morphotypes belonging to Acaulospora, Entrophospora,
Gigaspora, Glomus, Sclerocystis, and Scutellospora (Kone and Kante 2021). Nev-
ertheless, most of the spore morphotypes in the study were not characterized beyond
the genus level. Among the spore morphotypes recorded in the six AM fungal
genera, 65% belonged to Glomus, 10% each to Gigaspora and Scutellospora, and
5% each in the Acaulospora, Entrophospora, and Sclerocystis (Kone and Kante
2021). Similarly, an examination of AM fungal communities associated with differ-
ent genotypes of sorghum (CSV-8R, E 36-1, M 35-1, NSH-27, and RS-29)
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cultivated in different regions of Andhra Pradesh, India during Kharif and Rabi
seasons indicated the occurrence of 19 AM fungal morphotypes of Acaulospora,
Gigaspora, Glomus, and Sclerocystis (Hindumathi and Reddy 2011). In addition,
Glomus was the dominant genera represented by 11 spore morphotypes and
Rhizophagus fasciculatus was the most prevalent species during both the growing
seasons (Hindumathi and Reddy 2011).

A summary of the diversity of AM fungal species in the millet soils in line with
the current nomenclature indicates the association of spores of 63 taxa with the
rhizospheres of millets (Table 3.2). The AM fungal diversity in millets is dominated
by spore morphotypes belonging to Glomus followed by Acaulospora,
Funneliformis, and Rhizophagus (Fig. 3.3). All the other AM fungal genera are
represented by less than five taxa (Fig. 3.3). Of the different AM fungal species,
Rhizophagus clarus frequently associates with the soils of most millet than the other
species (Table 3.2). However, this general diversity of AM fungi in millets can vary
with individual studies as the diversity of AM fungi is determined by the tripartite
interaction of the host plant, AM fungi, and the soil environment.

3.4.2 Molecular Diversity of AM Fungi in Millets

A few studies have examined the diversity of AM fungi associated with millets using
molecular techniques. An investigation of AM fungal community structure in roots
of 19 sorghum genotypes in a semiarid region of Sudan using next-generation
sequencing revealed the presence of 102 operational taxonomic units (OTUs)
belonging to Claroideoglomeraceae, Diversisporaceae, Glomeraceae, and
Paraglomeraceae (Badi et al. 2019). Of these, the family Glomeraceae was
represented by 87 OTUs and was the dominant family followed by
Claroideoglomeraceae (11 OTUs), Paraglomeraceae, and Diversisporaceae
(3 OTUs each). Moreover, the presence of three OTUs of Rhizoglomus in more
than 75% of the sorghum root samples examined suggested that the AM fungal
community in sorghum roots was represented by a few genera list taxa and a large
number of rare taxa (Badi et al. 2019).

Meta genomics has revealed that Glomeromycota appears to be less represented
in the root mycobiome of millets compared to other root endophytic mycoflora. For
instance, DNA meta barcoding studies of root mycobiome of wild and pearl millet
from different agroecological regions of Senegal through a rainfall gradient revealed
the less occurrence of OTUs belonging to Glomeromycota in the core root
mycobiome (0.09—-1.28%) of wild and cultivated pearl millets that was dominated
by fungi belonging to Ascomycota and Basidiomycota (Mofini et al. 2022). The low
occurrence of AM fungi associated with millets is also confirmed by the
metagenomics of the soil. Ascomycota followed by Basidiomycota were the most
dominant phylum in the soils that were under continuous monocropping of proso
millet [Pennisetum glaucum (L.) R.Br.] in the Guan-Zhong Plain of China (Yang
et al. 2020). Though the relative abundance of Glomeromycota along with other
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Table 3.2 Diversity of arbuscular mycorrhizal (AM) fungal taxa associated with different millet

species

AM fungal species®

Millet species

References

Acaulospora bireticulata
F.M. Rothwell & Trappe

Eleusine corocana

Sunilkumar and Garampalli
(2010)

Acaulospora colombiana
(Spain & N.C. Schenck)
Kaonongbua, J.B. Morton &
Bever

E. corocana, Paspalum
scrobiculatum, Sorghum
bicolor

Carrenho et al. (2002); Mythili
and Ramalakshmi (2022);
Mythili et al. (2021)

Acaulospora delicata
C. Walker, C.M. Pfeiff. &
Bloss

Setaria italica

Mythili and Ramalakshmi
(2022)

Acaulospora denticulata
Sieverd. & S. Toro

Echinochloa frumantacea,
E. corocana, Panicum
sumatrense

Mythili and Ramalakshmi
(2022); Mythili et al. (2021);
Sunilkumar and Garampalli
(2010)

Acaulospora foveata Trappe
& Janos

Panicum miliaceum,
P. sumatrense, S. italica

Channabasava et al. (2015a)

Acaulospora laevis Gerd. &
Trappe

P. miliaceum, P. sumatrense,
S. italica

Channabasava et al. (2015a, b)

Acaulospora longula Spain & | S. bicolor Carrenho et al. (2002)
N.C. Schenck
Acaulospora morrowiae S. bicolor Friberg (2001)

Spain & N.C. Schenck

Acaulospora scrobiculata
Trappe

S. italica, S. bicolor

Carrenho et al. (2002); Mythili
and Ramalakshmi (2022)

Acaulospora spinosa
C. Walker & Trappe

P. miliaceum

(Channabasava et al. 2015b)

Ambispora leptoticha

(N.C. Schenck & G.S. Sm.)
C. Walker, Vestberg &

A. Schiiller

E. corocana, E. frumantacea,
P. scrobiculatum

Mythili and Ramalakshmi
(2022); Mythili et al. (2021)

Archaeospora trappei
(R.N. Ames & Linderman)
J.B. Morton & D. Redecker

P. miliaceum

Channabasava et al. (2015a, b)

Archaeospora undulata
(Sieverd.) Sieverd.,
G.A. Silva, B.T. Goto & Oehl

P. miliaceum, P. sumatrense,
S. italica

Channabasava et al. (2015a)

Claroideoglomus claroideum
(N.C. Schenck & G.S. Sm.)
C. Walker & A. Schiif3ler

E. frumantacea, E. corocana,
P. scrobiculatum,

P. miliaceum, P. sumatrense,
S. italica, S. bicolor

Channabasava et al. (2015a),
Friberg (2001); Mythili and
Ramalakshmi (2022); Mythili
et al. (2021); Carrenho et al.
(2002)

Claroideoglomus etunicatum
(W.N. Becker & Gerd.)
C. Walker & A. Schiifiler

E. corocana, S. italica

Mythili and Ramalakshmi
(2022); Mythili et al. (2021)

Claroideoglomus luteum
(L.J. Kenn., J.C. Stutz &
J.B. Morton) C. Walker &
A. Schiiller

E. corocana

Sunilkumar and Garampalli
(2010)

(continued)
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AM fungal species®

Millet species

References

Corymbiglomus globiferum
(Koske & C. Walker) Btaszk.
& Chwat

P. miliaceum, P. sumatrense,
S. italica, S. bicolor

Channabasava et al.
(20154, b); Carrenho et al.
(2002)

Dentiscutata erythropus
(Koske & C. Walker)
C. Walker & D. Redecker

E. frumantacea, E. corocana,
P. miliaceum, P. sumatrense,
S. italica

Channabasava et al. (2015a);
Mythili and Ramalakshmi
(2022); Mythili et al. (2021)

Dentiscutata heterogama
(T.H. Nicolson & Gerd.)
Sieverd., F.A. Souza & Oehl

E. corocana, S. bicolor

Carrenho et al. (2002); Kone
and Kante (2021); Sunilkumar
and Garampalli (2010)

Dentiscutata nigra
(J.F. Redhead) Sieverd.,
F.A. Souza & Oehl

P. miliaceum, P. sumatrense,
S. italica

Channabasava et al. (2015a)

Diversispora epigaea
(B.A. Daniels & Trappe)
C. Walker & A. Schiiler

P. miliaceum, P. sumatrense,
S. italica

Channabasava et al. (2015a)

Entrophosphora sp.1

P. sumatrense

Mythili and Ramalakshmi
(2022)

Entrophosphora sp.2

S. italica

Mythili and Ramalakshmi
(2022)

Entrophospora infrequens
(LR. Hall) R.N. Ames &
R.W. Schneid.

P. scrobiculatum, S. italica

Mythili and Ramalakshmi
(2022)

Funneliformis caledonius
(T.H. Nicolson & Gerd.)
C. Walker & A. Schiif3ler

P. miliaceum

Channabasava et al. (2015b)

Funneliformis coronatus
(Giovann.) C. Walker &
A. Schiiller

S. bicolor

Kone and Kante (2021)

Funneliformis dimorphicus
(Boyetchko & J.P. Tewari)
Oehl, G.A. Silva & Sieverd.

E. frumantacea, E. corocana,
P. miliaceum, P. sumatrense,
S. italica

Channabasava et al. (2015a);
Mythili and Ramalakshmi
(2022); Sunilkumar and
Garampalli (2010)

Funneliformis geosporus
(T.H. Nicolson & Gerd.)
C. Walker & A. Schiif3ler

E. corocana, P. miliaceum,
P. sumatrense, S. italica,
S. bicolor

Carrenho et al. (2002);
Channabasava et al. (2015a);
Mythili and Ramalakshmi
(2022); Mythili et al. (2021)

Funneliformis monosporus
(Gerd. & Trappe) Oehl,
G.A. Silva & Sieverd.

P. miliaceum, P. sumatrense,
S. italica

Channabasava et al. (2015a)

Funneliformis mosseae
(T.H. Nicolson & Gerd.)
C. Walker & A. Schiif3ler

E. corocana, P. miliaceum,
P. scrobiculatum,

P. sumatrense, S. italica,
S. bicolor

Carrenho et al. (2002);
Channabasava et al. (2015a);
Mythili and Ramalakshmi
(2022); Mythili et al. (2021)

Gigaspora decipiens 1.R. Hall
& L.K. Abbott

S. bicolor

Carrenho et al. (2002)

Gigaspora gigantea
(T.H. Nicolson & Gerd.)
Gerd. & Trappe

E. corocana, P. sumatrense,
P. scrobiculatum, S. bicolor

Friberg (2001); Mythili and
Ramalakshmi (2022)

(continued)
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Table 3.2 (continued)

AM fungal species®

Millet species

References

Gigaspora margarita
W.N. Becker & L.R. Hall

E. corocana, P. miliaceum,
P. scrobiculatum,
P. sumatrense, S. italica

Channabasava et al. (2015a);
Mythili and Ramalakshmi
(2022); Mythili et al. (2021)

Gigaspora rosea
T.H. Nicolson &
N.C. Schenck

P. miliaceum, P. sumatrense,
S. italica, S. bicolor

Channabasava et al.
(20154, b); Kone and Kante
(2021)

Glomus ambisporum
G.S. Sm. & N.C. Schenck

E. corocana

Sunilkumar and Garampalli
(2010)

Glomus bagyarajii
V.S. Mehrotra

P. miliaceum, P. sumatrense,
S. italica

Channabasava et al. (2015a)

Glomus citricola D.Z. Tang &
M. Zang

P. miliaceum, P. sumatrense,
S. italica

Channabasava et al. (2015a)

Glomus delhiense Mukerji,
Bhattacharjee & J.P. Tewari

P. miliaceum

Channabasava et al. (2015b)

Glomus flavisporum
(M. Lange & E.M. Lund)
Trappe & Gerd.

P. miliaceum, P. sumatrense,
S. italica

Channabasava et al. (2015a)

Glomus heterosporum
G.S. Sm. & N.C. Schenck

. miliaceum, P. sumatrense,
. italica

Channabasava et al. (2015a)

Glomus hoi SM. Berch &
Trappe

E. frumantacea, E. corocana,
. scrobiculatum,

Mythili and Ramalakshmi
(2022); Mythili et al. (2021)

Glomus macrocarpum Tul. &
C. Tul.

corocana, P. miliaceum,
. scrobiculatum,
. sumatrense, S. italica,

P.

S

P.

P. sumatrense
E.

P

P

S. bicolor

Carrenho et al. (2002);
Channabasava et al.

(2015a, b); Mythili and
Ramalakshmi (2022); Mythili
et al. (2021)

Glomus microcarpum Tul. &
C. Tul.

corocana, E. frumantacea,
sumatrense, S. italica

Mythili and Ramalakshmi
(2022); Mythili et al. (2021)

Glomus pubescens (Sacc. &
Ellis) Trappe & Gerd.

miliaceum, P. sumatrense,
italica

Channabasava et al. (2015a,
2015b)

Glomus reticulatum
Bhattacharjee & Mukerji

miliaceum, P. sumatrense,
italica

Channabasava et al. (2015a)

Glomus versiforme (P. Karst.)
S.M. Berch

corocana, P. miliaceum,
sumatrense, S. italica

TE ST TN

Channabasava et al. (2015a);
Sunilkumar and Garampalli
(2010)

Paraglomus albidum
(C. Walker & L.H. Rhodes)
Oehl, G.A. Silva & Sieverd.

E. corocana, P. miliaceum,
E. frumantacea,
P. scrobiculatum

Channabasava et al. (2015b);
Mythili and Ramalakshmi
(2022); Mythili et al. (2021)

Paraglomus albidum
(C. Walker & L.H. Rhodes)
Oehl, G.A. Silva & Sieverd.

P. miliaceum, P. sumatrense,
S. italica

Channabasava et al. (2015a)

Paraglomus brasilianum
(Spain & J. Miranda)
J.B. Morton & D. Redecker

E. frumantacea, E. corocana

Mythili and Ramalakshmi
(2022); Mythili et al. (2021)

(continued)
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AM fungal species®

Millet species

References

Paraglomus occultum
(C. Walker) J.B. Morton &
D. Redecker

S. bicolor

Friberg (2001)

Redeckera fulva (Berk. &
Broome) C. Walker &
A. Schiiller

P. miliaceum, P. sumatrense,
S. italica

Channabasava et al. (2015a, b)

Rhizoglomus
microaggregatum (Koske,
Gemma & P.D. Olexia)
Sieverd., G.A. Silva & Oehl

P. miliaceum, P. sumatrense,
S. italica, S. bicolor

Carrenho et al. (2002);
Channabasava et al. (2015a)

Rhizophagus aggregatus
(N.C. Schenck & G.S. Sm.)
C. Walker

E. frumantacea, E. corocana,
P. miliaceum, P. sumatrense,
S. italica

Channabasava et al.

(2015a, b), Mythili and
Ramalakshmi (2022) Mythili
et al. (2021)

Rhizophagus clarus

(T.H. Nicolson &

N.C. Schenck) C. Walker &
A. Schiiller

E. frumantacea, E. corocana,
P. miliaceum, P. sumatrense,
P. scrobiculatum, S. italica,
S. bicolor

Carrenho et al. (2002)
Channabasava et al.

(2015a, b), Friberg (2001),
Mythili and Ramalakshmi
(2022), Mythili et al. (2021),
Sunilkumar and Garampalli
(2010)

Rhizophagus fasciculatus
(Thaxt.) C. Walker &
A. Schiiller

E. corocana, P. miliaceum,
P. sumatrense, S. italica

Channabasava et al.
(2015a, b), Mythili et al.
(2021)

Rhizophagus intraradices
(N.C. Schenck & G.S. Sm.)
C. Walker & A. Schiifiler

E. corocana, E. frumantacea,
P. scrobiculatum, S. italica

Mythili and Ramalakshmi
(2022); Mythili et al. (2021)

Rhizophagus manihotis
(R.H. Howeler, Sieverd. &
N.C. Schenck) C. Walker &
A. Schiiller

E. corocana

Sunilkumar and Garampalli
(2010)

Sclerocystis dussii (Pat.)
Hohn.

P. miliaceum, P. sumatrense,
S. italica

Channabasava et al. (2015a, b)

Scutellospora biornata
Spain, Sieverd. & S. Toro

P. miliaceum, P. sumatrense,
S. italica

Channabasava et al. (2015a)

Scutellospora calospora
(T.H. Nicolson & Gerd.)
C. Walker & F.E. Sanders

P. miliaceum, P. sumatrense,
S. italica

Channabasava et al. (2015a, b)

Scutellospora gregaria
(N.C. Schenck &

T.H. Nicolson) C. Walker &
F.E. Sanders

S. bicolor

Kone and Kante (2021)

Septoglomus constrictum
(Trappe) Sieverd., G.A. Silva
& Oehl

E. frumantacea, E. corocana,
P. scrobiculatum

Mythili and Ramalakshmi
(2022); Mythili et al. (2021)

Sieverdingia tortuosa

(N.C. Schenck & G.S. Sm.)
Btaszk., Niezgoda &

B.T. Goto

E. corocana

Sunilkumar and Garampalli
(2010)

# Names of AM fungal species are presented in line with the current nomenclature
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®m Acaulospora 8 Ambispora 8 Archaeospora ® Claroideoglomus  ® Corymbiglomus
= Dentiscutata ® Diversispora u Entrophosphora = Funneliformis B Gigaspora

u Glomus u Paraglomus u Redeckera = Rhizoglomus Rhizophagus

= Sclerocystis u Scutellospora Septoglomus

Fig. 3.3 Diversity of species in different arbuscular mycorrhizal fungal genera reported from
millets

zygomycetous fungi was less than 2% of the total OTUs, it was significantly
different from soils that were under continuous monocropping of common bean
(Phaseolus vulgaris L.) and common buckwheat (Fagopyrum esculentum
Moench) (Yang et al. 2020). The rhizosphere of proso millet is also dominated by
Ascomycota followed by Mortierellomycota and Basidiomycota (Tian et al. 2022). An
analysis of the rhizosphere soils of 13 pearl millet lines from an experimental field at
Centre National de Recherches Agronomiques, Senegal revealed the dominance of
Ascomycota with a relative abundance of 38-62% followed by Basidiomycota with
1.6-19% and Glomeromycota with 0.1-2.8% (Ndour et al. 2021).

Land use could also elicit changes in the diversity of AM fungal communities. In
a recent study, Balami et al. (2021) have shown a shift in AM fungal communities
when fields under cultivation of millet or other crops were transformed into different
land usage. As OTUs of Acaulosporaceae, Claroideoglomeraceae, Gigasporaceae,
and Paraglomeraceae were significantly more abundant in soils that were under
agriculture, OTUs of Glomeraceae were least abundant in agricultural soils. How-
ever, OTUs of Glomeraceae dominated other land-use types like abandoned agri-
cultural fields and regenerated forests (Balami et al. 2021).

3.5 Influence of AM Fungi on Millet Growth and Yield

A large number of studies have shown that AM fungi either individually or along
with other plant growth-promoting microorganisms increase the growth of millets
(Table 3.3). The growth parameters that are normally influenced by AM fungi in
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millets include plant height, leaf number, and area, root architecture, and plant fresh
and dry weights (Watts-Williams et al. 2022). However, most of these studies are
conducted under controlled conditions using sterilized substrate and selected AM
fungal species. Sorghum plants when used as trap plants for isolating AM fungi in
soils containing different AM fungal spore densities were 3—52% taller, had 13—-26%
more leaves, and accumulated 3-37% more average biomass when compared to
plants growing in sterilized soils (Husein et al. 2022). Different AM fungal species
affect varied growth responses, in terms of biomass production and growth patterns
with plant species and their genotypes leading to the concept of AM fungi host
preference (Torrecillas et al. 2012).

Millet growth response tends to vary with host genotypes and AM fungal species.
In glasshouse conditions, most of the finger millet genotypes except VHC 4170 and
Khairna 24 inoculated with the AM fungi R. intraradices or Claroideoglomus
etunicatum accumulated more biomass and had reduced root/shoot ratios than
uninoculated control (Srivastava et al. 2014). Nevertheless, higher shoot dry weight
was found in all the finger millet genotypes inoculated with R. intraradices when
compared to C. etunicatum. This variation in response of genotypes to different AM
fungi was attributed to the varied dependency of the finger millet genotypes on
specific AM fungi (Srivastava et al. 2014). The responsiveness of millets to AM
fungi is also determined by the host plant-fungal genotype combinations in addition
to the fungal genotype. This is evidenced in a study by Watts-Williams et al. (2019),
where 15 diverse sorghum accessions were inoculated individually with four AM
fungal  species  (Rhizophagus  irregularis,  Diversispora  versiformis,
Claroideoglomus claroideum, and Gigaspora gigantea) or a combination of 2 AM
fungi (D. versiformis and C. claroideum). The sorghum lines exhibited a range of
growth responses to the different AM fungi with some genotypes responding better
than others to a particular fungus. However, this response was reversed with a
different fungus (Watts-Williams et al. 2019).

The dependency of finger millet on AM fungal symbiosis also differs with
cultivars. Kandhasamy et al. (2020) examined the mycorrhizal dependency of
10 genotypes of finger millet in a greenhouse experiment using two soil types.
The results of the study indicated that the presence of AM fungi positively
influenced plant growth and nutrient uptake. Further, the experiments also revealed
the existence of an interactive influence of plant genotypes and soil types on
mycorrhizal dependency in finger millet (Kandhasamy et al. 2020). Cobb et al.
(2016) examined the responsiveness of three landraces (Ajabsid, Macia, and Sureno)
and three hybrids (Dekalb, Pioneer, and Seneca) of sorghum to the presence of
indigenous AM fungi. The results of the study indicated that the biomass of sorghum
landraces increased by 206% compared to hybrids in the presence of AM fungi
(Cobb et al. 2016). Overall, it is evident that AM fungal inoculations generally
resulted in a positive response to plant growth in the millet species and their
genotypes.

