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Preface

Arbuscular mycorrhizal fungi (AMF) are ubiquitous, soilborne, endophytic, obligate
biotrophs that colonize the roots of most terrestrial plants to establish mutually
beneficial relationships. The colonization of host roots by AMF improves the access
of plant roots to nutrients, mainly phosphorus and nitrogen. In return, host plants
provide the colonizing fungi with carbon-rich photosynthates such as sugar and
lipids. This nutrient exchange strongly impacts plant and microbial ecosystems by
influencing plant fitness, core soil processes, and the carbon cycle. Crucially, both
mutualism and ecosystem services largely rely on the bidirectional flow of resources.
The AMF symbiosis not only provides plants with nutrients but also supplies water
and enhances their resistance to environmental and biotic challenges.

In recent years, AMF have been the focus of interdisciplinary research, and the
knowledge regarding physiological and molecular functions and the underlying
mechanism is accumulating. Accumulating evidence suggests that AMF act as the
key convergence point of intra- and inter-organismal communications in response to
environmental signals. The physiological and molecular processes by which AMF
aid plants in nutrient foraging and stress resilience have been extensively studied.
Recent work has established the framework for nutrient exchange and regulatory
interactions between host plants and AMF. Despite a long history of AMF research
relating to enhanced tolerance to environmental stress, the accurate biological
mechanisms and different biochemical, physiological, and molecular pathways
that lead to improved stress tolerance still remain unclear.

The utilization of AMF in modern agriculture is of great significance in the
context of global climate change. Bioaugmentation of AMF can alter crop yield
under favorable and/or unfavorable environmental conditions. AMF have potential
applications in crop production, forestry management, bioremediation, and ecolog-
ical restoration as biofertilizers and bioprotectors. Therefore, it is important to further
explore how utilization of AMF can potentially secure good harvest under challeng-
ing environmental conditions. In this book, we compiled the multifaceted roles of
AMF in plant growth, development, and stress management to reach a broad
audience of plant and environmental sciences including researchers and advanced
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university students. The present book is composed of 14 chapters on various aspects
of AMF in the context of higher plants from fundamental to applications. The book
provides new insights into our understanding of AMF-mediated plant growth regu-
lation and stress tolerance covering the most recent biochemical, physiological,
molecular, environmental, and ecological studies.

Despite a few minor emendations, the authors' entire premise was preserved in
every chapter. However, it is indeed possible that there are still some flaws in the
book, so any input from readers would be greatly appreciated for future editions. We
would like to thank all the authors who contributed to this book. Thank you to
Springer, especially the in-house editors and production staff involved in this book
project, for your gracious assistance in completing this project!

Luoyang, Henan, China Golam Jalal Ahammed
Tabriz, Iran Roghieh Hajiboland
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Chapter 1 ®)
Introduction to Arbuscular Mycorrhizal s
Fungi and Higher Plant Symbiosis:
Characteristic Features, Functions,

and Applications

Golam Jalal Ahammed and Roghieh Hajiboland

Abstract Arbuscular mycorrhizal fungi (AMF) are ubiquitous, soil-borne, endo-
phytic, obligate biotrophs that colonize the roots of most terrestrial plants to establish
mutually beneficial relationships. The colonization of host roots by AMF improves
the access of plant roots to nutrients, mainly phosphorus (P) and nitrogen (N). In
return, host plants provide the colonizing fungus with carbon (C)-rich photosyn-
thates such as sugar and lipids. This nutrient exchange strongly impacts plant and
microbial ecosystems by influencing plant fitness, core soil processes, and the C
cycle. Crucially, both mutualism and ecosystem services largely rely on the bidirec-
tional flow of resources. The AMF symbiosis not only provides plants with nutrients
but also supplies water and enhances their resistance to environmental and biotic
challenges. The physiological and molecular processes by which AMF aids plants in
nutrient foraging and stress resilience have been extensively studied. Recent work has
established the framework for nutrient exchange and regulatory interactions between
host plants and AMF, but the mechanisms underlying AMF-mediated host plant
tolerance to stress still remain unclear. AMF are of potential applications in crop
production, forestry management, bioremediation, and ecological restoration as
biofertilizers and bioprotectors. In the first chapter, we introduce AMF, plant-AMF
symbioses and their characteristic features, functions, and potential applications.
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1.1 Introduction

Arbuscular mycorrhizal fungi (AMF) are ubiquitous, soil-borne, endophytic, obli-
gate biotrophs that colonize the roots of 70-90% of terrestrial plants in various soil
types and environmental conditions to establish mutually beneficial relationships
(Branco et al. 2022; Shi et al. 2023). The evolutionary trajectory of AMF has been
intrinsically tied to the history of plant evolution with the appearance of the first
terrestrial plant around 400 MY A ago (Salvioli di Fossalunga and Novero 2019).
Taxonomically, AMF belong to the phylum Glomeromycota (Giovannini et al.
2020). The name AMF signifies the peculiar relationship between plant roots and
mycorrhizal fungi and its key features, wherein “Arbuscule” stands for a special
treelike fungal (hyphal) structure in the inner cortex of the root that is used for
resource-exchange between “plant root” and “AMF,” whereas “mycorrhiza” derived
from two words “myco,” meaning fungus, and “rhiza,” meaning “root” (Shi et al.
2023).

In plant-AMF symbiosis, AMF benefit from the plant-supplied carbon
(C) substances such as sugars and lipids derived from photosynthesis (Jiang et al.
2017), while the AMF provide the plant host with mineral nutrients, particularly
phosphorus (P) and nitrogen (N) (Wipf et al. 2019). This nutrient exchange strongly
impacts plant and microbial ecosystems by influencing plant fitness, core soil
processes, and the C cycle (Diagne et al. 2020; Giovannini et al. 2020). AMF assist
the roots of the host plant with their extensive hyphal network in absorbing water and
nutrients from faraway soils, thus decreasing the requirement for chemical fertilizers
and irrigation (Kakouridis et al. 2022). AMF are found in different kinds of envi-
ronments including severely disturbed ecosystems containing soils polluted with
excessive salt, xenobiotics, and heavy metals (Boorboori and Zhang 2022; Branco
et al. 2022; Ahammed et al. 2023).

The symbiosis between plant roots and AMF hyphae results in the recruitment of
specialized microorganisms into the mycorrhizosphere (Giovannini et al. 2020;
Phour et al. 2020). AMF stimulate the mycorrhizosphere microbiome and help
plants develop, take up nutrients, and resist abiotic and biotic hazards (Philippot
et al. 2013; Zhang et al. 2022). By facilitating nutrient uptake, AMF aid plant
development and stress tolerance including tolerance to drought stress (Begum
et al. 2019), salinity (Cui et al. 2022; Li et al. 2022), nutrient deficiency (Shi et al.
2021), or heavy metal stress (Dhalaria et al. 2020; Alam et al. 2019). The physio-
logical, biochemical, microbial, and molecular processes by which AMF aid plants
in nutrient foraging and stress resilience have been extensively studied (Salvioli di
Fossalunga and Novero 2019). Recent work has established the framework for
nutrient exchange and regulatory interactions between host plants and AMF, but
mechanisms underlying AMF-mediated host plant tolerance to stress still remain
unclear (Shi et al. 2023). AMF have potential applications in crop production,
forestry management, bioremediation, and ecological restoration as biofertilizers
and bioprotectors (Phour et al. 2020; Boorboori and Zhang 2022; Zhu et al. 2022).
In this chapter, we provide a brief introduction to AMF, their characteristic features,
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functions, and potential applications in crop production and environmental
management.

1.2 Arbuscular Mycorrhizal Symbiosis in Higher Plants:
Characteristic Features

An estimated 250,000 plant species develop mycorrhizal symbiosis with around
50,000 fungal species of four major mycorrhizal types, such as arbuscular mycor-
rhizal, ectomycorrhizal, ericoid mycorrhizal, and orchid mycorrhizal fungi (van der
Heijden et al. 2015). About 70-90% of land plant species develop arbuscular
mycorrhizal symbiosis (AMS) with the obligate symbiotic fungi of the phylum
Glomeromycota (Shi et al. 2023). This includes the vast majority of herbs, grasses,
and trees, which act as hosts of AMF in AMS. Importantly, AMF establish symbiotic
relationships with around 90% of agricultural plants, encompassing a wide variety of
agricultural crops such as cereals, vegetables, and horticultural plants (Diagne et al.
2020). Non-mycorrhizal plants with regard to food crops are limited to genera and
species that fall under the families Brassicaceae and Chenopodiaceae (Giovannini
et al. 2020).

Although species of host plants are found across the phylogeny of terrestrial
plants (van der Heijden et al. 2015), only approximately 345 species of AMF from
the phylum Glomeromycota were documented on the basis of DNA barcoding
(http://www.amf-phylogeny.com/, accessed on 30 June 2023), indicating that
AMF are distinguished by limited diversity in species and largely lacking host
specificity as opposed to a huge diversity of host plants (Shi et al. 2023). However,
a substantial degree of variation exists within the AMF species itself (intraspecific
diversity). The significant intraspecific variation among AMF may lead to consid-
erable functional differences such as extraradical hyphal expansion, spore formation,
root colonization, nutrient and water fluxes, as well as varying mycorrhizal growth
responses. It was proposed that the concurrent evolution of plant and fungal com-
munities might lead to a high level of genetic diversity among AMF isolates (Wipf
et al. 2019).

Despite the considerable diversity observed in AMF, limited research has been
conducted on their functional diversity, aiming to identify and select the most
suitable isolates for agricultural applications (Edlinger et al. 2022; Powell and Rillig
2018). The majority of commercially available inocula are formulated using
Rhizoglomus irregulare (previously named Rhizophagus irregularis, previously
classified as Glomus intraradices) and Funneliformis mosseae (previously named
Glomus mosseae), which are common symbiotic organisms with a broad range of
host plants and are extensively distributed in various soil types and climatic regions
worldwide (Giovannini et al. 2020).

Arbuscular mycorrhizal fungi live in dual habits, one is the root, from where they
obtain organic C and transfer nutrients, and the other is the soil from where they
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acquire nutrients, mainly N and P (van der Heijden et al. 2015; Yang et al. 2022; Shi
etal. 2021). AMF primarily forage for nutrients derived from plants and saprotrophic
microorganisms (Shi et al. 2023). While soil fungal communities are very abundant,
AMF make up just a tiny fraction of their abundance (<0.5%) (Fierer 2017). The
initiation of AMS involves a communication process between host plants and AMF
during the pre-contact phase (L6pez-Réez and Pozo 2013; Zhou et al. 2019). This
interaction progresses to the infection phase and ultimately leads to the development
of fully formed arbuscule within the inner root cortical cells of the host plant,
facilitating nutrient exchange. Before the development of appressoria, the roots of
host plants release strigolactones (SLs, a group of plant hormones commonly known
for controlling bud outgrowth) into the rhizosphere in order to induce the germina-
tion of fungal spores and hyphal branching of AMF, thereby facilitating the estab-
lishment of physical contact between AMF and roots (Zhou et al. 2019). Notably, SL
biosynthesis elevates under P-deprived conditions. The regulation of P uptake in
host plants is governed by transcription factors involved in the phosphate starvation
response (Ho-Plagaro and Garcia-Garrido 2022). In particular, a group of the
MYB-CC family of transcription factors, phosphate starvation responses (PHRs),
serve as key regulators of AMS (Shi et al. 2021; Das et al. 2022). This implies that
the primary driving force behind the establishment of AMS is the host plants’ need
for phosphate (Wang et al. 2022). AMF release specific substances known as
mycorrhizal factors, which include lipo-chitooligosaccharides (Myc-LCOs) as well
as short-chain chitin oligomers CO4 and CO5 (Maillet et al. 2011; Phour et al. 2020).
These substances serve as signals that are detected by host plants (Genre et al. 2013).
Following the mutual exchange of respective signals between AMF and host plants,
the hyphae of AMF exhibit growth toward the roots of the host plant, utilizing the SL
gradients as a navigational cue within the rhizosphere (Kretzschmar et al. 2012).
Upon contact with the epidermis of root cells, the hyphae proceed to extensively
branch out, resulting in the formation of a structure known as an appressorium,
which is also commonly referred to as a hyphopodium (Fig. 1.1). Subsequently, the
hyphae of AMF originating from the appressoria proceed to infiltrate the epidermis
of the host plant root and the cells of the cortex. The hyphal infiltration is facilitated
by the pre-penetration apparatus (PPA), a complex consisting of cytoskeletal and
endoplasmic reticulum components, which guides the migration of the hyphae in a
manner directed by the nucleus (Genre et al. 2013; Bonfante and Genre 2010). After
traversing the epidermis and outer root cortical cells, the AMF hyphae proceed to
expand intercellularly along the longitudinal direction of the root and subsequently
infiltrate the inner cortex (Shi et al. 2023). The hyphae of AMF undergo multiple
instances of dichotomous branching, leading to the development of arbuscules,
which are treelike structures found within the root cells of the cortex (Bonfante
and Genre 2010). Arbuscules are enveloped by a layer of plant membranes known as
the periarbuscular membrane (PAM). Arbuscules serve as major sites of resource
exchange between the AMF and host plants and are the functional hub of such
mutually beneficial relationships (Salvioli di Fossalunga and Novero 2019). The
arbuscules exhibit a remarkable degree of dynamism, characterized by a relatively
short life span lasting only a few days prior to their eventual collapse (Giovannini
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Fig. 1.1 Plant root colonization by arbuscular mycorrhizal fungi (AMF). Created with BioRender.
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et al. 2020). The regulation of arbuscule degeneration is affected by both the AMF
and host plants, indicating the existence of molecular communication between the
cortex and AMF hyphae prior to the degeneration of arbuscules over time (Shi et al.
2023).

The life cycle of AMF is dependent on the existence of host plants due to their
obligate biotrophic nature (Ahammed et al. 2023). It commences with an initial
phase characterized by the absence of symbiotic interactions. During this phase,
spores undergo germination in response to various physical stimuli, including the
availability of moisture, optimal temperature, and pH. This germination process
leads to the formation of hyphae, which have a short life span (Giovannini et al.
2020). Subsequently, a sequence of events occurs, commencing with the physical
interaction between the AMF hyphae and the root. This interaction as mentioned
above leads to the penetration of the root cells by the AMF hyphae, ultimately
resulting in the formation of arbuscules. This marks the initiation of the symbiotic
phase. There are two distinct forms of root colonization: (1) Arum type and (2) Paris
type (Tominaga et al. 2022). In the Arum type, the AMF pass on intercellularly
through the cells of the cortex, resulting in the development of terminal arbuscules
on intracellular hyphal branches (Smith and Smith 1997). The Paris type of root
colonization is characterized by the direct growth of the fungus from one root cell to
another root cell within the cortex. This growth pattern gives rise to intracellular
hyphal coils and intercalary arbuscules (i.e., the arbusculate coil), which are distrib-
uted along the coils (Tominaga et al. 2019). Nevertheless, the majority of the
available data concerning AMF come from studies conducted on the Arum-type
root colonization, which is extensively found in both agricultural and natural
ecosystems (Smith and Smith 1997). In addition to the formation of arbuscules,
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numerous species of AMF exhibit the ability to generate intraradical vesicles. The
vesicles are specialized storage structures resembling fungal spores and containing
lipid reserves (Giovannini et al. 2020). Upon receiving C from the host plant root,
the fungal symbiont can grow outside of the root system, establishing itself in the
surrounding soil. This colonization enables the absorption of mineral nutrients,
which can then be delivered to the host plant. Additionally, AMF interact with
microbes present in the rhizosphere and soil and are capable of colonizing the roots
of neighboring plants, even those belonging to different species, genera, and families
than their original host plants (Zhang et al. 2022). Furthermore, AMF are capable of
transferring nutrients from one host plant to another (van der Heijden et al. 2015).
The life cycle of AMF is completed through the production of asexual spores by the
extraradical mycelium, which plays a key role in sustaining a high level of mycor-
rhizal potential in the soil (Giovannini et al. 2020). This, in turn, contributes to the
overall biological fertility of the soil.

The existing body of literature suggests that plants have the ability to regulate the
extent of root colonization by AMF based on their needs for specific nutrients
particularly P and N (Shi et al. 2021). It is widely postulated that the nutrients
transported to the cortical cells of the root are responsible for initiating a signaling
mechanism that regulates the release of C-rich photoassimilates such as sugars to the
partner AMF (Lépez-Réaez and Pozo 2013). The underlying reasons for employing
this particular approach rely on the premise that the symbiotic fungal partner (AMF)
that is incapable of providing substantial quantities of essential nutrients (e.g., Pi and
N) would only be able to obtain limited amounts of C from the apoplast of roots
(Wipf et al. 2019).

Plants colonized with AMF (AM plants) employ two distinct pathways for
nutrient acquisition, namely, the direct pathway and the mycorrhizal pathway
(Salvioli di Fossalunga and Novero 2019). In the first pathway, nutrient uptake
takes place directly through the epidermis of root cells and root hairs, while in the
latter pathway, nutrient acquisition is facilitated by the AMF hyphae, which enable
the transport of nutrients that are acquired from the surrounding soil to the root cells
(Ma et al. 2021; van der Heijden et al. 2015). The choice of AM plants between the
direct pathway and mycorrhizal pathway is contingent upon the level of phosphorus
availability in the rhizosphere (Zhang et al. 2021b). The hyphae of AMF exhibit the
ability to extend their growth beyond the zone of phosphorus (Pi, inorganic P)
depletion, thereby enabling them to access Pi resources that are otherwise
unavailable to plant roots (Fig. 1.2).
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Fig. 1.2 Mycorrhizal pathways of nutrient acquisition and resource exchange in arbuscules.
Created with BioRender.com.

1.3 Functions of AMS in Plant Growth, Development,
and Stress Tolerance

1.3.1 Plant Growth, Development, and Nutrient Acquisition

The growth and reproductive development of plants were found to be significantly
influenced by the nutrient availability in the soil and the presence of AMF (Wang
et al. 2022). The plant root colonization by AMF enhances the photosynthetic rate
and elevates the levels of chlorophyll concentrations and biomass accumulation of
the partner plants (Chen et al. 2017b). A recent study found that AMS had a direct
positive impact on the growth and nutrient content of cherry tomato plants (Wang
et al. 2022). The study confirmed that AMS played a role in promoting flower and
seed formation in cherry tomato plants, and the positive outcomes of AMS are
thought to be primarily due to the improved nutrient status of the host plants. For
instance, phosphorus plays a vital role in the growth, development, and survival of
plants; however, its availability to plants is limited in common soil types (Zhang
et al. 2021b). The presence of AMS has been shown to enhance the efficiency of
phosphate uptake by the host plant (Liao et al. 2022; Ma et al. 2021). Plants allocate
approximately 10-20% of their photosynthetic carbon to AMF. In reciprocation,
AMF are known to provide ~90% of the phosphorus required by plants (van der
Heijden et al. 2015). AMF possess the ability to enter nutrient-rich areas of soil
located beyond the rhizosphere through their broad extraradical hyphal network,
thereby enabling them to acquire P that would otherwise be inaccessible to plants. It
is worth mentioning that extraradical hyphae are capable of releasing low-molecular-
weight organic acids, which have the ability to dissolve phosphorus from sources
that are typically not accessible to biological processes (Andrino et al. 2021). AMF
acquire phosphate (Pi) from the immediate surroundings in soil by means of
phosphate transporters (PHT1), which are specifically located on the extraradical
hyphae (Wipf et al. 2019).
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AMF can potentially contribute around 33% of the root protein nitrogen
(Govindarajulu et al. 2005). The uptake of nitrogen is facilitated by a range of
transport systems, which include the transport of inorganic nitrogen in the forms
of nitrate (NO53 ") and ammonium (NH,"), as well as the transport of organic nitrogen
in the forms of peptides and amino acids (Wipf et al. 2019). AMF primarily acquire
inorganic N from the soil by utilizing ammonium transporters (AMTs), and they
exhibit a preference for NH,* over NO3 ™~ as a nitrogen source (Hui et al. 2022). This
preference arises from the fact that NO3 ™ is to be converted to NH,* before it can be
assimilated into organic compounds, a process that requires energy expenditure (Shi
et al. 2023). Nitrogen transport through the mycorrhizal pathway is significantly
impacted by AMTs (Breuillin-Sessoms et al. 2015). Nevertheless, the mutualistic
transport of NH,™ may not be a necessary prerequisite for the formation of AMS or
the development of arbuscules. Furthermore, it has been observed that apart from
NH,*, there is a symbiotic pathway for NO5;~ uptake. Nitrate is acquired through an
uptake mechanism that relies on energy expenditure and is facilitated by specialized
transporters belonging to the large family of nitrate and peptide transporters, namely,
NPF (NRT1/PTR), NRT2, and NRT3 families (Wipf et al. 2019).

1.3.2 Abiotic and Biotic Stress Tolerance

Plants in natural environments face a multitude of challenges, encompassing both
biotic factors, such as pathogenic fungi, bacteria, nematodes, and insect pests, and
abiotic factors, including salinity, drought, and toxic metal contamination (Sanchez-
Bermudez et al. 2022; Li and Ahammed 2023). Crucially, AMF have the potential to
significantly augment the resistance of the plant partner to various forms of stress
(Fig. 1.3). AMS has been shown to increase the acquisition of mineral nutrients in
plants in both non-stressful and stressful environments (Chen et al. 2017b). How-
ever, the impact of AMS on nutrient uptake is particularly significant under condi-
tions of stress (Diagne et al. 2020). Moreover, plant roots colonized by AMF have
the ability to absorb more water from the rhizosphere, and AMF have the potential to
ameliorate drought stress (Begum et al. 2019; Moradtalab et al. 2019; Puschel et al.
2020). It was found that the water transported by AMF Rhizophagus intraradices
through the air gap constituted approximately 34.6% of the total water transpired by
the host plant Avena barbata, commonly known as wild oat (Kakouridis et al. 2022).
This study presents empirical evidence demonstrating that AMF can function as
extensions of the root system within the water movement continuum encompassing
the soil, plant, and air. The enhanced uptake of mineral nutrients and increased water
content in AM plants can potentially be associated with the indirect effect of AMF in
mitigating stress (Hajiboland et al. 2019; Puschel et al. 2020; Diagne et al. 2020).
The colonization of plant roots by AMF can alleviate the detrimental effects
associated with drought and salinity through enhancements in nutrient absorption,
reduction of oxidative stress, augmentation of osmotic adjustment, and alterations in
stress responses (Shi et al. 2023). AMF colonization assists host plants in
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Fig. 1.3 Effects of plant root colonization by arbuscular mycorrhizal fungi (AMF) on plant growth,
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maintaining appropriate ion homeostasis when subjected to salinity stress (Chen
etal. 2017a; Porcel et al. 2016). Studies also indicate that the presence of AMS has a
beneficial impact on host plants subjected to flooding stress (Diagne et al. 2020).
AMF have a positive impact on plant performance in conditions of heavy metal
stress (Boorboori and Zhang 2022).

In plants, abiotic stress often coincides with oxidative stress, as a result of the
excessive production of reactive oxygen species (ROS) causing elevated levels of
ion leakage and lipid peroxidation (Sanchez-Bermudez et al. 2022). The coloniza-
tion of AMF has been observed to mitigate oxidative stress in AM plants (Diagne
et al. 2020). This is achieved through the upregulation in the activity and transcripts
of antioxidant enzymes, such as superoxide dismutase (SOD), peroxidase (POD),
catalase (CAT), and glutathione reductase (GR) in AM plants (Zhu et al. 2022). The
modulation of enzyme activity leads to a reduction in the accumulation of ROS and a
decrease in oxidative damage to lipids and other biomolecules. In addition, the
colonization of AMF has been found to have a significant impact on the accumula-
tion of osmoregulatory substances such as soluble sugars and free proline in AM
plants when subject to stress (Yooyongwech et al. 2016; Pasbani et al. 2020).

Symbiotic associations with AMF provide beneficial effects to host plants in
mitigating biotic stress as well, particularly in the context of pathogen infections
(Zhang et al. 2021a). The beneficial impacts of AMS in mitigating pathogen
infections can be ascribed to several factors, including enhancements in plant
nutrient availability, alterations in root exudate compositions, influences on the
rhizosphere microbiome, improvement of plant resistance (both local and systemic
resistance), and priming of defense responses (Wu et al. 2021). Enhanced resistance
of AM plants is achieved through the direct activation of genes (pathogenesis-related
protein PRI) that are involved in the host’s defense responses against pathogen
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infections (Fiorilli et al. 2018). After being infected by pathogens, the roots that are
colonized by AMF exhibit the deposition of callose in the spaces between cells
(Sanmartin et al. 2020). Additionally, they form structures resembling papillae at the
locations where fungal pathogens penetrate, effectively limiting the growth of
pathogens both within and between cells (Shi et al. 2023). The pre-inoculation of
tomato plants with AMF leads to a significantly enhanced defense response com-
pared to control plants that are not colonized by AMF when infected with Alternaria
solani (Song et al. 2015). AMF can assist host plants in mounting a systemic
resistance against pathogens (Fiorilli et al. 2018).

1.3.3 Soil Fertility, Nutrient Cycling, and Ecosystem Services

The AMF-plant symbiosis is of great significance in the carbon cycle of soil
ecosystems (Fierer 2017; van der Heijden et al. 2015). Soil organic matter (SOM)
represents the most substantial C reservoir on land, and its composition is influenced
by many factors such as plant biomass, primary productivity, and the transfer of
photosynthetic C to underground biomass (Phour et al. 2020). The primary role
played by AMF in soil is to serve as a carbon sink for plant-derived carbon, which is
subsequently allocated to AMF hyphae and other microorganisms present in the soil
(Giovannini et al. 2020; Ossowicki et al. 2021; Hermans et al. 2023). AMF and the
diverse soil microbial communities play a decisive role in the release or intake of
carbon from the soil through processes such as respiration, decomposition, miner-
alization, and immobilization (Parihar et al. 2020; Philippot et al. 2013). Conse-
quently, the absorption of nutrients by AMF and subsequent transfer to the host plant
can enhance the assimilation of C by plants, resulting in a greater supply of C to
mycorrhizal fungi. This establishes a positive feedback loop involving host plants,
AMF, and carbon. A substantial portion of this carbon is subsequently deposited in
the soil in the form of glomalin-related soil protein (GRSP) and fungal chitin (Genre
et al. 2013). Glomalin is a glycoprotein synthesized by AMF that exhibits a
significant degree of homology with heat shock protein 60 (Gao et al. 2019).
There exists a strong positive correlation between GRSP and soil aggregate stability,
as GRSP represents an important constituent of soil organic matter. In fact, GRSP
alone constitutes approximately 30—40% of the total organic carbon present in
undisturbed soils (Parihar et al. 2020). Thus, AMF-released glomalin exhibits
potential functionality within soil ecosystems, encompassing the facilitation of soil
organic carbon storage, enhancement of soil aggregate structure, augmentation of
plant resistance, and mitigation of plant metal toxicity (Riaz et al. 2021; Ahammed
et al. 2023; Gao et al. 2019). Moreover, it should be noted that the extraradical
hyphae of AMF make up a significant amount of the microbial biomass in the soil.
These hyphae account for approximately 54-900 kg ha™' of SOM (Parihar et al.
2020). Additionally, the presence of extraradical mycelia and GRSP is crucial in the
development of soil aggregates, which are crucial in safeguarding organic carbon
against decomposition (Parihar et al. 2020).
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In addition to mycorrhizae, various fungi and bacteria residing in the rhizosphere
of host plants are drawn to and consume the rhizo-deposits, thereby enhancing plant
growth, nutrient absorption, and stress resilience (Zhang et al. 2022; Philippot et al.
2013; Hermans et al. 2023). Bacteria that contribute positively to the ecological
health, establishment, and functions of AMS are referred to as mycorrhizae helper
bacteria (MHBs) (Sangwan and Prasanna 2022). MHBs exert their promotional
effects through the production of volatile compounds that stimulate growth and
hydrolytic enzymes. Additionally, MHBs enhance plant nutrient uptake by AMF
(Sangwan and Prasanna 2022). Previous studies have reported that MHBs exhibit an
affinity for the external surface of mycorrhizal fungi, thereby augmenting mycorrhi-
zal symbiotic interactions. This is exemplified by their ability to enhance nutrient
uptake (Sangwan and Prasanna 2022). Plant growth-promoting rhizobacteria (PGBs)
are currently recognized as MHBs, exhibiting promising prospects for practical
implementation in the fields of agriculture and forestry (Giovannini et al. 2020;
Shi et al. 2023).

1.4 Applications of AMF in Crop Production, Crop
Protection, and Bioremediation

Despite the incomplete understanding of the mechanistic underpinnings of chemical
signaling and regulation in the responses of plants during the AMS, it is of great
importance to exploit this signaling process for the purposes of enhancing crop
protection and increasing yields (Lépez-Réez and Pozo 2013; Ho-Plagaro and
Garcia-Garrido 2022). The mutualistic association between AMF and plants has
the potential to significantly enhance crop productivity and promote the long-term
stability of ecosystems (Diagne et al. 2020). AMF not only exhibit nutritional
benefits, such as enhanced water and nutrient absorption, but also possess
non-nutritional advantages, including soil aggregate stabilization, erosion preven-
tion, and mitigation of biotic and abiotic stressors (Parihar et al. 2020). Given the
ongoing elucidation of the nature and chemistry of the major molecules implicated in
the establishment of AMS in the subterranean environment, there exists significant
potential for the manipulation of their production to enhance AMS and its associated
advantages, thereby offering promising prospects for the advancement of sustainable
agriculture (Phour et al. 2020).

Notably, plant tolerance to heavy metals such as chromium (Cr) is improved by
the direct influence of AMF on the transformation and stabilization of Cr, as well as
the symbiotic relationship between AMF and plants, which indirectly enhances
nutrient acquisition and physiological regulation in plants (Ahammed et al. 2023;
Riaz et al. 2021). Studies provide clear evidence that AMF have the potential to not
only enhance crop production in heavy metal-contaminated soils but also improve
the effectiveness of phytoremediation (Boorboori and Zhang 2022). For
AMF-assisted phytoremediation, it is imperative to explore AMF isolates that
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exhibit a notable capacity for tolerating heavy metals, as well as plant species that
demonstrate both an increased growth rate and the ability to accumulate substantial
biomass (Dhalaria et al. 2020; Ahammed et al. 2023).

AMF have been employed as biofertilizers to augment plant growth and yields in
agricultural practices, albeit their utilization remains relatively limited in comparison
to conventional approaches (Gelvez-Pardo et al. 2023). The positive and beneficial
effects of the symbiotic relationship on the plant host are contingent upon the
specific combination of plant and AMF (Chen et al. 2017b). Hence, the crucial
aspect lies in the careful selection of suitable AMF isolates that are well adapted to
the specific local conditions and possess optimal functional characteristics for the
particular plant species under consideration (Gianinazzi et al. 2010; Giovannini et al.
2020). Gaining a comprehensive understanding of the mechanisms that govern
colonization, symbiosis efficiency, and competence is of utmost importance in
order to maximize the benefits derived from mycorrhizal associations (Wipf et al.
2019). The comprehensive understanding of the molecules implicated in the inter-
action between host plants and AMF will undoubtedly enhance the effective appli-
cation of “mycorrhizal technology” in agricultural systems (Gelvez-Pardo et al.
2023). There exists a debate regarding the suitability of AMF in agricultural systems,
primarily stemming from the potential counteractive impact of excessive chemical
fertilizer application, a prevalent practice in numerous countries, on the beneficial
outcomes of AMF on crop growth (Giovannini et al. 2020). Nevertheless, AMF do
possess pivotal roles in augmenting the efficacy and durability of agroecosystems
(Gianinazzi et al. 2010; Piliarova et al. 2019; Powell and Rillig 2018).

1.5 Conclusions

In natural ecosystems, terrestrial plants establish symbiotic associations with mycor-
rhizal fungi. Subterranean symbionts AMF are of paramount importance in terres-
trial ecosystems due to their crucial role in the regulation of nutrients and the carbon
cycle, as well as their influence on soil structure and the multifaceted functions of
ecosystems. AMF are integral components of earth ecosystems and exert significant
influence on global C and nutrient cycles. AMF play a vital role in the provision of
nitrogen and phosphorus to plants. Numerous vascular plant species rely on these
symbiotic associations with AMF for their growth and overall survival.

The fundamental requirement for any AMF isolate intended for agricultural
application is a strong capacity for root colonization. This ability is crucial as it
enables the isolate to effectively compete with native AMF, which are known to be
highly competitive. AMF offer mineral nutrient provision and protective benefits to
their host plants in the face of biotic and abiotic stressors, suggesting their potential
application as biofertilizers within the context of sustainable agricultural practices.

The role of bacterial communities in the mycorrhizosphere as a potential mediator
of the root colonization capacity of AMF has been well established in scientific
literature. The symbiotic relationship between host plants, AMF symbionts, and
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related bacteria exhibits advantageous emergent characteristics that can be effec-
tively harnessed in the context of sustainable agriculture. The colonization capacity,
efficiency, and stress tolerance of AMF exhibit significant variation among different
isolates. The extensive inter- and intraspecific diversity of AMF can be effectively
utilized by carefully selecting AMF inocula based on their colonization capacity and
efficiency. These characteristics are influenced by the genotypes of both fungi and
host plants, as well as various environmental factors.

Biotechnological tools encompass processes of biological importance that lever-
age the chemistry of living organisms to advance the development of novel and
enhanced methods for the production of conventional products all while upholding
the integrity of the natural environment. AMS as a biotechnological tool plays a
crucial role in shaping plant growth and facilitating stress adaptation. The effective
management and assessment of ecosystem services offered by AMF is imperative
for enhancing plant production both in terms of quality and quantity within the
framework of agriculture that relies on the limited use of synthetic chemical inputs.
To effectively manage AMF in ecological engineering and crop production and in
selecting plant species that enhance the benefits of AMF, it is crucial to comprehend
the intricate mechanisms that govern the development and functions of AMS.

References

Ahammed GJ, Shamsy R, Liu A, Chen S (2023) Arbuscular mycorrhizal fungi-induced tolerance to
chromium stress in plants. Environ Pollut. https://doi.org/10.1016/j.envpol.2023.121597

Alam MZ, Hoque MA, Ahammed GJ, Carpenter-Boggs L (2019) Arbuscular mycorrhizal fungi
reduce arsenic uptake and improve plant growth in Lens culinaris. PLoS ONE 14(5):e0211441.
https://doi.org/10.1371/journal.pone.0211441

Andrino A, Guggenberger G, Kernchen S, Mikutta R, Sauheitl L, Boy J (2021) Production of
organic acids by arbuscular mycorrhizal fungi and their contribution in the mobilization of
phosphorus bound to iron oxides. Front Plant Sci 12:661842. https://doi.org/10.3389/fpls.2021.
661842

Begum N, Ahanger MA, Su Y, Lei Y, Mustafa NSA, Ahmad P, Zhang L (2019) Improved drought
tolerance by amf inoculation in maize (Zea mays) involves physiological and biochemical
implications. Plants 8(12):579. https://doi.org/10.3390/plants8120579

Bonfante P, Genre A (2010) Mechanisms underlying beneficial plant-fungus interactions in mycor-
rhizal symbiosis. Nat Commun 1:48. https://doi.org/10.1038/ncomms1046

Boorboori MR, Zhang HY (2022) Arbuscular mycorrhizal fungi are an influential factor in
improving the phytoremediation of arsenic, cadmium, lead, and chromium. J Fungi 8(2):176.
https://doi.org/10.3390/j0f8020176

Branco S, Schauster A, Liao HL, Ruytinx J (2022) Mechanisms of stress tolerance and their effects
on the ecology and evolution of mycorrhizal fungi. New Phytol 235(6):2158-2175. https://doi.
org/10.1111/nph.18308

Breuillin-Sessoms F, Floss DS, Gomez SK, Pumplin N, Ding Y, Levesque-Tremblay V, Noar RD,
Daniels DA, Bravo A, Eaglesham JB, Benedito VA, Udvardi MK, Harrison MJ (2015)
Suppression of arbuscule degeneration in Medicago truncatula phosphate transporter4 mutants
is dependent on the ammonium transporter 2 family protein AMT2;3. Plant Cell 27(4):
1352-1366. https://doi.org/10.1105/tpc.114.131144


https://doi.org/10.1016/j.envpol.2023.121597
https://doi.org/10.1371/journal.pone.0211441
https://doi.org/10.3389/fpls.2021.661842
https://doi.org/10.3389/fpls.2021.661842
https://doi.org/10.3390/plants8120579
https://doi.org/10.1038/ncomms1046
https://doi.org/10.3390/jof8020176
https://doi.org/10.1111/nph.18308
https://doi.org/10.1111/nph.18308
https://doi.org/10.1105/tpc.114.131144

14 G. J. Ahammed and R. Hajiboland

Chen J, Zhang H, Zhang X, Tang M (2017a) Arbuscular mycorrhizal symbiosis alleviates salt stress
in black locust through improved photosynthesis, water status, and K(+)/Na(+) homeostasis.
Front Plant Sci 8:1739. https://doi.org/10.3389/fpls.2017.01739

Chen S, Zhao H, Zou C, Li Y, Chen Y, Wang Z, Jiang Y, Liu A, Zhao P, Wang M, Ahammed GJ
(2017b) Combined inoculation with multiple arbuscular mycorrhizal fungi improves growth,
nutrient uptake and photosynthesis in cucumber seedlings. Front Microbiol 8:2516. https://doi.
org/10.3389/fmicb.2017.02516

Cui X, JiaB, Diao F, Li X, XuJ, Zhang Z, Li FY, Guo W (2022) Transcriptomic analysis reveals the
molecular mechanisms of arbuscular mycorrhizal fungi and nitrilotriacetic acid on Suaeda salsa
tolerance to combined stress of cadmium and salt. Process Saf Environ Prot 160:210-220.
https://doi.org/10.1016/j.psep.2022.02.019

Das D, Paries M, Hobecker K, Gigl M, Dawid C, Lam HM, Zhang J, Chen M, Gutjahr C (2022)
Phosphate starvation response transcription factors enable arbuscular mycorrhiza symbiosis.
Nat Commun 13(1):477. https://doi.org/10.1038/s41467-022-27976-8

Dhalaria R, Kumar D, Kumar H, Nepovimova E, Kuca K, Torequl Islam M, Verma R (2020)
Arbuscular mycorrhizal fungi as potential agents in ameliorating heavy metal stress in plants.
Agronomy 10(6):815. https://doi.org/10.3390/agronomy 10060815

Diagne N, Ngom M, Djighaly PI, Fall D, Hocher V, Svistoonoff S (2020) Roles of arbuscular
mycorrhizal fungi on plant growth and performance: importance in biotic and abiotic stressed
regulation. Diversity 12(10):370. https://doi.org/10.3390/d12100370

Edlinger A, Garland G, Hartman K, Banerjee S, Degrune F, Garcia-Palacios P, Hallin S, Valzano-
Held A, Herzog C, Jansa J, Kost E, Maestre FT, Pescador DS, Philippot L, Rillig MC,
Romdhane S, Saghai A, Spor A, Frossard E, van der Heijden MGA (2022) Agricultural
management and pesticide use reduce the functioning of beneficial plant symbionts. Nat Ecol
Evol 6(8):1145-1154. https://doi.org/10.1038/341559-022-01799-8

Fierer N (2017) Embracing the unknown: disentangling the complexities of the soil microbiome.
Nat Rev Microbiol 15(10):579-590. https://doi.org/10.1038/nrmicro.2017.87

Fiorilli V, Vannini C, Ortolani F, Garcia-Seco D, Chiapello M, Novero M, Domingo G, Terzi V,
Morcia C, Bagnaresi P, Moulin L, Bracale M, Bonfante P (2018) Omics approaches revealed
how arbuscular mycorrhizal symbiosis enhances yield and resistance to leaf pathogen in wheat.
Sci Rep 8(1):9625. https://doi.org/10.1038/s41598-018-27622-8

Gao WQ, Wang P, Wu QS (2019) Functions and application of glomalin-related soil proteins: a
review. Sains Malaysiana 48(1):111-119. https://doi.org/10.17576/jsm-2019-4801-13

Gelvez-Pardo I, Lobo-Berbesi L, Santos-Diaz A (2023) Biological efficacy of plant growth—
promoting bacteria and arbuscular mycorrhizae fungi: assessments in laboratory and greenhouse
conditions. Curr Protocols 3(4):¢732. https://doi.org/10.1002/cpz1.732

Genre A, Chabaud M, Balzergue C, Puech-Pages V, Novero M, Rey T, Fournier J, Rochange S,
Bécard G, Bonfante P, Barker DG (2013) Short-chain chitin oligomers from arbuscular mycor-
rhizal fungi trigger nuclear Ca2+ spiking in Medicago truncatula roots and their production is
enhanced by strigolactone. New Phytol 198(1):190-202. https://doi.org/10.1111/nph.12146

Gianinazzi S, Gollotte A, Binet MN, van Tuinen D, Redecker D, Wipf D (2010) Agroecology: the
key role of arbuscular mycorrhizas in ecosystem services. Mycorrhiza 20(8):519-530. https://
doi.org/10.1007/s00572-010-0333-3

Giovannini L, Palla M, Agnolucci M, Avio L, Sbrana C, Turrini A, Giovannetti M (2020)
Arbuscular mycorrhizal fungi and associated microbiota as plant biostimulants: research strat-
egies for the selection of the best performing inocula. Agronomy 10(1):106. https://doi.org/10.
3390/agronomy 10010106

Govindarajulu M, Pfeffer PE, Jin H, Abubaker J, Douds DD, Allen JW, Biicking H, Lammers PJ,
Shachar-Hill Y (2005) Nitrogen transfer in the arbuscular mycorrhizal symbiosis. Nature
435(7043):819-823. https://doi.org/10.1038/nature03610

Hajiboland R, Joudmand A, Aliasgharzad N, Tolrd R, Poschenrieder C (2019) Arbuscular mycor-
rhizal fungi alleviate low-temperature stress and increase freezing resistance as a substitute for
acclimation treatment in barley. Crop Pasture Sci 70(3):218-233


https://doi.org/10.3389/fpls.2017.01739
https://doi.org/10.3389/fmicb.2017.02516
https://doi.org/10.3389/fmicb.2017.02516
https://doi.org/10.1016/j.psep.2022.02.019
https://doi.org/10.1038/s41467-022-27976-8
https://doi.org/10.3390/agronomy10060815
https://doi.org/10.3390/d12100370
https://doi.org/10.1038/s41559-022-01799-8
https://doi.org/10.1038/nrmicro.2017.87
https://doi.org/10.1038/s41598-018-27622-8
https://doi.org/10.17576/jsm-2019-4801-13
https://doi.org/10.1002/cpz1.732
https://doi.org/10.1111/nph.12146
https://doi.org/10.1007/s00572-010-0333-3
https://doi.org/10.1007/s00572-010-0333-3
https://doi.org/10.3390/agronomy10010106
https://doi.org/10.3390/agronomy10010106
https://doi.org/10.1038/nature03610

1 Introduction to Arbuscular Mycorrhizal Fungi and Higher Plant Symbiosis:. . . 15

Hermans SM, Lear G, Case BS, Buckley HL (2023) The soil microbiome: an essential, but
neglected, component of regenerative agroecosystems. Science 26(2):106028. https://doi.org/
10.1016/j.is¢1.2023.106028

Ho-Plagaro T, Garcia-Garrido JM (2022) Molecular regulation of arbuscular mycorrhizal symbio-
sis. Int J Mol Sci 23(11):5960. https://doi.org/10.3390/ijms23115960

Hui J, An X, Li Z, Neuhéuser B, Ludewig U, Wu X, Schulze WX, Chen F, Feng G, Lambers H,
Zhang F, Yuan L (2022) The mycorrhiza-specific ammonium transporter ZmAMT3;1 mediates
mycorrhiza-dependent nitrogen uptake in maize roots. Plant Cell 34(10):4066—4087. https://doi.
org/10.1093/plcell/koac225

Jiang Y, Wang W, Xie Q, Liu N, Liu L, Wang D, Zhang X, Yang C, Chen X, Tang D, Wang E
(2017) Plants transfer lipids to sustain colonization by mutualistic mycorrhizal and parasitic
fungi. Science 356(6343):1172-1175. https://doi.org/10.1126/science.aam9970

Kakouridis A, Hagen JA, Kan MP, Mambelli S, Feldman LJ, Herman DJ, Weber PK, Pett-Ridge J,
Firestone MK (2022) Routes to roots: direct evidence of water transport by arbuscular mycor-
rhizal fungi to host plants. New Phytol. https://doi.org/10.1111/nph.18281

Kretzschmar T, Kohlen W, Sasse J, Borghi L, Schlegel M, Bachelier JB, Reinhardt D, Bours R,
Bouwmeester HJ, Martinoia E (2012) A petunia ABC protein controls strigolactone-dependent
symbiotic signalling and branching. Nature 483(7389):341-344. https://doi.org/10.1038/
nature10873

Li Z, Ahammed GJ (2023) Salicylic acid and jasmonic acid in elevated CO2-induced plant defense
response to pathogens. J Plant Physiol. https://doi.org/10.1016/j.jplph.2023.154019

Li X, Zhang Z, Luo J, Cui X, Xu J, Hou Y, Hao B, Guo W (2022) Arbuscular mycorrhizal fungi and
nitrilotriacetic acid regulated Suaeda salsa growth in Cd-contaminated saline soil by driving
rhizosphere bacterial assemblages. Environ Exp Bot 193:104669. https://doi.org/10.1016/j.
envexpbot.2021.104669

Liao D, Sun C, Liang H, Wang Y, Bian X, Dong C, Niu X, Yang M, Xu G, Chen A, Wu S (2022)
SISPX1-SIPHR complexes mediate the suppression of arbuscular mycorrhizal symbiosis by
phosphate repletion in tomato. Plant Cell 34(10):4045-4065. https://doi.org/10.1093/plcell/
koac212

Lopez-Raez JA, Pozo MJ (2013) Chemical signalling in the arbuscular mycorrhizal symbiosis:
biotechnological applications. In: Symbiotic endophytes. Soil biology. Springer, Cham, pp
215-232. https://doi.org/10.1007/978-3-642-39317-4_11

Ma X, Li X, Ludewig U (2021) Arbuscular mycorrhizal colonization outcompetes root hairs in
maize under low phosphorus availability. Ann Bot 127(1):155-166. https://doi.org/10.1093/
aob/mcaal59

Maillet F, Poinsot V, André O, Puech-Pages V, Haouy A, Gueunier M, Cromer L, Giraudet D,
Formey D, Niebel A, Martinez EA, Driguez H, Bécard G, Dénarié J (2011) Fungal
lipochitooligosaccharide symbiotic signals in arbuscular mycorrhiza. Nature 469(7328):
58-63. https://doi.org/10.1038/nature09622

Moradtalab N, Hajiboland R, Aliasgharzad N, Hartmann TE, Neumann G (2019) Silicon and the
association with an arbuscular-mycorrhizal fungus (Rhizophagus clarus) mitigate the adverse
effects of drought stress on strawberry. Agronomy 9(1):41

Ossowicki A, Raaijmakers JM, Garbeva P (2021) Disentangling soil microbiome functions by
perturbation. Environ Microbiol Rep 13(5):582-590. https://doi.org/10.1111/1758-2229.12989

Parihar M, Rakshit A, Meena VS, Gupta VK, Rana K, Choudhary M, Tiwari G, Mishra PK,
Pattanayak A, Bisht JK, Jatav SS, Khati P, Jatav HS (2020) The potential of arbuscular
mycorrhizal fungi in C cycling: a review. Arch Microbiol 202(7):1581-1596. https://doi.org/
10.1007/s00203-020-01915-x

Pasbani B, Salimi A, Aliasgharzad N, Hajiboland R (2020) Colonization with arbuscular mycor-
rhizal fungi mitigates cold stress through improvement of antioxidant defense and accumulation
of protecting molecules in eggplants. Sci Hortic 272:109575


https://doi.org/10.1016/j.isci.2023.106028
https://doi.org/10.1016/j.isci.2023.106028
https://doi.org/10.3390/ijms23115960
https://doi.org/10.1093/plcell/koac225
https://doi.org/10.1093/plcell/koac225
https://doi.org/10.1126/science.aam9970
https://doi.org/10.1111/nph.18281
https://doi.org/10.1038/nature10873
https://doi.org/10.1038/nature10873
https://doi.org/10.1016/j.jplph.2023.154019
https://doi.org/10.1016/j.envexpbot.2021.104669
https://doi.org/10.1016/j.envexpbot.2021.104669
https://doi.org/10.1093/plcell/koac212
https://doi.org/10.1093/plcell/koac212
https://doi.org/10.1007/978-3-642-39317-4_11
https://doi.org/10.1093/aob/mcaa159
https://doi.org/10.1093/aob/mcaa159
https://doi.org/10.1038/nature09622
https://doi.org/10.1111/1758-2229.12989
https://doi.org/10.1007/s00203-020-01915-x
https://doi.org/10.1007/s00203-020-01915-x

16 G. J. Ahammed and R. Hajiboland

Philippot L, Raaijmakers JM, Lemanceau P, van der Putten WH (2013) Going back to the roots: the
microbial ecology of the rhizosphere. Nat Rev Microbiol 11(11):789-799. https://doi.org/10.
1038/nrmicro3109

Phour M, Sehrawat A, Sindhu SS, Glick BR (2020) Interkingdom signaling in plant-
rhizomicrobiome interactions for sustainable agriculture. Microbiol Res 241:126589. https://
doi.org/10.1016/j.micres.2020.126589

Piliarova M, Ondreickova K, Hudcovicova M, Mihalik D, Kraic J (2019) Arbuscular mycorrhizal
fungi — their life and function in ecosystem. Agriculture 65(1):3—15. https://doi.org/10.2478/
agri-2019-0001

Porcel R, Aroca R, Azcon R, Ruiz-Lozano JM (2016) Regulation of cation transporter genes by the
arbuscular mycorrhizal symbiosis in rice plants subjected to salinity suggests improved salt
tolerance due to reduced Na(+) root-to-shoot distribution. Mycorrhiza 26(7):673—-684. https://
doi.org/10.1007/s00572-016-0704-5

Powell JR, Rillig MC (2018) Biodiversity of arbuscular mycorrhizal fungi and ecosystem function.
New Phytol 220(4):1059-1075. https://doi.org/10.1111/nph.15119

Puschel D, Bitterlich M, Rydlova J, Jansa J (2020) Facilitation of plant water uptake by an
arbuscular mycorrhizal fungus: a Gordian knot of roots and hyphae. Mycorrhiza 30(2-3):
299-313. https://doi.org/10.1007/s00572-020-00949-9

Riaz M, Kamran M, Fang Y, Wang Q, Cao H, Yang G, Deng L, Wang Y, Zhou Y, Anastopoulos I,
Wang X (2021) Arbuscular mycorrhizal fungi-induced mitigation of heavy metal phytotoxicity
in metal contaminated soils: a critical review. J] Hazard Mater 402:123919. https://doi.org/10.
1016/j.jhazmat.2020.123919

Salvioli di Fossalunga A, Novero M (2019) To trade in the field: the molecular determinants of
arbuscular mycorrhiza nutrient exchange. Chem Biol Technol Agric 6(1):12. https://doi.org/10.
1186/s40538-019-0150-7

Sanchez-Bermudez M, Del Pozo JC, Pernas M (2022) Effects of combined abiotic stresses related
to climate change on root growth in crops. Front Plant Sci 13:918537. https://doi.org/10.3389/
fpls.2022.918537

Sangwan S, Prasanna R (2022) Mycorrhizae helper bacteria: unlocking their potential as
bioenhancers of plant-arbuscular mycorrhizal fungal associations. Microb Ecol 84(1):1-10.
https://doi.org/10.1007/s00248-021-01831-7

Sanmartin N, Pastor V, Pastor-Fernandez J, Flors V, Pozo MJ, Sanchez-Bel P (2020) Role and
mechanisms of callose priming in mycorrhiza-induced resistance. J Exp Bot 71(9):2769-2781.
https://doi.org/10.1093/jxb/eraa030

ShiJ, Zhao B, Zheng S, Zhang X, Wang X, Dong W, Xie Q, Wang G, Xiao Y, Chen F, Yu N, Wang
E (2021) A phosphate starvation response-centered network regulates mycorrhizal symbiosis.
Cell 184(22):5527-5540. https://doi.org/10.1016/j.cell.2021.09.030

Shi J, Wang X, Wang E (2023) Mycorrhizal symbiosis in plant growth and stress adaptation: from
genes to ecosystems. Annu Rev Plant Biol 74(1):569—607. https://doi.org/10.1146/annurev-
arplant-061722-090342

Smith FA, Smith SE (1997) Structural diversity in (vesicular)—arbuscular mycorrhizal symbioses.
New Phytol 137(3):373-388. https://doi.org/10.1046/j.1469-8137.1997.00848.x

Song Y, Chen D, Lu K, Sun Z, Zeng R (2015) Enhanced tomato disease resistance primed by
arbuscular mycorrhizal fungus. Front Plant Sci 6:786. https://doi.org/10.3389/fpls.2015.00786

Tominaga T, Miura C, Takeda N, Kanno Y, Takemura Y, Seo M, Yamato M, Kaminaka H (2019)
Gibberellin promotes fungal entry and colonization during Paris-type arbuscular mycorrhizal
symbiosis in eustoma grandiflorum. Plant Cell Physiol 61(3):565-575. https://doi.org/10.1093/
pep/pez222

Tominaga T, Yao L, Saito H, Kaminaka H (2022) Conserved and diverse transcriptional
reprogramming triggered by the establishment of symbioses in tomato roots forming arum-
type and Paris-type arbuscular mycorrhizae. Plants 11(6):747. https://doi.org/10.3390/
plants11060747


https://doi.org/10.1038/nrmicro3109
https://doi.org/10.1038/nrmicro3109
https://doi.org/10.1016/j.micres.2020.126589
https://doi.org/10.1016/j.micres.2020.126589
https://doi.org/10.2478/agri-2019-0001
https://doi.org/10.2478/agri-2019-0001
https://doi.org/10.1007/s00572-016-0704-5
https://doi.org/10.1007/s00572-016-0704-5
https://doi.org/10.1111/nph.15119
https://doi.org/10.1007/s00572-020-00949-9
https://doi.org/10.1016/j.jhazmat.2020.123919
https://doi.org/10.1016/j.jhazmat.2020.123919
https://doi.org/10.1186/s40538-019-0150-7
https://doi.org/10.1186/s40538-019-0150-7
https://doi.org/10.3389/fpls.2022.918537
https://doi.org/10.3389/fpls.2022.918537
https://doi.org/10.1007/s00248-021-01831-7
https://doi.org/10.1093/jxb/eraa030
https://doi.org/10.1016/j.cell.2021.09.030
https://doi.org/10.1146/annurev-arplant-061722-090342
https://doi.org/10.1146/annurev-arplant-061722-090342
https://doi.org/10.1046/j.1469-8137.1997.00848.x
https://doi.org/10.3389/fpls.2015.00786
https://doi.org/10.1093/pcp/pcz222
https://doi.org/10.1093/pcp/pcz222
https://doi.org/10.3390/plants11060747
https://doi.org/10.3390/plants11060747

1 Introduction to Arbuscular Mycorrhizal Fungi and Higher Plant Symbiosis:. . . 17

van der Heijden MGA, Martin FM, Selosse MA, Sanders IR (2015) Mycorrhizal ecology and
evolution: the past, the present, and the future. New Phytol 205(4):1406—1423. https://doi.org/
10.1111/nph.13288

Wang L, Chen X, Du Y, Zhang D, Tang Z (2022) Nutrients regulate the effects of arbuscular
mycorrhizal fungi on the growth and reproduction of cherry tomato. Front Microbiol 13:
843010. https://doi.org/10.3389/tmicb.2022.843010

Wipf D, Krajinski F, van Tuinen D, Recorbet G, Courty PE (2019) Trading on the arbuscular
mycorrhiza market: from arbuscules to common mycorrhizal networks. New Phytol 223(3):
1127-1142. https://doi.org/10.1111/nph.15775

WuM, Yan'Y, Wang Y, Mao Q, Fu Y, Peng X, Yang Z, Ren J, Liu A, Chen S, Ahammed GJ (2021)
Arbuscular mycorrhizal fungi for vegetable (VT) enhance resistance to Rhizoctonia solani in
watermelon by alleviating oxidative stress. Biol Control 152:104433. https://doi.org/10.1016/].
biocontrol.2020.104433

Yang H, Fang C, Li Y, Wu Y, Fransson P, Rillig MC, Zhai S, Xie J, Tong Z, Zhang Q, Sheteiwy
MS, Li F, Weih M (2022) Temporal complementarity between roots and mycorrhizal fungi
drives wheat nitrogen use efficiency. New Phytol. https://doi.org/10.1111/nph.18419

Yooyongwech S, Samphumphuang T, Tisarum R, Theerawitaya C, Cha-um S (2016) Arbuscular
mycorrhizal fungi (AMF) improved water deficit tolerance in two different sweet potato
genotypes involves osmotic adjustments via soluble sugar and free proline. Sci Hortic 198:
107-117. https://doi.org/10.1016/j.scienta.2015.11.002

Zhang C, He J, Dai H, Wang G, Zhang X, Wang C, Shi J, Chen X, Wang D, Wang E (2021a)
Discriminating symbiosis and immunity signals by receptor competition in rice. Proc Natl Acad
Sci 118(16):¢2023738118. https://doi.org/10.1073/pnas.2023738118

Zhang L, Chu Q, Zhou J, Rengel Z, Feng G (2021b) Soil phosphorus availability determines the
preference for direct or mycorrhizal phosphorus uptake pathway in maize. Geoderma 403:
115261. https://doi.org/10.1016/j.geoderma.2021.115261

Zhang L, Zhou J, George TS, Limpens E, Feng G (2022) Arbuscular mycorrhizal fungi conducting
the hyphosphere bacterial orchestra. Trends Plant Sci 27(4):402—411. https://doi.org/10.1016/j.
tplants.2021.10.008

Zhou Y, Ge S, JinL, Yao K, Wang Y, Wu X, Zhou J, Xia X, Shi K, Foyer CH, YuJ (2019) A novel
CO2-responsive systemic signaling pathway controlling plant mycorrhizal symbiosis. New
Phytol 224(1):106-116. https://doi.org/10.1111/nph.15917

Zhu B, Gao T, Zhang D, Ding K, Li C, Ma F (2022) Functions of arbuscular mycorrhizal fungi in
horticultural crops. Sci Hortic 303:111219. https://doi.org/10.1016/j.scienta.2022.111219


https://doi.org/10.1111/nph.13288
https://doi.org/10.1111/nph.13288
https://doi.org/10.3389/fmicb.2022.843010
https://doi.org/10.1111/nph.15775
https://doi.org/10.1016/j.biocontrol.2020.104433
https://doi.org/10.1016/j.biocontrol.2020.104433
https://doi.org/10.1111/nph.18419
https://doi.org/10.1016/j.scienta.2015.11.002
https://doi.org/10.1073/pnas.2023738118
https://doi.org/10.1016/j.geoderma.2021.115261
https://doi.org/10.1016/j.tplants.2021.10.008
https://doi.org/10.1016/j.tplants.2021.10.008
https://doi.org/10.1111/nph.15917
https://doi.org/10.1016/j.scienta.2022.111219

Chapter 2 ®)
Non-host Plant Species: Definition, e
Description, and Mechanisms of Interaction
with Arbuscular Mycorrhizal Fungi

Somayeh Rahmat

Abstract About 18-29% of vascular plant species, e.g., important crops, are not
involved in a symbiotic interaction with arbuscular mycorrhizal fungi (AMF). These
species are known as “non-host” plants. However, these plants can be colonized
under certain conditions and develop rudimentary AM (RAM) phenotypes, which
often results in a decrease in plant growth and an increase in resistance to pathogens
and insects. Several “symbiosis toolbox” genes that are present in the genome of host
plants are conserved in non-host plants. Moreover, specific non-symbiotic genes can
be brought into play for symbiosis in non-host plants. Altogether, the results show
that molecular connections with the symbiosis machinery have still remained in
non-host plants, which can enhance the prospect of engineering this functional trait
for agricultural plants.

Keywords AMF - Non-host plant - Rudimentary arbuscular mycorrhiza -
Ectomycorrhiza - Glomeromycotina

2.1 Introduction

Roots of the majority of vascular plants host mycorrhizal fungi, so mycorrhizal
roots, as organs absorbing nutrients in nature, are found much more in abundance,
compared to non-mycorrhizal roots (Tester et al. 1987). Up to now, considering the
interaction between fungi and host roots, especially the structure of mycorrhizal
hyphae (Brundrett 2004), six types of mycorrhizal associations have been identified
as arbuscular mycorrhiza (AM), ericoid mycorrhiza, ectomycorrhiza (ECM),
arbutoid mycorrhiza, orchid mycorrhiza, and monotropoid mycorrhiza (Smith and
Read 2008). Among these associations, AM and ECM are regarded as the most
common and most economically important symbiosis in natural and agricultural
ecosystems, which are colonizing about 80% and 2% of all investigated species in
different plant families, respectively (He et al. 2003; Wang and Qiu 2006; Smith and
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Read 2008; Brundrett 2009). Ectomycorrhizae consists of a hyphal sheath (mantle)
that wraps around the plant root and a network of hyphae (Hartig net) that surrounds
the cells of the root cortex. In AM type, fungal hyphae penetrate the cell lumen, but
do not form a mantle (Genre et al. 2020).

AMF have greatly attracted researchers’ attention due to their powerful function
and wide range of hosts (Lanfranco et al. 2018). AM multifunctional symbiosis is
established between plant roots throughout the radiation of plant diversity and soil
fungi belonging to the subphylum Glomeromycotina (Van Der Heijden et al. 2015;
Brundrett and Tedersoo 2018). The extensive extraradical mycelium of AMF leads
to the increased exploratory capacity of the host root for water and nutrients in
exchange for photosynthates (Ferrol et al. 2019; Smith and Read 2008; Leake et al.
2004). Besides the nutritional effects, AM symbiosis brings about other benefits
such as protection against disease (Smith and Read 2008; Wehner et al. 2010) and
resistance to abiotic stresses (Hajiboland 2013; Mnasri et al. 2017; Latef et al. 2016;
Begum et al. 2019) for the host plant and influences soil chemical and biological
properties and its microbial community structure (Rillig and Mummey 2006; Iffis
et al. 2016; Dagher et al. 2020).

Under natural conditions, each fungus is likely to interact with several plants, and
in turn, each plant is linked to more than one fungus species. The grafting of
individual plants from different or similar species via mycorrhizal fungi leads to
the formation of common mycorrhizal networks (CMNs) (Van Der Heijden et al.
2015), which serve as communication channels for transmitting signals, transporting
nutrients, and organizing the plant community, thus bringing about a competitive
advantage for plants belonging to the network compared to other plants (Hoeksema
2015; Gilbert and Johnson 2017). However, in most terrestrial ecosystems, there are
a large number of plant species described as “non-host” that do not allow AM
symbioses (Brundrett 2009; Cosme et al. 2018). This is a remarkable fact, as
mycorrhizal infection usually leads to increased plant growth in ecosystems under
nutrient deficiency, giving rise to the expectation that non-host plants will grow in
ecosystems without such stresses or develop alternative mechanisms to increase
nutrient uptake (Tester et al. 1987).

In spite of the absence of AM symbiosis, due to the pervasiveness of AMF and
their host plants in almost all habitats, non-host plant species typically grow in the
presence of AM mycelium network and are likely to be influenced by them (Cosme
et al. 2018; Zhang et al. 2019). Accordingly, collecting thorough systematic infor-
mation about the nature of non-host plants, the mechanisms of the two-way AMF-
non-host interaction and the host-AMF-non-host tripartite interaction can play an
important role in understanding the establishment and stability of the plant commu-
nity as well as development of intercropping systems (Wang et al. 2022). In this
chapter, we first present a clear definition of non-host plants and discuss some
difficulties in finding a clear delimitation for the non-host feature and then make
an attempt to provide an updated summary of the mechanisms of mutual AMF-non-
host-plant interactions.
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2.2 Non-host Plants

Contrary to plant species having mycorrhizal symbiosis with fungi, the roots of some
so-called “non-mycorrhizal” or “non-host” plant species are very resistant to colo-
nization and do not have symbiosis with mycorrhizal fungi (Wang et al. 2022). It is
apparent that if the plant roots are totally clear of any infection, the plant’s
mycorrhization status can be easily determined with sufficient evidence of absence
(Cosme et al. 2018). However, the reality is that it is very rare for a non-host root to
be consistently clear of mycorrhizal fungi, which can lead to some diagnostic
problems in the plant’s mycorrhizal status (Brundrett 2017). For example, a
non-mycorrhizal root may sometimes be recognized as an ECM root due to the
surface growth of fungal hyphae, despite the absence of any sign of Hartig net
(Brundrett 2017). Therefore, a clear demarcation between host and non-host plant
species is very difficult, and failure to exercise sufficient caution can lead to
misclassification (Cosme et al. 2018). For instance, consider Arabidopsis thaliana
(hereafter Arabidopsis). Although there is strong evidence that it can be colonized by
the AM fungus Piriformospora indica, according to mycorrhizal structure analysis
and genome comparison, it can be said that Arabidopsis is not a true AM host
(Mandyam et al. 2013; Keim et al. 2014). Or, for example, Buddleja spp. was first
taxonomized into the host plant class but later confirmed as the true AM host (Dickie
et al. 2007).

With the assumption that a target species is likely to be a non-host species if it
belongs to a family with mostly non-host members, some researchers used taxo-
nomic extrapolation in order to enhance the taxonomy of non-hosts (Brundrett
2009). However, non-host specificity can be considered as a feature of some plant
species as well, such as Arabidopsis, where plant roots can be colonized, but there is
no matching between the resulting mycorrhizal structure and any of the typical
functional mycorrhizal patterns (Tester et al. 1987; Brundrett 2009; Brundrett and
Tedersoo 2018). The criteria involved in the determination of functional mycorrhizal
colonization are associated with an evolutionary process (Tester et al. 1987). For
instance, in the past, a plant was considered as a vesicular arbuscular plant only when
vesicles or arbuscules or both (Reeves et al. 1979) can be found in the root.
Introducing the arbuscule as the main site of nutrient exchange, the presence of
the arbuscule is considered as the main criterion for accepting a plant species as a
mycorrhizal species. Accordingly, fungal infection lacking arbuscules (despite
shortage of experimental evidence for lack of a physiological function) is regarded
as characteristic of a non-host status (Glenn et al. 1985; Demars and Boerner 1996;
Brundrett 2009; Brundrett and Tedersoo 2018). Although the arbuscule is not the
only functional structure in AM symbiosis (Dickson 2004), it is always entirely
absent in non-host plants (Tommerup 1984; Allen et al. 1989; Regvar et al. 2003;
Vogel-Mikus et al. 2006).

Furthermore, even mycorrhizal plants are not capable of hosting all mycorrhizal
fungi. Plants that are not able to have a symbiotic interaction with a specific
mycorrhizal fungus are also taxonomized into the non-host class. For example, a
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plant species that cannot be colonized by one type of AMF is likely to be infected by
ECM fungi or even another type of AMF, which makes this plant species non-host to
a specific AM fungus (Veiga et al. 2013; Cosme et al. 2018; Fernandez et al. 2019).