The influence of AM symbiosis on the yield of millets is limited compared to
other cereal crops. Inoculation of specific AM fungi is shown to increase yield
parameters in foxtail millet (Setaria italica), kodo millet (Paspalum scrobiculatum),
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and proso millet under greenhouse conditions (Channabasava and Lakshman 2011;
Shishehbor et al. 2013). In their meta-analysis, Zhang et al. (2019a, b) indicated that
the influence of AM fungi on grain yield was less prominent under field and
noninoculation conditions. The grain yield was shown to increase by 16% in field
studies when crops like sorghum were inoculated with AM fungi. The presence of
AM fungi increased the grain yield of sorghum landraces by 285% compared to
hybrid sorghums grown in unfertilized soils under greenhouse conditions (Cobb
et al. 2016). Moreover, the total grain protein content of mycorrhizal sorghum
landraces was also 320% higher compared to hybrid sorghum cultivars. However,
sufficient data are unavailable to validate the AM response pattern on grain yield in
millets (Zhang et al. 2019a, b).

3.6 Mechanisms of Plant Growth Improvement

3.6.1 Changes in Root Architecture

The modifications in the root architecture are primarily an essential strategy to
improve nutrient uptake in plants. The alterations in the root morphology caused
due to soil environment decrease the metabolic cost for maintenance of the root
system and increase the nutrient uptake (Fernandez and Rubio 2015). Plants usually
enhance root growth characteristics such as specific root length, number, and
diameter of root hairs, or root/shoot ratio particularly, in nutrient deficient condi-
tions. The AM fungi are long known to induce changes in the root morphology and
development of the root system to increase plant growth and development under
normal and stressed conditions. The AM fungal colonization in the host plant
impacts the structure and function of the root system (Smith and Read 2008). One
of the important mechanisms involved in the modifications of the root system by AM
fungi includes the nutritional status of the plants (Yao et al. 2009; Nagaraj et al.
2021).

The AM fungi promote the formation of lateral roots and enhance root length and
diameter which can increase surface area and promote water and nutrient absorption
in plants (Shao et al. 2018). For instance, inoculation of F. mosseae or
R. intraradices in sorghum increased the root traits including total root length and
specific root length when compared to uninoculated plants (Sun and Tang 2013).
Alterations in root architecture include an increase in root/shoot ratio, modifications
in distribution of metabolites and root morphology (Igbal et al. 2020). Finger millet
plants raised in the presence of indigenous AM fungi increased the root/shoot ratio
than those raised in without AM fungi (Kandhasamy et al. 2020). Increased lateral
root formation influenced by AM fungal colonization has been associated with
enhanced plant nutrition. The AM fungi supply phosphate and N to the root cortex
directly from which nutrients are absorbed by particular plant ion transporters
restricted in the peri-arbuscular membrane (Yang et al. 2012).
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One of the commonly cited hypotheses states that the plants with coarse root
architecture possessing larger root diameter and fewer root hairs and density receive
more growth benefits from AM fungal colonization (Newsham et al. 1995; Smith
and Read 2008). This results from the capability of coarse roots to uptake only
limited nutrients, and thus depends on AM fungal hyphae to enhance their surface
area for nutrient absorption (Bates and Lynch 2001). Nevertheless, a meta-analysis
by Maherali (2014) suggested that having coarse root architecture does not essen-
tially predict the growth response of the plant host to mycorrhization. However,
several other studies have reported improved root growth such as enhanced root
branching and volume in response to AM colonization (Sukumar et al. 2013;
Ramirez-Flores et al. 2019).

The root architecture of plants is managed by genes, and most recent studies have
shown the molecular mechanisms of AM fungi involved in the root modification
through the RNA-sequence method. Moreover, Fusconi (2014) suggested that the
AM fungi influence the formation of lateral roots by regulating the metabolism of P,
carbohydrate, and plant hormones in the host plants. For instance, inoculation of
R. irregularis enhanced the formation of lateral roots through the P metabolism
pathway in plants. In addition, 909 differentially expressed genes related to plant
hormone, sugar, and P metabolisms were identified through RNA sequence analyses
indicating that AM fungi regulate the formation of lateral roots (Chen et al. 2017).
The modifications of gene expression in AM-inoculated plant roots have revealed
the molecular mechanism involved in the root architecture alterations stimulated by
the AM fungi (Chen et al. 2021). Although increased production of the lateral root
through stimulation of proliferation of lateral roots by RNA sequence method has
been reported in millets (Ahmad et al. 2018), the molecular mechanism of
AM-mediated root alterations in millets is yet to be explored.

The AM fungal colonization alters the concentrations of various plant hormones
like ethylene, cytokinins, some auxins, jasmonic acids, and strigolactones in roots
(Zhang et al. 2019a, b; Mishev et al. 2021). These plant hormones take place in the
modulation of plant root architecture (Zou et al. 2017; Sharma et al. 2021). Auxin
biosynthesis was stimulated in plants by AM fungal colonization which consequently
improved the root morphology (Liu et al. 2018). In addition, polyamines, a type of
plant hormone are involved in the lateral and adventitious root formation (Bose and
Howlader 2020). The root characteristics of plants are improved by AM fungi by
modifying the metabolism of endogenous polyamines (Wu et al. 2012; Yousefi et al.
2019). However, studies pertaining to changes in root characteristics induced by AM
fungal colonization through alterations in phytohormones is lacking in millets.

3.6.2 Increased Nutrient Uptake
3.6.2.1 Macronutrients

It is a well-known fact that AM fungi improve nutrient acquisition particularly,
phosphorus (P) by plants. The AM fungi significantly promote nutrient uptake
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especially macronutrients including P and nitrogen (N) by increasing the surface
area and by solubilizing sparsely accessible nutrients. In general, plants derive the
required nutrients from the soil through two pathways: (1) plant pathway by root
hairs and root epidermis directly or (2) by mycorrhizal or symbiotic pathway by
developing AM fungal structures including intaradical and extraradical hyphae,
hyphal coils, and arbuscules in the root cortex indirectly (Smith and Smith 2011).
The direct pathway of nutrient uptake takes place at the soil-root interface in which
plants uptake P, N, or potassium (K) directly from the soil. In the symbiotic pathway,
P is captured from surrounding soil through fungal phosphate importers by
extraradical mycelium to intraradical mycelium (Wang et al. 2017). Likewise, nitrate
and ammonium are absorbed by extraradical mycelium of AM fungi which is
converted into glutamine and then into arginine (Smith and Read 2008). The
phosphate and ammonium importers existing in the perifungal membrane are
expressed in mycorrhizal plants (Smith and Smith 2011). The arbuscules and hyphal
coils present around the perifungal membrane are activated by H'-ATPase
(Rosewarne et al. 2007).

The role of AM fungi in phosphate uptake is mostly ascribed to (1) extension of
soil surface or volume by extraradical mycelium which scavenges phosphate and
transports it to the root cortex (Jakobsen et al. 2001); (2) the diameter of AM fungal
hyphae which permits the penetration of fungus to small soil cores to scavenge P and
increase the level of P influx per surface area (Sharif and Claassen 2011); (3) ability
of AM fungi to accumulate or store P in other forms like, polyphosphates, that
permits the fungus to maintain a low concentration of internal phosphate and
effective P transport to intraradical mycelium from extraradical mycelium (Hijikata
et al. 2010); and (4) production of organic and acids phosphatase enzymes that
promotes the liberation of P from insoluble organic phosphate sources (Sato et al.
2019). In addition, AM fungi express P transporters with high affinity in the
extraradical mycelium for uptake of P from the soil. The availability of external P
concentration and requirement of P by AM fungi can modulate the expression of P
transporters (Calabrese et al. 2019). The genes of the phosphate transporter] (PHT1)
family have a crucial role in the uptake of inorganic phosphate from soil (Liu et al.
2016). For example, Ceasar et al. (2014) analyzed the effect of AM fungal coloni-
zation (F. mosseae) and different concentrations of inorganic P on foxtail millet
growth. Around 12 genes of the PHT1 family were identified in foxtail millet
through bioinformatic analysis and these genes showed different expression patterns
depending on P level, plant tissue, and AM colonization. The study indicated that
these transporters could play an important role in increasing P uptake in foxtail millet
(Ceasar et al. 2014). Likewise, Pudake et al. (2017) cloned four phosphate trans-
porter genes from finger millet for analyzing role of AM fungi (G. intraradices) in P
uptake and revealed that EcPT4 gene was specific to AM fungi and expression of
EcPT4 gene was greater in finger millet roots where the AM colonization levels was
high. In addition, the gene expression level of EcPTI-4 was constant with P
acquisition in finger millet seedlings under P stress (Pudake et al. 2017).

Nitrogen is an important macronutrient for plants that are limited in soils. Like P,
AM fungi also contribute to the uptake of N in plants. In addition, Reynolds et al.



56 T. Muthukumar and R. Koshila Ravi

(2005) indicated that increased P uptake can improve the N acquisition in plants.
Several studies have shown that colonization by AM fungi has enhanced N uptake in
host plants using '*N-labelled substrates (Barrett et al. 2011; Zhu et al. 2016). The
extraradical mycelium of AM fungi absorbs inorganic N and incorporates into amino
acids through glutamine synthetase, glutamine oxoglutarate aminotransferase path-
way, and convert into arginine (Jin et al. 2005). Arginine is transferred to intraradical
mycelium via fungal hyphae and converted into urea and ornithine in the intraradical
mycelium. Later, urea undergoes hydrolyzation and forms ammonia that is liberated
to the mutualistic interface and thus acquired by the plants (Govindarajulu et al.
2005; Cruz et al. 2007). In addition, some of the ammonium transporters such as
GintAMTI and GintAMT3 are involved in the ammonium uptake in host plants that
are expressed in both extraradical and intraradical mycelium of AM fungi (Pérez-
Tienda et al. 2011; Calabrese et al. 2016). Inoculation of C. etunicatum and
Claroideoglomus lamellosum in foxtail millet plants increased N and K uptake
when compared to noninoculated plants (Suharno et al. 2021).

The uptake of P and N by AM symbiosis is largely explored when compared to
symbiotic K acquisition in plants (Liu et al. 2018). However, AM fungi increase K
uptake and tissue K content in several plant species (Zhao et al. 2015; Zhang et al.
2017) which indicates symbiotic K uptake in plants. For instance, inoculation of AM
fungi increased the uptake of K in the shoot and roots of sorghum (Nakmee et al.
2016). The K transporters of AM fungi participating in the uptake of K from soil to
plants are scarce. Casieri et al. (2013) recognized four K" transporters from
sequences of R. irregularis. Moreover, LjHAK transporter (KT/KUP/HAK), a
plant K transporter was upregulated in AM-inoculated Lotus corniculatus
L. roots when compared to uninoculated roots (Guether et al. 2009). The whole
genome RNA sequencing of AM plants raised under K-deficient conditions was
shown to upregulate putative transporter gene K*/H" (Garcia et al. 2017). Due to
insufficient data, the mechanism underlying symbiotic K uptake in plants has not
been explored well.

3.6.2.2 Micronutrients

Besides macronutrients, micronutrients such as manganese (Mn), magnesium (Mg),
Fe, Zn, and copper (Cu) are essential for plant growth. The AM fungi can increase
the availability of these micronutrients and transport them to plants from nutrient-
limited soils (Briccoli Bati et al. 2015; Watts-Williams et al. 2022). The extraradical
mycelium of AM fungi explores the rhizosphere and helps in the uptake of immobile
or low-mobility micronutrients (Saboor and Ali 2021). In a recent study,
upregulation of MtZIP14, a putative Zn transporter gene has been identified through
RNA sequence analysis in R. irregularis-inoculated plant roots which revealed the
role of AM fungi in Zn transport to the host plant through the peri-arbuscular
membrane (Watts-Williams et al. 2020). The AM fungal inoculation enhanced the
Zn and Cu uptake in finger millet when compared to uninoculated plants (Tewari
et al. 1993). In another study, the application of AM fungal consortia consisting of



3 Biodiversity of Arbuscular Mycorrhizal Fungi and Its Impact on Millets Growth 57

R. fasciculatus, R. intraradices, F. mosseae, R. aggregatus, Acaulospora mellea,
and Sclerocystis in pearl millet-enhanced soil micronutrients such as Zn, Cu, Fe, and
Mn essential for growth (Sharif et al. 2011). Similarly, in a pot experiment, pearl
millet and sorghum treated with P and AM fungi enhanced the Zn, Ca, and Mg
uptake by 2.5 folds (Bagayoko et al. 2000).

3.6.3 Higher Nutrient-Use Efficiencies

Maintenance of higher crop production along with higher nutrient-use efficiency
(NUE) has become more challenging worldwide with the growing population,
reduction of natural resources, and environmental conditions. The NUE is the
capability of crops to acquire and utilize nutrients for attaining maximum grain
yields (Baligar et al. 2001). Nutrient-use efficiency is a crucial approach for moni-
toring crop production which is mostly influenced by plant and soil-water relations
and fertilizer management (Baligar et al. 2001). Millets are important crops rich in
nutrients and also help in increasing food and nutritional security. However, the
production of millets is affected by environmental stress conditions and deficient soil
nutrients subsequently resulting in decreased grain yield. Therefore, increasing NUE
in plants could enhance crop yields; improve soil and water relations and decrease
the cost of nutrient input (Gupta et al. 2012). Numerous studies have reported the
improvement in NUE in various millets under different environmental conditions.
For example, pearl millet treated under different available soil water levels (40%,
60%, 80%, and 100%) with different concentrations of N fertilizers (0, 75, 150, and
225 kg/ha) increased N-use efficiency and N utilization under full irrigation (100%)
and maximum concentration of N fertilizer at 225 kg/ha (Rostamza et al. 2011).
The application of beneficial microorganisms including AM fungi is one of the
approaches to enhance NUE in addition to nutrient uptake in crops. For example, in a
greenhouse study, Channabasava et al. (2015a) carried out an experiment using kodo
millet to examine the mycorrhizoremediation of different rates of fly ash (2%, 4%,
and 6%) with or without R. fasciculatus inoculation. The study revealed that the
NUE of P, K, Ca, Mg, and sodium (Na) was significantly affected by AM fungus and
various levels of fly ash. Application of AM fungus decreased (9—43%) the P-use
efficiency of kodo millet when compared to plants treated with fly ash. Nevertheless,
the efficiency of other nutrients such as K, Ca, Mg, and Na was improved with AM
fungus inoculation than noninoculated plants treated with 4% fly ash. Also,
AM-inoculated kodo millet treated with or without 2% fly ash also recorded higher
K and Mg-use efficiency than uninoculated plants. Overall, kodo millet plants
amended with the highest rate of fly ash in the absence of AM fungi increased the
NUE (Channabasava et al. 2015a). Besides NUE, the plant growth, nutrient uptake,
and grain yield were increased with AM fungus inoculation in kodo millet-plants
with or without fly ash treatments (Channabasava et al. 2015a). The reduced NUE in
AM-inoculated plants could be attributed to enhanced nutrient concentration in
plants with ample application of nutrients (Koide 1991). The response of NUE to
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AM fungi in millets is still obscure due to the lack of studies. Therefore, research
should be focused on the application of AM fungi on NUE in millets in the future.

3.6.4 Improved Water Relations

The AM fungi improve water uptake by plants under both stressed and normal
conditions. Similar to nutrient uptake, the AM fungal hyphae extend beyond the
rhizosphere and transfer water from the soil to plants (Augé 2004). Nevertheless,
water uptake through AM fungi has been reported to be low or negligible than plant
transpiration demands (Piischel et al. 2020). Therefore, passive water transport is
considered to be more significant than active water acquisition by fungal hyphae
(Smith et al. 2010). In the passive transport, the AM fungi increase the water uptake
by enhancing the soil hydraulic conductivity (Bitterlich et al. 2018). The extent of
water distribution through AM fungi reflects both soil hydraulic properties and
concentration of soil water, depending upon the nature of soil pores (Zhu et al.
2015). In addition, AM fungi can directly improve water relations by modulating
transpiration and photosynthetic rates, promoting root water uptake and leaf water
potential (Augé 2004). The water uptake through AM symbiosis are related to plant
morphology and the soil environment. The AM fungal hyphae form a dense network
by branching dichotomously and these absorbing networks could explore the soil
away from the roots (Jansa et al. 2003). These branched fungal hyphae enhance the
surface area for absorption and promote plant water uptake over certain distances
through which hyphae could capture water from small soil pores that are unreachable
to the roots (Piischel et al. 2020). In addition to branched fungal hyphae, runner
hyphae could serve as a pathway for the transport of water by potentially extending
the plant roots to reach remote inaccessible water resources (Bitterlich and Franken
2016). Under water-deficit conditions, the AM fungi improve the host plant growth
by increasing the stomatal conductance, transpiration rates, and production of
antioxidant enzymes to counteract oxidative stress. Some of the millets such as
pearl millet, finger millet, foxtail millet, and sorghum plants inoculated with AM
fungi have shown to mitigate drought stress by increasing the relative water content,
chlorophyll, enhanced production of antioxidants, and non-antioxidant enzymes
such as proline, catalase (CAT), guiacol peroxidase, and peroxidase (POD) (Fabbrin
et al. 2015; Caruso et al. 2018; Thangaraj et al. 2022; Tyagi et al. 2017a, b, 2021).

3.6.5 Mitigation of Heavy Metal Stress

Arbuscular mycorrhizal symbiosis also alleviates heavy metal toxicity in plants. An
investigation of the effects of AM fungal (consortium of 10 species belonging to
Glomeraceae and Acaulosporaceae) inoculation on pearl millet growth and yield in
soils spiked with different concentrations of cadmium (Cd) indicated an increased
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growth and yield of pearl millet in response to AM fungal inoculation (Mohamad
etal. 2011). In addition, AM fungal inoculation also reduced the Cd accumulation in
shoots and the bioconcentration factor in pearl millet (Mohamad et al. 2011).
Inoculation of foxtail millet with the AM fungus R. fasciculatus in soils amended
with different proportions of Fe ore mine soils under greenhouse conditions indi-
cated that inoculation of R. fasciculatus along with 25% mine spoil amendment
enhanced the growth and grain yield of foxtail millet and the soil microbial density
than those raised in 50% and 75% of mine spoil amendment (Lakshman and
Channabasava 2013).

Similarly, in a greenhouse study inoculation of finger millets with isolates of
Gigaspora, Glomus, and Scutellospora in soils spiked with different concentrations
of Zn (0450 mg/kg) showed that the isolate of Glomus tolerated the different levels
of Zn in the soil and improved the growth of finger millet during various stages of
plant growth (Krishna et al. 2013). In a later study (Krishna and Sachan 2017), the
same Glomus isolate was also shown to tolerate different levels of Cd in the soil and
improved finger millet growth in soils spiked with different concentrations of Cd
under greenhouse conditions. In a recent study, Shen et al. (2022) examined the
influence of AM fungi and soil waste-based soil conditioner on foxtail millet
production and the safety of the millet grains under field conditions. The results of
the study indicated that AM symbiosis increased the millet yield by 19.5% compared
to control and this was further increased to 28% in the presence of a water-based soil
conditioner. Besides AM fungal association also reduced the calculated pollution
indices and translocation factor to safer levels. The hazard quotient and hazard index
for the millet grains were less than one suggesting the absence of any potential health
risk for human consumption (Shen et al. 2022). These studies clearly show that AM
fungi can reduce the negative influence of heavy metals on millet growth and yield.
The AM-mediated heavy metal tolerance in plants involves several direct and
indirect mechanisms as recently reviewed by Janeeshma and Puthur (2020) and
Riaz et al. (2021).

3.6.6 Changes in Soil Structure

The AM fungi contribute to increased plant productivity by improving soil fertility
and inducing beneficial changes for maintaining soil stability and structure. The
dense external AM hyphal network forms a three-dimensional matrix that traps and
connects soil particles without compaction (Leitheit et al. 2014). The AM fungi
influence the soil structure by binding soil particles to external AM hyphae,
entangling microaggregates to macroaggregates through fungal hyphae, and supply-
ing carbon sources for microbes and plants (Zhang et al. 2020). The AM fungal
hyphae are regarded as primary soil aggregators and a linear relationship is known to
exist between AM hyphal length and stability of soil aggregates. Moreover, AM
fungi stabilize soil aggregates and enhance the growth of other organisms in the soil
by supplying photosynthetically fixed carbon into the rhizosphere (Rillig et al.
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2015). The AM fungi may influence soil aggregation by forming skeletal structures
to retain the minerals in the soil.

The AM fungi produce an important soil-related glycoprotein known as glomalin
which is hydrophobic and serves as a binding agent in soil. Glomalin is usually
accumulated in the outer walls of fungal hyphae and nearby soil particles (Rillig
2004). This glycoprotein enhances water-holding capacity, and plant production,
maintains soil aggregation; improves soil fertility and soil aeration (Fokom et al.
2013; Rillig et al. 2015). For instance, individual or combined inoculation of
F. mosseae, R. fasciculatus, and Gigaspora decipiens in pearl millets raised in
barren soil conditions revealed increased plant growth and total glomalin and easily
extractable glomalin content with dual inoculation of F. mosseae and R. fasciculatus
when compared to other AM-inoculated and uninoculated treatments (Pal and
Pandey 2017). Similarly, in a recent study, Mythili and Ramalakshmi (2022)
examined the AM fungal communities and metabolites including total glomalin
associated with five minor millets [finger millet, little millet (Panicum miliare),
foxtail millet, kodo millet, and barnyard millet] collected prior to cultivation (soil
type) and during the cultivation of millets (crop type) in three different soil types.
The results of the study revealed a greater concentration of glomalin in the sandy
loam soils when compared to sandy clay soils and the highest total glomalin content
was reported in kodo millet and the lowest in little millet. Also, the glomalin content
was linearly correlated to organic matter and spore density in crop type (Mythili and
Ramalakshmi 2022). Therefore, AM fungi could enhance soil fertility and improve
plant productivity through increased production of glomalin in the soil.