Sometimes, plant species are not infected due to other reasons except the plant not
being susceptible. It is likely that the plant looks like a non-host because it was
studied in a wrong growth stage or at a wrong time of the year (Tester et al. 1987;
Orlowska et al. 2002; Vogel-Mikus et al. 2006). Another possibility is that the plant
is sensitive but it grows in an unsuitable habitat, e.g., under flooded conditions, that
prevents it from being infected or destroys the infection. It is also possible that the
plant is susceptible to infection but does not come into contact with mycorrhizal
fungi (Tester et al. 1987). Any of these cases can result in very low levels of infection
or even no infection at all. Potted cultivation of plants under favorable conditions
and exposure to fungal inoculation is the only way to ensure an understanding of the
inherent immunity or non-immunity of a plant species against mycorrhization
(Tester et al. 1987). In contrast, given the fact that AMF is capable of colonizing
soil organic matter, sometimes, the reported infection of non-host plants may be a
separated colonized root or even an old root (Tommerup 1984; Glenn et al. 1985)
uncapable of removing mycorrhizal fungi. It is of high importance to determine
whether the interactions found in non-host species exposed to mycorrhizal inocula-
tion are just a non-specific infection of old roots or a “true mycorrhiza” (Tester et al.
1987).

2.3 AMEF Non-host Plants

According to the estimations, 71-82% of all vascular plants host AMF (hereafter
hosts), and the remaining 18-29% (including important crops), i.e., non-hosts of
AMF (hereafter non-hosts) (Brundrett 2009; Cosme et al. 2018), are either
non-mycorrhizal (NM) or plants producing non-AM mycorrhizae. The majority of
non-AM mycorrhizal species never provide a functional AM symbiosis. Pyrolaceae,
Monotropaceae, Ericaceae, and Orchidaceae are exclusive hosts of monotropoid,
arbutoid, ericoid, and orchid, respectively. Among ECM host plants, only a few
genera are capable of hosting AMF (Giovannetti and Sbrana 1998).

Sometimes, plants have roots that may be mycorrhizal or not, depending on the
soil or habitat conditions. These are considered NM-AM plants. They typically grow
in habitats where AMF is inhibited, which makes them unable to be continuously
AM (Brundrett 2017). NM and NM-AM plants both occupy similar habitats (mainly
cold montane and polar regions), which makes it difficult to distinguish them
(Brundrett 2009; Newsham et al. 2009). As mentioned earlier, this is because NM
plants are not consistently clear of mycorrhizal fungi.

Currently, researchers have introduced two classes of non-host plant families that
grow at both ends of the soil fertility spectrum (Lambers and Teste 2013). The first
class includes plants that have evolved highly specialized feeding strategies. As
examples of these plants, we can mention parasites, carnivores, and species with
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specialized roots that often grow in soils with very low phosphorus levels (Brundrett
2009; Lambers and Teste 2013). These specialized root structures include cluster
roots (Shane and Lambers 2005) or dauciform roots (Shane et al. 2006), which
release organic acids to extract soil unavailable phosphorus, and a lesser-known
type, namely, sand-binding and capillaroid roots (Lambers et al. 2006, 2013). These
non-host species are known as Proteaaceae type and appear abundantly in the
Cyperaceae, Restionaceae, Proteaaceae, and Hamodoraceae families (Lambers and
Teste 2013). Members of the second class are usually found in very cold, salty, dry,
wet, and disturbed habitats with high availability of soil phosphorus and low
competition with other plants (Brundrett 2009; Lambers and Teste 2013). These
species, also known as Brassicaceae type, are often regarded as agricultural weeds
(Jordan et al. 2000) and are especially abundant in families such as Brassicaceae,
Urticaceae, Polygonaceae, Cenopodiaceae, Caryophyllaceae, and Amaranthaceae
(Lambers and Teste 2013). The arbuscular mycorrhizal habit is likely to provide
disadvantages for the both classes and develop a selective force against
mycorrhization (Lambers and Teste 2013). Broad groups of non-host species repre-
sent a significant ecological distribution (Lambers and Teste 2013). Nevertheless, as
with most general rules in biology, there are some exceptions, e.g., non-host species
such as Daviesia and Kennedia (Fabaceae; Brundrett and Abbott 1991) or even
genera such as Lupinus (Fabaceae; Lambers et al. 2013b) and Cicer arytinum
(Fabaceae; Jones 1924) appear in typical host families. Similarly, host species are
found in non-host families as well (Boulet and Lambers 2005; Lagrange et al. 2011).

2.4 Can AMF Colonize Non-host Plants?

In the absence of a functional symbiosis, AMF has little saprophytic capacity to
produce hyphae, depending on limited energy resources, which are mainly supplied
by spores and vesicles. Thus, in terms of the AMF, due to its dependence on the
carbon source (Smith and Read 2008), it is crucial to select a suitable plant symbiont
to complete the obligate biotrophic life cycle and ensure their survival in nature
(Kiers et al. 2011). The AMF life cycle involves the following key stages: spore
germination, presymbiotic mycelium development, differential branching, appres-
sorium differentiation, root cortical penetration, intraradical hyphal proliferation,
and arbuscule development. This cycle is not complete when dealing with non-host
plants (Giovannetti et al. 1994).

In spite of the wide specificity in the interaction between AMF and their host,
mycorrhizal interaction, like other symbiotic interactions, involves host-
microorganism mutual recognition and developmental steps, which ultimately
results in a close morphological and physiological interaction between the two
partners (Tester et al. 1987). The interaction between AMF and the host root begins
with the exchange of diffusible signals before the establishment of physical contact
between the two symbiotic partners (Bonfante and Genre 2015). In response to the
presence of the fungus, the host root excretes phenolic compounds and
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strigolactones, which leads to the increased possibility of hyphae contact with the
host root (Besserer et al. 2006) by stimulating the hyphae growth and inducing the
branching of the presymbiotic fungus (L6épez-Réez et al. 2011; Steinkellner et al.
2007). The host roots, in turn, can sense the signaling molecules released by the
microsymbiont. According to some reports, the reason for the low sensitivity of
non-host plants to AMF is attributed to the presence of fungal compounds in root
exudates or root cortex, including aromatic glucosinolates (Vierheilig et al. 2000;
Pongrac et al. 2008). However, there is no clear evidence that AMF can differentiate
between the host and non-host roots (Tester et al. 1987; Giovannetti and Sbrana
1998).

Appressorium differentiation at the root surface by AMF is regarded as the most
important feature for potential host recognition by the fungal partner, which is
established regardless of the interaction outcome, but cannot develop on the
non-host root surface (Giovannetti and Sbrana 1998). Thus, at this stage, the
distinction between non-host and host species becomes more apparent with the
initial efforts of the fungal partner to penetrate the root (Giovannetti and Sbrana
1998). It has been suggested that an important control point for AMF entry into the
root cortex can be the interaction between the two symbionts at the level of the
middle lamella and/or the root cell wall (Tester et al. 1987). When exposed to
non-host roots, AMF displays active responses including lack of development of
penetration pegs (Tommerup 1984), development of runner hyphae that move away
from lignified areas of the root in search of other areas (Allen et al. 1989), retraction
of fungal cytoplasm and senescence, appearing as septate hyphae in and on roots
(Glenn et al. 1985), and regrowth of a vegetative tip, instead of a penetrating peg, on
hyphopodia previously attached to roots (Tommerup 1984). The mechanism by
which AMF detects the non-host status of roots is largely unknown (Cosme et al.
2018).

Following appressoria formation, AMF colonizes host roots by forming intracel-
lular hyphae and arbuscules (Giovannetti and Sbrana 1998). Depending on the host
genome, two morphological classes, i.e., Arum and Paris, are identified in arbuscular
mycorrhizae. The former is associated with the formation of normal arbuscules and
vesicles and the latter with the differentiation of intracellular hyphae, coils or
arbuscular coils, and vesicles (Fig. 2.1) (Dickson 2004). Despite the apparent
inconsistency, depending on species (Regvar et al. 2003), developmental stage
(Ortowska et al. 2002), time of year (Regvar et al. 2003; Vogel-Mikus et al.
2006), experimental conditions (presence or absence of host plants) (Veiga et al.
2013), plant age (Regvar et al. 2003), etc., numerous evidence show that roots of
non-host plants are mostly colonized with hyphae and vesicles (Matsumura et al.
2007; Mnasri et al. 2017) and even arbuscules or arbusculate coils (Tommerup 1984;
Lekberg et al. 2015) (Fig. 2.1), especially when AMF are, at the same time, part of a
mycorrhizal network supported by neighboring host plants (Veiga et al. 2013). This
raises a fundamental uncertainty about considering such plants as non-hosts. Nev-
ertheless, even if formation of arbuscule, coil, or arbusculate coil is considered as a
measure of a symbiotic phenotype (Tester et al. 1987; Brundrett 2009), the evidence
for the benefits of “true mycorrhizae” in the view of nutrient transfer from the fungus
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Fig. 2.1 Types of AM symbiotic morphologies in the Brassicaceae family. NM are never colonized
by AMF; RAM form rudimentary AM phenotype under certain conditions; AM accommodates two
main morphological types that create functional symbiosis of AM, Arum type and Paris type.
Redrawn from Cosme et al. (2018)

is almost nil (Cosme et al. 2018; Fernandez et al. 2019). However, the absence of
nutrients exchange does not exclude other physiological effects of arbuscular
mycorrhiza (Hajiboland 2013), as one study showed that colonization with hyphae
promotes growth through an unknown mechanism (Van der Heijden et al. 1998). For
such plants that have lost the potential to form a prominent AM symbiosis but are
able to differentiate multiple symbiotic structures in their roots under certain condi-
tions, an alternative classification has been suggested, namely, the RAM (rudimen-
tary AM) phenotype (Cosme et al. 2018).

It has been proposed that a neighboring host plant can increase the possibility of
infecting its non-host neighbor through some mechanisms such as exudation of
infection-stimulating nutrients, which are not present in non-host exudates, produc-
tion of signaling compounds stimulating AMF mycelial growth and root coloniza-
tion by acting as a direct source of nutrients for AMF, and possibly the non-host
neighbor and through increasing density of propagules at the interface between the
two species (Tester et al. 1987). Genre et al. reported that non-host plants are not able
to recognize bioactive molecules excreted by AMF (Genre et al. 2013). But the
bioactive molecules excreted by the host reach the root surface of the non-host
plants, which results in their colonization (Lekberg et al. 2015). Hence, they
suggested that in this type of colonization, the non-host plant is a passive partner.
There are only a few reports that non-host plant colonization does not require
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presence of a neighboring host plant (Zhang et al. 2019). For example, a significant
level of colonization was observed in Carax capillacea, especially under alpine
conditions in the absence of a host. The results indicate that the main factor in
C. capillacea colonization is the environmental conditions, not the presence of the
host (Zhang et al. 2019). It has been reported that the AMF belonging to
Glomeraceae family may survive after 10 years of canola monoculture (absence of
host), a non-host Brassicaceae species, in the bulk soil and rhizosphere of the plant,
and interestingly, they may interact with a wide range of soil bacteria. These data
raise fascinating hypotheses, each of which is worthy of further examination: first,
bacteria can act as hosts for AMF; second, bacteria facilitate the interaction between
AMF and non-host plants under adverse soil conditions. It can be concluded that
AMF is an important component of Arabidopsis microbiome despite its non-host
nature (Floc’h et al. 2022).

2.5 Effects of AMF on Non-host Plant Growth

Despite the absence of AM symbiosis, non-host plants can also be affected by AMF.
One of the many benefits provided by AMF to their host partners is growth
promotion; however, host-supported AMF impose a different effect on the growth
of non-host plants. Host-supported AM mycelium network often imposes an adverse
impact on the growth of non-host species, especially on Brassicaceae type (Francis
and Read 1994; Veiga et al. 2011; Lambers and Teste 2013). Whether and how AMF
benefits from interaction with non-host plants and which mechanisms involve in
these effects are largely unknown (Cosme et al. 2018). As reported by Allen and
Allen (1990), Lekberg et al. (2015), and Raven et al. (2018), one possibility is that
intraradical hyphae have the capability of absorbing photosynthetic products directly
from the host plant. Another possibility is that they benefit indirectly by providing
competitive advantages to host plants as members of a community (Francis and Read
1994; Lekberg et al. 2015; Zhang et al. 2019).

What mechanism is responsible for the growth reduction observed in non-host
plants in the presence of AM mycelium? The evidence indicates that AMF and the
host plant both are able to suppress the non-host plant development by producing
allelochemicals (Francis and Read 1994; Veiga et al. 2012). However, it seems that a
mechanism other than allelopathy is responsible for this process (Veiga et al. 2012,
2013). According to the majority of previous research, non-host plants have weaker
competitive potential in the presence of host species (Francis and Read 1995; Veiga
et al. 2012). Studies have reported the depletion of nutrients, especially phosphorus,
and its transfer to the neighboring host plant at the sacrifice of the non-host one
(Lekberg et al. 2015). Moreover, it is hypothesized that root contact or AMF
infection reduces total phosphorus uptake and plant growth by disabling the direct
pathway of root phosphorus uptake (Neumann and George 2005; Smith et al. 2009;
Facelli et al. 2010). However, competition for nutrients between host and non-host
plants does not seem to sufficiently explain the suppression of non-host plant growth
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because the biomass of non-host plants was always negatively affected (Wang et al.
2021). On the other hand, studies have suggested that a shift from the beneficial
status of AMF to pathogenic, observed during the colonization of non-host species,
is likely to activate defense responses that divert resources and lead to suppression of
growth (Lambers and Teste 2013). Similar to a hypersensitive response, Allen et al.
(1989) observed that inoculation of the non-host Salsula coli initially leads to the
arbuscules formation but then caused browning and cell death in the invaded areas
and the disappearance of the fungus. Symptoms such as swelling and distortion of
the meristems of several other non-host roots in the presence of AMF mycelium also
resemble the plant’s hypersensitive response (Francis and Read 1995). Furthermore,
Hajiboland et al. reported a distinct pattern of defense responses in the non-host plant
sugar beet (Chenopodiaceae) co-cultured with the host plant barley. In sugar beet,
the decrease in the level of endogenous salicylic acid, the tissue concentration, and
the excretion of phenolic acids indicated that the mycelium of the fungus AM
Rhizophagos intraradis did not cause a hypersensitive response; instead, it stimu-
lated antioxidant and structural defense (lignin deposition) (Hajiboland 2013). It
seems that due to such balanced defense cost, sugar beet growth did not decrease in
the presence of AMF mycelia (Hajiboland 2013), an evidence which indirectly
supports the role of costly defense responses in reducing the growth of non-host
plants.

The role of direct absorption of carbon from non-host plants via rudimentary
arbuscules (which may no longer exist in the later stages of plant development) has
also been suggested as a mechanism for growth suppression of non-host plants
(Allen and Allen 1990). They also suggest rapid degeneration of arbuscules as a
potential factor in the rare detection of arbuscules in non-host plants (Allen and
Allen 1990).

It is noteworthy that such defense responses are activated in AMF-host symbiosis
as well. However, in host plants, nutritional effects generally outweigh defense costs
(Ryan et al. 2012). Allocation of fewer resources to growth also occurs following
host plant colonization, particularly at early colonization stages, and likely is a result
of the same defense responses that are responsible for persistent growth limitation in
non-host plants (Lambers and Teste 2013). Although imposing such defense
responses is likely to reduce mycorrhizal infection and the growth of non-host
species, it stimulates the induced systemic resistance. Such increased disease resis-
tance has been observed in colonized non-host plants against pathogens and insects,
which highlights the multifunctional role of AMF in non-host-host interactions
(Fernandez et al. 2019).

In a similar way, non-host plants, e.g., Brassicaceae type, have an adverse impact
on the growth characteristics and acquisition of nutrients of neighboring host
species, without negatively influencing the non-host neighbors (Francis and Read
1994; Garcia-Garrido and Ocampo 2002). There appears to be intense competition
between host and non-host species in the overlapping area of relatively nutrient-poor
and relatively fertile habitats. There is evidence indicating that host plants employ
biological means (AMF), while non-host plants use chemical factors (allelopathy) to
compete with each other (Lambers and Teste 2013). However, the nature of the
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interactions between the supported mycelium network with host and non-host
species of the Protaceae type is mainly beneficial (Bruno et al. 2003). Considering
the capability of non-host plants to mobilize nutrients (Muler et al. 2013), evidence
for negative effects is scant (Lambers and Teste 2013).

2.6 Molecular Cross-Talks Between AMF-Non-host Plants

Contrary to much information on the molecular mechanisms underlying the inter-
actions between host plants and AMF, the molecular interaction between non-host
plants and AMF is still poorly understood. Recently, the interaction between
Arabidopsis, a model and non-host species, and the host-supported AM fungus
Rhizophagus irregularis (hereafter Rhizophagus) has enhanced our understanding
of the molecular cross-talk between non-host plants and AMF (Fernandez et al.
2019).

A set of conserved genes called “Symbiotic Toolkit” determine the ability of host
plants to establish a functional symbiosis (Delaux et al. 2013). Although there is little
experimental evidence about the possible cause of AM loss, such as carbon cost,
changes in resistance to pathogens and insects, and changes in lifestyle and root
morphology, significant genetic evidences have been found for evolutionary loss of
AM colonization (Delaux et al. 2014; Radhakrishnan et al. 2020; Hornstein et al.
2023). In all non-mycorrhizal plants belonging to diverse taxonomic groups, a
common subset of specific genes, e.g., the “common symbiosis pathway” (CPS)
genes involved in signal perception and transduction, are absent (Table 2.1) (Genre
et al. 2020; Radhakrishnan et al. 2020). It is noteworthy that some genes responsible

Table 2.1 Some genes associated with AM symbiosis lost in non-host plants (Cosme et al. 2018)

Symbiotic
gene Affected colonization step Gene absence phenotype
PT4 Arbuscule formation Reduced colonization, increased arbuscule
degeneration and reduced phosphate uptake
STR2 Intraradical hyphal colonization | Reduced colonization and stunted arbuscules
and arbuscule formation
STR Intraradical hyphal colonization | Reduced colonization and stunted arbuscules

and arbuscule formation

VAPYRIN | Intraradical hyphal colonization | Reduced colonization and no arbuscules
and arbuscule formation

RAM?2 Fungal penetration into the root | No hyphopodia

RAM1I Fungal penetration into the root | No hyphopodia

IPD3 Presymbiotic Reduced colonization and no arbuscules
CASTOR Presymbiotic Reduced colonization

DMI3 Presymbiotic No colonization

DMI2 Presymbiotic Reduced colonization

NFP Presymbiotic Reduced number of arbuscules
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for the initial interaction between AMF and the host root have been conserved in
non-host Arabidopsis (Delaux et al. 2013, 2014). For example, similar to the
compatible species, Arabidopsis roots responded to the presence of Rhizophagus
within 24 h by overexpressing the strigolactone biosynthetic genes, CCD7 and
CCD8, which indicates that the primary interactions of host colonization are not
completely disrupted in non-host plants (Delaux et al. 2014; Fernandez et al. 2019).
This is a confirmation of previous findings that during presymbiotic stages, AMF
cannot differentiate between non-host and host species (Tester et al. 1987;
Giovannetti and Sbrana 1998).

For successful colonization and achieving a functional symbiosis, the fungus
must reduce host defense responses by modulating defense signals (Fernandez et al.
2019). Genes acting in defense, e.g., PRI, ERF4, MYBS51, etc., which are enabled in
the initial stages of interaction between host roots and AMF, as well as between
Arabidopsis and endophyte or pathogenic fungi, were not expressed in Arabidopsis
roots in the presence of Rhizophagus fungi (Fernandez et al. 2019). It indicates that
when exposed to Rhizophagus hyphae, Arabidopsis roots activate the primary
detection stages of host-AMF, rather than host-endophytic fungi or host-pathogenic
fungi interactions. In other words, AMF is not recognized as an antagonist for the
non-host (Wang et al. 2021). In addition, contrary to the functional colonization of
the roots of host plants, in Arabidopsis roots colonized with Rhizophagus, there was
no evidence of overexpression of symbiosis-related genes, like GintMST4,
GintMST2, GintAMT2, and GintPT. Also, the gene related to nutrient transport
and carbohydrate metabolism had not been upregulated (Zouari et al. 2014;
Fernandez et al. 2019; Wang et al. 2021), Furthermore, the defense-related gene
such as flavin monooxygenase S-oxygenase 3 (FMO GS-OX3) and the genes related
to salicylic acid biosynthesis and systemic acquired resistance are upregulated
(Fernandez et al. 2019).

In general, the early stages of the interaction between AMF supported by host and
non-host Arabidopsis are similar to some of the presymbiotic stages of the
AMF-host interaction (Fig. 2.2). However, the fungus is not then recognized as a
symbiotic partner but as an unwanted invader. Thus, the exchange deviates from the
usual symbiotic pathway of AM toward the activation of defense responses and
growth-defense exchange (Fernandez et al. 2019; Wang et al. 2021). Possibly, the
transfer of signaling molecules from the host colonized roots (AMF and/or host
plant) to the non-hosts leads to the activation of defense responses (Stringlis et al.
2018), which can explain part of the negative impact of AMF colonization on the
growth characteristics of non-host plants.

It is intriguing that there are other molecular components, in addition to the
conventional symbiotic toolkit present in the host genome, that play a role in
supporting the AM colonization of non-host roots (Cosme et al. 2018). For example,
in a recent study, the upregulation of MYB72 and BGLU42 in Arabidopsis increased
the AM infection of roots in the presence of a host plant, through the pathway of
scopoletin production and excretion (Cosme et al. 2018). It could be concluded that
scopoletin, as a plant signal, can positively influence the plant-fungus interaction in
the non-host Arabidopsis before penetration stage (Cosme et al. 2018). Scopoletin,
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Fig. 2.2 Molecular dialogue between Arabidopsis thaliana-AMF and its comparison with
Arabidopsis-endophytic or pathogenic fungi interaction. CCD7 8 carotenoid cleavage dioxygenase
7, 8, PRI 14 pathogenesis-related proteinl, 14, Pal phenylalanine ammonia-lyase, LTP lipid
transfer protein, PT phosphate transporter, AMT ammonium transporter, MST monosaccharide
transporter, HRGP hydroxyproline-rich glycoproteine, MYB5I Myb domain protein
51, CYP71A12 cytochrome P450, family 71, polypeptide 12, subfamily A, ERF4 ethylene respon-
sive element binding factor 4. Redrawn from Wang et al. (2022)

independent from the root and in a dose-dependent manner, stimulates the elonga-
tion of the hyphae of germinated rhizophagus spores and also induces metabolic
processes in the rhizophagus extraradical mycelium (Cosme et al. 2018). Further-
more, it has been observed that non-orthologs genes can be potential alternatives for
symbiotic genes. For example, AMF can colonize Arabidopsis disrupted in the AM
pre-symbiosis signal receptor (NFP) gene, which suggests that other receptors are
likely to be present (Bonfante and Requena 2011). Also, the ortholog of the GPAT
gene (a key enzyme in the lipid biosynthesis pathway) (RAM?2) is not present in
Arabidopsis, and implementation of Arabidopsis GPAT genes in the ram2 mutant of
Medicago truncatula (an AM host species) restores colonization of ram2 plants,
which indicates that the RAM?2 function can be restored by the non-orthologous
GPAT gene (Wang et al. 2012; Cosme et al. 2018).

A very recent study addressed the intriguing question of whether restoring gene
expression to non-host plants can restore gene function or not (Hornstein et al.
2023). One of the important CSP genes lost along with the AM trait in non-host
plants is I[PD3, a key transcription factor that mediates CSP signaling and regulation
of AM response genes (Hornstein et al. 2023). /PD3 mutants have been almost
completely inhibited in AM development (Watts-Williams and Cavagnaro 2015). In
the study, researchers found that restoring the expression of IPD3 in Arabidopsis, in
the form of its DNA binding domain, leads to the regulation of the same symbiotic
gene networks even in the absence of the fungal signal (Hornstein et al. 2023). This
indicates that despite the long history of being a non-host and the deletion of
majority of the related genes, the molecular links to the symbiosis machinery in
Arabidopsis are still preserved. This is promising that AM symbiosis, as a beneficial
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agricultural trait, could be reintroduced to the non-host plant species with significant
economic benefits (Cosme et al. 2018).

2.7 Conclusion and Future Perspectives

AM symbiosis is known as a complicated molecular interaction between fungus and
host plants, with mutual benefits in terms of nutrition, protection from stresses, and
growth. The potential to form a functional symbiosis has been lost in different plant
species named non-host plants. However, under certain conditions, host-supported
AM mycelium has the potential to colonize non-host roots and develop RAM
phenotype that is different from endophytic or pathogenic fungi. The early stages
of pre-symbiotic interaction between AMF and non-host species are similar with the
processes observed during pre-symbiotic cross-talk in AMF-host interactions. In the
later stages of the interaction, AMF colonize the root cortex without establishing a
functional symbiosis (in view of nutrients exchange) and instead activate plant
defense responses, which are mainly associated with decreased plant growth and
increased resistance to pathogens and insects. Future studies are suggested to
investigate the function of RAM colonization not only in terms of nutrients uptake
but also considering all the established benefits of AM symbiosis. Furthermore, the
underlying mechanisms of AMF impact on the growth of host and non-host plant
species is also an important open problem to study.

The mechanisms by which the non-host nature of plant species is determined at
the molecular level are not well understood. Some AM symbiosis-specific genes are
conserved in non-host plants. Furthermore, specific non-symbiotic genes could have
roles in the symbiosis of non-host plants. These additional molecular components
and RAM phenotypes are likely to be the missing links that can help us better
understand the molecular constraints and mechanisms leading to the evolution of the
non-host nature of species. Making an attempt to understand such control mecha-
nisms can increase our understanding of the biological factors controlling AM
symbiosis in soils while shedding more light on the development of future crops
with higher productivity and less need for agrochemical inputs.

References

Allen MF, Allen EB (1990) Carbon source of VA mycorrhizal fungi associated with
Chenopodiaceae from a semiarid shrub-steppe. Ecology 71(5):2019-2021

Allen MF, Allen EB, Friese CF (1989) Responses of the non7hyphen; mycotrophic plant Salsola
kali to invasion by vesicular—arbuscular mycorrhizal fungi. New Phytol 111(1):45-49

Begum N, Qin C, Ahanger MA, Raza S, Khan MI, Ashraf M, Zhang L (2019) Role of arbuscular
mycorrhizal fungi in plant growth regulation: implications in abiotic stress tolerance. Front Plant
Sci 10:1068



32 S. Rahmat

Besserer A, Puech-Pages V, Kiefer P, Gomez-Roldan V, Jauneau A, Roy S, Séjalon-Delmas N
(2006) Strigolactones stimulate arbuscular mycorrhizal fungi by activating mitochondria. PLoS
Biol 4(7):e226

Bonfante P, Genre A (2015) Arbuscular mycorrhizal dialogues: do you speak ‘plantish’or
‘fungish’? Trends Plant Sci 20(3):150-154

Bonfante P, Requena N (2011) Dating in the dark: how roots respond to fungal signals to establish
arbuscular mycorrhizal symbiosis. Curr Opin Plant Biol 14(4):451-457

Boulet FM, Lambers H (2005) Characterisation of arbuscular mycorrhizal fungi colonisation in
cluster roots of shape Hakea verrucosa F. Muell (Proteaceae), and its effect on growth and
nutrient acquisition in ultramafic soil. Plant Soil 269:357-367

Brundrett M (2004) Diversity and classification of mycorrhizal associations. Biol Rev 79(3):
473495

Brundrett MC (2009) Mycorrhizal associations and other means of nutrition of vascular plants:
understanding the global diversity of host plants by resolving conflicting information and
developing reliable means of diagnosis. Plant Soil 320:37-77

Brundrett MC (2017) Global diversity and importance of mycorrhizal and nonmycorrhizal
plants. In: Biogeography of mycorrhizal symbiosis. Springer, Cham, pp 533-556

Brundrett MC, Abbott LK (1991) Roots of jarrah forest plants. I. Mycorrhizal associations of shrubs
and herbaceous plants. Aust J Bot 39(5):445-457

Brundrett MC, Tedersoo L (2018) Evolutionary history of mycorrhizal symbioses and global host
plant diversity. New Phytol 220(4):1108-1115

Bruno JF, Stachowicz JJ, Bertness MD (2003) Inclusion of facilitation into ecological theory.
Trends Ecol Evol 18(3):119-125

Cosme M, Fernandez I, Van der Heijden MG, Pieterse CM (2018) Non-mycorrhizal plants: the
exceptions that prove the rule. Trends Plant Sci 23(7):577-587

Dagher DJ, de la Providencia IE, Pitre FE, St-Arnaud M, Hijri M (2020) Arbuscular mycorrhizal
fungal assemblages significantly shifted upon bacterial inoculation in non-contaminated and
petroleum-contaminated environments. Microorganisms 8(4):602

Delaux PM, Séjalon-Delmas N, Bécard G, Ané JM (2013) Evolution of the plant—microbe
symbiotic ‘toolkit’. Trends Plant Sci 18(6):298-304

Delaux PM, Varala K, Edger PP, Coruzzi GM, Pires JC, Ané JM (2014) Comparative
phylogenomics uncovers the impact of symbiotic associations on host genome evolution.
PLoS Genet 10(7):e1004487

Demars BG, Boerner RE (1996) Vesicular arbuscular mycorrhizal development in the Brassicaceae
in relation to plant life span. Flora 191(2):179-189

Dickie IA, Thomas MM, Bellingham PJ (2007) On the perils of mycorrhizal status lists: the case of
Buddleja davidii. Mycorrhiza 17:687-688

Dickson S (2004) The Arum-Paris continuum of mycorrhizal symbioses. New Phytol 163:187-200

Facelli E, Smith SE, Facelli JM, Christophersen HM, Andrew Smith F (2010) Underground friends
or enemies: model plants help to unravel direct and indirect effects of arbuscular mycorrhizal
fungi on plant competition. New Phytol 185(4):1050-1061

Fernandez I, Cosme M, Stringlis IA, Yu K, de Jonge R, van Wees SM, van der Heijden MG (2019)
Molecular dialogue between arbuscular mycorrhizal fungi and the nonhost plant Arabidopsis
thaliana switches from initial detection to antagonism. New Phytol 223(2):867-881

Ferrol N, Azcon-Aguilar C, Pérez-Tienda J (2019) Arbuscular mycorrhizas as key players in
sustainable plant phosphorus acquisition: an overview on the mechanisms involved. Plant Sci
280:441-447

Floc’h JB, Hamel C, Laterriere M, Tidemann B, St-Arnaud M, Hijri M (2022) Long-term persis-
tence of arbuscular mycorrhizal fungi in the rhizosphere and bulk soils of non-host Brassica
napus and their networks of co-occurring microbes. Front Plant Sci 13:828145

Francis R, Read DJ (1994) The contributions of mycorrhizal fungi to the determination of plant
community structure. Plant Soil 159:11-25



2 Non-host Plant Species: Definition, Description, and Mechanisms. . . 33

Francis RM, Read DJ (1995) Mutualism and antagonism in the mycorrhizal symbiosis, with special
reference to impacts on plant community structure. Can J Bot 73(S1):1301-1309

Garcia-Garrido JM, Ocampo JA (2002) Regulation of the plant defence response in arbuscular
mycorrhizal symbiosis. J Exp Bot 53(373):1377-1386

Genre A, Chabaud M, Balzergue C, Puech-Pages V, Novero M, Rey T, Barker DG (2013) Short-
chain chitin oligomers from arbuscular mycorrhizal fungi trigger nuclear Ca** spiking in M
edicago truncatula roots and their production is enhanced by strigolactone. New Phytol 198(1):
190-202

Genre A, Lanfranco L, Perotto S, Bonfante P (2020) Unique and common traits in mycorrhizal
symbioses. Nat Rev Microbiol 18(11):649—-660

Gilbert L, Johnson D (2017) Plant—plant communication through common mycorrhizal
networks. In: Advances in botanical research, vol 82. Academic, New York, pp 83-97

Giovannetti M, Sbrana C (1998) Meeting a non-host: the behaviour of AM fungi. Mycorrhiza 8(3):
123-130

Giovannetti M, Sbrana C, Logi C (1994) Early processes involved in host recognition by arbuscular
mycorrhizal fungi. New Phytol 127(4):703-709

Glenn MG, Chew FS, Williams PH (1985) Hyphal penetration of Brassica (Cruciferae) roots by a
vesicular—arbuscular mycorrhizal fungus. New Phytol 99(3):463-472

Hajiboland R (2013) Role of arbuscular mycorrhiza in amelioration of salinity. In: Salt stress in
plants: signalling, omics and adaptations. Springer, Cham, pp 301-354

He XH, Critchley C, Bledsoe C (2003) Nitrogen transfer within and between plants through
common mycorrhizal networks (CMNs). Crit Rev Plant Sci 22(6):531-567

Hoeksema JD (2015) Experimentally testing effects of mycorrhizal networks on plant-plant inter-
actions and distinguishing among mechanisms. In: Mycorrhizal networks. Springer, Cham, pp
255277

Hornstein ED, Charles M, Franklin M, Edwards B, Vintila S, Kleiner M, Sederoff H (2023)
Re-engineering a lost trait: IPD3, a master regulator of arbuscular mycorrhizal symbiosis, affects
genes for immunity and metabolism of non-host Arabidopsis when restored long after its
evolutionary loss. bioRxiv, 2023-03

Iffis B, St-Arnaud M, Hijri M (2016) Petroleum hydrocarbon contamination, plant identity and
arbuscular mycorrhizal fungal (AMF) community determine assemblages of the AMF spore-
associated microbes. Environ Microbiol 18(8):2689-2704

Jones FR (1924) A mycorrhizal fungus in the roots of legumes and some other plants. J Agric Res
29:459-470

Jordan NR, Zhang J, Huerd S (2000) Arbuscular-mycorrhizal fungi: potential roles in weed
management. Weed Res 40(5):397-410

Keim J, Mishra B, Sharma R, Ploch S, Thines M (2014) Root-associated fungi of Arabidopsis
thaliana and Microthlaspi perfoliatum. Fungal Divers 66:99-111

Kiers ET, Duhamel M, Beesetty Y, Mensah JA, Franken O, Verbruggen E, Biicking H (2011)
Reciprocal rewards stabilize cooperation in the mycorrhizal symbiosis. Science 333(6044):
880-882

Lagrange A, Ducousso M, Jourand P, Majorel C, Amir H (2011) New insights into the mycorrhizal
status of Cyperaceae from ultramafic soils in New Caledonia. Can J Microbiol 57(1):21-28

Lambers H, Teste FP (2013) Interactions between arbuscular mycorrhizal and non-mycorrhizal
plants: do non-mycorrhizal species at both extremes of nutrient availability play the same game.
Plant Cell Environ 36(11):1911-1915

Lambers H, Shane MW, Cramer MD, Pearse SJ, Veneklaas EJ (2006) Root structure and function-
ing for efficient acquisition of phosphorus: matching morphological and physiological traits.
Ann Bot 98(4):693-713

Lambers H, Ahmedi I, Berkowitz O, Dunne C, Finnegan PM, Hardy GESJ, Teste FP (2013a)
Phosphorus nutrition of phosphorus-sensitive Australian native plants: threats to plant commu-
nities in a global biodiversity hotspot. Conserv Physiol 1(1):cot010



34 S. Rahmat

Lambers H, Clements JC, Nelson MN (2013b) How a phosphorus-acquisition strategy based on
carboxylate exudation powers the success and agronomic potential of lupines (Lupinus,
Fabaceae). Am J Bot 100(2):263-288

Lanfranco L, Fiorilli V, Gutjahr C (2018) Partner communication and role of nutrients in the
arbuscular mycorrhizal symbiosis. New Phytol 220(4):1031-1046

Latef AAHA, Hashem A, Rasool S, Abd Allah EF, Alqarawi AA, Egamberdieva D, Ahmad P
(2016) Arbuscular mycorrhizal symbiosis and abiotic stress in plants: a review. J Plant Biol 59:
407426

Leake J, Johnson D, Donnelly D, Muckle G, Boddy L, Read D (2004) Networks of power and
influence: the role of mycorrhizal mycelium in controlling plant communities and
agroecosystem functioning. Can J Bot 82(8):1016—1045

Lekberg Y, Rosendahl S, Olsson PA (2015) The fungal perspective of arbuscular mycorrhizal
colonization in ‘nonmycorrhizal’ plants. New Phytol 205(4):1399-1403

Lépez-Raez JA, Pozo MJ, Garcia-Garrido JM (2011) Strigolactones: a cry for help in the rhizo-
sphere. Botany 89(8):513-522

Mandyam KG, Roe J, Jumpponen A (2013) Arabidopsis thaliana model system reveals a continuum
of responses to root endophyte colonization. Fungal Biol 117(4):250-260

Matsumura A, Horii S, Ishii T (2007) Effects of arbuscular mycorrhizal fungi and intercropping
with bahiagrass on growth and antioxidative enzyme activity of radish. J Jpn Soc Hortic Sci
76(3):224-229

Mnasri M, Janouskova M, Rydlova J, Abdelly C, Ghnaya T (2017) Comparison of arbuscular
mycorrhizal fungal effects on the heavy metal uptake of a host and a non-host plant species in
contact with extraradical mycelial network. Chemosphere 171:476—484

Muler AL, Oliveira RS, Lambers H, Veneklaas E (2013) Does cluster-root activity of Banksia
attenuata (Proteaceae) benefit phosphorus or micronutrient uptake and growth of neighbouring
shrubs. Oecologia 174:23-31

Neumann E, George E (2005) Does the presence of arbuscular mycorrhizal fungi influence growth
and nutrient uptake of a wild-type tomato cultivar and a mycorrhiza-defective mutant, cultivated
with roots sharing the same soil volume? New Phytol 166(2):601-609

Newsham KK, Upson R, Read DJ (2009) Mycorrhizas and dark septate root endophytes in polar
regions. Fungal Ecol 2(1):10-20

Ortowska E, Zubek S, Jurkiewicz A, Szarek-Fukaszewska G, Turnau K (2002) Influence of
restoration on arbuscular mycorrhiza of Biscutella laevigata L. (Brassicaceae) and Plantago
lanceolata L. (Plantaginaceae) from calamine spoil mounds. Mycorrhiza 12:153-159

Pongrac P, Vogel-Mikus K, Regvar M, Tolra R, Poschenrieder C, Barcel6 J (2008) Glucosinolate
profiles change during the life cycle and mycorrhizal colonization in a Cd/Zn hyperaccumulator
Thlaspi praecox (Brassicaceae). J Chem Ecol 34:1038—-1044

Radhakrishnan GV, Keller J, Rich MK, Vernié T, Mbadinga Mbadinga DL, Vigneron N, Delaux
PM (2020) An ancestral signalling pathway is conserved in intracellular symbioses-forming
plant lineages. Nat Plants 6(3):280-289

Raven JA, Lambers H, Smith SE, Westoby M (2018) Costs of acquiring phosphorus by vascular
land plants: patterns and implications for plant coexistence. New Phytol 217(4):1420-1427

Reeves FB, Wagner D, Moorman T, Kiel J (1979) The role of endomycorrhizae in revegetation
practices in the semi-arid west. . A comparison of incidence of mycorrhizae in severely
disturbed vs. natural environments. Am J Bot 66(1):6-13

Regvar M, Vogel K, Irgel N, Wraber T, Hildebrandt U, Wilde P, Bothe H (2003) Colonization of
pennycresses (Thlaspi spp.) of the Brassicaceae by arbuscular mycorrhizal fungi. J Plant Physiol
160(6):615-626

Rillig MC, Mummey DL (2006) Mycorrhizas and soil structure. New Phytol 171(1):41-53

Ryan MH, Tibbett M, Edmonds-Tibbett T, Suriyagoda LDB, Lambers H, Cawthray GR, Pang J
(2012) Carbon trading for phosphorus gain: the balance between rhizosphere carboxylates and
arbuscular mycorrhizal symbiosis in plant phosphorus acquisition. Plant Cell Environ 35(12):
2170-2180



2 Non-host Plant Species: Definition, Description, and Mechanisms. . . 35

Shane MW, Lambers H (2005) Cluster roots: a curiosity in context. Plant Soil 274:101-125

Shane MW, Cawthray GR, Cramer MD, Kuo J, Lambers H (2006) Specialized ‘dauciform’ roots of
Cyperaceae are structurally distinct, but functionally analogous with ‘cluster’ roots. Plant Cell
Environ 29(10):1989-1999

Smith SE, Read DJ (2008) Mycorrhizal symbiosis, 3rd edn. Academic, New York

Smith FA, Grace EJ, Smith SE (2009) More than a carbon economy: nutrient trade and ecological
sustainability in facultative arbuscular mycorrhizal symbioses. New Phytol 182(2):347-358

Steinkellner S, Lendzemo V, Langer I, Schweiger P, Khaosaad T, Toussaint JP, Vierheilig H (2007)
Flavonoids and strigolactones in root exudates as signals in symbiotic and pathogenic plant-
fungus interactions. Molecules 12(7):1290-1306

Stringlis 1A, Proietti S, Hickman R, Van Verk MC, Zamioudis C, Pieterse CM (2018) Root
transcriptional dynamics induced by beneficial rhizobacteria and microbial immune elicitors
reveal signatures of adaptation to mutualists. Plant J 93(1):166—180

Tester M, Smith SE, Smith FA (1987) The phenomenon of “nonmycorrhizal” plants. Can J Bot
65(3):419-431

Tommerup IC (1984) Development of infection by a vesicular—arbuscular mycorrhizal fungus in
Brassica napus L. and Trifolium subterraneum L. New Phytol 98(3):487-495

Van der Heijden MG, Boller T, Wiemken A, Sanders IR (1998) Different arbuscular mycorrhizal
fungal species are potential determinants of plant community structure. Ecology 79(6):
2082-2091

Van Der Heijden MG, Martin FM, Selosse MA, Sanders IR (2015) Mycorrhizal ecology and
evolution: the past, the present, and the future. New Phytol 205(4):1406-1423

Veiga RS, Jansa J, Frossard E, van der Heijden MG (2011) Can arbuscular mycorrhizal fungi
reduce the growth of agricultural weeds? PLoS One 6(12):e27825

Veiga RS, Howard K, van der Heijden MG (2012) No evidence for allelopathic effects of arbuscular
mycorrhizal fungi on the non-host plant Stellaria media. Plant Soil 360:319-331

Veiga RS, Faccio A, Genre A, Pieterse CM, Bonfante P, van der Heijden MG (2013) Arbuscular
mycorrhizal fungi reduce growth and infect roots of the non-host plant A rabidopsis thaliana.
Plant Cell Environ 36(11):1926-1937

Vierheilig H, Bennett R, Kiddle G, Kaldorf M, Ludwig-Miiller J (2000) Differences in
glucosinolate patterns and arbuscular mycorrhizal status of glucosinolate-containing plant
species. New Phytol 146(2):343-352

Vogel-Mikus K, Pongrac P, Kump P, Ne¢emer M, Regvar M (2006) Colonisation of a Zn, Cd and
Pb hyperaccumulator Thlaspi praecox Wulfen with indigenous arbuscular mycorrhizal fungal
mixture induces changes in heavy metal and nutrient uptake. Environ Pollut 139(2):362-371

Wang B, Qiu YL (2006) Phylogenetic distribution and evolution of mycorrhizas in land plants.
Mycorrhiza 16:299-363

Wang E, Schornack S, Marsh JF, Gobbato E, Schwessinger B, Eastmond P, Oldroyd GE (2012) A
common signaling process that promotes mycorrhizal and oomycete colonization of plants. Curr
Biol 22(23):2242-2246

Wang Y, Wang R, Lu B, Guerin-Laguette A, He X, Yu F (2021) Mycorrhization of Quercus
mongolica seedlings by Tuber melanosporum alters root carbon exudation and rhizosphere
bacterial communities. Plant Soil 467(1-2):391-403

Wang Y, He X, Yu F (2022) Non-host plants: are they mycorrhizal networks players? Plant Div
44(2):127-134

Watts-Williams SJ, Cavagnaro TR (2015) Using mycorrhiza-defective mutant genotypes of
non-legume plant species to study the formation and functioning of arbuscular mycorrhiza: a
review. Mycorrhiza 25(8):587-597

Wehner J, Antunes PM, Powell JR, Mazukatow J, Rillig MC (2010) Plant pathogen protection by
arbuscular mycorrhizas: a role for fungal diversity? Pedobiologia 53(3):197-201



36 S. Rahmat

Zhang H, Qin Z, Chu Y, Li X, Christie P, Zhang J, Gai J (2019) Interactions between arbuscular
mycorrhizal fungi and non-host Carex capillacea. Mycorrhiza 29:149-157

Zouari, I., Salvioli, A., Chialva, M., Novero, M., Miozzi, L., Tenore, G. C., ... & Bonfante, P.
(2014). From root to fruit: RNA-Seq analysis shows that arbuscular mycorrhizal symbiosis may
affect tomato fruit metabolism. Bmc Genomics, 15, 1-19.



Chapter 3 M)
Interactions Between Arbuscular s
Mycorrhizal Fungi and Other

Microorganisms in the Rhizosphere

and Hyphosphere

Deepak Kumar, Sandeep Kour, Mohd Ali, Roohi Sharma, Parkirti, Vikram,
Harish Changotra, Rajesh Kumari Manhas, and Puja Ohri

Abstract The ecosystem of the earth is fascinating and intricate. The interactions
that occur in the soil affect its characteristics as a substrate for development and
activity of soil microorganisms and plants. The majority of terrestrial plants have a
symbiotic, mutually beneficial interaction with the soil fungi known as arbuscular
mycorrhizal fungi (AMF). These microorganisms expand the root’s absorption
region, which improves the plant’s ability to absorb nutrients. The symbiont gets
plant carbohydrates in return for accomplishing its life cycle. Additionally, AMF
aids in the adaptation of plants to biotic and abiotic challenges including salt,
drought, extremely high or low temperatures, heavy metals, diseases and infections.
AMF are constantly interacting with ample variety of microbes, including endo-
bacteria, rhizobacteria that encourage plant growth and mycorrhiza helper bacteria,
plant parasitic nematodes, fungi and other microbes inhabiting the rhizosphere and
hyphosphere. Their interactions may be of utmost significance and might affect
agriculture. The present chapter summarizes the main microbial community groups
and their interaction with AMF in the rhizosphere and hyphosphere along with the
advantageous effects of AMF on plants.
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3.1 Introduction

Understanding the dynamic processes that occur during the plant-soil interactions
requires an intense study of various functional groups of the soil microflora. Among
these, the interaction of arbuscular mycorrhizal fungi (AMF) with other microbes is
especially interesting because they serve as a living connection between the soil and
the roots. AMF are soil microorganisms that interact with 80-90% of vascular plant
species and 90% of agricultural plants such as vegetables, cereals and horticultural
plants (Chen et al. 2018; Diagne et al. 2020). This symbiosis predates the earliest
appearance of terrestrial plants by 400—450 million years, according to fossil records
and molecular evidence (Diagne et al. 2020). AMF are widely distributed in various
ecosystems, which are essentially determined by the distribution of recognized plant
hosts worldwide (Yang et al. 2012). AMF belongs to the phylum Glomeromycota
and  subkingdom  Mucoromyceta, which  includes  three  classes
(Archaeosporomycetes, Glomeromycetes and Paraglomeromycetes) (Tedersoo
et al. 2018; Sangwan and Prasanna 2022), consisting of 25 genera, 11 families and
over 250 species (Husna et al. 2022). Glomeromycota are obligatory symbionts that
derive around 20% of carbon from their host plants and, in return, favour host plant’s
delivery of water and nutrients like phosphorous and nitrogen through root apoplast,
arbuscules and intraradical and extraradical hyphae. Arbuscular mycorrhizal symbi-
osis is undoubtedly one of the most familiar and advantageous relationships between
plants and microbes. According to various investigations, they are crucial for plant
nutrition and development under stress, and they also improve a variety of crucial
ecological functions (Parihar et al. 2019; Chandrasekaran et al. 2021; Dowarah et al.
2021; Yang et al. 2023).

Arbuscular mycorrhizal symbiotic association was once thought to have a bipar-
tite relationship. It is now understood that under normal circumstances, several
microorganisms including bacteria, fungi, nematodes and arthropods interact with
this fungal-plant symbiotic association and have an impact on the metabolic process
of both AMF and host plant (Lu et al. 2023; Szili-Kovacs and Takacs 2023)
(Fig. 3.1). For instance, the interaction of AMF and several bacterial genera includ-
ing plant growth- promoting rhizobacteria (PGPR) and mycorrhiza helper bacteria
(MHB) have been shown to support the health of AMF symbiosis, development of
hyphae, germination of spore, colonization of root and the metabolous efficiency of
AMF (Chen et al. 2023c). Some of the noteworthy interactions between AMF and
bacteria include the binding of bacteria to the fungal spore, production of volatiles by
bacteria, transfer of chemicals inside the fungal spore by bacteria and disintegration
of the fungal cellular wall (Miransari 2011). It is also believed that some microbial
communities in the hyphosphere help AMF acquire organic resources by breaking
down complex organic molecules that AMF cannot break down on their own. In
exchange, the AMF offers a hyphal exudate- and energy-rich microhabitat that
promotes microbial proliferation and motility in the hyphosphere (Wang et al.
2022, 2023a; Faghihinia et al. 2023). This AMF-bacterial interaction can be
exploited to increase crop output in sustainable and environmentally friendly way
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Fig. 3.1 Interaction of arbuscular mycorrhizal fungi (AMF) with other microorganisms in the
rhizosphere and hyphosphere

by producing inoculum comprising the fungus and bacteria, also known as AMF
bio-enhancers (Sangwan and Prasanna 2022).

Further, AMF also interacts with plant parasitic nematodes as they share the plant
roots as source of food and habitat in the rhizosphere. AMF may promote resistance
and plant tolerance by inhibiting the development of nematodes. The possibility of
greater nematode tolerance or resistance of AMF-infected plants has sparked
research in AMF-nematode interactions (Patel et al. 2022; Vishwakarma et al.
2022). Furthermore, the interaction of AMF with other fungi and various other
microorganisms in rhizosphere and hyphosphere has also been studied and is
being utilized for the sustainable management of plant pathogens (Bao et al.
2022). Consequently, it is crucial to carefully assess such interactions and take
into account their application in agronomy. This may lead to some novel perceptions
for future research, hastening the development of the discipline and yielding more
effective agricultural strategies. Therefore, considering the outcomes of AMF inter-
actions, the present chapter focuses on the interaction of AMF with other microor-
ganisms inhabiting the rhizosphere and hyphosphere.
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3.2 AMF and Plants

Plant roots are inhabited by numerous microbes that also include AMF, which are
beneficial for plant health in many ways. They modify morphology and physiology
of plant roots, affect their growth, influence their nutrient status and resist various
plant stresses (Sharma et al. 2023; Thangavel et al. 2022). AMF interact with their
wide range of hosts by penetrating into their root epidermis using their own fungal
hyphae. In roots, they colonize in cortical cells and form arbuscules. Arbuscules
consist of fungal hyphae enveloped in peri-arbuscular membrane, which is a mod-
ification of cortical cell plasma membrane. This interaction provides better use of
soil nutrients and better resistance to variable stresses (Wipf et al. 2019).

The AMF colonization involves reciprocal recognition between two partners
mediated by symbiotic molecules before they both come in contact with each
other, resulting in the pre-symbiotic stage. During their interaction, both partners
recognize each other via cross-talk of signal molecules synthesized by both individ-
uals. As soon as the fungal hyphae make contact with root epidermis, they form
hyphopodia, an adhesion structure. The introduction of hyphae in roots initiates the
symbiotic phase, and the latter is followed by the formation of pre-penetration
apparatus, which leads hyphae to the inner root tissue. From there, hyphae grow
into the deep cortical cells and form arbuscules. Thus, root colonization proceeds,
and extensive hyphal network explores more soil by forming extraradical hyphae.
This extraradical mycelium extends to form common mycorrhizal networks to make
contacts among root systems of two or more than two host plants (Lanfranco et al.
2016; Sarkar and Sadhukhan 2023).

At the time of colonization, the interaction between both partners is facilitated
mainly by regulated signalling and carotenoid pathways. After establishing colonies,
the AMF provides the host plant with ion and nutrient uptake in return for receiving
photosynthates (such as carbohydrates). This carbon supply in AMF thus transports
sugars from aerial parts of the plants to their roots. Along with nutrient exchange,
AMF also strengthen defence response in plants by modifying biosynthesis of
secondary metabolites. Thus, AMF modify signalling pathways and nutritional
state of host plants, which enhance the production of protective compounds in plants
for defence (Kaur and Suseela 2020; Sarkar and Sadhukhan 2023). However, during
the interaction of AMF with non-host plants, the pattern-recognition receptors
presenting on plasma membrane of plant act as a part of the innate immune system.
Their function is to recognize conserved molecular patterns linked with pathogens or
microbes as well as molecular patterns associated with damage and ultimately to
activate pattern-triggered immunity in plants. Thus, when AMF come in contact with
a non-host plant, the danger-associated peptide signalling pathway is activated;
consequently, the trading of carbon and phosphorus between AMF and host plant
does not occur, which negatively affects nutrient availability, causing photosynthetic
suppression, oxidative stress and cell wall lignification, which eventually subdue the
growth of the non-host plant (Wang et al. 2023b). In contrast to it, the symbiosis
between AMF and host plant acquires numerous benefits, as the plant provides
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photosynthates to fungi in a controlled way, and the fungi also help in better survival
of the host plant under stressful conditions. AMF colony provides a feedback
mechanism for regulated transport of mineral nutrients in root cortical cells, thus,
improving availability of all essential nutrients (Thangavel et al. 2022). AMF also
modulates immunity of plants against plant pathogens by providing more nutrient to
the plant to produce more metabolites by modulating plant metabolites (Sarkar and
Sadhukhan 2023). AMF may modify plant physiological functions under various
stresses to increase plant tolerance by altering various morphological features
(Zhang et al. 2022; Jiménez-Pérez et al. 2022). AMF inoculation may also enhance
expression of certain defensive genes in plants to elevate its immunity (Stratton et al.
2022). The spores, vesicles as well as the extra- and intra-radical mycelia of AMF
also act as a sink in case of heavy metal accumulation in plants; thus, it also helps in
detoxification (Adeyemi et al. 2021). Conclusively, more insight into the role of
AMF in enhancing plant resistance toward various environmental stress along with
its widespread use in agricultural field can minimize the use of chemical pesticides
and fertilizers, thus promoting soil and plant health. Table 3.1 summarizes interac-
tion between AMF and their host plants during various stress conditions.

3.3 Interaction of AMF with Bacteria

Populations of bacterial species in the rhizosphere have a remarkable effect on plant
growth and productivity (Liu et al. 2020). PGPR, endobacteria, MHB, detrimental
bacteria and other kinds of soil-based bacteria have been found to have interactions
with AMF (Olsson et al. 2017). Enhancing the tripartite interaction of AMF, bacteria
and plants that host it necessitates an understanding of how they interact (Noceto
et al. 2021; Chang et al. 2017). Both types of bacterial species present in the
rhizosphere and cell matric of some fungal strains are included in this group of
bacteria (Miransari 2011). Positive, neutral or adverse associations can occur with
the mycorrhizal association or other rhizospheric microbes, but AMF association
with bacteria is predominantly based on their constructive outcomes (Hassani et al.
2018).

The root metabolites influence the biochemicals produced by microbes (bacteria);
however, these soil microbes are also capable of releasing chemicals that increase the
concentration of root exudates activating AM hyphae and expanding the degree of
root inhabitation (Olanrewaju et al. 2019). In addition, plant hormones produced by
soil microorganisms can affect spore and hyphae development as well as AM
establishment (Miransari et al. 2014). Various elements exert an impact on the
interaction between soil bacteria and AMF (Rillig et al. 2018). In fact, bacterial
species have different capacities for adhering to AM hyphae, which is also
influenced by the physiological stage of the hyphae. The research on bacterial
attachment is scarce; however, information regarding other linked features including
AM race and strains of bacteria, plant genera, rhizosphere and climatic parameters is
available in the literature (Artursson et al. 2006; Sanon et al. 2009). Forthcoming
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Table 3.1 Effect of arbuscular mycorrhizal fungi (AMF) on plants

D. Kumar et al.

Stress
AMF Host plant condition Reported effects References
Rhizophagus Pistachio Salinity stress | Enhanced activities | Afshar and
irregularis (Pistacia vera) of catalase, super- | Abbaspour
oxide dismutase (2023)
and glutathione
reductase and
increased content
of tocopherol and
carotenoid
R. irregularis Soybean (Gly- Drought Increased root Begum et al.
cine max) stress activity, plant bio- | (2023)
mass and photo-
synthesis,
decreased ROS
activity and
increased mem-
brane index
stability
F. mosseae Shisham Entisol soil Enhanced stomatal | Bhardwaj et al.
(Dalbergia conductance and (2023)
Si$500) photosynthesis rate
and plant growth
and biomass
R. intraradices Manchurian Low, medium | Enhanced growth Chen et al.
catalpa (Catalpa | and high of seedlings and N | (2023a)
bungei) nitrogen and P levels
levels
F. mosseae and Camel grass Salt or Enhanced root Chen et al.
C. etunicatum (Alhagi drought stress | growth, phosphorus | (2023b)
sparsifolia) nutrient uptake,
activated antioxi-
dant enzymes and
balanced hormonal
levels
F. mosseae Milkvetch Cadmium- Improved phospho- | Jia et al. (2023)
(Astragalus consisting rus uptake and
adsurgens) saline soil improved sodium/
potassium ratio in
shoot, also elevated
shoot biomass
observed
R. irregularis Flooded gum Cadmium AMF helped Kuang et al.
(Eucalyptus stress retaining Cd in (2023)
grandis) fungal structure
F. mosseae Milkvetch Cadmium- Increased root mass | Li et al.
(A. adsurgens) and lead- and shoot mass, (2023a)
contaminated | elevated
soil rhizospheral bacte-

rial community

(continued)
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Stress
AMF Host plant condition Reported effects References
thus enhancing
phytoremediation
efficiency
G. mosseae Barrelclover Cadmium Enhanced photo- Lietal.
(Medicago stress synthetic effi- (2023b)
truncatula) ciency, increased
plant biomass,
decreased heavy
metal contamina-
tion and increased
phytohormone
synthesis
C. etunicatum Green tea Drought Increased plant Liu et al.
(Camellia stress height, plant bio- (2023a)
sinensis) mass and plant
mineral content in
roots
Paraglomus Tomato (Sola- Salt stress Enhanced plant Liu et al.
occultum num growth perfor- (2023b)
lycopersicum) mance and gas
exchange rate
Paraglomus Indian shot Flooding and | Alleviated Pb tox- | Lv etal. (2023)
species (Canna indica) lead stress icity, alleviated
flooding stress and
enhanced growth of
host plant
Funneliformis sp., | Rice (Oryza Phosphorus Increased plant Mitra et al.
Glomus sp., sativa) deficiency phosphorus uptake, | (2023)
Rhizophagus sp., increased plant
Claroideoglomus growth, enhanced
sp. and soil enzyme
Acaulospora sp. activities
R. intraradices and | Sunflower Water stress Elevated chloro- Noroozi et al.
F. mosseae (Helianthus phyll content and (2023)
annuus) declined MDA and
shoot proline
content
Funneliformis Wheat (Triticum | Water Increased height of | Ould et al.
mosseae, durum) deficiency aerial part, length of | (2023)
R. intraradices, internodes, length
F. geosporus, of ear, plant dry
Claroideoglomus weight and chloro-
etunicatum, Glo- phyll content
mus aggregatum
and R. irregularis
R. irregularis Salt stress Salt stress was alle- | Wang et al.
viated by (2023c)

(continued)
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Table 3.1 (continued)

D. Kumar et al.

Stress
AMF Host plant condition Reported effects References
Swamp oak increasing plant
(Casuarina biomass and accu-
glauca) mulation of chlo-
rine in roots; also
salt exclusion pro-
cess observed
G. versiforme Snapdragon Low tempera- | Increased stomatal | Wei et al.
F. mosseae (Antirrhinum ture and weak | conductance, pho- (2023a)
majus) light tosynthetic rate,
transpiration rate
and water use
efficiency
R. intraradices Sweet flag Chromium Altered Wei et al.
(Acorus toxicity rhizospheric bacte- | (2023b)
calamus) rial community,
increased tolerance
toward heavy metal
and enhanced
nutrient uptake and
also the soil carbon
input
P. brasilianum, Tulsi (Ocimum Saline stress Enhanced plant Yilmaz et al.
G. deserticola, sanctum) growth and antioxi- | (2023)
G. monosporum, dant enzymes
F. mosseae,
R. irregularis,
G. clarum,
G. etunicatum,
Gigaspora marga-
rita and
G. aggregatum
F. mosseae, Rice (O. sativa) | Water deficit | Increased phospho- | Yooyongwech
Acaulospora rus content and et al. (2023)
foveata and osmotic potential in
C. etunicatum plants
F. mosseae Rice (O. sativa) Salt stress Increased biomass, | Zhang et al.
(Fm) along with improved osmoreg- | (2023a)
Agrobacterium ulation ability and
rhizogenes and maintained high
Piriformis ratio of K*/Na*
mosseae
R. intraradices and | Maize (Zea Molybdenum | Localized heavy Zhang et al.
C. etunicatum mays) stress metals in root, (2023b)

enhanced nutrient
uptake, plant bio-
mass and photo-
synthetic pigments

(continued)
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Table 3.1 (continued)

Stress
AMF Host plant condition Reported effects References
Glomus Tomato Drought Stimulated growth | Slimani et al.
sp. consisting (S. Iycopersicum) | stress of plant in terms of | (2022)
AMF complex increased length,

greater number of
leaves and more dry
and fresh weight

investigation therefore needs to note this impact and explore whether such connec-
tions can affect crop yields commercially.

There are numerous instances of better communication between various bacterial
strains such as Bacillus, Paenibacillus, Pseudomonas and Rhizobia and various
AMF species like G. clarum, G. intraradices, G. mosseae and G. versiforme
(Artursson et al. 2006). These encouraging responses encompass pathogenic sup-
pression, phosphate solubilization, root colonization by AMF and development and
propagation of fungus and spores (Singh et al. 2013; Emmanuel and Babalola 2020).

3.3.1 Endobacteria

The closest interaction occurs when bacteria exist as endobacteria inside the cells of
fungus. Regardless of their genomic and functional differences, the communities of
bacteria that are associated with fungi make up a brand-new form of microbiome
called the fungal microbiome (Desird et al. 2015). The relationship that exists
between AMF and endosymbiotic bacteria can affect how well they function and
how well they interact with microbes that are pathogenic as well as how effectively
plants grow and develop (Nanjundappa et al. 2019). An endobacterial symbiosis
improves a mycorrhizal fungus’ viability and boosts its bioenergetic potential
(Salvioli et al. 2016). There are several ways or mechanisms that depict that the
bacteria anchored to a fungal spore can impair the activity of fungal organism,
through release of chemicals that influence the expression of fungal genes or by
introduction of chemicals in fungal spore or by adherence to the fungal exterior
through the release of lectins and probably by the breakdown of the fungal cell wall
and generation of volatile compounds that alter expression of fungal genes (Bonfante
and Venice 2020).

Endobacteria have been found in a variety of fungal groups in numerous recent
investigations (Olsson et al. 2017). The bacterial endosymbiont that has been studied
most extensively is the Glomeromycota endobacteria (Bonfante and Desird 2017).
There are two different kinds of endosymbionts in Glomeromycota: (1) a gram-
negative, rod-shaped beta-proteobacterium and such notable species of the
Gigasporaceae family including Candidatus Glomeribactergigasporarum and
(2) a homogeneous gram-positive, coccoid- shaped bacteria distributed among
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Glomeromycota family that includes Mollicutes-related endobacteria (MRE) (Alabid
et al. 2019; Naito et al. 2017). For instance, MRE was found in two species of
liverwort, Conocephalum conicum and Lunularia cruciata, which was hosted by
AMF in the order Glomerales (Desiro et al. 2013).

Some endobacteria found inside the cytoplasm of AMF are also thought to be
PGPR, creating a close relationship with AMF such as actinobacteria (Qin et al.
2017). The results from Lasudee et al. (2018) demonstrated that rice crops cultivated
in soil supplemented with PGPR, Streptomyces thermocarboxydus strain S3 stimu-
lated growth in low-nutrient soil facing distress from a drought. Similarly, growth
was enhanced, and growth parameters were eased with association of endobacteria
Bacillus pumilus as PGPR and AMF Glomus deserticola (Medina et al. 2003).
Endobacteria played a significant function in the pre-symbiotic phase of fungus by
boosting its bioenergetic capability, according to an examination of RNA-seq data
from the AMF Gigaspora margarita having endobacterium or in its absence.

Besides some reports that suggest interrelationship between endosymbiotic bac-
teria and Glomus species, majority of the studies focus on the relationship between
endosymbiotic bacterium and mycorrhizal fungi Gigaspora margarita (Bennett and
Groten 2022; Bonfante and Venice 2020). Gammaproteobacteria were found to be
present in Ascomycota and Basidiomycota accordingly (Kramer et al. 2016; Liu et al.
2023c). Further reports showed that the presence of endobacterium Mycoavidus
cysteinexigens may substantially impact M. elongata’s metabolic processes where
the non-mutant strain having endobacteria displayed a slower rate of development in
comparison to the strain that was lacking endobacteria, indicating that the fungus
encounters a metabolic cost for dealing with Mycoavidus (Uehling et al. 2017).

3.3.2 Plant Growth-Promoting Rhizobacteria

Plant growth- promoting rhizobacteria improve plant growth while interacting with
root systems. PGPRs are advantageous microbes that stimulate plant growth using
various processes, such as (1) the creation of plant hormones like jasmonic acid,
(2) improved solubility of mineral phosphate in soil, (3) pathogenic management,
(4) mitigation of plant stress and (5) interacting with beneficial microbes like AMF,
bacteria, etc. (Aalipour et al. 2020; Vocciante et al. 2022). AMF and PGPR also
interact and modify plant growth, development and stress management. By influenc-
ing root colonization and boosting the absorption of nitrogen and phosphorus, PGPR
have the power to promote AM fungal growth (Sagar et al. 2021). Although some
PGPR have been shown to flawlessly inoculate plant roots, information regarding
the treatment intensity of AMF hyphae by PGPR is scarce (Hartmann et al. 2008).

There are various microbial strains of PGPR and AMF variety combinations that
could encourage rice establishment and growth in paddy fields. They have combi-
natorial stimulating effects that boosted grain yield, phosphate solubilization, nitro-
gen fixation, plant growth and pathogen suppression (Artursson et al. 2006).
Bacillus, Pseudomonas, Azospirillum and Herbaspirillum are among the bacterial
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strains, whereas Rhizophagus irregularis (formerly known as G. intraradices) and
Funneliformis mosseae are AMF species (Hoseinzade et al. 2016; Premkumari and
Prabina 2017; Lasudee et al. 2018; Norouzinia et al. 2020; Beura et al. 2020). For
instance, Beura et al. (2020) observed that the interaction of AMF (F. mosseae) with
PGPR A. brasilense and B. cepacia together with rock phosphate-enriched compost
was found to boost root length and dry root biomass due to hyphal extensions that
expanded the surface size and growth of rice. Similarly, the pairing of urea and triple
super phosphate nutrients with AMF (F. mosseae) and bacteria that fix nitrogen
(Herbaspirillum seropedicae) enhanced the development of rice (Hoseinzade et al.
2016). According to Norouzinia et al. (2020), the treatment of Pseudomonas putida
strain S34 and Pseudomonas fluorescens strain R167 together with AMF
R. irregularis considerably boosted rice grain production while reducing the adverse
effects of salinity stress.

In comparison to applying chemical fertilizers alone, dual treatment of
Schizolobium parahyba with AMF and PGPR enhanced wood output by around
20% (Diagne et al. 2020). AMF and B. subtilis in dual treatment of Acacia gerrardii
Benth (Talh trees) under salinity stress led to a substantially higher dry mass, number
of nodules and leghemoglobin level compared to those treated with AMF or
B. subtilis alone (Hashem et al. 2018). These researchers discovered a beneficial
synergistic relationship between AMF and B. subtilis in terms of the activities of
enzymes such as nitrogenase, nitrate and nitrite reductase enzymes as well as the
amounts of total lipids, phenols, fibre and osmoprotectants including betaine and
amino acids (glycine and proline).

AMF and phosphate- solubilizing bacteria (PSB) may interact in a beneficial way,
as PSB with the aid of AM hyphae converts scarcely accessible phosphorous
molecules into orthophosphate (inorganic as well as organic forms of phosphorus)
that AMF might take in and transfer to the host plant (Nacoon et al. 2020). Plant
treatment with AMF and such bacteria not only enhances phosphorus acquisition
from nutrient-poor soils but additionally improves the activity of phosphatase, PSB
number and mycorrhization (Wahid et al. 2022). AMF (Funneliformis mosseae),
Pseudomonas fluorescens (PSB) and triple superphosphate addition are efficient and
affordable techniques to enhance crop production in maize under salt-stress condi-
tions (Ghorchiani et al. 2018). Inoculation with two local phosphate-solubilizing
bacterial strain, Pseudomonas fluorescens BAM4 and Burkholderia cepacia
BAMI12, along with AMF (Glomus etunicatum) and plants supply with tricalcium
phosphate in a phosphorus-poor soil remarkably boosted various growth parameters
such as dry shoot and root yield and leaf surface area in wheat (Saxena et al. 2015).
Under severe drought conditions, dual treatment with AMF (Rhizophagus
irregularis or Funneliformis mosseae or a mixture of both) and PGPR (Pseudomo-
nas fluorescens) enabled Cupressus arizonica to mitigate water scarcity damages
and improved drought tolerance by means of an improved activity of ascorbate
peroxidase and glutathione peroxidase as compared to those treated with a single
microbe (Aalipour et al. 2020). Similar effect was observed under drought stress in
Melissa officinalis L. (Lemon balm) when it was inoculated with PGPR and AMF,
which enhanced its photosynthetic pigments; biomass; proline level; nitrogen,
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phosphorus and potassium content; and relative water content (Eshaghi Gorgi et al.
2022).

3.4 Interaction of AMF with Mycorrhiza Helper Bacteria

The existence of other microbes, notably bacteria in the rhizosphere, often influences
mycorrhizal symbiosis. These microbes create mechanisms for discerning interplay
with the rhizospheric microbiome, and they influence the growth of mycorrhizal
connections in a neutral, unfavourable or advantageous way. The specialization of
the bacterial and mycorrhizal (1) strain and species, (2) root of plants, (3) soil
structure, (4) abiotic and biotic stressors, (5) nutrient competition and (6) soil
microbial diversity all affect the relationship among the AMF and the MHB (Arruda
et al. 2021). A group of bacteria known as mycorrhiza helper bacteria affects the
symbiotic relationship of AMF with plant roots. These bacteria can assist the growth
of hyphae, spores, root colonization and metabolic fitness of AMF, all of which are
necessary for the symbiosis to occur (Richardson et al. 2009). They encourage the
development of particular AMF symbiotically associated with their non-specific host
plant (Bharadwaj et al. 2008). By influencing the spore wall (Boer et al. 2005),
generating stimulants like carbon dioxide (Carpenter-Boggs et al. 1995), or influenc-
ing the AMF phosphorus uptake (Ruiz-Lozano and Bonfante 2000), they can affect
spore germination. The majority of AM spores are colonized by a variety of
microorganisms, including fungi, bacteria, actinomycetes and microbes, which
alter spore germination and chitin mineralization (Ames et al. 1989).

AMF can also change the composition of microorganisms in the rhizosphere by
competing for nutrients in soil. Saprophytes and symbionts are two forms of bacteria
that communicate with AM species, a few of which are unfavourable, while others
are neutral or even beneficial (Johansson et al. 2004). Although the amount of
specificity was not recognized, a number of strains of Rhizobium and Pseudomonas
had different degrees of adherence to germinating spores of AMF and hyphae under
aseptic conditions (Bianciotto et al. 1996). The capacity of MHB to generate
molecular signals that control and govern the gene networks of fungus having
AMF symbiosis was also demonstrated in various investigations (Lies et al. 2018).
Table 3.2 enlists some interactive effects of MHB on AMF.

3.5 Interaction of AMF with Plant Parasitic Nematodes

Various biotic stressors including plant parasitic nematodes, in addition to abiotic
stresses, have impact on plant growth and development (Kaur et al. 2022; Kumar and
Ohri 2023). PPNs are significant agricultural pests commercially, and nematicides
that are most effective must be substituted with nematode control methods, which
have less adverse effect on non-target organisms since they do not meet the
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Table 3.2 Interaction of arbuscular mycorrhizal fungi (AMF) with mycorrhiza helper bacteria

(MHB)

AMF Associated MHB | Host plant Effect on AMF References
Rhizophagus Rhizobium Bean (Phaseolus | Increased amount of Banuelos
irregularis tropici vulgaris L.) infectious propagules | et al. (2023)

such as vesicles and
arbuscules and

improved hyphal
growth
R. irregularis | Paenibacillus Carrot (Daucus Improved the myce- Gupta and
validus carota) lium of the fungus, Chakraborty
leading to the produc- | (2020)
tion of viable spores
Funneliformis | Pseudomonas Maize (Zea Significantly increased | Ghorchiani
mosseae fluorescens mays) vegetative and repro- | et al. (2018)

ductive traits, root col-
onization, yield of
maize grain and nutri-
ent content in plant
tissue

R. irregularis

L. fusiformis

Maize (Z. mays)

Enhanced root growth

Battini et al.

and uptake of nutrients | (2017)
by promoting AMF
mycelium growth
Gigaspora Curtobacterium, | Alfalfa Improved hyphal Long et al.
margarita Ensifer and (Medicago growth, solubilized (2017)
Bacillus sp. sativa) degraded chitin and
spore germination
Rhizophagus Burkholderia Chicory Enhanced the solubili- | Taktek et al.
irregularis anthina (Cichorium zation of phosphate (2015)
intybus)
Gigaspora Bacillus Neem Increased Budi et al.
margarita megaterium (Azadirachta mycorrhization (2012)
indica) effectiveness
Glomus Paenibacillus Tomato (Sola- Increased IAA pro- Bidondo

intraradices Sfavisporus num duction, biomass and etal. (2011)
lycopersicum) root
Gigaspora Pseudomonas Cucumber Improved plant toler- | Gamalero
rosea putida (Cucumis ance to stressful et al. (2010)
sativus) conditions
G. geosporum | Flexibacter, Plantago Improved spore Roesti et al.
Lysobacter, lanceolata germination (2005)
Pseudomonas,
Chondromyces
and Cellvibrio
F. mosseae Pseudomonas Tomato Improved root coloni- | Gamalero
fluorescens 92rk | (S. lycopersicum) | zation and hyphal et al. (2004)
development
G. clarum Bacillus pabuli Pea (Pisum Increased intake of
sativum) nutrients, AMF

(continued)
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Table 3.2 (continued)
AMF Associated MHB | Host plant Effect on AMF References

colonization, develop- | Xavier and
ment of hyphae, spore | Germida
emergence and root (2003)
colonization

requirements of the present environmental conditions (Sharma et al. 2023; Kumar
et al. 2023). A possible alternative would be to use AMF to increase host resistance
and/or tolerance (Pires et al. 2022). AMF, a subphylum of Glomeromycotina-related
fungi that symbiotically coexist with over 85% of terrestrial plants, including
agricultural or horticultural crops, have the potential to defend plants through
biodefense (Malar et al. 2022). Numerous researchers have reported that AMF
may act as alternative to pesticides for the growth and development of agricultural
plants as well as nematode management (Table 3.3) (Wani et al. 2017; Ryan and
Graham 2018; Bagyaraj et al. 2022). AMF found in aerial or underground plant parts
have been reported to decrease nematode infection (Schouteden et al. 2015). Sim-
ilarly, plants with mycorrhizae are more nematode-resistant. Mycorrhizae treatment
changes the root metabolites, which has been found to minimize the penetration of
nematodes in mycorrhizal plants and transiently paralyze nematodes (Dey and
Ghosh 2022). AMF are particularly effective against Meloidogyne spp. in several
hosts; however, the protective impact depends on the host species, the AMF or other
factors (da Silva Campos 2020; Poveda et al. 2020). Additionally, the growth and
development of host plants is facilitated by AMF colonization because it increases
nutrient uptake in plants from the soil and increases the host plant’s resilience or
tolerance to root-knot nematode (RKN) infection (Begum et al. 2019; Wang et al.
2023d). In particular, by fostering plant growth and absorption of nutrients and
competing with other microbes for photosynthate and infective areas, AMF might, to
some extent, boost the host plant’s disease resistance (Dowarah et al. 2021).
However, host plant, AMF species and RKN species are just a few of the variables
that affect AMF and plant RKN interaction. AMF has the potential to boost host
plant resistance, particularly to RKN. In addition, interaction between Pratylenchus
and AMF occurs in host roots, and the control and strength of impact that AMF have
on the population densities of Pratylenchus spp. can vary depending on the order/
genus of AMF and the species of hosts plants. Pratylenchus population densities
may change due to AMF inhabitation via improved plant nutritional status, enhanced
root biomass, resource competition or induced systemic plant responses (Gough
et al. 2022; Rodrigues et al. 2021). Further, AMF decreases the amount and size of
large cells in roots that have been infected by Meloidogyne. As a result, the
nematodes lay down fewer eggs since they are smaller and require longer to mature
into adults. Additionally, AMF has a positive impact on species that are resistant to
Meloidogyne, and using AMF along with other microbes or nematicide substances
lowers the chance of Meloidogyne infection and promotes plant growth (da Silva
Campos 2020; da Silva Campos et al. 2013).
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Table 3.3 Interaction of arbuscular mycorrhizal fungi (AMF) with plant parasitic nematodes
Nematode

AMF species Host plant Effect reported | References

Funneliformis Meloidogyne Rice (Oryza sativa) | Reduced root Malviya

mosseae, graminicola gall etal. (2023)

Rhizophagus development

fasciculatus and

R. intraradices
Septoglomus M. incognita Pepper (Piper Reduced egg Udo et al.
deserticola and nigrum) masses (2023)
F. mosseae
F. mosseae, M. incognita Tomato Reduced den- Wang et al.
R. intraradices and (S. lycopersicum) sity of nema- (20234d)
Glomus versiforme todes in soil
G. mosseae M. incognita Tomato Decreased gall | Abo-
(S. lycopersicum) index of root Korahv and
Yassin
(2022)
F. mosseae M. incognita Tomato Increased juve- | Alamri
(8. lycopersicum) nile mortality etal. (2022)
R. irregularis M. incognita Tomato Increased num- | Detrey
(S. lycopersicum) ber of galls and | etal. (2022)
egg masses
F. mosseae Pratylenchus Mung bean (Vigna | Reduced Gough
thornei radiate) reproduction etal. (2022)
F. mosseae M. javanica Tomato Reduced nema- | Nafady
(S. lycopersicum) tode population | et al. (2022)
R. irregularis M. incognita Tomato Decreased gall- | Sedhupathi
(S. lycopersicum) ing index etal. (2022)
R. intraradices M. graminicola | Tomato Reduced egg Shanthi
(8. lycopersicum) masses by etal. (2022)
reducing num-
ber of giant cells
G. mosseae M. incognita Sweet pepper Decreased gall- | Udo et al.
(Capsicum ing and egg (2022)
annuum) mass production
F. geosporum M. incognita Sweet pepper Reduced galling | Herrera-
(Capsicum index and nem- | Parra et al.
annuum) atode (2021)
reproduction
G. mosseae M. javanica Eggplants Reduced egg Sharma
(S. melongela) masses and etal. (2021)
number of galls
R. intraradices Meloidogyne Coftee (Coffea Reduced nema- | Vallejos-
spp- arabica) tode Torres et al.
development (2021)
Dentiscutata Heterodera Soybean (Glycine Reduced egg Pawlowski
heterogama, glycines max) hatching by up | and
F. mosseae and to 62% Hartman
Rhizophagus sp. (2020)

(continued)
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Table 3.3 (continued)

Kumar et al.

Nematode
AMF species Host plant Effect reported | References
F. mosseae M. incognita Tomato Decreased the Pham et al.
(S. lycopersicum) density of nem- | (2020)
atodes in soil
G. mosseae M. incognita Tomato Reduced gall Shanthi
(S. lycopersicum) index and pop- | (2019)
ulation of
nematode
R. intraradices and Nacobbus Tomato Reduced nema- | Marro et al.
F. mosseae aberrans (S. lycopersicum) tode penetration | (2018)
in root
G. fasciculatum M. incognita Tomato Reduced repro- | Samal et al.
(S. lycopersicum) duction of (2018)
nematode
Gigaspora albida, M. arenaria Red ginger (Alpinia | Decreased num- | da Silva
Claroideoglomus purpurata) ber of galls and | Campos

etunicatum and egg mass etal. (2017)
Acaulospora longula production
R. irregularis M. incognita Tomato Reduced egg Sharma and
(S. lycopersicum) masses Sharma
(2017)
G. mosseae M. javanica Tomato Decreased egg | Sohrabi
(8. lycopersicum) number in egg etal. (2017)

masses

Trichoderma M. incognita Basil Increased Tiwari et al.

harzianum and (Ocimumbasilicum) | mortality (2017)

G. aggregatum

F. geosporum M. incognita Cucumber Reduced egg Wang et al.
(Cucumis sativus) number per egg | (2017)

mass
Acaulospora Meloidogyne Cassava (Manihot | Reduced nema- | Séry et al.
colombiana spp- esculenta) tode eggs and (2016)

population
density

3.6 Interaction of AMF with Other Fungi

Another important group of microorganisms in the mycorrhizosphere is fungi. They
help in promotion of plant growth by playing vital role in the ecosystem like the
solubilization of phosphorus (P), fixation of atmospheric nitrogen and synthesis of
indole-3 acetic acid (IAA) (Mendes et al. 2013). Interaction of AMF with other fungi
has been studied in various plants like tomato, oil palm, soyabean, Brassica juncea,
etc. (Bao et al. 2022). AMF are closely associated with the roots of their host plants,
so they are bound to interact with plant pathogens that dwell in the mycorrhizosphere
through competition, antibiosis and parasitism (Filion et al. 1999). Several patho-
genic fungi affect plant growth and yield. However, it has been seen that mycorrhizal
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plants are less severely damaged from fungal infection as compared to
non-mycorrhizal plants (Dehne 1982; Filion et al. 1999). The infection caused by
fungal pathogens like Ophiobolus, Phytophthora, Thielaviopsis, Fusarium,
Macrophomina, Pyrenochaeta, Rhizoctonia, Phoma, Pythium, Sclerotium and
Cylindrocarpon in plants like onion, banana, red clover, peach, soyabean, barley,
kidney bean, peanut, cotton, citrus, strawberries, tobacco, poplar and ginseng can be
ameliorated by the inoculation of AMF like Glomus margarita, G. fasciculatum,
G. heterogama, G. etunicatum, G. calospora and G. macrocarpum (Becker 1976;
Steinkellner et al. 2012; Bubici et al. 2019; Eke et al. 2020; Aljawasim et al. 2020;
Guzman et al. 2021). AMF defends plants from fungal pathogens by increasing the
build-up of lignins and non-soluble polysaccharides in plant root cell walls
(Jamiotkowska et al. 2017). Also, the mycorrhizal fungal hyphae present in the
plant roots create physical barrier for the contagion of pathogenic fungi (Amer and
Abou-El-Seoud 2008). Sudhasha et al. (2020) reported the interaction between AMF
G. intraradices and a pathogenic fungus, F. oxysporum, and found that after
inoculation with G. intraradices, the development of pathogenic fungus was
inhibited. It was proposed that the growth and reproduction of fungal pathogen
might have been subdued by the chemical balance of the mycorrhizae (Sudhasha
et al. 2020).

Another group of fungi that can co-exist with AMF and improve plant growth is
ectomycorrhizal fungi (EMF). There are certain plant species called ‘dual mycor-
rhizal plants’ that are capable of associating with both AMF and EMF, either in the
same root system or at a distinct life stage or environment (Teste et al. 2020). In these
plants, AMF and EMF compete with each other for root space, which results in
vertical segregation with AMF abundance at deep soil and EMF at shallow horizons
of soil (Albornoz et al. 2022). The proposed reason behind this vertical segregation
is that AMF can only amass inorganic phosphorus that is plentiful at deeper soil
horizons, whereas EMF can also obtain organic phosphorus that is abundant at
shallow soil (Neville et al. 2002). Association of plants with both AMF and EMF
depends on various environmental factors like climatic conditions, availability of
nutrients, age of plants, etc. (Teste et al. 2020). Usually, AMF colonization occurs
first and succeeded by EMF; however, in certain instances, ectomycorrhizas estab-
lish first and decrease AMF colonization by developing a mantle that serves as a
barrier to AMF infection (Diagne et al. 2020). Contrastingly, EMF infection is not
affected negatively by AMF establishment (Duponnois et al. 2003). Several studies
have been conducted, which showed that combined application of AMF and EMF
enhanced plant’s growth. For instance, in a study, it was observed that simultaneous
application of both AMF and EMF considerably enhanced phosphorus content and
biomass of Casuarina equisetifolia plants as compared to plants applied solely with
either EMF or AMF (Elumalai and Raaman 2009). Combined inoculation of AMF
and EMF increased plant growth and improved rhizobial nodulation process in
Acacia crassicarpa (Lesueur and Duponnois 2005). AMF, EMF and Rhizobium
application at the same time showed similar results in Robinia pseudoacacia plants
(Tian et al. 2003). In another study, inoculation of Eucalyptus grandis with mixtures
of both AMF and EMF species enhanced below-ground dry weight of the plant but
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had negative effect on its above-ground dry weight (Holste et al. 2017). In dual
mycorrhizal plants, different advantages of both AMF and EMF like drought
resistance, pathogen defence and aggregation of soil have been hypothesized, but
they still need full investigation (Teste et al. 2020).

3.7 Interaction of AMF with Other Rhizospheric
and Hyphospheric Microorganisms

The zone influenced by root as well as mycorrhizal fungus is referred to as the
mycorrhizosphere (Bao et al. 2022). In other words, it comprises the soil region
governed by plant roots, i.e. thizosphere, and the region surrounding, influenced by
the individual fungal hyphae, i.e. hyphosphere (Priyadharsini et al. 2016). The
organic substances exuded by the roots and mycorrhizae stimulate and enhance
the microbial activity in mycorrhizosphere, which differs from the bulk soil
(Linderman 1988; Frey-Klett et al. 2005). Apart from fungi and bacteria, AMF
also intermingle with protozoa, arthropods and other soil fauna (Zhang et al. 2020;
Geisen and Quist 2021) (Fig. 3.2). Soil protozoans and collembola (soil arthropods)
are known to coexist and interact with AMF species in the mycorrhizosphere
(Innocenti and Sabatini 2018).

Another group of rhizospheric microorganisms that interact with AMF are Acti-
nomycetes. The spores of AMF often harbour Actinomycetes. The volatile com-
pounds released by these Actinomycetes help in the germination of AMF spores

Actinomycetes |—

% AMF spore
germination

+* Biological nitrogen
fixation

<+ Enhance plant
growth

Rhizosphere + Hyphosphere
[ Mycorrhizosphere ]

+ Enhance crop yield

Fig. 3.2 Some other microorganisms that interact with AMF in the mycorrhizosphere
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(Gryndler 2000). Frankia, a diazotrophic genus of Actinomycetes, lives in symbiotic
association with roots of plants like Alnus, Casuarina, Comptonia, Elaeagnus and
Mpyrica and form actinorhiza (specialized nodules) where nitrogen fixation takes
place. These plants might also interact with fungi and form arbuscular mycorrhiza
(Berliner and Torrey 1989). This tripartite interaction has variable results on plant
growth. In an experiment, treatment of A. cordata with Frankia increased plants
growth, but inoculation with G. mosseae and G. fasciculatum alone had no effect on
the growth. However, when both AMF and Frankia were applied simultaneously,
the plant growth was remarkably enhanced than when Frankia was applied alone
(Lumini et al. 1994).

AMF also interact with blue-green algae (cyanobacteria) and play a crucial role in
enhancing the fertility of agricultural fields. These autotrophic, occasionally motile
and mostly filamentous organisms are capable of fixing carbon and feeding it to the
soil ecosystem (Gryndler 2000). Cyanobacteria are key constituents of microbial
consortia in rice fields (Ashmrita and Radha 2017). In the agricultural ecosystems,
AMPF-Cyanobacterium interaction shows promising effects on nitrogen fixation,
growth and productivity of crops (Ojha et al. 2018). For instance, the combined
application of cyanobacteria and AMF in paddy fields leads to biological nitrogen
fixation by blue-green algae and the production of phytohormones by AMF, which
brought favourable results and improved nutrient availability, grain and straw yield
and soil structure (Panneerselvam et al. 2017; Bao et al. 2022).

3.8 Conclusion

Interactions of AMF and microorganisms in the rhizosphere and hyposphere are
among the most significant and crucial factors affecting soil structure and character-
istics, along with plant’s growth. In the rhizosphere and hyphosphere, there are
numerous kinds of microbial life that interact with AMF, which include bacteria,
fungi and other microorganisms. For the tripartite symbiosis of plants, AMF and
other microorganisms, nutritional exchange is crucial. The root exudates as well as
microbial secretions can support the symbiotic interactions between different plants,
AMF and soil microbes. Furthermore, the development of associative symbiosis and
colonization are linked to various microbial-mediated proteins, events and pathways.
Although some microbial consortia incorporating mycorrhizal inoculum are used in
agriculture, our understanding regarding the complicated interaction between AMF
and microorganisms in the rhizosphere and hyphosphere is still in its infancy.
Therefore, utilizing various molecular approaches, future investigation may focus
on the more in-depth exploration of relationship between the host plant, AMF and
other microorganisms. This could result in a more effective use of soil microorgan-
isms for crop production, which is also eco-friendly and agriculturally sustainable.
New methods for molecular ecology and metagenomic investigations may provide
more information about the relationships between various microbes and AMF.
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Chapter 4 M)
Signaling Events During the Establishment <
of Symbiosis Between Arbuscular

Mycorrhizal Fungi and Plant Roots
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Abstract The most prevalent microorganism association in terrestrial plants is the
symbiosis between arbuscular mycorrhizal fungi (AMF) and plant roots. This
implies that the genetic background for establishing this symbiosis was developed
in the early phases of land plant evolution. A symbiosis faces several challenges,
such as penetrating plant cells and overcoming their defense mechanisms. At the
same time, it must activate some developmental pathways for symbiotic structures
along with membrane transporters required to exchange nutrients and metabolites
between two partners. This chapter discusses the response of plants to fungal signals,
the function of receptor molecules, and other actors that play a crucial role in the
signaling pathways. Ultimately, these pathways result in the expression of
symbiosis-specific genes and the formation of symbiosis-specific structures.

Keywords Arbuscule - Mycorrhizal fungi - Mycorrhizal symbiosis - Common
symbiotic pathway - Ca®* signaling pathway - Strigolactones - Phosphate
acquisition - Plant immune response

4.1 Introduction

The most prevalent microorganism association in terrestrial plants is the symbiosis
between arbuscular mycorrhizal fungi (AMF) and plant roots. This implies that the
genetic background for establishing this symbiosis was developed in the early
periods of land plant evolution. A symbiosis faces several challenges, such as
penetrating plant cells and overcoming their defense mechanisms. At the same
time, it must activate some developmental pathways for symbiotic structures along
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with membrane transporters required to exchange nutrients and metabolites between
two partners. This chapter will discuss the response of plants to fungal signals, the
function of receptor molecules, and other actors that play a crucial role in the
signaling pathways. Ultimately, these pathways result in the expression of
symbiosis-specific genes and the formation of symbiosis-specific structures.

4.2 The Common Symbiotic Pathway

Evidence from two significant beneficial plant—microbe interactions, namely,
arbuscular mycorrhiza symbiosis (AMS) and root nodule symbiosis (RNS), revealed
the molecular components that transduce the microorganism-derived signals to the
plants, resulting in the establishment of a compatible plant-microbe symbiosis.
Genetic and mutagenic approaches using legume species that are able to form both
AMS and RNS interactions indicated that there are single plant mutations that could
block the penetration of both bacteria and fungi to the root. These studies led to the
hypothesis that AMS and RNS depend on a shared genetic toolkit as the apparatuses
of a common symbiosis pathway (CSP). This pathway is believed to operate
downstream of the perception of fungal and rhizobial signals but upstream of the
activation of the plant’s response to the symbiotic bacteria or fungi.

4.2.1 Receptors and Associated Proteins in the CSP

The initial step in establishing a compatible interaction between legumes and
rhizobia is associated with a molecular dialog between two partners. This dialogue
requires receptors on the plant side to sense the microorganism’s signals.

SYMRK SYMBIOSIS RECEPTOR-LIKE KINASE (SYMRK), a leucine-rich
repeat (LRR) receptor-like kinase (Does Not make Infections2, DMI2), constitutes
the entry point of CSP and is essential for both RNS and AMS. SYMRK functions as
a downstream module of Nod Factor Receptors (NFRs) and Myc Factor Receptors
(MFRs) and is a principal component of symbiotic signaling that is functionally
conserved. SYMRK is widespread in plant kingdoms but has been subjected to some
diversification during evolution (Markmann et al. 2008). Arabidopsis lacking RNS
or AMS contains SYMRK homologs, ShRK1 and ShRK2 (Shiu and Bleecker 2003),
which promote the reproduction ability of the obligate biotroph, oomycete
Hyaloperonospora arabidopsis (Hpa), within plant cells (Ried et al. 2019). This
indicates a widespread function of SYMRK in the interactions between plants and
microbes and an overlap between the signaling events related to intracellular sym-
bionts and pathogens.

The knockout mutations of SYMRK abolish the formation of infection threads
and inhibit nodulation, while overexpression of the full-length SYMRK or its kinase
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domain results in the appearance of spontaneous nodules in the absence of rhizobia
(Saha et al. 2014; Ried et al. 2014). This suggests that the kinase domain of SYMRK
plays a determining role in nodulation. Many plant RLKs, such as SYMRK, are
characterized by the presence of tyrosine (Tyr) in the “gatekeeper” position close to
the hinge region of the kinase domain. This gatekeeper Tyr in SYMRK (Y®"°) is
essential for orchestrating epidermal/cortical responses in RNS (Saha et al. 2016)
and is predominantly auto-phosphorylated in vitro and in planta (Samaddar et al.
2013).

The extra-cytoplasmic region of SYMRK consists of three leucine-rich repeats
(LRRs) and a malectin-like ectodomain (MLD) (Chiu and Paszkowski 2020). Both
LRRs and MLD elements are linked via the GDPC motif that is conserved in the
majority of MLD-LRR RLKs. This area is cleaved to release the MLD without
symbiotic stimulation. Although the truncated version of SYMRK (SYMRKAMLD
that lacks the MLD) is subject to high turnover, it is able to strongly and specifically
associate with NFRS and transduce the signal to downstream targets (Antolin-
Llovera et al. 2014). However, the role of MLD release in the function of
SYMRK in the AM symbiosis is obscure.

HMGR1 SYMRK interacts, through its cytoplasmic domain, with the enzyme
HMGRI1 (3-Hydroxy-3-Methylglutaryl CoA Reductase 1), a mevalonate (MVA)
biosynthetic enzyme. It has been postulated that symbiotic signal perception by
SYMRK leads to the induction of HMGRI, resulting in the localized formation of
MVA. This MVA signal is then transmitted to the nucleus, which activates cation
channels, thereby initiating nuclear-associated Ca>* spiking (Venkateshwaran et al.
2015). Our knowledge of the players acting between the plasma membrane and the
nucleus is extremely limited, and it must be determined whether the signal transition
from the cytosol to the nucleus is solely mediated through MV A and its derivatives.
Ca®* spiking or Ca®* oscillation is a key component of the interaction between plants
and microbes. This is one of the most common events discriminating mutations of
the CSP and is used in screening various mutants defective in establishing
symbiosis.

4.2.2 Components of Ca’* Signaling Pathway

Nuclear Pore Complexes The downstream components of the SYM pathway are
localized in the nucleus, suggesting the trafficking of signaling molecules through
the nuclear envelope. The involvement of several nucleoporins (NUPs), e.g.,
NUPS8S5, NUP133, and NENA, in symbiotic signaling has been evidenced in genetic
studies (Kanamori et al. 2006; Saito et al. 2007; Groth et al. 2010). Mutations in
these nucleoporins lead to defective Ca®* spiking and aborted symbiosis (Parniske
2008). It has been proposed that NUPs likely contribute to the protein translocation
between the nuclear envelope’s inner membrane and outer membrane (Tamura and
Hara-Nishimura 2013).
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Ion Channels The ion channels and the calcium pump that are localized in the
nuclear envelope and necessary for generating calcium (Ca®*) spiking have been
identified in model legume plants. These transporters include (1) CASTOR and
POLLUX (DMI1 in Medicago truncatula) that are potassium-permeable channels
(Charpentier et al. 2008), (2) a PII-type Ca’*-ATPase (MCAS) (Capoen et al. 2011),
(3) and the Ca** channel, cyclic nucleotide gated channel 15 (CNGCIS)
(Charpentier et al. 2016). These three components (CASTOR/POLLUX, MCAS,
and CNGC15) interact together and generate Ca®* oscillation in the nucleus. It has
been assumed that a cyclic nucleotide (CN) binds to and triggers the activation of
CNGC15, leading to the release of Ca**. The mobility of potassium (K*) ions that
balances the transmembrane charge is mediated by CASTOR/POLLUX, whereas
the return of Ca®* to the store is mediated by MCAS. Since CASTOR/POLLUX,
MCAS, and CNGC15 are localized to both the outer and inner nuclear membranes,
Ca”* spiking is produced on one or simultaneously on both sides of the nuclear
envelope (Charpentier 2018).

Decoding Ca** Signature In the nucleoplasm, CCaMK (DMI3), a Ca calmodulin-
dependent protein kinase, is potentially involved in decoding Ca®* oscillations
(Miller et al. 2013). CCaMK binds to and phosphorylates another nuclear protein,
CYCLOPS (Interacting Protein of DMI3, IPD3) (Yano et al. 2008). Together with
other transcription factors, CYCLOPS (IPD3) regulates the expression of symbiotic
genes (Oldroyd 2013) (Fig. 4.1).

4.3 Signaling in the AMS

The AM fungi and the host plants must communicate at the molecular levels to
establish symbiosis. First, the host root produces signaling molecules and releases
them into the rhizosphere. Then, these signaling molecules induce the germination of
fungal spores and branching of the fungal hyphae and subsequently induce the
fungus to produce and release fungal factors responsible for the modifications in
the host roots’ gene expression.

4.3.1 Establishment of Symbiosis

The AMF spores may germinate without receiving any signal from plants. After
germination, the germ tube extends simultaneously with the consumption of
triacylglyceride and glycogen reserves to support growth. However, if the fungus
fails to find a host root, the hyphal growth will cease to prevent the depletion of spore
reserves. This allows the fungus to re-germinate and find a root of the host plant. In
contrast, germ tube growth increases significantly near a root, and the hyphae
undergo profuse branching, indicating the presence of specific signaling molecules
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Fig. 41 The common signaling pathway. SYMRK is a common receptor complex member
involved in the RNS and AMS signaling. The truncated form of SYMRK (the SYMRK version
that remains after MLD release, SYMRK-AMLD) percepts NFR or MFR signal and produces
MVA, as a second messenger, after its interaction with HMGR1. MVA, its derivative, or other
unknown signals transduce the message to the nucleus through a nuclear pore complex (NUP85,
NUP133, and NENA). Ca>* spiking is initiated through a coordinated function of three transporter
proteins, CASTOR/POLLUX (K* channels), MCA8 (Ca**-ATPase), and CNGCI15D (Ca®* chan-
nel). Ca** signal activates CCaMK, a Ca calmodulin-dependent protein kinase, leading to the
phosphorylation and activation of its downstream target, CYCLOPS. As a transcription factor,
CYCLORPS interacts with other transcriptional regulators (mostly RNS and AMS-specific), binds to
the upstream elements of the symbiotic gene, and activates their transcription
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(e.g., strigolactones (SLs); see below) in the exudate of host roots. This extensive
branching, which maximizes the possibility of contact with the root, is accompanied
by a significant increase in respiratory activity, which persists until spore reserves are
depleted. Indeed, the signals from host plants result in initiating the “presymbiotic
growth phase” in that the fungus is committed to starting an association with plant
roots (Harrison 2005). Subsequently, the fungal hyphae form an appressoria-like
structure named “hyphopodium” that attaches to the root epidermis and acts as the
point of entry for the fungus into the root epidermis (Murray et al. 2013). At this
phase, the AM hyphae produce fungal factors (Myc factors) that increase the
expression of several symbiotic plant genes and Ca>* spiking (Genre et al. 2013).

Following the formation of the hyphopodium, a specific structure called the “pre-
penetration apparatus” (PPA) forms in the epidermal and outer root cortical cell. This
structure is a broad cytoplasmic bridge that guides the hypha toward the cortical cells
(Genre et al. 2008). Fungal hyphae enter the cell and begin to form arbuscules in the
inner roots of cortical cells. A plant-derived membrane subsequently surrounds the
intracellular hyphae and arbuscules. The “periarbuscular membrane,” which sepa-
rates the arbuscules from the symplasm of the plant cell, contains specific trans-
porters required for the exchange of metabolites between two partners (Balestrini
and Bonfante 2005) (Fig. 4.2).

4.3.2 Strigolactones

It has been demonstrated that SLs serve as the initial point of communication
between the fungus and the root of the host plants before direct physical contact.
SLs are a group of apocarotenoids, the products of oxidative cleavage of carotenoid
precursors (Giuliano et al. 2003). They were first identified in the rhizosphere of
parasitic plant hosts, allowing their seeds to germinate in close proximity to their
hosts (Cook et al. 1966). Later, SLs were identified as the root signals that allow AM
fungi to form a symbiotic association with a host (Akiyama et al. 2005; Akiyama and
Hayashi 2006).

The natural SLs have a tricyclic lactone structure containing an ABC-ring and a
D-ring butenolide group coupled with an enol-ether bridge. Based on the stereo-
chemistry of the B-C-ring junction, the natural SLs are classified into two groups,
strigol and orobanchol (canonical SLs). Both of these groups possess a conserved
R-configuration at the C-2 position that connects the D-ring to the core and is liable
for different bioactivities of different SLs. Conversely, non-canonical SLs generally
lack the typical ABC-rings but comprise an enol-ether bridge and D-ring moieties,
such as methyl carlactonoate (MeCLA), avenaol, and zealactone (Mashiguchi et al.
2021) (Fig. 4.3).

The pathways of SLs biosynthesis have been investigated, and the enzymes and
genes involved have been primarily characterized (Mashiguchi et al. 2021). It has
been observed that the carotenoid precursor is subjected to isomerization and
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Fig. 4.2 An illustration of the root colonization process by AM fungi. The germination of a resting
spore leads to the formation of a short mycelium. The perception of plant exudates induces hyphal
branching. Fungi produce and release factors in response to changes in their metabolism. These
fungal exudates (Myc factors) are perceived by the root, where they trigger calcium spiking through
the activation of the common SYM pathway. In the meantime, a specific fungal structure,
“hyphopodium,” is formed and adheres to the root surface. This triggers the formation of a
particular structure in the epidermal cell outer cortical cell named pre-penetration apparatus
(PPA). The intercellular hyphae develop along the root axis, and highly branched arbuscules are
formed and occupy the inner cortex cells

cleavage and generates carlactone. The latter compound is the precursor of various
SLs (Mori et al. 2020; Wakabayashi et al. 2019, 2020) (Fig. 4.4).

4.3.2.1 Response of AM Fungus to SL

Sub-nanogram levels of SLs in root exudates enhance spore germination and
promote AM hyphal branching, most likely by activating lipid metabolic pathways
(Lanfranco et al. 2018). SLs detection by AM fungus results in the induction of its
oxidative metabolism, ATP production, and generation of the necessary energy for
stimulation of growth and hyphal branching and preparation of AM fungus to
establish symbiosis (Lanfranco et al. 2018). SLs augment the fungal-derived pro-
duction of biochemical signals, such as chitin oligomers (COs; see below) (Genre
et al. 2013), which induce the Ca®* spiking in plants as the first indication of the
interaction between two partners (Bonfante and Genre 2015). Applying COs to
plants enhances the expression of an SLs biosynthesis gene (CCD7) and other
symbiotic marker genes (Giovannetti et al. 2015), suggesting a synergistic effect
of SLs and COs in the establishment of communication between two partners.
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Fig. 4.3 Structures of SLs and SL-related compounds. Naturally occurring SLs are classified into
canonical and non-canonical SLs. Canonical SLs possess ABC rings that link to the D-ring via an
enol—ether bond. Canonical SLs are further classified into strigol and orobanchol types by the
stereochemistry of the B/C-ring junction. In non-canonical SLs, such as methyl carlactonate
3 (MeCLA), avenaol 4, and zealactone 5, the D-ring and an enol—ether bond are conserved, whereas
the typical ABC-ring structure is absent. GR24 is a widely used synthetic SL analog. Karrikins
(KAR) are smoke-derived chemicals that can induce seed germination of weeds
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Fig. 4.4 The pathways involved in the biosynthesis of SL. The carotenoid precursor undergoes
isomerization by plastid-localized B-carotene isomerase (D27) and oxidation by carotenoid cleav-
age dioxygenases 7 (CCD7) and 8 (CCD8) to produce carlactone (CL) as the precursor of various
SLs. CL is further oxidized in the cytosol by the CYP711A family to yield carlactonic acid (CLA).
Some members of the CYP711A and CYP722C families can produce orobanchol (ORO), a
canonical SL, from CLA, while GaCYP722C and LjCYP722C are responsible for the generation
of 5-deoxystrigol, a strigol-type canonical SL (5-DS). The following table details the enzymes of
Arabidopsis, rice, pea, and petunia



76 R. Hajiboland and G. J. Ahammed

Finally, SLs regulate the expression of several proteins secreted by the fungal
partner (Tsuzuki et al. 2016) that positively regulate host plant colonization during
presymbiotic and symbiotic stages (see below). Mutations that lead to defects in the
biosynthesis and export of SLs reduce AMF hyphal branches and causes signifi-
cantly lower colonization rates than wild-type plants. After establishing the AM
fungus in the root, SL biosynthesis is reduced, presumably as a mechanism to
prevent the plant from becoming over-colonized (Koltai et al. 2010; Lanfranco
et al. 2018).

The effect of SLs on the AM fungus depends on its concentration and structural
features. The structure-activity relationship of SLs has been comprehensively stud-
ied for a variety of physiological functions, including as an endogenous hormone in
the suppression of shoot branching and as a regulator of plant—plant interactions in
the stimulation of parasitic plant seed germination (Boyer et al. 2012; Zwanenburg
and PospiSil 2013; Zwanenburg et al. 2013; Sanchez et al. 2018) or as a hyphal
branching agent for AM fungi (Akiyama et al. 2010). Compared to their function in
plants, the structural requirements for an optimal effect of SLs on hyphal branching
differ. This may be due to the action of distinct receptor molecules in these three
primary functional effects of SLs. The function of SLs as endogenous plant hor-
mones requires receptors with o,p-hydrolase activity, which belongs to the D14
clade in higher plants (Waters et al. 2017).

In contrast, its function for seed germination stimulation in parasitic plants
depends on its perception by phylogenetically distinct proteins, D14-like receptors
(Lumba et al. 2017). The nature of receptor molecules in the AMF is obscure. No
homologs of the D14 proteins have been identified within the only available genome
of AM fungi belonging to Rhizophagus irregularis (Tisserant et al. 2013).

4.3.2.2 SL Signal Perception by AMF

The mechanisms of SLs perception and signal transduction in AM fungi are widely
unknown. The synthetic SL (GR24) evokes a rapid increase in the intracellular Ca**
concentration in the fungus (Moscatiello et al. 2014), which is a characteristic
response to stress factor (Zhivotovsky and Orrenius 2011), suggesting that AM
fungi primarily sense SLs as foreign molecules.

Previous studies suggest that SLs are perceived by both the AM fungi and their
associated bacterial communities (Lanfranco et al. 2018). It has been observed that
Candidatus  Glomeribacter gigasporarum (CaGg), the endobacterium of
G. margarita, improves the efficiency of the fungus in responding to SLs. In
addition, the bacterial scavenging system specifically metabolizes excess ROS
generated due to the SLs-mediated increase in fungal respiration. Thus, the fungal
microbiota plays a crucial role in the presymbiotic phase of this AM fungus (Salvioli
et al. 2016).



4 Signaling Events During the Establishment of Symbiosis Between. .. 77

4.3.2.3 SLs Signaling Pathway and AMF

Intriguingly, SLs do not appear to act as endogenous signals in plants during AM
development, as the development of arbuscules is unaffected in SL-deficient or
export mutants (Liao et al. 2018). Furthermore, SL-insensitive D14 rice mutants
devoid of the SL receptor do not exhibit a decrease in AM colonization (Yoshida
et al. 2012). These results imply that the effect of SL released into the rhizosphere is
limited to the early association stage, i.e., the presymbiotic stage.

4.3.3 Karrikins and Karrikin-Like Signals

In contrast to the unaffected AMF colonization in the SL receptor rice mutant d/4, in
max2/rms4/d3, another mutant of the SL signaling pathway, AM development is
severely reduced (Yoshida et al. 2012). MAX2/RMS4/D3 is an F-box protein that
forms a complex with D14 (SL receptor) and a repressor protein, SMXL6/7/8,
resulting in its degradation as the initial step in the activation of SL-responsive
genes (Lumba et al. 2017; Rehman et al. 2021; Fig. 4.5). This suggests that an
element downstream of the SL signaling pathway, and not its receptor, is involved in
the AM signaling in plants. Furthermore, D14 (DWARF 14 LIKE) was identified
as an essential factor for establishing rice AM association because, in the d/4/ rice
mutant, the transcriptional response to AMF is completely absent, implying the role
of D14L in AMF recognition (Gutjahr et al. 2015a, b).

Relationship with Karrikins Pathway D14L is homologous to Arabidopsis KAI2
(KARRIKIN INSENSITIVE), a receptor for Karrikins, butanolide molecules
derived from wildfire smoke and responsible for post-fire germination of seeds
(Waters et al. 2012). The Karrikins signaling pathway has been identified in
Arabidopsis and shares some common elements with SL signaling (De Cuyper
et al. 2017; Fig. 4.5). In this pathway, activation of KAI2 leads to the recruitment
of MAX?2 and the removal of a negative regulator, SMAX1 (Suppressor of MAX2-
1) (De Cuyper et al. 2017; Hull et al. 2021). SMAXI1 in rice has been identified as an
AM association suppressor that negatively regulates root colonization and symbiotic
gene transcription (Choi et al. 2020).

This evidence demonstrated a significant overlap between the AM signaling and
karrikins pathways; however, the endogenous ligand of D14L/KAI2 that initiates
this response is unknown. KAI2 also responds to the N-substituted phthalimides
(cotylimides) (Tsuchiya et al. 2010) and non-naturally occurring SLs (Flematti et al.
2016). Since these compounds are not found naturally in plants, it has been hypoth-
esized that D14L/KAI2 recognizes a “yet-to-be-identified karrikin-like” (KL) ligand
(Morffy et al. 2016). KAI2 proteins are evolutionarily conserved in the plant
kingdom and are also found in plants not associated with fire-prone habitats
(Ahmad et al. 2022). It has been suggested that the main function of D14L/KAI2
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Fig. 4.5 A model of SL signaling and hypothetic KAR signaling. (A) The SL receptor AtD14
binds and hydrolyzes the SL, triggering the formation of a D14-SCFMAX2_SMXL6/7/8 complex,
which targets SMXL6/7/8 for ubiquitination and degradation. This leads to the de-repression of
unknown TFs and activates the expression of downstream targets. (B) KAR, or a putative KAI2
ligand, is perceived through KAI2. The ligand—receptor interaction triggers the formation of a
KAIR-SCF MA*2_SMAXI1 complex to induce the ubiquitination and degradation of SMAX1,
which then activates downstream responses

signaling is related to AM presymbiotic signaling, while its effect on post-fire
germination is the secondary role (Ho-Plagaro et al. 2021). Consistent with the
observations on the disrupted AMF association in SMAX1, LCO responsiveness
was eliminated, and CO responsiveness was diminished in d/4/ mutants (see below).

4.3.4 Other Plant Signals

Some other carotenoid-derived metabolites, including blumenols (C13),
mycorradicins (C14), and zaxinone, have been shown to be involved in AM
association and contribute to the AMF colonization at different stages of this process
(Table 4.1).

4.3.5 Plant Hormones

In contrast to a direct role for SLs in the rhizosphere, other phytohormones’ role in
regulating the structure and function of the AM symbiosis is much more complex. In
a mycorrhizal root, both local and systemic responses to the phytohormones occur,
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Table 4.1 Some identified (or hypothetical) signaling molecules (other than hormones) from
plants with a regulatory role in the AM symbiosis

Potential signaling molecules

Role in AM symbiosis

Blumenols (C,3 cyclohexenone
derivatives)

They are highly accumulated in AM roots; reduced
synthesis of blumenols decreases transcript levels of
AM markers and increases the number of
degenerating arbuscules (Floss et al. 2008a)

Mycorradicins (C14 polyenic dicarbox-
ylic acids)

They are massively accumulated in mycorrhizal
roots and are responsible for the characteristic yellow
color of strongly colonized roots; mycorradicins
contribute to the decay and reemergence of
arbuscules, but they are not directly involved in the
regulation of the number of active arbuscules (Floss
et al. 2008b)

Zaxinone

They are natural apocarotenoid synthesized by a
carotenoid cleavage dioxygenase (zas) and regulates
plant architecture and root growth (Wang et al.
2019). The zas mutant displays less colonization than
wild-type plants; this phenotype is not rescued by an
exogenous supply of zaxinone, while the exogenous
synthetic SL analog (GR24) rescues the mycorrhizal
phenotype in the zas mutant (Votta et al. 2022). ZAS
orthologs have not been found in genomes of
non-host species, including A. thaliana
(Vallabhaneni et al. 2010). In rice, OsZAS is induced
during the early stages of the interaction (7 days post-
inoculation), and zaxinone content is increased
before fungal penetration inside the root (Wang et al.
2019). The zas mutant, however, is unable to
increase the level of SLs at 7 days post-inoculation
with AMF (Votta et al. 2022)

N-acetylglucosamine-like compound)
(GleNAc) (a hypothetical compound)

The plant N-acetylglucosamine exporter, NOPE1
(NO PERCEPTIONI1), contributes to the excretion
of N-acetylglucosamine (GlcNAc)-like compounds,
thus influences transcription of genes related to the
presymbiotic stage; the root exudates derived from
the nopel mutant could not induce the transcriptional
responses before the physical contact, hyphopodium
is not formed, and, subsequently, root penetration by
fungal hyphae is inhibited (Nadal et al. 2017)

Coumarins

As a signal in the presymbiotic chemical dialog, it
promotes fungal metabolism and stimulates
pre-penetration development and metabolism in
AMEF. Overexpression of genes involved in couma-
rin production (e.g., scopoletin) and secretion miti-
gates the incompatibility in the non-host plant,
Arabidopsis (Cosme et al. 2021)

Flavonoids

These compounds contribute to the signaling, estab-
lishment, and regulation of mycorrhizal association
in legumes (Singla and Garg 2017), supported by an
RNA:i silencing study in soybeans (Salloum et al.

(continued)



80 R. Hajiboland and G. J. Ahammed

Table 4.1 (continued)

Potential signaling molecules Role in AM symbiosis

2018). Some flavonoids (e.g., apigenin) induce AMF
spore germination and hyphal branching (Scervino
et al. 2006, 2007). Some flavones (e.g., quercetin and
luteolin) improve AMF symbiosis (Steinkellner et al.
2007)

2-hydroxy fatty acids 2-hydroxytetradecanoic acid (20H-TDA) and
2-hydroxydodecanoic acid (20H-DDA) induce a
hyphal growth response in Gigaspora gigantean
(Nagahashi and Douds Jr 2011)

Cutin monomers They are necessary for the formation of
hyphopodium and the development of arbuscular
because a mutation in the genes responsible for the
synthesis of cutin monomers (raml and ram2; see
below) shows a defect in the formation of these
structures (Gobbato et al. 2012; Keymer et al. 2017).
Although roots do not contain cutin, the use of cutin
compounds as a specific cue for the fungus is likely
related to the evolution of AMF in early land plants
that have interactions similar to mycorrhizas in their
rhizomes as modified stems (Brundrett 2002)

which are necessary to activate the fungus metabolism in the early phase of the
interaction but control it and the late stages, i.e., the arbuscule turnover, to guarantee
the favorable mutualistic association. As is well-known for other plant developmen-
tal processes, phytohormones do not act independently, but a cross-talk between
phytohormones regulates AM development and arbuscule formation (Gutjahr 2014;
Liao et al. 2018). A summary of information concerning the phytohormones
involved in AM symbiosis regulation is provided in Tables 4.2 and 4.3.

4.4 Fungal Signals

SLs have been observed to induce the release of signals by the AM fungus. Due to
methodological constraints in applying genetic approaches to AM fungi, the signal-
ing molecules released by AM fungi to establish or regulate symbiosis have not been
exhaustively investigated.

4.4.1 Myc-LCOs and COs

The function of lipo-chitooligosaccharide (LCO) as signaling molecules derived
from rhizobia (Nod-LCO) in the nodule organogenesis and bacterial colonization
has been well documented (Murray 2011). Similarly, branched hyphae of AMF
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Table 4.2 The effect of five major phytohormones (auxin, gibberellic acids, cytokinins, abscisic
acid, and ethylene) and the mechanisms for their action on the AM establishment and functionality

Major
phytohormones Role in AM symbiosis
Auxin Auxin acts through numerous mechanisms in regulating AMF symbiosis:

(1) Similar to SLs, it regulates early events of the AM association as a part of
Pi signaling (Koltai 2015). (2) It controls SLs levels: the bsh mutant, with
three times less auxin in its roots, shows a significant reduction of SL
exudation and low expression level of a key SL synthesis gene (PsCCDS)
and defect in AMF colonization; this phenotype is partially restored by the
application of GR24 (Foo 2013). (3) It is involved in the post-infection stage
of AM symbiosis: exogenous application of auxin analogs stimulates
arbuscule formation in the colonized roots (Etemadi et al. 2014); the con-
centrations of free auxin and auxin conjugates are significantly increased in
the mycorrhizal roots (Liao et al. 2015)

Gibberellic acids
(GA)

There is evidence of the positive effect of GAs on AM colonization: (1) an
increased GA level and upregulation of its biosynthesis and signaling genes
is a characteristic of the AM colonized roots (Shaul-Keinan et al. 2002).
(2) inhibition of the GA biosynthesis or suppressing of its signaling results in
a substantial reduction of hyphal branching and arbuscule formation within
the root (Takeda et al. 2015). However, there is evidence showing that GAs
act as a negative factor in AM symbiosis: (1) exogenous GAs lead to a
substantial reduction of root AM colonization; lower levels of GAs inhibit
the arbuscules formation; and higher levels completely inhibit the root
colonization (El Ghachtouli et al. 1996). (2) AM colonization and the
number of arbuscules are higher in the GA-deficient pea mutant, na-1/ (Foo
et al. 2013). (3) Overexpression of the DELLA (Yu et al. 2014) or expression
of a non-degradable version of this protein (Floss et al. 2013), a key
suppressor in the GA-signaling, results in a significantly increased AM
colonization and promotes arbuscule formation. (4) DELLA proteins phys-
ically interact with diverse transcriptional regulators in the symbiosis path-
way (Pimprikar et al. 2016). (5) GA suppresses Arum-type AM symbiosis
but promotes Paris-type AM symbiosis (Tominaga et al. 2020, 2021). These
findings suggest the function of mechanisms for precise regulation of the GA
biosynthesis and signaling during the establishment of the AM symbiosis

Cytokinins (CK)

Improved levels of CK in both shoots and roots upon mycorrhization have
been observed in early studies (Allen et al. 1980), one of the mechanisms for
the growth promotion of AM plants. Nevertheless, other studies have
observed contradictory results: CK-deficient transgenic tobacco plants
(Cosme and Wurst 2013) and CK-overproducing pea mutants (Jones et al.
2015) show higher AM colonization than their wild-type counterparts. Using
the root-specific and constitutive expression of CKX (CK oxidase) genes, it
has been observed that the shoot CK positively affects AM functioning. At
the same time, root CK is responsible for limiting the carbon sink capacity of
the fungus to avert fungal parasitism (Cosme et al. 2016)

Abscisic acid
(ABA)

ABA treatment induces hyphal branching and promotes fungal spore via-
bility (Mercy et al. 2017). In ABA-deficient mutants, AM colonization,
arbuscule formation, and functionality are impaired, suggesting a positive
regulation of AM development by ABA (Herrera-Medina et al. 2007).
However, ABA seems to modulate the AM symbiosis in a concentration-
dependent manner: it stimulates AM colonization at low concentrations.
Still, it hampers it at higher levels by impairing the Myc factor-initiated

(continued)
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Table 4.2 (continued)

Major
phytohormones

Role in AM symbiosis

symbiotic signaling (Charpentier et al. 2014). In sufficiently AM-colonized
roots, the inhibitory effect of ABA observed on the early signaling events
could be regarded as a control mechanism for avoiding excess colonization

Ethylene (ET)

ET negatively impacts AM fungal penetration and colonization (Torres
Santos et al. 2011). The phenotypes of ET-overproducing and the
ET-insensitive mutants of tomato and pea suggest that ET has an inhibitory
role in AM colonization (Torres Santos et al. 2011; Foo et al. 2016).
However, using mutants with higher sensitivity to ET, it has been shown that
ET may mitigate the inhibitory effect of Pi on the AM association (Torres
Santos et al. 2016)

Table 4.3 The contribution of three phytohormones (brassinosteroids, salicylic acid, and jasmonic

acid) in the AMS

Other

phytohormones Role in AM symbiosis

Brassinosteroids Have a role during AM symbiosis; the tomato biosynthetic mutant

(BRs) (dX) exhibits a lower level of AM colonization (Bitterlich et al. 2014). BR

acts likely through inhibition of plant defense or upregulation of invertase
(Lin6) (Bitterlich et al. 2014), which is involved in the provision of hexoses
to the fungus (Schaarschmidt et al. 2006)

Salicylic acid
(SA)

Exogenous application of SA decreases the root colonization at the begin-
ning of the AMF—plant interaction but fails to affect the formation of
appressoria (Blilou et al. 2000). The AM-defective (Myc ™) mutants show
higher SA accumulation compared with wild (Myc™) plants (Blilou et al.
1999). The transgenic plant with reduced SA levels is colonized rapidly by
AM colonization, while mutants with improved SA levels show a significant
delay in AM colonization. However, the ultimate colonization level is not
significantly modified (Medina et al. 2003)

Jasmonic acid
JA)

There are reports on both positive and negative effects of JA on AM
colonization: JA-deficient tomato spr2 mutant exhibits a lower colonization
rate that could be restored by exogenous application of JA (Tejeda-Sartorius
et al. 2008); conversely, an elevated level of AM colonization has been
observed in the tomato JA-insensitive mutant jai-1 (Herrera-Medina et al.
2008). JA response partially depends on the plant and fungal species (Liao
et al. 2018) and is not essential for AM colonization. Still, high levels of JA
in the roots have an inhibitory effect on mycorrhization, potentially through
the activation of the plant’s defense (Gutjahr et al. 2015a, b)

secrete specific signaling molecules, i.e., Myc factors, lipo-chitooligosaccharides
(LCOs), and short-chain chitooligosaccharides (CO4/COS).

Identifying LCOs from AM fungi with a basic structure similar to the Nod-LCO
demonstrated that the establishment AMF also implicates LCO-mediated signaling,
named Myc-LCOs (Maillet et al. 2011). A generic symbiotic LCO is based on a
linear, f(1-4) linked oligomers (tetra- or pentasaccharide) of N-acetyl glucosamine
(GIcNAc) with a considerable variation in the N-substitutions (acyl and methyl) and
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Fig. 4.6 The generic structure of lipo-chitooligosaccharides (LCOs) shows sites of chemical
substitutions. (n) denotes the number of residues of chitin oligomers, (R1) represents the type of
fatty acid identified as saturated or unsaturated fatty acid, and (R2-R6) are chemical substitutions:
hydrogen (H), acetyl (Ac), carbamoyl (Cb), fucosyl (Fuc), fucosyl sulfate (FucS), methylfucosyl
(MeFuc), and sulfate (S)

O-substitutions (methyl, carbamoyl, acetyl, fucosyl, and sulfate) (Gough and
Cullimore 2011; Rush et al. 2020) (Fig. 4.6). Exogenously applied Myc-LCOs
enhance root colonization and activate Ca>* spiking in the host plants (Sun et al.
2015; Camps et al. 2015). Short-chain chitooligosaccharides (COs) are also able to
activate Ca®* spiking, implying that both LCOs and short-chain COs contribute to
the recognition of host roots (Genre et al. 2013).

4.4.2 Plant Perception of the Fungal Signal

Plant receptors of LCOs released by rhizobia are characterized as lysin motif
receptor-like kinases (LysM-RLKs) (Fliegmann et al. 2013). Some Lys-RLKs are
necessary for AM colonization and, thus, are the candidate receptors of Myc-COs or
Myc-LCOs in various plant species (Buendia et al. 2018; Wu et al. 2022).

CERK1 LysM-RLKs receptors, such as OsCERKI1 and OsLYK2 from rice,
MtLYKY from M. truncatula, PsSLYKO from Pisum sativum, and SILY10 and
SILYK12 from tomato, are mediated in the COs and LCOs signaling (Ho-Plagaro
and Garcia-Garrido 2022). This suggests that the contribution of LysM-RLKs
receptors is a conserved feature in AM association of host plants. The rice OsCERK 1
(Chitin-elicitor receptor kinase 1) is required for COs-induced responses (Zhang
et al. 2015), and the AM association is severely impaired in the Oscerkl mutant
(Miyata et al. 2014).
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CEBIP Chitin is a constituent of the fungal cell wall, a long-chain polymer of
GlcNAc. The secreted chitinases from plants break down chitin and release COs
(Roberts and Selitrennikoff 1988). Thus, it is important to maintain the immunity
response, simultaneous with employing strategies for plant-microbe symbioses. In
this process, different classes of LysM receptor kinases (LYKSs) or different combi-
nations of single receptors could be used to discriminate different GIcNAc molecules
and determine the ultimate response: immunity or symbiosis (Miyata et al. 2014).
The LysM protein OsCEBiP (Chitin Elicitor binding protein) collaborates with rice
OsCERKI1 to regulate chitin signaling in this species (Shimizu et al. 2010). Indeed,
in addition to AM signaling, CERKI1 is also involved in MAMP-triggered immunity
(Miyata et al. 2014). This gene was primarily characterized as a receptor necessary
for chitin elicitor signaling, and the Arabidopsis knockout mutant of AtCERK1 is
unable to respond to chitin (Miya et al. 2007).

Contrary to the impaired mycorrhizal phenotype of rice Oscerk! mutant, how-
ever, AM response is normal in the Oscebip mutant (Miyata et al. 2014), suggesting
the involvement of CEBIP only in the plant immune response.

MYR1 In rice, OsCERKI1 does not seem to bind to CO4 (Chitotetraose) directly
(Kaku et al. 2006), but another lysin motif (LysM)-containing receptor kinase
(LYKSs), OsMYRI, is involved in the perception of the AM signal, CO4 (He et al.
2019). The Osmyri-1/Oslyk2-1 mutant shows a decreased AMF colonization, lower
level of Ca®* spiking, and reduced transcription of marker genes of AMS compared
to wide-type rice plants upon inoculation with Rhizophagus irregularis (Zhang et al.
2021). Evidence suggests that OsMYRI binds to CO4 from symbiotic fungi and
subsequently is associated with OsCERKI1. Further dimerization and phosphoryla-
tion between OsMYRI and OsCERKI trigger the symbiosis signaling pathway
(He et al. 2019). Indeed, CERKI1 is a common receptor of the AMS and immune
response pathway (Zhang et al. 2015; Gibelin-Viala et al. 2019). Such dual function
for CERK1 depends on its specific interaction with its coreceptors, OsCERKI1 or
OsMYRI1, in response to either pathogenic or symbiotic signals, respectively (Zhang
et al. 2021). The dual function of OsCERK1 homologs in both symbiosis and
immunity was also observed in other plant species (Gibelin-Viala et al. 2019;
Leppyanen et al. 2017).

Collectively, long-chain COs (CO6, CO7, and CO8) are recognized by OsCEBiP
and trigger immunity by the formation of the OsCERKI-OsCEBiP complex,
whereas short-chain COs (CO4 or COS5) are sensed by OsMYRI and trigger
symbiotic signaling after the formation of OsCERK1-OsMYR1 complex (Liang
et al. 2013) (Fig. 4.7).
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Fig. 4.7 The discrimination of symbiosis and immunity signals through the formation of a specific
combination of three different receptors and coreceptors. OsCERKI1 acts as a common receptor for
both defense and symbiosis pathways that can trigger either of two contrasting signal outputs
depending on the context. Symbiotic receptor OsMYR1 binds CO4 (chitotetraose) and subse-
quently forms a complex with OsCERK1, while long-chain chitins (CO8) bind the MAMP receptor
OsCEBIiP and then, after the formation of a complex with OsCERKI, triggers immunity response.
In the presence of AM fungus, OsCERK1 is mainly allocated to CO4; thus, depletion of OsCERK1
prevents the formation of OsCERK1-OsCEBIiP and suppresses immune signaling

4.5 AMF-Activated Genes

After receiving the necessary signals from the fungus and the host plant, the
signaling pathway is started, and a wide range of genes are activated as downstream
targets to regulate the physiological responses of the plant to the symbiont. A large
number of transcription factors and other regulatory proteins are involved in the
downstream AMS-specific pathways that are activated in response to CSP induction.
Some of the most important molecular players in the AMS are discussed below.

RAMI1, RAM2 In searching for molecules specific to the AM signaling pathway,
two genes were found, including RAM1 (Reduced Arbuscular Mycorrhization 1)
and RAM2 (Wang et al. 2012). Mutations in these genes (rami and ram?2) are able to
form root nodules and also induce hyphal branching in the AM fungi, indicating
unaffected strigolactone synthesis in these mutants. However, the root colonization
level is severely decreased and associated with a reduction of hyphopodia at the root
surface. In addition, ram2 plants displayed a severe defect in arbuscule formation
(Gobbato et al. 2013). Complementation experiments demonstrated that RAMI
encodes a GRAS-type transcription factor responsible for RAM2 expression
(Gobbato et al. 2013). RAM?2 is a glycerol-3-phosphate acyl transferase (GPAT),
which contributes to the synthesis of cutin monomers. The overexpression of RAM?2
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leads to higher levels of a,w-dicarboxylic acids and w-hydroxy fatty acids (Gobbato
et al. 2012).

NSP1 and NSP2 In the nodulation pathway, two GRAS-type transcription factors
downstream of the Sym pathway have been identified, i.e., NSP1 (Nodulation
Signaling Pathway 1) and NSP2 (Kal6 et al. 2005; Smit et al. 2005), which are
required for both nodulation and mycorrhization (Delaux et al. 2013). Both NSP1
and NSP2 are involved in activating strigolactone biosynthesis through the induction
of DWARF27 (Liu et al. 2011). In barley, NSP2 overexpression activates RLK10/
NFRS5, SYMRK, and CYCLOPS (Li et al. 2022). Interestingly, the NSP2 complex
with NSP1 activates strigolactone production (Liu et al. 2011), while the complex of
NSP2 with RAMI leads to the expression of RAM?2 responsible for cutin monomer
synthesis. Thus, a competition between RAM1 and NSP1 for binding with NSP2
provides a mechanism for the regulation of two different sets of symbiosis-specific
genes (Murray et al. 2013). Further evidence on the importance of RAM1 and NSP1
has been provided by Hohnjec et al. (2015), showing that both GRAS-type tran-
scription factors act synergistically in the transduction of diffusible signals and are
essential for the presymbiotic transcriptional reprogramming triggered by
Myc-LCOs, downstream of the CSP (Hohnjec et al. 2015) (Fig. 4.8).

Given the central role of AMS in P nutrition for plants, a link between Pi
deficiency responses and the AMF signaling pathway has been observed in various
plant species (Shi et al. 2021; Das et al. 2022). The transcription factors PHR1 and
PHR?2 are master regulators of the P-starvation response (Sega and Pacak 2019). The
PHR2-controlled plant phosphate starvation response is required for pre-contact
signaling, gene expression, root colonization, and mycorrhizal phosphate uptake
(Shi et al. 2021; Das et al. 2022). Under P-starvation conditions, PHR2 promotes the
expression of RAMI1 (Shi et al. 2021) and NSP2 (Das et al. 2022), activating the
biosynthetic pathway of cutin monomers and SLs, respectively.

4.6 AMF Association and Plant Immune Response

Every organism acts as a non-self-cue and evokes a response in plants. In general, to
distinguish these cues and responding appropriately, plants are able to recognize
microbe-associated molecular patterns (MAMPs) from pathogen-associated molec-
ular patterns (PAMPs). Upon activation of the specific immunity response for each
type of microorganism, the corresponding signaling cascades are initiated and
induce the expression of related defense genes leading to the release of chitinases
and accumulation of reactive oxygen species (van der Burgh and Joosten 2019).
Microorganisms have developed mechanisms to evade these responses, suppress
host immunity, and manipulate host cell physiology (Wang et al. 2022). The
“effector proteins” promote the colonization of the host by controlling the plant
immune system (Plett and Martin 2018). “Pathogen effector proteins” allow suc-
cessful infection by suppressing the host defense response (Kamoun 2006).
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Fig. 4.8 Mycorrhiza-specific signaling. Specific Lys-RLKs detect AM-released Myc factors by
forming a heterodimer (OsMYR1/OsCERK1) that leads to the induction of the common symbiosis
pathway (CSP). The CSP activates the GRAS transcription factors NSP1, NSP2, and RAM1. NSP1
and NSP2 are involved in elevating strigolactone levels by activating its two biosynthetic genes,
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In plant symbiosis, colonization of the host root while avoiding its defense
responses is an essential prerequisite for establishing an association. Similar to
“pathogen effector proteins,” “symbiotic effectors” control the plant immune sys-
tem, allow successful infection, and promote plant colonization (Kloppholz et al.
2011). Such similarity in the response of plants during infection by symbiotic and
pathogenic microorganisms suggests that suppression of plant defense is a conserved
feature in plant-microbe interactions.

The secreted effector proteins (SSPs) are involved in subduing the plant defense
systems and, thus, facilitating fungal entry into plant cells. Among the predicted
SSPs identified in sequencing projects of AM fungi, only a small number of proteins
were confirmed to be involved in the AMF—plant interaction.

SP7 SP7 (RP23081 and RP8598) are small, secreted proteins from Rhizophagus
irregularis that are translocated to the host plant nucleus and interact with the
pathogenesis-related transcription factor of plant origin, ETHYLENE-
RESPONSIVE FACTOR 19 (ERF19). By counteracting the expression of ERF19,
SP7 can promote AMF symbiosis (Kloppholz et al. 2011).

SIS1 Another secreted protein, SL-induced putative secreted protein 1 (SIS1)
(RP5293), is upregulated in R. irregularis and has a role in the colonization of
host root (Tsuzuki et al. 2016).