3.6.7 Interactions with Other Microorganisms

The AM fungi are regarded as natural bioinoculants in the agricultural crop produc-
tion owing to its ability to enhance plant productivity and synergetic interaction with
other beneficial soil microorganisms. Interactions between AM fungi and plant
growth-promoting microbes increased plant growth and nutrient uptake in millets.
The combined inoculation of N-fixing bacteria (Azospirillium brasilense),
phosphate-solubilizing bacteria (Bacillus polymyxa), and AM fungi (F. mosseae)
increased plant growth, plant height, shoot and root dry weights, and P and N uptake
in finger millet when compared to uninoculated, individual, and dual inoculated
plants thus exhibiting synergistic effect among these organisms (Ramakrishnan and
Bhuvaneswari 2014). Similarly, Dhawi et al. (2018) reported enhanced shoot length,
plant biomass, chlorophyll content, and total sugars in foxtail millet inoculated with
plant growth-promoting bacteria (Pseudomonas), endomycorrhiza (R. intraradices,
F. mosseae, R. aggregatus and C. etunicatum), and combination of
ectoendomycorrhizal species (Rhizopogon villosullus, Rhizopogon luteolus,
Rhizopogon amylogpogon, Rhizopogon fulvigleba, Pisolithus tinctorius, Sclero-
derma cepa, and Scleroderma citrinum) when compared to noninoculated plants.
In addition, the co-inoculation of plant growth-promoting bacteria with ecto-/
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endomycorrhizal species increased 28 metabolites in shoots of foxtail millet (Dhawi
et al. 2018). The AM fungi benefit the plants under abiotic stresses through interac-
tive effect with other soil organisms. For example, combined inoculation of
R. intraradices with Streptomyces spp. and Pseudomonas spp. in finger millet
significantly improved shoot length, root length, shoot and root biomass under
both well-watered and water-deficit conditions over uninoculated plants. Further,
proline and superoxide dismutase (SOD) contents were increased under water stress
in finger millet upon combined inoculation when compared to noninoculated plants
(Kamal et al. 2015).

3.7 Growth Improvement in Stressed Environment

Soil salinity and drought are the two important factors that affect crop growth and
yield worldwide. Symbiosis with AM fungi is shown to improve plants tolerance to
different types of stresses. The role of AM fungi in improving plants tolerance to
various abiotic stresses is more pertinent to millets as many of these are grown under
rainfed conditions on marginal lands (Table 3.4).

3.7.1 Salinity Stress

Sweet sorghum cultivars (Liaotian5 and Yajin2) inoculated with the AM fungus
A. mellea and grown under different concentrations of NaCl (0-3 g NaCl/kg soil)
exhibited more biomass and nutrient uptake compared to noninoculated plants
(Wang et al. 2019). Moreover, A. mellea symbiosis increased the soluble sugar
concentrations and activities of CAT, POD, and SOD activities in leaves. Among
the two cultivars, Yajin2 with low salt tolerance exhibited a higher response to
A. mellea inoculation than LiaotianS (Wang et al. 2019). Inoculation of F. mosseae
and Funneliformis geosporus isolated from sodic soils improved the colonization
and arbuscular abundance in sorghum in sodic and plant growth parameters like
height and fresh and dry biomasses and root/shoot ratio in sodic and saline soils
(Chandra et al. 2022). In addition, the uptake of P, tissue nutrient content, and K*/
Na* ratio was more in AM fungi-inoculated soils. In addition, AM fungal inocula-
tion also increased the soil P levels, glomalin, and soil enzymes like dehydrogenase
and alkaline phosphatase (Chandra et al. 2022).

Although AM fungal symbiosis is generally known to positively influence millet
growth under salinity, some field studies also indicate the lack of response of millets
to AM fungal inoculation under salinity stress. For instance, field inoculation of
proso millet genotypes (Unikum and Kinelskoje) with a commercial AM fungal
inoculum consisting of F. mosseae, R. intraradices, and Glomus spp. revealed that
though AM fungal inoculation increased fresh biomass yield of proso millet under
normal conditions, it failed to influence fresh biomass under salt stress (Caruso et al.
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2018). These studies along with those summarized in the Table 3.4 clearly show that
AM fungi can play an important role in the growth of millets in salt-affected soil.
Nevertheless, more field studies are necessary to determine if these works under field
conditions as crops growing in fields are already colonized by indigenous AM fungi.

3.7.2 Drought Stress

Inoculation of forage sorghum with F. mosseae had improved plant growth and
accumulated more dry matter and more specific leaf area and life span under
simulated drought conditions (Sun et al. 2017). Foxtail millet inoculated with
R. intraradices and subjected to water stress (—0.68 MPa) under greenhouse condi-
tions were taller, and had greater collar diameter, panicle height, panicle weight, and
grain weight (Gong et al. 2015). In addition, the SOD, CAT, POD, and glutathione
reductase (GR) activities of mycorrhizal foxtail millet plants were higher. Moreover,
the mycorrhization of foxtail millet also reduced the concentrations of H,O,, O,
and malondialdehyde (MDA), when compared with non-mycorrhizal foxtail millet
under both well-watered and water-stressed conditions. The results demonstrated
that R. intraradices-inoculated foxtail millet showed higher drought tolerance by
improving their growth and productivity, reactive oxygen species (ROS), and
antioxidant enzyme activities when compared with non-mycorrhizal foxtail millet
plants under drought stress (Gong et al. 2015).

Symbiosis with R. intraradices increased the drought tolerance in finger millet
(Tyagi et al. 2021). The positive influence of R. intraradices on finger millet under
severe drought stress was exemplified by increased plant growth, P uptake, and
chlorophyll content in leaves. Moreover, mycorrhizal finger millet plants under
drought stress had increased levels of osmolytes like soluble sugars and proline.
The leaves of finger millet accumulated more phenols, and the root flavonoid content
of mycorrhizal plants was 16% more than non-AM plants. Contrarily, the leaf lipid
peroxidation of AM finger millet seedlings was 29% less compared to
non-mycorrhizal seedlings. The leaf ascorbate level was 25% higher and the gluta-
thione (GSH) levels increased to a maximum of 182% in AM plants under severe
stress (Tyagi et al. 2021). The influence of AM fungi-improving plant growth and
stress tolerance under drought conditions was reported to be almost similar or
superior to other plant growth-promoting endophytic fungi. For example, in a
comparative study, Tyagi et al. (2017a) showed that finger millet plants inoculated
with either R. intraradices or Piriformospora indica exhibited better drought toler-
ance through increased chlorophyll content, enriched osmoregulation activity, and
strong antioxidant defense system. However, R. intraradices colonized finger millet
plants accumulated more biomass, total soluble sugars, phenols, and proline com-
pared to plants colonized by P. indica. Moreover, R. intraradices effectively reduced
the electrolyte leakages as well as the MDA and H,O, content in finger millet plants
than P. indica under drought stress.
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In addition to the direct influence of AM fungi on millet growth under drought
stress conditions, millets also benefit from AM symbiosis indirectly. In a
compartmented microcosm study, the uptake of deuterium-enriched water by pigeon
pea [Cajanus cajan (L.) Millsp.] plants from the deeper profile of the soil was shown
to be transferred to roots of finger millet lying in the drier profile of the soil through
the common mycelial network (CMN) between pigeon pea and finger millet formed
by the AM fungi comprising of R. irregularis (strain BEG-75) or R. fasciculatus and
Ambispora leptoticha (Singh et al. 2019). A subsequent study (Singh et al. 2020)
also revealed that pigeon pea can promote water relations of finger millet during
drought. The improved water relations in finger millet through CMN resulted in
maintenance of the stomatal conductance; reduce foliar damage and subsequently
the mortality of finger millet plants under drought. Nevertheless, pigeon pea exerted
strong competition with finger millet when connected by the CMN before the onset
of drought. The results suggest that the role of CMN in plant benefit in an
intercropping system involving CMN can vary under sufficient moisture and drought
conditions (Singh et al. 2020). These studies do indicate that AM fungal symbiosis is
a potential method for improving the performance of millets under drought condi-
tions and AM fungi modulate the drought tolerance in millets through improved
photosynthetic efficiency, enhanced osmoregulation, and an efficient antioxidant
system (Fig. 3.4).

3.8 Millets in AM Fungal Inoculum Production

Millets like sorghum and finger millet are often used as the host for trapping AM
fungi. For example, sorghum when used as the host plant in trap culture increased the
AM fungal propagules by 3.43 folds (222 spores to 761 spores/100 g trap medium)
to 30.31 folds (13 spores to 394 spores/100 g trap medium) (Husein et al. 2022). The
AM fungal hyphal density was 61.8 + 1.7 cm g~ ' dry substrate with a spore number
of 1149 + 41 kg~ ' dry substrates. Further, sorghum aided the sporulation of eight
AM fungal taxa in the rhizosphere (Husein et al. 2022). Similarly, sorghum was able
to support the sporulation of 86% of the 14 AM fugal taxa present in the rhizosphere of
maize. Of the different species of AM fungi that sporulated with sorghum as host
plant, Funneliformis geosporum, Rhizoglomus microaggregatum, and C. claroideum
constituted 71% of the total spore numbers (Carrenho et al. 2002). Harinikumar and
Bagyaraj (1988) found that the production of infective propagules and spores of AM
fungi in finger millet was next to that of groundnut (Arachis hypogea L.).

On-farm production of inoculum of F. mosseae using finger millet for fruit crops
was developed by Mohandas et al. (2002). Raising finger millet in formaldehyde
pre-fumigated soil resulted in an inoculum with a spore count of 40—70 spores/g soil.
Likewise, solarization of soil before growing finger millet resulted in spore numbers
of 50—60 spores/g soil. These methods resulted in the production of around 4 tons of
AM fungal inoculum in an area of 25 m? in 12 weeks (Mohandas et al. 2002). The
cost of inoculum production in India was calculated as Rs. 3/kg using soil and as
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Fig. 3.4 Mechanisms involved in arbuscular mycorrhizal symbiosis-mediated alleviation of salt
and drought stress in plants. Blue arrow is indicative of the plant, biochemical, and soil parameters
that are increased and those indicated by brick red arrow that is decreased. SOD superoxide
dismutase, CAT catalase, POX peroxidase, GR glutathione reductase, Ca** calcium, Mgz+ magne-
sium, Na* sodium, K* potassium, CI~ chlorine, B boron

Rs. 15/kg when using soilrite: cocopeat mixture (https://www.iihr.res.in/large-scale-
production-vesicular-arbuscular-mycorrhizal-fungi-finger-millet). Alley cropping of
finger millet increased the infective propagules of AM fungi in the soil by 3.8-4.0
folds compared to pigeon pea and peanut (Balakrishna et al. 2017). The fibrous and
elaborate root systems of millets make them attractive hosts to bait out AM fungi and
large-scale production of AM fungal inoculum.


https://www.iihr.res.in/large-scale-production-vesicular-arbuscular-mycorrhizal-fungi-finger-millet
https://www.iihr.res.in/large-scale-production-vesicular-arbuscular-mycorrhizal-fungi-finger-millet
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3.9 Factors Affecting AM Symbiosis

3.9.1 Fungicides

Like other field crops, millets are also affected by a wide range of pathogens causing
considerable yield loss. For instance, the finger blast disease caused by Magnaporthe
oryzae is widespread in finger millet growing areas and is one of the most devastat-
ing diseases as it affects the crop during all the growth stages and can reduce the
grain yield upto 100% (Mbinda and Masaki 2021). A large number of fungicides are
used to control the various pathogens that attack the millets. These fungicides in
addition to controlling the desired mycopathogens can also affect nontarget fungi
like the AM fungi. Though the role of biocides especially fungicides on soil
microflora is well reported, studies on the effect of fungicides on AM symbiosis in
millets are very limited (Rejali et al. 2022). Channabasava et al. (2015b) examined
the influence of two systemic fungicides (Bavistin and Benomyl) and two
nonsystemic fungicides (Captan and Mancozeb) on R. fasciculatus-proso millet
symbiosis under greenhouse conditions. Application of recommended levels of
Captan enhanced the AM fungal colonization of roots, AM spore numbers, growth,
and yield parameters in proso millet compared to other fungicides. Contrarily,
Benomyl had a significant negative influence on all the AM, plant growth, and
yield parameters, and the influence of Bavistin and Mancozeb in proso millet was
variable (Channabasava et al. 2015b).

An examination of soil application of systemic fungicide Bavistin and
nonsystemic fungicides Copperthom, Cuman, and Sulfex at the prescribed levels
indicated an increased AM colonization in finger millet by Bavistin and Copperthom
and Cuman in kodo millet and proso millet, respectively, at all stages of plant growth
(Udaiyan et al. 1999). Nevertheless, the influence of fungicides on AM fungal spore
numbers in the soil varied with fungicides and plant growth stages. For example,
Bavistin increased AM fungal spore numbers in finger millet 90 days after seed
emergence, such a response in proso millet occurred in Cuman-drenched soils and
for kodo millet in Copperthom- and Sulfex-applied soils (Udaiyan et al. 1999).
These studies suggest that the influence of fungicides on AM symbiosis in millets
could vary with millet species, type of fungicides, and the growth stage of the crop
species.

3.9.2 Tillage

Tillage is one of the agronomic practices that are used in the preparation of the field
for crop production. Although various types of benefits are ascribed to different
types of tillage, it could also affect biological carbon sequestration and greenhouse
gas production (Mehra et al. 2018). Studies have shown that efficient tillage along
with other agronomic management can increase the growth and yield of millets like
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pearl millet and finger millet (Sankar et al. 2012; Sidar et al. 2017). However, soil
tillage has been shown to negatively affect the AM fungal propagules present in the
soil resulting in reduced mycorrhization of roots and early uptake of P by plants
(Wilkes et al. 2021). The negative influence of tillage on AM symbiosis was
attributed to the disturbance of the extraradical network of AM fungal hyphae in
the soil. Another impact of tillage on AM symbiosis is the changes in the compo-
sition of AM fungal communities. For example, long-term uses of tillage like
mouldboard-plowing have been shown to reduce the percentage of taxa belonging
to Glomus and Septoglomus in the AM fungal community (Lu et al. 2018). In
contrast, zero or no tillage conserves the diversity and richness of AM fungal
communities and the efficient functioning of the symbiosis (Wilkes et al. 2021). In
a study examining the impact of tillage on the diversity of AM fungi associated with
certain subtropical crop species, Alguacil et al. (2008) showed that the different
types of tillage reduced root colonization by native AM fungi in sorghum by 25%,
and the AM fungal taxa colonizing the roots. The number of restriction fragment
length polymorphism (RFLP) clones from sorghum roots were 3-folds lower under
tillage compared to no-till condition (Alguacil et al. 2008).

3.9.3 Fertilizers

Inorganic fertilizer amendment is inevitable in modern agriculture, which involves
plant varieties or cultivars that are bred for quick growth and higher yields. Although
millets are often cultivated in marginal land with minimum inputs still inorganic
fertilizers are applied for optimum growth and yield of millets (Patil et al. 2015;
Juhaeti et al. 2021). Some recent studies have shown inoculation of AM fungi and
other growth-promoting microorganisms can reduce the fertilizer need for millets. A
field study spanning over two growing in two different sites (Kolli Hills and
Bangalore) in India indicated that inoculation of AM fungi R. fasciculatus and
A. leptoticha along with plant growth-promoting bacterium Pseudomonas sp. at
three recommended levels of mineral fertilization (0%, 50%, or 100% recommended
dose of fertilizer) increased grain yields of finger millets when inoculated with both
AM fungi and plant growth-promoting rhizobacteria at 50% recommended dose of
fertilizer (Mathimaran et al. 2020).

In general, the application of inorganic fertilizers especially phosphatic fertilizers
to soils is shown to negatively influence AM symbiosis and mycorrhizal dependency
of crop species. Contrarily, the application of phosphatic fertilizers to soils that are
deficient in P has shown to positively influence AM symbiosis and plant benefits.
Inoculation of pearl millet and sorghum with F. mosseae with recommended levels
of P in the form of monopotassium phosphate to P-deficient soil did not negatively
influence mycorrhization of the millets (Bagayoko et al. 2000). Moreover, the
AM-mediated plant growth estimated as the dry mass in pearl millet and sorghum
was strongly dependent on P application as F. mosseae inoculation failed to increase
plant dry weight in the absence of P application. However, in the presence of P
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application, the shoot and root dry weights of F. mosseae-inoculated millets were
increased by 7-8 folds (Bagayoko et al. 2000).

3.9.4 Crop Rotation

Cultivating different crops in succession brings about different economic and envi-
ronmental benefits and also plays an important role in the long-term management of
agricultural soils. Nevertheless, crop rotation can have a significant influence on AM
fungal symbiosis. This stems from the fact that different crop species differ in their
dependence on mycorrhizal symbiosis and their ability to affect the density and
diversity of AM fungal propagules in the soil (Castillo et al. 2006; Berruti et al.
2018). Cultivation of non-mycorrhizal hosts like mustard (Brassica juncea L.) after
finger millet reduced the propagules of AM fungi by 13% affecting the
mycorrhization and inoculum buildup by the succeeding crop cowpea [Vigna
unguiculata (L.) Walp.] (Harinikumar and Bagyaraj 1988).

Cultivation of pearl millet after maize or soybean increased the abundance of
indigenous AM fungal spores when compared to other crops like pigeon pea, sunn
hemp (Crotalaria juncea L.), and Brachiaria (Brachiaria ruziziensis Germ. &
C.M. Evrard) despite the low AM colonization in roots compared to these plant
species (Arruda et al. 2021). Moreover, pearl millet depleted the soil labile P pool
minimally when compared to other rotational crop species. This is evidenced by the
reduced uptake of nutrients like N, P, and K (Arruda et al. 2021). In another study,
cultivation of pearl millet as a winter crop in the soybean-corn summer crop rotation
system increased the extraradical soil hyphae of AM fungi by 2-110% compared to
other winter crops like oilseed radish (Raphanus sativus L.), sorghum, sunn hemp,
sunflower (Helianthus annuus L.), and pigeon pea (Moitinho et al. 2020). Similarly,
sorghum when grown as a winter crop in the same summer crop rotation system
increased the number of AM fungal spores by 29—140%. In addition to AM fungal
variables, cultivation of pearl millet as a winter crop also increased the total glomalin
content of the soil by 3-45% over other winter crops and the extractable glomalin
content of the pearl millet soil was similar to those that were under pigeon pea or
sunn hemp. In addition, the index for soil aggregate stability and aggregate mean
weight diameter was at the maximum for soils under sorghum compared to other
winter crops (Moitinho et al. 2020). This suggests that millets in crop rotation affect
soil structure compared to positively influencing AM fungal variables.

3.9.5 Intercropping

Intercropping refers to the cultivation of two or more species concurrently in the
same field during a cropping season. This cultivation technique results in the more
effective use of the resources in addition to improving agricultural productivity,
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especially in marginal lands (Brooker et al. 2015). In the intercropping system,
cereals are normally cropped along with legumes. Experimental studies have
shown that the CMN established between the roots of different crop species enables
the exchange of resources among them. Pigeon pea plants when grown in the deep
compartment with moisture availability at the bottom were shown to uptake N and P
and transfer it to the finger millet plants growing in the shallow compartment when
connected by a CMN formed by R. irregularis (Saharan et al. 2018). A field study
conducted over three successive cropping seasons at two different sites in India
indicated that bioinoculation of AM fungi R. fasciculatus and A. leptoticha along
with growth-promoting bacteria Pseudomonas either individually or in combina-
tions suggested that the effect of bioinoculation was more conspicuous in
low-fertility site and dual inoculation of AM fungi and plant growth-promoting
bacteria increased the crop yields upto 128% than their inoculations (Mathimaran
et al. 2020). Moreover, raising pigeon pea during the preseason in polybags and
transplanting them onto the field further increased the grain yield response to
bioinoculation across sites upto 267% compared to direct sowing of pigeon pea
(Mathimaran et al. 2020). In a recent study, Schiitz et al. (2022) showed the rate of
spread of hyphae in a simulated finger millet—pigeon pea intercropping system was
4.1 mm/day for the AM fungus C. etunicatum.

Intercropping of deep-rooted legumes also benefits the shallow-rooted cereals in
the intercropping system during soil water limiting conditions through altered water
relations facilitated by AM common mycelial networks. A controlled study
performed under greenhouse conditions showed that the deep-rooted pigeon pea
can act as bioirrigators for the shallow-rooted finger millet and this phenomenon was
more pronounced when the plants were connected by a CMN (Singh et al. 2020). In
addition to effective utilization of the resources in an intercropping system, the
sharing of resources facilitated by AM fungi strongly depends on the availability
of these resources.

3.10 Conclusions and Future Considerations

In conclusion, information available so far indicates that millets are naturally
colonized by diverse AM fungi that play an important role in the health and
development of millets. Most of the studies examining the role of AM fungi on
millet growth are performed under controlled conditions involving selected species
of AM fungi. Field studies on AM fungi-mediated growth response in millets are
meager when compared to other cereal crops. Similarly, the yield response of millets
to AM fungal inoculation both under controlled and field conditions is very limited.
More studies are needed to assess and understand the factors that influence AM
fungal communities associated with millets. The diversity of endophytic fungi
colonizing the roots of cultivated and wild millet cultivars is shown to differ
substantially. It is therefore important to assess if such changes also occur for AM
fungal communities colonizing millet roots. As millets are frequently cultivated on
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marginal soils under rainfed conditions of the tropics, more field studies involving
AM fungi are needed to evolve strategies to exploit the symbiosis to optimize the
yield of millets under resource-limiting conditions. This would substantially
improve the economy of resource-poor farmers cultivating these grains. Millets
like other cereal crops are infected by several pathogens, but the role of AM fungi
in controlling diseases in millets is not adequately examined. The obligate nature of
AM fungi is an important bottleneck in the large-scale production of AM inoculum
and a major limitation in the widespread use of AM fungi in agriculture. Now there is
ample evidence to show that millets could increase the propagules of AM fungi in a
short period compared to other plant species that are routinely used in AM inoculum
production. Therefore, the development and validation of protocols for large-scale
production of AM inoculum are necessary for its common use in agriculture. Future
research should focus on the critical assessment of the interaction of AM fungi with
other soil microorganisms that are likely to play a pivotal role in nutrient availability
and millet fitness. This will contribute greatly to the process of soil microbiome
engineering for millets when grown under resource-limiting conditions.
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Rhizobacteria Associated with Millets
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and Madhumita Barooah

Abstract Millets are drought-resistant, low-maintenance crops, and are a perfect fit
for multiple cropping systems under irrigated and dryland farming. Drought resil-
ience in millets is partially attributed to the plant’s ability to selectively encourage
the growth of drought-adaptive, multifarious plant growth-promoting rhizobacteria
(PGPR). Beneficial PGPR plays a key role in aiding millet’s growth under water-
limited stress conditions as well as protects the plants from various drought-
associated biotic and other abiotic stresses. As a component of the plant-soil
feedback mechanism, millets actively restructure the rhizosphere microbial assem-
blages, and their functions through modulations in the composition, and concentra-
tion of the root exudates. Therefore, microbiome engineering poses an interesting
avenue for formulating a productive abiotic stress management system for crops
cultivated under drought-related stress environments. Our current understanding of
the complex crosstalk between root-associated microbes and crops are grown under
drought is largely drawn from non-millet plants. Limited resources and studies have
revealed that effective PGPR employs fundamental mechanisms of drought stress
alleviation that include the regulation of phytohormones (auxin and cytokinin),
solubilization of phosphate, production of ACC deaminase to lower ethylene level,
accumulation of compatible solutes, etc. In this chapter, we discussed how millets
exposed to water-limited conditions influence the rhizosphere microbial colonization
as a component of the cry-for-help strategy. Additionally, we highlighted the role of
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beneficial PGPR and their core strategies of drought amelioration in various millet
crops. We propose that future research efforts should attempt to elucidate the
interactions of PGPR strains with the host plant in field conditions and to gain
insights into PGPR-induced molecular and metabolic switches in millet crops.

Keywords Millet - Drought - Rhizosphere - Microbiome - Stress alleviation

4.1 Introduction

Millets are a group of diverse small-seeded cereals that include pearl millet
[Pennisetum glaucum (L.) R. Br.], finger millet [Eleusine coracana (L.) Gaertn],
foxtail millet [Setariaitalica (L.) P. Beauvois], Japanese barnyard millet
[Echinochloa esculenta (A. Braun) H. Scholz], Indian barnyard millet [Echinochloa
frumentacea Link], kodo millet [Paspalum scrobiculatum 1..], little millet [Panicum
sumatrense Roth ex Roem. & Schult.], and proso millet [Panicum miliaceum L.]
(Bora et al. 2019). In addition, tef [Eragrostis tef (Zucc.) Trotter] and fonio or acha
[Digitaria exilis (Kippist) Stapf and D. iburua Stapf] are grouped under small millets
(Maitra et al. 2022; Tadele 2016). Around 97% of the millets are grown in devel-
oping countries, especially in the semiarid tropics of Asia and Africa (Thilakarathna
and Raizada 2015). Owing to a short growing period (about 110 days) and highly
adaptive nature, millets are cultivated in widely diverse and challenging terrains such
as dry, high-temperature regions, low-fertile land, rain-fed, and mountainous areas.
Millets also perfectly fit into multiple cropping systems under irrigation and dryland
farming (Kapoor et al. 2022).

Millets are popularly called “nutri-cereals” ‘due to their high nutritional properties
including protein (7-12%) with a balanced amino acid profile, dietary fiber
(15-20%), essential fatty acids, B vitamins, and various minerals such as calcium,
iron, zinc, potassium, and magnesium (Saini et al. 2021). The grains are also rich in
multiple health-promoting phytochemicals such as phytoestrogens, polyphenols,
phytosterols, lignans, and phycocyanins (Shah et al. 2021). These phytochemicals
serve as antioxidants, immune modulators, and detoxifying agents for which a
millet-based diet is recommended for patients with age-related degenerative dis-
eases, diabetes, cardiovascular diseases (CVD), cancer, etc. Millet-based products
have a relatively low glycemic index and glycemic load, and are safe for people
suffering from a gluten allergy and celiac disease (Amadou 2022). The nutritional
and gastronomic features empower millets to hold a unique position in the global
food security scenario for the people inhabiting densely populated regions, and
marginal and underlying residential communities. Covering about 17 million ha
ectares of cultivation area, and an annual production of 18 million tons, millets
contribute 10% of the total dietary intake in India. The country has witnessed an
increase in millet production from 14.52 million tons in 2015-2016 to 17.96 million
tons in 2020-2021 (Meena et al. 2021).

The choices for millet cultivation largely depend on the geographical and climatic
conditions (especially, precipitation). Sorghum is preferred in areas with an annual
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rainfall of 400 mm and above, while pearl millet is cultivated in areas with an annual
rainfall of 350 mm. Small millets like finger millet, foxtail millet, proso millet, etc.
thrive in areas with an annual rainfall below 350 mm. Arid regions experience less
than 25 cm of annual precipitation while semiarid regions receive 25-50 cm of
precipitation every year (Chaturvedi et al. 2022).

4.2 Drought Adaptations in Millets

Drought is a major abiotic stress affecting crop growth and yield worldwide. It
affects morphological characteristics as well as physiological and biochemical
processes in plants. Plants under drought stress undergo reduced leaf water potential,
stomatal anomaly, cell proliferation, and enlargement. In addition, drought also
limits photosynthesis, nutrient and mineral uptake, respiration, and energy budget
(Zia et al. 2021). However, despite being sedentary, plants have developed resilience
through complex biochemical and physiological strategies to overcome drought
stress (Fang and Xiong 2015). The fact that most of the millets in India are grown
in water-deficit areas testifies the crop to be the perfect example of drought-resilient
crops. Crops employ four core adaptation strategies for tackling drought stress which
include (a) escaping drought by reaching maturity before the onset of adverse
conditions whereby traits such as rapid growth, early flowering, high leaf nitrogen,
and photosynthesis ability help the crop; (b) avoiding drought by maintaining water
balance in plant tissues either by reducing transpiration water loss or through high
root-shoot ratio; (c) tolerating drought-related low water potential by producing
osmoprotectant; and (d) recovering from drought by physiological adjustments for
yield and biomass (Shanker et al. 2014; Tyagi and Pudake 2017). In millets, traits
related to agronomy (tiller number, panicle size, seed biomass, and yield), morphol-
ogy (root and shoot length and leaf area), physiology (osmotic adjustment), and
biochemistry [antioxidants for scavenging the reactive oxygen species (ROS)] play
major roles in drought tolerance. A study conducted in West Africa has revealed that
pearl millet primes its panicle development, and flower initiation to coincide with the
increasing period of precipitation (Sanon et al. 2014). The drought-tolerant geno-
types attain high yield and biomass by increasing their shoot length and leaf tensile
strength and decreasing the root length. These genotypes overexpress ROS scav-
enging enzymes and accumulate other antioxidants to cope with the stress-induced
ROS. In addition, a high accumulation of free proline, glycine betaine, and super-
oxide help to achieve osmotolerance under water-deficit conditions (Tadele 2016).

4.3 Millets Modulate Root Exudate Composition
in Response to Drought

Plant root exudate is typically composed of a wide range of metabolites such as
mucilages, carbohydrates, tannins, organic acids, vitamins, phenolic acids, terpe-
noids, steroids, etc. Various factors encompassing the plant genotype, age, soil, and
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environmental conditions, etc. determine the composition and quantity of exudates
(Canarini et al. 2019). Recent studies suggest that the plant can directly influence the
composition, and concentration of the compounds in the root exudates. These
compounds not only alter the immediate environment but also mediate the multi-
partite crosstalk between the plant and microbes in the rhizosphere (Ulbrich et al.
2022). Metabolome profiling of drought-sensitive (genotype 843-22B) and drought-
tolerant (ICTP8203) pearl millet has revealed that drought stress significantly alters
the root exudate composition (especially, phenolics, lignans, and flavonoids) in the
contrasting genotypes (Ghatak et al. 2022). Phenolics and flavonoids scavenge the
ROS produced under drought stress, thereby playing a direct role in drought
tolerance (Brunetti et al. 2013). The antimicrobial activity of flavonoids also inhibits
the growth of soilborne pathogens consequently lowering the risk of plant infection
under water-limited conditions (Gutiérrez-Venegas et al. 2019). High quantities of
citrate and riboflavin expressed by both pearl millet genotypes, that is, 843-22B and
ICTP8203 bear signature to such preferential modulation by the plant under a dry
environment. In addition, the exudates also contained elevated levels of various
organic acids (citric acid, fumaric acid, lactic acid, oxalic acid, malonic acid, and
succinic acid) under drought conditions indicating the possibility of plants selec-
tively favoring the colonization of beneficial microorganisms under stress condition
(Ghatak et al. 2022). The accumulation of these organic acids also facilitates the
drought-stressed plants in osmotic adjustment as well as in repairing the plant root
damages caused by the ROS. A study on a PGPR strain, Bacillus amyloliquefaciens
NIN-6, has reported that the chemotactic response, biofilm production, and success-
ful colonization of the bacterium in banana rhizosphere largely depended on the
abundance of organic acid (especially, malic acid) present in the root exudates (Yuan
et al. 2015). Later, another study evaluated the biofilm formation ability of a
multispecies microbial consortium in response to root exudate of the model plant
Brachypodium distachyon. This study reported that the plant under polyethylene
glycol (PEG)-induced drought influenced the chemotactic behavior of the consor-
tium through modulation in the organic acid (citric acid) present in the root exudate.
Increased production of alginate (160% more compared to a stress-free environment)
by the consortium could be linked to the compound’s role as an adhesive for biofilm
formation essential for establishing the “multicellular” system (Saleh et al. 2020).
Overall, these studies reinforced the fact that plants under stress conditions can
selectively allow the colonization and growth of highly qualified PGPR as a part of
their “cry-for-help” strategy.

4.4 Drought-Responsive Root Exudate Composition
Influences Millet Microbial Assemblages

Modulations in the root exudate composition favor the growth of a specific group of
microorganisms (core microbiota) to the plant’s own advantage. For example,
organic acids, amino acids, and sugars present in the root exudates function as
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chemotactic signals for the colonization of beneficial microorganisms (rhizobia and
mycorrhizal fungi) (Yuan et al. 2015). Such microbial assemblages influence plant
morphology (above- and belowground biomass, root architecture) and plant phenol-
ogy (flowering initiation), thus indicating their immense potential in determining
plant community dynamics and environmental responses (Jeyanthi and Kanimozhi
2018). This response can be well corroborated with the millet selectively recruiting
bacteria that modulate soil edaphic factors and enzymes toward accelerated soil
maturation and high crop yield (Xu et al. 2019). However, the driving factors for
microbial assemblages, composition, and structure in millets grown under droughts
still remain elusive to date. Further, omics-based studies on the relationship of
rhizosphere microbiome with the plant and drought stress bear significant impor-
tance for elucidating their role and responsiveness in abiotic stress alleviation.
Toward this, a metagenomics study of the kodo millet rhizosphere has reported the
dominance of Actinobacteria (22.76% relative abundance) under drought (Prabha
et al. 2018). Exploring the relationship of drought severity and drought localization
with that of root architecture, a series of experiments in four millet species revealed
that plants can recruit Actinobacteria as a part of the “cry-for-help” strategy. The
study also demonstrated that the Actinobacteria enrichment was limited to the root
portions experiencing the drought. Overall, this study was successful in showing that
Actinobacteria enrichment depends on drought localization rather than on the root
developmental stage (Simmons et al. 2020). Another study conducted on nine C3,
nine C4 grass, and tomato germplasm under drought too detected a significant
enrichment of Actinobacteria in the roots compared to the bulk soils (Naylor et al.
2017). Actinobacteria are known to exhibit multi-trait plant growth-promoting
activities as well as antimicrobial properties through the production of an array of
antibiotics (Franco-Correa and Chavarro-Anzola 2016). Therefore, their dominance
in water-limited conditions is deemed to protect the plant against drought-associated
biotic stresses. Functional analysis of the metagenomes revealed several
multifunctional traits related to carbon and nitrogen fixation, secondary metabolite
secretion, phosphorus solubilization, and defense mechanisms. These traits help the
plant to survive and grow in nutrient-deprived, dry, and challenging environments
(Prabha et al. 2019).

4.5 Plant Growth-Promoting Rhizobacteria (PGPR):
Drought-Stress Alleviation in Plants

The rhizosphere, the immediate zone surrounding the plant roots, acts as a hot spot
for microbial diversity and is a dynamic interface of complex plant-microbe inter-
action. Multiple studies have reported that rhizosphere microorganisms significantly
influence seed germination, plant vigor, growth and development, nutrition provi-
sioning, and disease resistance (Mendes et al. 2013). Bacteria in a particular soil
sample/rhizosphere may affect plants in one of three ways: beneficial, commensal,
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and detrimental (Haney et al. 2015). Rhizosphere microorganisms that are well-
known for their beneficial effects on plant growth and health are the nitrogen-fixing
bacteria, plant growth-promoting rhizobacteria (PGPR), mycorrhizal fungi,
mycoparasitic fungi, biocontrol microorganisms, and protozoa (Mendes et al.
2013). Few agriculturally important rhizobacteria belonging to the genera viz,
Acinetobacter, Agromyces, Entotheonella, Lysobacter, Pontibacter, etc., have been
reported from the millet rhizosphere (Rokhbakhsh-Zamin et al. 2011; Xu et al.
2019). The plant growth-promoting activities of the PGPR mainly involve direct
and indirect mechanisms. The production of ACC deaminase, phytohormones
(auxin, gibberellin, and cytokinin), N,-fixation, mineral (P and Zn) solubilization,
and siderophore activity comes under the ambit of direct mechanism; while indirect
mechanism encompasses multifaceted functions such as evoking the plant defense
mechanism (induced systemic resistance), competing for soilborne pathogens for
nutrients and space, and biocontrol activities (antibiotics, HCN, and lytic enzyme)
(Glick 2012). Promising PGPR isolates may exhibit multi-trait activities under a
wide range of environmental and soil (pH, acidity, alkalinity, temperature, etc.)
conditions.

4.5.1 Phytohormone Regulation

The production of phytohormones is one of the potential mechanisms by which the
PGPR helps the host plant in ameliorating drought stress. Phytohormones like
indole-3-acetic acid (auxin), gibberellins, cytokinin, etc. are regularly synthesized
as secondary metabolites by the PGPR and released to the rhizosphere (Maheshwari
et al. 2015). Rhizobacterial IAA contributes to the plant auxin pool and stimulates
root growth, root surface area, and a higher magnitude of exudate production (Coy
et al. 2014). IAA also affects root cell division, rate of xylem differentiation, root
extension, and overall root architecture leading to improved water and mineral
uptake efficiency in plant roots. In this process, tryptophan present in the root
exudate functions as a precursor for rhizobacterial IAA production (Kravchenko
et al. 2004). Previously, many drought-tolerant rhizobacteria such as Bacillus
altitudinis (Kumaravel et al. 2018), Pseudomonas simiae, and P. koreensis (Kumari
et al. 2016), Ochrobactrum pseudogrignonense, and Bacillus subtilis (Saikia et al.
2018) have been reported from various non-millet plants. A study conducted on
microbe-mediated drought tolerance in great millet (Sorghum bicolour L.) has
reported that inoculation of the plants with PGPR strains Streptomyces laurentii
EU-LWT3-69 and Penicillium sp. strain EU-DSF-10 (both were IAA producers)
significantly enhanced osmolyte production and chlorophyll (a and b) contents
(Kour et al. 2020).

Cytokinins (CKs) are produced in the root tips and translocated to the shoot
through the xylem. The phytohormone not only controls cell differentiation in plant
meristematic tissues, but also mediates plant tolerance to drought stress (Chang et al.
2019). A study on the expression of cytokinin oxidase/dehydrogenase (CKX)
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members in germinating embryos of foxtail millet (Setaria italica) has revealed that
the CKX gene family members were overexpressed under drought stress treatment
indicating the role of CKs in drought tolerance (Wang et al. 2014). Multiple studies
have reported the expression of CKX genes and the production of CKs in several
PGPR (Akhtar et al. 2020). Their treatment of the plant seedlings can largely
contribute to the plant’s phytohormone pool as evident from a plant-microbe inter-
action study involving lettuce plants inoculated with Bacillus subtilis (Arkhipova
et al. 2005). In one particular instance, a genetically engineered strain of
Sinorhizobium meliloti that overproduces cytokinin was tested to protect alfalfa
plants against the senescence resulting from drought stress. The transformed bacte-
rium production of cytokinin was approximately five times more than the production
by the wild type (Xu et al. 2012). After extreme drought stress, there was a
tremendous increase in the size of the alfalfa plants inoculated with the transformed
strain compared to those inoculated with the non-transformed strain. This experi-
ment indicates that rhizobial strains synthesizing higher than normal levels of
cytokinin are able to improve the drought tolerance of alfalfa. Genomics and
metagenomics analyses of two PGPR strains viz, Paraburkholderia tropica strain
IAC/BECa 135 and Herbaspirillum frisingense strain IAC/BECa 152 revealed zea-
tin biosynthesis (cytokinin) as one of the putative mechanisms behind growth-
promoting activities in sorghum plants grown under phosphate-deficient conditions
(Kuramae et al. 2020).

The presence of ethylene hormone in all higher plants testifies to its importance in
the modulation of cell development, and growth as well as in helping plants to
combat various stress levels (Binder 2020). Insufficiency of water triggers the
accumulation of ethylene in plants. Its production above the threshold level in
plant tissues causes “stress ethylene,” which worsens the effects of the original
stress. Higher levels of ethylene inhibit root and shoot growth leading to various
physiological and biochemical disorders (Ferrante and Francini 2006). In this regard,
bacterial colonization that expresses ACC deaminase and lowers plant ACC (pre-
cursor of ethylene) holds promises for decreasing the detrimental effect of “stress
ethylene” on plant physiology (del Carmen Orozco-Mosqueda et al. 2020). A study
with ACC deaminase producer, Streptomyces laurentii has shown such promising
scopes of drought stress alleviation in the great millet (Kour et al. 2020). The PGPR
utilizes tryptophan present in the root exudate as a substrate for IAA production. The
IAA secreted in the rhizosphere adds to the plant’s auxin pool contributing to the
activation of ACC synthase. This plant enzyme in turn increases the level of ACC in
tissues and consequently the amount of ethylene within the plant (Bal et al. 2013).
Thus, PGPR that synthesizes IAA from plant tryptophan can both promote plant
growth and inhibit plant growth (by inducing ethylene production). Interestingly,
PGPR that contains ACC deaminase enzyme inhibits ACC accumulation in the
plant, enabling bacterial IAA to take its actual course of plant growth promotion
(del Carmen Orozco-Mosqueda et al. 2020).
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4.5.2 Lipid Peroxidation

Lipid peroxidation is one of the major underlying factors responsible for impeding a
plant’s growth under various stressful conditions. It is an important physiological
parameter that is indicative of the cell membrane integrity under the threats of
several abiotic stresses (Hou et al. 2016). Severe water limitation deactivates the
antioxidant systems and induces the generation of free radicals (hydrogen peroxide,
hydroxyl radical, singlet oxygen, and superoxide radical) in plants. The first two free
radicals, that is, H,O, and the hydroxyl radical have been recognized as the most
active and destructive agents for tissue injury (Ishibashi et al. 2011). Millets are
comparatively more resistant to oxidative stress and less prone to injuries than other
plants as exemplified by sorghum plants exposed to PEG-mediated droughts (Zhang
and Kirkham 1994). A study conducted in five finger millet varieties collected from
contrasting areas of the Indian subcontinent showed that two drought-resistant
varieties, PR202 and VL3135, efficiently produced free radical scavenging enzymes
viz, superoxide dismutase, ascorbate peroxidase, and glutathione reductase to ame-
liorate the effects of drought. Nonetheless, all millets are not immune to prolonged
exposure to drought as evident from a high accumulation of malondialdehyde and
hydrogen peroxide in susceptible varieties (Bhatt et al. 2011). In such a scenario,
PGPR inoculation can significantly decrease lipid peroxidation while improving
membrane integrity and water status in plants under drought. Previously, a study
has reported that the inoculation of drought-tolerant Pseudomonas significantly
decreased lipid peroxidation and increased proline accumulation in finger millet
(Chandra et al. 2018). Earlier, PGPRs producing stress-responsive compatible sol-
utes such as exopolysaccharide, glycine betaine, proline, etc. have been reported to
promote plant growth under stress conditions. For example, the application of
PGPRs viz, Pseudomonas fluorescens, Enterobacter hormaechei, and Pseudomonas
migulae stimulated seed germination and seedling growth in foxtail millet (Niu et al.
2018).