RiCRN1 The third AMF effector, RiICRNI, belongs to the significant pathogen-
associated Crinkler (CRN) effector family. CRN effectors are widespread in plant-
pathogenic oomycetes and contain an N-terminal motif (LXLFLAK) essential for
the effector’s intracellular localization. In plant pathogenic oomycetes, CRN enters
the plant cell nucleus to exert their function, such as induction of plant cell death
(Amaro et al. 2017). RiCRN1 found in Rhizophagus irregularis also localizes to the
host plant nucleus but, in contrast to other CRN, does not induce plant cell death
(Voss et al. 2018). Gene silencing of RiCRN1 (through Host-Induced Gene Silenc-
ing, HIGS) results in much smaller arbuscules demonstrating that RICRN1 expres-
sion facilitates AMS and is necessary for symbiosis progression (Voss et al. 2018).

In summary, AMF effector proteins promote symbiosis by impairing the synthe-
sis of plant proteins that are produced upon contact with chitin or its derivatives and
are involved in defense, cell death, and immune responses. Despite the lack of host
specificity in plant—-AMF interactions, there is evidence that fungal SSPs may
contribute to host specificity and are likely responsible for variation in symbiosis
efficiency among different combinations of AMF species/lines and host plant spe-
cies/genotypes (Prasad Singh et al. 2019).

<
Y

Fig. 4.8 (continued) D27 and MAXI. In addition to hyphal branching, the production of short-
chain chitin oligomers (CO3-6) by AMF is elevated by SLs leading to the activation of CSP in the
initial stages of fungal root colonization. RAM?2 expression depends on the formation of a complex
between NSP2 and RAMI. Cutin monomers produced by RAM2 promote hyphopodia and
arbuscule formation by AMF
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4.7 Conclusions

Although our knowledge of signaling pathways in response to AMF has advanced
significantly in recent years, several questions remain regarding the nature of the
Karrikin-like compound and its biosynthesis, the cause and consequences of the loss
of symbiosis ability in non-host plants, and the mechanisms underlying the differ-
ential efficiency of specific combinations of plant species/genotypes and AMF
species/isolates. However, unlike the legume nodule symbiosis, the diversity of
host plants for AMS enables researchers to study and compare plant orders and
families for the evolution of signaling pathways and other molecular components, as
well as to investigate the diversity and evolutionary changes of symbiotic interac-
tions and their ecological significance during the evolution of terrestrial plants on
Earth.
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Chapter 5 ®)
Arbuscular Mycorrhizal Fungi and Plant <z
Secondary Metabolism

Somayeh Rahmat and Zhaleh Soheilikhah

Abstract Plants synthetize and accumulate a various class of organic compounds
known as secondary metabolites (SMs). Although SMs do not play a crucial role as
primary metabolites in plant growth and development, they are of high ecological
significance. Humans use these compounds in the pharmaceutical industry. One of
the results of mutual symbiotic association between plants and arbuscular mycor-
rhizal fungi (AMF) is the reprogramming of metabolic pathways and modulating the
range and content of plant SMs such as phenolics, terpenoids, and alkaloids. Many
of SMs act as signals for multiple interactions between plants and AMF, from the
pre-symbiotic stage to the creation/formation of a functional symbiosis. This chapter
briefly reviews the current research status in the field of SM changes under the
influence of AMF. The plant association with AMF increases the production and
accumulation of SMs directly through improving water and nutrient uptake and
enhancing the photosynthetic capacity or indirectly by provoking the biosynthetic
pathways of SMs through generation of signaling molecules and changes in the
concentration of phytohormones. The extent to which AMF affect plant SMs
depends on the plant and fungus species and environmental factors.

Keywords AMF - Secondary metabolites - Phenolics - Flavonoid - Photosynthesis -
Stress tolerance

5.1 Introduction

In the long path of evolution, plants have developed a wide range of organic
compounds known as secondary metabolites (SMs). SMs have no direct role in
plant fundamental processes such as photosynthesis, respiration, and transport of
nutrients or in the biosynthetic pathways of carbohydrates, proteins, or lipids. Unlike
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primary metabolites, SMs have a limited distribution in the plant kingdom; in other
words, specific SMs are often found only in one species or plants related to that
species (Ghamarnia et al. 2022; Yousefi and Safari 2022). Lack or reduced level of
SMs does not cause an immediate death of plants, but it causes disruptions in
survival, fertility, and ecological distribution and resistance of plants to natural
enemies (Agostini-Costa et al. 2012).

SMs in plants are structurally and chemically diverse groups of products, and
despite lack of an essential role for plant growth and development, they are eco-
nomically important for human well-being in various fields, including pharmaceu-
ticals, nutrients, food additives, and agrochemicals (Chandran et al. 2020).
Meanwhile, medicinal plants, which are rich reservoirs of the main active ingredients
of numerous medicinal compounds, have attracted special attention (Zhao et al.
2022; Walid et al. 2021).

The most significant and prevalent mutualistic symbiosis of microorganisms with
plants is formed between roots and arbuscular mycorrhizal fungi (AMF). Mycor-
rhiza promotes plant growth; increases the uptake of micro- and macronutrients
(Griimberg et al. 2015; Battini et al. 2017; Amani Machiani et al. 2021); improves
water relations (Eulenstein et al. 2016; Li et al. 2019; Ostadi et al. 2022), soil
fertility, and yield quality (Amani Machiani et al. 2022); enhances tolerance to
environmental stresses, such as drought, salinity, and heavy metals; and boosts
resistance to pests and pathogens (Moradtalab et al. 2019; Al-Arjani et al. 2020).
As the most prevalent symbiotic relationship in nature, AMF symbiosis offers
enormous potential for resource utilization in agriculture, especially in low-input
and sustainable agriculture, and would cut agricultural expenses and further mini-
mize environmental degradation (Begum et al. 2019; Igiehon and Babalola 2017).

A wide range of environmental (abiotic and biotic stresses) conditions and
internal (morphological, developmental, and genetic) factors affect the production
and accumulation of SMs (Simdes et al. 2016). Moreover, the mutual relationships
between plants and soil microorganisms, like AMF, also change the quality and
quantity of plant SMs (Kapoor et al. 2017). AMF-mediated increase in the synthesis
and accumulation of SMs may be one of the mechanisms for the positive effects of
mycorrhization in host plants, particularly those associated with higher tolerance to
suboptimal conditions (Kaur and Suseela 2020).

Although the colonization of plant by the fungus takes place morphologically in
the root, it affects the metabolism and physiology of the plant systemically
(Schweiger and Miiller 2015). Due to its dependence on plant carbon (carbohydrates
and lipids), AMF are a powerful carbon sink in the roots. They allocate up to 30% of
plant’s photosynthetic carbon in return for water and nutrient supply (Drigo et al.
2010; Van Der Heijden et al. 2015). Such interaction regulates photosynthesis and
other primary metabolic pathways to maintain the balance of carbon in plant. As an
inevitable consequence of change in primary metabolism, the profile of plant SMs
will change (Kaschuk et al. 2009; Kogel et al. 2010).

A group of SMs act as mediators of AMF-plant interactions, from the
pre-symbiotic step to establishing and maintaining a successful symbiotic associa-
tion. For example, in response to secretion of signaling compounds from roots
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(strigolactones, flavonoids), AMF release lipocyto-oligosaccharide compounds
called “Myc factors” that lead to the induction of symbiotic responses in the host
plant (Kaur and Suseela 2020). In addition to the release of molecules necessary for
identification and formation of a functional symbiosis, the AMF association leads to
reprogramming of the secondary metabolic pathways in the host plants (Pozo et al.
2009; Jung et al. 2012; Song et al. 2013). The host genome is affected by fungal
metabolites, and thus, the microbe-host interaction causes changes in the
transcriptome, proteome, and ultimately the metabolome of the plant (Mhlongo
et al. 2018). This chapter briefly introduces the impacts of AMF on secondary
metabolism in host plants and provides insights to achieve higher performance of
commercial plants through AMF colonization in sustainable cultivation systems.

5.2 Secondary Metabolism

Unlike primary metabolism, secondary metabolism includes metabolic pathways
and their related molecules that are not necessary for plant life (Yang et al. 2018).
Products of SMs originate from primary metabolites or their intermediate com-
pounds in the biosynthetic pathways (Piasecka et al. 2015). Methods such as mass
spectrometry, gas chromatography, and liquid chromatography have made it possi-
ble to detect and identify a wide range of SMs in plants. By examining only 20-30%
of all known plant species (Zhu et al. 2023), more than 100,000 different compounds
have been isolated and identified (Wink 2008). Despite such a high diversity of SMs,
there are limited numbers of corresponding basic biosynthetic pathways (Fig. 5.1).
Substrates are usually derived from basic metabolic pathways such as the shikimic
acid pathway, Krebs cycle, and glycolysis pathway (Wink 2008). According to the
molecular structure and biological functions, three important classes of plant SMs
are phenolics, terpenes or terpenoids, and alkaloids (Pandey et al. 2018). Terpenoids
and phenolics are synthesized by almost all vascular plants, while alkaloids show a
patchy occurrence pattern. So, specific alkaloid compounds are usually considered
as indicators of specific taxonomic classes (Wink 2008). Another important group of
SMs discussed in this chapter are saponins, a chemically heterogeneous group of
triterpenoid and steroidal glycosides that are found in most medicinal plants and
have a high molecular weight (Nasseri et al. 2020).

Many SMs show positive effect on numerous aspects of plant growth and
development including defense response (Isah 2019), innate immunity (Piasecka
et al. 2015), and adaptations to environmental stress (Yang et al. 2018). Moreover,
SMs act as signaling compounds for symbiosis between microorganisms and plants,
including AMF (Guerrieri et al. 2019).

Apart from their functional significance in plants, the high commercial value of a
large group of SMs has caused them to be used as special chemicals such as
flavorings, perfumes, insecticides, dyes, and all kinds of anticancer, antidiabetic,
antihypertensive, anti-AIDS, heart and blood vessel improvers, memory boosters,
and antidepressants (Chandran et al. 2020). Since symbiosis of plants with AMF
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significantly modifies production and the pattern of accumulation of SMs (Fig. 5.2)
(Tsiokanos et al. 2022), the extent to which the quality and quantity of SMs are
affected by AMF association is one of the significant aspects in the production of
medicinal and aromatic plants.

5.2.1 Terpenoids

Terpenoids (or isoprenoids) are the most diverse class of plant metabolites, with
more than 27,000 compounds (Sacchettini and Poulter 1997; Pandey et al. 2018).
Terpenoids contain a ring or chain structure that is obtained from the fusion of
isoprene units (C5). Based on the number of isoprene units used in their structure,
terpenoids can be classified as hemiterpenes (C5), monoterpenes (C10, geraniol,
linalool, limonene, etc.), sesquiterpenes (C15, abscisic acid, humulene, germacrene,
bisabolene, etc.), diterpenes (C20, gibberellic acid), triterpenes (C30, ursolic acid,
oleanolic acid, betulinic acid, etc.), tetraterpenes (C40, lupeol, diosgenin, stigmas-
terols, lanosterol, etc.), and polyterpenes (C > 40) (Pusztahelyi et al. 2015; Pandey
et al. 2018). Terpenoids are synthesized and stored in trichomes and epidermal
structures of leaf in plants (Covello et al. 2007). These compounds play an essential
role in plant adaptation to adverse environmental conditions, and some of them (e.g.,
abscisic acid and gibberellic acid) regulate plant growth and stress responses
(Pusztahelyi et al. 2015). Some sesquiterpenes (such as caryophyllene) and mono-
terpenes (such as linalool) are toxic to pathogens and herbivorous insects and can
also act as a signaling molecule to attract natural enemies of insects (Kappers et al.
2005; Bakkali et al. 2008; Sharma et al. 2017). In addition, when plants are attacked
by pathogens or fungus-eating animals, AMF stimulate the production of some
terpenoids (such as catalpol) by the host plant. Catalpol is transferred to soil or
external hyphae and acts as a signal or defense substances to protect neighboring
plants or symbiotic fungi (Babikova et al. 2013; Duhamel et al. 2013). Despite some
reports regarding neutral (Morone-Fortunato and Avato 2008; Nell et al. 2009) and
even negative effects (Khaosaad et al. 2006), many studies have shown that the
symbiotic relationship between AMF and plants can stimulate the synthesis of
terpenoids and affect the composition and content of terpenoids (Karagiannidis
et al. 2011; Lermen et al. 2015; Weisany et al. 2015). The studies conducted so far
show that the increase in the production of precursors through the methylerythritol
4-phosphate (MEP) pathway (Fig. 5.2) is the reason for the increased concentration
of terpenoids after inoculation with AMF (Kapoor et al. 2017). On the other hand,
terpenoids, especially volatile mono- and sesquiterpenes with small molecular
weight, play an important role in the symbiosis between plants and AMF (Duhamel
et al. 2013; Babikova et al. 2013; Sharma et al. 2017). In addition, some terpenoids
are bioactive and are the main active component of medicinal plants, such as the
sesquiterpene artemisinin found in Artemisia annua (Mandal et al. 2015b).
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5.2.1.1 Carotenoid Pathway

Carotenoids are members of the 40-carbon (tetraterpenoids) subfamily of terpenoids,
which are made by connecting 8 isoprene units (Li et al. 2020). The important
function of the carotenoid pathway is known in various plant processes including
signaling, synthesis, and release of hormones, light protection, and photosynthesis
(Shumskaya and Wurtzel 2013). Upregulation of the primary enzymes of this
pathway, 1-deoxy-D-xylulose 5-phosphate reductoisomerase (DXR) and 1-deoxy-
D-xylulose 5-phosphate synthase (DXS) (Fig. 5.3), after inoculation with AMF was
associated with the accumulation of the diterpene stevioside and sesquiterpene
artemisinin in the leaves of Stevia rebadiana and Artemisia annua, respectively
(Mandal et al. 2015a, b).

A number of molecules derived from the carotenoid pathway (e.g.,
strigolactones) are released by mycorrhizal roots during the pre-symbiotic step and

Acetate mevalonate pathway Non-mevalonate
(in eytoplasm) (in plastids)

3-Acetyle-CoA | Pyruvate + Glyceraldehyde-3-P |
| :
HMG-CoA DOXP
| | oxs

DXR

|
4:' DMAPP |=—= IPP
|

)

[
———» | Monoterpenes
l Essential oils
50C -
FPP |—* | Sesquiterpenes
GGPP i

& | Germacrene

Blumenin Mycorradicin

Fig. 5.3 Biosynthesis pathway of DMAPP/IPP promoted or induced by AMF. GGPP
geranylgeranyl diphosphate, FPP farnesyl diphosphate, SOQC sesquiterpene cyclase, GPP geranyl
diphosphate, DMAPP dimethylallyl diphosphate, IPP isopentenyl diphosphate, DXR 1-deoxy-D-
xylulose 5-phosphate reductoisomerase, MEP 2-C-methyl-D-erythritol 4-phosphate, DXS 1-deoxy-
D-xylulose 5-phosphate synthase, DOXP 1-deoxy-D-xylulose 5-phosphate, HMG-CoA B-hydroxy
B-methylglutaryl-CoA. Redrawn after Zhi-lin et al. (2007)



106 S. Rahmat and Z. Soheilikhah

after colonization (Al-Babili and Bouwmeester 2015). Strigolactones act as signal-
ing compounds and regulate spore germination, hyphal elongation, and
hyphopodium formation leading to the start of AMF-plant symbiosis (Al-Babili
and Bouwmeester 2015). Significant induction of PDR] transporter (an ABC trans-
porter) which is involved in the transport of strigolactones is known in mycorrhizal
plants (Kretzschmar et al. 2012). AMF also induce the synthesis and accumulation of
some apocarotenoids, such as Cl14 acyclic polyene mycorradicin and C13
cyclohexenone derivatives (e.g., blumenin) (Fig. 5.3), which are important regula-
tors of the establishment and maintaining of AM symbiosis in colonized roots
(Schliemann et al. 2008; Fiorilli et al. 2019). The development of mycorrhization
in Hordeum vulgare plants was associated with an increased accumulation of
cyclohexenone derivatives (Peipp et al. 1997). Blumenols (glycosidic derivatives)
are among the most common compounds derived from cyclohexenone that accu-
mulate in the mycorrhizal plants and act as biomarkers of AM symbiosis
(Schliemann et al. 2006; Wang et al. 2018). In addition, increased levels of
apocarotenoids in AM roots may be important in protecting plants against ROS
and pathogens, self-regulation of fungal colonization, and synthesis of signaling
molecules (Strack and Fester 2006). There are some reports that the activation of
carotenoid biosynthesis is specific to the plant-AMF relationship (Fester et al. 2005;
Maier et al. 1997). Furthermore, mycorrhization reduced the emission of volatile
sesquiterpenes by herbivory in Plantago lanceolata, indicating that terpenoids are
also involved in indirectly priming of the host defense system (Fontana et al. 2009).

5.2.1.2 Essential Oils

Plant essential oils (Eos) are aromatic and volatile oil compounds. Complex mixtures
of monoterpenes, sesquiterpenes, diterpenes, and compounds derived from
phenylpropene are the main bioactive components of Eos (Nurzynska-Wierdak
2013). These compounds are important in the plant growth and development,
resistance of plants against adverse environmental conditions, and attraction of
pollinating insects. They are used as antiseptic, medicinal, and aromatic compounds
in various industries (Chiej 1984; Chukwuka et al. 2011). In addition, studies show
that different species of AMF cause different responses in the same plant; specific
components of Eos are also affected by AMF in different aromatic plants (Kapoor
et al. 2017). Rezaei-Chiyaneh et al. (2021) indicated that colonization by a combi-
nation of Rhizophagus irregularis and Funneliformis mosseae increased the main
essential oil compounds such as trans-caryophyllene, borneol, p-cymene, thymol,
and geranyl-acetate in Nigella sativa. The content of g-terpinene, p-cymene, and
thymol in Eos of thyme (Thymus vulgaris) also increased after inoculation with
Funneliformis mosseae (Amani Machiani et al. 2021). Similarly, Eo content was
improved in Mentha requienii and Origanum onites plants inoculated with Glomus
lamellosum and G. etunicatum, respectively (Karagiannidis et al. 2011). Moreover,
after inoculation with Gigaspora rosea, the accumulation of linalool in Ocimum
basilicum L. leaves declined, while the accumulation of eugenol and alpha-terpineol
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enhanced, suggesting that AMF association changes the essential oil composition of
plant leaves (Copetta et al. 2006).

5.2.2 Phenolics

Phenolics or phenylpropanoids are a large class of SMs produced in plant tissues to
protect against predators, parasites, pathogens, and UV radiation (Singla et al. 2019).
They are synthesized by the pentose phosphate and shikimate pathways through the
phenylpropanoid pathway (Fig. 5.1) (Michalak 2006; Zaynab et al. 2018). The five
main groups of phenolics are phenolic acids, flavonoids, coumarins, stilbenes, and
monolignols (Deng and Lu 2017). Most of the compounds have antioxidant activity,
which, apart from their beneficial effects under stress conditions, give the plant
valuable medicinal properties (Krishnaiah et al. 2011). In addition, they are impor-
tant signaling compounds in microbe-plant relationships and plant development.
AMF create changes in the quantity and quality of different SMs by reprogramming
the phenylpropanoid pathway, to establish a functional symbiosis (Schweiger and
Miiller 2015). Two important groups of compounds in the phenylpropanoid pathway
are phenolic acids and flavonoids.

5.2.2.1 Flavonoids

Flavonoids form the largest group of phenolics and include flavonols, flavones,
isoflavonoids, and anthocyanins (Reyes-Carmona et al. 2005). Flavonoids have
high antioxidant activity and contribute to the flavor and color of plants (Mierziak
et al. 2014). There are many reports of beneficial effects of AMF on flavonoid
concentrations. Inoculation with Rhizoglomus intraradices and Funneliformis
mosseae increased the flavonoid levels in the Solanum nigrum L. roots (Muniz
et al. 2021). In inoculated corn plants, the appropriate combination of fungus-plant
species is essential in determining the result of symbiosis and achieving higher yield.
Moreover, the plants inoculated with Dentiscutata heterogama and
Claroideoglomus etunicatum had higher flavonoid levels compared to the plants
inoculated with Acaulospora longula (Silva et al. 2019; Avio et al. 2020). Further-
more, the levels of phenols and flavonoids in the weed Aphis gossypii elevated after
inoculation with Septoglomus constrictum and Claroideoglomus etunicatum, and
this was accompanied by a decrease in its herbivory (Wu et al. 2023). These findings
indicate the ecological implications of AMF in weed management.

In the AMF-plant relationship, changes in the flavonoid pattern are a function of
the developmental stage of the symbiosis. These compounds are essential in initiat-
ing and limiting mycorrhization (Kaur and Suseela 2020). Different types of flavo-
noids affect the inoculation of different AMF species differently. Some flavonoids,
including ononin and formononetin, are responsible for autoregulation of AM
symbiosis, by limiting the fungal colonization after reaching to a threshold level
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(Catford et al. 2006). In the same way, some isoflavonoids, such as malonylononin,
ononin, and daidzein, are involved in the later stages of mycorrhizal development
(Schliemann et al. 2008). AMF changed flavonoid accumulation in growing roots of
Manihot esculenta Crantz 6 weeks after inoculation with Rhizophagus irregularis
(Bag et al. 2022). Comparison of well-colonized roots of Medicago sativa and
Medicago truncatula, and incompletely colonized roots of Medicago sativa, showed
that the level of flavonoid 4',7-dihydroxyflavone increased only in the roots with
well-developed colonization (Harrison and Dixon 1993). In the same way, the levels
of medicarpin, which were increased during initial colonization, were greatly
reduced during the advanced stages of colonization. However, the abundance of
medicarpin in incompletely colonized roots did not decrease, which means that
growth-dependent changes in the flavonoid pattern are necessary for the formation
and regulation of symbiotic association (Harrison and Dixon 1993). Moreover, the
increase in the concentration of some types of flavonoids, such as coumestrol,
daidzein, medicarpin malonyl glucoside, and formononetin malonyl glucoside, is
related to the improved resistance of mycorrhizal plants to stressful conditions
(Harrison and Dixon 1993).

5.2.2.2 Phenolic Acids

Phenolic acids are considered as important mediators of plant-microorganism inter-
actions (Mandal et al. 2010). Higher level of these compounds in herbal products is
an indication of their higher quality (Ghasemzadeh and Ghasemzadeh 2011). There
are several reports of improved levels of phenolic acids by inoculation of AMF.
AMEF colonization enhanced the abundance of phenolic acids in Arachis hypogaea
roots and leaves (Devi and Reddy 2002). The abundance of phenolic acid derivatives
also changed in Cichorium intybus (Rozpadek et al. 2014) and Hordeum vulgare
(Devi and Reddy 2002) plants inoculated with AMF. Hydroxycinnamate amides and
caffeic acid derivatives were reported in mycorrhizal roots of chicory, and accumu-
lation of hydroxycinnamate amides in barley mycorrhizal roots. Total phenol content
in Eclipta prostrata L. plants increased 8 weeks after inoculation with a combination
of AMF species (Acaulospora lacunosa, Funneliformis mosseae, and Gigaspora
albida) (Duc et al. 2021). Colonization in Passiflora alata Curtis plants with
Gigaspora albida and Acaulospora longula increased the total phenol by 94% and
111%, respectively (Muniz et al. 2021). In addition, resistance of Phoenix
dactylifera against bayoud disease is improved through its colonization with various
AMF species. This improvement was related to the increased enzymatic activities of
polyphenol oxidases and peroxidases (Jaiti et al. 2007). Therefore, higher concen-
tration of phenolic acids in AMF-inoculated plants implies the improvement of plant
defense system against pathogens. In addition, it has been found that artichoke plants
inoculated with Funneliformis mosseae IMA1 and Claroideoglomus claroideum
22W3 had higher phenolic compounds and antioxidant activities than control plants,
while Glomus sp., Rhizophagus irregularis, and other varieties of Funneliformis
mosseae had no effect on the plant antioxidant activity (Mandal et al. 2010). It has
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been reported that while ferulic acid level in Solanum lycopersicum roots decreased
with AMF, the accumulation of caffeic acids increased. Such different response to
mycorrhizal association depending on fungus and plant species suggests certain
degrees of specificity in the AMF-plant interaction (Lopez-Réez et al. 2010). Sim-
ilarly, Aliferis et al. (2015) and Maier et al. (2000) reported increased concentrations
of other phenylpropanoid pathway compounds including coumarins and their
hydroxyl derivatives, in mycorrhizal Salix purpurea L. leaves. These compounds
have antioxidant and antimicrobial properties (Maier et al. 2000; Aliferis et al.
2015). Inoculation with Acaulospora longula also increased the tannin level in
Libidibia ferrea fruits (Santos et al. 2020).

5.2.3 Alkaloids

Alkaloids are alkaline-like substances that contain one or more nitrogen atoms in the
heterocyclic ring (Zhu et al. 2023). In plants, these metabolites are derived from
amino acids, aromatic compounds, as well as terpenes (Herbert 2001). Based on their
amino acid precursors, they are classified into pyridine, quinolizidine, indole-
quinoline, benzyl-isoquinoline, pyrrolizidine, pyrrolidine, and tropane groups
(Song et al. 2014; Dey et al. 2020). So far, 600 bioactive alkaloid compounds
have been identified out of a total 20,000 alkaloid compounds discovered (mainly
from plants). Duo to toxic properties, alkaloids play an important role in strength-
ening the plant’s defense system against biotic stresses (Yeshi et al. 2022). Some
types of alkaloids have medicinal properties with a wide application in the pharma-
ceutical industry. In this case, we can mention morphine, cocaine, nicotine, colchi-
cine, quinine, strychnine, and caffeine (Herbert 2001). Several studies reported the
elevated concentrations of alkaloids after the inoculation of plants with AMF. For
example, colonization with different species of AMF increased the concentration of
alkaloid colchicine in different organs (aerial organ, tuber, and seed) of Gloriosa
superba L. plant (Pandey et al. 2014). In addition, inoculation with Gigaspora rosea
was associated with an increase in the content of alkaloid with therapeutic properties,
trigonelline in Prosopis laevigata. Accumulation of alkaloids trigonelline (Rojas-
Andrade et al. 2003), castanospermine (Abu-Zeyad et al. 1999), and camptothecin
(Wei and Wang 1989) was also enhanced in plants colonized with different AMF
species.

5.2.4 Saponins

An important class of SMs produced in plants are saponins. Their structure is
characterized by a carbohydrate part (an oligo or monosaccharide chain) attached
to a steroid or triterpene (Hussein and El-Anssary 2019). The various biological
functions of saponins explain their wide application in pharmaceutical, cosmetic,
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and food industries (Isah 2019). An increase in saponin concentration has been
reported in mycorrhizal plants. For example, inoculation of Glycyrrhiza glabra
plants with Claroideoglomus etunicatum (Johny et al. 2021) and Funneliformis
mosseae and/or Diversispora epigaea (Liu et al. 2007) was associated with the
accumulation of triterpenoid saponin glycyrrhizic acid. Similarly, an accumulation
of saponins was observed in the aerial parts of Anchusa officinalis L. (Cartabia et al.
2021) and Passiflora alata (Muniz et al. 2021) plants inoculated with Rhizophagus
irregularis and Acaulospora longula, respectively.

5.3 Mechanisms of AMF Effects on SM Production
in Plants

AM colonization alters the plant SM synthesis pattern in two different ways,
nutritional (direct) and non-nutritional (indirect) effects (Fig. 5.4). In the nutritional
mode of action, AMF improve water and nutrient uptake (phosphorus, nitrogen,
copper, manganese, zinc) (Kapoor et al. 2017) and photosynthetic capacity and
growth, which subsequently increase the production of precursor compounds
required for the synthesis of SMs (Zhao et al. 2022). Some reports attribute the
benefits of AMF on SMs to improved nutrient uptake, especially phosphorus. For
example, inoculated and non-inoculated Foeniculum vulgare plants, with similar
phosphorus levels, showed the similar essential oil content (Kapoor et al. 2017).
Improved accumulation of glycyrrhizic acid in Glycyrrhiza glabra was also attrib-
uted to improved phosphorus uptake in these plants by AMF (Xie et al. 2018a, b). It
seems that AMF cause C:N:P (carbon:nitrogen:phosphorus) stoichiometric changes
in tissues by increasing phosphorus and nitrogen availability and regulating carbon
distribution (Saia et al. 2014; Zhao et al. 2015). Based on the carbon-nutrient balance
hypothesis, the synthesis of SMs is regulated by the ratio between carbon and
nutrients. Low C:N ratios in plants lead to the synthesis of carbon-based SMs,
while high C:N ratios increase the synthesis of nitrogen-based SMs (Gershenzon
1994; Hamilton et al. 2001). A recent study supported this hypothesis. Xie et al.
(2018a, b) indicated that AMF-mediated increases in the C:N ratio and decreases
in N:P ratio in Glycyrrhiza glabra plants were associated with an accumulation of
glycyrrhizic acid in the roots. On the other hand, the improved water and nutrient
uptake and higher photosynthetic capacity lead to increased division and develop-
ment in the secretory ducts, glandular trichomes, and Eo channels (Amani Machiani
et al. 2021). Moreover, some micronutrients act as cofactors for different enzymes.
For example, manganese is an essential cofactor for the function of phytoene
synthase, a key enzyme involved in the biosynthesis of carotenoids (tetraterpenoid)
(Fraser et al. 2000). Two independent studies have reported increased manganese
uptake in Stevia rebaudiana plants colonized by R. fasciculatus (Mandal et al.
2015b) and R. intraradices (Mandal et al. 2013). In addition, improved phosphorus
nutrition in AMF plants increases metabolic precursors such as ATP, NADPH,
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phosphoenol-pyruvate, erythrose-4-phosphate, pyruvate, glyceraldehyde phosphate,
and acetyl coenzyme A, which are necessary for the synthesis of SMs (Kapoor et al.
2017).

Although the AM symbiotic relationship increases the availability of nutrients,
especially phosphorus, leading to higher levels of primary metabolites, the levels of
phenols, flavonoids, and tannins were not affected by the phosphorus nutritional
status in cebil (Anadenanthera colubrina) plants (Pedone-Bonfim et al. 2013).
Similarly, the accumulation of anthocyanins and flavonoids in Medicago truncatula
leaves was observed in mycorrhizal plants in the absence of phosphorus uptake
benefits (Adolfsson et al. 2017). These findings emphasize the reprogramming of
SMs in the phenylpropanoid pathway by AMF colonization, regardless of its
nutritional function (Kaur and Suseela 2020). Furthermore, it has been reported
that inoculation with F. mosseae significantly increased Eo accumulation in two
genotypes of Origanum sp., while the same effect was not observed when the
non-mycorrhizal plants are supplied with phosphorus (Khaosaad et al. 2006). The
authors concluded that AMF-mediated increase in Eo concentration in Origanum
sp. plants was not due to nutritional benefits (Khaosaad et al. 2006).

In non-nutritional (indirect) effects, AMF affect the biosynthetic pathways of
SMs through modifications in the phytohormone levels such as cytokinins,
gibberellic acid, and jasmonic acid (Erb and Kliebenstein 2020). For example,
Liao et al. (2018) reported that gibberellic acid and jasmonic acid increased the
levels of terpenoids by stimulating sesquiterpenoid biosynthetic gene expression and
glandular trichome formation. Also, jasmonic acid stimulated two monoterpenes
synthesis in Lycopersicon esculentum (Van Schie et al. 2007), and sesquiterpenoid
biosynthesis gene in Foeniculum vulgare (Maes et al. 2011). In addition, the
signaling molecules generated upon host plant-AMF interaction influence the levels
of SMs in plant tissues. For example, the symbiosis between Trifolium repens and
F. mosseae increased the levels of hydrogen peroxide, nitric oxide, and salicylic
acid, which lead to enhanced enzyme activities in the biosynthetic pathway of
phenolics (Zhang et al. 2013).

The two modes of action described above are not independent of each other. The
expression of key genes involved in the biosynthetic pathways of SMs can also be
affected by plant nutritional status (Lillo et al. 2008; Lazzara et al. 2017). For
example, the gene expression pattern of various enzymes such as phenylalanine
ammonia-lyase, flavonol synthase, chalcone isomerase, chalcone synthase, and
cinnamate-4-hydroxylase, from the biosynthetic pathway of flavonoids, has been
shown to be affected by the level of phosphorus and nitrogen supply (Lillo et al.
2008).
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5.4 The Importance of AMF in Medicinal Plants

Medicinal plants are valuable and perpetual reservoirs of SMs, and in fact, they are
the main effective sources of numerous medicinal compounds (Chandran et al.
2020). Due to the lipophilic properties of active oils in several medicinal plants,
these substances are capable to entirely disrupt the membrane structure of bacteria,
particularly Gram-negative type (Nazzaro et al. 2013). Some other SMs have
immune response properties and antibacterial, antioxidant, antiviral, anticancer,
and many other capabilities (Chandran et al. 2020).

The widespread approach of the world to the use of herbal medicines has
increased the attention of most countries in the world to the identification and
therapeutic use of medicinal plants and a return to nature. Chemical drugs as pure
compounds, and despite their effectiveness, have several adverse effects, while the
bioactive compounds found in medicinal plants are combined with other substances
and thus have a state of biological balance. According to the statistics of WHO,'
more than 80% of the people around the world, especially in developing and poor
societies, meet their main medical needs from medicinal plants (Chandran et al.
2020; Zhao et al. 2022).

The growth of human and animal populations particularly in the developing
countries, along with the constant increase in food, fodder, and fuel needs, put a
huge pressure on the stability of the elements of the agricultural ecosystem. Since the
fertility of the land is decreasing, farmers are turning towards the destruction of
natural resource lands to obtain more crops. Therefore, if the current trend of
population growth continues, in addition to the reduction of forests and rangelands,
the production capacity of agricultural lands will also decrease (Shah et al. 2021).
Thus, the utilization of phytomicrobiome components is suggested as one of the
efficient and necessary solutions for the sustainable growth of crop production (Shah
et al. 2021).

5.5 Production of Medicinal Plants

Despite the growing market demand, medicinal plants naturally have a very low
performance in producing SMs (Thakur et al. 2019). So, several techniques have
been developed aimed at improving the performance of these valuable metabolites in
medicinal plants, such as Agrobacterium-mediated transformation, metabolic engi-
neering, and mass propagation (Oksman-Caldentey and Inzé 2004; Liu et al. 2005).
However, each of these methods is associated with limitations such as low practi-
cality, high cost, and low effectiveness (Oksman-Caldentey and Inz¢é 2004; El-Sayed
and Verpoorte 2007; Kapoor et al. 2017). On the other hand, plant productivity in
intensive farming methods has a very close connection with the heavy use of

"The World Health Organization.
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chemicals including inorganic herbicides, pesticides, and fertilizers. Such wide-
spread use of chemicals, in addition to the risks for human health and environmental
issues, reduce the quality and quantity of bioactive molecules in medicinal herbs
(Amani Machiani et al. 2022). So, there is a necessity for using environmentally
friendly strategies to improve the production of SMs (Li et al. 2023). Symbiosis of
plants with AMF can change the pattern of production and accumulation of SMs
(Fig. 5.2), depending on the fungus and plant species and the growth environment
(Tsiokanos et al. 2022). Therefore, as many studies have confirmed (Chandran et al.
2020; Zhao et al. 2022), inoculation of plants with AMF offers a promising tool and
a simpler alternative to overcome these limitations (Kapoor et al. 2017).

5.6 Conclusion

It is well established that AMF symbiosis reprograms plant secondary metabolism.
AMF affect the production and accumulation of SMs directly by improving the
uptake of water and nutrients, enhancing the photosynthetic capacity, and increasing
the biomass, or indirectly by stimulating the biosynthetic pathways of SMs through
the production of signaling compounds and changes in the phytohormone levels.
Some of these compounds show a characteristic pattern depending on the develop-
mental stage of colonization and act as signals between two partners over the
pre-symbiosis stage to the formation of a functional symbiosis and in the mainte-
nance of AM symbiosis. In addition, modifications in secondary metabolism fol-
lowing plant mycorrhization increase the concentration of plant antioxidant
compounds. As a result, plant’s ability to tolerate stressful conditions and the quality
of plant products are improved.

A wide group of SMs have nutritional and medicinal value for human. Wide
application and increasing demand for these valuable biological reservoirs make it
necessary to invest in research and development to optimize their production. The
use of AMF technique is considered as a potential tool and a promising opportunity
to improve the quality and yield of plant active ingredients. AMF technique is a
potential tool in crop management and plays a prominent role in promoting new
environmentally friendly products in low-input and sustainable agricultural systems.
In general, three research priorities are suggested to advance future studies: (1) more
in-depth studies for understanding the mechanisms through which AMF association
changes the SMs quantities and qualities, especially in terms of the species-specific
nature of AMF-plant symbiosis; (2) the effects of environmental factors and devel-
opmental stages of the symbiosis, which have been greatly underestimated in the
current studies, and (3) development of strategies for the implementation of mycor-
rhiza in the production of aromatic and medicinal compounds for industrial and
commercial purposes.
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Chapter 6 )
Roles of Arbuscular Mycorrhizal Fungi s
for Essential Nutrient Acquisition Under
Nutrient Deficiency in Plants

Kana Miyata and Mikihisa Umehara

Abstract Plants absorb mineral nutrients for growth and development from the soil
though their roots; nutrient acquisition is therefore limited by their root area. To
improve it, especially in nutrient-poor conditions, many plant species depend on
symbiotic interactions with arbuscular mycorrhizal (AM) fungi, which provide
essential nutrients obtained through the network of hyphae to the host plants.
When nitrogen, phosphate, or sulfur is deficient, plants produce strigolactones, key
signaling molecules, to initiate the interaction with AM fungi. Here, first, we
introduce the diversity of AM fungi and their host plants. Second, we summarize
the structural features of the symbiotic interaction. Third, we describe strigolactone
biosynthesis and the symbiosis signaling pathway. Finally, we describe nutrient
exchange system between AM fungi and host plants. Overall, we focus on the
roles of AM symbiosis for nutrient acquisition in plants and detail the mechanisms.
Understanding how plants adapt to their environment in response to deficiency of
mineral nutrients could help to improve sustainable agricultural processes, because
the use of AM fungi enables crop production in nutrient-poor environments and
allows use of pesticides and fertilizers to be reduced.

Keywords Nitrogen - Nutrient exchange - Phosphate - Strigolactone - Symbiotic
signaling pathway

6.1 Introduction

Plants absorb nutrients and minerals for growth from the region accessible by their
roots; this region is limited. To expand their nutrient acquisition capacity, plants rely
on a community of nearly invisible microorganisms. Mycorrhizal fungi are the most
well-known symbiont and they promote uptake of ions, including phosphate and
other minerals, and provide various other benefits for the host plants. The word
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Fig. 6.1 Schematic of AM symbiosis

“mycorrhiza” comes from two Greek words, “myco,” meaning ‘“fungus,” and
“rhiza” meaning “root.” Mycorrhizal fungi live within or adjacent to host root
cells and provide various benefits for host plants by improving ion uptake and
protecting the host plants from various threats (Smith and Read 2008). Mycorrhizal
hyphae reach a broad region of soil and transfer the necessary resources to host
plants, in exchange of carbohydrates, the product of photosynthesis (Smith and
Smith 1990) (Fig. 6.1).

To facilitate resource exchange, mycorrhizal fungi produce unique structures,
which can be used to classify mycorrhizal symbiosis into several types: ericoid
mycorrhizal, orchid mycorrhizal, ectomycorrhizal (EcM), and arbuscular mycorrhi-
zal (AM) (Brundrett and Tedersoo 2018). For example, EcM symbiosis is defined by
the Hartig net, hyphae in the apoplast of cortex cells, and the fungal mantle, a hyphal
layer that covers the root surface. Several commercially valuable mushrooms are the
products of EcM symbiosis, e.g., matsutake (Tricholoma matsutake) and truffles
(Tuber himalayense and T. japonicum). Some host plants of these mycorrhizal
symbioses are mycoheterotrophic, meaning they obtain all of their nutrients from
their associated fungi instead of from photosynthesis, e.g., species in the tribe
Arbuteae. In orchid mycorrhizal symbiosis, host plants decompose the fungal
body, so-called peloton, to obtain nutrients for germination and growth.

Mycorrhizal fungi thus establish unique associations with their host plant that can
be either mutualistic or non-mutualistic. AM symbiosis is thought to be the most
ancient of these associations, and the other types are thought to have evolved from
it. The host range of AM symbioses is extremely wide, and it is estimated that more
than 70% of terrestrial plants can have interaction with AM fungi (Brundrett and
Tedersoo 2018). To initiate the symbiotic relationship, AM fungi and their host
plants cooperate to produce arbuscules, specialized structures for resource exchange
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(Fig. 6.1) (Smith and Read 2008; Smith and Smith 1997). In addition to improving
uptake of mineral ion such as nitrogen and phosphate, AM symbiosis contributes to
tolerance of heavy metals, desiccation, osmotic stress, and high temperatures and to
pathogen defense responses (Gianinazzi et al. 2010; Lenoir et al. 2016; Thirkell et al.
2017). In the mycorrhizal symbiosis between rice and Rhizophagus irregularis,
which is the model species of mycorrhizal fungi, the arbuscules have a basal trunk
and a bush-like, highly branching structure in each host cell (Arum type, Figs. 6.1
and 6.2). Several other host—fungal pairs produce arbuscular coils instead of
arbuscules (Paris type). Differentiation of these types is not clear-cut (Dickson
et al. 2007). A single fungal species can form both Arum-type and Paris-type
structures, relying on the host species, and both types can be observed in one host
plant by different fungal species. Previously, AM symbiosis was mentioned as
vesicular arbuscular (VA) mycorrhizal symbiosis. Vesicles, lipid storage structures,
are also a structural feature of AM symbiosis, but because several species do not
produce vesicles, the term AM symbiosis has been more widely adopted.

The association between AM fungi and plants began in the early Devonian, over
400 million years ago (Taylor et al. 1995). Structures identical to arbuscules were
discovered in fossils of Aglaophyton major, the early land plant. Ancient AM fungal
spores estimated to be from the Ordovician, 460 million years ago (Redecker et al.
2000), have also been found. This timing coincides with the emergence of early land
plants, and the ancestors of AM fungi are thought to have supported terrestrialization
of ancestral plants, aiding them to adapt to harsh environments by improving uptake
of water and mineral nutrients in soil (Simon et al. 1993).

In addition to its evolutionary importance, mycorrhizal symbiosis is increasingly
important in agriculture for ensuring a stable food supply. In this book chapter, we
describe the fundamental roles of AM symbiosis in nutrient acquisition in plants and
describe the details of its mechanisms.

6.2 Diversity of Arbuscular Mycorrhizal Fungi and Host
Plants

AM fungi belong to the phylum Glomeromycota, which consists of 5 orders,
14 families, 29 genera, and approximately 230 species (Oehl et al. 2011). The
taxonomic position of AM fungi remains debated, but recent molecular phylogenetic
analyses indicate that the phylum Glomeromycota belong to the subphylum
Mucoromycota (Lanfranco and Young 2012; Spatafora et al. 2016). The species
most commonly used as a model for studying AM fungi is R. irregularis (previously
named as Glomus intraradices) (Stockinger et al. 2009). The distribution of
R. irregularis is global, and its spores are commercially available in pure culture
(Premier Tech, Quebec, Canada); it is widely used in many types of studies,
including molecular biology. Owing to its wide availability, its phenotype and life
cycle have been well studied. Although early attempts at a complete genome
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Fig. 6.2 Structural features of AM colonization. (a) A model life cycle of AM fungi. (b) Spore of
R. irregularis. (¢) Hyphopodium of R. irregularis in wild-type rice. (d) Arbuscules of R. irregularis
in rice. (e¢) Hyphopodium of R. irregularis in OsSYMRK mutant. (f) Vesicles of R. irregularis in
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sequence were fragmentary, owing to technical problems, the full sequence of
R. irregularis DAOM197198 is now available (153 Mb, 23,561 genes) (Tisserant
et al. 2012, 2013).

A wide range of terrestrial plants can establish AM symbiosis, including angio-
sperms, gymnosperms, ferns, and some bryophytes. Among bryophytes, AM colo-
nization has been observed in liverworts (e.g., Marchantia paleacea), hornworts
(e.g., Anthoceros agrestis), and in the moss genus Takakia (Grosche et al. 2018;
Choi et al. 2018; Delaux et al. 2014). The evolutionary development of AM
symbiosis might have proceeded as a stepwise acquisition; part of the main module
of symbiotic signaling is present in charophytes, before the water-to-land transition;
the other essential symbiosis genes have been acquired gradually (Delaux et al.
2015; Grosche et al. 2018).

Some plants appear to have lost their ability to have AM fungal partnerships
during the course of evolution, for example, plants in the family Brassicaceae,
including Arabidopsis thaliana known as a model plant. The common ancestor of
Limnanthaceae, Cleomaceae, Resedaceae, and Brassicaceae families in Brassicales
lost the ability to establish AM symbiosis (Delaux et al. 2014). The essential genes
for symbiosis were lost in non-host species of brassicas, although they were con-
served in peripheral host species like Moringaceae and Caricaceae. Brassica plants
prefer phosphate-rich habitats and therefore do not require associations with AM
fungi to obtain sufficient nutrients (Lambers and Teste 2013); on the contrary, the
growth of brassicas is suppressed by mycorrhizal plants (Veiga et al. 2013). AM
fungi can act as pathogens for Arabidopsis thaliana and cause negative effects
(Lambers and Teste 2013).

In addition to the order Brassicales, several other angiosperms do not host AM
fungi and seem to have lost the function to form AM symbiosis, e.g., sugar beet
(Beta vulgaris, Amaranthaceae), spinach (Spinacia oleracea, Amaranthaceae), the
obligate parasites Striga hermonthica, Phelipanche aegyptiaca (Orobanchaceae),
Cuscuta sativa (Convolvulaceae), and the carnivorous plant Utricularia gibba
(Lentibulariaceae). Most of these non-AM host plants are habitat or nutrient spe-
cialists (Brundrett and Tedersoo 2018), and the phylogenetic distance between them
indicates that loss of AM symbiosis occurred independently (Delaux et al. 2014). In
some cases, AM symbiosis was lost after a transition to another type of symbiosis.
EcM and orchid symbiosis are thought to have developed and supplanted from AM
symbiosis. Including transitions, AM symbiosis is estimated to have been lost
between 30 and 50 times in total (Brundrett and Tedersoo 2018).

Another well-known but non-fungal symbiosis also originated from AM symbi-
osis: root nodule (RN) symbiosis of legumes. Nitrogen-fixation bacteria, in the
genus Rhizobium, produce special structures called nodules in the roots of legumes.
Rhizobial bacteria fix N, and provide usable N to host legumes in the form of

<
«

Fig. 6.2 (continued) wild-type rice at 5 weeks after inoculation. (c—f) AM fungi are stained with
trypan blue. Bars = 50 pL



128 K. Miyata and M. Umehara

ammonium ions. In return, host plants give carbon sources to the bacteria, similar to
AM symbiosis. Several genes that are essential for the AM symbiotic signaling
pathway are also required for the RN symbiosis; this group of genes is called the
common symbiotic pathway (CSP)/common symbiosis signaling pathway (Parniske
2008). Genes in this pathway are thought to have originated about 400 Mya, and
they are conserved in most terrestrial plants; RN host plants might have adapted
these modules for establishing RN symbiosis (Parniske 2008). Recent research
indicates that RN symbiosis may have originated about 110 Mya, followed by the
diversification of plants in the nitrogen-fixing clade into four orders: Cucurbitales,
Fabales, Fagales, and Rosales (Li et al. 2015; van Velzen et al. 2019). However,
most of the plants in this group subsequently lost the ability, except legumes and
Parasponia in the Cannabaceae. A genetic analysis of Parasponia and Trema, a
non-RN genus of host plants that is closely related to Parasponia, showed that
several genes that are essential for symbiosis have a frameshift mutation in Trema
that could explain how the ability for RN symbiosis was lost in Trema (Huisman and
Geurts 2019; van Velzen et al. 2018; Rutten et al. 2020).

Most legumes can form symbiosis with both AM fungi and rhizobial bacteria. An
exception is Lupinus (Fabaceae), which has lost its ability for AM symbiosis but can
establish RN symbiosis. Lupinus developed a different adaptation that allows it to
live in low-phosphate conditions: cluster roots that promote phosphate uptake
(Harley and Harley 1987; Lambers et al. 2013; Oba et al. 2001).

Thus, plants establish various types of symbiosis depending on their habitat, and
most of these seem to originate from AM symbiosis, the most ancient form. Plant—
microbe associations are complex and rich in variety, and studying AM symbiosis
could provide insight into the mechanisms.

6.3 Morphological Features and Life Cycles of AM Fungi

AM fungi cannot propagate without host plants, and they are associated with host
plants at all stages of the life cycle (Fig. 6.2a). This is so-called obligate symbionts.
AM fungi disperse to new host plants via spores. The diameter of the spores is very
large (>100 pm; Fig. 6.2b) compared with those of other fungi (1-10 pm) (Golan
and Pringle 2017; Marleau et al. 2011). The spores are coenocytic, meaning each
spore contains a large number of nuclei (e.g., 20-748 in G. diaphanum). Nuclei
number in a single spore increases as the size of the spore increases (Marleau et al.
2011). Spores germinate when water and temperature conditions are adequate,
uninfluenced by the presence of host plants (Giovannetti et al. 2010). AM hyphae
are aseptate, and large numbers of nuclei move slowly and randomly inside (Uetake
et al. 2002; Saito et al. 2004).

AM hyphae are attracted to host plants by chemotaxis after spore germination.
Strigolactones (SLs) are one of the known chemicals that activate branching of AM
fungi hyphae and increase the opportunity to catch the host plants (Akiyama et al.
2005). After the mycorrhizal hyphae come into contact with host root epidermal
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cells, the fungi form a special structure, the hyphopodium, to attach to host plant
roots (Fig. 6.2¢). If the host plant permits hyphal entry, the hyphae spread in the
cortex of the host root and produce arbuscules in the cells for resource exchange
between plant and fungus (Fig. 6.2d). Host plants may recognize compatible sym-
bionts at this stage because hyphae of knockout mutants defective in the symbiotic
pathway (e.g., OsPOLLUX, OsSYMRK, and OsCCaMK mutants in rice) are blocked
at this stage (Fig. 6.2e) (Gutjahr et al. 2008; Banba et al. 2008; Miyata et al. 2023).

Through arbuscule production, the host plants increase the surface area of plasma
membrane in colonized cells up to tenfold for the exchange of resources (Smith and
Smith 1990). Hyphae outside the root, extraradical hyphae, absorb P from a region of
soil broader than that reached by the plant’s roots and transfer polyphosphates to the
host plant through tubular vacuoles in extraradical and intraradical hyphae (Uetake
et al. 2002). Phosphates are exported to the host plant through transporters in the
vacuole membrane of AM fungi and in the membrane of host plants at the arbuscules
(i.e., periarbuscular membrane) (Ezawa and Saito 2018). Arbuscules collapse shortly
after formation, lasting 1 week or less (Bonfante and Genre 2010), and new
arbuscules are formed in uncolonized neighbor cells; the region of active AM
colonization is dynamic. Interestingly, once colonized cells are not colonized
again (Kobae and Fujiwara 2014). Extraradical hyphae spread to a broad area of
soil to collect resources and initiate hyphal entry into the host plant at different
locations, thereby extending the area of colonization. After a period of production
and collapse of arbuscules, with expansion of the colonization region, AM fungi
produce a vesicle, a lipid storage organ, in the root cortex cells. In rice, vesicles are
observed 1 month after colonization in soil culture (Fig. 6.2f). Some species of AM
fungi do not develop vesicles at any point in their life cycle, e.g., Scutellospora
calospora (van Aarle et al. 2002).

At a later stage, spores are produced by the extraradical hyphae. Multiple nuclei
migrate from the hyphae into the spores (Jany and Pawlowska 2010). Spore
primordia are small to begin with, then increase in volume and number of nuclei
for 60 days after the spore primordia appeared (Marleau et al. 2011). The spores
detached from the hypha and then spread to their next habitat.

Little information is available about how AM fungi generate genetic variation in
progeny and whether or not they reproduce sexually remains debated. In fact, it
remains unclear whether the nuclei in AM fungi are heterokaryotic (multiple
genomes per spore) or homokaryotic (one genome per spore). Both explanations
have been proposed on the basis of various genomic analyses (Corradi and
Brachmann 2017). However, recent findings indicate a new scenario which can
explain this contradiction: that AM fungi may fluctuate between homokaryotic
and dikaryotic (two genomes in one spore) at different life stages (Corradi and
Brachmann 2017; Ropars et al. 2016). According to this hypothesis, spores and
hypha are mostly homokaryotic, but sometimes two genetically distinct fungi may
induce karyogamy and meiosis and produce genetic variation within one spore.
Evidence of genetic exchange has frequently been observed in genetically close lines
within the same fungal species (Fig. 6.2a) (Croll et al. 2009; Angelard and Sanders
2011). The dikaryon hypothesis is also supported by the report that two distinct
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genomes have sometimes been detected in one spore in equal ratios. This finding
challenges conventional knowledge about sex-related nuclear inheritance in AM
fungi.

Because AM fungi are obligate symbionts, it has presented a large obstacle to
molecular studies of AM symbiosis. However, recent technological developments
have enabled us to culture them and to produce spores without host plants by adding
specific lipids that are lacking in natural mycorrhizal metabolism (Kameoka et al.
2019). These new technologies will enable novel findings and help to improve our
understanding of AM symbiosis.

6.4 Strigolactone Biosynthesis in Host Plants

Strigol, one of natural SLs, was first isolated from plant root exudates as germination
inducers of a root parasitic plant Striga lutea (Cook et al. 1966). Later, another
natural SL 5-deoxystrigol (5DS) was identified as stimulators of hyphae branching in
AM fungi (Akiyama et al. 2005). More recently, SLs were found to inhibit axillary
bud outgrowth by analysis of excess shoot branching mutants (Gomez-Roldan et al.
2008; Umehara et al. 2008). Now SLs are well-known as a group of phytohormones
controlling plant growth and development (Al-Babili and Bouwmeester 2015).
Various types of SLs are synthesized from carotenoid precursors (Fig. 6.3). In the
SL biosynthesis, all-trans-p-carotene is first converted to 9-cis-B-carotene by
DWARF27 (D27), which catalyzes the isomerization of P-carotene in plastid
(Alder et al. 2012). Subsequently, two classes of carotenoid cleavage dioxygenases
(CCD7 and CCD8) contribute to synthesize an SL intermediate, carlactone (CL), via
oxidative cleavage and cyclization reactions (Alder et al. 2012; Seto et al. 2014).
And then CL is moved from plastid to endoplasmic reticulum and is further oxidized
to carlactonoic acid (CLA) by CYP711A, a cytochrome P450 monooxygenase (Abe
et al. 2014). These chemical reactions are common to many plant species, but the
pathways downstream of CLA differ among species. Identified natural SLs can be
classified into two groups: canonical and non-canonical SLs (Yoneyama et al.
2018b). Canonical SLs contain a tricyclic lactone structure (ABC-ring portion of
the SL structure shown in Fig. 6.3) connected to a methyl butenolide (D-ring portion
of the SL structure shown in Fig. 6.3) by an enol-ether bridge, whereas
non-canonical SLs lack A-, B-, or C-ring structures but still have the D-ring moiety
connected to an enol-ether, which is required for shoot branching inhibition
(Umehara et al. 2015).

In the biosynthesis of non-canonical SLs, CLA is converted to methyl
carlactonoate (MeCLA) by a CLA methyltransferase (CLAMT), which belongs to
a member of the SABATH protein family (Mashiguchi et al. 2022). Furthermore,
lateral branching oxidoreductase (LBO), which belongs to the 2-oxoglutarate-depen-
dent dioxygenase family, catalyzes the formation of hydroxymethyl carlactonoate
(1’-OH-MeCLA) from MeCLA and also catalyzes demethylation of MeCLA to
return to CLA (Yoneyama et al. 2020; Brewer et al. 2016).
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Fig. 6.3 Pathway of biosynthesis of the major strigolactones

In the biosynthesis of canonical SLs in rice, CLA is converted to
4-deoxyorobanchol (4DO) and 4DO is further converted to orobanchol by
CYP711A (Zhang et al. 2014; Yoneyama et al. 2018a). In tomato and cowpea,
CYP722C contributes to the synthesis of orobanchol from CLA without 4DO
synthesis (Wakabayashi et al. 2019). In tomato, CYP712G catalyzes the oxidation
of orobanchol for biosynthesis of didehydro-orobanchol isomers and solanacol
(Wang et al. 2022). In cotton, CLA is converted to 5-deoxystrigol (5DS) by other
cytochrome P450 CYP722C (Wakabayashi et al. 2020); and in sorghum, 5DS is
further metabolized to sorgomol by CYP728B (Wakabayashi et al. 2021). Other
non-canonical SLs, such as avenaol, heliolactone, zealactone, and lotuslactone, have
been respectively identified from the wild oat, sunflower, corn, and Lotus japonicus,
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but the enzymatic reactions that produce them are not yet fully known. To date, more
than 30 canonical and non-canonical SLs have been identified from various plants
(Yoneyama and Brewer 2021).

SLs are released from host plant roots into the rhizosphere by the active transport
through an ATP-binding cassette transporter pleiotropic drug resistance 1 (PDR1),
and they result in enhanced symbiotic interaction with AM fungi (Kretzschmar et al.
2012). Structure—activity relationship of SLs in hyphal branching of AM fungi
demonstrated that truncation of the A- and AB-rings in the tricyclic lactone of SLs
drastically reduced their bioactivity. In addition, connection of the C- and D-rings
was shown to have an important role in hyphal branching, but the C-D bridge
structure can be replaced with either alkoxy or imino ethers without loss of function
(Akiyama et al. 2010).

Levels of some inorganic nutrients in the rhizosphere strongly affect SL biosyn-
thesis and exudation from roots of host plants, likely related to mechanisms for
efficient acquisition of inorganic nutrients in host plants. Under phosphate defi-
ciency, many canonical SLs are highly synthesized in roots and released into soil to
induce AM symbiosis for phosphate uptake in various plants (Akiyama et al. 2005;
Yoneyama et al. 2007b, 2012; Lopez-Raez et al. 2008). Nitrogen deficiency does not
have significant effect on SL production in leguminous plants that partner with
Rhizobium, even though nitrogen fixation by Rhizobium is the primary source of
nitrogen for these plants. In contrast, non-leguminous plants increase SL levels in
roots under nitrogen deficiency as well as phosphate deficiency and they rely on
support of AM fungi for acquisition of both phosphate and nitrogen (Yoneyama
et al. 2007a, 2012; Sun et al. 2014). Many SL biosynthesis genes are upregulated
under phosphate and nitrogen deficiencies in rice and Medicago truncatula
(Umehara et al. 2010; Bonneau et al. 2013; Sun et al. 2014). Furthermore, sulfur
deficiency increases SL levels in roots through upregulation of D27 in the first step
of rice SL biosynthesis (Shindo et al. 2018). In addition, D27 expression is activated
by the transcription factors nodulation signaling pathway 1 (NSP1) and NSP2,
which also function in the symbiosis signaling pathway of both rice and
M. truncatula (Liu et al. 2011). AM fungi can supply sulfate ions in addition to
nitrogen and phosphate (Allen and Shachar-Hill 2009). Because D27 expression is
upregulated under sulfur deficiency, the regulation might be associated with effec-
tive sulfur uptake via AM fungi. In a split-root experiment, in which one portion of
the roots was held in nutrient-rich medium and the other in nitrogen-, phosphate-, or
sulfur-deficient medium, the nutrient was supplied from roots in the nutrient-rich
medium to roots in the nutrient-deficient roots, resulting in systemic reduction of SL
levels in both parts of the roots, indicating that shoot parts, not root parts, perceive
nutrient deficiencies for the SL production in roots (Shindo et al. 2021; Yoneyama
et al. 2015).

In rice and pea, colonization of AM fungi is lower in SL-biosynthesis mutants
(ccd7 and ccd8 mutants) than in wild-type plants because the mutants cannot
produce the SLs required for the formation of the hyphopodium, the hyphal protru-
sion that allows AM fungi to penetrate host roots (Gomez-Roldan et al. 2008;
Yoshida et al. 2012; Kobae et al. 2018). In contrast, a rice SL signaling mutant,
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dI4, exhibited higher AM colonization than the wild type because of excess SL
accumulation (Yoshida et al. 2012). The rice d3 and kai2 (named dwarf14-like in
rice) mutants cannot support AM fungi colonization, indicating that the KAI2 signal
is critical for AM symbiosis (Yoshida et al. 2012; Gutjahr et al. 2015). In addition,
the SL signaling repressor SMAXI1 negatively controls expression of both
SL-biosynthesis and AM-symbiosis genes, and its degradation initiates SL produc-
tion and other signaling cascades related to AM symbiosis (Choi et al. 2020).

6.5 Initiation of AM Symbiosis in Host Plants

According to a widely accepted scenario, RN symbiosis developed by repurposing
of the genetic signaling pathway for AM symbiosis (Parniske 2008). The earliest
molecular studies of AM symbiosis signaling investigated the pathway common to
RN and AM symbioses, the CSP, and research into the initiation of AM symbiosis
began with studies in legumes, based on the known mechanisms of RN symbiosis.
Recently, rice and tomato have also become useful in the study of AM symbiosis.
Even though the pathways share many common steps, some parts are specific to AM
symbiosis, and much of the process has yet to be elucidated. Current understanding
of the signaling pathway for AM symbiosis is summarized in Fig. 6.4.

In RN symbiosis, lipochitooligosaccarides (LCOs), known as Nod (“nodulation”)
factors, are secreted by rhizobial bacteria and trigger the initiation of RN symbiosis
(Dénarié et al. 1996). In AM symbiosis, similar molecules, Myc-LCOs, or Myc
factors, which are produced by AM fungi, have been identified as the signal
molecules (Maillet et al. 2011). Both Nod and Myc factors induce perinuclear
Ca®* oscillation, or Ca** spiking, in host plants (Sun et al. 2015; Genre et al.
2013; Walker et al. 2000; Oldroyd et al. 2001). Legumes show clear Ca®* spiking
in response to Myc factors. In rice, however, Myc factors do not induce Ca>* spiking
or expression of downstream genes. Instead, Ca”* spiking is induced by chitin
tetramers (CO4), suggesting that CO4 may be the AM signal (Genre et al. 2013;
Sun et al. 2013; Miyata et al. 2014). Recent analysis showed that chitin heptamers
(CO7) also induce Ca** spiking in Medicago (Feng et al. 2019). CO7 is also known
as a typical pathogen-associated molecular pattern (PAMP), and it induces defense
responses to pathogen in plants (Desaki et al. 2017). Thus, CO7 is associated with
both immunity and symbiosis. To explain this contradiction, it has been proposed
that Myc-LCO reduces induction of the defense response caused by CO7 (Feng et al.
2019).

Nod factors are recognized by lysin motif receptor-like kinases (LysM-RLKs),
such as LYK3/NFR1 in Medicago and NFP/NFRS5 in Lotus (Radutoiu et al. 2003;
Madsen et al. 2003; Amor et al. 2003; Limpens et al. 2003; Arrighi et al. 2006;
Broghammer et al. 2012). In rice, OsCERKI, an ortholog of LYK3/NFRI, is
involved in AM symbiosis. OsCERKI mutants showed severe delay of AM coloni-
zation, although the phenotype is unlike that of other CSP mutants (Miyata et al.
2014, 2022). In addition, OsCERKI1 is essential for chitin-triggered immunity, a
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typical PAMP-triggered immune response (Shimizu et al. 2010). Furthermore,
CO4-dependent Ca®* spiking is not observed in OsCERKI mutants, supporting the
involvement of OsCERKI1 in AM symbiosis (Carotenuto et al. 2017). Therefore,
OsCERKI1 has a dual function in symbiosis and defense response (Miyata et al.
2014; Zhang et al. 2015). Similar to OsCERK1, LYK3/NFR1 orthologs are involved
in chitin-triggered immunity and AM symbiosis in various plants (Rutten et al. 2020;
Liao et al. 2018). Although the mechanisms by which host plants initiate responses
to the microbes have yet to be clarified, OsCERKI is involved in both defense
response and symbiosis.

One possible scenario is that downstream response is determined by the partner
receptor of OsCERK1 orthologs, such as NFP/NFRS5 orthologs, which are orthologs
of Nod factor receptors in legumes (He et al. 2019; Zhang et al. 2021). In contrast,
Miyata et al. (2014) showed weak mycorrhizal phenotype in OsNFR5 knockout
mutants and no significant difference between the mutants and the wild type. In
addition, Ca** spiking in response to CO4 is observed in OsNFRS, although
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OsCERK]I mutants lack a response to CO4 (Miyata et al. 2016; Carotenuto et al.
2017). In tomato, lack of the NFP/NFRS ortholog SILYK10 results in low coloni-
zation by AM fungi (Buendia et al. 2015). On the other hand, the AM colonization
ratio did not change in PanNFP1;NFP2 mutants of Parasponia (Rutten et al. 2020),
although RNAi of PanNFP1 plants gave a low colonization ratio (Op den Camp et al.
2011). The possible influence of NFR5/NFP homologs in AM symbiosis needs
further investigation.

Recognition of the symbiosis signal molecule activates downstream signaling in
the CSP. The AM symbiosis gene DMI2/SYMRK encodes a leucine-rich repeat
(LRR) receptor-like kinase (Endre et al. 2002; Stracke et al. 2002). Similar to the
LysM receptors involved in the recognition of signal molecules, does not infection
(DMI) 2/SYMRK is expressed on the plasma membrane. However, its function
remains unclear, including how it regulates AM symbiosis and whether it is involved
in the recognition of specific ligands or not. Its function in the regulation of AM/RN
symbiosis has been studied in both legumes and non-legumes. In rice, it was shown
that OsSYMRK is important for AM symbiosis (Miyata et al. 2023). Most AM host
plants have DMI2/SYMRK orthologs (Delaux et al. 2015); thus, a wide range of
plant species seem to require DMI2/SYMRK homologs for the initiation of AM
symbiosis. Several genes in addition to SYMRK have been identified as components
of the CSP. For example, DMI! in Medicago encodes a Ca**-regulated Ca®* channel
on the nuclear membrane (Kim et al. 2019), although it was originally reported to
encode potassium-permeable channels (Ané et al. 2004). Similarly, lotus has two
DMI1 orthologs, POLLUX and CASTOR (Imaizumi-Anraku et al. 2005). DMI1/
POLLUX/CASTOR is essential for both AM and RN symbiosis. DMI1 orthologs in
non-legumes also have a key role in AM symbiosis (Banba et al. 2008; Gutjahr et al.
2008). No CO4- or Myc-LCO-dependent Ca** spiking is observed in dmil and dmi2
mutants of Medicago (Genre et al. 2013; Sun et al. 2015), and OsSYMRK mutants of
rice also lack Ca®* spiking in response to CO4 (Miyata et al. 2023). The finding
indicates that Ca** spiking lies downstream of DMI2/SYMRK and DMI1/POLLUX/
CASTOR.

AM signaling and Ca®* spiking also require components of nucleoporins,
NUPS85, NUP133, and NENA (Saito et al. 2007; Kanamori et al. 2006; Groth
et al. 2010). Although the involvement of Ca** spiking in AM symbiosis has been
discussed, the mechanisms underlying the induction of Ca** spiking by signal
molecules and signaling from the plasma membrane to the nucleus are not yet
fully understood.

The Ca** spiking signal is decoded by the DMI3/CCaMK protein in the nucleus.
DMI3/CCaMK is composed of three parts: a serine/threonine kinase domain at the
N-terminus, an autoinhibitory domain between the N and C termini, and a visinin-
like domain with three EF-hand motifs at the C-terminus (Levy et al. 2004; Mitra
et al. 2004). Ca”*-bound calmodulins bind to the EF hands of DMI3/CCaMK and
release the kinase domain (Miller et al. 2013). Activated CCaMK directly phosphor-
ylates and activates INTERACTING PROTEIN OF DMI3 (IPD3)/CYCLOPS,
which is a DNA-binding transcriptional activator. In RN symbiosis, IPD3/
CYCLOPS forms a complex that binds to promoter elements and induces the
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expression of downstream genes (Yano et al. 2008; Singh et al. 2014). CYCLOPS
makes a protein complex with NSP1 and NSP2, which were initially thought to be
specific to nodulation but which are also important for AM symbiosis, even though
the phenotype of nspl and nsp2 knockout mutants is not strong (Maillet et al. 2011;
Delaux et al. 2013). NSPs and CYCLOPS/IPD3 can interact with DELLA proteins,
which are also required for AM symbiosis (Jin et al. 2016; Floss et al. 2013; Liu et al.
2011).