4.5.3 Mineral Acquisition

Multiple studies in diverse plant species have reported the enrichment of
Actinobacteria in the plant root microbiome under drought conditions (Edwards
et al. 2015; Xu et al. 2018). This enrichment is proportional to the magnitude and
duration of drought and rapidly dissipates when water availability returns to nor-
malcy (Xu et al. 2018). Genome-resolved metagenomics and comparative genomics
revealed that Actinobacteria enrichment in the sorghum rhizosphere was directly
linked to the loss of iron homeostasis in the plant root and the plant’s inability to
secrete phytosiderophore for iron transport (Xu et al. 2021). The study also reported
that exogenous application of iron disrupted Actinobacteria assemblages while
significantly improving the host phenotype. This indicated that microbial enrichment
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was crucial for facilitating iron availability to the plant under drought. Members of
Actinobacteria are well acknowledged for their ability to produce diverse
desferrioxamine siderophores such as desferrioxamine G, B, and E (Challis and
Hopwood 2003). Earlier, the utility of desferrioxamine B (DFOB) as a shuttle agent
for the transportation of Fe to sorghum root cells was reported (Cline et al. 1984).
Siderophores are low molecular weight (200-2000 Da) compounds that show high
affinity and specificity to iron available in the surrounding environment (Hider and
Kong 2010). Although few plants secrete siderophores in the root exudates, the
major portion of the iron-chelating compounds is produced by an elite group of
microbes popularly known as siderophore-producing microbes (SPM). The ability of
SPM to reduce iron deficiency and enhance plant physiology under water-limited
conditions projects the group as promising biofertilizer and biocontrol agents toward
sustainable agricultural goals (Singh et al. 2022). For example, siderophore-
producing mycorrhizal symbionts Glomus etunicatum and G. intraradices elevated
micronutrient levels in sorghum (Aliasgharzad et al. 2009).

Drought stress bears the associated risk of nutrient limitations (mainly, phospho-
rus), which adversely affect plant growth. Despite the abundance of inorganic and
organic phosphates in soils, the availability of the mineral remains limited due to its
insoluble form (Sharma et al. 2013). The use of phosphate-solubilizing microbes
seems to be an effective approach for availing phosphorus to plants. The phosphate-
solubilizing bacteria are an elite group of microbes that convert insoluble organic
and inorganic phosphate to a form that can be easily absorbed by the plants
(Elhaissoufi et al. 2021). Stress-resilient phosphate-solubilizing rhizobacteria can
help the plant in overcoming water scarcity as well as phosphorus unavailability in
the soil. The most efficient phosphate-solubilizers belong to the genera Bacillus,
Rhizobium, Pseudomonas, Azotobacter, and Azospirillum (Rodriguez and Fraga
1999). The organic acids (gluconic and ketogluconic acids) produced and secreted
by such microbes acidify the immediate environment leading to the release of
phosphate ions. Several studies have reported the PGPR-mediated amelioration of
water deficit-induced adverse effects in tomato (Mayak et al. 2004), pea (Arshad
et al. 2008), chickpea and barley (Peix et al. 2001), and chickpea (Kumar et al.
2016). An investigation of the efficiency of stress-adaptive and
phosphate-solubilizing rhizobacteria isolated from cereals and pseudocereals
prospected 20 isolates to exhibit such capabilities under drought. The drought-
adaptive P-solubilizing strains, Streptomyces laurentii EU-LWT3-69 and Penicil-
lium sp. strain EU-DSF-10, greatly influenced physiological and growth parameters
of great millet exposed to drought stress (Kour et al. 2020). Such promising PGPR
candidates with drought-adaptive and phosphate-solubilizing abilities can be con-
sidered for developing bioinoculum for water-limited ecosystems.

Potassium is a major essential macronutrient vital for optimal plant growth. The
mineral is the most profusely absorbed cation in higher plants. Its abundance is
necessary for the activation of enzymes, maintenance of cell turgidity, transportation
of metabolites, synthesis of starch and proteins, etc. Availability of potassium also
determines nitrogen-use efficiency, kernel weight, and straw strength as well as
improves disease resistance. Diffusion of the cation directs from high concentration
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to a lower gradient in the soil, therefore is highly dependent in the developmental
stage of the roots. As such, impaired root development in water-limited conditions
significantly limits potassium uptake by the plants, restricting their growth and
development (Sindhu et al. 2016). Although the efficiency studies of
K-solubilizing PGPR in millet crops are scanty, a single study on a silicate-
dissolving bacterial strain SBS has reported that inoculation of the bacterium
significantly increased K-supply at least by 21-112% in soil. Sorghum plants
supplemented with the bacterial culture showed 48%, 65%, and 58% increase in
dry matter yield in clay, sandy and calcareous soil, respectively, compared to the
uninoculated control (Badr et al. 2006). This indicated that K-solubilizing bacteria
(KSB) could be prospected as potential biofertilizers to ensure a continuous supply
of available potassium to the plant’s developmental stages.

4.6 Conclusion

The rhizosphere microbiome can play an active role in alleviating drought-related
abiotic stresses in plants. The harnessing of a drought-adaptive microbiome with
multifarious PGP attributes holds promising scopes for bringing out positive phys-
iological changes in plants, improving soil health as well as suppressing the occur-
rence of associated biotic stresses. As such, microbiome engineering poses an
attractive avenue for developing an effective drought stress management practice
targeting crops grown in water-limited challenging environments. Translations of
such strategies from the laboratory to the field face several drawbacks including
limited viability across various environmental matrices, selectivity of host plants,
low shelf life, and on-field variations in PGP activities. To resolve such constraints,
sustained research efforts are required to gain valuable insights into how PGPR
strains interact with the host plant in real-field conditions, which molecular and
metabolic pathways are induced in plants upon PGPR treatment, and how their
application affects the plant and native microbial population dynamics. In parallel,
novel studies on drought-tolerant P-solubilizers, and their interactions with host
plants exposed to drought environments will help in formulating wide-spectrum
microbial consortia.
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Chapter 5 )
Identification of Novel Microbial Strains Creck o
for Reduced Pesticide Use in Millets

Shruti Hazra @, Joyeta Dey @), Suchismita Mukherjee , Abul Kalam @),
and Chittabrata Mal

Abstract Millets are worldwide used crops, and more than thousands of varieties of
millet crops are cultivated globally because of their beneficial supplement to the
human diet. Also, it is rich in micronutrients and protein. Shoot fly, stem borer, and
pink borer are the major millets’ pests that cause agricultural and economic losses
and increase the demand for chemical or synthetic pesticides for millet crop protec-
tion. These pesticides affect the environment by manipulating ecosystems. The focus
on microbial bioremediation procedures has been increased to maintain sustainable
growth and reduce the economic, environmental, and health effects due to the
overuse of pesticides. It has been observed that the rhizosphere microbes are the
most potent natural bioremediation agent. For example, bacterial genera like Rhizo-
bium (strain RF12 and RZ11), Flavobacterium, Actinobacter, Pseudomonas, Bacil-
lus, Agrobacterium sp., etc., are identified as pesticide-degrading strains. Many
microbial and fungal species also degrade major harmful chemicals like acetochlor,
carfentrazone, and clothianidin. These chemicals are converted into nontoxic chem-
ical compounds by the enzymatic action of the microorganisms of the Rhizobiaceae
group. The researchers are currently focusing on isolating these novel microbial
strains. These strains’ detailed genetic and molecular studies will help to manipulate
their genetic makeup. Thus, the pesticide-degrading effect could be increased and
further applied to large-scale use and producing genetically engineered crops as self-
herbicide/insecticide/fungicide-resistant plants that eventually lead to reduced pes-
ticide use. A whole microbial community and many novel strains like arbuscular
mycorrhizal fungi (AMF) are found in the millet-cultivating soil. This chapter
focuses on those novel microbial strains found in millets that can degrade pesticides.
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Several studies can be designed to isolate and characterize for further evaluation that
could help to reduce the problems related to pesticide use soon.

Keywords Millets - Pesticides degradation - Rhizosphere - Rhizobiaceae -
Arbuscular Mycorrhizal fungal - Genetically modified crop

5.1 Introduction

Millets are generally used as a staple food in the subcontinent area of southern Asia
and southern Europe. A high population of the arid and subarid regions of Asia and
southern Africa depends on millet grains because of their high carbohydrate, protein,
and major nutrient constituents. According to a statistical study, over 28.4 metric
tons of eight major millet crops are cultivated worldwide (FAO 2017). Because of its
high nutritional value and increasing demand, scientists and farmers focus on higher
millet cultivation procedures. A major problem is a destruction or retarded growth of
millet crops by over 150 insect pests, of which almost 116 species are reported from
India (Nwanze and Harris 1992). To deal with this problem, farmers of millet crops
majorly became dependent on chemical pesticides. Chemical constituents of these
pesticides, like acetochlor, glyphosate, carfentazone, etc., harm the environment,
health, and the economy. Pesticides contaminate the environment by entering the
food chain and involving in biomagnification, that is, they increase the accumulation
of harmful chemicals in the food chain and cause diseases like cancer, respiratory,
nervous problems, and birth deformities, and also can introduce mutation in the
genes. To overcome the problem, the necessity of pesticide biodegradation became
the focus of researchers. Microbes of different genera have the potential to degrade
harmful chemicals and heavy metals. This kind of microorganism performs enzy-
matic biodegradation. This natural phenomenon of microbes is utilized by scientists
to degrade toxic chemicals and is termed biodegradation. For example, biodegrading
bacteria, like Bacillus cereus and Bacillus safensis, can degrade carbendazim and
imidacloprid; Pseudomonas sp. can degrade herbicide Aroclor 1242, Aspergillus
fumigatus can degrade metribuzin, and Trichoderma viridae can degrade endosulfan
pesticide (Arya et al. 2017).

The enzyme-catalyzed method is more effective than the chemical method of
pesticide degradation. For example, oxidoreductase is a glyphosate pesticide-
degrading enzyme found in Agrobacterium strain T10. Similarly, monooxygenase
enzymes like Ese and P450, found in Mycobacterium sp. Pseudomonas putida, can
help to degrade endosulfan and hexachlorobenzene.

Increased millet yield is observed in the soil supplied with N, P, and K (nitrogen,
phosphorus, and potassium) fertilizer because these nutrients promote the growth of
soil microbes, especially microbes of rhizobacteria genera. Studies revealed that
these bacteria play a vital role in plant growth by supplying plant growth-promoting
factors in the soil or directly in the plant (Xu et al. 2018). Rhizosphere microbes
isolated from pearl millet-cultivating soil shows the effecting ring cleavage degra-
dation procedure of parathion (Reddy and Sethunathan 1983). A very diverse
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species of group arbuscular mycorrhizal fungi (AMF) were found in the minor
millet-cultivating species soil. Strains of this AMF group actively participate in
plant growth promotion. The soil’s varying concentrations of N, P, K, and carbon
showed a high species diversity. Almost 24 species of 11 different genera were
isolated and showed pesticide-degradation properties with plant growth-promoting
factors (Mythili and Ramalakshmi 2022). However, the isolation of these strains is a
bit challenging. But these results show the direction to target the millet-cultivating
soil. By targeting millet soil with different concentrations of N, P, K, and C, many
novel strains, especially from the rhizosphere group, could be found as potent
pesticide-degradation organisms. High-throughput molecular and genetic study on
these unknown species could give the solution to problems related to pesticide
pollution. Recombinant technology can be applied to develop genetically modified
plants and organisms to reduce pesticides’ use in agriculture.

5.1.1 Various Pesticides Used in Agriculture

Chemical or synthetic pesticides are fast-acting, easy to apply, and cheap making
them the primary choice in agriculture (Daly et al. 1998). There are several chemical
pesticides vastly used given in Table 5.1 according to their chemical compositions.
Due to substantial human manipulation, many pollutants and waste are generated in
the environment. More than one billion toxins and inorganic waste are released into
the environment indirectly which manipulate our ecosystem (Damalas 2009). As
urbanization increases, demand for food increases; as a result, the use of pesticides
also increases. Pesticides are majorly used to increase crop production in most areas,
and are tiny chemical substances used to eliminate unwanted organisms that hamper
the growth and quality of plants (Christos 2009).

Pesticides have a lot of adverse effects on the environment and health. Although
pesticides benefit farmers a lot in protecting crops from the damage caused by pests,
overuse of pesticides negatively affects crops’ health and growth. The chemicals
used in pesticides potentially harm our endocrine system, nervous system, and also

Table 5.1 Classification of chemical or synthetic pesticides with their compositions (Adapted from
Ortiz-Hernandez 2002)

Pesticides Components

Organochlorine Carbon(C), chlorine (Cl), hydrogen (H), sometimes oxygen, nonpolar as
well as lipid loving (lipophilic)

Organophosphate Central phosphorus atom, organochlorines stable, merely toxic. Aliphatic,
cyclic, and heterocyclic

Carbamates Structure-based on specific plant alkaloid Physostigma venenosum

Copper Inorganic copper

Dinitrophenols Reorganize in the presence of NO, bound with phenol ring

Urea and their Urea bound to aromatic compounds

derivatives
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Table 5.2 Chemicals used in pesticides and their adverse effects

Chemicals used in

pesticides Effects

Acetochlor Chronic health effects, surface water contaminants, bee poison

Alachlor Surface water contaminants, wildlife poisons

Carfentrazone Chronic health effects, groundwater contaminants, wildlife
contaminants

Clothianidin Chronic and acute health effects

Mesotrione Chronic health effects, long-range transport, groundwater
contaminations

Phosphine Acute and chronic health effects

Glyphosate Chronic health effects, wildlife poisons

reproductive system. It is also reported that pesticide is a primary reason of life-
threatening diseases like Alzheimer’s disease, cancer, and congenital disabilities
because chemicals used in pesticides cannot be metabolized but instead are stored in
the colon (Srivastava and Kesavachandran 2019). The adverse effects of pesticides
on the environment and health made scientists curious to study the degradation of
pesticides (Table 5.2).

5.1.2 Types of Millets and Their Origin

Millets are coarse grains that are grown globally and a depository of minerals,
protein, vitamins, and fiber. Crop Pennisetum glaucum is commonly known as
pearl millet, spiked millet, bajra, bulrush millet, candle millet, and dark millet. Its
probable origin was Tropical West Africa. Origin of Setara italica (foxtail millet,
Italian millet, German millet, Hungarian millet, and Siberian millet) is eastern Asia
(China). Origin of Panicum sumatrense (little millets) and Paspalum scrobiculatum
(kodo millets) are Southeast Asia and India. Panicum miliaceum is commonly called
proso millet, common millet, hog millet, broom-com millet, Russian millets, and
brown corn. Its origin is Central and eastern Asia. Echinochloa crusgalli is called
barnyard millet, sawa millet, Japanese barnyard millets, and its origin is Japan. The
origin of Eleusine coracana (finger millet, African millet, Koracan, ragi wimbi, bulo,
and telebum) is Uganda or a neighboring region (Sakamoto 1987).

5.1.3 Pesticides Used in Millets

The growth of millets is hampered by different pests. When the damage reaches
above 10%, the crop can be sprayed with pesticides for specific pests (Table 5.3).
Atherigona pulla species is a prevalent pest that harms all the little millets. Also,
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Table 5.3 List of pesticides against the grain millets-specific pests

Pests Pesticides
Headworms: corn earworm, fall armyworm, sor- 1. Alpha-cypermethrin Fastac CS
ghum webworm 2. Chlorantraniliprole
3. Spinosad + gamma cyhalothrin
Consero
4. Spinosad Blackhawk (36%)
Stink bugs, leaf-footed bugs 1. Alpha-cypermethrin Fastac CS, other
brands 0.83

2. Beta-cyfluthrin Baythroid

3. Spinosad + gamma cyhalothrin
Consero

4. Zeta-cypermethrin Mustang

False chinch bugs on seed heads Alpha-cypermethrin

Zeta-cypermethrin
Alpha-cypermethrin
Beta-cyfluthrin

Spinosad + gamma cyhalothrin
Zeta-cypermethrin

Stink bugs, leaf-footed bugs

Headworms: corn earworm, fall armyworm, sor-
ghum webworm

Alpha-cypermethrin
Chlorantraniliprole

Spinosad + gamma cyhalothrin
Spinosad

Stink bugs, zeta-cypermethrin, leaf-footed bugs Alpha-cypermethrin
Beta-cyfluthrin

Spinosad + gamma cyhalothrin
Zeta-cypermethrin
Beta-cyfluthrin

Spinosad + gamma cyhalothrin
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hairy caterpillars, leaf folders, and Noctuidae are common pests that attack almost all
kinds of millets (Gahukar and Reddy 2019).

5.1.4 Strategies to Overcome the Problems Related
to Pesticides

It is estimated that about 15% of the world’s crop yield is lost due to insects or pests.
Damage to crops is mainly caused by insect larvae and, to some extent, adult insects
(Oerke 2006). Earlier, chemical pesticides were the only means of pest control. For
several years, scientists have been looking for alternative pest control methods (Gill
and Garg 2014). The alternative methods can be the use of biopesticides and
microbial pesticides.

The use of microbial pesticides is a strategy to reduce the use of chemical
pesticides. Some genetically modified or naturally occurring microorganisms can
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Table 5.4 List of pathogens that can affect the host (insect and pest) larvae (Usta 2013)

Microbes | Pathogen Host
Bacteria | Bacillus thuringiensis var. kurstaki | Caterpillars
(B1)
Bacillus thuringiensis var. Colorado potato beetle larvae
tenebrinos
Bacillus thuringiensis var. Black flies, Aedes, and Psorophora mosqui-
israelensis (Br) toes’ larvae
Fungus Lagenidium giganteum Larvae of pest mosquito species
Beauveria bassiana Mites, white flies, fungus gnats

be directly responsible for the death of insect pests, but these microbes are nontoxic
for human health and other nontarget organisms (Table 5.4).

During the cultivation of millet plants, the pesticides used for crop protection is
often applied in higher doses. As a result, leftover pesticides remain in the plant body
and affects the ecosystem.

Several microorganisms have been characterized to degrade leftover pesticides as
nutrients into nontoxic molecules (Igbal and Bartakke 2014). The two most influ-
ential and environment-friendly methods of degrading pesticides are as follows:

1. Microbial degradation method and creating genetically modified microorganisms
2. Producing genetically modified plants with pest-resistant ability.

5.1.4.1 Microbial Degradation of Pesticides

Nowadays, studies have revealed that a certain number of microorganisms have a
natural ability to degrade pesticides, and a few can adopt this ability to degrade
certain types of pesticides. If these microbes are applied to the soil for a while for a
particular duration, they can degrade pesticides enzymatically as the chemicals
present in the pesticides provides a suitable carbon source and nutrients for them
so that they can grow and become metabolically active to produce enzymes that in
turn will degrade those pesticides.

A study found that Pseudomonas is the most efficient genus for this process.
Three Pseudomonas strains were found responsible for degrading Aroclor 1242
(Vasquez and Reyes 2002), a polychlorinated biphenyls (PCB) mixture used in a
pesticide responsible for weathering, and short-term exposure to it cause liver
damage (Ouw et al. 1976). Another research mentioned common strains like Asper-
gillus niger, Aspergillus fumigatus, Rhizopus microsporus, A. terrus, and
Corymberifera microsporis, which are responsible for degrading metribuzin. This
widely used herbicide control weeds by inhibiting photosynthesis and is also used in
the production field of millets like corn (Bordjiba et al. 2001).

The root-associated microorganisms like rhizosphere (Philippot et al. 2013),
rhizoplane, and endophytic bacteria play vital roles in plant productivity, nutrition,
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and disease resistance. This microorganism can replace the use of chemical pesti-
cides, and also plays a vital role in biodegradation.

5.1.5 Rhizosphere and Microbes

The rhizosphere is the soil located adjacent to the plant root system. In the rhizo-
sphere soil, large quantities of metabolic compounds like root exudates and mucilage
are released by roots from the fibrous root system. These metabolites help the
bacterial movement to the root surface and act as the primary nutrient source to
promote plant growth and endurance in the rhizosphere. Bacteria can inhibit this area
more than other microbes like fungi, actinomycetes, and protozoa and can colonize
the root effectively or the rhizosphere soil (Bakker et al. 2013).

Different groups of microorganisms present in the rhizosphere are bacteria, fungi,
actinomycetes, algae, nematodes, arthropods, protozoa, and viruses. Rhizosphere
soil is a hot spot for the microbial population than the other soil area. Some examples
of rhizosphere microorganisms (Mendes et al. 2013) are given in Table 5.5.

5.1.6 Impact of Rhizosphere Microbes on Millet Plant Growth

Rhizosphere microorganisms can be beneficial, but some microorganisms can be
pathogenic for plant and human health (Fig. 5.1). Beneficial microorganisms like

Table 5.5 Examples of dif- Microbes Examples
fe.rent types. of rhizosphere Bacteria Pseudomonas fluorescens
microorganisms

Streptomyces filamentosus

Rhizobium leguminosarum
Bacillus amyloliquefaciens
Bradyrhizobium japonicum

Fungi Laccaria bicolor
Verticillium dahlia
Sporisorium reilianum
Metarhizium anisopliae

Arthropods Metaseiulus occidentalis
Solenopsis invicta

Algae Chlorella variabilis
Chlamydomonas reinhardtii

Nematodes Caenorhabditis elegans
Meloidogyne hapla

Protozoa Dictyostelium discoideum

Viruses Pseudomonas phage 73

Agrobacterium phage 7-7-1
Rhizoctonia solani virus
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Fig. 5.1 Schematic diagram of the impact of rhizosphere microorganisms

plant growth-promoting rhizobacteria (PGPR) act as a biofertilizer, and they can
enhance plant growth by various substances. The PGPR is a very effective microbe
for sustainable agriculture.

Some PGPR genera are Pseudomonas, Azospirillum, Burkholderia, Rhizobium,
Flavobacterium, Azotobacter, and Bacillus.