A protein complex of DELLA, NSP1, NSP2, and IPD3/CYCLOPS induces gene
expression of reduced arbuscular mycorrhization (RAM) 1, which is a transcription
factor belonging to the GRAS family, by directly binding the promoter region of
RAM1 in lotus (Gobbato et al. 2012; Pimprikar et al. 2016). RAM1 is required for
signaling in AM symbiosis but not in RN symbiosis, and it may represent the
branching point of AM symbiosis and RN symbiosis in legumes.

The most well-studied downstream gene of RAMI is RAM2, which encodes a
glycerol-3-phosphate acyl transferase. RAM2 is involved in AM symbiosis of
Medicago and rice (Liu et al. 2022; Gobbato et al. 2012). The lack of RAM1 results
in a low AM colonization ratio in Medicago and an abnormal distribution of lipid in
lotus (Montero and Paszkowski 2022). Besides RAM1 and 2, many AM marker
genes have been reported in rice (Gutjahr et al. 2008), along with mycorrhiza-
induced subtilase (ShtM 1) in lotus (Takeda et al. 2009).

Many open questions remain about signaling for the initiation of AM symbiosis,
such as what is the missing link of signaling pathway between the cell membrane and
the nuclear, how is Ca®* spiking induced, and how are AM-specific responses
induced although AM and RN symbioses share the same pathway? Here we focused
on host plant symbiosis genes; further research is needed on mutual communication
between AM fungi and host plants.

6.6 Nutrient Transport System Between Host Plants
and AM Fungi

In colonized root cells, carbon is transported from host plants to AM fungi, and soil
mineral nutrients including nitrogen, phosphate ion, and sulfate ion are transferred
the other way (Fig. 6.5). Plants absorb carbon dioxide from the atmosphere and
convert it into organic compounds by photosynthesis. In AM symbiosis, host plants
provide up to approximately 20% of their photosynthetic products for propagation of
the AM fungi (Bago et al. 2000). In most plants, sucrose can be transferred from
shoots to roots via the phloem. Sucrose is apoplasmically or symplasmically
transported from the phloem into AM-colonized cells. Sucrose is also metabolized
into glucose (Glc) and fructose (Fru) by invertase in the cell wall or in colonized
cells. Glucose is transported into AM-colonized cells through sugar transporters.
Gene expression of several sucrose transporters (SUTs) is upregulated in the host
root colonized by AM fungi to activate the transport of sucrose (Boldt et al. 2011;
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Doidy et al. 2012). The SWEET transporter family exports sucrose and monosac-
charides to the symbiotic interface in colonized cells (Manck-Gotzenberger and
Requena 2016). Carbohydrate transporters import glucose from the symbiotic inter-
face to the fungal intraradical mycelium (IRM) (Schiissle et al. 2006; Helber et al.
2011). Hexose in colonized cells is converted into acetyl-CoA (C16:0) and is
produced via fatty acid synthesis and further converted into C16:0 -
2-monoacylglycerol (2MAG) by RAM?2 (Luginbuehl et al. 2017). 2MAG is
transported into the IRM of AM fungi by STUNTED ARBUSCULE (STR) 1 and
STR2, which are ATP-binding cassette transporters, on the periarbuscular mem-
brane (Zhang et al. 2010; Gutjahr et al. 2012; Jiang et al. 2017). 2MAG is finally
converted into triacylglycerol in AM fungi. Carbon incorporated by AM fungi is
transported from the IRM to the extraradical mycelium (ERM) and used for hyphal
extension and spore production in the AM fungi.

As mentioned previously, phosphate, nitrogen, and sulfate deficiencies stimulate
the production of SLs that stimulate symbiotic interaction with AM fungi, which
support plant growth in nutrient-deficient conditions. Phosphate is essential for plant
growth and development because it is required for the synthesis of indispensable
compounds for plant growth such as ATP, coenzymes, nucleic acids, and phospho-
lipids. Phosphate deficiency causes the phosphate starvation response: i.e., expres-
sion of phosphate transporter genes; secretion of acid phosphatase, ribonuclease, and
organic acids from roots into the rhizosphere for the phosphate acquisition; mor-
phological change of root architecture; and anthocyanin biosynthesis (Yuan and Liu
2008). In AM symbiosis, the hyphal network efficiently absorbs small amounts of
available phosphorus in soil (Jakobsen et al. 1992a, b). In AM-colonized rice
approximately 70% of phosphorus is delivered by the AM fungi (Yang et al.
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2012). Phosphate in soil is first absorbed through inorganic phosphate transporters
localized in the ERM of AM fungi (Harrison and Buuren 1995; Maldonado-
Mendoza et al. 2001). It is converted to polyphosphate granules, which are
transported from the ERM to the IRM. Polyphosphate is again converted into
phosphate in the IRM, and AM fungus-inducible phosphate transporters (PTs)
such as StPT3 in potato, MtPT4 in M. truncatula, and OsPT11 in rice import
phosphate from the IRM into the host root cells (Rausch et al. 2001; Paszkowski
et al. 2002; Javot et al. 2007). AM-colonized rice highly induces OsPT11 expression
and reduces the expression of other phosphate transporter genes associated with
direct phosphate uptake by plant roots (Paszkowski et al. 2002). The AM-colonized
plant roots reduce the expression of IPSI and miR399, which are the phosphate
starvation response marker genes, as well as the expression of OsPT2 and OsPT6 for
direct phosphate acquisition (Yang et al. 2012).

Nitrogen is also an essential nutrient for plant growth because it is required for the
synthesis of proteins, nucleic acids, coenzymes, porphyrin, and plant hormones.
Nitrogen deficiency causes a severe decrease of amino acid (particularly glutamine)
and chlorophyll contents, while it causes an increase of anthocyanin,
phenylpropanoid, and starch levels (Diaz et al. 2006; Fritz et al. 2006). Inorganic
N such as nitrate and ammonium ions is absorbed through nitrogen transporters in
the fungal ERM and incorporated into glutamine via the major nitrogen assimilation
system GS/GOGAT cycle; glutamine is finally metabolized into arginine (Chalot
et al. 1994; Johansen et al. 1996). Positively charged arginine is transferred from the
ERM to the IRM by association with negatively charged polyphosphate granules
(Parniske 2008). Arginine is degraded into urea and ornithine in the IRM. Further-
more, ammonium ions are produced by urea hydrolyzation and subsequently
transported into root cells through plant ammonium transporters (Guether et al.
2009; Kobae et al. 2010; Breuillin-Sessoms et al. 2015).

Sulfur is required for the production of proteins, glutathione, sulfolipids, and
coenzymes. In rice, sulfur deficiency causes a severe decrease of the chlorophyll
content in young leaves, the number of tillers, and shoot growth (Dobermann and
Fairhurst 2001). Expression of MtSultrl;2 in Medicago and LjSultrl;2 in Lotus,
which are sulfate transporters, are elevated by symbiotic interaction with AM fungi
when sulfur is deficient in soil (Giovannetti et al. 2014; Wipf et al. 2014). However,
the mechanism of sulfate transport in the ERM of AM fungi is still unknown.

6.7 Conclusion and Perspectives

Here we have discussed the diversity of AM fungi and their host plants, the
morphological characteristics of colonization, SL biosynthesis and symbiosis sig-
naling pathways, and the systems for nutrient transport system between AM fungi
and host plants. Both partners produce molecules to initiate the symbiosis (fungi
produce Myc factors and plants produce SLs), and the production pathways and
interactions of these molecules are now better understood. Many plants can make
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symbiotic associations with AM fungi for improvement of their nutrient absorption
from soil. AM fungi provide various types of essential minerals (macronutrients and
metal ions) to their host plants. In reciprocation, AM fungi receive sugars and lipids
as carbon sources for their propagation from their host plants. Uptake of nitrogen,
phosphate, and sulfur is supported by AM fungi when these nutrients are deficient
in soil.

Climate change and freshwater scarcity are strongly affecting the environment
and reducing nutrient content in soils. Plants, being rooted in place, must adapt to
their environment, even in stressful conditions. Understanding how plants do so in
response to inorganic nutrient deficiency is important for food security and sustain-
able agriculture. Although plant—microbe interactions are complex, future work
would focus on the molecular mechanisms of nutrient transportation system between
host plants and AM fungi under nutrient deficiency. It would be a major advance to
understand how sensors of nutrient levels in plants regulate nutrient exchange. In
addition, AM colonization increases resistance to disease and drought. Understand-
ing the common signaling pathways in AM colonization may ultimately contribute
to increased agricultural and horticultural crop yields. The utilization of AM fungi
enables crop production in nutrient-poor environments and reduces the utilization of
pesticides and fertilizers, supporting sustainable agriculture.
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Chapter 7 M)
Mechanisms of Arbuscular Mycorrhizal s
Fungi-Induced Drought Stress

Amelioration in Plants

Vinay Shankar, Amanso Tayang, and Heikham Evelin

Abstract Drought stress is a global problem affecting society, economy, and the
environment. The foremost and worst affected sector impacted by drought is the
agriculture sector, thus threatening food security. Hence, it is imperative that we
adopt methods that impart drought tolerance to plants. One such approach is the
inoculation of plants with arbuscular mycorrhizal fungi (AMF) as it is economical,
environment friendly, and sustainable. AMF are soil-dwelling symbiotic fungi that
impart drought tolerance to many plants. In this article, we have discussed the recent
findings of AMF-induced adaptive strategies of plants in overcoming drought stress.
These strategies include modifications in the host plant’s structure (leaf and root
architecture), biochemistry (such as accumulation of osmolytes), and physiology
(acquisition of water and nutrients, chlorophyll synthesis, hormone signaling). The
article has also identified and presented gaps in research, the unraveling of which can
improve our knowledge of mechanisms of drought tolerance brought about by AMF
colonization.

Keywords AMF - Water deficit - Stomata - Proline - Osmotic adjustment - Root
architecture

7.1 Introduction

Drought is a natural phenomenon characterized by abnormally low precipitation
over a long period of time causing water shortage. It is a global concern, and in the
last four decades, no other natural hazard has affected human life as much as
drought. In addition, climate change is aggravating drought in various parts of the
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world. Drought has impacted society, economy, and environment and has led to
massive shifting of families, degradation of natural resources, and weakened econ-
omy. Of all the sectors impacted by drought, agriculture is the first and worst affected
sector impacted directly, affecting agricultural produce, thereby threatening food
security and rural livelihoods (FAO 2023, accessed 25 June 2023). In the recent
drought in Kenya in 2017, an approximate 2.5 million people were left hungry
prompting a national emergency (Gichure 2017; He et al. 2019). Unfortunately,
drought can neither be halted nor its forecast easy. However, these negative impacts
of drought can be mitigated by adopting approaches that target to enhance commu-
nities’ resilience in coping with drought. In this regard, an environmentally and
sustainable technique is the application of beneficial microorganisms like AMF in
agriculture.

AMF are soil- dwelling symbiotic fungi of the phylum Glomeromycota. These
fungi have been well-documented to ameliorate stresses caused by biotic and abiotic
factors like drought, heavy metals, salinity, as well as temperature in plants (Evelin
et al. 2019; Shankar and Evelin 2021; Begum et al. 2021; Liu et al. 2023a). These
beneficial effects of AMF have been related with their ability to inhabit different
types of substratum and colonize 80% of land plants ranging from bryophytes to
flowering plants and the ability to cast a wide underground mycelial network for
efficient uptake of nutrients and water. The article is aimed at understanding the
mechanisms imparted by AMF colonization in enhancing resilience of plants against
drought.

7.2 Impacts of Drought on Plants

Morphologically, stress caused by drought makes the plant shorter with fewer and
smaller leaves. Anatomically, the outer layer of the epidermal cell develops a thick
cuticle, and leaves have lower ratio of spongy:palisade tissue, more cell layers, but
less intercellular spaces leading to a decrease in volume (Chartzoulakis et al. 2002).
These changes are also reflected on various biochemical as well as physiological
functions like synthesis of chlorophyll, photosynthesis, mineral uptake and assimi-
lation, osmotic regulation, and sequestration of reactive oxygen species (Jaleel et al.
2008; Farooq et al. 2009; Li and Liu 2016). Drought also induces the expression of
aquaporins, late embryogenesis abundant (LEA) proteins, and dehydrins.

7.3 Plant Response to Drought Stress

In order to overcome stress caused by drought, plants manifest an array of mecha-
nisms that work in unison. Plants undergo adaptive changes in the structure,
physiology, and biochemistry in response to drought. They reduce their biomass
by cutting down the leaf number as well as leaf size. The leaf also reduces the
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number of stomata and assumes vertical orientation (Liu et al. 2023a). Besides, it
tends to extend its root growth to absorb maximum water and nutrients from the soil
resulting in a higher root- to- shoot ratio. These changes greatly reduce loss of water
through transpiration (Mohammadi et al. 2019). Biochemical and physiological
mechanisms, such as osmoregulation, upped antioxidant system, prevention of
injury to the photosynthetic system, and regulation of phytohormone dynamics,
contribute to plant drought tolerance (Ilyas et al. 2021).

7.4 Impact of Drought on Diversity and Colonization
Potential of AMF

Soil moisture is a key agent that influences the diversity and colonization potential of
AMEF. Hordeum vulgare roots subjected to three soil moisture conditions—flooding,
drought, and 15-29% soil moisture regime—showed varying levels of AMF diver-
sity and colonization potential. Roots grown in soil with 15-20% moisture showed
maximum AMF diversity followed by roots under drought and flooded soil (Sharma
and Kothamasi 2015). Drought stress reduced the colonization potential of AMF in
maize (Begum et al. 2019), tobacco (Begum et al. 2021), tea (Liu et al. 2023b), etc.
This can be explained by drought-induced inhibition on germination of spore and
disruption of hyphal development, thus minimizing the colonization potential of
AMF (Giovannetti et al. 2010).

7.5 AMF-Induced Drought Tolerance Mechanisms
in Plants

Amelioration of drought stress effects in plants colonized by AMF is brought about
by acquiring adaptive changes in the structure, biochemistry, and physiology of the
host plants (Fig. 7.1). Recent knowledge of these mechanisms is discussed one by
one hereunder.

7.5.1 Improved Plant Growth and the Associated Structural
Changes

The ameliorative effects of AM symbioses in plants subjected to drought stress are
well-demonstrated. Under water stress conditions, AMF-colonized plants showed
better growth and biomass as compared to the non-AMF plants in tobacco (Begum
et al. 2021), white clover (Liang et al. 2021), and wheat (Tereucan et al. 2022). Plant
growth parameters such as height, leaf number, and biomass production were more
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Fig. 7.1 Arbuscular mycorrhizal fungi (AMF)-mediated amelioration of drought stress in plants.
Mycorrhizal plants increased resilience to drought by adapting structural, biochemical, and phys-
iological changes induced by AMF

in AMF- colonized plants (Liang et al. 2021; Begum et al. 2021; Tereucan et al.
2022). This can be attributed to the more efficient water and mineral acquisition in
the mycorrhizal plants facilitated by adaptive structural modifications in host plants
brought about by AMF (Abdel-Salam et al. 2018; Zhang et al. 2018a). AM symbi-
osis has been reported to induce changes in the root architecture of the host plants
(Liu et al. 2016). Roots showed increased biomass as a result of an increase in
branching, density, length, and extension of root hairs (Zou et al. 2017; Liu et al.
2018; Zhang et al. 2018a). Additionally, AMF equipped the host plant with an
extensive network of AMF mycelium to explore and extract water as well as
nutrients from the rhizosphere soil.

7.5.2 Efficient Acquisition of Water and Nutrient

In the soil, AMF produce and secrete a super glue, glomalin, which aids in soil
aggregation (Chi et al. 2018). AMF hyphae in well- aggregated soil improve the
capacity of soil to retain water (Querejeta et al. 2003) and promote better root-soil
connect, facilitating better water conductance from soil to root (Augé 2004). Thus,
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AMF help in maintaining continued transportation of water from soil to the plant
(Bitterlich et al. 2018). In addition, drought stress also promotes higher water
absorption rate in AMF hyphae (Zhang et al. 2018a). This is facilitated by the
modulation of aquaporin AQP gene expression on cell membranes by AMF
(He et al. 2019; Cheng et al. 2020). Till date, six aquaporin proteins have been
identified in AMF: three each in Glomus intraradices (GintAQP1, GintAQPF1,
GintAQPF2) and Rhizophagus clarus (RcAQP1, RcAQP2, RcAQP3) (Aroca et al.
2009; Li et al. 2013; Kikuchi et al. 2016). Drought stress induced the expression of
GintAQPFI and GintAQPF2, while the expression of GintfAQPI remained
unaltered. Similarly, AMF also modulate PIP (plasma membrane intrinsic protein)
genes’ expression in the host plants under water- deficit condition; it may be
upregulated (Zéz¢€ et al. 2008) or downregulated (Aroca et al. 2007). These findings
suggest that different aquaporins may impart drought tolerance in different plants.
Another view is that aquaporin gene expression is upregulated to improve water
uptake by plants and downregulated to prevent water loss from plants (Ruiz-Lozano
and Aroca 2010; Cheng et al. 2020).

Along with improved water absorption, AMF also ensure optimum nutrient
availability to host plants by increasing their acquisition. Wu and Zou (2009)
reported increase in the concentrations of Ca, Fe, P, and K in leaves and roots of
trifoliate orange plants following G. versiforme application under both drought and
well-watered conditions. Farias et al. (2014) found similar observations in blueberry
in which AMF colonization increased NPK concentrations in leaves. Better nutrient
uptake in mycorrhizal plants is due to their access to nutrients present in the micro
pores owing to their leaner hyphae as well as the ability to activate genes and
enzymes involved in assimilation and transportation of nutrients. For example,
AMEF improves the activity of ammonium transporter protein and nitrate reductase
for efficient N uptake and assimilation (Garg 2013; Balestrini et al. 2019), phospha-
tase activity for efficient P absorption, and metabolism (Abd-Allah et al. 2015;
Egamberdieva et al. 2017). In tomato, AMF induced the expression of phosphate
transporter genes such as LePT4 and LePT5 to elevate tolerance against drought
(Volpe et al. 2018). Balestrini et al. (2019) reported AMF-induced upregulation of
peptide transporter, amino acid transporter, and sulfate transporter genes in plants
under drought stress. Besides, AMF also up regulated the activities of H -ATPase
and Ca**-ATPase under drought conditions. This, in turn, acidifies the soil environ-
ment, allowing for efficient uptake of nutrients and exchange of signals between
AMF and plants to increase tolerance to drought (Xu et al. 2018a).

7.5.3 Better Photosynthetic Capacity

Photosynthesis, a key primary metabolic process essential for the synthesis of energy
in plant, is drastically affected by drought stress (Ilyas et al. 2021). Moderate and
severe levels of drought-induced decrease in leaf number and leaf area reduce the
concentration of photosynthetic pigments like chlorophylls and carotenoids (Zhang
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et al. 2018a; Mashabela et al. 2023), which ultimately hampers photosynthesis in
plants (Spinoso-Castillo et al. 2023; El-Sawah et al. 2023). Up regulated expression
of chlorophyll- degrading enzymes and down regulation of chlorophyll biosynthetic
enzymes also contribute to a decline in chlorophyll content (Ilyas et al. 2021; Saxena
et al. 2022). However, AMF inoculation can increase chlorophyll content in plants
growing under drought conditions. For example, under drought stress (50% field
capacity), Rhizophagus intraradices-colonized Ricinus communis had a significant
amount of chlorophylls a and b and total chlorophyll than the non-colonized plants
(Zhang et al. 2018a). Similar observations were reported in Cicer arietinum, Zea
mays, Abelmoschus esculentus, and Fagopyrum esculentum on AMF inoculation
(Hashem et al. 2019; Hu et al. 2020; Jabborova et al. 2021; Mohammadi et al. 2022).
Recently, Miceli et al. (2023) demonstrated that Claroideoglomus etunicatum inoc-
ulation increased the level of photosynthetic pigments and chlorophyll a/ chlorophyll
b ratio in Physalis peruviana under soil moisture- deficit condition, subsequently
improving photosynthesis to enhance plant biomass and fruit production.

Drought stress is also known to reduce efficiency of photosynthesis by injuring
PSII, and disrupting stomatal conductance, intercellular CO, concentration, and
transpiration (Chen et al. 2022). However, the inimical effects of drought on
photosynthetic machinery can be prevented by AMF inoculation to the host plants.
AMF can improve quantum efficiency of PS II, stomatal conductance, transpiration,
and intercellular CO, concentration (Mathur et al. 2019; Qian et al. 2023). Applica-
tion of a consortium of AMF consisting of Rhizoglomus intraradices, Funneliformis
geosporum, and F. mosseae in Triticum aestivum enhanced quantum efficiency of
PSII (Mathur et al. 2019). Such findings were also demonstrated in Zea mays, Oryza
sativa, and Ceratonia siliqua (Quiroga et al. 2019; Tisarum et al. 2020; Hu et al.
2020; Chareesri et al. 2020; Boutasknit et al. 2020). AM symbiosis promoted
transpiration, intercellular CO, concentration, and stomatal conductance in Ricinus
communis, Olea europaea, Phaseolus vulgaris, and Paris polyphylla (Zhang et al.
2018a; Ouledali et al. 2019; Al-Amri 2021; Qian et al. 2023) under different levels of
water- deficit conditions. Thus, AM symbiosis facilitates plants to overcome drought
stress by synthesizing more photosynthetic pigments and preventing damage to the
photosynthetic machinery.

7.5.4 Maintenance of ROS Level

ROS is a term for derivatives of O, generated as byproducts of metabolic reactions in
chloroplasts, mitochondria and peroxisomes, plasma membrane, and cell wall
(Halliwell and Gutteridge 2015; Huang et al. 2019; Mansoor et al. 2022). ROS
include singlet oxygen (102), superoxide anions (O, ), hydroxyl radicals (OHe), and
hydrogen peroxide (H,O,) and are involved in maintaining biochemical and cellular
processes like cell cycle, programmed cell death, growth and development, hor-
monal signaling, and biotic and abiotic stress reactions (Conrad et al. 2016; Mansoor
et al. 2022). However, ROS production is elevated under drought conditions leading
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to oxidative stress causing damage to nucleic acid and proteins, ultimately hamper-
ing plant’s growth and development (Gechev et al. 2006; Raja et al. 2017; Laxa et al.
2019; Khatri and Rathore 2022). Therefore, ROS concentration needs to be
maintained at its normal level (McLachlan 2020; Pammi et al. 2023). Antioxidant
defense system, which includes molecules and enzymes, is responsible for
maintaining ROS at the normal level (Noctor et al. 2018). Antioxidant molecules
include alkaloids, flavonoids, ascorbic acid, carotenoids, glutathione, phenolics, and
non-protein amino acids, while enzymatic antioxidants include catalase (CAT),
ascorbate peroxidase (APXs), glutathione reductase (GRs), glutathione peroxidase
(GPXs), and superoxide dismutase (SOD) (Laxa et al. 2019; Mansoor et al. 2022).
Antioxidant molecules scavenge ROS through several mechanisms such as electron
donation, redox homeostasis, protection of light- harvesting complex, and mainte-
nance of thylakoid membrane and act as chelators and inhibitors of ROS
(Hasanuzzaman et al. 2019, 2020; Pammi et al. 2023). Enzymatic antioxidants
catalyze dismutation of ROS to prevent hydroxyl formation, conversion of H,O,
into H,O molecules, oxidation for production of phenoxyl radical, etc. (Gill et al.
2015; Pammi et al. 2023).

Many studies have demonstrated higher level of antioxidant molecules as well as
higher activity of enzymes in AMF-colonized plants than their non-colonized
counterparts under drought stress. Qian et al. (2023) reported higher saponin VI
accumulation in Paris polyphylla when inoculated with Rhizophagus irregularis in
water- deficit condition. Similarly, greater carotenoid content was observed in
mycorrhizal Brassica juncea, Lactuca sativa, and Cupressus arizonica (Srivastava
et al. 2022; Ouhaddou et al. 2022; Aalipour et al. 2023). In addition, Funneliformis
mosseae colonization improved coumarin, phenolic compounds, and flavonoids in
Olea europaea, Poncirus trifoliata, and Mentha piperita (Tekaya et al. 2022; Liu
et al. 2022; Ostadi et al. 2023). Similarly, elevated activities of leaf APX, CAT,
APX, and GR were reported in Ephedra foliata upon colonization by a mixture of
Funneliformis  mosseae, Claroideoglomus etunicatum, and Rhizophagus
intraradices under different levels of water stress (Al-Arjani et al. 2020). Most
recently, Liu et al. (2023a) observed that a consortium of Rhizophagus clarus,
R. irregularis, Glomus lamellosum, and Funneliformis mosseae significantly
upped the activities of CAT, APX, SOD, and POD in Arachis hypogaea leaf
under different abiotic stresses like drought, salinity, and cold. Higher enzymatic
activities of these antioxidants can be partially attributed to enhanced nutritional
status in AMF-colonized plants as these enzymes are metalloenzymes, and their
activities are dependent on the availability of micronutrients like Fe, Cu, and
Mn. Besides, other factors like species of AMF and plant and level and duration
of stress also determine their activities (Evelin et al. 2019).
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7.5.5 Better Osmotic Adjustment

Organic osmolytes are low- molecular- weight, water- soluble organic compounds
that normally accumulate during abiotic stresses. Commonly accumulated organic
osmolytes include proline, glycine betaines, polyamines, and sugars (Evelin et al.
2019; Shankar and Evelin 2021). Accumulation of these organic solutes predomi-
nantly takes place in the cytoplasm; however, the synthesis of specific osmolytes
depends on plant tissue, species of plant, and type of stress involved (Yang and Guo
2018). Under drought stress, concentration of these solutes increases to maintain an
optimum water potential gradient and facilitate the flow of water from soil to plant
roots, consequently preventing cellular dehydration (Evelin et al. 2019; Saxena et al.
2022). Thus, these solutes participate in osmotic adjustment and can be used to
efficiently overcome the deleterious influence of osmotic stress (Tang et al. 2022).
Besides, these osmolytes exhibit functional diversity to ameliorate stress effects in
plants as they maintain membrane integrity and stabilize structure of protein,
enhance ROS defense system to prevent oxidative damage, provide carbon and
energy to recover from stress, protect photosynthetic apparatus, prevent K efflux
from cytoplasm, and function as signaling molecules (Lokhande and Suprasanna
2012; Shankar and Evelin 2021).

Organic osmolyte accumulation in plants under stress conditions is further
enhanced upon inoculation with AMF (Evelin et al. 2019; Tang et al. 2022; Liang
et al. 2022). It was observed that proline content was significantly increased in
Eucalyptus camaldulensis, Valeriana officinalis, Citrus aurantium, and Saccharum
spp. upon inoculation with Gigaspora albida, Funneliformis mosseae, and a mixture
of Glomus hoi, G. mosseae, and G. intraradices, respectively (Klinsukon et al. 2021;
Amanifar and Toghranegar 2020; Hadian-Deljou et al. 2020; Spinoso-Castillo et al.
2023). The enhanced proline content in plants following AMF inoculation can be
due to enhanced activity of enzyme P5CS (A’-pyrroline-5-carboxylate synthase),
higher expression of proline biosynthetic gene encoding P5CS, enhanced activity of
enzyme, glutamate dehydrogenase, and inactivation of enzyme and proline dehy-
drogenase (Abo-Doma et al. 2011). Besides osmoregulation, proline also partici-
pates in other cellular activities like ROS scavenging and stabilization of membrane,
proteins, and DNA. It also acts as a reservoir for excessive NAD* and NADP* for
photosynthesis and respiration and sources of carbon, energy, and nitrogen to
recover from stress (Kaur and Asthir 2015; Evelin et al. 2019; Shankar and Evelin
2021). In contrast, there are a few studies that report lesser proline content in the
AMF-colonized plants as compared to the non-AMF plants under abiotic stresses.
For example, Glycyrrhiza uralensis, Myrtus communis, and Physalis peruviana
when inoculated with Rhizophagus irregularis, Funneliformis mosseae, and
Claroideoglomus claroideum, respectively, had lesser leaf proline content than
control plants (Xie et al. 2018; Azizi et al. 2021; Geneva et al. 2023). Proline is a
stress marker and lesser proline accumulation in the AMF-colonized plants may
indicate less stress in them (Evelin et al. 2019). Moreover, decreased activity of
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P5CS could be attributed to lower proline content in Poncirus trifoliata inoculated
with Paraglomus occultum (Zhang et al. 2018b).

Glycine betaine is an amphoteric molecule that acts as an osmoregulator and/or
osmoprotectant in plants under drought stress (Saxena et al. 2022). AMF-colonized
plants showed more glycine betaine concentration than control plants, resulting in
higher osmotic potential than control plants under drought stress (Abd-Elghany et al.
2021). Increase in accumulation of glycine betaine could be attributed to enhanced
expression of choline monooxygenase and betaine aldehyde dehydrogenase (Zhang
et al. 2009). Higher concentration of glycine betaine is correlated to better cell
membrane and photosynthetic apparatus protection, scavenging of ROS, and stabi-
lization of protein and enzyme complexes (Sakamoto and Murata 2000; He et al.
2010; Niu et al. 2021).

Free amino acids provide tolerance to plants against drought stress. AMF colo-
nization can further enhance the level of free amino acids in the plant. AM symbiosis
in Helianthus tuberosus and Sesamum indicum increased the level of free amino
acids (Gholinezhad and Darvishzadeh 2021; Nacoon et al. 2022). Zea mays had
higher accumulation of y-aminobutyric acid, free amino acids, arginine, and orni-
thine when inoculated with Rhizophagus irregularis as compared to the non-AMF
plants growing in water stress conditions (Hu et al. 2020). Similarly, Hu and Chen
(2020) observed that Zea mays also accumulated higher concentration of glutamine
and y-aminobutyric acid and increased activity of glutamine synthetase when inoc-
ulated with a mixed consortium of Claroideoglomus etunicatum and Rhizophagus
irregularis as compared to the control plants.

Sugars are major osmoprotectants that contribute to nearly 50% of a plant’s
osmotic potential by providing carbon to recover from stress and aiding in osmotic
adjustment (Santander et al. 2017). Under stress conditions, total soluble sugar
increased in Malus hupehensis, Cinnamomum migao, and Fagopyrum esculentum
when inoculated with Rhizophagus irregularis, Glomus lamellosum, and
G. etunicatum and a consortium of Funneliformis mosseae, Rhizophagus
irregularis, and R. fasciculatus, respectively, as compared to the non-AMF plants
(Huang et al. 2020; Liao et al. 2021; Mohammadi et al. 2022). Tekaya et al. (2022)
reported higher accumulation of mannitol in Olea europaea when colonized by
Rhizophagus irregularis as compared to the non-mycorrhizal plants. Under osmotic
stress, AM symbiosis also improved glucose content in Oryza sativa and Ephedra
foliata (Tisarum et al. 2020; Al-Arjani et al. 2020). The increase in these sugars can
be attributed to increased photosynthesis and carbohydrate metabolism in the
AMF-colonized plants under abiotic stress conditions (Santander et al. 2017;
Tarnabi et al. 2020).

Polyamines are low- molecular-weight polycationic nitrogen-containing com-
pounds of aliphatic nature. They are found in all living organisms. During stress, it
takes part in several physiological responses like osmoregulation, stabilization of
membranes, ROS scavenging, cellular pH modulation, and photosynthesis (Pang
et al. 2007; Chen et al. 2019; Liang et al. 2022). AMF colonization modulated
polyamine levels in host plants under drought stress. Putrescine content was
enhanced by Rhizophagus irregularis in Zea mays under drought stress (Hu et al.
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2020). Interestingly, Hu and Chen et al. (2020) observed a decrease in putrescine
content in Zea mays when inoculated with Rhizophagus irregularis.

Drought stress also induces dynamism in accumulation of other osmolytes,
organic acids. Organic acids prevent the buildup of toxic chloride ions, while
providing cellular ion homeostasis, pH regulation, and osmotic adjustment (Guo
et al. 2010). AM symbiosis can modulate the accumulation of organic acid in plants.
Zea mays inoculated with Rhizophagus irregularis improved concentration of malic
acid and total organic acids under water- deficit conditions (Hu et al. 2020; Hu and
Chen 2020). Besides malic acid, Hu and Chen et al. (2020) observed increased
activity of GABA transaminase and malic enzymes in AMF-colonized maize plants.
AMF could provide protection to enzymes of organic acid biosynthesis as well as
initiate closure of stomata (Sheng et al. 2011; Hu and Chen 2020; Hu et al. 2020).
Increase in organic acids could positively regulate the Calvin cycle to promote
synthesis of sugar for plant’s growth and development and confer stress tolerance
(Guo et al. 2010). The exact mechanisms behind the alteration in organic acids in the
AMF-colonized plants are yet to be established and require further intensive
research.

7.5.6 Maintaining Higher Unsaturated Fatty Acid: Saturated
Fatty Acid Ratio

Drought tolerance in plants is also associated with a greater unsaturated fatty acid/
saturated fatty acid ratio (Mahnaz et al. 2020). AM symbiosis has been found to
regulate metabolism of fatty acids in conferring drought tolerance to the host plants.
In inoculation with AMF, F. mosseae induced a higher UFA (C18:1, C18:2, and
C18:3N3)/SFA (C18:0) ratio in roots of trifoliate orange plants as compared to the
non-mycorrhizal plants (Wu et al. 2019; Hu et al. 2020). In sesame plants, inocula-
tion with F. mosseae and Rhizophagus intraradices imparted drought tolerance by
maintaining higher UFA/SFA ratio and better antioxidant defense (Gholinezhad and
Darvishzadeh 2021). Higher UFA in mycorrhizal plants may be attributed to the
induction of FA desaturase 2 and FA desaturase 6 genes involved in desaturation of
fatty acids (Wu et al. 2019). AMF-induced maintenance of higher UFA levels
prevents the host plants from drought-induced oxidative damage by maintaining
membrane fluidity. Alternatively, AMF also induce sporulation and their growth
indirectly by increasing the level of C14:0 levels in the host plants (Sugiura et al.
2020; Meng et al. 2021a).
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7.5.7 Modulation of Phytohormones

Phytohormones, also known as plant growth regulators, play a crucial role in growth
and development. Drought stress alters endogenous phytohormone levels in plants.
However, AMF colonization has been shown to modulate levels of phytohormones
in imparting tolerance against drought stress in the host plants (Table 7.1). Abscisic
acid (ABA) is an important phytohormone that acts as a key signal molecule in roots
for AM colonization. AM symbiosis upregulated biosynthesis of ABA resulting in
higher ABA content in Solanum lypersicum which further induced closing of
stomata, thereby preventing transpiration and water loss (Chitarra et al. 2016).
Higher level of ABA is essential for maintaining structural fluidity and efficient
regulation of transport ions in plants (Yang et al. 2014). Under drought stress
conditions, a mixed consortium of Funneliformis mosseae, Claroideoglomus
etunicatum, and Rhizophagus intraradices increased the content of ABA in Ephedra
foliata (Al-Arjani et al. 2020). More recently, Qian et al. (2023) demonstrated that
colonization with Rhizophagus irregularis increased ABA content in Paris
polyphylla var. yunnanensis under drought stress. Increase in ABA can be attributed
to key genes such as 14-3-3 genes involved in ABA signaling. AM symbiosis
induced the expressions of PcGRF10 and PcGRF11 in Populus cathayana as their
expressions were correlated with improved osmoregulation and antioxidant defense
system (Han et al. 2022). However, it has also been shown that ABA content in the
AMF-colonized plants could reduce under stress conditions, indicating that ABA
regulation in the AMF-colonized host plants could vary (Cheng et al. 2021).
Reduction of ABA content in Cichorium intybus was observed under drought stress
upon Rhizophagus irregularis inoculation (Langeroodi et al. 2020). Chen et al.
(2020) also reported reduced ABA content in Catalpa bungei upon Rhizophagus
intraradices inoculation under drought stress. Similarly, ABA content was lesser in
R. irregularis- colonized Olea europaea than in control plants (Tekaya et al. 2022).
The decrease in ABA content in the mycorrhizal plants can be due to the role of ABA
in developing fungal mycelium in host plants (Kandowangko et al. 2009;
Goicoechea et al. 2010).

AM symbiosis imparts a positive influence on salicylic acid (SA) in improving
carbohydrate metabolism and ion homeostasis and formation of fungal structures
like arbuscules and vesicles, resulting in increased AM colonization (Liu et al.
2018). Moreover, salicylic acid also regulates root aquaporins to modulate water
conductivity and control root water transport (Quiroga et al. 2018). Higher levels of
SA were observed in mycorrhizal Olea europaea than in control plants under
drought stress (Tekaya et al. 2022).

Phytohormone jasmonic acid (JA) also takes part in improving plant’s tolerance
against abiotic and biotic stresses. Levels of jasmonic acid increased in stress
conditions (Gul et al. 2022). Liu et al. (2016) and Zhang et al. (2019) reported that
AM symbiosis enhanced the level of methyl jasmonate in trifoliate orange grown
under drought conditions. As JA promotes accumulation of osmolytes and enhance
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the antioxidant defense system (Qiu et al. 2014a, b), AM-induced enhancement of
JA protects host plants from drought stress.

Strigolactones are a class of plant hormone that participate in the detection of
fungal structures and establishment of AM symbiosis in the host plants (Chauhan
et al. 2022). They are also involved in regulatory roles against abiotic stress. Under
osmotic stress, production of strigolactones was down regulated; however, with the
application of AM fungi, levels of strigolactones were improved along with ABA,
consequently promoting AM symbiosis and related benefits to counter deleterious
effects of osmotic stress (Lopez-Réez 2016). Higher levels of strigolactones in
Sesbania cannabina could be as a result of high ABA in the mycorrhizal plants, as
ABA induces production of strigolactones that improve the ability of the plant to
tolerate abiotic stress (Ren et al. 2018).

There are also other phytohormones whose levels were modulated upon AM
symbiosis in abiotic stress conditions. Indole-3-acetic acid (IAA), an auxin, dramat-
ically improved in Ephedra foliata and Camellia sinensis in the presence of mixture
AMF (Funneliformis mosseae, Claroideoglomus etunicatum, and Rhizophagus
intraradices) and C. etunicatum, respectively, under osmotic stress (Al-Arjani
et al. 2020; Liu et al. 2023b). Induction of auxin synthesis is key to enhanced growth
of root hairs that will improve plant nutrition and help plant to resist the negative
effects of osmotic stress (Liu et al. 2018). Chen et al. (2020) reported an increase in
IAA, along with gibberellins, IAA/ABA, and GA3/ABA in Catalpa bungei in the
presence of Rhizophagus intraradices under drought stress and a decrease in ABA
and zeatin. The role of hormones in improving tolerance against osmotic stress under
AM symbiosis is not fully understood; therefore, more research should be directed
towards studies involving phytohormones and AM fungi under stress conditions.

7.5.8 Influence on LEA Proteins, Dehydrins, and ATPase

LEA proteins are rich in glycine, alanine, and serine and consist of a diverse family
of minute hydrophilic polypeptides (10-30 kDa) (Karpinska et al. 2022). They are
housed in subcellular compartments like cytosol, mitochondria, and chloroplast and
are regulated by phytohormones like ABA (Huang et al. 2016; Artur et al. 2019).
Some LEA proteins function as molecular chaperones under abiotic stress and help
in the restoration of proteins into their natural conformations, thus enhancing stress
tolerance (Kovacs et al. 2008). Expression of genes LEA proteins could contribute to
drought tolerance. Gh_A08G0694, a LEA3 family gene when overexpressed in
Gossypium hirsutum, in collaboration with other key stress- tolerant genes such as
glyceraldehyde-3-phosphate dehydrogenase and a voltage-dependent anion channel
1 and other regulatory networks could promote drought tolerance (Shiraku et al.
2022). Wang et al. (2023b) reported that ZmNHLI protein encoded by a LEA-2
protein family could improve activities of POD and SOD and lower electrolyte
leakage and promote drought tolerance in Zea mays.
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Dehydrins or group II LEA are the LEA proteins which are most widely
described. They are low molecular weight, thermostable, and hydrophilic and
generally assemble in the later phase of embryogenesis in response to abiotic stress
and widely scattered in bryophytes, angiosperms, and gymnosperms (Yu et al.
2018). Response of dehydrins varies with levels of drought stress. For instance,
expressions of SADHN and SiDhn2 reached the maximum level (12-fold change)
when subjected to 6 and 3 h of drought conditions, respectively (Qiu et al. 2014a, b;
Liu et al. 2015). Under drought stress, MtCAS31 responds positively to drought by
promoting autophagy of MtPIP2;7 proteins and reducing hydraulic conductivity of
roots, consequently minimizing water loss (Li et al. 2020). Overexpression of
CaDHNS3 , a dehydrin gene of Capsicum annum enhanced tolerance against water-
deficit condition in Arabidopsis thaliana by promoting phenotypic characteristics
and enzymatic antioxidant defense system (Meng et al. 2021b).

The contribution of AM symbiosis in the light of LEA proteins and dehydrins
under drought is limited. However, Porcel et al. (2005) observed that AMF can alter
the accumulation dehydrin pattern in Glycine max and Lactuca sativa under drought
stress. Expression of LEA genes such as Islea 1, gmlea 8, and gmlea 10 was lesser in
the mycorrhizal plants than in the non-AMF plants under drought conditions, thus
indicating that AM symbiosis does not involve LEA proteins as a drought tolerance
mechanism. In contrast, AMF contributed to drought tolerance by increased accu-
mulation of dehydrins (Ruiz-Lozano et al. 2008).

H*-ATPase is a membrane protein that generates the H" electrochemical gradient
which regulates solute and nutrient transport through the membrane (Garry et al.
2007). The activity of plasma membrane H*-ATPase under drought is inhibited
causing net H" influx which results in depolarization of membrane potential. There-
fore, higher activity of H*-ATPase is crucial to prevent cellular H* influx and K*
influx in order to maintain K* homoeostasis (Zhang et al. 2018¢). Dong et al. (2013)
observed that over expression of MdVHA-A, a H*-ATPase subunit A, improved the
activity of vacuole H*-ATPase to confer drought tolerance in Malus domestica, thus
making it a potential gene candidate for drought tolerance. It was also shown that the
activity of H*-ATPase in plasma membranes could be promoted by drought- induced
augmentation of polyamines like spermine and spermidine in Triticum aestivum
(Du et al. 2015). Transcriptional study of four H-ATPase genes in Solanum
lypersicum namely, SIHAI, SIHA4, SIHA2, and SIHAS, was investigated and it
was reported that in the presence of Rhizophagus irregularis, SIHA2 and SIHAS in
leaf and root were upregulated, while SIHAI and SIHA4 remained unaffected; thus,
AM regulation of HA genes depends on HA homologous genes and the host plants
(Liu et al. 2016). Further, expression of SIHAS8 was linked to arbuscule development
and nitrogen uptake (Liu et al. 2020). Under drought stress, Funneliformis mosseae
distinctly improved the activity of H"-ATPase in roots and leaf by 22.61% and
26.06%, respectively, than in control Poncirus trifoliata plants. Transcriptome study
also revealed that expression of PFAHA2 in both leaf and roots was significantly
improved by 9.50- fold and 20.92-fold, respectively, in the mycorrhizal plants
(Cheng et al. 2021).
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Drought stress triggers the level of calcium (Ca®*), an important intracellular
second messenger, resulting in the aggregation of nucleic acids and proteins, mem-
brane lipid disintegration, and phosphatase precipitation, consequently leading to
death of cells (Knight and Knight 2001; Case et al. 2007). The enhanced accumu-
lation of cytosolic Ca®* ions is effluxed out to restore Ca>* homeostasis by
antiporters and a high- affinity, low- capacity transporter known as Ca>* ATPases
(Bose et al. 2011). Besides, Ca** ATPases also play a remarkable role in stomatal
regulation, pollen development, floral inflorescence architecture, and gibberellin
signaling (Huda et al. 2013). However, there is a lack of studies that provide direct
data on the role of Ca®* ATPases in stress tolerance. Drought stress triggered
overexpression of OsACA6, a Ca> ATPases gene in transgenic Oryza sativa, and
this modulated scavenging machinery of ROS and synthesis of proline. In addition,
overexpressing transgenic lines showed higher content of chlorophyll, photosynthe-
sis, stability of membrane, and reduced loss of water, thus ensuring drought toler-
ance (Huda et al. 2013). Under drought condition, the activity of Ca®* ATPases
along with H"-ATPase was induced in extraradical hyphae of R. irregularis in
symbiosis with Daucus carota. This caused acidification of rhizosphere soil which
promoted plant nutrition and exchange of signals between the plant and the AMF
(Xu et al. 2018a). More recently Sheteiwy et al. (2021) also noted improved activitie
s of Ca** ATPases along with H*-ATPase in soybean plant in the presence of AMF
(Acaulospora laevis, Septoglomus deserticola, and R. irregularis) to confer drought
tolerance. However, the studies concerning induction of ATPase activities, espe-
cially Ca®* ATPases under drought conditions in the presence of AM fungi, are
limited. Therefore, extensive research should be directed towards understanding the
regulation of ATPase in different plants by different AMF at different levels of
drought stress.

7.6 Conclusions

The benefits of AMF in ameliorating drought stress are well documented. AMF
symbiosis have proved to be a key tool in bestowing drought tolerance and conse-
quently mitigate drought- induced damages in plants. The ameliorative mechanisms
under drought stress include AMF-induced adaptive changes in structure, biochem-
istry, and physiology of the host plants. However, the current study finds that the
following research areas need further investigation to gain full understanding of
AMF-induced drought tolerance in host plants:

1. Genomic studies have enabled us to study whole genome sequences in
R. irregularis and a few stress- related genes encoded by AM fungi (Tisserant
et al. 2013). Regulatory mechanisms of these genes in the light of drought stress
could provide new information regarding stress tolerance.

2. Molecular studies involving functional genes, transcription factors, and regula-
tory genes that influence drought tolerance are limited (Wang et al. 2023a, b) and
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are insufficient to decipher the mechanisms of drought tolerance at molecular
level.

3. Though AM symbiosis upregulates various hormonal signaling pathways in
response to drought stress, the information on their regulation is limited.

4. As the response of plant varies with AMF species and drought stress level,
successful plant-AM symbiosis relies on the selection of suitable host plant and
AM fungi under drought. Therefore, future research should be directed to screen
out indigenous and drought- tolerant AMF species to enhance the effectiveness of
AM symbiosis.
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Arbuscular Mycorrhizal Fungi in Plant s
Tolerance to Organic Pollutants

and Associated Food Safety

Hamideh Bakhshayeshan-Agdam, Mahdieh Houshani,
and Seyed Yahya Salehi-Lisar

Abstract Industrialization and the modern world have led to environmental con-
tamination by organic pollutants, many of which are persistent and could engender
hazardous disorders in ecosystems and living organisms including humans. Organic
pollutants are phytotoxic compounds and affect the plant biochemical and physio-
logical processes. However, plants can uptake these compounds leading to inclusion
of pollutants into food chains. Nowadays, several studies have been carried out to
explore and develop novel strategies that could lessen or eradicate pollution while
posing no deleterious effects on the environment. Bioremediation (including
phytoremediation) is green technology for the remediation of contaminated soils
and water. The majority of plant species form symbiosis with mycorrhizal fungi
which usually leads to improved plant resistance to organic contaminations. There-
fore, plant root inoculation with mycorrhizal fungi could be a biological solution for
the problem of organic pollutants.

Keywords Organic pollutants - Arbuscular mycorrhizal fungi (AMF) -
Bioremediation - Crops

8.1 Introduction

Large amounts of mineral and organic pollutants are released into the environment
because of human activities such as agriculture and mining, which causes soil
pollution and ultimately the accumulation of these pollutants in agricultural products
(Wang et al. 2019). For example, pesticides as contaminations are widely used to
secure crops from pathogens and weeds. Besides, other organic contaminations,
such as polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons
(PAHs), phthalates (PAEs), and petroleum hydrocarbons, generally have long
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persistence in agricultural soils. A lot of these organic pollutants are mutagens,
carcinogens, and teratogens (Wang et al. 2019; Casida 2017). Biological mecha-
nisms are commonly used for the elimination of these toxic compounds from the
environment (Fecih and Baoune 2019). Symbiotic interactions, mycorrhizal associ-
ations, in particular, are valuable tools for the bioremediation of polluted ecosystems
(Whitacre 2015). Mycorrhizoremediation, the use of mycorrhizae in bioremediation,
is one of the biological ways that could alleviate the matter of persistent organic
pollutants (POPs) that results in removing the pollutants from soils and increases the
host plant growth and development in contaminated soils (Fecih and Baoune 2019).
In the current chapter, the arbuscular mycorrhizal fungi (AMF)-induced plant
response to organic pollutants, the role of AMF in plant-based remediation of
organic pollutants, the positive effect of AMF inoculation on host plants grown in
contaminated environments, as well as their application for ensuring food safety are
discussed.

8.2 Mycorrhiza: Definition and Types

Mycorrhiza is a unique symbiotic relationship between beneficial fungi and host
plant roots. This symbiosis can be divided into two types: ectomycorrhiza and
endomycorrhiza.

8.2.1 Ectomycorrhiza

Ectomycorrhizae are formed by basidiomycetes and ascomycetes with the roots of
plants mainly from cold temperate regions, such as beech, birch, pine, willow, oak,
spruce, and fir (Smith and Read 2008; Ganugi et al. 2019). Ectomycorrhizal symbiosis
is featured in intercellular fungi hyphae net called as the “Hartig Net.” The Hartig Net
includes vastly branched hyphae attaching the root epidermal and cortical cells. The
fungus creates a covering of hyphae around the root and completely covers the tip of
the root, but never enters the cells (Ganugi et al. 2019; Dighton and Allen 1991).

8.2.2 Endomycorrhiza

Endomycorrhizae are found in over 80% of vascular plants. Endomycorrhiza is
distinct from ectomycorrhiza in formation and function. The fungus hyphae grow
inside the plant roots and even transpire to the root cell walls. They have more
invasive relationship than ectomycorrhiza (Weber 2005; Ganugi et al. 2019).
Endomycorrhizae are divided into five types including arbuscular mycorrhizae,
ericaceous mycorrhizae, arbutoid mycorrhizae, monotropoid, and orchidaceous
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mycorrhizae (Ganugi et al. 2019). Arbuscular mycorrhizae are the most widespread
and important relationship in the plant kingdom.

8.2.2.1 Arbuscular Mycorrhizae Fungi (AMFs)

Arbuscular mycorrhiza symbiosis is the largest association between over 100,000
plant species and a few 100 AMF morphotypes (Chen et al. 2018). AMFs are
obligate biotrophs and indeed need plant photosynthetic products which are neces-
sary for their metabolism (Begum et al. 2019).

The penetration of the fungus into the root can be done in various ways including
(1) appressorium generation from which intracellular hyphae originate, (2) penetra-
tion through a radical hair, and (3) entering across the cells of external layers of roots
that are often dead (Ganugi et al. 2019).

8.3 Benefits of AMFs for Plants

Based on the obtained results from fossil and molecular data, the symbiosis of
mycorrhizal fungi and plants dates back to the time of the first plant appearance on
land, which is about 400-450 million years ago (Smith and Read 2008; Selosse et al.
2015). The symbiosis between mycorrhizal fungi and plants has many advantages
for plants:

8.3.1 Effects on Plant Growth and Nutrition

Among the symbiotic microorganisms, AMFs are widely distributed and establish
symbiotic relationships with most crops (Posta and Hong Duc 2020). In many
studied plant species, AMFs improve growth (Bona et al. 2017; Gamalero et al.
2004; Gogoi and Singh 2011; Nakmee et al. 2016; Parihar and Bora 2018) and
uptake of mineral elements like nitrogen and phosphorus (Jansa et al. 2019; Song
et al. 2020). AMFs enhance the mineral absorption in the plants as a result of an
escalation in the absorption network of nutrients around the roots, which makes the
roots available to a large amount of soil (Smith and Smith 2011; Begum et al. 2019).
Besides, the fungal hyphae are very tiny compared with the roots of plants, so they
can enter the tiny pores and subsequently absorb more nutrients. The direct transfer
of nutrients to the inner layers of the root tissue has also been proposed as a
mechanism to increase the uptake of elements. Molecular data have shown that
during the coexistence of plants with AMFs, the expression of transporter genes such
as aquaporins, phosphate, ammonium, nitrate, sulfur, and zinc transporters increases
(Diagne et al. 2020). Experimental trials have shown that inoculation with AMFs
leads to increased plant leaf area and higher contents of essential elements such as
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phosphorus, nitrogen, potassium, and calcium and finally boosts plant growth
(Begum et al. 2019). In fact, AMFs support plants nutritionally, especially in
stressful situations.

8.3.2 Alleviation of Stress in Plants

Many studies were carried out to examine the mitigating effects of AM fungi on
plants under different stresses. The results revealed that these fungi could improve
the tolerance of inoculated host plants to a wide range of stress including biotic and
abiotic stress (Diagne et al. 2020).

Drought is a devastating abiotic stress affecting plant growth and development
(Salehi-Lisar and Bakhshayeshan-Agdam 2016; Ganugi et al. 2019). Inoculation of
plants with AMFs makes them resistant to drought and increases the stability of
plants in stressful conditions (Diagne et al. 2020). The increase of water absorption
by AMFs is done mainly through the development of more absorption surface by
fungal hyphae (Augé 2001), as well as increasing the access to fine soil pores and
improving the apoplastic flow of water (Diagne et al. 2020).

Heat and cold stress are also considered as important stress factors affecting
plants worldwide (Begum et al. 2019; Hasanuzzaman et al. 2013). Plant inoculation
with AMFs increases the resistance of plants to temperature stress by improving the
water and mineral element absorption, improving the efficiency and capacity of
photosynthesis, alleviation of oxidative stress, and inducing osmotic adaptation
(Caradonia et al. 2019; Zhu et al. 2017).

AMF could be a remedy for chemical pesticides in agriculture, leading to higher
sustainability and eliminating public health hazards. Indeed, it is well-known that
AMF could lessen the soil-borne pathogens that caused damage in plants (Ganugi
et al. 2019).

The soil structure is adversely affected by intensive agricultural practices. The
hyphae of AMFs are one of the chief binding factors involved in stabilizing soil
aggregates (Miller and Jastrow 2000).

8.4 Environmental Pollutants: Types and Problems

The pollution of the environment because of the spreading of industrial and urban
wastes produced through anthropogenic acts is one of the significant environmental
worries in the world (Jacob and Cherian 2013). Environmental contaminants pol-
luting the water and land resources result in the reduction of food quality and health
risks in living organisms (Dean et al. 2001; Houshani et al. 2021). The common
pollutants exist abundantly in the environments such as PAHs, pesticides, PCBs, and
explosives as organic compounds and inorganic compounds such as metals, metal-
loids, and radionuclides (Testiati et al. 2013; Vane et al. 2014). Their long-lived
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toxicity, persistence in the environment, and their large amount require a lot of
attention (Aina et al. 2006; Parrish et al. 2005). Organic pollutants can disrupt
different plant segments and activities like membranes, metabolism, water and
nutrient uptake, and other disorders. In the same manner, these organic contamina-
tions have the ability to cause toxicity and have xenobiotic and carcinogenic
properties (Zeb et al. 2022). Human and wildlife exhibition to such steady and
toxic compounds leads to their accumulation and movement into plants and also
natural and agricultural food chains (Yan et al. 2004).

8.4.1 Persistent Organic Pollutants (POPs)

Organic pollutants are toxic and can harmfully affect living organisms. There are
different sources for releasing these pollutants including accidental release, indus-
trial functions (such as chemical and petrochemical plants), agriculture (such as
pesticides), and military activities (such as explosives, chemical weapons) (Ensley
and Raskin 1999; Ashraf 2017). Further, organic contaminations include various
types of compounds like solvents (such as trichloroethylene), explosives (such as
trinitrotoluene (TNT) and cyclotrimethylenetrinitramine), polycyclic aromatic
hydrocarbons (PAHs), petroleum products (such as benzene, toluene, ethylbenzene,
and xylene: BTEX), polychlorinated biphenyles (PCBs), and pesticides (such as
atrazine, chlorpyrifos, 2, 4-D) (Singh and Jain 2003; Zeb et al. 2022). As a conse-
quence of standing against biological, chemical, and photolytic transformation
processes, they could accumulate in the environment and could be moved by wind
and water and thus affect living organisms far from where they are released (Cheng
et al. 2017).

8.5 Organic Pollutant Effects on Plants

Many organic pollutants are plant toxic compounds and influence numerous bio-
chemical and physiological activities in plants. These organic pollutants can make
acute and chronic damages to plants based on the concentrations and duration of
exposure (Kmentova 2003; Cheng et al. 2017). The long-lived effect of toxic organic
pollutants can impact the sustainability and performance of ecosystems, reduce
biomass production and oxygen release through photosynthesis, and finally lead to
the destruction of the environment (Vanova 2009). In addition, the severity of the
effects of organic pollutants on plants depends on the ontogenetic phase of growth,
the physiological condition of the organisms, the morphological and size features of
the leaf surface, cuticle enterability, transpiration rate and leaf length, and the
enzymes involved in organic pollutants metabolism such as peroxidases, hydrolases,
and cytochrome P450 causing the reactivity of plants to these pollutants (Greipsson
2011). These pollutants cause morphological, cytological, genetic, and metabolic
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disorganization; for example, through the induction of oxidative stress, they inhibit
and reduce seed germination and disrupt the functioning of the photosynthetic
apparatus (Reynoso-Cuevas et al. 2008; Tomar and Jajoo 2014).

8.5.1 Seed Germinations

Seed germination and root system formation are vital stages of plant growth
influenced by various factors as external factors. Accordingly, as one of the outside
factors affecting plants, pollutants can influence all phases of plant life cycle from
germination to reproduction (Maila and Cloete 2002; Reynoso-Cuevas et al. 2008;
Houshani et al. 2021). Investigators have demonstrated that the reactivity of maize,
barley, millet, and lettuce seed germination to PAHs as an organic pollutant is more
dependent on the length of the root (Kmentova 2003; Kummerova et al. 2012,
Houshani et al. 2019). Salehi-Lisar and Deljoo (2015) reported that organic pollut-
ants had a damaging effect on the germination speed of alfalfa, sunflower, and wheat
and caused a decrease in their growth.

8.5.2 Metabolism and Photosynthesis

Recent research has shown that organic pollutants have a profound effect on plant
metabolism and mainly have a negative and destructive effect on photosynthesis and
synthesis of lipids, amino acids, proteins, nucleic acids, and hormones. For instance,
PCBs and herbicides as an organic pollutants have been found to be detrimental to
cell metabolism (Brain et al. 2010; Cheng et al. 2017). In parallel, it was found that
these pollutants can inhibit photosynthesis in plants through the prevention of
photosynthetic pigment biosynthesis, making green leaves and stems white and
translucent (Liu et al. 2010; Kaspary et al. 2014; Cheng et al. 2017). Organic
contamination can restrain the photosynthesis process. In addition, these pollutants
can perforate chloroplasts and affect the initial ways of photosynthesis (Zobiole et al.
2009; Amaia et al. 2013). Correspondingly, the stability and activity of the photo-
synthetic structure can be affected by organic pollutant contamination and also they
can interrupt the electron transport chain by producing quinone compounds and
binding to plastoquinones. In addition, these contaminants can inhibit photosystem
II (PSII) on both sides (Kummerova et al. 2006; Houshani & Salehi-Lisar 2020).

8.5.3 Oxidative Stress

Plants have enzymatic and non-enzymatic defense techniques to mitigate oxidative
stress induced by organic pollutants (Yoshiyama et al. 2013). The oxidative stress
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induced by these pollutants and their connection with morphological disorders has
been previously stated in different plant species such as Arabidopsis thaliana (Alkio
et al. 2005). Tarigholizadeh et al. (2021) reported that PAHs could cause oxidative
stress in Panicum miliaceum. Treated plants have shown a remarkable increase in
antioxidant enzyme activity along with a substantial increase in non-enzymatic
antioxidant levels potentially in order to detoxify reactive oxygen species.

8.6 Plant Resistance to POPs: General Mechanisms

Plants have the potential to uptake contaminations from the environment by the root
system or aerial parts. Also, they can remove or reduce pollutant concentration in the
environment by different strategies like rhizoremediation, phytoextraction,
phytostabilization, phytovolatilization, phytodegradation, and rhizodegradation.
These strategies form the basis of phytoremediation technology (Etim 2012).
Accordingly, phytoremediation is named rhizodegradation when degradation occurs
in the rhizosphere, and it is also named phytostimulation when it includes microbes.
In some samples, the pollutants are deactivated in the root zone called
phytostabilization. The blended processes of the rhizosphere within the root promote
phytoremediation called rhizoremediation. Phytoextraction refers to assembling
contaminations in collective plant tissues—uniquely shoot tissues. This approach
is notably utilized for phytoremediation of inorganic pollutants. In some cases,
plants can break down contaminations inside their tissues; this process is named
phytodegradation and is mainly appropriate for organic contaminations. Some
pollutants can also be volatilized by plants and this process is called
phytovolatilization (Etim 2012; Kafle et al. 2022). The organic pollutants are chiefly
degraded as plant responses to organic pollutants by two mechanisms:
phytodegradation or phytotransformation and rhizoremediation (Arthur et al. 2005).

8.6.1 Transformation of POPs

The transformation of organic contaminations in plants is done by enzymes (Vanova
2009). It is a characteristic of a process that is species-specified and may be specific
to that plant and occur only in a particular tissue or organ or even at a particular
growth step (Kmentova 2003; Vanova 2009). The transformation of pollutants in
plants is divided into three stages, which include conversion, conjugation, and
elimination reactions (Fig. 8.1).

In the primary stage, oxidation, reduction, and hydrolysis reactions are created by
enzymes such as cytochrome P450 or carboxylesterases. The reduction reactions are
of little importance in transformation, but oxidation is the most involved reaction in
detoxification of the organic pollutants. The important reaction in the stage of
oxidation is monooxygenation (hydroxylation) where the addition of oxygen to
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Fig. 8.1 Various stages of metabolism of organic pollutants in plant cell

toxicant molecule occurs (Korte et al. 2000). It is mentioned that the top-said stage is
placed within the endoplasmatic reticulum or mitochondria and these reactions may
adjust combinations and able to conjugate with amines, alcohols, and acids in the
next stage of detoxification (Korte et al. 2000; Syed et al. 2010).

In the subsequent stage (conjugation), the conjugated forms of pollutants are
created by adding compounds like sugars, amino acids, organic acids, and peptides.
Reactions are carried out by enzymes such as transferases. For example,
glucosyltransferase and glutathione transferase enzymes add sugars and glutathione
to pollutants, respectively. Then, malonyltransferase enzyme adds malonic acid after
adding glucose (Knejzlik et al. 2000; Collins 2011).

The third stage is called detoxification. The conjugated compounds constructed in
the former stage are transported to the vacuole by ABC transporters. On the other
hand, the metabolites accumulated in the vacuole are catalyzed by hydrolytic
reactions inside the vacuole and then again transferred to the cytoplasm for other
catabolism (Brazier-Hicks et al. 2008). Also, plants can store soluble conjugated
compounds in the vacuole and transport insoluble conjugated compounds to the cell
wall for further catabolism (Trapp and Mcfarlane 1995). Moreover, numerous
organic contaminations that possess carboxyl, sulthydryl, and hydroxyl or amine
groups are located into lignin or to other cell wall components like hemicellulose,
cellulose, or protein (Vanova 2009; Kang et al. 2010).



8 Arbuscular Mycorrhizal Fungi in Plant Tolerance to Organic Pollutants. .. 185
8.6.2 Phytodegradation

This concept is considered a process using plants to remove or degrade or reduce the
toxicity of environmental pollutants (Singh et al. 2017; Kafle et al. 2022). Plant
degradation includes the direct destruction of organic pollutants, and this action
occurs through the discharge of enzymes from the roots or through metabolic
activities in plant tissues. In phytodegradation, organic pollutants are absorbed by
roots and metabolized into smaller toxic substances in plant tissues. Some studies
have reported that different leguminous and grass plant species have the ability to
break down organic contaminants (Adam and Duncan 1999). Some tropical plants
significantly have the potential to degrade organic pollutants, and this potential is
due to the inherent characteristics of the plant itself including deep fibrous root
systems and high hydrocarbon tolerance (Dzantor et al. 2000). Plant intercropping
has the ability to increase the speed of breakdown of organic contaminations in
comparison with the cultivation of plant individually in soil (Chouychai et al. 2009;
Cheema et al. 2010). For example, plants such as alfalfa (Medicago sativa), corn
(Zea mays), rice (Oryza sativa), rapeseed (Brassica napus), and Festuca
arundinacea can increase the capability of degradation in polluted environments
(Cheema et al. 2008; Du et al. 2011).

8.7 AMFs and Plant Resistance to POPs

AMFs could modify soil structure and plant health and decline the contaminant
accumulation in the plants as well. AMFs improve the plant resistance to organic
pollutants and enhance plant growth, resulting in higher biomass production in
contaminated soils. AMFs reduce organic pollutant residues in the plant shoots
and increase the accumulation of pollutants (POPs in particular) in plant roots.
AMFs could improve the resistance of plants to POPs in various ways including
(1) biomass increase in plants via improved mineral nutrition and water availability,
(2) enhanced activities of contaminant-degrading enzymes, (3) alleviation of the
harmful effects of oxidative stress induced by pollutants, (4) accumulation of
pollutants by AMF structures, (5) reduction of pesticide and herbicide use in
agricultural fields, and (6) stimulation of growth of microorganisms involved in
the degradation of contaminants in the soil (Wang et al. 2019; Fecih and Baoune
2019). It was observed that AM causes significant degradation of PAHs as one type
of organic pollutant. The demotion of pollutants has been observed in plants with
mycorrhizal treatments much more and faster (Joner and Leyval 2003). Similarly,
Gao et al. (2011) reported greater degradation of pyrene and phenanthrene as PAHs
in plant soils with AM cultivation than in soils without AM cultivation.
Ectomycorrhizal fungi in pure culture are able to secrete oxidative enzymes such
as polyphenol oxidases, laccases, tyrosinases, or peroxidases and these enzymes can
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degrade PAHs in spike soils under controlled environmental conditions (Gramss and
Rudeschko 1998; Genney et al. 2004).

8.8 Use of AMFs for Management of Polluted Environment
and Agriculture

One of the most successful bioremediation techniques is the AMF-assisted remedi-
ation. In this technique, improvement of soil construction and enhancement of
nutrient uptake by plants and the efficiency of POP bioremediation increase consid-
erably. In order to improve the bioremediation process, the adapted strains of AMFs
must be selected and used for plant inoculation in polluted ecosystems (Fecih and
Baoune 2019). Gao et al. (2010) reported that AMF hyphae have a great potential to
uptake PAHs. Combined use of AMFs and rhizobia can be effective in enhancing the
phytoremediation efficiency of PAHs such as phenanthrene and pyrene by plants
(Ren et al. 2017). Teng et al. (2010) suggested that synergistic interactions between
AMFs and rhizobium may have great potential to enhance the phytoremediation of
agricultural soil contaminated with weathered PCBs.

8.9 AMFs and Food Safety

Food supply and safety is one of the most important issues for a growing global
population. Application of excess chemicals (such as fertilizers, herbicides, pesti-
cides, etc.) in agriculture is not a sustainable approach for the future because it causes
severe environmental challenges such as negative impacts on soils, human and
ecosystem health, accumulation of biocide residues in the environments, and finally
affecting plant productivity and product safety. Therefore, chemicalized agriculture
is an important challenge for food safety in the future (George and Ray 2023). In
recent years, enough and safe food production to feed the world population has
become a serious problem worldwide. Recently there have been many reasons for
the extensive production of AMF inocula. Favorable effects on health, plant growth
and development, ecosystem restoration, disease management, and
phytoremediation improvement are the most important reasons among them
(Siddiqui et al. 2008). Organic farming is developing day by day and its general
principles are the elimination of most synthetic materials, soil management through
the addition of organic materials, and the use of crop rotation (Gosling et al. 2006).
Indeed, AMFs are capable not only of relieving lower fertilizer inputs (especially
phosphorus) in organic systems but also of helping to phytoremediation of POPs
(Fecih and Baoune 2019). Figure 8.2 briefly illustrates the role of AMF in improving
food safety.
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8.10 Conclusions

Environmental pollution influences soil characteristics and reduces plant growth and
yield along with its impact on food safety and human health. Production of sufficient
and safe food for the growing population of the globe is one of the most important
concerns in many countries. In many regions farmers cultivate crops in polluted soils
or use polluted water for irrigation, leading to contamination of foods directly or
indirectly. So, the management of contaminated lands for crop cultivation is an
urgent need. Many strategies can be used to improve the cultivation of crops and to
decrease the risk of food contamination in polluted soils. Remediation of the
environment by different techniques is the most effective strategy for preventing
the entry of contaminants into the food chain. Mycorrhizal fungi (especially AMFs)
have great potential in the degradation of some organic pollutants. Therefore,
colonization with AM fungi helps to protect plants and decrease contaminant entry
into crop plants and the food chain. More biochemical, physiological, and molecular
studies are needed to determine the role of AMF in removing organic pollutants and
the involved mechanisms. These researches could help to progress in the usage of
AMF as candidates to assist phytoremediation and restoration of the environments
polluted with organic contaminants.
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(AMF)-Mediated Control of Foliar Fungal
Diseases
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Abstract Plants witness a variety of disease incidences throughout their life,
ultimately resulting in reduced plant growth and productivity. Climate change or
human interventions have aggravated the incidences of various plant diseases,
among which foliar fungal diseases are serious threats. Arbuscular mycorrhizal
fungi (AMF) are a mutualistic group of organisms that play a significant role in
enhancing plant growth and resilience under varied environmental circumstances.
Moreover, it is well established that AMF confers tolerance against several foliar
fungal diseases. This chapter highlights how fungal foliar diseases affect plant health
and the various roles of AMF in providing resistance to different crop plants. In
addition, AMF-mediated alterations in the root system architecture (RSA), modula-
tion of reactive oxygen species (ROS), and reinforcement of the physical barrier that
prevents pathogen invasion and establishment have been discussed in detail. Fur-
thermore, the intricate cross talk between AMF and phytohormones or plant metab-
olites has also been explored. Overall, harnessing the potential of AMF in imparting
tolerance against foliar fungal diseases might reduce the reliance on chemical
fungicides, thereby introducing an environment-friendly approach for plant
protection.
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9.1 Introduction

The outbreak of plant pathogens in newer areas and their extension to multiple plant
hosts along with the emergence of new pathogenic strains has caused a major threat
to global food security and sustainable crop production. Alterations in weather
patterns of a geographical location might create an environment more conducive
for insects, pests, or pathogens (Pawlowski and Hartman 2020), which directly affect
plant life and ultimately cause a threat to mankind. Among various plant diseases,
fungal diseases have caused major crop loss around the world. For example, in the
1840s, potato blight disease caused by the fungus Phytophthora infestans, had
created havoc in Ireland, where millions of people lost their lives and livelihoods
(Badri and Vivanco 2009). Foliar fungal diseases are one of the key constraints
affecting the productivity of crop plants. Blight, wilt, powdery mildew, anthracnose,
leaf spot, etc. are some of the well-known foliar fungal diseases, which infect
majority of the crop plants causing a heavy loss in crop yield. With the rise in
plant disease incidences, agronomists have searched for several alternative ways to
achieve disease-free sustainable agriculture. Among various plant disease manage-
ment practices, the use of AMF, a group of obligate fungal symbionts, in the
agricultural sector has gained momentum in recent times. AMF belonging to the
group Glomeromycotina are the most comprehensive plant root symbionts, which
supply soil nutrients like phosphorous (P) and nitrogen (N) to the plant roots via
extra- and intra-radical mycorrhizal hyphae in exchange for lipid and sugar mole-
cules (Marro et al. 2022).

AMF are protective symbionts that help the host plants to survive well in any
diseased condition by providing the plants with defensive benefits and thereby
shaping balanced ecological dynamics (Eck et al. 2022). About 80% of terrestrial
plants live in direct association with different groups of AM fungi, which determines
the overall health and fitness of the host plant (van der Heijden et al. 2015; Weng
et al. 2022). Mutualistic interactions among the host plants and mycorrhizal partner
determine the belowground ecosystem as well as regulate nutrient cycling (Sharma
et al. 2023). However, being ubiquitous in nature, the potential of AMF in governing
the fate of a host plant undergoing pathogen infection under natural conditions is not
yet fully understood.

The distribution, abundance, and diversity of plant species in a natural ecosystem
are influenced by the negative effect of any biotic or abiotic stress. Biotic stress-like
disease conditions lead to the alteration in the normal physio-biochemical process of
the plants, ultimately hampering growth and development. AMF provides nutritional
and defensive support to the associated plant and also improves plant primary and
secondary metabolism and the mobilization of less mobile elements, thus enhancing
plant protection from pathogens (Delavaux et al. 2017; Kaur and Suseela 2020; Dey
and Ghosh 2022). AMF association provides the host plant with an augmented state
of defense, called defense priming, where they regulate the expression of host
defense genes, hence enhancing the efficiency of plant defense mechanisms
(Goddard et al. 2021; Eck et al. 2022). Besides, enhancing the plant survivability
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under any pathogen attack, AMF also help the plants to tolerate abiotic stresses like
drought, high temperature, salinity, metal toxicity, etc. (Begum et al. 2019). The
rational use of AMF with other microorganisms maximizes plant tolerance to
diseases by competing with harmful pathogens (Devi et al. 2022). Studies have
also revealed that the combined application of AMF and other beneficial plant
microorganisms like plant growth-promoting rhizobacteria (PGPRs) impacts plant
root exudation, thereby altering the rhizosphere niche (Ji et al. 2022). Furthermore,
deciphering the far-reaching changes in plant metabolome, microbiome, and molec-
ular reprogramming under the influence of AMF in diseased and non-diseased
conditions will provide better outcomes in AMF-mediated plant disease
management.

This chapter highlights the role of AMF in controlling foliar fungal diseases and
the mechanisms associated with AMF-mediated disease resistance. The chapter also
aims to describe the benefits of AMF in plant adaptation and provides a glimpse of
how AMF along with other plant-beneficial microbes enhances plant overall health.

9.2 The Impact of Foliar Diseases on Plants

The changes in climatic conditions have a significant effect on the occurrence and
progression of crop plant diseases as well as the distribution of disease-causing
pathogens. Additionally, the changes in agricultural practices and the use of high-
yielding crop plants may have a profound role in shifting both the pathogen diversity
and the threat they possess (Launay et al. 2014). For instance, survey data on the
severity index of Phytophthora cinnamomi, a fungal pathogen affecting oak trees in
relation to winter temperature (Marcais et al. 1996), reveals winter survival of
P. cinnamomi plays a crucial role in limiting canker disease in oaks (Bergot et al.
2004).

Plant-microbe interactions undoubtedly brought various changes in plant adap-
tation to challenging environmental circumstances. These interactions might nega-
tively impact the plants, causing several diseases. Foliar diseases have significant
effects on plant morphology and physiology where the leaf architecture, color, and
the process of photosynthesis get negatively afflicted. They often manifest in visible
signs such as leaf spots, wilting, and discoloration, which help in identifying specific
foliar diseases like late blight of potato, Fusarium or Verticillium wilt, anthracnose,
and rust in wheat (Paliwal and Joshi 2022). Fungal pathogens are the primary cause
of the majority of foliar diseases, with around 8000 fungal species known to cause
plant diseases (Agrios 2009). Wilt diseases, observed in crops like eggplant (Bletsos
et al. 2003), melon (Ros et al. 2005), cotton (Cai et al. 2009), tomato (Bidellaoui
etal. 2019), and others, are primarily caused by the fungi belonging to Fusarium and
Verticillium spp. Similarly, rice plants are susceptible to blast disease caused by
Magnaporthe oryzae, which leads to the formation of elliptical reddish spots on the
leaf sheath (Younas et al. 2023).
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Fungal infection in the plant tissues begins with spore germination followed by
germ tube elongation and mycelial penetration inside the host tissues. The mycelial
growth phase is considered as the determining phase in triggering fungal crop
disease epidemics (Magarey et al. 2007); it is also the phase that is most sensitive
to variations in climatic conditions. Subsequent epidemics take place in suitable
weather conditions where temperature and water availability play an important role
in determining the intensity of infections (Launay et al. 2014). Plant pathogenic
fungi utilize the natural openings, injured cells, and tissues to enter the host plants
using varied mechanical and chemical methods (Knogge 1998). Based on these
strategies, fungal pathogens are classified as biotrophs, hemibiotrophs, and
necrotrophs, where the biotrophs directly feed on the living host tissues using a
specialized structure known as haustoria; necrotrophs on the other hand, rely on the
dead tissues and infected areas of the host plant. On the contrary, hemibiotrophic
pathogens can eventually switch from a biotrophic to a necrotrophic mode (Stotz
et al. 2014). For example, Puccinia graminis, which causes rust on wheat, is a
biotrophic fungus, while Botrytis cinerea, causing mold disease in various plant
species, is a necrotrophic fungus (De Silva et al. 2017), and P. infestans, causing
potato late blight, is an example of hemibiotrophic fungus (Stotz et al. 2014).

Meanwhile, plants are found to evolve a broad range of direct and indirect
resistance mechanisms against varied foliar pathogens. Infection by pathogen trig-
gers several signaling pathways like extracellular-signal-regulated kinase (ERK) and
mitogen-activated protein kinases (MAPKSs) which leads to hypersensitive response
(HR) and prevents the spreading of disease (Hammond-Kosack and Rudd 2008).
Plants utilize effector-triggered defense (ETD) where receptor-like proteins (RLPs)
engage receptor-like kinase SOBIR1 against the response of pathogenic fungi. The
host cell death is stimulated typically by ETD after a period of endophytic pathogen
growth (Stotz et al. 2014). On the contrary, plant response toward pathogenic fungi
also leads to several changes in the metabolic profile of the host plants. Xiao et al.
(2022) reported the enhancement of calcium signaling pathway-related genes such as
CMLs, CNGCs, CPKs, and RBOHDs in strawberry resistant cultivar against
B. cinerea. Furthermore, a network involving six different phytohormones, espe-
cially auxin (IAA) and jasmonic acid (JA) and genes associated with amino acid and
phenylpropanoid biosynthesis, contributed to the strawberry flower’s resistance to
B. cenerea. Similarly, ascorbic acid, citric acid, glucose, galactose, total phenolics,
and flavonoids were found to be positively correlated with B. cinerea resistance
(Zhao et al. 2022). Furthermore, plant-released chemical signaling molecules play a
pivotal role in the recruitment of microbial symbionts which promotes plant growth
and development under stressed circumstances (Sharma et al. 2023). AMF make
close associations with most of the terrestrial plants which facilitates the bidirec-
tional exchange of nutrients, i.e., carbon-based photosynthates and soil minerals,
between plants and AMF. These symbiotic associations play an important role in
plant ecosystem functioning (Sharma et al. 2017).
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9.3 Benefits of AMF to Plants

Symbiotic relationships between AMF and the plants depend upon varied environ-
mental factors where the soil characteristics and the host plant defense also play an
important role (Poveda et al. 2022). Plant roots colonized by AMF are known to
influence host plant morphology, physiology, and expression patterns of several host
genes associated with the terpenoid biosynthesis pathways. AMF-induced changes
in the level of secondary metabolites, phytohormones, proteins, and external hyphal
networks have a profound effect on plant defense strategy (Sharma et al. 2017; Weng
et al. 2022). AMF-colonized plants show an increase in shoot and root length and
also the biomass of the host plant (Han et al. 2023). Furthermore, soil chemical and
physical properties along with rhizospheric microbial communities are greatly
influenced by the roots colonized by AMF, and such changes play a significant
role in alleviating numerous plant abiotic and biotic stresses (Miozzi et al. 2019;
Weng et al. 2022). AM fungi show diverse functional activities ranging from the
mobilization of soil nutrients, fixation of atmospheric nitrogen, and production of
phytohormones, siderophores, and antibiotics. AMF-colonized durum wheat culti-
vars, Saragolla and Odisseo, showed an enhancement in the abundance of
Bacteroidetes and Actinobacteria in the host plants (Agnolucci et al. 2019); partic-
ularly, AM fungi Funneliformis mosseae synergistically regulated the abundance of
Rhodococcus sp. in Saragolla cultivar, while an increase in Microbacterium and
Streptomyces spp. was observed in both the durum wheat cultivars (Ujvari et al.
2021). Similarly, Han et al. (2023) reported a shift in endophytic microbial diversity
in  AMF-colonized host plant (Lettuce) where Sphingomonadales,
Betaproteobacteria, and Burkholderiales showed a positive correlation with AMF
colonization.

Besides nutrition, mycorrhizal association provides several other benefits to the
plants. AMF is reported to act as a biofertilizer which aids in the uptake of nutrients
and thus increases plant growth. AMF association alters the physical and chemical
environment of the plant rhizosphere, thereby modulating the rhizospheric
microbiota (Dowarah et al. 2022; Sharma et al. 2023). Changes in rhizospheric
microflora might synergistically affect the plant-beneficial microorganisms, thus
inhibiting the outbreak of pathogenic strains (Xavier and Boyetchko 2004). Maize
plants inoculated with AM fungus Claroideoglomus etunicatum altered the bacterial
and fungal communities of rhizospheric soil (Hao et al. 2022). The symbiosis
between AMF and Artemisia annua roots modulates the use of various carbon
sources by rhizomicrobiota affecting the survivability and functionality of
rhizospheric microbes, which in return improves nutrient acquisition by A. annua
(Ma et al. 2021). Furthermore, AMF-induced changes in root exudation directly
impact the rhizospheric microorganisms. The enzymatic activities of rhizospheric
soil as well as the abundance of the bacterial community were found to be increased
in the maize rhizosphere when the plants were in association with AMF. However,
the AMF association negatively regulated the rhizospheric bacterial diversity, but a
reduction in soil-borne diseases of maize was observed (Ma et al. 2022). Hence,
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AMF-mediated alteration in the rhizospheric microbial communities and root exu-
dation profiles of host plant confers tolerance to various bacterial and fungal
diseases.

Genes for phosphate transporter (LePT3, LePT4, LePT5) in tomato plants were
found to be upregulated when the roots were colonized by AM fungi (Nagy et al.
2005). AM fungi form a network of fungal hyphae which helps in enhancing the
water-holding capacity (Songachan 2023). Mycorrhizal plants can combat water
stress conditions as the water-absorbing surface is increased by the fungal hyphal
network which helps in increased absorption of water even from the soil with low
water potential (Augé et al. 2001). AMF in the soil increase the production of
glomalin or glomalin-related soil protein (GRSP), which helps in soil binding and
thus aids in overcoming erosion of soil and water infiltration (Sharma et al. 2017).
AMF can reduce heavy metal toxicity in the host plant and the soil by increasing the
expression of metal transporters (Ahammed et al. 2023). These transporters help AM
fungi to take up heavy metals from the soil and thus lead to environmental cleanup
(Gohre and Paszkowski 2006). A Zn transporter, GintZnTI, is reported to be
upregulated in Glomus intraradices when exposed to high Zn concentration
(Gonzalez-Guerrero et al. 2005). As per evidence put forward by Lazcano et al.
(2014), it is also found that tomato plants with mycorrhizal association have the
potential to reduce N,O emissions during nitrogen fixation, which is a potent
greenhouse gas. Further research involving the use of AMF and selected
rhizospheric microbes along with other non-microbial substrates in field conditions
might improve plant resistance to various diseases.

AMF-associated plants also acquire additional benefits in developing resilience
capacity towards abiotic and biotic stresses (Delavaux et al. 2017). Meanwhile,
AMF associations and their benefits vary among species, taxonomic groups, and
types of stresses encountered by the host plant. For example, a global meta-analysis
report on the effects of AMF species and taxonomic groups on stressed and
non-stressed plants reveals positive effect sizes of F. mosseae, Rhizophagus
intraradices, and Diversispora versiformis under drought-stressed conditions;
Septoglomus deserticola, etc. under heavy metal stress; D. versiformis,
R. fasciculatus, etc. under salinity stress; and Gigaspora margarita and
R. fasciculatus under biotic stress conditions of the host plant species (Marro et al.
2022). In a study conducted by Begum et al. (2021), inoculation of AMF was
reported to significantly increase the tolerance of tobacco plants against drought
stress. It also leads to the increased production of antioxidants which protects the
plant from oxidative damage during drought stress. Similarly, Orine et al. (2022),
through an experimental study, revealed the importance of plant metabolites such as
rutin and alpha-tomatine, accumulated in AMF-associated tomato plant leaves. The
accumulated metabolites play a key role in the host plant contributing toward more
plasticity and greater phenotypical space in terms of growth and defense against
drought-stressed conditions. Under salt stress, AMF association induces increased
expression of the chloroplast gene which as a result increases the photosynthesis
efficiency in the host plant (Chandrasekaran et al. 2019). Simultaneously, mycor-
rhizal fungi associated with the host plants act as a protective shield, preventing the
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host from damage caused by plant pathogens. Considerably, endless studies reported
the beneficial role of AMF association in reducing plant diseases caused by patho-
genic bacteria, nematodes, and fungi under varied environmental circumstances
(Weng et al. 2022). For example, AMF, G. mossae inoculation in the soybean
plant results in the suppression of Pseudomonas syringae infection (Miransari
2011). Mycorrhizal fungi reduce varied nematocidal diseases of soybeans, cucum-
bers, cotton, alfalfa, peach, tomatoes, kidney beans, and citrus to various extents by
parasitizing the cysts of nematodes (de S4 and Campos 2020; Rodrigues e Silva et al.
2021). Whether symbiotic or pathogenic interactions, various fungi have developed
diverse strategies to infect the host plants, where pathogen infection leads to plant
death in most cases. Phytopathogenic fungi are the most dominant group of organ-
isms causing ecological and economic threats to the crop plants (Doehlemann et al.
2017). For example, Ceylon (Sri Lanka) was one of the great coffee producers until
the 1870s. Coffee rust caused by Hemileia vastatrix in Ceylon during 1875 declined
its production by 95% by completely destroying the coffee plantations (Avelino
et al. 2015). Thus, fungal diseases pose a major risk to world crop production, and
formulation of immediate effective measures seeks concentration from the scientific
community. Here, in this chapter, we are going to discuss various strategies
employed by AMF in controlling foliar diseases caused by pathogenic fungi which
might cause serious threats to crop plantations.

9.4 Role of AMF in Controlling Fungal Foliar Diseases

AMF forms hyphal interactions with the roots of most agriculturally important crop
plants. This interaction promotes great effectiveness in the uptake of soil nutrients
confining low mobility like P, resulting in an enhancement in the crop nutrient
availability and growth. Due to their ability in promoting health benefits to the
associated crop plants, they possess potential economic concerns in agricultural
fields (Abarca et al. 2023). AMF-associated plants show significant resistance
toward biotic and abiotic stress factors. This protective nature of AMF toward
environmental factors might be due to varied mechanisms associated with an
increment in nutrient acquisition (Mustafa et al. 2016) and induction of systemic
acquired resistance (SAR) (Jung et al. 2012) in the host plant. Foliar fungal diseases
develop a wide range of symptoms that differ to a great extent depending on the
pathogen type and the host plant. Some of the major fungal foliar diseases and their
control measures using AMF are discussed below and enlisted in Table 9.1.

9.4.1 Blight

The symptomatic occurrence of yellowish to brownish spots ranging in diameter
from 2 to 30 mm on the leaves results in blight, which later on spreads over a large
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portion of the foliage (Klinsukon et al. 2021). A study carried out by Zhengjia
and Xiangdong (1991), reveal the importance of vesicular arbuscular mycorrhizal
(VAM) fungi G. mosseae against Fusarium blight caused by F. vasinfectum. Cotton
plants inoculated with G. mosseae result in a significant decrease in the severity of
disease symptoms like vascular discoloration caused by F. vasinfectum. Hu-zhe et al.
(2005) reported that microbial infection can reduce the incidence of blight disease in
pepper plants caused by P. capsici. Pepper plants infected by P. capsici along with
the mycorrhizal fungus G. intraradices show reduced mortality and infection in
comparison to those plants which were infected by the pathogen alone. Similarly,
AM fungi G. fasciculatum, G. etunicatum, G. mosseae, and G. margarita showed
enhancement in the growth and development as well as reduction in the blight of
pepper plant caused by P. capsici (Ozgonen and Erkilic 2007). Tomato plants
infected by the fungus Alternaria solani cause early blight, which results in damping
off of seedlings, collar rot, and destruction of leaves and fruits (Rotem 1994).
G. intraradices colonization significantly reduces the symptoms caused by
A. solani in tomato plants when compared with non-mycorrhizal plants (Fritz et al.
2006). Potato plants inoculated with Glomus sp. induce two pathogenesis-related
genes, PRI and PR2 in the leaves of the host plant. The expression of PR genes
ultimately shows systemic resistance against the pathogenic fungus P. infestans
causing potato late blight disease (Gallou et al. 2011). In a similar study conducted
by Song et al. (2011b) on the effect of AMF, G. versiforme upon tomato plants
infected by A. solani, it was revealed that G. versiforme inoculation showed an
enhancement in the expression of three defense-related genes, namely, PRI, PR2,
and PR3, in the leaves of the host plant. Mosquera-Espinosa et al. (2013), in their
study, depicted the role of mycorrhizal fungi Ceratobasidium spp., which were
isolated from orchid and evaluated for their ability to control the disease severity
caused by Rhizoctonia solani in rice plants. A significant reduction in the symptoms
of sheath blight disease was observed in pre-inoculated host plants compared to the
control. AM fungus G. margarita KKU-BH-01, in association with the roots of
eucalyptus plants, was reported to reduce leaf blight disease caused by
Cylindrocladium quinqueseptatum. Moreover, plants pre-inoculated with AMF,
prior to pathogen infection, showed 33.4% reduction in the disease (Klinsukon
et al. 2021). Moarrefzadeh et al. (2022) successfully inoculated two varieties of
chickpea, Saral and Bivanij, with five strains of AM fungi R. irregularis,
G. versiform, F. mosseae, G. fasciculatum, and G. margarita and observed their
disease control ability against Ascochyta blight caused by Ascochyta rabiei. All four
strains of AMF except G. fasciculatum in the Saral variety significantly reduced the
disease extremity. Furthermore, R. irregularis and G. versiform showed the highest
disease suppression capacity, i.e., 46.15% and 42.30%, respectively, on the variety
Saral and G. fasciculatum by 40% on the variety Bivanij. In another recent exper-
iment with tomato plants, AM fungi G. clarum was identified as having an important
role in reducing the incidence of early blight disease caused by A. solani (Joseph and
Olumide 2022).
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9.4.2 Wil

Wilt is caused by soil-borne pathogenic fungi that infect the host plant via roots,
ultimately clogging the vascular system and resulting in yellowing, wilting, and
death of the infected plants (Noman et al. 2023). F. oxysporum and V. dahliae are
found to cause the majority of wilt diseases in a variety of plant species (Usharani
et al. 2022). AM fungus G. etunicatum BEG168 inoculation on cucumber seeds at
the germination stage showed resistance toward F. oxysporum f. sp. cucumerinum.
Mycorrhizal colonization increases the production of plant secondary metabolites
(Hao et al. 2005), which might result in plant tolerance toward Fusarium wilt
disease. AMF-associated cyclamen plants exhibited higher antioxidant contents
and enhanced plant defense against Fusarium wilt, thereby reducing disease inci-
dences (Maya and Matsubara 2013). Ren et al. (2015), in an experimental study,
revealed the importance of p-coumaric acid and malic acid secreted in the
rhizospheric region of the host plant watermelon (Citrullus lanatus), co-inoculated
with AMF G. mosseae and pathogenic fungus F. oxysporum f. sp. niveum (FON).
The alteration in the composition of the exudate resulted in the stimulation of
defense signaling molecules in the host plant ultimately enhancing plant disease
tolerance capacity. A similar study was conducted in in vitro conditions, using
tomato as a host plant and AM fungus Glomus sp. as an antagonist against
F. oxysporum. The study depicted the potential role of Glomus sp. to control the
pathogen. Furthermore, the secretion of various exudates around the roots has
resulted in a decrease in disease incidences, thereby improving the plant growth.
(Kumari and Prabina 2019).

9.4.3 Powdery Mildew

Symptoms of powdery mildew are easily recognized by the presence of a white
powder-like substance on the leaf surface of the host plants. Host plants may
undergo leaf chlorosis and an overall reduction in plant growth and development
due to powdery mildew. Lowe et al. (2012) have reported that AM fungi
(G. caledonium, G. fasiculatum, and G. mossae) in combination with chitosan
spray significantly reduces the effect of powdery mildew, resulting in higher fruit
yield and runner production in strawberry plants. Barley roots colonized with
Piriformospora indica, a basidiomycetous fungus, upregulate the expression of
heat-shock proteins (Hsp70) and defense genes PR5, PR2, and PRI against Blumeria
graminis f. sp. hordei, a leaf pathogen causing powdery mildew. The pathogen
results in the induction of a distinct set of genes, LRR receptor kinases, and WRKY
transcription factors after 12 h of postinoculation (hpi) and vesicle-localized gene
products after 24 hpi, which were altered by the root-associated fungus P. indica.
P. indica results shift in the metabolic profile of the host plant, making it unsuitable
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for pathogen colonization (Molitor et al. 2011). Wheat plants inoculated with AM
fungi R. irregularis singly and in combination with G. mosseae showed resistance of
25% and 43%, respectively, toward a fungal pathogen B. graminis (Mustafa et al.
2013). In a similar study conducted by Mustafa et al. (2014), AM fungus F. mosseae
was reported to decrease powdery mildew infection by 73% in wheat plants caused
by B. graminis f. sp. tritici. Reduction in the disease symptoms results in the
accumulation of defense enzymes such as lipoxygenase and peroxidase and induces
plant systemic acquired resistance (SAR). Additionally, on testing three different
AM fungi, viz., F. mosseae, and Solrize®, two commercially available mycorrhizal
inocula and R. irregularis, a laboratory sample, against the powdery mildew path-
ogen B. graminis f. sp. tritici in wheat plants, it was found that all the three inocula
exhibit biocontrol activity against B. graminis with different extents, i.e., 74%, 58%,
and 34%, respectively. Hence, from the study, it can be concluded that the extent of
protection against B. graminis is determined by the type of AM fungi involved in the
mycorrhizal association (Mustafa et al. 2016). In an experiment carried out by
Yousefi et al. (2018), apple seedlings treated with powdery mildew-causing fungal
pathogen Podosphaera leucotricha were given different treatments with two fungi-
cides (Flint and Stroby) and AM fungus Glomus sp. After 6 weeks, seedlings in
association with AM fungi are reported to show higher resistance to the pathogen in
comparison to the fungicide treatments.

9.4.4 Other Fungal Foliar Diseases

Besides the aforementioned fungal diseases, mycorrhizal fungi associations with the
host plants can also effectively control several other fungal foliar diseases. Anthrac-
nose disease caused by Colletotrichum gloeosporioides reduces the growth and
biomass production of the host plant. Additionally, C. gloeosporioides infection
shows a significant reduction in the plant antioxidant contents like ascorbic acid,
ascorbate peroxidase (APX), superoxide dismutase (SOD), and polyphenols. AM
fungus G. fasciculatum, inoculation induces drastic changes in growth parameters
and in the activity of antioxidants in cyclamen, infected with C. gloeosporioides
(Maya and Matsubara 2013). A similar study conducted by Chen et al. (2023b)
reported an increase in the activity of antioxidants {(SOD, catalase (CAT) and
peroxidase (POD)} in tea plants inoculated with AM fungi R. intraradices BGC
JX04B. Tea plants inoculated with AM fungi significantly reduce the anthracnose
disease severity caused by Colletotrichum camelliae. AM fungi alone or in a
combined form with PGPR play a significant role in controlling plant fungal
diseases. For example, rust disease in wheat caused by Puccinia graminis
Pers. f. sp. tritici can be reduced by mycorrhizal treatment alone or in combination
with Trichoderma harzianum HL1 and T. viride HLS5 (El-Sharkawy et al. 2018).
AM fungi with grass fungal endophyte (Epichloe) suppressed the leaf spot
disease incidence of perennial ryegrass caused by Bipolaris sorokiniana. AMF
alone or in association with (Epichloe) can increase the lignin contents of the host
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plant infected with the fungal pathogen B. sorokiniana (Guo et al. 2019). Similarly,
AMF with two PGPR, viz., P. fluorescens (Pf) and T. viride (TV), results in highest
fungal disease control efficiency of 65.60% (AMF + Tv) and 48.40% (AMF + Pf + Tv)
in rice plant against B. oryzae, a fungal pathogen causing brown spot disease (Saleh
and El-Akshar 2020). Black sigatoka disease caused by Mycosphaerella fijiensis, a
fungal pathogen in banana, was found to be controlled by AM fungus, R. irregularis
MUCL 41833. Four banana cultivars (Batard, C292, CRBP39, and F568) inoculated
with R. irregularis were grown in a greenhouse and were observed for the effects of
the pathogen on the plantlets. After 35 days of growth, it was observed that AM
fungi inoculated CRBP39 and F568 showed more resistance than Batard and C292
cultivars toward M. fijiensis. The overall study signifies that AMF inoculation resists
the development of host plant infectious symptoms by M. fijiensis at an early age of
infection (Anda et al. 2020). Symbiotic association of AM fungi R. intraradices,
with alfalfa (Medicago sativa), decreases the incidence of leaf spot disease caused by
the fungus Phoma medicaginis by 39.48% and also reduces its disease index by
56.18% (Li et al. 2021). A soil-borne fungus Physoderma maydis causing brown
spot disease in Zea mays was effectively controlled by AM fungi (Glomus sp. and
Gigaspora sp.). Two different varieties of maize, CMS9015 and CMS8704, were
inoculated with AM fungi in combination and were observed for their potential to
control P. maydis and found that the incidence and severity of the disease is reduced
by 33.7% and 35%, respectively (Adamou et al. 2023).

9.5 AMF-Mediated Mechanisms Associated with Plant
Disease Management

The use of biocontrol agents in ameliorating the havoc of plant diseases has gained
momentum in recent years. With the advances in the use of biological control agents,
the application of AMF as a plant disease management tool has also got the attention
of the scientific community. AMF association induces resistance in the infected
plants through various mechanisms involving structural and chemical changes,
improving nutrient uptake by the plants, changing the rhizospheric niche, competing
with the pathogenic microbes, and activating the host plant defense system (Fig. 9.1)
(Weng et al. 2022).

9.5.1 AMF-Induced Structural Changes in Plants

AMF association induces structural/morphological changes in the roots of the host
plants ultimately creating a barrier for the entry of pathogens. Plant roots undergo
changes like thickening, lignification, excessive branching, increase in the cell
layers, etc. when they are symbiotically associated with the AMF, thus slowing
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Fig. 9.1 Diagrammatic representation of various AMF-induced mechanisms in host plants asso-
ciated with improved plant disease tolerance. Created with BioRender.com

down the pathogen from entering the plant tissue (Gao et al. 2018; Basyal and Emery
2021). Moreover, increased root growth and branching enhance the mineral nutrition
of the plants ultimately strengthening the plant defense system (Matsubara et al.
1995). Similarly, the deposition of lignin at various plant parts like leaves, roots, and
xylem tissue provides mechanical strength to the plants, thus inhibiting pathogen
invasion (Goicoechea et al. 2010; Sanmartin et al. 2020). Tomato plants in associ-
ation with AMF (G. mosseae and G. intraradices) were found to have altered root
anatomy, eventually hindering Phytophthora parasitica infection kinetics (Pozo
et al. 2002). Yanan et al. (2015) in their study demonstrated that strawberry plants
treated with AMF resulted in a reduction in wilt disease caused by F. oxysporum.
Plants in association with AMF had shown an increase in hydroxyproline-rich
glycoprotein (HRGP) and lignin contents in the root tissue of strawberry plants
leading to cell wall thickening and contributing to host defense. Similarly, wheat
plants inoculated with AM fungus F. mosseae showed biocontrol activity against the
foliar pathogen B. graminis f. sp. tritici. Inoculation of F. mosseae induced systemic
resistance in the leaves by forming papillae at the B. graminis penetration site, thus
enhancing the wheat plant’s resistance to powdery mildew (Mustafa et al. 2017).
Furthermore, HPRGs are sugar proteins that protect the cell wall from degradation
by various enzymes secreted by pathogens like proteases, cellulases, etc. Medicago
sativa in symbiosis with AM fungi was found to produce more amount of HPRGs,
which act as a defense molecule against Phoma medicaginis (Gao et al. 2018).
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The functionality of plant roots gets altered during symbiosis with AMF (de Vries
et al. 2021). Analysis of mycorrhizal and non-mycorrhizal roots of Camellia sinensis
L. revealed that AMF (R. intraradices) association amends the RSA and increased
the sugar content of tea roots (Chen et al. 2021), indicating that change in RSA and
root sugar content might modulate the rhizomicrobiome of C. sinensis, which may
directly or indirectly hamper the pathogen infection in plants. Thus, AMF-mediated
structural changes in root and leaf morphology or anatomy protect the host plant
from any type of pathogen interventions and minimize disease incidences.

9.5.2 AMF-Induced Enhancement in Plant Nutrition

Plants exchange their photosynthetic outcomes with AMF and in return acquire
nutrients and water from the mycorrhizal partner (Smith and Read 2008). AMF helps
the plants in uptaking nutrients like N, P, and other essential micronutrients by
inducing a series of chemical signaling between the AMF and host plant (Dowarah
et al. 2022), which assists plant growth and development. The mycelia formed by
AMF develop into a huge branching system that helps in better absorption of water
and minerals from the soil. Being an inevitable element for plant functions, P is
required by plants during various developmental stages. The utilization of inorganic
P (Pi) from the soil is not an easy task for many plant species due to its low mobility
and solubility in the soil (Wang et al. 2023). Since plants alone cannot absorb
sufficient Pi for their utilization, they seek help from the mycorrhizal fungal partner
and fulfill their need (Ferrol et al. 2019). Likewise, AMF also helps in the uptake of
both organic and inorganic N by the plants, but the mechanisms of action involved in
AMF-induced N acquisition are not yet fully understood (Savolainen and Kytoviita
2022). AMF colonization enhances plant nutrient uptake as their extraradical hyphae
explore beneath the soil by expanding the host plant rhizosphere (Schaefer et al.
2021) through enzymatic or physical actions. Furthermore, mycorrhizal hyphae can
penetrate deep into the soil due to their thinner appearance, thus improving the
efficiency of nutrient acquisition by the host plant (Ebbisa 2022).

Cucumber plants symbiotically associated with AMF had shown increased
uptake of inorganic nutrients such as N, P, and potassium (K) from the soil which
eventually enhanced the defense system of cucumber plants aiding in resisting
Fusarium wilt disease (Wang et al. 2012). A tripartite interaction involving AMF,
leguminous plants, and Rhizobium sp. helps in N uptake by the host plant. In an
intercropping system consisting of soybean and maize plants, when inoculated with
AM fungus, G. mosseae and Rhizobium strain SH212 exhibited an enhanced N
fixation rate in soybean plants. Furthermore, improved N fixation efficacy stimulated
the transfer of N from soybean to maize plants, thus improving the productivity of
both plants (Meng et al. 2015). AM fungi F. mosseae BGC HEBO02 and
R. intraradices BGC HEBO7D in interaction with wheat plants increased the levels
of P and zinc (Zn); especially wheat plants in association with R. intraradices
significantly increased the Zn concentration 1.13-2.76 times than that of
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non-inoculated plants (Ma et al. 2019). Similarly, in tomato plants, a maximum
uptake of N, P, and K was observed when inoculated with AMF (Kumari and
Prabina 2019). High-throughput phenotyping of various sorghum genotypes
unveiled that colonization of sorghum roots by the AM fungus R. irregularis
boosts P, iron (Fe), and Zn concentration in the maize grains (Watts-Williams
et al. 2022). However, Artemisia ordosica plants inoculated with F. mosseae, an
AM fungus, lowered the availability of leaf P, indicating that AMF association may
not always enhance plant nutrient levels. Moreover, a lowering in leaf P content due
to the symbiosis between A. ordosica and F. mosseae negatively regulated the
population of a foliar herbivore Chrysolina aeruginosa, emphasizing that
AMF-mediated reduction in P concentration of A. ordosica leaves might have a
positive role in limiting the damages caused by C. aeruginosa (Wang et al. 2023). In
addition to the enhancement in plant nutrient uptake, AMF association also contrib-
utes to the sequestration of heavy metals (HMs) present in HM-polluted soil (Khan
et al. 2022), suggesting that AMF interaction may have the potential to alleviate the
toxic effect of HM stress. The further implication of AMF with other microbial or
nonmicrobial substances might help the plants to survive under challenging envi-
ronmental conditions.

9.5.3 AMF-Induced Changes in Plant Metabolites

About 4-20% of the photosynthetic output of the host plant either in sugar or lipid
form is utilized by the AMF for their proper nutrition (Kaur and Suseela 2020).
Acquisition of photosynthetically fixed carbon by the mycorrhizal partner in return
generates a carbon sink in host plant roots and activates the photosynthetic machin-
ery (Bago et al. 2000; Kaschuk et al. 2009), thereby forming a positive feedback
cycle. Symbiosis by AM fungi stimulates the production of various types of plant
metabolites, which play a significant role in plant defense against foliar fungal
pathogens. AMF-induced modulation in the root metabolite profile synergistically
alters the metabolites of aboveground plant parts (Schweiger and Miiller 2015;
Wang et al. 2018), thus helping the plant from various harmful phyllospheric and
rhizospheric microbes. Moreover, AMF association initiates the shikimic acid path-
way in the host plant, which produces several plant secondary metabolites like
phytoalexins, phenolics, antimicrobial compounds, and various other enzymes.
Several studies have also revealed that mycorrhizal plants’ primary and secondary
metabolite profiles differ from those of non-mycorrhizal plants (Kaur and Suseela
2020).

Pepper plants pre-inoculated with AM fungus G. mosseae have enhanced toler-
ance against the pepper blight pathogen P. capsica in both greenhouse and field
conditions. Furthermore, the study also revealed that inoculation of G. mosseae
enhanced the production of plant secondary metabolites, phytoalexin, and capsidiol
which can have a role in defense against P. capsica (Ozgonen and Erkilic 2007).
Corn variety Gaoyou-115, susceptible to R. solani, a fungus responsible for sheath
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blight disease, when inoculated with the AM fungus G. mosseae, a significant
reduction in disease outbreak, was observed. Furthermore, the interaction of
G. mosseae upregulated the production of 2,4-dihydroxy-7-methoxy-2
H-1,4-benzoxazin-3(4H)-one (DIMBOA) in the leaves and roots of corns, helping
the plants to cope with sheath blight disease (Song et al. 2011a). Previous studies
involving the role of DIMBOA in controlling sheath blight disease also reflected that
an increase in DIMBOA concentration in the host plant inhibits the hyphal growth of
R. solani (Song et al. 2011a). Similarly, cereal crops in association with AMF had
shown an increase in the concentration of secondary metabolites like flavones,
phenolic acid, and phytic acid (Ryan and Angus 2003; Pepe et al. 2018), which
are well known for their key regulatory role in plant stress alleviation. Additionally,
the quantity of plant secondary metabolites like alkaloids, flavonoids, organic acids,
and terpenoids was also found to be increased in plants interacting with various AM
fungi (Card et al. 2016; Latz et al. 2018; Kaddes et al. 2019). AMF-induced changes
in plant primary and secondary metabolic pathways and changes in hormonal
cross-talk can induce the photosynthetic machinery of the host plants, thereby
increasing the photosynthetic output (Khan et al. 2022).

AMF symbiosis also increases antioxidant enzyme synthesis which reduces
oxidative damage caused by various fungal pathogens to the plants. Tomato plants
infected with vascular wilt disease, when inoculated with a consortium of AMF
comprising Claroideoglomus etunicatum, F. mosseae, and R. intraradices, an
induction in plant systemic defense, were observed involving the production of
fusaric acid, which helped in reducing wilting symptoms in tomato plants. More-
over, inoculation of the AMF consortium also enhanced the concentration of
antioxidative enzymes involving CAT, glutathione reductase (GR), etc. and reduced
the toxic effect of ROS generated due to F. oxysporum f. sp. lycopersici (Hashem
et al. 2021). Similarly, evaluating the effect of AMF in tomato plants infected with
V. dahliae revealed that AMF interaction enhanced the intensity of antioxidants like
CAT, SOD, and polyphenol oxidase (PPO) in tomato roots and leaves and finally
improved tomato tolerance against V. dahliae (Ait Rahou et al. 2021). In addition to
that, AM fungus G. viscosum showed effective biocontrol ability against verticillium
wilt disease in artichoke plants by modulating the activity of antioxidant enzymes
like SOD, APX, and monodehydroascorbate reductase (MDHAR). Further, the
association of G. viscosum also increased the concentration of glutathione (GSH)
and ascorbate (ASC) in artichoke plants, while a reduction in hydrogen peroxidase
(H»05) and lipid peroxidation levels was observed (Villani et al. 2021). Deciphering
the effect of AMF on tea anthracnose incidences unraveled that mycorrhizal inocu-
lation significantly increases the content of CAT, POD, and superoxide ions in tea
plants and inhibited the proliferation of C. camelliae, thus protecting the tea plants
from damages caused by anthracnose disease (Chen et al. 2023b). AMF-induced
changes in plant metabolic profile directly or indirectly influence plant tolerance to
any pathogenic fungal challenges. Furthermore, AMF also modulates the expression
of defense signaling molecules in plants and also alters the composition of plant-
associated microbiota, ultimately improving plant disease resistance.
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9.5.4 AMF-Induced Hormonal Signaling

Plant response to environmental fluctuations or pathogen attack is also regulated by
the modulation in plant defense hormonal signaling. Plant hormones are required in
trace amounts and play an important role in plant development. Various plant
hormones like IAA, abscisic acid (ABA), brassinosteroid (BR), cytokinin (CK),
ethylene (ET), gibberellic acid (GA), JA, and salicylic acid (SA) play a crucial role in
the establishment of AMF-mediated plant defense (Schmitz and Harrison 2014).
From various studies, it has been established that SA resists the infection of
biotrophic pathogens and induces SAR in plants, while JA and ET inhibit
saprotrophic pathogens and activate induced systemic resistance (ISR) in plants
(Hause et al. 2007). The combined application of G. mosseae and JA/SA elicitors
on Fusarium wilt undergoing tomato plants resulted in a significant reduction in
disease incidences. Furthermore, the level of phytohormones like GA, TAA, zeatin,
and zeatin-riboside was found to be significantly enhanced in diseased tomato plants
after the application of AMF and JA/SA inducers, indicating that changes in
hormonal levels might have a positive correlation with the disease resistance
(El-Khallal 2007). Likewise, in tomato plants infected with B. cinerea when inoc-
ulated with the mycorrhizal fungus G. mosseae, an upregulation in Pin II (a JA
marker gene) was observed. Mycorrhiza-induced enhancement in the Pin II expres-
sion conferred ISR in infected tomato plants suggesting that modulation in JA
concentration might have primed the plants against B. cinerea (Jung et al. 2009).
The real-time qPCR analysis on the effect of Glomus sp. MUCL41833 on late-
blight infected potato plants unveiled that AMF induction enhanced the expression
of defense genes associated with JA, SA, and JA/ET pathways (Gallou et al. 2011).
Analyzing the cross-talk of G. mosseae, G. intraradices, and the beneficial
non-mycorrhizal fungus 7. harzianum on melon plants showed induction in
1-aminocyclopropane-1-carboxylic acid (ACC), IAA, ABA, JA, SA, and zeatin
levels. In addition to the modified hormonal profile, the treated melon plants also
exhibited an enhanced tolerance against the Fusarium wilt disease (Martinez-Medina
et al. 2011). In a recent study, it was found that Salvia miltiorrhiza plants when
pre-inoculated with AM fungus G. versiforme, a significant reduction in the wilt
incidence was observed. Further investigation also revealed that the inoculation of
mycorrhizal fungus also upregulated the JA and SA signaling pathways, thereby
enhancing the host tolerance to Fusarium wilt (Pu et al. 2022). Further studies
involving the modulation in phytohormone levels due to AMF association and
tolerance to fungal foliar disease need attention from the scientific community.
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9.6 Association of AMF with Other Microbes
for Enhancing the Efficiency of Plant Stress Tolerance

The stress tolerance potential of AMF can be amplified by using various strategies.
AMF in combination with other microorganisms shows enhanced efficiency in
controlling various plant diseases and other abiotic stresses. To minimize the use
of chemical fertilizers, the combined application of AMF and PGPR in crop fields
has gained momentum in recent years. Tomato plants inoculated with AM fungi
G. mosseae and G. versiforme along with PGPR, and Bacillus polymyxa provided
control against Meloidogyne incognita. Furthermore, the study revealed that the
AMF association increased the population of PGPR in the rhizospheric region,
whereas PGPR enhanced the colonization of AMF in tomato roots (Liu et al.
2012). The study indicates that inoculation of plants with compatible AMF and
PGPR enhances plant tolerance against any biotic stress.

A consortium of AMF and two PGP bacteria B. subtilis and P. fluorescens
resulted in a significant reduction in the infection of Sclerotium rolfsi on common
bean plants growing in P-deficient soil. Moreover, the synergistic effect of AMF and
PGP bacteria enhanced P and Fe uptake by the diseased plants, which ultimately
improved plant development under biotic stress (Mohamed et al. 2019). Triticum
durum L. and Vicia faba L. are the two most important economic crops of the
Mediterranean semiarid region. Research involving the inoculation of a consortium
of AMF-PGPR-rhizobia revealed that combined inoculation of all three enhances
soil fertility and wheat/faba bean productivity. Furthermore, inoculation of AMF-
PGPR-rhizobia improved the content of nutrients like N, P, calcium (Ca), potassium
(K), and sodium (Na) in the shoot tissue of both crops along with an increase in shoot
protein and sugar content (Raklami et al. 2019). Similarly, tomato plants inoculated
with AM fungus F. mosseae and PGPR strain Paraburkholderia graminis C4AD1M
and enhanced tomato seedling growth and the efficacy of PSII by reducing the
leakage of electrolyte (Caradonia et al. 2019).

Summer squash inoculated with AMF (G. etunicatu, G. harzianum,
G. intraradices, and G. monosporum) and PGPR strains B. subtilis and
T. harzianum resulted in an elevated level of free amino acids, total proteins, free
phenolics, chlorophyll, and carotenoid contents in the host plant. Furthermore, the
application of AMF with PGPRs lowered the disease severity index of Fusarium wilt
in the summer squash plants (El-Sharkawy and Abdelrazik 2022). Evaluating the
effect of the combined application of AMF and PGPR revealed that the mixture of
both microbial substrates enhanced rice plants’ nutritional content and yield. In
addition to that, the consortium of AMF and PGPR significantly enhanced the levels
of inorganic nutrients like boron (B), N, P, and K in rice field soils, thus providing
the plants with sufficient nutrients for proper growth and yield (Chen et al. 2023a).
Similarly, inoculation of AMF and PGPR consortium on date palms undergoing
Fusarium wilt decreased the disease incidences. Further investigation also revealed
that the reduction in disease progression was due to the activation of the
phenylpropanoid pathway in date palms, induced by the synergistic effect of AMF
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and PGPR (Ziane et al. 2023). Hence, the combined application of AMF and other
plant-beneficial microorganisms plays crucial functions in improving plant-soil
characteristics and also ameliorates the ability of host plants to cope with any
environmental fluctuations. Further, the large-scale application of AMF and their
consortia in field conditions will help in achieving climate-smart crops for a sus-
tainable future.

9.7 Field Application of AMF: constraints and possible
measures

Application of AMF in conventional agriculture practices still remains an
unaccomplished task due to various hindrances. Excessive use of chemicals, crop
rotation using non-mycorrhizal plants, and intensive tillage practices hampers the
symbiotic association and efficiency of AMF. Thus, the natural soil is the main
reservoir for a diversity of AM fungi, but due to anthropogenic interventions, the
population and diversity of AMF are much lower in the agricultural field (Mbuthia
et al. 2015). For instance, high doses of P-fertilization inhibit AM symbiosis with the
crop plants (Balzergue et al. 2013). Overdose of P in agricultural fields allows the
plants to utilize plenty of P from the soil without exchanging the soluble sugars
(Garcia-Caparros et al. 2021), thereby limiting the mycorrhizal appressoria forma-
tion. Thus, the requirement of P by the host plant and its availability in the
agricultural soil determines the extent of mycorrhization. Similar to P, the applica-
tion of a disproportionate amount of N in the soil negatively impacts AM coloniza-
tion (Lin et al. 2020). Furthermore, the use of fungicides and pesticides in the crop
plants also degrades the AMF association (Channabasava et al. 2015; Kuila and
Ghosh 2022), thereby making it more difficult for the AMF to function properly in
the field conditions. Hence, minimal use of chemical substances might enhance the
field applicability of AMF in conferring plant disease resistance.

One of the wide practices in conventional cultivation is the tillage of agricultural
land. It has been estimated from various studies that tillage can crash the AMF spores
and cause physical damage to them by disrupting the hyphal networks (Brito et al.
2012). Because of the tillage system, the soil layers get altered in the fields,
ultimately making the soil environment suppressive for AMF. In addition to that,
no-till activity for a longer duration also reduces soil AMF population (Schliiter et al.
2018). Thus, minimizing the tillage practices in agricultural land may help in the
proper proliferation of AM fungi. Moreover, crop rotation is another factor that
hampers the proper growth and functioning of AMF. The use of non-mycorrhizal
partner plants during crop rotation adversely affects AMF development (Kuila and
Ghosh 2022). Therefore, the rational use of various agricultural practices will help in
overcoming constraints associated with AMF application. Furthermore, appropriate
preparation of mycorrhizal inoculum and their compatibility with the host and soil
samples will also determine the effectiveness of AMF in plant disease management.
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9.8 Conclusion and Future Prospects

Control of plant disease by means of chemical substances hampers the ecosystem
processes and poses a threat to mankind. To avoid/minimize such problems in the
agricultural sector, alternative means have been taken into consideration in the recent
decade. Due to the widespread availability and eco-friendly nature, the use of AMF
in controlling plant diseases has gained popularity nowadays. AMF association
enhances plant growth and development and also provides tolerance to various
biotic and abiotic stresses. Besides having so many advantages in the application
of AMF for agricultural purposes, a few limitations also exist for which the
AMF-based solutions are unable to replace/reduce the use of chemicals. Further-
more, the tripartite interaction involving AMF, host plants, and indigenous microbes
associated with the host may not always act synergistically to improve plant func-
tionality in field conditions. Thus, depending upon the colonization, survival rate,
and potency of plant disease control, a careful selection of the AMF species is very
necessary. Furthermore, the interaction between the plant and microbes must also be
precisely screened by understanding the mechanism of biocontrol. The application
of AMF individually or in consortium with other microbes can provide an
eco-friendly approach to plant disease management. However, understanding the
in-depth mechanisms and other environmental/edaphic factors involved in
AMF-mediated plant disease control will help to devise more effective future
strategies.
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Chapter 10 )
Applications of Arbuscular Mycorrhizal s
Fungi in Controlling Root-Knot Nematodes

Maryluce Albuquerque da Silva Campos

Abstract Meloidogyne nematodes cause diseases in economically important plants.
These sedentary endoparasites modify plant roots, creating feeding sites and leading
to the formation of root galls. Arbuscular mycorrhizal fungi (AMF) form mutualistic
associations with many plants, enhancing nutrient uptake and overall plant health.
AMF can also provide protection against pathogens, making them valuable for
biocontrol. Studies have shown that AMF can reduce the number of Meloidogyne
galls and eggs while improving plant growth and nutrient absorption, potentially
outperforming chemical pesticides. AMF affect Meloidogyne infection at various
stages, such as making roots less attractive to nematodes and reducing giant cell
formation in galls. There is an increase in the production of protective molecules,
compounds, and defense genes in mycorrhizal plants infected by Meloidogyne,
standing out phenolic compounds and defense enzymes like peroxidase and poly-
phenol oxidase. The activation of defense genes and pathways is suggested to play a
role in the tolerance of mycorrhizal plants to Meloidogyne. However, there is still a
need for further research to understand the physiological and genetic modifications
that occur in plants infected by Meloidogyne and associated with AMF.

Keywords Meloidogyne - AMF - Mycorrhiza - Bioprotection - Sustainability

10.1 Introduction

Among phytonematodes, which are nematodes causing diseases in plants, those of
the genus Meloidogyne stand out for causing diseases in many economically impor-
tant plants, and in some of these, they are quite aggressive and challenging to
control. These nematodes are classified as sedentary endoparasites, settling close
to the central cylinder of the plant root, modifying the root cells by creating their own
feeding site. In the places where these feeding sites are located, the root becomes
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swollen, forming the so-called galls, a term commonly used to name these nema-
todes, known as root-knot nematodes (Perry and Wright 1998).

Arbuscular mycorrhizal fungi (AMF), found in the soil, form a mutualistic
symbiotic association called mycorrhiza with 80% of plants. They absorb nutrients
from the soil, which are provided to the plants in exchange for carbohydrates and
lipids. This association is quite ancient, and it is believed to have been essential for
the migration of plants from aquatic environments to terrestrial ones. AMF belong to
the phylum Glomeromycota (Tedersoo et al. 2018), which comprises approximately
300 species that do not exhibit specificity toward their host; in other words, the same
species can associate with any plant species. However, preferences exist, considered
compatibility between the fungus and the plant, making the association established
between the AMF species and the plant species a promising one, with the robust
development of both symbionts and better adaptation to the conditions to which they
are exposed (Silva et al. 2004; Piischel et al. 2021; Amanifar et al. 2019; Coninx
et al. 2017).

Considering the benefits arising from mycorrhization with AMF, tolerance to
biotic stresses, such as pathogens, is well documented in the literature. In this way,
these fungi can be used in biocontrol, reducing the number of pathogenic individ-
uals, while allowing better plant development and growth and increased nutrient
absorption (Hajra et al. 2015).

Numerous articles address the topic of biocontrol using AMF in plants infected
by Meloidogyne. In most articles, with experiments conducted in greenhouses or in
the field, the presence of AMF reduces the number of galls and parasite eggs, while
the plant develops well and produces flowers and fruits normally, in addition to
having a higher content of nutrients such as P, N, and K, so the plant is in a situation
of tolerance to the pathogen in the presence of AMF (Campos 2020). This scenario
depends on the species and isolate of AMF used, as well as the plant species and
cultivar, and the factors that can influence this association, such as the substrate.

Some articles highlight that the use of AMF in controlling Meloidogyne is equal
to or greater than the use of chemical pesticides (Saad et al. 2012; Odeyemi et al.
2013; Abo-Korah 2022). Thus, the use of AMF in controlling Meloidogyne would
be as efficient as the use of chemical products that are harmful to nature, accumu-
lating in the soil and contaminating the plants, while AMF are natural soil organisms
that do not cause any damage to nature, on the contrary, they contribute to the
maintenance of ecosystems and cultivation areas.

It is worth noting that the addition of other beneficial microorganisms, as well as
natural substrates used in plant production, such as organic fertilizers, plant extracts
with nematicidal effects, can positively contribute to the beneficial effect of AMF.

Although there are numerous articles dealing with the use of AMF for
Meloidogyne control, most only highlight the best results according to the tests
performed, providing specific information about plant growth, production, and the
reduction of Meloidogyne quantity. Few articles address possible physiological and
genetic modifications, making this topic still in its early stages and in need of
elucidation for a better understanding of the action of AMF in infected plants.
Therefore, this chapter aims to provide a brief description of the main causes related
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Fig. 10.1 Mechanisms provided by arbuscular mycorrhizal fungi in the protection of plants
infected by Meloidogyne. Created in BioRender.com

to the bioprotection conferred by AMF on plants infected by Meloidogyne and
address the latest developments on this topic, citing some possible strategies
(Fig. 10.1).

10.2 Key Known Causes of Mycorrhizal Plant Tolerance
to Meloidogyne

The mechanisms involved in reducing the quantity of Meloidogyne in plants asso-
ciated with AMF range from competition for space and nutrients to the activation of
plant defense mechanisms, with an increase in the number of genes involved in this
process, as well as possible protective molecules (Sa and Campos 2020; Campos
2020; Ahamad et al. 2023; Malviya et al. 2023). However, studies regarding the
biochemical, physiological, and genetic description of protection against
Meloidogyne modulated by AMF are scarce; thus, there are still many gaps regarding
this topic.

It is important to highlight that plants associated with AMF are more robust, as
these fungi enhance nutrient and water absorption, making these plants better
nourished and vigorous and thus better equipped to withstand the presence of the
pathogen (Kolawole et al. 2018; Campos 2020). Table 10.1 summarizes the effects
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on AMF, Meloidogyne, and plant parameters in experiments with AMF and
Meloidogyne. Furthermore, the presence of AMF associating with plants can posi-
tively influence soil microbiota by stimulating other beneficial organisms (Tiwari
et al. 2017; Campos 2020).

A highly enlightening aspect related to the tolerance of mycorrhizal plants to
Meloidogyne is the negative influence during the preinfection, infection, and
postinfection phases exerted by AMF. In the preinfection phase, it was observed
that the presence of AMF in plants rendered the roots less attractive for nematode
infection. This could be attributed to a reduction in the quantity of root exudates or
alteration of these exudates. Another possibility could be the accumulation of
phenols, such as phytoalexins, flavonoids, and isoflavonoids, which render the
root less suitable for pathogen penetration (Morandi 1996). In addition to an increase
in the amount of lignin in the roots (Malviya et al. 2023).

In regard to infection, a lower quantity of giant cells in galls was observed in the
presence of FMA (Siddiqui and Mahmood 1998), in addition to the reduced size of
these cells (Hajra et al. 2015). Another characteristic observed in roots associated
with FMA is smaller nematodes, which take longer to develop into adults (Vos et al.
2012a). These modifications result in lower egg production by Meloidogyne, reduc-
ing the reproductive rate, a characteristic associated with the postinfection phase, as
observed in most articles related to this topic (Campos 2020).

The causes mentioned above require more detailed studies that can elucidate how
each one occurs, which molecules are involved, and which mechanisms could be
employed, in addition to the steps involved.

10.3 Protective Molecules, Compounds and Defense Genes
in Mycorrhizal Plants Infected by Meloidogyne

The most innovative study regarding the utilization of FMA in the control of
Meloidogyne involves the qualification and quantification of protective molecules,
defense compounds, as well as defense-related genes. Several molecules and com-
pounds produced by the plant are considered important for plant defense. While
there are reports of many different types of defense molecules and compounds, few
are known in relation to mycorrhizal plants infected by Meloidogyne. Most articles
quantify these defense compounds, most of which belong to the phenols group.
When it comes to molecules, which are also quantified and/or tested for activity,
defense enzymes stand out in the studies.

Positive correlations of AMF with plant growth, phenolic content, photosynthetic
pigments, and defense enzyme activity were observed by Ahamad et al. (2023) in
mycorrhizal and Meloidogyne incognita-infected carrot plants (Daucus carota L.).
In the same article, the authors observed that the activity of peroxidase and poly-
phenol oxidase, defense enzymes, increased in the presence of AMF and
Meloidogyne.
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For various phenolic compounds, negative effects on nematode chemotaxis,
motility, or survival have been reported (Wuyts et al. 2006). The quantification of
phenolic compounds in the root was higher in the treatment with a mixture of AMF
in the presence of M. incognita in Impatiens balsamina L. plants and fertilized soil.
The same result was observed regarding the quantification of antioxidants, although
in the latter case, the result extended to the aerial part of the plant (Banuelos et al.
2014). In the article, both compounds are considered plant defense compounds.
There was a higher concentration of phenolics in cassava (Manihot esculenta
Crantz.) plants inoculated with AMF in the presence of Meloidogyne spp., both in
treatments where AMF and nematodes were inoculated simultaneously and in
treatments where nematodes were inoculated 30 days after AMF inoculation (Sery
et al. 2016).

In chamomile plants (Matricaria recutita L.) infected with M. incognita, the
inoculation with the AMF Glomus intraradices, as well as the bacteria Bacillus
megaterium and the filamentous fungus Trichoderma harzianum, resulted in the best
treatment, exhibiting higher content of flavonoids and phenols, along with greater
antioxidant capacity (Gupta et al. 2017).

Sharma and Sharma (2017a) in a study exploring the quantification of defense
enzymes in tomato plants (Solanum lycopersicum L.) infected with M. incognita and
inoculated with the beneficial bacteria Pseudomonas jessenii and the AMF
Rhizophagus irregularis, the researchers observed that the treatment containing all
microorganisms led to an increase in the quantity of polyphenol oxidase, peroxidase,
malondialdehyde, hydrogen peroxide, superoxide dismutase, as well as an increase
in the quantity of phenols. In another study by the same authors, they observed
higher activity of the enzymes polyphenol oxidase, peroxidase, and superoxide
dismutase, while there was a reduction in the content of malondialdehyde and
hydrogen peroxide compounds in tomato plants inoculated with R. irregularis and
infected by M. incognita (Sharma and Sharma 2017b).

Regarding your statement, in tomato plants infected with Meloidogyne javanica
and inoculated with Rhizophagus clarum, the quantity of peroxidase, as well as
phenylalanine ammonia lyase, increased. This increase intensified over the course of
several days, reaching its maximum level at day 11 (Silva et al. 2022). In rice (Oryza
sativa L.) infected by Meloidogyne graminicola, treatment using three different
species of AMF (Funneliformis mosseae, Rhizophagus fasciculatus, Rhizophagus
intraradices) stood out in the production and activity of defense enzymes: peroxi-
dase, ascorbate peroxidase, polyphenol oxidase, superoxide dismutase, and catalase,
both in susceptible and resistant cultivars (Malviya et al. 2023). In pea plants cv
Arkil (Pisum sativum L.) infected by M. incognita, treatments using F. mosseae or
Aspergillus awamori in combination with rhizobacteria (Pseudomonas putida,
Pseudomonas alcaligenes, Paenibacillus polymyxa) increased the activity of the
enzymes: catalase and peroxidase (Akhtar and Panwar 2012).

The inoculation of AMF in Thymus vulgaris L. increased the thymol content
(phenolic monoterpene) in these plants; this compound has a proven effect in the
reduction of phytonematodes in vitro and in the soil. A leaf extract was made from
these mycorrhizal plants, and the effect of this extract on M. incognita and
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M. javanica was tested in vitro, and it was observed that there was a reduction in the
number of eggs and juveniles of these nematodes in the treatments containing
extracts of mycorrhizal T. vulgaris leaves (Sasanelli et al. 2009).

Another factor that has been studied is exudation, in an attempt to understand the
factors that influence Meloidogyne infection in mycorrhizal plants. To penetrate a
root, nematodes first have to be able to orient themselves to a suitable host and site of
infection, for which they depend on exudation from the root (Curtis et al. 2009). The
addition of root exudates from mycorrhizal tomato plants decreased the root pene-
tration of M. incognita; in addition, second-stage juveniles of this nematode were
temporarily paralyzed when exposed in vitro to root exudate from mycorrhizal
tomato plants (Vos et al. 2012b).

Considering the possible genes involved in tolerance to Meloidogyne in plants
inoculated with AMF, Vos et al. (2013) studying tomato plants inoculated with
F. mosseae and infected with M. incognita grouped the genes found into categories:
defense, protein synthesis, and modification 17%, signal translation 16%, genes
involved in secondary metabolism and hormone 9%, primary metabolism 6%,
DNA and RNA metabolism 6%, and cell wall and cell organization 5%. Among
the genes found related to defense are induced arachidonic acid (DEA 1), lipid
transfer family protein, MYB family transcription factor, heat shock protein 81-1,
heat shock protein 70, responsive family protein dry, ML as protein 1, WRKY
family transcription factor, glutamate cysteine ligase, NADH ubiquinone oxidore-
ductase subunit, and NADH ubiquinone oxidoreductase. In the same work, the
relative abundance of transcription of some of these defense genes mentioned
above was evaluated. The authors observed an increase in the transcription of the
genes: glutamate cysteine ligase, transcription factor from the MYB family, protein
from the lipid transfer family, and transcription factor from the WRKY family when
both organisms were present in the roots.

Balestrini et al. (2019) in a study on tomato associated with R. intraradices and
infected with M. incognita observed that transcripts that encode proteins involved in
the biosynthesis and modification of the cell wall were negatively regulated in
colonized galls. These authors suggest that AMF colonization could induce changes
in the nematode feeding site, neutralizing cell expansion. While in grapevine (Vitis
amurensis Rupr.), transcription of the VCH3 class III chitinase gene was elevated in
mycorrhizal roots with Glomus versiforme and resulted in increased tolerance
against M. incognita (Li et al. 2006).

Malviya et al. (2023), studying rice infected by M. graminicola, observed, in the
treatment with AMF mix, an increase in the expression of four gene groups: key
genes involved in the signaling process, genes that codify proteins related to
pathogenesis, key genes involved in the phenylpropanoid pathway, and key genes
involved in lignin and callose biosynthesis, highlighting that the presence of AMF
can improve the defense mechanism.

According to Pozo and Azcén-Aguilar (2007), resistance induced by mycorrhizae
would be related to the activation of plant defense genes such as the jasmonate
pattern; however, this option has not yet been studied in the presence of
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Meloidogyne, and it has not been proven that such this situation occurs in roots
infected by the nematode.

As shown above, several articles bring the evaluation of molecules, compounds,
and defense genes, with positive results in the presence of AMF in plants infected by
Meloidogyne, indicating that there is indeed a defense mechanism that is activated in
the presence of AMF; however, how each step of the defense process occurs is still
unclear, requiring further studies detailing the minutiae of this process.

10.4 Applications of AMF in Controlling Root-Knot
Nematodes

Arbuscular mycorrhizal fungi have been recognized for their potential application in
controlling root-knot nematodes that can damage the roots of plants and reduce crop
yields. Here are some applications of AM fungi in controlling root-knot nematodes:

1. Biological control: Arbuscular mycorrhizal fungi can act as a biological control
agent against root-knot nematodes. These fungi provide multiple benefits to the
host plant, including enhanced nutrient uptake and improved plant growth.
Studies have shown that AM fungi can also suppress the population and activity
of root-knot nematodes, therefore reducing their impact on crops.

2. Induced systemic resistance: Arbuscular mycorrhizal fungi have been found to
induce systemic resistance in plants, making them more resistant to pathogenic
nematodes like root-knot nematodes. Through their interactions with the plants’
root systems, AM fungi activate plant defense mechanisms, which can help
protect against nematode infection and reduce the severity of root-knot nematode
damage.

3. Soil improvement: Arbuscular mycorrhizal fungi play a crucial role in improving
soil health and structure. They form a network of hyphae that create channels in
the soil, enhancing its water-holding capacity and nutrient availability. This
improved soil structure can indirectly affect root-knot nematodes by creating an
unfavorable environment for their survival and reproduction.