A wide range of microorganisms of the rhizobacteria family possesses
pesticide-degradation potential. Rhizoremediation is an essential tool for sustainable
agriculture. This microorganism helps in plant growth and yield by providing plant
growth-regulating hormones like auxin and cytokinin. Also, they fix atmospheric
nitrogen and enhance soil’s nitrogen. Again, they directly control the plant disease
by removing the biological agents responsible for plant diseases. However, this plant
growth-promoting rhizobacteria (PGPR) family is affected by the chemicals present
in the pesticides. However, some research showed that the bacteria of the PGPR
family developed pesticide-tolerating or degrading properties by isolating them from
the contaminated soil. Molecular studies of pesticide-degrading or tolerating prop-
erties of these rhizobacterial strains will soon be an essential tool for the biodegra-
dation of pesticides (Roy et al. 2020). Two strains of bacteria, Bacillus cereus and
Bacillus safensis, belong to the PGPR family and can degrade pesticides, mainly
carbendazim and imidacloprid. Bacillus cereus could tolerate almost every pesticide,
and both possess a single plasmid that could be utilized as a genetic engineering tool
(Roy et al. 2022).

Some significant strains have been isolated with plant growth-promoting activity
in pearl millets such as Serratia marcescens EB 67, Pseudomonas sp. CDB 35, and
Bacillus circulans EB 35 (Hameeda et al. 2006). Penicillium sp. has been isolated as
plant growth-promoting fungi that can help in the seed germination of pearl millets
(Murali et al. 2012). Some pathogenic rhizosphere microorganisms are responsible
for the reduction of yield production. Some nematodes and fungi or oomycetes are
present in this pathogenic microorganism, but they are agronomically crucial in
temperate climates. Downy mildew is a significant millets disease caused by
oomycete (Sclerospora gaminicola) and Trichoderma spp., isolated from
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rhizosphere soil with the biocontrol potential against the downy mildew pathogen
(Nandini et al. 2021). Pseudomonas sp. strain MSSRFDA41 isolated from rhizosphere
soil of finger millet can produce IAA and solubilize phosphate, which can help in the
growth promotion of millet. This strain has an antifungal property against P. grisea,
which is responsible for the blast disease of millet (Sekar et al. 2018). Some bacteria
can be responsible for economic damage to crops. Bacterial pathogens (i.e.,
Agrobacterium tumefaciens, Ralstonia solanacearum, and Pectobacterium
atrosepticum) infect plants via plant roots (Mansfield et al. 2012).

5.1.7 Potential Role of VAM (Vesicular-Arbuscular
Mycorrhiza)

Mycorrhiza is a noninfectious producing association, and it is formed between a
fungal species and the roots of a plant. The mycorrhizal association is an example of
mutualism. Due to this association, plants and fungi both benefit from each other.
Mycorrhizal fungi help plants uptaking minerals, whereas these fungi also gain
minerals from plants. Two types of mycorrhizae are ectomycorrhiza and
endomycorrhiza. Ectomycorrhiza fungi form an external association with roots,
and it does not extend the cells of roots. Endomycorrhizal fungi form another
association by discerning the cortical cells of the roots (Juwarkar and Jambhulkar
2008).

Mycorrhizal fungi are used as biofertilizers and bioprotectors for sustainable
agriculture. A specific structure within arbuscules and vesicles is formed by VAM
hyphae, which penetrate the roots of plants. Where nutrient and carbon transfer
occur it is known as arbuscles and vesicles are the storage of organs. Generally,
VAM is used for maize, millets, barley, and leguminous crops (Bahunia retusa,
Crotolaria albida, Desmodium elegans, D. heterocarpon, and Vicia rigidula)
(Smith 2002). Different roles of VAM are as follows:

1. Enhance uptake minerals and reduce the use of fertilizer.

2. Help uptaking potassium, copper, zinc, nitrate, and ammonium.

3. Soil structure can be improved by external mycelium, which helps to bind the soil
particles and microaggregates.

4. Help to reduce the use of pesticides.

5. Promote proper growth of crops.

5.1.8 Rhizobium

Rhizosphere bacteria play a vital role in plant metabolism, pest control, and biodeg-
radation. It promotes plant growth through nitrogen fixation, phosphate solubilizers
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Table 5.6 Effect of pesticides on different types of Rhizobium sp.

. Hazra et al.

Strains Effect Pesticide® References
Mesorhizobium | Pesticide-concentration Metribuzin (H), glyphosate Abd-Alla
sp. dependent (H), imidacloprid (I), (1994)
Progressive-decline in indole- | thiamethoxam (I),
3-acetic acid and siderophore | hexaconazole (F), metalaxyl
was observed (F), kitazin
Rhizobium The gradual increase in pesti- | Thiram (F) Mirza
meliloti cide concentration showed a et al.
strong negative effect on the (2007)
Rhizobium sp.
Mesorhizobium Particular rhizobia population | Bavistin (F), thiram (F) Gaind
ciceri decreases in chickpea et al.
(2007)
Rhizobium Inhibit the growth of particu- | Captan (F), carbendazim Mirza
Jjaponicum lar rhizobium (H) carbendazim being more | et al.
toxic to the nodule bacterium | (2007)
than Captan
Rhizobium Survival of this rhizobium Agroxone (H), atranex 50SC | Adeleye
phaseoli decreases with increasing (H) et al.
concentration of herbicides (2004)
Bradyrhizobium | Reduce 50% of the growth Mancozeb (F) Fabra et al.
sp. rate by the production of bio- (1998)
chemical reactions in their
membrane composition

aH, F, and I stand for herbicide, fungicide, and insecticide, respectively

(Gopalakrishnan et al. 2015), formation of siderophore (Sinha and Mukherjee 2008),
and several phytohormone productions (Mirza et al. 2007).

Rhizobium and Bradyrhizobium strains generate extracellular phosphodiesterase
and phosphotriesterase enzymes, which can hydrolyze organophosphorus com-
pounds by degrading organophosphorus pesticides (Abd-Alla 1994). Several strains
of Rhizobium can implicate pesticide controls. For example, Rhizobium MRPI.
MRL3 (40, 80, and 120 and 400, 80 pg/kg soil) in the presence of herbicides
can enhances biomass, nodulations, root and shoot formation in pea and lentil.
Various effects of pesticides on different types of Rhizobium sp. are described in
Table 5.6.

5.1.8.1 Pesticide-Tolerating Rhizobium

Several strains of Rhizobium can tolerate pesticides at specific concentrations like
Rhizobium leguminosarum bv. vicieae can interact with the leguminous plant Vicia
faba and degrade pesticides. The mutant of Rhizobium (RZ11 and RH11) is tolerant
to malathion (pesticide) at 7000 ppm, whereas Rhizobium (strain RF12 and RZ11) is
tolerant to methomyl (pesticide) at 10,000 ppm (Hassan 2010). Chlorpyrifos is a
well-known organophosphate pesticide. Vigorous use of this pesticide led to the
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contamination of soil and water system. Rhizobium biodegrades this pesticide P and
its product 3,5,6-trichloro-2-pyridinol (TCP) (Rayu et al. 2017). Different strains of
Rhizobium can tolerate pesticides like carbofuran, deltamethrin, and paraquat at soil
pH range (3-8) at specific concentrations.

5.1.9 Agrobacterium-Mediated Degradation

A soilborne microorganism, Agrobacterium tumefaciens, which is gram-negative,
has the natural ability to enter the plant genome through a wound site and form a
tumor in the plant called the crown-gall disease. Molecular and genetic studies of
Agrobacterium found the reason behind the formation of gall is the tumor-inducing
plasmid (Ti plasmid). T-DNA present in the Ti plasmid gets integrated into the plant
chromosome, that carries the genes encoding the proteins involved in the biosyn-
thesis of growth hormones like auxin and cytokines, which causes plant proliferation
in turn formation of gall and genes for plant metabolites opines (derivatives of amino
acid) and agropines (derivatives of sugar) which act as a carbon and energy sources
of Agrobacterium (Thomashow et al. 1980). The naturally derived genetic engineer-
ing procedure of Agrobacterium makes it a widely used gene transfer vector. Several
bacteria of Rhizobiaceae proved to have the glyphosate-degrading ability (Pizzul
et al. 2009). Agrobacterium tumefaciens and A. rhizogenes can grow on glyphosate
and utilize it as a primary phosphorus source by degrading it (Liu et al. 1991).

5.2 Methodology for Strain Identification

Biodegradation by microorganisms that are present in soils is the most common type
of degradation. Many fungi and bacteria use pesticides as their food source. There
are several criteria for biodegradation: the bioavailability of target contaminants
must be sufficient; soil conditions must be favorable for microbial population/plant
growth and enzyme activity.

Many bacterial and fungal species can degrade pesticides. Many pesticides lead to
the formation and inflation of metabolites that undergo partial degradation. Fungi
can degrade pesticides by minor structural changes to the chemical form of pesti-
cides and make them nontoxic. Thiram is a fungicide and is degraded by the
Pseudomonas aeruginosa (Elhussein et al. 2011). Like this, any novel strain can
be present in pesticide-contaminated soil. For example, Bacillus thuringiensis strain
ZS-19 is a novel strain, and this strain was isolated from pyrethroid contaminated
areas with the help of the enrichment culture technique (Melo et al. 2016).



108 S. Hazra et al.

5.2.1 |Isolation, Purification, and Screening
of the Pesticide-Degradable Microorganisms

5.2.1.1 Bacteria

Isolation of pesticide-degrading bacterial strain has been done by the enrichment
culture method, In this method, samples need to be collected from pesticide-
contaminated millet rhizosphere soil and these soil samples can further be treated
with same pesticides in a laboratory scale to improve the probability of detecting
pesticide-degrading microbiota. In the 100 mL of mineral salt medium (MSM)
containing selected pesticides as the source of carbon and phosphorus, 10 g of
each soil sample is inoculated. The flasks must be incubated in a proper environment
for 7 days. Inoculation-free media act as a control. At the final concentration of
different pesticides, pesticide-tolerant cultures are used to study further. The whole
experiment should be performed in triplicate (Sowunmi et al. 2021).

One milliliter of each enriched culture is inoculated on nutrient agar media plates
and incubated at 37 °C. Single colonies can be picked and streaked on solid media
and then incubated at 37 °C for 48 h to get pure culture. The minimum inhibitory
concentration (MIC) determines bacteria resistance to the pesticide. This method
selects bacteria showing 100% growth in a high concentration of pesticides for
further study (Hussaini et al. 2013).

5.2.1.2 Fungi

The soil samples are redressed with the addition of an adequate concentration of
selected pesticides, and this mixture is incubated at room temperature for 2 weeks.
The digested soil samples are washed with sterile distilled water and kept for 30 min
until the soil debris has settled down. Then the supernatant can be transferred into a
sterile test tube and serially diluted. The serially diluted soils are plated in pesticide-
containing potato dextrose agar medium. The number of fungal strains can be
observed after 67 days. The most noticeable fungal colonies are isolated and
maintained as a pure culture. The isolated colonies can be transferred to PDA slants
and then further tested their growth in the presence of selected pesticides by
culturing with the pesticides containing PDA medium, which cultures can show
the highest tolerance ability, those are selected for further study (Igbal and Bartakke
2014).

5.2.2 Morphological Study

Bacterial and fungal morphology is studied macroscopically and microscopically.
Macroscopically, isolated colony features are observed by their color, shape, eleva-
tion, texture, etc. using Bergey’s manual (Table 5.7).
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Table 5.7 Bergey’s manual characterization

Margin Color Elevation Texture Shape

Curled Orange Raised Slimy, moist Round

Entire Red or Umbonate Matte, brittle Punctiform

(smooth) pink

Filamentous | Black Flat Shiny, viscous Rhizoid
(rootlike)

Undulate Brown Convex Dry, mucoid Filamentous

(wavy)

Lobate Opaque or | Pulvinate (cushion- | Translucent Irregular

white shaped)
Erose Milky Growth into a cul- Iridescent (changes color in | Spindle
(serrated) ture medium reflected light)

Table 5.8 Biochemical characterization

Activity test Process

Starch hydrolysis test | Helped on starch agar media

Cellulase production Helped on Congo red agar media

test

Catalase test Few drops of 3% H,0, are added on microscopic slides of the culture
strain

Citrate test Isolated strains are inoculated on Simmon’s citrate agar media

Microscopically bacterial colonies are investigated using gram staining under a
compound microscope. Crystal violet and safranin are used in gram-staining
methods to determine the gram-positive and gram-negative bacteria, and iodine is
used as a mordant.

The fungal colonies are microscopically investigated using lactophenol cotton
blue-stained slides (Alsohaili and Bani-Hasan 2018).

5.2.3 Biochemical Characterization

Bacterial isolates can be characterized by biochemical tests, for example, amylase,
catalase, and cellulose. It is a beneficial technique for classification and identifica-
tion. This biochemical characterization analyzes the metabolic and nutritional capa-
bilities of the isolates, and it helps to determine the genus and species of the isolates
(Table 5.8). This biochemical activity test is performed with the help of different
media (Surekha Rani et al. 2008).
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5.2.4 Molecular Characterization
5.2.4.1 16s rRNA Sequencing

Molecular characterization is done by the 16stRNA sequencing method to identify
the isolates. 16s TRNA sequencing is a recently developed and accurate method to
identify any strain. This process is done by PCR amplification of 16srRNA of
isolated species. Based on this sequencing method, a phylogenetic tree can be
formed for identification. The overall process of 16s rRNA sequencing is described
in Fig. 5.2 (Sangwan et al. 2021).

5.3 Bioremediation Assay of Pesticides Through Bacterial
and Fungal Isolates

5.3.1 Pesticide Degradation Using Fungi

Bioremediation of pesticides using fungi needs two different culture media (tripli-
cate). One media is used, which contains only PDA, and another contains PDA and

Extraction of genomic DNA is done by boiling method :

(1ml broth culture 1s centrifuged at 10,000rpm for 10 min and
washed it with TE-buffer for 2 times then the resuspended
cells is boiled at 100°C for 10 min. Then the cooling process
is done at 0°C for 5 min and the boiling and cooling process
is repeated for 3 times.

The obtained 16s rRNA is amplified by PCR with the helped ‘

of 63F and 1429R primers.

The seperation of PCR products is done by electrophoresis
using 1% agarose gel and it is visualized with the help of
ethidium bromide stain under the UV light.

QIA quick PCR purification kit is used for purifying the

amplified PCR products.
BLAST sreach of 16s iIRNA sequences is performed against l

GeneBank database. Treeview Software is used to construct
phylogenetic tree.

Fig. 5.2 A schematic flowchart of the process of 16s rRNA sequencing
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pesticide at a definite volume (w/w) inoculated with spores of specific fungi. Then
both plates are incubated at 28 °C for 8 days.

Generally, fungi are better degraded than bacteria for their specific characteristics,
like bioactivity specific-growth morphology, and resistance power are very high in
the presence of a high concentration of pollutant (Hussaini et al. 2013).

5.3.2 Pesticides Degradation Using Bacteria

Previously, isolated bacterial isolates were picked from pure culture and then
inoculated into 100 MSM broth that contained a high concentration of selected
pesticides to determine the degradation ability for 10 days at 30 °C, and every 24 h,
samples are analyzed using GC-ECD. For this analysis, samples are prepared by the
extraction of 2 mL culture with 4 mL ethyl acetate and kept for evaporation until
dryness. Then the extract is again dissolved with 2 mL hexane (Asim et al. 2021).

The GC-ECD method analyzes the degradation of pyrethroid and organochlorine
pesticides that are frequently used in millets.

. Initial OD — Final OD
Percentage of degradation rate = Inital OD x 100

5.4 Mechanism of Pesticide Biodegradation

5.4.1 Mechanism of Microbial Degradation of Pesticides
Generally Used in Millets

As pesticides are chemically very complex, in some cases, more than two strains of
microorganism are required to degrade chemical components of pesticides. Natu-
rally, microbial populations degrade the substrate in a correctly ruled pathway. They
convert the toxic chemical into a simple nontoxic compound or degrade the chemical
through a systematic metabolic pathway. The process in which the organisms
degrade toxic to nontoxic compounds but do not use as their nutritional source is
termed as co-metabolism. Microorganisms can also change a chemical’s structure
either physically or chemically, and this procedure is called biotransformation.
Biotransformed chemicals are further degraded by another group of microorganisms
(Ortiz-Hernandez et al. 2013).

Besides bacteria, a few groups of fungi and actinomycetes also produce some
extracellular enzymes to degrade pesticides. White rot fungi play a vital role in
degrading pesticides when bacteria fail to degrade atrazine, diuron, aldrin, dieldrin,
mireX, chlordane, etc. (Sharma et al. 2019).
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Table 5.9 List of microorganisms involved in the degradation of organochlorine pesticides

Degrading

pesticides Microorganisms

DDT in soil Escherichia coli, Enterobacter aerogenes, Enterobactercloacae, Klebsiella
pneumonia, Pseudomonas putida, Bacillus species and Hydrogenomonas

DDT (activated Pseudomonas sp., Pseudomonas aeruginosa, Micrococcus, and

sludge) Flavobacterium sp.

Endosulfan Pseudomonas sp., Flavobacterium sp., and Bacillus sp.

Lindane B. thiooxidans and Base thiooxidans, Sphingomonas

5.4.1.1 Organochlorine

Organochlorine pesticides are composed of hydrogen, carbon, and chlorine. Differ-
ent organochlorine pesticides are lindane, endosulfan, heptachlor, and DDT. These
organochlorine pesticides are used as insecticides in agriculture, which cause several
health problems for their toxicity. Several microorganisms have been isolated, which
can degrade the toxicity of organochlorine pesticides (Table 5.9), but the breakdown
rate of these pesticides is prolonged. It is observed that organochlorine pesticide
B-endosulfan was detected with a higher concentration in millets from northern
Cameroon (Sonchieu et al. 2010). This f-endosulfan pesticide can be degraded by
bacterial genera like Klebsiella, Flavobacterium, Actinobacteria, Pseudomonas, and
Bacillus (Kafilzadeh et al. 2015).

5.4.1.2 Pyrethroids

It is a synthetic pesticide, an organic compound used for commercial and household
insecticides (Robert et al. 2000). It is an artificial insecticide found naturally from
chrysanthemum flowers, derived from pyrethrins (Sogorb and Vilanova 2002).
Pyrethroids are nonpersistent, and sodium channel modulators are more toxic than
organophosphates and carbamates.

Pyrethroids target CNS in target and nontarget organisms; these compounds are
generally applied to household pests (Gilbert and Gill 2010). Some examples are
cypermethrin, cyfluthrin, deltamethrin, etofenprox, fenvalarate, permethrin, phenothrin,
prallethrin, resmethrin, and tetrafenprox (Ortiz-Hernandez et al. 2013). Cypermethrin
and cyhalothrin are used in millets, mainly sorghum and pearl millets. Bacillus sp. can
degrade cypermethrin within 15 days with a 90% degradation rate (Jambagi et al. 2022).
Chemical degradation mechanism of cyhalothrin is described in Fig. 5.3.

5.4.1.3 Neonicotinoids

It is a neuroactive insecticide chemically close to nicotine (Adegun et al. 2020). It
belongs to the family of acetamiprid, clothianidin, imidacloprid, nitenpyram,
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Fig. 5.3 Degradation pathway of Cyhalothrin (adopted from Jambagi et al. 2022)

nithiazine, thiacloprid, and thiamethoxam. Imidacloprid has been used widely
throughout the world since 1999 (Yamamoto and Casida 1999). Imidacloprid is
the new generation of neonicotinoid pesticides used in millets. Degradation mech-
anism of imidacloprid is shown in Fig. 5.4. Neonicotinoids are degraded by
Achromobacter, Agromyces, Ensifer, Mesorhizobium, Microbacterium, and
Pseudoxanthomonas (Gupta et al. 2016).

5.5 Enzymatic Degradation of Pesticides

As mentioned earlier, pesticides are degraded by organisms through metabolic
pathways. Enzymes are the critical factor in these metabolic pathways. Esterase,
hydrolases, cytochrome P450, GST (glutathione S-transferases), and mixed function
oxidase (MFO) are the main enzyme groups that play a vital role in pesticide
degradation (Bass and Field 2011). Enzymology study is the most recent and
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Fig. 5.4 Degradation pathway of imidacloprid (Adapted from Gupta et al. 2016)

innovative technology that is helping scientists to solve many major problems like
pesticide degradation, which is more valuable than any chemical-mediated degra-
dation method. Enzymes act on the pesticides in two ways: enzymes act on the
pesticide and activate them in situ or enzymes target pesticides with particular
physiological roles. These findings suggest the following:

1. Enzyme groups of transferase, isomerase, hydrolases, and ligases play a role in
the central metabolism of biodegradation pathways.

2. Metabolism pathways synthesize some intermediate compounds, maintaining a
topology between all the metabolism pathways.

3. To understand the exact pathway involved in the degradation, all the intermedi-
ates and all required enzymes should be considered (Ramakrishnan et al. 2011).
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Table 5.10 Examples of pesticide-degrading enzymes produced by microorganisms

Enzyme Organism Pesticide References

Oxidoreductase Agrobacterium Glyphosate Masotti et al.
sp. (2021)

Phosphotristerase | Agrobacterium Insecticide phosphotriester Masotti et al.
radiobacter (2021)
Flavobacterium
sp.

Atzr A, B, C, D, | Pseudomonas Atrazine Sharma et al.

E strain AKN5 (2019)

DMO Pseudomonas Dicamba Ortiz-Hernandez
maltophilla et al. (2013)

LinB Sphingomonas Hexachlorocyclohexane Manickam et al.
sp. (2008)

Ese Pseudomonas Aldrin Pang et al. (2022)
fluorescens
Arthrobacter sp.

P450 Pseudomonas Hexachlorobenzene and Kunze et al.
putida pentachlorobenzene (2009)

E; Lucilia cuprina Synthetic pyrethroids and insecti- Bhatt et al.

cides phosphotriester (2019)

High-throughput techniques like MALDI-TOF could analyze responsible enzymes
involved in the metabolic pathway of organisms for the degradation of pesticides.

Catalytic mechanisms of the total metabolism of pesticides can be divided into
three phases. In the first phase, the main toxic compounds of the pesticide undergo
hydrolysis or oxidation-reduction reaction on enzyme action and become water-
soluble and transformed into a less toxic product. Generally, MFO, hydrolases, and
esterase participate in this phase. In the second phase, organic products like amino
acids and carbohydrates are attached with pesticides or the products formed in the
first phase to make them more water-soluble so that they become less toxic.
Mechanisms like dehalogenation, oxidation of amino, sulfur, and nitro groups,
side chain metabolism, and ring degradation by adding water molecules in the ring
take place by the action of the GST group of enzymes.

Furthermore, in the final phase, microbes produce and secrete some extracellular
enzymes like peroxidases, hydrolytic, etc. to convert phase 2 metabolites further into
nontoxic products (Ortiz-Hernandez et al. 2011). Some pesticide-degrading microor-
ganisms and enzymes involved in the degradation procedure are given in Table 5.10.

5.6 Genetic Studies of Pesticide-Degradation Mechanisms

To utilize the enzymatic-degradation pathway and to enhance pesticide-reduction
efficiency, it is crucial to focus on the genetic basis or find the genes responsible for
the use of pesticides. Identification of the genes that are present in the plasmid is
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more accessible than the genes that are present in the chromosomes. The microbes of
the rhizobacteria family possess their pesticide-degrading or tolerating genes in their
plasmids. With the help of recent advanced “omics” studies like metagenomics,
transcriptomics identification of pesticide-degrading genes has become possible.
One such important, highly conserved gene, the “opd” gene encodes the protein
for the enzyme organophosphorus hydrolase found in many soilborne microorgan-
isms like, Pseudomonas diminuta, Agrobacterium radiobacter, Lactobacillus
brevis, Enterobacter sp., Aspergillus niger, and penicillium lilacinum, are responsi-
ble for degrading organophosphorus by utilizing it as a carbon source (Singh and
Walker 2006). Methyl parathion hydrolase-encoding gene (mpd gene) is another
such example, where methyl parathion is degraded by the microorganisms of the
family  Pseudaminobacter, — Ochrobactrum sp., Rhizobium radiobactor,
Pleisomonas, Brucella, etc. (Zhongli et al. 2001). Novel genes from the pesticide-
degrading microorganisms could be identified and applied in the genetic engineering
studies of pesticide degradation. One such study on cowpea was done, where the
cowpea plant of Africa is naturally resistant to herbicide due to the presence of
trypsin inhibitor-encoding genes. The genetic sequence of this gene could be put into
a plasmid containing pesticide-tolerating microbes to enhance its pesticide-
degradation ability.

5.7 Conclusion

Pesticide biodegradation has the potential to remove the problems related to envi-
ronmental health. Adapting high-throughput technologies like “omics” technology
helps to understand the enzymatic-degradation mechanisms of pesticides and the
proteins or genetic materials involved in the process. This genetic information could
be applied to generate either transgenic plants or genetically modified organisms for
large-scale application and enhanced degradation efficiency. Recent research
showed the positive sites of these genetic studies. Transgenic crops like the Bt
crop were synthesized by incorporating the gene encoding the cry protein in the
plant genome (which showed insecticidal properties) from the novel strain Bacillus
thuringiensis (Bt). It is herbicide resistant and proven that Bt acts as a plant growth-
promoting factor (Kumar et al. 2008). MCmS5 strain of Acinetobacter calcoaceticus,
FCm9 strain of Brevibacillus parabrevis, and Sphingomonas sp. RCm6 are identi-
fied as novel strains as they fall under the PGPR group and are efficient depredators
of cypermethrin (Akbar et al. 2015). Another research group developed transgenic
herbicide-resistant pearl millet Pennisetum glaucum L using the Bar gene (Girgi
et al. 2002). However, the application is limited to the laboratory scale.

Isolation of novel microbial strains for biodegradation and enhancement of plant
growth-promoting factors are important which might be found from millet soil as
recent research isolated almost 24 species of 11 different genera of arbuscular
mycorrhizal fungi (AMF) from the minor millet soil from Tamil Nadu, India. That
indicating to focus on the millet-cultivating soils for isolation of a large number of
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novel microbial strains as pesticide-reducing agent (Mythili and Ramalakshmi
2022). These unique biodegrading and plant growth-promoting features of these
novel strains could further be implicated in the bioremediation process, and also the
alternative of pesticide could be achieved by incorporating these genes into plants
and developing herbicide-resistant plants. This problem addresses focusing the
research adaptation on the soil microbial ecosystem simultaneously with the
enhanced degradation efficiency for field application.
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of Rhizosphere Bacteria in Disease

Suppression in Millets
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and Yalavarthi Nagaraju

Abstract Millets are considered as smart food or nutri-cereals and they are rich in
micronutrients and vitamins and a better substitution of major cereals. There is an
increasing awareness among the farmers, scientists, policymakers, and other stake-
holders more particularly the consumers about the beneficial role of millets in day-
to-day life. The millets are moderately to highly resistant to most of the pathogens
due to their hardy nature and mostly grown under rainfed conditions. However,
certain diseases of millets are considered as economically important due to the
severity of yield losses it causes. The long-term use of fungicides to control the
diseases causes irreparable damage to the environment. Though the development of
resistant cultivars against the emerging pathogens is a superior strategy as part of
integrated disease management, the occurrence of a wide pathogenic variability and
the development of resistance in different populations of pathogens present a serious
threat to the development of resistant cultivars. Biological control of millet diseases
with rhizobacteria or endophytes is a novel tool for eco-friendly management of
diseases. The foremost diseases of millets, which cause great economic losses are
charcoal rot in sorghum, grain mold in sorghum, anthracnose in sorghum, downy
mildew of pearl millet, blast of finger millet, and foot rot in finger millet. Bacillus sp.,
Pseudomonas sp., and Trichoderma sp. are the successful rhizobacteria used as
biocontrol agents for the management of these diseases. The mechanism of biocon-
trol of these destructive diseases by the rhizobacteria involves production of hydro-
lytic enzymes, induction of systemic resistance through synthesis of pathogenesis-
related proteins and defensive enzymes, production of antimicrobial compounds,
hydrogen cyanide, and siderophore production. In addition, these rhizobacterial
agents promote the plant growth by secretion of growth hormones (IAA, cytokinin,
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gibberellins, etc.), solubilization of mineral nutrients, nitrogen fixation, etc. The
present chapter deals with the biocontrol of major diseases of the millets by
rhizobacteria and their mechanism.

Keywords Biological control - Disease - Lipopeptides - Mechanism - Millets -
Phytopathogens - Rhizobacteria

6.1 Introduction

By 2050, world’s population is expected to grow to almost 10 billion warranting the
agricultural demand to 50% in the scenario of modest economic growth (FAO 2017).
Agriculture remains as the primary occupation and more than 50% of population
directly or indirectly depends on agriculture. In India, about 17-18% gross domestic
product (GDP) depends on agriculture. In the present scenario of changing climate,
there is an increasing threat to the major food grains production. Millets are
considered as smart food or nutri-cereals and they are rich in micronutrients and
vitamins and a better substitution of major cereals. There is an increasing awareness
among the farmers, scientists, policymakers, and other stakeholders more particu-
larly the consumers about the beneficial role of millets in day-to-day life. Every year,
more than 40% of crop losses occur due to insect and plant diseases. Farmers use
chemical pesticides to overcome this problem, but these chemicals rigorously pollute
the environment and deteriorates soil fertility. Though, the development of resistant
cultivars against the emerging pathogens is a superior strategy as part of integrated
disease management, the occurrence of wide pathogenic variability and the devel-
opment of resistance in different populations of pathogens present a serious threat to
the development of resistant cultivars. The millets are moderately to highly resistant
to most of the pathogens due to their hardy nature, and mostly grown under rainfed
conditions. However, certain diseases of millets are considered as economically
important due to the severity of yield losses it causes. The foremost diseases of
millets, which cause great economic losses are charcoal rot in sorghum
(Macrophomina phaseolina), grain mold in sorghum (Fusarium sp., Curvularia
lunata, Alternaria alternata, Phoma sorghina, Bipolaris spp., Aspergillus spp.,
etc.), ergot in sorghum and pearl millet (Claviceps pupurea), anthracnose in sor-
ghum (Colletotrichum graminicola), downy mildew of pearl millet (Sclerospora
graminicola), blast of finger millet (Pyricularia grisea), and foot rot in finger millet
(Sclerotium rolfsii). These pathogens often form resting structures such as
microsclerotia, sclerotia, chlamydospore, or oospores and survive in plant debris,
soil organic matter, etc. for longer periods.

Biocontrol is an eco-friendly way to reduce the use of chemical pesticides in
agriculture. Plant growth-promoting rhizobacteria (PGPR) are considered as poten-
tial biocontrol agents, which is the primary indirect mechanism for promoting plant
growth (Ramakrishna et al. 2019). The mechanism of biocontrol of plant pathogens
and induction of plant growth by PGPR include synthesis of antimicrobial com-
pounds (both extracellular and volatiles), hydrogen cyanide, siderophore, production
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of phytohormones, nitrogen fixation, mineral solubilization, etc. In addition, PGPR
induce systemic resistance in host plant through synthesis of antioxidants, phenols,
pathogensis-related (PR) proteins, hydrolytic enzymes, and the expression of genes
related to jasmonic acid and ethylene pathways. These multiple mechanisms offer
resistance to the host plant against pathogen invasion and supportive role in plant
growth and performance (Jiao et al. 2021).

Bacterial endophytes are a new tool to control pathogenic microbes and enhance
plants growth. Bacterial endophytes are present in almost all plant species. They
present inside the root, stem, leaves, and fruits. They produce plant growth-
promoting substances and antimicrobial compounds. Some of them are also respon-
sible for phytoremediation and xenobiotic degradation (Morales-Cedefio et al.
2021). Bacterial endophytes show plant growth-promoting traits, including phos-
phate solubilization, N, fixation, phytoremediation and produce antimicrobial com-
pounds, that have use in agriculture and medicine.

Santos et al. (2018) reviewed the metabolic effect of endophytic bacteria to the
plant during its colonization in plant tissue. Bacterial endophytes showed
antagonistic property against plant pathogens, increased plant growth traits such as
biomass, grain production, and root length. Similarly, Rosenblueth and Matrinez-
Romero (2006) reviewed the effect of bacterial endophyte on growth of the plant.
Bacterial endophytes eliminate plant pathogens and solubilize minerals like phos-
phate, zinc, and potassium. Most of the endophytes have metabolic mechanism to
colonize in plant tissue, but some of them are seedborne. Firdous et al. (2019) and
Malea and Serepa-Diamini (2019) highlighted the importance of bacterial endo-
phytes in plant growth promotion through phosphate solubilization, siderophore
production and phytohormone production etc. Endophytes induce systemic resis-
tance in plants, increase plant stress tolerance and able to degrade xenobiotic
pollutant in its proximal environment. In one of the studies, a total of 360 fungal
endophytes were obtained from tissues of leaf, stem, and root of sorghum plants. The
endophytic fungal isolate Trichoderma asperellum showed broad spectrum of activ-
ity against grain mold pathogens. The study showed eco-friendly approach of
sorghum disease management (Rajini et al. 2020).

Bacillus and Pseudomonas are most abundant bacteria in rhizospheric soils and
frequently occur in isolation and screening of plant growth-promoting rhizobacteria.
The major functions of these bacteria in agricultural soil are nitrogen fixation,
nutrient supplementation (major and micronutrients), synthesis of antimicrobials,
phytohormones production, plant growth support. They also play important role
in plant defense against pathogens through induction of systemic resistance by
synthesizing related metabolites and pathogenesis-related proteins. They have the
ability to colonize the plant tissues as endophytes and do all the functions within the
plants as described here (Govindasamy et al. 2010; Hyung et al. 2016). The
bioagents employ multiple mechanisms for the biocontrol plant pathogens. The
antagonistic property of Bacillus isolates included p-1,4 glucanase, chitinase,
siderophore, hydrogen cyanide, ammonia, and other biocidal and thermostable,
nonvolatile antifungal metabolites (Kumari and Khanna 2016). The fluorescent
pseudomonas isolates suppress the most destructive diseases of the grain smut
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disease and brown spot disease of barnyard millet at the mid-hill regions of
Uttarakhand, India through seed treatment, soil application of value-added
vermicompost impregnated by fluorescent pseudomonas, and foliar application
(Rawat et al. 2018). Among the bioagents, Trichoderma spp. is considered as
popular bioagent for the control of soilborne pathogens. Rudresh et al. (2005)
reported potential Trichoderma viridie and T. harzianum strains for the biocontrol
of wilt complex disease in chickpea. Though Trichoderma sp. are reported as
potential biocontrol agent, Bacillus and Pseudomonas are frequently encountered
as rhizobacteria and endophytes and have multiple traits of plant growth and
biocontrol of plant diseases.

6.2 Major Diseases in Millets
6.2.1 Charcoal Rot of Sorghum

Charcoal rot is the major disease impacting the root and stalk with great destructive
potential on sorghum caused by Macrophomina phaseolina. Its host range includes
legumes (groundnut, soybean, pigeon pea, and chickpea), cereals (sorghum, finger
millet, and maize), fruits (banana, orange, pear, and apple), and vegetables (pump-
kin, tomato, and cabbage). It is a serious disease in the Americas, Australia, Asia,
and other dry continents. Sorghum bicolor, which covers more than five million
acres in the Indian states of Maharashtra, Karnataka, and Andhra Pradesh, suffers a
significant yield loss due to the disease. Perhaps, root exudates from seedlings of
sorghum will cause the sclerotia of M. phaseolina to germinate. Seedling blight may
result from the germinated sclerotia infecting the main root (Das et al. 2008a). The
plants perish if the infection takes place before secondary roots form.

However, seedlings with less-severe infections live, form additional roots, and
eventually develop into plants. Few isolates are host-specific, and the rest have a
broad host range; however, the general biology is similar among the isolates. The
major impediment in the control of this disease is the nonavailability of highly
resistant cultivars. The pathogen also produces phaseoline, which can cause anemia
in mice. Therefore, the disease has an indirect impact on animal health. Particularly
in cultivars with large yields, where the infection becomes severe and destructive,
there is a lack of genetic resistance to the disease at a high level (Das et al. 2008b).
The term ‘“charcoal rot” comes from the overgrowth of sclerotia in the vascular
bundles, which gives the afflicted region a charcoal look. The symptoms are
sometimes inconspicuous, making them difficult to diagnose. The affected plants
look pale and thin, and the seedlings’ infection results in the symptoms’ damping.
The yield losses may be partial to full when mechanical harvesting is adopted.

The goal of eco-safe disease control is to protect the root against fungal infection
using microbial inoculants. M. phaseolina is a soilborne root pathogen that naturally
forms heat-tolerant sclerotia. The pathogen survives predominantly as small, black
sclerotia in diseased root and stem debris or soil after the decay of the plant material
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in which they were formed, and serves as the primary source of charcoal rot
infection. The isolates have little or no saprophytic activity, thus the sclerotia acts
as a primary source of inoculum for the disease initiation. In the infection site,
isolations revealed the association of other fungi like Fusarium moniliforme, Rhi-
zoctonia solani, Helmenthosporium sativum, and Nigrospora sphaerica.
F. moniliforme is dominant under low soil temperatures; contrastingly, the charcoal
rot pathogen prefers to grow in the presence of high temperatures. The pathogen
targets plants that have lost strength due to unfavorable situations such as drought.
The pooled effect of charcoal rot and lack of moisture result in yield reduction. The
signs of the disease include root rot-caused plant lodging, pith and cortex disinte-
gration, early stalk drying, and poorly developed stalks with low grain quality.

6.2.2 Grain Mold

One of the most significant diseases affecting sorghum is grain mold, which is
brought on by a variety of different fungi. Infections in India are mostly caused by
the genera Fusarium, Curvularia, and Alternaria, accounting for 80-90% of the
infections (Das et al. 2020). Additionally, irregular, low-frequency detections of
Aspergillus, Cladosporium, Penicillium, Olpitrichum, Phoma, Drechslera, Botrytis,
and Bipolaris species have been made (Das et al. 2020). Depending on the cultivars
and season, the disease can result in yield reductions of 30-100% (Kalaria et al.
2020). Grain mold causes losses in seed weight, grain density, germination, and seed
viability, which significantly reduces seed-quality metrics during the wet season
(Nida et al. 2019). The infected grain of sorghum is toxic and inappropriate for use as
animal and bird feed (Das et al. 2020). The most economical, effective, and
environmentally beneficial control technique is host-plant resistance (Mofokeng
et al. 2017). Grain mold disease resistance in sorghum is facilitated by traits such
panicle compactness, glume cover, glume color, grain hardness, polyphenols (tan-
nins), flavonoids (flavan-4-ols), and antifungal proteins (chitinases, glucanases,
sormatin, PR-10, and RIPs).

To enhance sorghum, it is important to avoid relying solely on the few sources of
grain mold-resistant genes and alleles that are now accessible. In this regard, crop
wild relatives and landraces provide a significant amount of potential as gene
reservoirs (Brar and Khush 2018; Kyratzis et al. 2019). The need to gather, screen,
and identify new sorghum germplasm carrying the grain mold-resistant trait that may
be used for adaptation to rainfed agroecologies of India has arisen because of the
intensifying effects of climate change. The pathogens can survive in crop residues
and soil and spread through the air, and mainly cause discoloration of grains. It
affects seed mass, grain density, seed germination, storage quality, food- and feed-
processing quality, and market value.
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6.2.3 Ergot or Sugary Disease

The fungus of the Claviceps genus is responsible for the fungal disease known as
ergot, affecting grasses and cereals. Ergot or sugary disease is a major problem in
millet production. It commonly occurs in sorghum and pearl millet. The sclerotia
produced in the infection spread through seed and soil and have collateral host.
Honeydew secretion attracts molds and insects and causes black discoloration in
leaves and grains. The disease is caused by several distinct fungus species, how-
ever Claviceps purpurea (Fr.) Tul is the most prevalent according to ergot surveil-
lance in Canada (Liu et al. 2020). The pathogen C. purpurea is a homothallic
ascomycete fungus infecting susceptible hosts’ florets by windborne ascospores.
The species have been separated into numerous distinct lineages, each with a unique
range of hosts, some of which can spread disease to a wide variety of cultivated and
wild grass hosts (Shoukouhi et al. 2019). Different grass species have been shown to
vary in their ability to withstand illness, with rye being more vulnerable and having
more special reports of ergot toxins.

There is heterogeneity in the susceptibility levels between cultivars of grain
species, showing the possibility of reducing the infection via breeding (Menzies
and Turkington 2015). However, as our grain production systems expand to satisfy
the demands of an expanding global population and changes in environmental and
climatic circumstances, there is a forecast rise in the pressure from fungal diseases.
Ergot is present on plant spikes as black masses (ergot sclerotia). The disease gets its
name from these sclerotia, which grow instead of healthy kernels and resemble
cock’s spurs (or “argot” in French). When soil moisture and temperature conditions
enable the release of wind-dispersed ascospores that infect florets during blooming,
ergot sclerotia germinate during the disease cycle. The substance known as “hon-
eydew” is secreted from infected florets because the ergot pathogen produces masses
of conidia in a sugary matrix throughout the infection phase. Insects and rain
splashes propagate the conidia in the honeydew, which causes secondary infections
such as spreading sick grass to nearby cereal crops. During the growth season, ergot
sclerotia form from the infected florets, replacing the kernels. They eventually fall to
the soil’s surface and overwinter in the field, producing a new source of ascospores
the following year (Menzies and Turkington 2015). During the harvesting process,
sclerotia can also be gathered with healthy grain.

Ergot sclerotia can form instead of healthy kernels, reducing the yield of cereal
grains. The effect of ergot on yield losses for rye grown in Alberta in the middle of
the 1970s was investigated by Harper and Seaman (1980). Due to fewer healthy
kernels on infected spikes paired with a lower weight of healthy kernels on infected
spikes as compared to uninfected spikes, they recorded a yield loss of 32%. These
statistics were extrapolated to the field size, and it was determined that rye crops with
0.5-3.3% infected spikes would have a 0.16—1.1% lower grain production. Ergot’s
toxin generation by the fungus is one of the main causes of worry. Ergot alkaloids,
which C. purpurea generates as secondary metabolites, have a tetracyclic indole-
quinoline ring structure as a structural defining characteristic. Honeydew contains
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ergot alkaloids in quantities of up to 1 part per billion, whereas sclerotia have
amounts of up to 1 part per million (Orlando et al. 2017). In their excellent summary,
Florea et al. (2017) covered the production of ergot alkaloids and the evolution of the
genes involved.

Ergotism, a condition marked by swelling of the extremities, scorching agony,
and the possible loss of limbs, hallucinations, delirium, muscular spasms, and
convulsions, has been brought on by eating meals containing ergot alkaloid-
contaminated grain (Pitt and Miller 2017). Animals ingesting feed tainted with
ergot alkaloids experienced stunted development, interruptions in milk production
in calves, and circulatory problems, resulting in gangrene and increase in body
temperature. Grain functioning and quality are both impacted by ergot; the primary
effects on quality are related to color and the presence of black specks in grain
products.