4. Competition for resources: Arbuscular mycorrhizal fungi compete with root-knot
nematodes for nutrients. By efficiently acquiring and transporting nutrients to the
plant, AM fungi can limit the availability of resources for root-knot nematodes,
potentially reducing their population and impact on plant health.

5. Biocontrol agent carriers: Arbuscular mycorrhizal fungi can also serve as carriers
for other biocontrol agents, such as bacteria or fungi, that have been found to
suppress root-knot nematode populations.

It is important to note that the effectiveness of using arbuscular mycorrhizal fungi
for nematode control can vary depending on various factors such as the specific
species of AM fungi, the crop being grown, and the nematode species involved.
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Nevertheless, these fungi hold promise as a sustainable and environmentally friendly
approach to managing root-knot nematode infestations in agricultural systems.

10.5 Conclusions and Future Perspectives

AMEF are important microorganisms in the biocontrol of Meloidogyne, and their
positive effect has been proven in numerous papers, allowing the development of
plants while reducing the amount of the pathogen. The possible causes involved in
this protection are well highlighted in the articles, although some were not neces-
sarily tested.

Some combinations of AMF and plant species do not show positive results, so
combinations should be tested in order to suggest the best AMF isolates in different
cultures against Meloidogyne control.

Additionally, little by little some molecules and defense compounds in mycor-
rhizal plants infected by Meloidogyne have been studied, mainly enzymes and
phenols, showing that phenols increase in quantity and enzymes increase their
activity, which would be related to the reduction of the amount pathogen, thus
providing protection to mycorrhizal plants.

In addition, genes involved in defense have also been studied. These genes have
their expression increased, contributing to a better defense of plants associated with
AMF against Meloidogyne. However, the mechanisms involved in how this
bioprotection occurs have not yet been elucidated, as observed for other pathogens
that already have some descriptions of the possible mechanisms. There are probably
several protection formats that will have to be described little by little, being an
important gap when considering this topic.

Despite the lack of knowledge of these detailed aspects, it is a fact that the use of
AMF can help in plant growth and the control of Meloidogyne. As this fungus is
naturally present in the soil and can benefit any plant without damaging the envi-
ronment, its use is appropriate in any location and plant, aiming at better crop
performance and reduction of Meloidogyne. AMF can be considered a natural,
sustainable, and important biofertilizer for ecosystems, thus ensuring healthy food
security, free of toxic inputs.
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Chapter 11 ®)
Glomalin and Carbon Sequestration s
in Terrestrial Ecosystems

Nasser Aliasgharzad and Elham Malekzadeh

Abstract The fungi in Glomeromycota are mutualistic symbionts of plant roots and
produce a special glycoprotein called “glomalin” on their spores and mycelium cell
wall. The glomalin enters adjacent soil after cell wall death and decomposition. It
contains 3-5% nitrogen and 36-59% carbon with considerable amounts of iron
(0.8-8%). Glomalin is considered a recalcitrant source of carbon. The half-life of
glycoprotein is approximately 50 years, so it has a relatively long persistence in soil.
Therefore, it could contribute to the sequestration of carbon in land-based ecosys-
tems. The rate of carbon flow from the plant to the underground parts and then to the
fungal symbionts affects the amount of glomalin synthesis by the fungi. The impact
of different environmental factors such as nutrient availability, tillage, atmospheric
CO; level, drought, salinity, and heavy metal toxicity stresses on carbon allocation to
the fungi and its consequence on the amount of glomalin production are addressed
here. Also, the contribution of glomalin in carbon sequestration in soils is discussed.

Keywords Arbuscular mycorrhizal fungi - Climate change - Glomalin - Soil carbon
pool

11.1 Introduction

Arbuscular mycorrhizal (AM) fungi belonging to the phylum Glomeromycota estab-
lish endomycorrhizal symbiosis with roots of numerous plant species (Smith and
Read 2008). Some plant families such as Chenopodiaceae, Brassicaceae, and
Amaranthaceae are considered non-mycorrhizal plants (Brundrett 2009). AM fungi
(AMF) are obligate root symbionts with a lack of host plant specificity and benefit
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from plant photosynthates as carbon and energy sources. In turn, they supply plants
with mineral nutrients prevailingly phosphorus. In this type of endomycorrhiza,
intraradical hyphae penetrate the root cortex and produce vesicles and arbuscules
as specialized organs inside the root cells, while extraradical hyphae extend into the
soil and produce spores. The main role of extraradical hyphae is to absorb nutrients
from the soil and deliver them to the root cells (Smith and Read 1997). These fungi
are the most widespread group occurring from frozen to tropic, saline to nonsaline,
acidic to alkaline, and dry to wet soils. The higher abundance and diversity of them
are found in broad-leaved forests and grasslands compared to cultivated ecosystems
(Smith and Read 1997). Since AMF communities mostly reside in the topsoil, tillage
reduces AMF. Therefore, deep tillage may result in the dilution of AMF propagules
in large soil volumes, and this may decrease root colonization. Moreover, plowing
greatly damages the AMF hyphae when carried out in the fall, which leads to the
detachment of the hyphae from the host plant, which diminishes fungal survival.
Compared to conventional tillage, zero or minimum tillage conserves mycorrhizal
network in soil and increases mycelia viability (Kabir 2005). In this way, the crop
sown the next season can be attached to the network faster to be colonized
with AMF.

Soil depth and land use influence the AMF abundance in soil. Egboka et al.
(2022) studied the spore densities of AMF in Ibadan and Ikwuano, Nigeria, at
0-45 cm soil depths with 15 cm intervals that had land use types of fallow and
cassava and pineapple cultivation. In both areas, the fallow land use had a signifi-
cantly higher spore density compared with cassava and pineapple cultivation. Spore
abundance significantly declined across the soil depths in Ibadan, and the average
number of spores per 100 g of soil at 0-15, 15-30, and 3045 cm depths were
54 + 6,45 + 3, and 39 + 5, respectively. However, the number of spores in 100 g of
soil in Ikwuano ranged from 64 to 67 in the studied depths, which had no significant
difference. Indeed, they found a positive correlation (r = 0.91) between spore
density and soil exchangeable K* but a negative correlation (r = —0.83) with total
N (Egboka et al. 2022). Other researchers have reported that AMF communities in
deeper soil layers have different spore density and species diversity compared with
those from the top layers (Muleta et al. 2008; Oehl et al. 2005; Yang et al. 2010). In
contrast, a study carried out in a site contaminated with heavy metals showed that
spore number and root colonization percent increased as soil depth increased to
60 cm (Gucwa-Przepiora et al. 2013).

Ecological studies have revealed that intensified land uses lead to decreased AMF
populations and their species diversity (Oehl et al. 2003). The species richness of
AMF is usually lower in arable lands with annuals than in forest and grasslands with
perennial plants (Snoeck et al. 2010). However, Ndoye et al. (2012) pointed out that
changing land use from grassland to Acasia cultivation enhanced AMF diversity and
spore abundance.

It has been established that different plant species respond differently to AMF
species; therefore, the diversity and abundance of indigenous AMF will decrease as a
result of continued monoculture (Sanders et al. 1995). Aliasgharzad et al. (2001)
studied the abundance of AMF spores and their root length colonization (RLC) in the



11 Glomalin and Carbon Sequestration in Terrestrial Ecosystems 241

rhizosphere of four glycophytes (onion, alfalfa, wheat, and barley), along with
Salicornia sp. and Salsola sp. (two halophyte species) in the Tabriz Plain in the
northwest of Iran. The area has saline soils, and the mean electrical conductivity
(EC) of 7.3, 12.3, 12.1, 21.1, and 92.0 dS m~! were recorded in rhizosphere soils of
onion, alfalfa, wheat, barley, and halophytes, respectively. The spores count in the
rhizosphere significantly varied depending on the plant species, and the mean values
of 144.8, 129.8, 119.5, and 115.3 spores per 10 g dry soil were found in onion,
alfalfa, wheat, and barley, respectively. In comparison, the rhizosphere soils with
Salsola sp. and Salicornia sp. plants showed relatively lower spore density (~100
spores per 10 g dry soil). The percent of RLC was also influenced by plant species
and soil salinity, and the mean values of 32.8, 30.8, 11.2, and 4.5% were reported for
onion, alfalfa, wheat, and barley roots, respectively. It is noteworthy that the roots of
these halophytes were not colonized by AMF, because both species belong to the
Chenopodiceae which are known as non-mycorhizal plants (Brundrett 2009).

11.2 Glomalin: Definition and Structure

The biochemical structure of glomalin is unknown and is usually defined by its
extraction method (Wright et al. 1996; Rillig 2004). Glomalin is found on the hyphal
and spore cellular wall of AM fungi (Wright and Upadhyaya 1996; Driver et al.
2005; Aliasgharzad et al. 2016), which was discovered by Wright et al. (1996) on the
hyphae of AM fungi using indirect immunofluorescence method (Wright 2000;
Nichols and Wright 2004). Evidence suggests that AM fungi, and not plant roots,
are responsible for glomalin production (Rillig and Steinberg 2002; Matos et al.
2022). Two mechanisms are suggested for the release of glomalin to the soil:
(1) secretion from the hyphae and arbuscules of the fungi to colonized roots, organic
matter, soil particles, and the surrounding environment of external mycelium and
(2) its release after decomposition of AMF structures (Wright et al. 1996; Wright and
Upadhyaya 1996; Wright 2000). Despite an unknown biochemical structure,
glomalin is a glycoprotein consists of various inorganic elements such as phospho-
rus, iron, magnesium, calcium, and potassium (Ullah et al. 2019) and different
substance groups (Fig. 11.1). Glomalin contains 0.8-8% iron (Ullah et al. 2019),
which is essential for its accumulation or function. Iron is also the reason behind the
yellow to reddish color of glomalin extract (Wright and Upadhyaya 1998; Rillig
et al. 2001). It has been reported that in soils with low content of iron, the
accumulation of glycoprotein was lower, and an isolate of AMF called Gigaspora
gigantea (MA453A) was unable to grow under iron limitation. This is confirmed by
field reports, as high soil pH resulted in decreased glomalin concentration and
aggregate stability due to the low availability of iron (Wright and Upadhyaya
1998). It has also been reported that the presence of iron in the glomalin structure
increases its thermal stability and antimicrobial properties (Prasad et al. 2018).

The dynamics of glomalin accumulation on extracellular hyphae, auxiliary cells,
spores, or internal structures (intracellular hyphae, arbuscules, and vesicles) are still
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Fig. 11.1 Elemental composition, substance groups, and multiple functions of glomalin in soil.
(Modified and redrawn from Ullah et al. 2019; Singh et al. 2022; Agnihotri et al. 2022)

lacking information. Glomalin is stable, is not solved in water, and can resist thermal
decomposition; however, exposure to high temperature (121 °C) and alkaline buffers
(citrate, borate, or pyrophosphate at pH 7 to 9) facilitate its decomposition (Wright
et al. 1996; Wright and Upadhyaya 1996). The glue-like nature of glomalin enables
this compound to bind to the surface of soil particles and cell membranes, so it
probably forms a hydrophobic coating on the AM fungi hyphae to decrease the loss
of soluble substances (Wright and Upadhyaya 1998, 1999). AM fungi-produced
glomalin can resist chemical (acid) and trypsin hydrolysis (Wright et al. 1996).
Based on the lectin-binding affinity and HPCE, ' glomalin is a glycoprotein with a
major asparagine-linked (N-linked) chain of carbohydrates (Wright et al. 1998).
Denaturation and deglycosylation of glomalin by HPCE were unsuccessful, since
before the decomposition, the protein that remains completely intact is deposited in
the solution and separated by centrifugation. As a result, some components of
glomalin are probably resistant to denaturation and deglycosylation (Nichols
2003). Thermal treatment denatures heat-nonstable proteins extracted along with
glomalin (Wright et al. 1996). These denatured proteins as well as some other small
proteins can be removed in the course of primary purification through acid precip-
itation, redissolution in alkaline solution, and dialysis processes. Since glomalin can

"High-performance capillary electrophoresis.
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resist decomposition, it can be a part of organic matter found in labile and resistant
sources in soil after 10 years at minimum (Rillig et al. 2001; Steinberg and Rillig
2003). Molecular stability of glomalin is due to its chemical properties including
hydrophobicity and the presence of iron bonds. Hydrophobicity and iron bonds of
glomalin make it resistant to micribial degradation. (Agnihotri et al. 2022).

Nichols (2003) performed methods such as removal of iron, measurement of iron
content, purification by phenyl-HPLC * column, and separation of amino acids and
carbohydrates for analyzing the components of glomalin. In the phenyl column,
hydrophobic groups including amino acids of tryptophan, leucine, phenylalanine,
isoleucine, valine, alanine, and tyrosine) and aliphatics are brought to the protein
surface by increasing the surface tension in the buffer solution with ammonium
sulfate salt. The phenyl column is highly hydrophobic, and proteins adhere to the
column rather than each other. The surface tension decreases as a result of the
reduced concentration of salts in the buffer solution, and the protein is separated
from the column. Purification of the hydrophobic glycoproteins or oligosaccharides
in solutions can be done by lectin affinity chromatography. According to the results
of the analysis, iron and organic matter may be attached to the soil glomalin and/or
during its extraction processes. This makes it difficult to analyze the structure of
glomalin, as the glomalin molecule becomes more stable and complex as a result of
the binding of organic matters and iron (Nichols 2003).

11.3 Methods for Assaying Glomalin

The extraction of glomalin from hyphae and soil is undertaken using sodium citrate
buffer, followed by autoclaving for 30—60 min or more (Wright et al. 1996; Wright
and Upadhyaya 1996). Different extraction methods are used for different fractions
of glomalin including total glomalin (TG) and easily extractable glomalin (EEG).
The extraction of EEG is carried out by autoclaving soil/hyphae in 20 mM sodium
citrate buffer with a pH of 7 for 30 min, while TG is extracted with the help of
50 mM sodium citrate buffer (pH = 8) for 60 min. Total glomalin is extracted in 1 h;
however, it may take more time (Wright and Upadhyaya 1998). In addition to the
difference in the extract concentration and the time needed for TG extraction, the
process continues until the color of the extract turns amber or colorless which is
obtained after three or five, seven (Wright and Upadhyaya 1998), or nine cycles
(Rillig et al. 2003). Immediately after autoclaving, the extracted sample is separated
from the soil using a centrifuge to make sure that the soil particles are separated from
glomalin. Due to the proteinous nature of glomalin, the extract is kept at 4 °C
(Wright et al. 1996).

*High-performance liquid chromatography (HPLC).
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Bradford assay is a general method for protein measurement (Bradford 1976).
The basis for Bradford’s test is the binding of protein to Coomassie Brilliant Blue
G-250, which changes the color of the reaction from red to blue after binding to the
protein (Bradford 1976; Wright et al. 1996). The intensity of this color change is read
at 595 nm which pertains to the concentration of protein in the glomalin extract. The
protein content in the extract is calculated as total or easily extractable Bradford-
reactive soil protein (T-BRSP or EE-BRSP) (Rillig 2004). Some researchers
believed that total glomalin represents the glomalin produced by fungi that has
accumulated in the soil over many years, while easily extractable glomalin is
newly produced in the soil (Siami et al. 2022; Agnihotri et al. 2022; Wright and
Upadhyaya 1998). However, Staunton et al. (2020) rejected this hypothesis and
emphasized that the difference in components is due to the increasing of strong
stabilization of glomalin-related soil proteins (GRSP) on mineral surfaces by
increasing contact period with soil.

Indirect ELISA by monoclonal antibody MAb32B11 which is prepared against
Glomus intraradices spores is another method to determine the amount of glomalin
(Wright et al. 1996). In this method, the anti-glomalin antibody is added to the
glomalin extract which binds to the antigenic site (the specific site for the binding of
antibody) of the glomalin. Subsequently, the secondary antibody which is the anti-
mouse IgM antibody, conjugated by biotin, is added and binds to the antigenic site of
the primary MAb32B11 antibody. A solution that contains protein (e.g., ExtAvidin)
or enzyme (e.g., peroxidase) and the colored substrate is then added. Protein
molecules are attached to biotinylated-secondary antibody, and the enzyme reacts
with the substrate, and a blue-green color is produced. The intensity of color change
is read at 405 or 410 nm and calculated by an equation of standard curve prepared by
glomalin obtained from pot culture or soil samples with 100% immunoreactivity in
the concentration range of 0.005-0.04 pg (Wright et al. 1996; Nichols and Wright
2004; Rillig 2004).

Total glomalin measured by ELISA is defined as total-immunoreactive soil
protein (T-IRSP), and its easily extractable component is defined as
EE-immunoreactive soil protein (EE-IRSP) (Wright and Upadhyaya 1998; Rillig
2004). Rillig (2004) described and used the terms EE-IRSP, BRSP, EE-BRSP, and
IRSP instead of the term “glomalin” to describe glomalin extracted from soil. Since
other non-glomalin proteins are simultaneously extracted in a hot alkaline buffer
(Zbiral et al. 2017), Rillig (2004) recommended the term “GRSP” for this soil
extract. Also, similar terms are assigned to various glomalin components extracted
from different sources, i.e., from mycorrhizal roots and hyphae. For example, the
term “Bradford-reactive root protein” is replaced with “root glomalin” which is
related to the glomalin in the root extract estimated by Bradford assay (Rosier
et al. 2008). The values for glomalin resulting from the ELISA assay are usually
compared with those of Bradford to calculate the percent of immunoreactive protein.
This percent is obtained by the division of the ELISA data by the Bradford data
x100. A higher immunoreactivity percentage indicates greater reactivity of extracted
glomalin fraction with antibody (Wright et al. 1996; Nichols and Wright 2004; Rillig
2004).
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Although Bradford method is not specific for glomalin detection because of the
presence of residual humic substances, tannic acids, plant proteins, and heat shock
proteins in the glomalin extract (Zbiral et al. 2017; Whiffen et al. 2007; Rosier et al.
2006), data obtained by this method are positively correlated with those obtained by
ELISA assay (Wright and Upadhyaya 1996, 1998, 1999; Harner et al. 2004). Many
researchers use only the Bradford assay for estimation of the glomalin content
(Aliasgharzad et al. 2016; Cisse et al. 2020; Staunton et al. 2020), because it is
more rapid and simpler and requires less technical work compared to the ELISA.
Cisse et al. (2020) recommended that to avoid the interferences of phenolic com-
pounds in the Bradford assay, soil extract is diluted, and pH-dependent color
absorbance is subtracted before quantifying the protein by the Bradford reagent.
Rosier et al. (2006) reported that proteins yielded by other organisms can be
considered Bradford- or immunoreactive root proteins. These findings indicate that
BRSP is not solely related to AM fungi and requires further research (Whiffen et al.
2007).

Near-infrared reflectance spectroscopy (NIRS) is a rapid, cheap, nondestructive,
and environmentally friendly technique to determine the basic characteristics of
some soil compounds, their chemical and biological properties, and quality indica-
tors (Zbiral et al. 2017). It has been observed that GRSP can be determined with
sufficient precision and accuracy simultaneously by measuring nitrogen and oxidiz-
able carbon in agricultural, pasture, and forest soils (Zbiral et al. 2017). Pohanka and
Vlcek (2018) used a biosensor based on a piezoelectric “quartz crystal microbal-
ance” (QCM) and a glomalin-specific monoclonal antibody to measure glomalin in
an extract. QCM is a type of sensor that uses the “piezoelectric effect” of a thin
quartz crystal between two electrodes. A mass change following the attachment of an
analyte (the target molecule, here glomalin) to the QCM surface produces a vibra-
tional frequency that is converted into an electrical signal. The piezoelectric biosen-
sor is a simple device that can be used in unequipped laboratories or in the field
experiments. In the biosensor method, in contrast to the spectrophotometer (Brad-
ford method), the sample extracted by autoclave can be used directly without using
any reagent (Pohanka and Vlcek 2018).

11.4 The Impact of Environmental Factors on Glomalin
Production

There are evidences indicating that 40-50% of the assimilated carbon by plants
through photosynthesis is transferred to the AM fungi (Harris and Paul 1987),
although other work estimates it around 10-20% (Jakobsen et al. 2002). Environ-
mental conditions such as soil nutrient content, atmospheric CO, level, salinity,
drought, heavy metals, etc. could influence plant photosynthesis, thereby carbon
allocation to the fungal partner. The rate of glomalin production by the fungi is a
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function of photosynthate amounts delivered from plant roots to the fungi. The
impact of important environmental factors on glomalin production is addressed here.

11.4.1 Soil Nutrients

Among nutrients, soil phosphorus (P) and nitrogen (N) affect glomalin production
via direct or indirect mechanisms. It has been widely accepted that higher levels of
the available P in soil inhibit mycorrhizal establishment in roots, thereby reducing
fungal biomass inside the root and adjacent soil. Therefore, glomalin production by
the fungi is reduced indirectly by increasing available P in the soil. Considering the
chemical structure of glomalin (glycoprotein), sufficient availability of N to the
mycorrhizal system will directly encourage glomalin production. In the soils with
low nutrient availability, the AMF play an important role in delivering nutrients to
the plant which in turn receive more carbon from the plant. The extent of carbon
allocation to the AMF is a very complex phenomenon and depends on environmen-
tal conditions and the plant and fungal species (Egboka et al. 2022). Olsson et al.
(2010) reported that the dynamics of carbon during the mycorrhizal symbiosis
pertains to carbon costs and phosphorus benefits. In a greenhouse study, they used
13C0, to trace carbon flow from the clover root to the fungus. Only a little amount of
plant carbon was allocated to the fungus under the conditions that plant mycorrhizal
benefit was decreased by P addition. Balik et al. (2020) conducted a long-term
experiment to examine the impact of different fertilizers on the soil glomalin content.
The content of EEG, TG, and Gyirs (glomalin determined using the near-infrared
reflectance spectroscopy) were determined in topsoil. They reported that the mineral
and organic fertilizers and their combination led to a significant increase in EEG,
TG, and Gnrs compared to the fertilizer-free control. Moreover, there was a
relatively stronger correlation between EEG, TG, and Gyrs With soil humic acid
than with soil organic matter. In a greenhouse study with corn plants inoculated with
Rhizophagus clarus or Rhizophagus intraradices, Aliasgharzad et al. (2016)
reported that by increasing nitrogen levels added to the soil, from 0 to 100 and
200 mg/kg (as urea), EEG increased by 75% and 112%, respectively. This increase
for TG was 59% and 76%, respectively, indicating the pronounced effect of N
fertilizer on EEG than TG. However, the addition of P showed different trends.
Addition of phosphorus at rates of 20 and 40 mg/kg resulted in 27% increase and 6%
decrease in EEG and a 24% increase and 13% decrease in TG, respectively,
compared with the P-free conditions. The efficiency of R. clarus in glomalin
production was higher than R. intraradices. Moreover, increasing the P level up to
40 mg/kg inhibited both root mycorrhizal colonization and glomalin production
(Aliasgharzad et al. 2016).
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11.4.2 Atmospheric CO, Level

Arbuscular mycorrhizal symbiosis often exhibits higher proliferation, under elevated
CO; (eCOy) due to enhanced rate of plant photosynthesis. However, it depends also
on the photosynthetic physiology of the plant (i.e., C3, C4) and the availability of
nutrients in the soil, in a way that C, is more influenced than Cj plants in terms of
carbon allocation to the root and mycorrhizal colonization under eCO, (Frew et al.
2021). In a pot study, soybean plants were inoculated with AMF at 350 (ambient)
and 550 ppm (elevated) CO, levels. Elevated CO, led to an increase in the AMF
spore density in soil and higher root colonization (Adeyemi et al. 2020). It seems that
increased carbon assimilation by plants under eCO, would result in more carbon
flow to the underground part of plants, thereby increased carbon allocation to AMF.
As mentioned before, glomalin is produced by AMF and precipitated on spore and
hyphal cell wall. Hence, more glomalin will enter the soil under higher concentra-
tions of atmospheric CO,. Zhang et al. (2015) examined the responses of easily
extractable and total glomalin-related soil protein (EE-GRSP and T-GRPS) to eCO,
(approx. 700 pmol mol ' CO,) and/or nitrogen fertilization in a subtropical forest.
Increased CO, levels led to a significant increase in T-GRSP by 35%. However,
elevated CO, reduced EE-GRSP by 5% in the top 10 cm of the soil layer. The
concentration of EE-GRSP and T-GRSP went up as a result of eCO, and nitrogen
fertilization treatment. They concluded that the greater accumulation ratios of
T-GRSP (22.6 + 13.6%) in comparison with SOC (15.9 + 9.4%) under eCO,
might be related to the rapid glomalin deposition in the soil (Zhang et al. 2015).

11.4.3 Salinity and Drought

Previous works have shown that the production of glomalin in AMF can be a
protective reaction in fungal organs against stressors. Indeed, it has been well
established that glomalin acts as a heat shock protein (hsp60) for protecting fungi
against adverse environmental factors (Gadkar and Rillig 2006). Therefore, it is
reasonable that AMF produce more glomalin under stressful conditions such as
salinity or drought. Hammer and Rillig (2011) conducted an in vitro experiment in
which the fungus Glomus intraradices was subjected to different levels of NaCl and
glycerol, resembling the salinity and osmotic stresses, respectively. The application
of NaCl caused a strong increase in the production of glomalin, whereas the addition
of glycerol led to no response. The lack of response in glycerol treatment might be
related to its role as a soil carbon source rather than as an osmolyte. Polyethylene
glycol (PEG) is usually used for this purpose which is not a carbon source for
microorganisms and acts as an effective osmolyte in hydroponic plant culture and
microbial culture media (Eliane et al. 2019).

In contrast, under field conditions, (Zhang et al. 2017b) stated that soil salinity
had a negative correlation with GRSP concentration. Also, they analyzed the impact
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of soil parameters on T-GRSP and EE-GRSP using regression models and con-
cluded that soil salinity accounts for 46% and 25% variation in T-GRSP and
EE-GRSP, respectively. Purified T-GRSP of the soil with high salinity had higher
nitrogen (13.13%) and lower carbon content (43.41%) compared to that of
low-salinity soil. Total glomalin extracted from an extremely saline soil showed a
higher binding capacity to Ca®* and PO,>~ which enhance its stability in soil by
29.8% and 14.1%, respectively. The sodic-saline soils which suffer from low
aggregate stability would benefit from glomalin to construct stable aggregates.
They concluded that, despite the glomalin synthesis reduction in saline conditions,
the positive alteration in its chemical nature and behavior could compensate its effect
on soil aggregation (Zhang et al. 2017a, b).

Other investigations revealed that mild salinity promotes glomalin production,
but it declined at higher salinity perhaps due to severe inhibition of AMF at high salt
concentrations. In a study conducted by Ahmadi et al. (2014) on corn plants
inoculated with AMF, EE-GRSP soil concentrations increased under controlled
salt-stress conditions. They pointed out that, by increasing salinity level up to
8 dS/m, both root colonization percentage and EE-GRSP were significantly
decreased; however, the extent of glomalin produced per unit length of colonized
root was increased.

11.4.4 Heavy Metals

Glomalin-encoding genes could be overexpressed upon exposure to stressors such as
heavy metals (HM), because (as mentioned above) glomalin is considered a heat
shock protein, and increased levels of HM may improve its production (Gadkar and
Rillig 2006). As a glycoprotein, glomalin could sequestrate HM to protect fungi
from their toxic effects. This phenomenon can be considered a biostabilization
mechanism in which mycorrhizal plants can survive and tolerate HM in contami-
nated soils (Malekzadeh et al. 2016a). In an experiment with clover plants grown in
the sand and colonized by Rhizophagus irregularis, toxic Pb concentrations (0, 150,
300, and 450 mM as Pb(NOj3),) were applied to the pots. Immunoreactive (IR) and
Bradford reactive (BR) glomalin showed no correlation with hyphal biomass regard-
less of the Pb level. However, the content of both glomalin increased significantly
with increasing Pb application level to the pots (Fig. 11.2). There was also a positive
correlation between root colonization percentage and glomalin content. The maxi-
mum IR glomalin (10.04 pg/mg hyphae) was observed at 450 mM Pb, which was
significantly higher compared to the lower Pb levels. Indeed, the total Pb seques-
trated by root glomalin (228.91 mg Pb/mg glomalin) rose as the Pb level increased
up to 300 mM (Malekzadeh et al. 2016b). In contrast, Qiu et al. (2022) reported that
the soil glomalin was negatively correlated with the bioavailability of Cd, Sb, Cu,
As, Pb, Zn, and Ni (r = —0.60, p < 0.001) under field conditions. The contribution
of soil glomalin to the sequestration of these heavy metals was higher than that of
root glomalin, albeit the amount of sequestration was plant species-specific.
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Cadmium as a highly toxic element for plants and other organisms enters soils via
P fertilizers and industrial activities and adversely affects mycorrhizal symbiosis. In
a pot culture experiment, Malekzadeh et al. (2016a) inoculated clover plants with
arbuscular mycorrhizal fungus (Rhizophagus irregularis) and treated with 0, 15,
30, and 45 pM of Cd. In a separate in vitro experiment, they also applied 0, 0.001,
0.01, and 0.1 mM of Cd to plates containing the T-DNA transformed carrot root. The
IR and BR glomalin contents in both experiments increased with increasing Cd
concentration. The total Cd sequestrated by glomalin was significantly increased by
increasing the Cd concentration in both experiments (Fig. 11.3). According to these
data, enhanced production of glomalin by AM fungus under Cd stress serves as a
mechanism to protect both the host and fungus from Cd toxicity.

11.5 Glomalin and Carbon Sequestration

Carbon is an essential element on earth, which supports all dimensions of life by
transferring between living organisms and the environment. Increasing CO, emis-
sion due to the burning of fossil fuels, deforestation, land use change, degradation
and erosion of soil, and mismanagement of agricultural lands, along with other
greenhouse gases, has caused a rise in the average temperature of the earth which
is a threat to plant diversity and affects aquatic and terrestrial ecosystems (Mishra
and Kizhakkepurakkal 2014; IPCC 2007).

It is necessary to identify the practical technologies for sequestration of CO, for a
long time such as their sequestration in terrestrial ecosystems (Lal 2020). Since the
terrestrial storage is part of the active carbon cycle, it can potentially store
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atmospheric carbon at high concentrations. Carbon sequestration is defined as the
capture of atmospheric CO, by plants and other reserves on the planet (Lal 2004).
Soil organic carbon storage is a “salient component” of terrestrial ecosystems that
serves as the main regulator of the biosphere-atmosphere carbon flow. A proposed
way to mitigate the concentration of CO, in the atmosphere is to enhance the storage
of carbon in soils at a global scale. The storage of carbon in soils is two to three times
more than the carbon stored in the atmosphere and plant biomass, so it is possible to
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manage the flow of carbon from plant to soil (Scharlemann et al. 2014). The
management of carbon sequestration in the form of soil organic carbon primarily
depends on plant yield and the distribution of photosynthetic products (Zhu and
Miller 2003) and then the role of microbial communities in releasing carbon to the
atmosphere by respiration or its flow into the soil through decomposition, mineral-
ization, and immobilization processes (Parihar et al. 2020). Some researchers
suggested that AM fungi could sequester more than 70% of carbon in the soil, but
this has been less considered in global climate change models (Averill et al. 2014). A
portion of the plant’s photosynthetic products is allocated to the roots which is even
higher in the symbiosis by AM fungi (Nautiyal et al. 2019). Harris and Paul (1987)
reported that carbon allocated to AM fungi to be 40-50% of photosynthates trans-
ferred to the root, while Treseder and Allen (2000) estimated it to be more than 85%.
Mycorrhizal hyphae help redistribute carbon from shoots to roots by consuming
photosynthetic products and producing extracellular polymers and amino acids to
store organic carbon in the soil (Wang et al. 2016; Wilson et al. 2009; Antoninka
et al. 2011). Allocation of carbon through increasing net primary production (NPP)
in aerial and root parts is an important factor in carbon sequestration, and about 47%
of NPP is allocated to AM fungi (Treseder 2016). The biomass of extracellular
hyphae in soil is approximately 0.5-0.03 mg/g, which includes about 20-30% of the
microbial biomass and 15% of the organic carbon reserve of soils (Leake et al.
2004). According to data showing 50% carbon content of the extracellular hyphae at
a depth of 30 cm, the amount of soil organic carbon produced by AM fungi has been
estimated to be 54-900 kg/ha (Treseder and Cross 2006). Also, the intracellular
structures of AM fungi constitute approximately 0.5 pg of organic carbon in topsoil
consisting of 4% of the global microbial carbon sink (Treseder and Cross 2006).
Bago et al. (2000) reported that AM fungi globally regulate the flow of approxi-
mately 5 billion tons of carbon per year to soil. This process constitutes a significant
portion of the carbon cycle. Therefore, AM fungi help to increase the soil organic
carbon reserve by adding large amounts of organic residues in the form of extra- and
intracellular mycelium, glomalin, and other hyphal secretions.

The AM fungi communities under the tillage layer have often been neglected
which can provide a good potential for organic carbon storage in subsoil. More than
50% of the total fungal biomass is located under a depth of 30 cm (Higo et al. 2013),
and the soil depth to which the mycorrhizal roots could be developed may reach up
to 8 m (de Araujo Pereira et al. 2018). Also, laboratory observations show that by
elevating CO, concentration, mycorrhizal colonization has increased at a depth of
1445 cm (Rillig and Field 2003). AM fungi ensure the health of host plant in
situations where the topsoil is dry or depleted from nutrients by increasing the plant
availability to the nutrients and water in subsoil (Kautz et al. 2013). Therefore, the
plant may benefit more from the subsoil per carbon unit spent on the fungal symbiont
compared to that from the topsoil (Sosa-Hernandez et al. 2019). AM fungi are
expected to expand their hyphal networks in subsoil due to the suboptimal condi-
tions for roots, which lead to more colonization of soil micropores, thereby more
carbon sequestration in the subsoil layers.
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The survival time of organic carbon in the soil increases by increasing soil depth
(over 3 m) and reaches more than 10,000 years (Sosa-Hernandez et al. 2019). The
main reasons for this phenomenon are: (1) the subsoil usually contains smaller
amount of energy sources and nutrients which limits microbial activity and reduces
decomposition rate of soil organic matter; (2) the subsoil has a high compaction and
bulk density, lower porosity, and air which reduces the habitat and abundance of
microorganisms; (3) the amount of clay increases in the subsoil which form an
organic-mineral complex with organic matter and helps to stabilize organic carbon;
and (4) in the subsoil, a higher proportion of organic matter is placed in
microaggregates and leads to its decomposition more slowly compared to the topsoil
(Torres-Sallan et al. 2017; Weil and Brady 2016; Sosa-Hernandez et al. 2019). As
fungal hyphae penetrate deeper into soil, fungal secretions are transported to greater
distances from the root system which can be an important strategy for storage of soil
organic carbon. Clemmensen et al. (2013) reported that over 70% of subsoil carbon
is derived from roots. Also, the organic matter of the subsoil is mostly of microbial
origin, because the microbe-derived organic matter is better combined with the soil
minerals compared to the organic matter of plant origin (Rumpel and K&gel-Knabner
2011). Since the clay minerals and sesquioxides content is higher in the subsoil,
higher potential for carbon sequestration is observed in this soil layer compared to
the topsoil (Sosa-Hernandez et al. 2019).

The relationship between glomalin, soil organic carbon, and stability of aggre-
gates and its role in keeping the soil fertile has been frequently reported (Zhu and
Miller 2003; Nautiyal et al. 2019; Emran et al. 2012). Glomalin physically prevents
the degradation rate of soil organic carbon by forming permanent aggregates (Zhao
et al. 2018). Soil aggregates can preserve over 5% of soil carbon and nitrogen from
degradation caused by water and wind erosion (Emran et al. 2012). Stable aggregates
effectively protect organic matter by increasing the water and air permeability of the
soil, improving soil consistency and preventing erosion to a large extent (Ortas et al.
2013). According to Ferrero Holtz et al. (2016), as the total organic carbon
decreases, the contribution of glomalin to the total carbon increases. This indicates
an increase in “resistant carbon forms” with a decrease in total soil organic carbon.
Increased content of resistant carbon in soil leads to longer carbon retention duration
in the soil, so glomalin not only directly contributes to carbon sequestration as a
carbon source but also does it indirectly due to its resistant nature (Zhang et al.
2017a). The annual losses of soil organic carbon globally are 1.3 and 1.0 billion tons
by water and wind erosions, respectively (Lal 2020). Therefore, any factor that
affects mycorrhizal development and glomalin content can also affect soil aggregate
stability and the soil organic matter value (Nautiyal et al. 2019). According to several
studies, soil aggregate stability is improved through the establishment of hyphae in
aggregate and the production of extracellular polymers (Rillig and Mummey 2006).
Also, by increasing the soil depth, because the subsoil is less disturbed and the
hyphae network is not destroyed, it can lead to a long survival time of protected
organic matter inside soil aggregates. Therefore, the stability of soil aggregate by
mycorrhizal hyphae and secretions including glomalin can play a critical role in
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protecting organic matter and its deposition in the soil on a global scale (Sosa-
Hernandez et al. 2019).

11.6 Conclusions

Global warming, resulting from the rapid increase of CO, concentration in the
atmosphere, is threatening food production in agricultural ecosystems, hence
human life at all. Soils are main reservoirs for organic carbon which could be lost
by deforestation and agricultural practices. The rate of carbon flow through the
atmosphere to the soil is a function of the photosynthesis rate in plants. Most plants
allocate a considerable portion of assimilated carbon to the fungal partner in roots
which led to enhanced production of glomalin by the fungi. Nutrient availability,
especially nitrogen, can also stimulate glomalin production, while higher phospho-
rus reduces it via inhibition of root mycorrhizal colonization. Elevated CO, levels
accelerate plant photosynthesis rate which in turn promotes glomalin production as
well. Glomalin—which is homologous with heat shock protein (hsp60)—can be
overexpressed under stressful conditions such as salinity, drought, or heavy metal
contaminations, although this promotion is most pronounced under moderate stress
conditions. Considering all the above factors affecting glomalin production, it is
necessary to manage the natural and agricultural ecosystems in a manner that
encourage glomalin production, as a relatively stable carbon pool in soils. Nowa-
days, many of agricultural soils worldwide are faced with drought and salinity, and
AM fungi not only could support plant growth under these stressful conditions but
are also stimulated to produce more glomalin. The efforts should be focused on
farmers’ awareness and acceptance of the use of AM fungi for plant production. It’s
obvious that the accumulation of recalcitrant-C sources in soil would lead to a
decline in global greenhouse gas emissions which is in line with the international
goal to limit climate change.
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Versus Conventional Farming
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Abstract Arbuscular mycorrhizal fungi (AMF) establish symbiotic relationships
with plant roots, enhancing nutrient uptake and promoting plant growth. This
chapter discusses various factors that influence AM fungal populations under dif-
ferent farming systems. These factors include soil management routines such as
tillage intensity, pesticide usage, fertilizer application, and crop rotation strategies.
The aim is to compare the effects of organic farming practices that prioritizes
sustainable approaches with those employed in conventional agriculture. The chap-
ter looks at how organic farming methods differ from conventional farming in terms
of AM fungal communities, diversity, and functionality. It describes practical
strategies for improving mycorrhizal associations through inoculation techniques
or by implementing specific agronomic practices that promote a favorable environ-
ment for these beneficial microorganisms. Overall, this chapter illuminates the role
of AMF in influencing soil health and plant productivity across various agricultural
approaches. It emphasizes the importance of taking these symbiotic relationships
into account when designing sustainable farming systems that maximize yields
while minimizing environmental impacts.
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12.1 Introduction

Frank (1885) first used the term “mykorhiza” (mycorrhiza) and noted that nutrients
and water were transported to plant roots by endophytic hyphae through mutualistic
symbiotic relationships (Frank 1885). Arbuscular mycorrhizal fungi (AMF), as one
of the utmost earliest obligate symbioses, are considered the most important soil
organisms for agroecosystem sustainability (Martin et al. 2017).

Mycorrhizal symbiosis benefits plants in several ways, including improving their
access to immobile nutrients (Basu et al. 2018; Hodge and Fitter 2010; Javot et al.
2007), tolerance to abiotic stress (Aroca et al. 2007; Chourasiya et al. 2021), and
protection against pathogens (Morris et al. 2019). Meanwhile, they can play a key
role in soil aggregation (Rillig and Mummey 2006), nutrient cycling (Lanfranco
et al. 2018), and soil stability (Morris et al. 2019) and have prodigious potential for
improving agricultural sustainability (Basu et al. 2018; Bender et al. 2016; Lehmann
et al. 2020). As a result of their implications to plant performance and soil health,
they play a crucial role in sustaining ecosystem productivity (Castillo et al. 2016; Ma
et al. 2021).

More importantly, extensive hyphae networks could be produced by AMF,
thereby enhancing water and nutrient uptake by the roots (Smith and Smith 2011).
Mycorrhizae can increase the effective root absorption area of the host plants by
producing mycelium and forming a mycelial network. Mycorrhizae can also enhance
the environmental adaptability and stress resistance of host plants to cope with
constraint from an adverse environment. Additionally, AMF are more important in
terms of their potential to improve plant growth and health in future climate change
scenarios (Wahdan et al. 2021; Johnson et al. 2013). The significance of AMF in
improving plant nutrition (especially phosphorus (P)) and improving plant stress
tolerance to both biotic and abiotic stress in natural ecosystems or low-input organic
agriculture has been widely recognized (Jeffries et al. 2003).

12.2 AMF and Agroecosystem
12.2.1 Plant Growth and Productivity

Although the “high investment and high production” mode of conventional agricul-
ture in the past has significantly increased the yield of crops, with the development of
modern agriculture, the “low investment and high production” mode of intensive
agriculture is becoming a key strategy of sustainable agricultural development (Shen
et al. 2013). To meet the increasing demands of global food production, conserve
environmental quality, and respond to more hostile environmental changes, agricul-
ture management is more complex than ever, and simultaneously accomplishing
high nutrient utilization efficiency and increasing crop yields have appeared key
challenges (Cassman et al. 2003).
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AMF provide multiple advantages to plant hosts because they are in direct contact
with crop roots (Zhang et al. 2017). AMF are not only important for improving plant
resistance to stress and sustaining biogeochemical cycling and ecological functions
(Wu et al. 2018) but also for increasing crop yields (Cavagnaro et al. 2015; Rillig
et al. 2016). Mounting evidences have suggested that mycorrhizal inoculation can
promote the accumulation of grains and aboveground biomass (Ren et al. 2019;
Zhao et al. 2015a, b), which being considered to be an effective agronomic measure
(Pellegrino and Bedini 2014). The potential mechanism of increased crop yield after
inoculation with AMF has received more attention (Bowles et al. 2016; Ren et al.
2019; Zhao et al. 2015). Several studies proved that AMF colonization promotes
crop yields and can be a critical factor in making agroecosystems more sustainable
(Bender et al. 2016; Thirkell et al. 2017). Recently, much discussion has been
devoted to whether AM symbiosis is appropriate for agricultural production (Ryan
and Graham 2018; Rillig et al. 2019). AMF symbionts can enhance the water
absorption capacity of roots by producing hyphal structures (Zhao et al. 2015a, b)
and increase host plant nutrient availability, directly contributing to increased crop
yields (Hestrin et al. 2019). Besides, inoculation with AMF can boost the root
biomass of host plants and thus produce more root exudates, which may facilitate
microbial-driven nitrogen (N) mineralization, and further increase nutrient availabil-
ity (Mo et al. 2020).

Despite numerous data on the benefits of inoculation of the host plants by AMF,
the role of AMF on host plant yield is still under debate. It is known that the
respiration rate is increased upon mycorrhization of plants that consumes part of
the photosynthetic products (Mortimer et al. 2008). Thus, the enhanced carbon
(C) assimilation observed in the mycorrhizal plants is most likely offset by higher
respiratory consumption, and the crop yield did not change significantly (Xavier and
Germida 2003). Some other studies have revealed that root colonization with AMF
reduces crop productivity, crop biomass production, and yield (Berruti et al. 2016;
Ryan and Graham 2018; Jayne and Quigley 2014). Divergent influences of AMF on
crop productivity might be relevant to experimental conditions, AMF species iden-
tity, climate, soil moisture, and soil fertility (Gosling et al. 2016; Jayne and Quigley
2014; Roger et al. 2013; Thirkell et al. 2017). Therefore, further studies are required
to elucidate how inoculation with AMF differs in plant production and physiological
properties under various conditions.

12.2.2 Quality of Crops

AMF can enhance plant uptake of nutrients and promote plant health (Gonzalez-
Dugo 2010). After colonization of plant roots with fungi, AMF can significantly
promote the acquisition of soil mineral nutrients, especially P. The '*C tracking
experiment found that the translocation of carbohydrates from plant to AM symbi-
otic structures (from root cells to AM mycelium) can promote the uptake of P by the
fungi and its further transport to the plant (Biicking and Shachar-Hill 2005).
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Additionally, inoculation of date palms with Albahypha drummondii, Pervetustus
simplex, Septoglomus xanthium, Claroideoglomus etunicatum, Rhizoglomus irreg-
ular, and Funneliformis mosseae resulted in a higher shoot length and stem diameter
as compared with control plant (El Hilali et al. 2022). Inoculation of tomato
(Solanum lycopersicum 1.) with Rhizophagus intraradices, R. irregularis,
Funneliformis mosseae, and Glomus iranicus resulted in a higher growth index
and P content in AMF-treated plants as compared with the control group (Shafiei
et al. 2022). Furthermore, the growth rate and consumption index of Tuta absoluta
larvae feeding AMF tomato leaves were much lower than that on plants without
AMF (Shafiei et al. 2022).

Moreover, AMF promote plant water uptake; increase water use efficiency,
especially under drought stress conditions; and enhance plant drought resistance
(Birhane et al. 2012). In wheat plants, AMF inoculation induces an increase in plant
biomass accumulation under long-term growth conditions under drought stress
(Al-Karaki et al. 2004).

12.2.3 AMTF as Biocontrol Agent

AMF play a vital role in boosting the plant resistance to above- and/or belowground
pests and diseases (Whipps et al. 2008). AMF-plant symbiosis has been revealed to
profoundly alter plant primary and secondary metabolism, including the salicylic
acid (SA) and jasmonate (JA) signaling pathways that are critical to plant defenses
(Cameron et al. 2013). Plants that have been colonized by AMF prior to pest or
pathogen attacks may be systemically primed through defense compound
reallocation (Jung et al. 2012), thus allowing rapid and increased expression of
defense genes compared with non-AMF plants (Song et al. 2015). AMF can enhance
the ability of host plants against fungal, bacterial, viral, and nematode diseases. AMF
can significantly inhibit the dispersal of root-knot nematodes and decrease gall
numbers and the infection rate and the damage caused by nematodes (Lax et al.
2011). Glomus mosseae increased the resistance of different tomato varieties to
Fusarium, but the extent of resistance was not consistent (Steinkellner et al. 2012).
Cucumber, bent grass (Agrostis stolonifera), and tomato were inoculated with
Phoma sp. GS8-2 and Glomus mosseae, respectively. Glomus mosseae reduced
Rhizoctonia-caused cucumber root rot and Fusarium oxysporum-caused tomato
root rot but aggravated bent grass brown spot (Saldajeno et al. 2012). Cosme et al.
(2011) explored the effect of inoculation of Glomus intraradices on the oviposition
of Lissorhoptrus oryzophilus and found that this insect prefers to lay eggs on
mycorrhizal plants. The possible explanation is that AMF colonization improves
the root N and P contents; thus, the mycorrhizal plants with better growth were
preferred to lay eggs; however, the harm of adults did not increase.

From the agricultural point of view, however, trade-offs that reduce yields may
occur between AMF, crops, and pests. In addition to benefiting crop nutrition, AMF
colonization also enhances the attraction, quantity characteristics, and quality
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measures of plants against herbivores (Hartley and Gange 2009) and therefore
improves capabilities of herbivores (Kempel et al. 2010). Moreover, phloem-feeding
insects frequently outperform non-AM controls on AMF-colonized plants (Hartley
and Gange 2009). AMF management strategies should consider these trade-offs and
balance them accordingly.

12.2.4 Contribution of AMF to Soil Health

Arbuscular mycorrhiza can directly affect the cycle of inorganic elements such as N,
P, K, Ca, and Mg through chemical, physical, and biological activities and play an
important role in the biogeochemical cycling of soil nutrients. The impact of
arbuscular mycorrhiza on inorganic N is mainly through the hyphae absorbing N
from the substrate and transferring it to the host plant and improving the rate of N
fixation in N-fixing host plants by alleviating various stresses. The impact of AMF
on promoting plant growth is closely associated with the improvement of plant P
nutrition by mycorrhizal colonization. In soils with insufficient P supply, the inoc-
ulation of AMF can greatly improve the absorption and use of P by the symbiotic
partner plants and alleviate the phenomenon of P deficiency in the rhizospheric zone
(Recorbet et al. 2013).

AMF improve soil health through external hyphae too, thereby sustaining the
constancy of the soil food web and increasing the stability of the soil structure
(Finlay 2008), which provides numerous benefits to the host plants, such as defense
against pathogens, enhanced salinity tolerance, decreased pH and heavy metals, and
biofortification with trace elements in the crops (Ryan and Graham 2018). The huge
mycelial network formed by the symbiosis of AMF and crops can extend to deeper
and wider soils beyond the rhizosphere trophic zone of plants, thus improving the
utilization of elements by plants (Lehmann et al. 2014). Besides facilitating host
plant uptake of nutrients and water, AMF expand nutrient entrapment through their
mycelial network, increasing soil aggregation through mycelium and glomalin,
thereby improving soil nutrient storage and retention (Rillig and Mummey 2006)
as well as reducing soil erosion and the risk of nutrient leaching.

12.2.5 Abiotic Stress Alleviation

Abiotic stress (e.g., drought, high temperature, salinity, heavy metal stress, and
unfavorable soil pH) leads to degradation of soil and poses a serious threat to
agricultural production. Therefore, abiotic stress is considered to be one of the
main reasons for crop yield reduction worldwide (Singh et al. 2011). AMF can
enhance the tolerance of plants to abiotic stress. The extracellular hyphae of AMF
can promote the uptake and consumption of nutrients and water by plants, and it is
one of the critical factors in facilitating plants to avoid drought damage (Tyagi et al.
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2017). Increased drought resistance and better crop performance can be due to the
abundance of antioxidative enzymes (superoxide dismutase, catalase, peroxidase)
and soluble sugars symbiotically produced by AMF (Huang et al. 2011). AMF also
improve plant drought tolerance by improving soil structural stability. It has been
reported that AMF hyphae have a rich filamentous hyphae network, which can
enhance soil structure and also change soil structure by producing glycoproteins to
form aggregates (Singh et al. 2013). Therefore, AMF symbiosis can enhance the
drought tolerance of plants by enhancing the stability of soil structure, thereby
increasing soil water-holding capacity (Ruiz-Lozano 2003).

The occurrence of AMF greatly enhanced the tolerance of plants to extreme
temperature. Under the condition of high temperature stress, root colonization with
AMEF can enhance the activity of antioxidant enzymes and increase the content of
soluble protein and proline in maize (Zea mays L.). Plants inoculated with AMF
increased the activity of SOD, POD, and CAT by 50%, 40%, and 21%, respectively,
indicating that AMF can resist high temperature stress damage by improving the
antioxidant capacity of plants, thereby promoting plant growth (Mathur et al. 2018).
In addition, low temperature or high temperature induces excessive ROS production
under stress, causing oxidative stress response to damage plants. Usually, AMF can
effectively promote the production of SOD, POD, CAT, and GR after colonizing
host plants and relieve the damage caused by reactive oxygen species. Specifically,
they reduce peroxidation of membrane lipids as well as membrane permeability and
increase osmotic adjustment substance accumulation in response to temperature
stress (Ahanger and Agarwal 2017; Hajiboland et al. 2019).

Under heavy metal stress, AMF change the growth pattern of plants by exploiting
and exploring unstressed parts of the environment, alleviating the toxicity of heavy
metals through various pathways (Gonzalez-Guerrero et al. 2008). The roots of
AMF-inoculated plants can greatly contain heavy metals, which can inhibit the
transport of heavy metals from the root system to the aboveground tolerance to
adapt to heavy metal stress (Stomka et al. 2011; Zhang et al. 2010). However,
mycelia have limited uptake potential of heavy metals, and in highly polluted places,
the possibility of mycelium avoiding the hazards of toxic metals is very limited.
Therefore, mycorrhizae have developed different strategies to resist heavy metal
stress: AMF can secrete glomycin (Ferrol et al. 2009); glomycin participates in
heavy metal inactivation by chelating heavy metals in soil. Audet and Charest (2007)
revealed that AMF shift from “enhanced uptake” at soil with low concentrations of
heavy metals to “metal binding” at soil with high concentrations of heavy metals.
The remediation effect of AMF on heavy metals is also reflected in the ability to
induce host plants to produce antioxidant enzymes, upregulate the expression of
related peroxidase genes, and reduce the detrimental effects of ROS on plants under
heavy metal stress (Rozpadek et al. 2014).

Salt stress can negatively affect plant photosynthetic capacity, enzyme activity,
protein synthesis, and mineral nutrition and produce osmotic stress and ion stress on
plants, thereby affecting the physiological and biochemical balance of plants
(Hashem et al. 2016; Igbal et al. 2015). Salt stress can promote ROS production,
cause plant oxidative damage, and interfere with the normal metabolism of plants
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(Akyol et al. 2020). AMF can improve the antioxidant capacity of host, reduce H,O,
content, inhibit lipid peroxidation, and enhance the salt stress of plants by inducing
plants to produce and accumulate osmotic adjustment substances such as glycine
betaine, proline, and soluble sugar tolerance (Akyol et al. 2020; Porcel et al. 2015;
Zhu 2003). Hidri et al. have found that AMF can improve nutrient (P) acquisition;
reduce sodium absorption; enhance water absorption; and improve photosynthesis,
chlorophyll content, and availability of antioxidant molecules under saline condi-
tions. Hajiboland et al. (2010) reported that improved salt stress tolerance in tomato
plants inoculated with AMF was associated with increased uptake of P, potassium
(K), and calcium (Ca) and reduced sodium (Na) toxicity.

12.3 Response of Arbuscular Mycorrhizal Fungi
to Agricultural Management Practice

AMF develop symbiosis with most plant species and can assist the host plant in
many ways, including better nutrient uptake, drought and salt tolerance, and disease
resistance (Smith and Read 2008). These fungi are crucial to the preservation of the
soil and the sustenance of plants. The development and survival of fungal propa-
gules, including spores, hyphae, and colonized roots, are necessary for AM fungus to
persist in various ecosystems. In the presence of host plants and no soil disturbance,
hyphae are considered to be the primary source of inoculum, but spores are thought
to be a relatively resistant fungal structure that may be viewed as “long-term”
propagules when no viable host plants are present. For agricultural crops, there are
management techniques that are widely acknowledged. Numerous agricultural man-
agement practices, such as soil tillage, fertilization, and plant protection techniques,
have deleterious impact on mycorrhizal symbioses in agroecosystems (Sile et al.
2015; Jansa et al. 2002; Gryndler et al. 2006) (Fig. 12.1). These traditional manage-
ment techniques can decrease soil biodiversity, especially AMF (Tsiafouli et al.
2015). The technique of organic agriculture, in contrast, can enhance soil quality in
terms of boosting the diversity and biomass of soil microbiome (Méder et al. 2002;
Verbruggen et al. 2010) (Fig. 12.1). This section focuses on the discussion of the
effects of agricultural management practices on AMF.

12.3.1 Agrochemical Management Practice

Agrochemicals are chemical formulations used in industrial agriculture. It refers to
chemical fertilizers and biocides, which are substances used for control of hazardous
organisms. A biocide can be (1) pesticides including insecticides, herbicides,
fungicides, and nematicides; (2) antimicrobials including antibacterials, antifungals,
antiviral, antiprotozoals, and antiparasites; and (3) synthetic fertilizers. In addition to
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Fig. 12.1 Impact of different agricultural management practices on arbuscular mycorrhizal fungi

potentially contaminating the soil, the application of agrochemicals may have
detrimental effects on AMF community (Kurle and Pfleger 1994; Abd-Alla et al.
2000; Lekberg and Koide 2005; Pasaribu et al. 2011; Mathimaran et al. 2007)
leading to a decline in AMF spore diversity and abundance (Oehl et al. 2004).

12.3.1.1 Pesticides

Insecticides, fungicides, nematicides, and herbicides are the four major categories of
pesticides. Pesticides that are applied in agricultural systems could harm both human
and environment when used in an unrestrained manner. The quantity of pesticides
used and, consequently, their presence in food depend on the farming system which
is generally higher in conventional integrated pest management (IPM) than that in
organic systems (Atkinson 2009). Therefore, agricultural production has been
referred to as “the ghost of conventional agriculture past” (Riedo et al. 2021).
Consequently, the application of beneficial soil organisms like AMF contrasts with
previous and present conventional agricultural procedures because of the deleterious
effects of excessive levels of pesticides on soil microbial communities (Dodd 2000;
Montesinos 2003; Jacobsen and Hjelmsg 2014). Such unfavorable outcomes are
caused not only by the direct harm of pesticides to soil life, but it also alters the soil
ecosystem by favoring weeds and some specific crops through the emergence of
pesticide resistance (Baek et al. 2021). When active compounds (pesticides) are
administered as a soil drench, seed treatment, and foliar spray or when these
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substances exist in runoff from leaf application or drift to the soil, they affect the
viability and functionality of AMF structures like spores and hyphae in soil. Addi-
tionally, variations in the physiology of the host plant may have indirect impacts on
AMF symbiosis.

12.3.1.1.1 Fungicides

It is not surprising that fungicides might have a deleterious impact on AMF. There is
a varied sensitivity of AMF to fungicides that explains why negative, neutral, and
positive impacts of fungicides have been recorded. Some fungicides target specific
families of fungi (e.g., Ascomycota, to which the majority of fungal diseases
belong). However, some fungicides, including thiazoles (benomyl and
carbendazim), have a substantial adverse impact on Glomeromycota, the phylum
of fungi to which AMF belongs. Thus, benomyl causes a reduction in AMF activity
in the field (Allison et al. 2007; Chiocchio et al. 2000; Hartnett and Wilson 2002;
O’Connor et al. 2009). Additionally, benomyl has a negative effect on nutrient
mineralization and decomposition by reducing the diversity and abundance of
saprotrophic soil fungus. An alternative fungicide, Topsin M (also known as topsin),
was described for use in ecological study including the reduction of AMF (Wilson
and Williamson 2008). The dosage used, as well as the fungicide’s interactions with
the soil matrix (such as adsorption on organic matter or solubility in soil solution),
influences how well fungicides work.

12.3.1.1.2 Herbicides

Because the majority of current efforts are focused on aboveground control, herbi-
cide impact on soil biota has got little attention (Kremer 2014). The three herbicides
that are most frequently used are paraquat, oxyfluorfen, and glyphosate. The herbi-
cide oxyfluorfen was found to have a negative or indifferent effect on AMF.
Recently, genetically modified crops (such as cotton, maize, soybean, and canola)
have been released onto the market and include a gene that renders such plants
resistant to glyphosate; its use is probably going to grow. Consequently, glyphosate
usage as a weed control method was increased particularly in no-till or conservation
agriculture (Watrud et al. 2011; Baek et al. 2021). Due to its alleged quick decom-
position in soil and minimal toxicity to vertebrates, glyphosate has been viewed as a
reasonably advantageous foliar-acting herbicide (Duke and Powles 2008;
Weidenhamer and Callaway 2010). Studies examining the effects of glyphosate on
AMF reveal a suppression of AM fungal spore germination as well as germ tube
growth and a reduction of mycorrhizal count in soil (Zaller et al. 2014) but only at
concentrations higher than those advised for usage in the field. When used at
acceptable concentrations, glyphosate has no effect on mycorrhiza (Baumgartner
et al. 2010; Pasaribu et al. 2011). Although sublethal doses of herbicides may not
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cause the plant to die, they can diminish photosynthetic rates to the point where the
symbiosis is compromised.

12.3.1.1.3 Insecticides and Nematicides

The effects of fungicides and herbicides on AMF are far greater than the effects of
insecticides and nematicides. Insecticides and nematicides, according to earlier
evaluations, had either no adverse effects or moderately positive effects on AMF
(Trappe et al. 1984; Hamel and Strullu 2006). However, differential impact of
systemic and contact insecticides was documented, just as they were in the case of
fungicides (Sarr et al. 2013; Deliopoulos et al. 2008). For example, phoxim, an
insecticide/acaricide, was reported to prevent AMF colonization in carrot (Daucus
carota); however, it was not the case in green onion (Allium fistulosum) (Wang et al.
2011a, b). Aldicarb, a nematicide, had no impact on mycorrhizal colonization of
potato (Solanum tuberosum) (Goulson 2013). Currently, neonicotinoid insecticide
class is one of the most popularly used globally due to their broad spectrum of action
on many pests of various crops. Numerous civilizations use neonicotinoids exten-
sively. They have drawn a lot of attention because of their extremely detrimental
effects on insect diversity, which also have major repercussions for ecosystem
services like pollination (Hladik et al. 2018; Malfatti et al. 2023). Neoicotinoid
effects on AMF have just recently been the subject of studies. For instance, two
neonicotinoids, imidacloprid as well as thiamethoxam, were evaluated on the spore
germination of two AMF species, Rhizophagus clarus and Glomus albida. The
results showed that both neonicotinoids dramatically decreased spore germination
of AMF in a dose-dependent way (Malfatti et al. 2023).

12.3.1.2 Fertilizers

Due to the critical symbiotic interaction between hyphae of mycorrhizal fungi and
host plants, AMF might be sensitive to alternations in soil nutrients (Hack et al.
2019). Numerous earlier researches have demonstrated that modifying the soil
microenvironment with the addition of mineral fertilizer can have (positive, nega-
tive, or inconsequential) impacts on the proliferation of AMF. A field study revealed
that while P application increased AMF abundance, N application predominantly
changed the species composition of AMF (Chen et al. 2014). Nevertheless,
according to Xiao et al. (2019), the application of N had an impact on AMF
abundance, while the addition of P had an impact on AMF diversity, and the
augmentation of N and P had no discernible impact on the AMF community
composition. Besides, high soil nutrient levels, such as N and P, can promote
AMF sporulation, so adding organic fertilizer helps the soil flora thrive (Qin et al.
2015). Furthermore, soil pH and K have a significant impact on the AMF community
structure (Qin et al. 2015).
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12.3.2 Soil Tillage

Rotary soil tillage is regarded as a traditional farming method. Rotary tillage is
important because it breaks up and softens the soil while also equally distributing
organic materials and nutrients. No-till farming, on the other hand, is a method of
crop production in which the soil is not tilled. Crop growth and yield have been
observed to be lowered (Huynh et al. 2019), unchanged (Biichi et al. 2017), or
increased (da Silva et al. 2022) when compared to rotary tillage cultivation. As
previously mentioned, tillage is a factor that influences soil hardness and the
alterations in root growth which can either improve or decrease yield (Ren et al.
2018). Additionally, it has been proposed that variations in the species of soil
microbes may have an impact on crop yield, which is another element that may
change crop growth and yield during plowing (Ma et al. 2020). AMF produce
exterior hyphae that provide the host with P that could not be taken up through
plant roots (Smith and Read 2008). Intensive soil tillage may have a deleterious
impact on AMF biomass and community composition. The disruption of the AMF
mycelial network has been proven to be the primary reason why traditional farming
generally diminishes the quantity of AMF when compared to no-tillage systems
(Gu et al. 2020; Jansa et al. 2006; Castelli et al. 2014). Additionally, substantial
research has been done to show how tillage techniques and AMF colonization can
change AMF communities in soil and plant roots (Tatewaki et al. 2021; Liu et al.
2022a, b; Lu et al. 2018; Gu et al. 2020; Tatewaki et al. 2021).

12.3.3 Crop Rotation

Crop rotation is a popular agronomic soil management technique that aims to
manage nutrient requirements, maintain healthy soil, reduce pest and disease pres-
sure, and reduce reliance on agricultural chemicals in order to produce high yields
that are sustainable (Angus et al. 2015). Crop rotation slows the growth of weeds and
plant diseases (Krupinsky et al. 2002; Liebman and Dyck 1993). It also hastens the
buildup of soil organic C and soil N (Havlin et al. 1990; Van Eerd et al. 2014).
Additionally, a system with a greater variety of rotating crops is linked to a greater
diversity and richness of soil microbial life (Venter et al. 2016). The benefits of crop
rotation systems are influenced by the plant species chosen and the order in which
they are planted (Yang and Kay 2001; West and Post 2002). Despite its significance,
it can also impact soil microbial communities, particularly AMF, which are imper-
ative for plant growth. The existence of nonhost crops in the rotation has been
proven to have an impact on root colonization and spore abundance (Arihara and
Karasawa 2000). Extremely little AMF variety has reportedly been found in mono-
culture (Burrows and Pfleger 2002; Oehl et al. 2003). Crop rotations appear to be a
simple and low-cost farming technique associated with increased AMF sporulation
in many upland farming systems. AMF sporulation increased in a maize-common
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bean crop rotation system compared to a maize monoculture, and AMF sporulation
correlates with the crop previously planted on the site (Oruru and Njeru 2016).
Similarly, crop rotation with mycorrhizal plants and AMF inoculation both improve
maize growth performance in limed, acid sulfate soil (Higo et al. 2010). Crop
rotation also aids plant nutrient absorption. Improved N uptake by maize plants in
a maize-common bean crop rotation system is one example (Oruru and Njeru 2016).
Similarly, Ratnayake et al. (2017) revealed that rotations of crops can boost nutrient
availability in soil and stocks of C compared with monocultures.

12.4 Comparing Arbuscular Mycorrhizal Fungi in Organic
and Conventional Farming

12.4.1 Benefits and Limitations of Organic and Conventional
Farming

Organic and conventional farming both have advantages and disadvantages.
Although conventional farming is frequently associated with higher yields and
lower costs, it is harmful to the environment, reduces biodiversity, and poses
potential health risks. In addition, traditional farming controls synthetic inputs
(such as pesticides, chemical fertilizers, and amendments) consistently, disregarding
the naturally occurring spatial-longitudinal heterogeneity of soil and crop conditions
within fields. As a result, organic farming is emerging as a viable option for
productive and sustainable agriculture although it is characterized by high cost and
relatively unstable yield (Jaacks et al. 2022). Organic farming relies on the use of
organic fertilizers, biofertilizers, and organominerals, which helps to avoid the
negative environmental effects and toxicities associated with chemicalized farming.
In addition, organic agriculture increases the agroecosystem’s resistance to the
negative effects of climate change by enhancing the sequestration and conservation
of C in soil systems (Gamage et al. 2023).