6.2.4 Blast of Finger Millet

The most detrimental disease influencing the output and productivity of finger millet
is finger millet blast, which is brought on by the filamentous fungus Magnaporthe
oryzae (sexual amorph Pyricularia oryzae) and is widespread throughout all finger
millet-growing regions. A finger millet plant’s growth stages are infected by
M. oryzae, which can eliminate the crop’s grain output (Takan et al. 2012). Effective
disease management strategies are required to assure global food security due to the
relevance of finger millet blast disease, especially in arid and semiarid parts of Africa
and Asia where the crop is mostly grown. A finger millet blast occurs at all growth
stages, from seedling to grain formation, and causes significant yield loss to the tune
of 28% (Netam et al. 2016). Blast disease brought on by M. oryzae impacts finger
millet development and yield. The fungus infects numerous commercially significant
crops, including wheat (Cruz and Valent 2017), foxtail millet, barley, rice, and
various grass species in the Poaceae family (Han et al. 2018).

The disease may infect the leaves, stem, collar, node, neck, fingers, and roots
under the right circumstances, leading to significant crop losses in all finger millet-
growing regions. The early signs of the disease, known as little gray or brownish
spots on the leaves, are caused by blast infections, which primarily affect the leaves.
The pathogen spreads through crop residues and airborne conidia. In leaves, it causes
spindle-shaped spots with brown margins and gray centers. It causes chaffiness or
partial filling of grains. Pyricularia grisea is the most devastating (Cruz and Valent
2017), leading to yield loss of up to 100%, resulting in economic loss to farmers and,
ultimately, a food crisis (Prajapati et al. 2013). The disease is common on finger
millet in India and Africa. Blast pathogen is susceptible to minute temperature
changes and other environmental factors. Control of blast disease is a serious and
challenging issue relying heavily on chemical pesticides like organophosphorus
fungicides, which have been reported to be highly effective (Kumar et al. 2019).
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6.2.5 Foot Rot of Finger Millet

One of the significant new ragi diseases, foot rot caused by Sclerotium rolfsii, has
become more prevalent recently, especially in irrigated and heavy rainfall areas
(Nagaraja and Anjaneya Reddy 2009). The disease has been observed to result in
more than 50% yield losses. Sclerotium-producing fungi, the fungus characterized
by small tan to dark brown or black spherical sclerotia with internally differentiated
rind, cortex, and medulla were placed in the form genus Sclerotium. This pathogen
affects a range of hosts, causing symptoms such as leaf spot in Lotus meliloti, finger
millet foot rot, collar rot in chickpeas, and southern blight in sugar beets.

The use of fungicides may not be cost-effective since Sclerotium rolfsii is a
soilborne disease and requires a field-wide drench, and fungicide resistance devel-
opment was a prevalent issue. Considering Sclerotium rolfsii broad host range and
ability to infect more than 500 crops, cultural measures, including crop rotation,
were also ineffective against it. Although soil solarization is one of the most efficient
methods for reducing soilborne diseases, it is only recommended for use in nurseries
and is not practical at the field level. Studies were conducted to determine the
optimum integrated management practices for preventing Sclerotium rolfsii-caused
foot rot disease of finger millet while keeping these factors in mind. The important
diseases in pearl millet are downy mildew or green ear caused by Sclerospora
graminicola, rust caused by Puccinia pennisetii, smut caused by Tolyposporium
penicillariae, and ergot/sugary disease caused by Claviceps fusiformis.

6.3 Biocontrol of Major Diseases in Millets by
Rhizobacteria

The commonly used fungicides for the control of millet diseases are Thiram/Captan/
Carbendazim (24 g/kg) in seed treatment, while Metalaxyl/Edifenphos/Mancozeb
(500 g/ha) in case of field application. Systemic fungicides such as propicanozole,
hexaconazole, and difeconazole , and contact fungicide, Mancozeb, were found to
control soilborne pathogens. The long-term use of these fungicides affects the
ecosystem and causes irreparable environmental damage. The development of
resistant cultivars is considered a superior integrated disease management strategy.
Due to high variability in pathogenesis, adequate host resistance is lacking to control
soilborne diseases of millets like charcoal rot in sorghum and sheath rot in minor
millets. These pathogens form resting structures such as sclerotia, resist extreme
environmental conditions, and survive as viable propagules for years. When a
conducive environment is created, these resting structures start germinating and
invade the crop plants. Therefore, biocontrol agents are considered as the most
sustainable strategy for managing these diseases.
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6.3.1 Sorghum Charcoal Rot

The lack of suitable management practices instigates alternate strategies for inves-
tigation. After numerous biocontrol agents were field- and greenhouse-tested, bio-
logical suppression has emerged as a dependable element of integrated disease
management of phytopathogenic fungi. The most important and potentially fruitful
category of rhizobacteria implicated in the biocontrol of plant diseases among the
bacterial biocontrol agents is fluorescent Pseudomonas spp. (O’Sullivan and O’Gara
1992). Considering how quickly and aggressively these bacteria colonize the root,
they are perfectly suited as soil inoculants. Due to its ability to stop harmful soil
microbes from colonizing the root surface, this property alone is proposed as a
disease control strategy. Additionally, it has been suggested that the antagonistic
effects of fluorescent pseudomonas are mediated via secondary metabolites such as
antibiotics, cyanide, and siderophores.

The synthesis of siderophores, volatile compounds, extracellular antibiotics,
efficient colonization of roots, and survival in the sorghum rhizosphere were only
a few of the mechanisms that worked to suppress the diseases. P. chlororaphis
strains are proven effective biocontrol agents for fungal root rot in tomato plants. It is
recognized that none of the biological control mechanisms (such as antibiosis,
competition, parasitism, and induced resistance) is mutually exclusive. Furthermore,
a single biocontrol agent typically exhibits many modes of action (Whipps 2001). A
rare actinomycete Amycolaptopsis BCA-696 had significantly reduced the incidence
of charcoal rot disease in sorghum, in an experiment conduced for two seasons. The
suppression of the disease by the actinomycete in sorghum was anatomically
illustrated using scanning electron microscope (SEM) in which the conducting
tissues, xylem and phloem vessels, were intact in actinomycete-treated plants
while most of the stem tissues damaged in positive control (only M. phaseolina)
inoculated plants (Gopalakrishnan et al. 2019).

Streptomyces albus CAI-21 exhibited significant biocontrol activity against char-
coal rot pathogen Macrophomina phaseolina in sorghum. The number of internodes
infected and length of infection was significantly reduced (>50%) in sorghum seeds
treated with a cell suspension of S. albus CAI-121 compared to control (pathogen
alone). The strain also showed similar biocontrol activity in other crops like sun-
flower, chickpea, pigeon pea, and rice (Gopalakrishnan et al. 2020, 2021; Ijaz et al.
2021). Similarly, Das et al. (2008a) isolated 126 fluorescent pseudomonades from
sorghum fields in India. The fluorescent pseudomonas strains, viz., SRB 129, SRB
288, and SRB 127, had significantly inhibited the mycelial growth and germination
of microsclerotia of M. phaseolina. The strain Pseudomonas chlororaphis was able
to colonize the root tissue of sorghum plants which was confirmed through SEM.
The antagonistic potential of Trichoderma spp., against the charcoal rot pathogen
M. phaseolina in sorghum, was demonstrated by Gavali et al. (2021) and Yassin
et al. (2021).
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6.3.2 Sorghum Grain Mold

The development of fungus reduces grain production and quality, changing the
chemical and nutritional composition. It causes grain discoloration, a reduction in
dry matter owing to carbohydrate consumption, protein breakdown, and lipid deg-
radation, all of which affect the product’s digestibility and produce volatile metab-
olites that emit odors (Orina et al. 2017). The generation of heat and moisture in
cereals during a mold infestation also adds to product spoiling, which has an impact
on grain grade, marketing price, and client satisfaction. The primary cause for worry
is the creation of dangerous secondary fungal metabolites (mycotoxins) that have a
severe impact on both human and animal health (Mwakinyali et al. 2019). Myco-
toxins, which harm cereal grains during growth or after harvest, are mostly generated
by fungus of the genera Aspergillus, Penicillium, Alternaria, and Fusarium
(Mikusova et al. 2013). Four biological control agents, viz., Pseudomonas
fluorescens, Trichoderma viride, Trichoderma harzianum, and Bacillus subtilis,
were evaluated for biocontrol of grain mold in sorghum, and the results showed
P. fluorescens was found to be best among the four bioagents (Desai and Rakholiya
2021). The tripartite interaction of volatile compounds produced by antagonistic
actinomycete Streptomyces rochei with the grain mold pathogens of sorghum, viz.,
Fusarium moniliforme and Curvularia lunata, was studied. The results showed the
production of volatiles, furan 2-methyl (6.60%), benzene (4.43%), butanol, 2-methyl
(18.67%), and myrcene (1.14%) which are involved in sesquiterpenoid and alkane
biosynthetic pathway and the oxalic acid degradation pathway (Sudha et al. 2022).

6.3.3 Sorghum Anthracnose

Sorghum anthracnose disease caused by Colletotrichum graminicola is a fungal
disease that causes significant yield loss and depends on the heavy use of chemical
fungicides for its control. Although there is a large supply of germplasm resistant to
the sorghum disease, little is known about the molecular genetics of anthracnose
resistance. Typically, pathogen-derived chemicals that are sensed and the kinetics of
immune responses are used to divide up plant immune pathways into two types.
Pathogen-associated molecular patterns (PAMPs), which are pathogen-derived sig-
nature molecules, are recognized at the cell surface by pattern recognition receptors,
which then activate pattern-triggered immunity (PTI). PTI is connected to different
levels of quantitative resistance. Quantitative resistance to C. graminicola has been
connected to phytoalexin 3-deoxanthocyanidin accumulation at the site of infection
(Cui et al. 2015).

Effector trigger immunity (ETI), a powerful and frequently extremely specific
disease resistance, is initiated by the second route, which is mediated by nucleotide-
binding leucine-rich repeat (NLRs) proteins that recognize pathogen effectors inside
of cells. The hypersensitive reaction (HR) and enhanced tolerance of infection (ETT)
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are related. An arms race between plants and diseases is fueled by the NLRs’ high
polymorphism and the infections’ strong selection pressure. Both qualitative and
quantitative resistance mechanisms are involved in the defense against anthracnose
(Nelson et al. 2018). Twenty Trichoderma spp. were isolated from rhizosphere soil
of sorghum. Trichoderma sp. T3 exhibited maximum inhibition of the anthracnose
pathogen, and the lowest incidence of 54.9% was observed in T. asperellum T3
bioprimed plants 75 days after sowing (Manzar et al. 2021). Similarly, Teja et al.
(2020) reported that among the various species of Trichoderma tested, T. harzianum
was found to be a promising antagonistic against Colletotrichum graminocola,
which causes anthracnose in sorghum. The major mechanism of inhibitory action
of Trichoderma against the pathogen is extracellular production of hydrolytic
enzymes. The culture filtrate of T. asperellum and T. harzianum at 10 and 25%
concentration in the medium had 60—80% inhibition against C. graminicola (Manzar
and Singh 2020). The integrated use of neem and fungicides were found to be
effective for the management of foliar diseases (anthracnose, gray leaf spot, and
zonate leaf spot) of sorghum (Atri et al. 2022). Thus, the reports clearly showed the
use of biocontrol agent integrated with chemical fungicide was found to be effective
in the management of foliar diseases in sorghum.

6.3.4 Downy Mildew of Pearl Millet

Downy mildew of pearl millet Pennisetum glaucum (L.) caused by Sclerospora
gruminicola (Sacc.) Schroter is the most devastating disease in major pearl millet-
growing areas of the world. The bacterial endophytes Bacillus amyloliquefaciens,
B. subtilis, and B. cereus isolated from pearl millet showed multiple plant
growth-promoting traits including HCN, siderophore and IAA production,
I-amino cyclopropane-1-carboxylate (ACC) deaminase activity, and mineral solu-
bilization capability and protect the host plant from abiotic and biotic stresses
(Kushwaha et al. 2020a, b; Sangwan et al. 2021). P. fluorescens, a biocontrol
agent isolated from the rhizosphere of pearl millet, was effective against downy
mildew disease of pearl millet. Among the treatments, viz., seed treatment alone,
foliar spray alone, and seed treatment with a foliar spray, the application of seed
treatment with foliar spray was found effective in suppressing the disease. The
application of talc-based formulation of P. fluorescens in seed treatment (10 g/kg
of seed) followed by foliar spray (1 x 10® CFU/mL) resulted in a decrease in percent
incidence of downy mildew disease from 90% (control-untreated) to 85% (Umesha
et al. 1998). The effect of seed biopriming with biocontrol agents on suppression of
downy mildew disease in pearl millet was demonstrated (Atri et al. 2019). Among
fungi, Trichoderma spp. has been widely studied for biological control of downy
mildew in pearl millet. The oligosaccharides and/or total crude protein (TCP)
extracted from Trichoderma spp. and Trichoderma atroviridie elicited the systemic
resistance in pearl millet against the downy mildew pathogen Sclerospora
graminicola. The peroxidase and lipoxygenase levels were elevated in
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Trichoderma-inoculated plants (Nandini et al. 2017a, b). The effect of Trichoderma-
mediated selenium nanoparticles (SeNPs) and Trichoderma asperellum as biocon-
trol agent studied individually and in combination to evaluate the suppression of
downy mildew pathogen under greenhouse conditions. The results showed that the
combination of SeNPs and T. asperellum resulted in significant suppression of
downy mildew disease compared to individual application (Nandini et al. 2017c¢).
In a similar attempt, trichogenic-lipid nanoemulsion elicited resistance against pearl
millet downy mildew disease (Nandini et al. 2019). Similarly, anti-oomycetes
secondary metabolites were reported from 7Trichoderma spp. and their role in
biological control of downy mildew disease in pearl millet (Nandini et al. 2021a).
The distribution and diversity of Trichoderma from rhizosphere samples of pearl
millet grown under different agroclimatic conditions was studied and the results
showed that Trichoderma spp., T. asperellum and T. harzianum, were found in
higher frequency (Nandini et al. 2021b).

Attempts were also made to evaluate fungal endophytes on suppression of downy
mildew disease in pearl millet. The fungal endophytes Fusarium oxysporum,
T. asperellum, and Acremonium sp. were found to suppress downy mildew disease
by 36% under greenhouse conditions (Nandhini et al. 2018). The seed biopriming
with endophytic 7. hamatum UOM 13 in pearl millet showed enhanced seed
germination, seedling vigor, and suppression of downy mildew disease. The
unveiling of mechanism of disease suppression showed the elicitation of defense
enzymes, overexpression of pathogenesis-related proteins, and upregulation of
salicylic acid biosynthetic pathway gene, isochorismate synthase (Siddaiah et al.
2017). The endophytic actinomycete isolates obtained from pearl millet roots
showed antagonism against downy mildew disease in pearl millet. The seed coating
of either spores or cell-free extract of actinomycete, Streptomyces griseus SJ_UOM
18-09 induced the systemic resistance which aids in biocontrol of downy mildew
disease in pearl millet (Jogaiah et al. 2016). The systemic protection against downy
mildew disease in pearl millet induced by conidial suspension of Penicillium
oxalicum (Murali and Amruthesh 2015), cell wall glucan elicitors from
T. hamatum UOM 13 (Lavanya et al. 2017, 2022) were reported.

6.3.5 Finger Millet Blast

Control of blast disease by employing biological agents can enhance agricultural
productivity in crops such as wheat, rice, millet, and barley and is reported to protect
against yield loss (Kumar and Kumar 2011; Prajapati et al. 2013; Cruz and Valent
2017). Microbes capable of colonizing the rhizosphere and plant roots can protect
the plants from pathogens through antagonistic interaction (Buchenauer 1998;
Whipps 2001) and induce systemic resistance to the plants, which can reduce fungal
infection (Compant et al. 2005) by helping in reducing the pathogenic attack on the
plant (Weller 1983).
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Many studies have reported pseudomonads as bioinoculants with the potential to
manage phytopathogens and promote crop growth under different agroclimatic
conditions (Yasmin et al. 2017; Wang et al. 2015). Pseudomonads produce a wide
range of metabolites, including antibiotics (2,4-DAPG, HCN, PLT, and PCA) and
enzymes that exhibit antagonistic activity against phytopathogens (Miiller et al.
2016; Vacheron et al. 2017; Yan et al. 2017). The disease incidence increases with
increasing N levels (Kumar and Rashmi 2012). Management practices such as plant
spacing and regulating the amount of nitrogenous fertilizer are essential measures to
minimize the occurrence of blast disease. Nagaraja et al. (2012) observed that seed
treatment to resistant varieties with either carbendazim at 2 g/kg or Pseudomonas
fluorescens 6 g/kg was found to reduce blast disease incidence by two and a half
times over control besides recording a high mean yield of 25.67 and 24.98 quintals/
ha as against 21.06 quintals/ha in susceptible variety. Studies to evaluate the impact
of bioinoculants on the control of blast disease in the finger millet have shown
disease suppression in the range of 16-54% (Radjacommare et al. 2004; Kumar and
Kumar 2011; Waghunde et al. 2013). Pseudomonas sp. MSSRFD41 seed priming
and root dipping for control of blast disease and growth promotion in finger millet,
which protected the finger millet against blast disease in the initial growth stage and
foliar spray at the later growth stage through induced systematic resistance (Sekar
et al. 2018). Pseudomonas fluorescens, Trichoderma viridie, and Trichoderma
harzianum are reported to effectively control blast disease. Two sprays of
P. fluorescens at 3 g/LL were at par with carbendazim treatment (Netam et al.
2016). The combination of seed treatment at 10 g/kg seed followed by two sprays
of Pseudomonas fluorescens was found to be at par with chemical fungicides
treatment for the management of blast in finger millet (Prajapati et al. 2020).
Rawat et al. (2022) reported that seed biopriming with Trichoderma was found
useful in overcoming the salt stress conditions and providing protection against
finger millet blast. The rhizospheric Pseudomonads exhibited excellent antifungal
activity against fungal pathogen, Magnaporthe grisea. The in-planta assay showed
more than 80% suppression of blast finger millet due to seed treatment and foliar
spray with Pseudomonas fluorescens (Negi et al. 2017).

6.3.6 Foot Rot of Finger Millet

The contact fungicide Mancozeb was found effective for controlling soilborne
pathogen Sclerotium rolfsii, causing foot root rot in finger millet. As an alternative
to fungicides, the biocontrol agent, Trichoderma harzianum (GKVK), was found
effective in managing this disease (Manu et al. 2012). Senthil et al. (2012) reported
the application of rhizobacterial agent (Pseudomonas fluorescens Pf 1) talk formu-
lations (0.6%) performed at par with a combination of fungicides
(Carbendazim + Mancozeb) at 0.2% on effective control of blast disease in finger
millet. The application of chitosan and bioagents, viz., Trichoderma harzianum and
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P. fluorescens, had synergistic effect on inhibition of fungal root disease causative
agent, Sclerotium rolfsii in finger millet (Malagitti et al. 2021).

6.4 Mechanism of Biological Control of Soilborne
Phytopathogens by Rhizobacteria

The rhizobacteria possess different antagonistic traits for suppression of pathogens,
including competition for colonization site or nutrients, production of volatile/
diffusible antibiotics, synthesis of PR proteins in host plants, and production of
enzymes and biocidal compounds. According to Zaim et al. (2013, 2016), the
synthesis of enzymes that break down fungal cell walls, hydrocyanic acid (HCN),
antibiotics, induction of systemic resistance (ISR), and antagonism against
siderophores are some of the mechanisms used by plant growth-promoting
rhizobacteria to suppress soilborne fungal pathogens. Figure 6.1 shows the mecha-
nism of rhizobacteria’s biocontrol of plant diseases. Additionally, the rhizobacteria
and PGPR emit phytohormones, including IAA, gibberellic acid, and other similar
substances, fixing atmospheric nitrogen and directly promote the development of
host plants. In this chapter, we discuss antimicrobial metabolites, induction of
systemic resistance, and HCN and siderophore production by antagonistic
rhizobacteria as the primary mechanism of suppression of potential soilborne fungal
pathogens. The frequency of soilborne diseases can be decreased by lowering the
pathogen’s inoculum density in the soil.

6.4.1 Antimicrobial Metabolites

Endophytes and other biocontrol agents are reported for synthesizing antimicrobial
compounds of small molecular weights, usually less than 3.5 kDa. They are gener-
ally classified as lipopeptides (LP)-containing aminoacid chains with lipid moiety. It
comprises a hydrophobic tail, usually a fatty acid, linked to a hydrophilic head
between 4 and 12 amino acids. The significant microorganisms producing LPs are
Bacillus, Pseudomonas, yeasts, etc. The cyclic lipopeptides contain a lactone ring in
the aminoacid chain. The cyclic lipopeptides reported in rhizobacteria are bacilysin,
subtilin, fengycin, surfactin, iturins, lichenysins, viscosins, amphisins, etc. (Biniarz
et al. 2017). The structural details of selected cyclic lipopeptides are presented in
Fig. 6.2.

An endophytic bacterium Bacillus amyloliquefaciens ES-2 isolated from
Scutellaria baicalensis produced two families of secondary metabolites with
broad-spectrum antibacterial and antifungal activities. This bacterium showed an
antagonistic effect on plant pathogens, food spoilage bacteria and fungi, and
foodborne pathogens. The electrospray ionization/collision-induced dissociation
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Fig. 6.1 Mechanism of biocontrol of plant pathogens by rhizobacteria

spectrum analysis revealed the antimicrobial metabolites belong to fengcyin and
surfactin homologs, respectively. These lipopeptide antibiotics could be used against
fungal plant diseases and in food preservation (Sun et al. 2006). Mageshwaran et al.
(2012) isolated an antimicrobial compound from the endophytic bacteria
Paenibacillus polymyxa HKA-15. The antimicrobial compound produced by
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