12.4.2 Influence of Organic and Conventional Farming
on Arbuscular Mycorrhizal Diversity and Community
Composition

Agricultural management strategies and differences in land-use types can have a
significant impact on AMF populations (Martinez and Johnson 2010; Zhao et al.
2015a, b). Understanding the effects of organic and conventional agricultural prac-
tices on the diversity and community composition of mycorrhizal symbiosis is
essential for agricultural production and sustainable soil utilization. Several studies
have been undertaken in agricultural contexts for comparing the effect of organic and
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Table 12.1 Recent studies comparing the effect of organic and conventional management
approaches on arbuscular mycorrhizal fungi

Studied
plants Major findings Applied techniques References
Maize root | The colonization intensity, Sequencing of V4-V5 hyper- | Chen et al.
operational taxonomic unit, and | variable regions of the fungal (2022)
taxonomic diversity were all 18S rRNA gene
greater on conventional farms
compared with that on organic
farms
Wheat Conventional agriculture had a | Sequencing of 18S rRNA gene | Wahdan
substantial impact on the AMF | amplicons et al. (2021)
population but led to a decline in
AMF diversity
Cereal Organic farming had a positive | Sequencing of the LSU region | Manoharan
crops effect on the AMF diversity, of ribosomal DNA et al. (2017)
which influenced plant
productivity
Apple AMF abundance was substan- 454 pyrosequencing of SSU van Geel
tially greater in organically rRNA gene amplicons et al. (2015)
managed than in conventionally
managed orchards. Also,
organic orchards harbored sig-
nificantly different AMF
communities
Maize and | A decline was observed in the T-RFLP of 25S rRNA gene Verbruggen
potato diversity of mycorrhizal taxa in | fragments et al. (2012)
conventionally maintained fields
Maize and | The average number of AMF Terminal restriction fragment- | Verbruggen
potato taxa was greater in areas treated | length polymorphism et al. (2010)
organically. In addition, AMF (T-RFLP) of PCR-amplified
abundance significantly large subunit rRNA gene
increased after transition to fragments
organic agriculture
Onion Farming systems did not influ- | Sequencing of the partial Galvan et al.
ence AMF diversity 18S-ITS1-5.8S-ITS2 rDNA (2009)
region
Potatoes, Mycorrhizal spore abundance Morphological identification Oehl et al.
winter and species diversity were con- (2004)
wheat, and | siderably greater in organic sys-
beetroots tems than that in conventional

ones

conventional management approaches on AMF diversity (Table 12.1). Almost all
studies indicated that organic farming is capable of sustaining greater diversity of
AMF than conventional farming and showed the necessity of an improved diversity
for long-term crop productivity (Manoharan et al. 2017).



272 S. F. M. Wahdan et al.

12.5 Digging Deeper: Factors to Consider When Applying
Arbuscular Mycorrhizal Fungi in Organic Farming

The environmentally benign, innovative, and sustainable method of organic farming
increases agricultural output and the quality of life for many farmers. The role of
AMF in helping soil fertility, sustainability, and crop production improvement is one
of the most researched and well-known topics in agronomy. When incorporating
AMF into organic farming practices, several factors need to be taken into
consideration.

Firstly, arbuscular mycorrhizal fungal communities can be influenced by the
identity of the host plant. Furthermore, plant traits, such as root exudates and
morphological characteristics, play a critical role in determining the specificity of
AM symbiosis (Ramana et al. 2023). Hence, various studies have shown that the
presence of suitable AMF species is required in a given soil system. For instance,
Gao et al. (2020) reported a high specificity between roots of cotton plant and the
mycorrhizal fungus, Rhizophagus irregularis CD1. They also reported an increase in
growth and yield, boll number per plant, as well as the maturity of the fiber cotton
when inoculated with Rhizophagus irregularis CD1 as compared with
non-inoculated plant. After mycorrhizal inoculation, both the expression of partic-
ular P transporter family genes and the P concentration in cotton biomass were
dramatically increased.

Secondly, the presence of other soil microorganisms should also be considered.
Some microorganisms, such as certain bacteria and fungi, may cooperate with AMF
to facilitate the host plant growth (Feng et al. 2023). Therefore, it is essential to
maintain a balanced microbial community to support the symbiotic relationship
between AMF and plants. For instance, a recent study revealed that some isolates
of AMF (e.g., Gigaspora sp.) and bacteria (e.g., Sphingomonas) assisted their host
plants thrive in the native soil (Feng et al. 2023). The combined use of Bacillus
subtilis and AM fungi resulted in superior yield-related indexes and biofortification
in wheat grains (Yadav et al. 2020).

Thirdly, combining AMF with suitable sustainable agronomic practices can
maximize the expected benefits from plant-arbuscular mycorrhizal symbiosis. For
instance, the use of biofertilizers to agricultural soils has a positive impact on crop
productivity and soil fertility. Combining the exogenous AMF Rhizoglomus
irregulare (DAOM) with phospho-compost resulted in considerably increased
shoot and root dry weights as well as yield in lettuce plants compared to control
plants (Anli et al. 2022). In addition, soil characteristics, particularly soil total
organic C, N, P, and GRSP content, were considerably enhanced in soils treated
with biofertilizers and Rhizoglomus irregulare (DAOM) after 2 months of field
testing compared to the control (Anli et al. 2022).

Finally, regular monitoring and evaluation of AMF colonization and effective-
ness are essential. This can be accomplished by sampling and analysing roots, and
assessing plant growth and nutrient acquisition. To maximize the benefits provided
by AMF, management practices may need to be adjusted based on the results.
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12.6 Arbuscular Mycorrhizal Fungi and Climate-Smart
Organic Agriculture

Climate change is one of the most significant concerns influencing the way of life of
people worldwide. Climate change and some agricultural management practices,
such as tilling and excessive chemical use, have all led to land degradation and crop
output decline. AMF are capable of mitigating future environmental disturbances.
Field investigations and greenhouse tests under simulated climate warming indicate
that temperature increases may have a positive effect on AM symbiosis (Hu et al.
2015). Furthermore, it has been suggested that the stimulation of AMF by elevated
atmospheric carbon dioxide (CO,) is a key mechanism for promoting soil C seques-
tration by boosting C inputs to soil and by shielding organic C from degradation via
aggregation (Cheng et al. 2012). In a unique field experiment that simulates future
climate, Wahdan et al. (2021) found that organic agricultural practices significantly
increased total richness of AMF under future climate conditions compared to all
other treatments, indicating that organic farming not only mitigates the effects of
climate change but also increases richness of AMF under future climate conditions
(Wahdan et al. 2021).

12.7 Future Directions in Sustainable Forestry: AMF
Response to Management Practices in Forests

AMF play a major role in the establishment and succession of plant communities,
driving the restoration process of degraded land (Manaut et al. 2015; Karthikeyan
and Krishnakumar 2012). AMF is one of the pivotal factors determining species
diversity, community structure, and productivity in terrestrial ecosystems, and they
regulate the resource allocation among adjacent plants through the underground
mycelial network, thereby affecting the coexistence and competition among plants
(Smith et al. 2010). Zobel and Opik (2014) stated that the inherent relationships
between AMF and the plant community can be explained by “driver” and “passen-
ger” hypotheses, which illustrated the driving effect of AMF on the plant. Generally,
AMEF will govern the plant community structure of a certain successional stage, and
the specific plant community of this successional stage will affect the colonization of
the AMF communities, and the varied AMF communities will further affect the plant
community in the next successional stage (Renker et al. 2004). In addition, plant-soil
feedback is also a manifestation of AMF-driven plant community succession.
Positive feedback can promote community development in the early stage, while
negative feedback can facilitate plant species replacement and drive community
succession (Kikvidze et al. 2010).

The influence of AMF on plant fitness can be attributed to improved seedling
establishment, plant growth, a higher tolerance to belowground plant pathogens,
better water acquisition, and improved soil structure and stability in forest
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ecosystems (Newsham et al. 1995). Through the removal of nutrients, disturbance of
soil or forest floor, and altered microclimates, intensive forest management practices
can negatively affect AMF biodiversity (Sharmah and Jha 2014). It has been
suggested that intensive forest clearcutting may affect the distribution and compo-
sition of AMF communities (Moora et al. 2014; Mummey et al. 2010), favoring
some AMF taxa and disfavoring others (Gottshall et al. 2017). Intensive manage-
ment practices can significantly decrease AMF biomass in soil and glomalin-related
soil protein (GRSP) content, of which understory removal, mineral fertilization, and
soil tillage are major practices with profound negative effects on AMF (Qin et al.
2017). AMF can produce glomalin, which plays the role of “super glue” in the
formation of stable soil structure, which can significantly increase the water perco-
lating capacity and stability of soil (Burrows 2014).

In addition, the abundance of AMF taxa may be correlated with the level of
management, and AMF diversity varies depending on management techniques as
seen by the high AMF biodiversity in non-managed fields and low diversity in
intensively managed fields (Sharmah and Jha 2014). In Moso bamboo forests, AMF
abundance and community composition are altered by long-term intensive manage-
ment, leading to a decrease in soil aggregation (Qin et al. 2017). Moreover, when
AMF communities are strongly altered, Moso bamboo forests have been intensively
managed for long-term experience soil erosion and organic C decomposition.
Because of intensive management practices, AMF communities differ from those
of old stands, but the ecosystem can still provide a “symbiotic service” needed to
restore old-growth understory plant communities (Uibopuu et al. 2009).

In abandoned slash-and-burn forests, which have been disturbed for 2 or 3 years,
AMF communities were similar to those in mature forests (de Leon et al. 2018).
Studies indicate that AMF communities and forest regeneration may be threatened
by clearcutting tropical rain forests (Stiirmer and Siqueira 2011), whereas slash-and-
burn management may have relatively minor effects (Rillig 2004; Stiirmer and
Siqueira 2011). According to Aguilar-Fernandez et al. (2009), slash-and-burn
maintained similar levels of species richness in forest and pasture plots. AMF
communities that develop after forest conversion to pasture seem to be defined
more by the persistent effects derived from conversion and management which
can be manifested by variations in composition of plant species, soil quality, and
microclimates than by the slash-and-burn process (Sharmah and Jha 2014).

The composition of AMF communities was significantly affected by land use,
with communities in the clearcut region being the most distinct (de Leén et al. 2018).
Under various land-use regimes, changes in AMF communities may be caused by
both biotic and abiotic interactions. Host plants assist AMF establishment via
different types of propagules that arrive at a location of interaction (Fonseca et al.
2017), although abiotic factors filtering environment are more significant compo-
nents in community development than AMF competition (Bouffaud et al. 2016).
According to Oehl et al. (2010), soil type and land-use intensity are the primary
factors determining the composition and richness of AMF, and different agricultural
practices including monoculture and narrow cereal mono-crop rotations can signif-
icantly reduce the biodiversity and richness of AMF in comparison to grasslands.



12 Arbuscular Mycorrhizal Fungi in Organic Versus Conventional Farming 275

In terms of plant community structures and production, the biological and
functional variety of AMF is crucial to forest ecosystems (Jiang et al. 2017). AMF
populations in differently managed forests had distinct effects on the development of
various forest plant species; in general, the old growth inoculum had a greater
beneficial impact than the inoculum from the young forest. The response of plant
communities to the severity of forest management may be mediated by mycorrhizal
interactions since land use influences the composition of AM fungus populations
(Uibopuu et al. 2012). Thinning is a crucial silvicultural strategy that has an impact
on a variety of forest features, including overstory, understory, soil properties
(Trentini et al. 2017; Zhou et al. 2016), and microbial communities (Dang et al.
2018). In comparison with the late successional species, the early successional
species considerably increased the rate of AMF colonization (Zangaro et al. 2003).
The findings of Lu et al. suggested that the expansion of Chinese fir may have
reached a turning point in the 32-year period as the number of shared OTUs
continuously climbed from 9-year, 17-year, and 23-year to 32-year while decreasing
in 45-year (Lu et al. 2019). The colonization, biomass, and diversity of AMF
considerably increased with the emergence of Cunninghamia lanceolata, and the
biomass contribution of AMF to glomalin-related soil protein (GRSP) showed a
strong association with soil organic C (Liu et al. 2022a, b). Zhou et al. found that the
topsoil C storage was significantly enhanced by in-forest planting of Sarcandra
glabra, while the diversity and composition of the related AMF community were not
significantly affected (Zhou et al. 2022). In-forest planting of Sarcandra glabra was
beneficial for the forest and ecologically safe for the C. lanceolata AMF (Zhou et al.
2022). Wang et al. found that the rate of AMF colonization was substantially and
negatively linked with soil P, suggesting that low P soil would be a better choice for
using AMF in afforestation (Wang et al. 2019).

12.8 Conclusions

AMF play a vital role in ecosystem function, soil structure maintenance through C
sequestration, and water retention. As a result, whether farmers use organic or
conventional methods has an impact not only on agricultural productivity but also
on overall environmental sustainability. This chapter investigated the impact of
organic vs. conventional farming practices on AMF using existing research and
empirical evidence.

For starters, organic farming has been found to be more conducive to promoting
AMF diversity and abundance due to its emphasis on sustainable and eco-friendly
practices. The absence of synthetic fertilizers and pesticides promotes a more
balanced and natural ecosystem, which promotes the sporulation and activity of
AMEF. As a result, organic farming systems have the potential to significantly
improve soil fertility, nutrient cycling, and plant health. Conventional farming, on
the other hand, has been shown to have negative effects on AMF populations
because of its heavy reliance on agrochemical inputs. Synthetic pesticides and
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fertilizers can disrupt the symbiotic association between AMF and plant host,
resulting in a reduction in AMF diversity and activity. This, in turn, can have
deleterious impacts on soil health and nutrient availability.

More research is needed in the future to gain a better understanding of the
mechanisms that govern interactions between farming practices and AMF commu-
nities. This knowledge will be extremely useful in directing agricultural policies and
practices toward more environmentally sound and sustainable approaches. Efforts
should also be made to educate farmers, policymakers, and consumers about the
significance of AMF and the potential benefits of organic farming in promoting their
growth.
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Chapter 13 M)
Arbuscular Mycorrhizal Fungi Under s
Intercrop, Regenerative, and Conventional
Agriculture Systems

Melissa Robdrup, Michelle Hubbard, Linda Yuya Gorim,
and Monika A. Gorzelak

Abstract Arbuscular mycorrhizal fungi (AMF) increase in diversity and abundance
in agricultural systems that emphasize soil health practices, including regenerative
agriculture and intercropping. Regenerative agriculture in principle includes any
practice that increases biodiversity and living roots and integrates livestock while
reducing tillage, bare soil, and agrichemical inputs. Intercropping increases biodi-
versity in an annual system and reduces disease prevalence and weeds while
improving soil conditions and yielding more than the equivalent monocrop. These
principles and practices simultaneously support AMF proliferation in soils and in
turn AMF provide multiple benefits to crops. AMF colonize roots, trading photo-
synthates for nutrients acquired beyond the reach of the plant root system. While
colonizing roots, they trigger innate plant immunity and confer resistance to some
insect, fungal, and bacterial pests. Colonized plants hold more water and thus are
more resistant to drought. In soils with ample AMF propagules, multiple plants are
likely to become connected to their neighbors by a common mycorrhizal network
(CMN). Plants connected by a CMN are likely to share beneficial microbes, resis-
tance to disease, and resources. A better understanding of crop root traits and AMF is
important to building a wholistic picture of ecological interactions that can be
leveraged to maintain agricultural production in intercropped, regenerative, and
conventional systems.
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13.1 Introduction

Arbuscular mycorrhizal fungi (AMF) are plant root symbionts with the potential to
confer multiple benefits to crops. Roots are colonized by AMF from soil-dwelling
spores, a process that can take weeks. A colonized plant benefits from increased
access to nutrients as the fungal hyphal network extends beyond its own root system
to acquire and transport nutrients and water to their host plant. In turn, the plant host
supports AMF growth by furnishing photosynthates (Smith and Read 2008). Other
benefits of this symbiosis include plant resistance to disease and abiotic stress
(Chandrasekaran and Paramasivan 2022; Yu et al. 2022). Conventional cropping
systems produce high yields, in part by circumnavigating this natural process
(Parrott 2010), combating pathogenic fungi through fungicide application (Jin
et al. 2013), delivering readily available nutrients directly to roots through fertiliza-
tion (Gryndler et al. 2006; Lin et al. 2012; Spagnoletti et al. 2018), and breaking up
soil and fungal hyphal networks through tillage (Bowles et al. 2017). Rising input
costs and increased recognition of environmental and climate costs associated with
these practices, alternative agriculture practices, including those referred to as
regenerative, are being adopted by some farmers. Regenerative practices place
emphasis on roots, biodiversity, and soil health (LaCanne and Lundgren 2018).
One such practice, intercropping (growing two or more crops with at least some
overlap in both space and time), incorporates biodiversity in systems, such as annual
grain production, which are more typically kept in a monoculture rotation
(Vandermeer et al. 1998). Examining AMF in agriculture systems necessitates
viewing agriculture as firmly entrenched within an ecosystem, as the proliferation
of these obligate biotrophs is entirely dependent on the host plant and the host’s
response to the environment. The benefits of AMF-crop symbiosis may be best
realized by working with ecological processes. Here, we define and discuss
intercropping and regenerative agriculture from the point of view of supporting
AMF growth and in contrast to conventional practices. We examine the importance
of roots and breeding for root characteristics which ultimately support AMF. We
look at the potential of AMF to support sustainable cropping by leveraging this
evolutionarily persistent and well-established symbiosis over costly synthetic inputs.
Ultimately, more work needs to be done to delineate effective ways of using AMF to
support agricultural production; given current understanding, practices such as those
espoused in the regenerative agriculture movement, including intercropping, can
help support a diverse AMF community which will confer benefits to crops.
Annual row cropping systems include many practices that have been shown to
reduce AMF. Forming a symbiosis with AMF requires investment of resources,
including energy, from the plant. Energy is also needed to maintain the plant-AMF
relationship, as the sites of nutrient exchange, the arbuscules, are cycled every few
days once the symbiosis is established. Plants furnished with sufficient or
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overabundant mineral nutrients, as is frequently the case with applications of
fertilizer in row cropping, are less likely to invest the resources in an AMF partner-
ship. Indeed, research has shown fertilization reduces colonization by AMF in
annual row cropping systems (Miller et al. 1995; Gryndler et al. 2006; Lin et al.
2012; Spagnoletti et al. 2018). Crop energy savings through reduced AMF coloni-
zation, given proper mineral nutrition, can result in high yields, provided that
environmental conditions are ideal. Given a changing climate with increasing
fluctuations and more extreme weather events, counting on an ideal environment
is increasingly risky. Resilience to drought is increased in plants colonized by AMF
as the hyphal network stores and transports up to an additional 20% water to plant
hosts (Ruth et al. 2011). AMF can also prime plant defenses against root and foliar
pathogens, increasing resistance to diseases (Spagnoletti et al. 2018). The applica-
tion of fungicides, a common practice in row cropping to reduce fungal pathogens,
simultaneously reduces beneficial microbes such as AMF (Jin et al. 2013; Buysens
et al. 2015; de Novais et al. 2019). Consistent applications of both fungicides and
fertilizer will eventually deplete the soil of AMF propagules, reducing its capacity to
provide inoculum. While commercial inoculums are available, they rarely consist of
more than a few species and can be nonviable (Salomon et al. 2022). Commercial
inoculum is also costly for larger-scale operations (de Santana et al. 2014). Further-
more, tilling can disrupt hyphal networks formed in the soil that would take weeks to
regrow (Sile et al. 2015; Bowles et al. 2017; Rosner et al. 2018). Tillage is not
necessary for row cropping, but disturbance is necessary to seed and harvest. Given
the increasing costs of inputs, a recognition of changes to climate, and the impor-
tance of supporting resilient agroecosystems, approaches that push the boundaries of
conventional agriculture and attempt to incorporate the ecosystem principles into
agriculture are being considered on a wider scale. Regenerative practices are
intended to support the innate capacity of soil symbionts to provide for crop
nutrition, disease resilience, and drought tolerance, as well as some surprising
emergent phenomenon as described herein could potentially be leveraged for agri-
cultural benefits given more research.

13.2 Regenerative Agriculture

Regenerative agriculture is an alternative means of producing food that, its advocates
claim, may have lower — or even net positive — environmental and/or social impacts
(Newton et al. 2020). The term regenerative agriculture was first coined by Rodale
(1983) to highlight how industrialized agriculture was severely reducing its natural
resource base, and that without rebuilding that base, “sustainable agriculture” and
“conservation agriculture” were insufficient for supporting the food and natural
resource needs of a growing human population (Fenster et al. 2021). Several
definitions of regenerative agriculture exist, which are tied to processes, outcomes,
or both (Newton et al. 2020). This agriculture system has caught the agricultural
community’s attention, especially small-to-medium-scale growers looking to reduce
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input costs in their production systems. Advocates for this system believe that it is
key to mitigating some of the observed climatic challenges and sequestering more
carbon, thereby making cropping systems more resilient. However, other commen-
tators are more cautious regarding the potential contribution of regenerative agricul-
ture to sustainability objectives (Ranganathan et al. 2020).

Regenerative farming systems are designed by producers to increase soil quality
and biodiversity in farmland while producing nourishing farm products profitably
based on agreed principles (LaCanne and Lundgren 2018). The five unifying
principles include (1) abandoning tillage (no-till), (2) eliminating bare soil, (3) fos-
tering plant diversity on the farm, (4) integrating livestock with cropping operations,
and (5) reducing or eliminating the use of synthetic agrichemicals. The application of
these principles also happen to supports the growth and proliferation of AMF
(Bowles et al. 2020). Reducing agrichemicals (Miller et al. 1995; Gryndler et al.
2006; Lin et al. 2012; Spagnoletti et al. 2018), tillage (Bowles et al. 2017), and bare
soil while increasing plant diversity and combining cropping and livestock produc-
tion have all been demonstrated to increase AMF diversity and abundance (de Souza
et al. 2019; Bowles et al. 2020; Sarto et al. 2020; Pires et al. 2021). Common
characteristics of regenerative farms in North America include natural or organic
inputs and a focus on local/regional solutions (reviewed by Newton et al. (2020)).
Regenerative farms are diverse and complementary in their enterprises and adaptive
in their management choices, ensuring that a farm is resilient and profitable in the
face of adversity (Fenster et al. 2021). However, some misconceptions exist about
what constitutes a regenerative farm. The five principles are key to the development
of a regenerative matrix score that can be used to set apart regenerative from
conventional farms to avoid confusion as this movement develops (Fenster et al.
2021).

13.3 Intercropping

Intercropping is defined as growing two or more crops together in space and time
(Vandermeer et al. 1998). This practice can take many different forms but results in
an increase in living roots, reduced spatiotemporal bare soil, and increased plant
diversity. The companion crops can be planted and harvested at the same time or
planted and harvested sequentially. This latter format is sometimes referred to as
relay cropping. The overlap between the crops makes relay cropping distinct from
crop rotation, in which a single crop is taken from seeding to harvest prior to a
subsequent crop being planted. While crop rotation facilitates the diversification of
agricultural systems in time, intercropping increases diversity further. Indeed,
intercropping can involve the cocultivation of three or more crops. The published
scientific literature suggests that the beneficial impact of intercropping often out-
weighs any negatives (Huss et al. 2022).
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13.3.1 Successes

Many benefits of intercropping have been demonstrated experimentally. One such
benefit is overyielding or the production of higher yields per unit area through the
use of intercropping than would be achieved by cultivating each companion crop as a
monocrop (Pelzer et al. 2012; Barker and Dennett 2013; Xiao et al. 2019).
Overyielding leads to land equivalency ratios (LERs) greater than 1.0. LERs are
calculated by dividing the yield of each crop in the intercrop by the yield of that crop
where it to be grown as a monocrop. Intercropping can also reduce production risk
by enhancing yield stability (Raseduzzaman and Jensen 2017). Economic advan-
tages can also be realized by intercropping (Pelzer et al. 2012). Reduced need for
agricultural inputs, especially nitrogen fertilizer in legume-non-legume intercrops,
such as pea-wheat (Pelzer et al. 2012) and faba bean-wheat (Xiao et al. 2019), can
contribute to this advantage. Intercropping can also improve crop phosphorous
nutrition (Liao et al. 2020; Messaoudi et al. 2020; Liu et al. 2022).

Foliar crop diseases, such as mycosphaerella blight of pea (Fernandez-Aparicio
et al. 2010; Schoeny et al. 2010), ascochyta blight of chickpea (Zhou et al. 2023),
and chocolate spot of faba beans (Fernandez-Aparicio et al. 2011; Guo et al. 2020),
have been reduced through intercropping. Lower levels of foliar disease likely
diminish the need for fungicide application, thereby providing further economic
advantages. Intercropping has had mixed success at managing soilborne disease.
Fusarium wilt of faba bean and chickpea have been successfully reduced by
intercropping faba bean and wheat (Guo et al. 2020; Yang et al. 2022; Zhang et al.
2023) or chickpea with mustard (Jamil and Ashraf 2021).

Soil properties can be impacted by intercropping. For example, Cong et al. (2015)
found that intercropping maize with wheat or with faba bean produced soil organic
matter, litter, and roots that decomposed more rapidly, as compared to monocrop
maize. Consistently, Kapayou et al. (2023) observed more rapid soil respiration in a
three-way (maize-bean-squash) intercropping system, relative to monocrops. How-
ever, intercropping can also result in more carbon being stored in the soil and
reduced greenhouse gas release (Yang et al. 2023).

Intercropping can reduce lodging, especially in crop varieties that are prone to
this issue. For example, Podgérska-Lesiak and Sobkowicz (2013) found that barley
could provide mechanical support to leafy pea varieties. Reduced lodging can, in
turn, diminish the risk of foliar disease and facilitate harvest.

Weed management can be advanced through intercropping. In a meta-analysis,
Verret et al. (2017) found that intercropping with legumes can reduce weed pressure.
Many pulse crops tend to be uncompetitive relative to non-legume grain crops, and
as such, pulse-cereal intercropping can provide weed management advantages over
monocrops of pulses. For example, Corre-Hellou et al. (2011) found that pea-barley
was better able to outcompete weeds than a pea monocrop. Multiple crops growing
together also have the potential to more completely utilize resources, such as solar
radiation, water, and nutrients, than a monocrop, thus leaving fewer resources
available to weeds (Liebman and Dyck 1993). Other potential mechanisms of
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weed control in intercropping include allelopathy where chemicals are released from
plant roots and associated AMF fungal networks to inhibit or reduce the growth of
another plant (Weston and Duke 2003; Barto et al. 2011).

Management of insect pests can be facilitated by intercropping (Huss et al. 2022)
in systems including corn-soybean (Li et al. 2022), onion-barley (Uesugi et al.
2023), and grass-peppermint (Gowton et al. 2021). Populations of beneficial insects,
including predator species, can increase in intercrops, relative to monocrops (Dingha
et al. 2021; Li et al. 2022; Pierre et al. 2022; Uesugi et al. 2023), at least partially
explaining the reduction in undesirable insects. Other potential mechanisms include
the production of volatile compounds that deter insects (Khan et al. 2008; Gowton
et al. 2021), hiding or camouflaging crops (visually and/or olfactorily) of interest to
insect pests, dilution, and physical barriers to insects travelling into the crop and
slowing spread within the crop (reviewed by Huss et al. (2022)).

13.3.2 Failures

Intercropping is not a panacea. It has failed to reduce root rot in field pea
(unpublished data), despite a sound theoretical basis that intercropping with brassica
species may lead to reduced pathogen load. Brassica species contain compounds
known as glucosinolates (reviewed by Fahey et al. (2001)) that can break down to
isothiocyanates, which are in turn capable of inhibiting the growth and infection
processes of Aphanomyces euteiches (Smolinska et al. 1997; Dandurand et al. 2000;
Hossain et al. 2014), an important pathogen contributing the root rot in pea
(Chatterton et al. 2019). Intercropping has also failed to reduce root rot in bean
(Ocimati et al. 2017), potentially because the root rot pathogens were also able to
infect the companion crops intercropped with the bean. Lack of herbicide weed
control options can be a challenge for intercropping, especially if the mixture
includes both broadleaf (dicot) and monocrot crops. The availabilities of fungicides
registered for all crops can also be a limitation. While intercropping can lead to yield
gains, it can also result in yield losses. For example LERs below 1.0 have been
documented in pea-oat intercropping (Neugschwandtner and Kaul 2014).

13.3.3 Intercropping Future Research Needs

The mechanisms by which foliar disease is reduced by intercropping are not clearly
understood. However, there are many potential mechanisms, including dilution of
susceptible hosts, barrier to spore dispersal provided by the companion crop, changes
in canopy microclimate, especially relative humidity, or triggering of plant defenses
(Fernandez-Aparicio et al. 2010, 2011; Schoeny et al. 2010; Guo et al. 2020). For the
barrier and/or dilution mechanisms to occur, the companion crop(s) providing the
barrier or dilution should be nonhosts to the disease(s) in question. This is indeed the
case for the foliar diseases reduced by intercropping in the published literature.
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Despite the many benefits that intercropping has the potential to provide, farmers
face a variety of obstacles to implementation. One hindrance is the complexity and
unknowns associated with management, such as the need to invest more time and/or
money in labor or equipment (Huss et al. 2022). Lack of knowledge—both on the
farmers part and in the farming and research community—can also reduce the
likelihood of implementation. Likely due to the small acres devoted to intercropping
in regions where broad-acre, mechanized agriculture is practiced, both equipment
and crop insurance options that are well suited to intercropping are lacking.

To increase intercropping uptake and success, additional research, extension,
policy development, and investment are needed. On the research front, the perfor-
mance of intercropping could be improved by the selection or breeding of crop
varieties that are well suited to intercropping (Moore et al. 2022, 2023). This is
highlighted by the findings of Tavoletti and Merletti (2022) and Pankou et al. (2022)
on the performance of various varieties of durum wheat and faba bean or wheat and
pea in intercropping. Consistently, Moutier et al. (2022) found that both wheat and
pea or faba bean variety had a significant impact on performance in an intercrop.
Haug et al. (2021) suggest that incomplete factorial experiments could facilitate
selection of varieties best suited to intercropping.

Extension, both within the research community from research to agronomist and
producer, is needed to build on past and current successes and overcome hurdles.
The number of scientific publications on intercropping has increased in recent years,
permitting researchers to learn from and build on each other’s work. Farmer-to-
farmer and farmer-to-researcher information sharing is also vital. If farmers are more
aware of research results, they are better able to make informed management
decisions. When researchers are aware of what farmers are currently doing and
what challenges they face, they can propose and conduct relevant research.

As more scientific data points to the potential sustainability benefits of
intercropping, the arguments in favor of developing policies or incentives that
promote intercropping become stronger. In addition, if more farmers adopt
intercropping, the demand for equipment that can readily be set to seed or harvest
two or more crops simultaneously is likely to grow. If equipment is developed to
meet this demand, the barrier to entry for farmers just considering intercropping is
lowered. Additional scientific and commercial data will also facilitate the develop-
ment of practical programs to ensure intercrops. This will in turn reduce a risk
associated with intercropping, potentially encouraging more intercropping.

13.4 The Role of Roots in Cropping Systems

One approach to tackle cropping system challenges such as root rot diseases and
lodging is to incorporate crop root traits into breeding programs (Lynch 1995). In
some parts of the world, breeding selection incorporates targeted root traits. For
example, in the 1970s in the Canadian prairies, high-yield durum and spring wheat
cultivars were selected under drought stress (Hurd 1964, 1968, 1974). In Australia,
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where rainfed wheat production systems are reliant on stored soil water for maxi-
mizing yields, breeding selection incorporates field assessments involving root traits
(Rich et al. 2016). The role plant roots play in rangeland on the Canadian prairies has
been widely studied (Kembel and Cahill Jr. 2011; Ljubotina and Cahill Jr. 2019;
Otfinowski and Coffey 2020). Conversely, most crop improvement strategies such
as conventional breeding, cultural practices, and assessments on genotype by envi-
ronment by management (G x E x M) interactions are based on data collected solely
from aboveground (McGrail et al. 2020). There is a need for crop breeding programs
to engage and select not only locally adapted crop cultivars but crop cultivars with
root traits for increased nutrient acquisition, especially nitrogen uptake, and
increased ability to sequester more carbon to tackle climate change.

Roots play a vital role in connecting plants to soils and in the transformation and
circulation of elements and organic compounds across the ecosystem; they are the
first organs in the plant to perceive and respond to different environmental factors
including water and nutrient resources that underpin agricultural productivity
(Freschet et al. 2018; Tracy et al. 2020). For example, the grain yield of Czech
winter wheat varieties in dry years is generally positively correlated with root system
size (Hefmanska et al. 2014). Roots anchor plants and prevent toxic elements from
reaching the plants’ reproductive organs (Bailey et al. 2002; Choi and Cho 2019).
Shoots may drive water uptake, but root architecture determines plant access to
water and often sets limits on shoot function (Liu et al. 2010). For example, a
significant positive correlation was found between cover crop root biomass, P and
K uptake in eastern Austria (Bodner et al. 2010). Plant roots host soil microorgan-
isms (de Dorlodot et al. 2007) and can form associative or symbiotic relationships
with beneficial microbes in the rhizosphere (Smith and De Smet 2012; Canarini et al.
2019; Imran et al. 2021). Plant roots act as a medium of transfer of atmospheric
carbon (carbon compounds) into the soil to aid in long-term carbon sequestration, a
measure to tackle global climate change (Pausch and Kuzyakov 2018), hence the
concept of “live roots” in cropping systems (Blesh and Martin 2018), which is one of
the regenerative agriculture principles.

The plastic nature of plant roots allows them to adapt to different soil environ-
ments, thereby affecting crop morphology, physiology, and growth (Bassirirad
2006; Wu et al. 2020). For example, in natural plant communities, species-specific
plasticity has been observed in roots developing into nutrient-rich patches with
significant root responses to high N (NO3 ™) microsites (Bassirirad 2006). The latter
has implications for cropping systems usually involving crops and weeds competing
for nutrients during crop establishment. Hence, a vigorous root system with accom-
panied inherent plasticity is recognized as a critical trait that enhances both water and
nutrient uptake, especially under abiotic stresses resulting in improved crop perfor-
mance (Wu et al. 2016; Desgroux et al. 2017). Root distribution pattern with depth is
another trait that plays an important role in the estimation of soil root carbon input
and its balance in agroecosystems (Fan et al. 2016). Root hair length and density
enhance root contact with soil particles and also increase root interactions with soil
microorganisms (Carminati et al. 2017). Rongsawat et al. (2021) found correlations
between root hairs and increased wheat biomass production and yield. Root
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branching density favors soil exploration, which facilittes uptake of mobile soil
resources including nitrate and water (Pedersen et al. 2009; Eissenstat et al. 2015).
Freschet et al. (2021) in their review exhaustively described several root traits with
respect to plant functions such as tolerance to lodging, drought, initiation and
establishment of mycorrhizal symbioses, ecosystem phosphorus cycling, and others.
However, the selection and inclusion of root traits in any investigation is research
question and goal dependent.

Plant root systems are classified based on their sites of origin into four classes:
tap, lateral, basal, and shoot-borne roots (Zobel and Waisel 2010). The root systems
of cereals (wheat and Italian ryegrass) and pulses (soybean) have been described in
detail by Zobel and Waisel (2010) and that of canola by Wu et al. (2016). It is
generally believed that while both monocots and dicot seedlings have a defined tap
root during early life, the defined tap root is mostly only retained by dicot plants
(Waidmann et al. 2020). Functional differences between root classes are likely as
lateral and tap roots support different microbial populations presumably through
differences in exudates with implications for nutrient uptake (Zobel and Waisel
2010).

The topsoil where most roots are located also harbors spores of disease-causing
organisms such as root rots and clubroot. Therefore, identifying cultivars that
mobilize roots at depths where the spores of disease-causing organisms are absent
and additional moisture can be accessed with or without the aid of mycorrhiza is a
strategy that can be exploited by breeding programs to develop new-generation
cultivars with unique adaptations. More research is required to better understand
how roots’ vertical distribution patterns and their exudates interact with diazotrophs
in the presence or absence of nutrients, their contribution to carbon sequestration,
and how these complex interactions relate to root longevity.

13.4.1 Phenotyping Methodologies Employed in Root Studies

Root trait as part of breeding programs is seen as a key component to develop
resilient cropping systems (Martens et al. 2015; Paez-Garcia et al. 2015). However,
available root methodologies are labor- and resource-intensive; and results tend to be
variable due to environment, crop cultivar, and root plasticity (Sharma and Carena
2016; Wu et al. 2020). Greenhouse root phenotyping methodologies were developed
to reduce inherent environmental variability and labor costs. An example is the
WinRHIZO™ software, an image analysis system designed for washed root mea-
surements, although other less labor-intensive and nondestructive approaches have
also been used. Demerits of indoor-based phenotyping techniques are that roots have
different spatial arrangements than do field-grown plants due to container size
constraints and/or artificial media used (Araus and Cairns 2014). It has been
suggested that robust plant root phenotyping studies should include a combination
of field, greenhouse, or laboratory approaches in order to elucidate the developments
of root architecture (Paez-Garcia et al. 2015). The use of an LCR meter that measures
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inductance (L), electrical capacitance (C), and resistance (R) is a promising strategy
that bypasses the labor-intensive phase of root washing and processing, enabling
root functionality measurements (Hefmanské et al. 2014; Wu and Ma 2016; Wu
et al. 2020).

Across the globe, attention to plant root systems has gained momentum with
minirhizotrons and 3D root phenotyping platform development which facilitates
noninvasive assessments (Fahlgren et al. 2015; Kuijken et al. 2015; Jeudy et al.
2016). Imaging coupled with root system analyzers (e.g., Ez-Rhizo and
WinRHIZO™, smart rot and X-ray computed tomography) has increasingly been
used (Martins et al. 2020). The development of high-throughput machine learning
and computer vision has enabled root trait extraction and measurement useful in
breeding programs targeting more vigorous and resilient crop varieties (Falk et al.
2020). In Canada, technologies employed have been limited to shovelomics, soil
columns, rhizotrons, and WinRHIZO™ except in a few cases—LCR meter
(Wu et al. 2016) and CI-600 In Situ Root Imager (Bourgault et al. 2022). A few
studies have looked at harnessing root traits to mitigate drought stress (Ashe et al.
2017; Gorim and Vandenberg 2017); root traits, root lodging parameters, and canola
yield (Wu and Ma 2016, Wu et al. 2020); water and nutrient uptake (Liu et al. 2010,
2011; Gan et al. 2011; Cutforth et al. 2013); and effects of low and high N levels
versus rhizobia inoculation on root traits in wild and cultivated lentil (Vargas Palacio
2021) and relate root mass to photosynthetic efficiency in durum wheat varieties
with different pedigrees (Ashe et al. 2017). In the United States and Australia,
identifying and incorporating root ideotypes rather than individual root traits into
breeding programs is a recommended approach that can also be pursued in prairie
breeding programs (Lynch 2013; Rao et al. 2021). The latter together with new
technologies and phenotyping platforms provide an opportunity to phenotype a large
number of germplasm, contributing to the development of adaptable cultivars.
Future research should focus on the interaction of root traits and root exudates of
crop cultivars, identifying root microbiomes, including AMF, associated with desir-
able outcomes such as carbon sequestration.

13.5 Mycorrhizas as Key Root Symbionts

The most common root symbiont on earth is the arbuscular mycorrhiza from the
subphylum Glomeromycotina (within the phylum Mucoromycota). Fossil evidence
(Remy et al. 1994; Redecker et al. 2000) and molecular clock evidence (Heckman
et al. 2001) point to arbuscular mycorrhizas as participating in the colonization of
land by plants 400 or up to 600 million years ago (mya), respectively. Phylogenetic
analyses considering the contemporaneous radiations of both plants and fungi show
a fungal-mediated colonization of land by embryophytes coinciding with
Glomeromycotina diversification ca 484 mya (Lutzoni et al. 2018). Since this initial
diversification, it appears that Glomeromycotina has a speciation rate of one order of
magnitude lower than other eukaryotes, despite being ubiquitous (Perez-Lamarque
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et al. 2022). Glomeromycotina are globally dispersed, with 34% of species occurring
on all seven continents, despite being associated with plants which display signifi-
cant endemism (Davison et al. 2015; Barbosa et al. 2017). The observation that AMF
are widely dispersed (Davison et al. 2015) is difficult to reconcile without a clear
mechanism of dispersal (Egan et al. 2014, Correia et al. 2019, Chaudhary et al.
2020). AMF have yet to be observed forming reproductive structures and had been
assumed asexual until a recent discovery of meiosis genes and mating-type loci
(Ropars et al. 2016). Along with other early diverging fungi, AMF form coenocytic
hyphae which form no cross-walls effectively allowing for the mixing of thousands
of nuclei throughout the fungal body (Kokkoris et al. 2020). To understand the
distribution of diversity between nuclei, single nucleus sequencing was employed to
discover that while dikaryons, a mixture of two nuclear types suggesting a repro-
ductive state (Chen et al. 2018) do exist, most known AMF have identical haploid
nuclei. These multiple lines of evidence point to sexual or parasexual reproduction in
AMF (Yildirir et al. 2020) which is likely necessary to sustain the genetic variability
to successfully colonize 70-90% of all land plants.

AMF are obligate symbionts, acquiring all their carbon from photosynthetic
plants in exchange for soil-derived nutrients. The AMF life cycle begins with
spore germination in soil in response to root hormones followed by establishment
of root cortical cell colonization, arbuscule formation, and intra- and extraradical
hyphal growth and completing the cycle with sporulation (Gutjahr and Parniske
2013). Inducing spore germination involves strigolactones exuded from roots, which
are upregulated under phosphate starvation. These signaling molecules also induce
hyphal branching in AMF. Germination triggers AMF to release various
chitooligosaccharides that signal plants to increase lateral root formation, trigger
transcription of genes that will allow hyphal penetration, and increase starch accu-
mulation in roots. A hyphopodium is formed on a surface root cell which is required
for a penetration peg that allows the hyphae to enter the cell. The plant is actively
involved in this process creating a prepenetration apparatus which is required for
initial penetration by hyphae and arbuscule formation. Perhaps, the most dramatic
feature of this symbiosis is the coordinated movement of plant cell organelles to
create space for and to synthesize the periarbscular membrane which surrounds the
arbuscule and ultimately mediates transport of carbon and nutrient compounds.
Arbuscule formation is well defined in terms of gene expression changes at each
stage (Gutjahr and Parniske 2013). Arbuscules are ephemeral with an arbuscule
lifespan of 1-3 days (Gutjahr and Parniske 2017). The quick turnover likely renders
the symbiosis efficient and may be the mechanism for preventing cheating in the
symbiotic exchange of nutrients (Floss et al. 2017; Gutjahr and Parniske 2017).

On the landscape scale, the picture of AMF community assembly is not clear
(Powell and Bennett 2016). Counterintuitively, studies often find higher AMF
diversity at the small local scale than when comparing sites far apart (Kivlin et al.
2011; Rincon et al. 2021). In a similar environment, when AMF are experiencing the
same abiotic pressures while colonizing the same host, we would expect that
selection would favor fewer species and a common composition resulting in lower
beta diversity. Yet, this is rarely the case (except see (Davison et al. 2016). While



298 M. Robdrup et al.

AMF assembly rules are not yet clear, they are important to optimizing mycorrhizas
in cropping systems, especially more plant diverse cropping approaches such as
intercropping. In intercropping, the presence of roots from two or more crops may
provide a more heterogeneous belowground environment, potentially facilitating the
establishment of a healthier or more diverse AMF network.

13.5.1 Common Mycorrhizal Networks

Common mycorrhizal networks (CMNs) are an emergent phenomenon of arbuscular
mycorrhizal colonization of plant roots and may be a factor contributing to the
effects observed such as increased plant resistance to disease, overyielding, and
breeding/selection of varieties that are well suited to intercropping systems. CMNs
are created when the hyphae of one AM species connects the roots of two or more
plants (Simard and Durall 2004; Babikova et al. 2013a). In doing so, they are
reported to assist in seedling establishment by colonizing new roots, thereby regu-
lating the plant community composition and diversity (Simard and Durall 2004,
Babikova et al. 2013a). In tomato plants connected to a CMN, defense responses to
both fungal and bacterial pathogens are faster and stronger than in control plants not
connected to a CMN (Song et al. 2015b; Fujita et al. 2022). When challenged with
spider mites and aphids, the presence of a CMN was thought to be a factor in
transferring resistance signals to uninfected neighbors to prime their defenses (Song
etal. 2010, 2013, 2014, 2015a). There may be an AMF action in the transmission or
stimulation of volatile organic chemicals (VOCs), as well. The presence of pea
aphids resulted in excretion of VOCs that were transferred to neighboring plants
that attracted parasitoids, a natural enemy of aphids (Babikova et al. 2013a,b,
2014b). Since aphids and other phloem-sucking pests remove carbon from the
plant, it is hypothesized that the AMF will secure their carbon supply by ensuring
defense signals are transferred to connected plants (Babikova et al. 2014Db).

In addition to transferring beneficial chemicals, AMF have also been found to
transfer allelochemicals, which can negatively impact deleterious microbes, patho-
gens, and competitor plants. The roots of some plants synthesize and exude these
competition-reducing secondary metabolites into the rhizosphere where they are
taken up by AMF hyphae and transported to neighboring plants (Barto et al.
2011). Caution is advised in planting species that are known to be inhibitory within
a close distance since a CMN would suppress the growth of the subordinate plants.
However, this could be advantageous as weed control and possibly be leveraged in
intercropping, if more were known about this phenomenon. Another interesting use
of CMNs that has been proposed is planting sentinels in a cash crop. The sentinel
plant will be the first to be infected or attacked, so it is important to plant the species
based on insects and pathogens most likely encountered by the crop of interest. The
sentinel will transfer defense signals via the CMN to the crop plants and prime them
for attack. Secretion of VOCs throughout the crop could also suffice (Heil et al.
2000).
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In either monoculture or intercropping, plants do not grow in isolation; their roots
and AMF likely interact, possibly forming CMN:ss if agricultural practices allow. The
emergent phenomenon of CMNs could be responsible for increased disease resis-
tance and overyielding in intercropping (Barto et al. 2012; Simard et al. 2012;
Johnson and Gilbert 2015; Qiao et al. 2020; Figueiredo et al. 2021). AMF also
play a role in kin recognition by transferring volatile organic chemicals (VOCs)
through their CMN and influencing the chemical composition of VOC emitted by
plants (Schausberger et al. 2012; Babikova et al. 2014b; Zhang et al. 2022). The
potential benefits to crops of AMF colonization including improved nutrient acqui-
sition, increased resilience to abiotic stressors, and improved soil structure should be
considered irrespective of CMN formation. Most studies of AMF impact on crop
performance do not consider CMN formation owing to the difficulty of demonstrat-
ing its presence in field studies. However, the unexpected impacts of intercropping
could be at least partially explained by CMNs.

Hyphae extending into the soil provide microhabitats that support a myriad of
bacteria and are referred to as extraradical hyphae. Extraradical hyphae interface
with the soil matrix through a film of water present on the hyphal surface called the
hyphosphere (Andrade et al. 1997). The hyphosphere itself is divided into the endo-
hyphosphere and the exo-hyphosphere: endo pertains to the inside of the hyphae and
exo pertains to the outside of the hyphae (Faghihinia et al. 2022). The endo-
hyphosphere contains AMF endosymbiotic microbes (Toljander et al. 2006;
Agnolucci et al. 2015; Wang et al. 2016; Jiang et al. 2021), while the
exo-hyphosphere is further divided into the hyphoplane or surface of the hyphae
and ecto-hyphosphere, being the surrounding soil (Faghihinia et al. 2022).

A microhabitat is created by endo-hyphosphere exudates that function to attract
and feed specific microbes including those from the Talaromyces, Burkholderia,
Pseudomonadota, Actinomycetota, Gemmatimonadota, and Bacteroidota bacterial
phyla (Drigo et al. 2010; Doilom et al. 2020; Faghihinia et al. 2022). Key players in
this system are phosphate-solubilizing bacteria which facilitate phosphate mineral-
ization for transport to the host plant while contributing to the growth of both the
plant and the AMF and are supported by carbon from hyphae (Jiang et al. 2021). As
the hyphae grow, move, and senesce throughout the soil, they disperse microbes.
Some microbes are attached to the hyphoplane, while others use it as an intra-soil
transportation system, moving along the film (Jiang et al. 2021). A mycorrhizal
hyphal network thus supports a micro-ecosystem with the potential to transfer
nutrients, share beneficial bacteria, and confer benefits to connected crop plants in
a CMN.

13.5.2 AMF in Agriculture Systems

AMF impact primary macronutrients including carbon, nitrogen, phosphorus, and
potassium; they influence abiotic stressors including drought, soil salinity, and heavy
metals; they influence soil structure; and they influence plant response to disease
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pressure through mycorrhizal-induced resistance (MIR). We consider these interac-
tions in-turn below.

13.5.3 Primary Macronutrients
13.5.3.1 Carbon

Carbon is one of the most important macronutrients on the planet. As plants
photosynthesize, 20% of the carbohydrates generated are transferred to AMF
extraradical hyphae (Bago et al. 2000). Excess carbon is stored as triacylglycerol
(TAG) within the vesicles of intraradical hyphae (Bago et al. 2000). One of the most
important functions of AMF in relation to soil health is the accumulation and storage
of rhizodeposits as various forms of organic carbon (Cheng et al. 2012; Averill et al.
2014). Being a mutualistic keystone relationship, that of AMF and the root requires
balance between carbon stabilization and mineralization (Bonfante and Anca 2009;
Rillig et al. 2015; Gavito et al. 2019; Jeewani et al. 2021).

The amount of carbon transferred from the plant to the AMF is usually of concern
to producers. However, evidence shows that when the extraradical mycelium is
excised from the plant root, even when the plant is fully nourished and watered,
photosynthetic rates decrease for up to 2 h (Gavito et al. 2019). Thus, the allocation
of carbon to AMF by the plant is compensated for by an increase in photosynthesis
(Schweiger et al. 2014; Gavito et al. 2019). It is possible that in seedlings that are
establishing, the sink strength may be stronger than their photosynthetic capabilities.
Overall, however, it is to the benefit of the plant at any and all growth stages to be in
symbiosis with AMF for defense and microbial recruitment (Gavito et al. 2019).
Specific proteins are part of the plant’s regulatory mechanisms to prevent over-
extrusion of carbon by the fungus (Salmeron-Santiago et al. 2021).

Specific proteins are part of the plants’ regulatory mechanisms to prevent over-
extrusion of carbon by the fungus (Salmeron-Santiago et al. 2021). Carbon alloca-
tion by the plant is used as a bargaining chip when AMF are connected to more than
one plant or species in the CMN. Preferential nutrient provision may be given to the
plant that provides the most carbon to AMF, known as high-quality hosts. In
contrast, low-quality hosts provide less carbon (Bucking et al. 2016). Preferential
allocation still provides carbon to the low-quality host, most likely as a carbon
insurance policy, so that if one host dies, the fungus is still connected via the
CMN to other plants (Kiers et al. 2011; Bucking et al. 2016). This strategy also
ensures that the high-quality host encounters competition and provides its due share
of carbon to the AMF in exchange for nutrients (Bucking et al. 2016). However,
when the only available host is of low quality meaning that low amounts of carbon
are provided to the plant, the AMF will favor this plant and provide more nutrients to
benefit the host (Bucking et al. 2016).
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13.5.4 Nitrogen

AMEF can supply up to 25% of the plant’s nitrogen requirements reducing the need
for fertilizer (Liu et al. 2021). Legumes fix approximately 20% of the required
nitrogen within an ecosystem by way of their symbiotic relationship with N-fixing
rhizobacterium (Adomako et al. 2022). A CMN in legume-non-legume intercrops
may further facilitate increased nitrogen use efficiency by making some of the N
fixed by the legume available to the non-legume. An investigation into the effects of
phosphorus addition to the soil in the presence of AMF and its ability to acquire
nitrogen revealed that added phosphorus decreases the beneficial action of AMF. In
nitrogen-limited systems, either commensalism or parasitism can occur between the
plants and AMF (Liu et al. 2021). Therefore, it is important to add nitrogen to crops
that may be limited to ensure that carbon stores are not being depleted by AMF.

13.5.5 Phosphorus

Phosphorus is an important element in the proper growth and development of plants
and is often the factor that is most likely to limit plant growth. As a part of all cell
membranes and the production of ATP, the cells’ respiratory currency, phosphorus
must be bioavailable in the soil for plants to access and use it (Liu et al. 2021).
Within the soil microbiome, the most important microbe for phosphorus provision-
ing are AMF (Adomako et al. 2022). Since AMF extend the root system up to 2 feet
beyond the rhizosphere nutrient depletion zone, AMF can supply up to 80% of the
plant’s phosphorus requirements. AMF influence interspecific interactions in a
legume system as they catalyze the generation of phosphate ions using alkaline
phosphatase making P more available (Liu et al. 2021). This could be particularly
important when legumes and non-legumes are intercropped.

AMEF will utilize nitrogen for itself before supplying this to the plant; however,
phosphorus is generated in surplus and is easy for the fungi to transfer (Liu et al.
2021). When soil P is limiting, the AMF symbiosis becomes even more necessary.
Even though it may seem like plants are investing a lot of carbon (4—20%) into AMF,
these fungi are more efficient in their use of carbon when considering soil explora-
tion and extraction of nutrients compared to plant roots, saving the plant energy on
root production (Adomako et al. 2022). The addition of too much phosphorus to the
soil will suppress the actions of AMF (Liu et al. 2021), in addition to losses from
leaching and surface water runoff.

P solubilizing bacteria (PSB) utilize AMF as a conduit, thereby increasing the
amount of phosphorus available to be absorbed by the AMF, in addition to stimu-
lating hyphal growth increasing fungal fitness, and suppressing soilborne diseases
(Jiang et al. 2021; Adomako et al. 2022). In their quest for acquiring organic
phosphate, PSB make up approximately 40% of the bacterium in the soil (Adomako
et al. 2022).



302 M. Robdrup et al.

In phosphorus-limited systems, mutualism between plant and AMF is the dom-
inant relationship. Since legumes make a tripartite symbiosis with AMF and nodule-
forming rhizobium species, more phosphorus is required because the nodules are a
strong nitrogen sink. Legume species rely more heavily on AMF for the supply of
phosphorus while they are fixing their own nitrogen, improving their competitive
edge. Without the addition of phosphorus, the nutrient limitation for the legume
becomes exacerbated as the plant has a higher root-shoot biomass (Liu et al. 2021).

13.5.6 Potassium

Potassium (K) is essential to plant growth and chemical processes. Mycorrhizas help
plants access and uptake K and through the CMN provision the allocation of this
nutrient to the plant that requires it most in an intercropped system. This allows more
roots to be colonized with a higher percentage of arbuscules in the intercropped
system in addition to better supporting seedling growth. The CMN can regulate K
exchange in agriculture by supporting the growth of taller crops over shorter ones
using asymmetric K provisioning. CMNs are advantageous in intercropping in
agriculture due to the higher percentage of root colonization versus a monocropped
system (Gao et al. 2021).

13.5.7 Abiotic Stressors
13.5.7.1 Drought Stress

Drought stress is one of the major limiting factors for plant growth around the world
(Chandrasekaran and Paramasivan 2022). In the plant, drought stress causes the
production of reactive oxygen species (ROS) that accumulate intracellularly, dam-
aging cells, preventing photosynthesis, and ultimately resulting in apoptosis
(Bahadur et al. 2019; Chandrasekaran and Paramasivan 2022). Besides irrigation,
mycorrhizas can mitigate some effects of drought stress (up to 17%)
(Chandrasekaran and Paramasivan 2022) by providing water along its hyphosphere
to the roots, closing stomata to improve water use efficiency (WUE) to prevent loss
due to transpiration, increasing antioxidant production, maintaining pathogen and
pest defenses (Orine et al. 2022), and increasing nutrient supply to the plant
(Bahadur et al. 2019, Chandrasekaran and Paramasivan 2022).

AMF species present in native soils will be better adapted to local environments
and, during times of drought, are better able to not only survive themselves but also
provide drought stress tolerance to its associated plants by inducing genes within the
drought pathway. Roots colonized by AMF are more plastic and resist water loss. In
times of drought, plant roots exude strigolactones as a signal to AMF that they
require hydration (Bahadur et al. 2019). By maintaining proper nutritional status, the
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plant is better able to cope with drought by sustaining higher turgor pressure that
supports continued photosynthesis (Chandrasekaran and Paramasivan 2022) that is
typically impeded under drought stress. Since AMF extend the rhizosphere depletion
zone, once the soil moisture has been exploited, AMF are able to access and return
soil moisture from distances beyond the rhizosphere (Bahadur et al. 2019). With
prolonged drought, however, even AMF and their symbiosis will be negatively
affected, with a pronounced decline in the number of intraradical spores and
arbuscules.

In drought situations, common during times of climate change and normal
weather phenomena, AMF are thought to alter stomatal regulation and the hydraulics
of the root system, improving WUE. Approximately 35% of water obtained by the
plant is from AMF that extend their hyphal network to obtain water when it is scarce
(Adomako et al. 2022). Interactions of drought, AMF, and intercropping remain to
be explored. Intercropping is generally thought to be better suited to wetter envi-
ronments. However, intercropping can still provide benefits under drought condi-
tions (Pourali et al. 2023).

13.5.8 Salinity

Over one billion hectares (ha) or 20% of crop lands are considered to be saline due to
the overaccumulation of sodium chloride (NaCl), nickel (Ni), iron (Fe), and others,
with losses increasing yearly (Porcel et al. 2011; Evelin et al. 2019; Ma et al. 2019).
Salinity occurs through both natural and anthropogenic processes, including succes-
sional planting of shallow-rooted plants, high rates of evaporation, weathering of
rocks, vicinity to bodies of salt water, poor irrigation sources, reduced soil porosity,
and poor soil drainage. While plants have adapted mechanisms to deal with high
salinity, such as maintaining turgor pressure, increasing WUE to maintain photo-
synthesis, and inducing phytohormones to detoxify oxidation stress, AMF further
support the plant’s ability to survive in saline soils (Porcel et al. 2011; Evelin et al.
2019).

AMF hyphae provide the stressed plant with phosphorus and can access low
concentrations of P in the soil while upregulating genetic expression of plant
nitrogen transporters to increase its intracellular concentration (Porcel et al. 2011,
Evelin et al. 2019). AMF also maintain osmoregulation through increased nutrient
supply, allowing the plants to increase turgor pressure, preventing cellular dehydra-
tion that could kill the plant (Evelin et al. 2019). Photosynthesis can be negatively
affected by a reduction in leaf size, whereas plants with mycorrhizas can maintain
higher photosynthetic rates due to an increase in chlorophyll in the leaves because of
improved micronutrient uptake (Evelin et al. 2019). Therefore, mycorrhizas are a
powerful tool in the support of crops in saline soils by supporting the adaptive
functions that already exist within the plant.
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13.5.9 Heavy Metals

High concentrations of heavy metals in soil lead to plant stress. The presence of
AMEF in soils contaminated with heavy metals ameliorates the negative effects of
heavy metals on crops (Janeeshma and Puthur 2020). This has been attributed in part
to the ability of glomalin-like substances to bind toxic metals, including copper, lead,
zinc, arsenic, and cadmium (Janeeshma and Puthur 2020; Holatko et al. 2021).
Bioremediation of soils using AMF (mycoremediation) is the most effective method
of supporting plant growth in these soils. Two mycoremediation methods are
phytoextraction (uptake of heavy metals from soil) and phytostabilization (heavy
metal accumulation in roots that do not travel to the shoots; AM preferred method).
Biomagnification can occur during phytostabilization and should be used with
caution in agriculture where the roots are consumed by humans. Plants with specific
root systems are designed for phytostabilization and are typically hyperaccumulators
of metals. The benefit of AMF in this system is the enhancement of metal tolerance
by these hyperaccumulators. In phytoremediation, it is possible to re-extract the
metals from the plant tissue since the roots will transport metals to the shoots. To
maximize this effect, AMF colonization increases metal uptake and transports it to
the shoots in hyperaccumulators, to remove the highest amount of metal from the
soil (Janeeshma and Puthur 2020).

Independent of plants, AMF can withstand metal toxicity by using glomalin-
related soil proteins (GRSP) to complex with the metals using chelation,
immobilizing and inactivating them and reducing their damaging effects (Janeeshma
and Puthur 2020, Holatko et al. 2021). Within fungal structures such as mycelium,
vesicles, and spores, depending on the species of AMF and type of metal, AMF store
heavy metals in association with uranium, which prevents metal transportation
across the periarbuscular membrane to the plant. Outside in extraradical mycelium,
AMF are able to bind metals to their hyphae using adsorption that immobilizes
heavy metals, removing them from the soil within 30 min of contact. The metals are
then crystalized by AMF taking up 10x more metal than hyperaccumulator plant
roots (Janeeshma and Puthur 2020). Ultimately, AMF help remove, immobilize, and
prevent transportation of heavy metals from contaminated soils, allowing for
unimpeded plant growth and bioremediation.

13.5.10 Soil Aggregates and Structure

Soil aggregates are structures formed when soil particles bind together (Rillig et al.
2015). Hydrostable soil aggregates are formed by sticky substances like glomalin-
related soil protein (GRSP) that self-polymerize and are secreted by AMF and other
fungi (Barea et al. 2002; Rillig et al. 2015; Holatko et al. 2021). GRSPs are
hydrophobic glycoproteins that attract soil particles, binding them together creating
aggregates (Barea et al. 2002). The entanglement of mycelium also contributes to
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aggregate formation, improving soil structure and stability (Rillig et al. 2015). By
creating pores in the soil matrix in the presence of aggregates, water infiltration
improves to reduce standing water during heavy precipitation events, maintaining
aeration and improving plant health (Barea et al. 2002). Improved soil structure
allows for better root growth and prevention of lodging and compaction and thereby
an increased ability to store carbon (Rillig et al. 2015).

13.5.11 Mycorrhizal-Induced Resistance (MIR)

Mycorrhizal fungi induce the defense responses of plants by priming their resistance
against fungal, bacterial, and viral pathogens and several pests (Pozo et al. 2002;
Barber et al. 2013; Song et al. 2013, 2015a; Babikova et al. 2014a; Schouteden et al.
2015; Tao et al. 2016; Hill et al. 2018; Goicoechea 2020; Li et al. 2021; Fujita et al.
2022; Yu et al. 2022). By decreasing the response time and increasing strength of
responses, AMF act somewhat like a vaccine, allowing the plant to suppress and/or
fight the pathogen/pest better than non-colonized plants. AMF species Rhizophagus
irregularis and Funneliformis mosseae exert especially strong MIR (Pozo et al.
2002; Song et al. 2010, 2013, 2014, 2015a; Fujita et al. 2022). MIR triggers
increased signaling within both the salicylic acid (SA) and jasmonic acid
(JA) pathways involved in stress and defense responses (Song et al. 2015a; Wang
et al. 2020).

Tomato plants colonized at low levels by the AMF species Gigaspora margarita
were more resistant to both fungal (Botrytis cinerea) and bacterial (Pseudomonas
syringae pv. tomato DC3000) pathogens, mounting a faster, stronger defense
response versus non-colonized plants (Fujita et al. 2022). When defending against
a chewing caterpillar (Helicoverpa armigera), being colonized by AMF, G. mosseae
depressed larval development while increasing defense-related genes that
overexpressed JA at the four-leaf stage (Song et al. 2013). Pathogenic fungal
infections in tomato plants are reduced when colonized by AMEF, especially
G. mosseae. Both localized (within the root) and systemic damage were reduced
due to plant reinforcement of the cell wall with callose (Pozo et al. 2002).

AMF have been used as a biological control for parasitic nematodes, and the
efficacy of this depends on the combination of AMF species, crop, and environment.
AMF compete for nutrients and space within the soil and roots while providing the
plant with enhanced defenses as a result of increased nutrition, altered VOC profiles
and root exudates, and priming induced systemic resistance (ISR) (Schouteden et al.
2015). In altering root exudates, the plant can attract beneficial soil microbes that can
also contribute to the destruction or suppression of pathogens and pests (Carvalhais
et al. 2015; Plett et al. 2021).

A drawback for some crops is that mycorrhizas can alter VOC profiles that attract
rather than repel aphids possibly due to an increased foliar phosphorus content
(Schausberger et al. 2012; Babikova et al. 2014a) and the suppression of key
sesquiterpenes that repel aphids, specifically (E)-p-farnesene and (E)-caryophyllene.
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However, if aphid infestation occurred prior to AMF colonization, the aphids
themselves produced VOCs that repelled other aphids, and the plant produced a
neutral VOC profile that was neither repellant or attractive to aphids. In addition,
aphids decreased the level of AMF colonization, hypothesized to be the result of a
reduction in carbon allocation to AMF (Babikova et al. 2014a).

13.6 AMF Impact on Ecosystems

Interspecific competition is mediated by the spatial heterogeneity of the nutrient
distribution within the soil. Soil microbes are known to balance this heterogeneity
using their mineralization and transport abilities. The interaction between plants,
microbes, and heterogeneous soil nutrients is key to ecosystem function and stabil-
ity, supported by AMF ability to transport nutrient-solubilizing microbes around the
soil (Whiteside et al. 2019; Adomako et al. 2022). The distribution of nutrients
within the soil impacts interspecific interactions that are then mediated by AMF
(Adomako et al. 2022). There is also evidence that nutrients are acquired from
decomposed organic matter by AMF and its associated microbiome (Liu et al.
2021) that are moved from nutrient-rich to nutrient-poor environments using AMF
as a trader (Whiteside et al. 2019; Gao et al. 2021).

Soil microbes are an important nutrient mobilization cohort that compete with
plants for soil nutrients (Adomako et al. 2022). Plants can utilize these nutrients by
rhizophagy wherein the bacteria enter the root tips, reactive oxygen species (ROS)
cause the expulsion of nutrients from the bacteria into the root, and the bacteria are
ejected out of the root hairs to rebuild their cell membrane and acquire more nutrients
as the cycle continues (White et al. 2018). The actions of microbes affect interspe-
cific competition since AMF move these bacteria around in the soil matrix via the
hyphosphere (Adomako et al. 2022; Faghihinia et al. 2022). AMF stimulate the
microbial “priming effect” by feeding other microbes that have the capacity to break
down organic matter to obtain nutrients (Liu et al. 2021). AMF rely on the enzymatic
action of saprophytic fungi to break down bound nutrients and make them bioavail-
able to the plant (Adomako et al. 2022); however, AMF will repress saprotrophs as
they create hyphae in the direction of organic matter, thereby outcompeting them for
nutrients (Liu et al. 2021).

13.6.1 Summary of Benefits to Crops with AMF
in Agriculture Systems

AMF provide soil-derived nutrients, including nitrogen and phosphorus, along with
micronutrients and water, to the plant in exchange for photosynthetic carbon
(Parniske 2008). This is accomplished as the AMF increase the root surface area
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for nutrient absorption beyond what the roots are capable of alone (Adomako et al.
2022). In addition, as AMF influence the soil system by moving, growing, and
multiplying within the soil, their hyphosphere transports bacteria, nematodes,
archaea, and protists that may act as bioprotectants against root pathogens and
pests (Faghihinia et al. 2022; Zhang et al. 2022). Transport of mineralized nutrients
also occurs within and along the fungal hyphae, benefitting plant biomass production
and, ultimately, photosynthetic capability, leading to increased plant health and
yields. AMF increase plant water uptake and water retention during drought
(Adomako et al. 2022). The increased provision of nutrients has also been correlated
with the increase in defense response mechanisms for mycorrhizal plants, known as
mycorrhizal-induced resistance. The presence of the AMF in the roots encourages
strengthening of cellular walls systemically, while a stronger, faster defense response
occurs when the plant is attacked by a pathogen or pest (Pozo and Azcon-Aguilar
2007; Jung et al. 2012; Cameron et al. 2013). In addition, the plant is better
supported when encountering abiotic stressors, including drought, salinity, and
heavy metals (Bahadur et al. 2019; Janeeshma and Puthur 2020). AMF further
benefit agricultural soils by stabilizing nutrients within the soil to prevent leaching
of fertilizers (Adomako et al. 2022) into waterways, which has a poor societal image
and negative environmental impact. Moreover, by utilizing AMF in agricultural
soils, less fertilizer will be required since AMF can supply the crops with the
majority of their N and P requirements.

The use and nurturing of the AMF-plant relationship is beneficial to agricultural
production economically since nutrients are supplemented through this symbiosis.
By exploring the smaller pores and longer reaches beyond the nutrient depletion
zone of the rhizosphere, AMF can access nutrients the roots cannot. Paired with their
ability to move microbes around within the soil, AMF as an economical tool should
be considered by producers. This financial saving extends to increased yields as the
plant invests more energy into aboveground biomass production, increasing photo-
synthesis, and less into root growth and soil exploration (Adomako et al. 2022).

13.7 Conclusion

AMF have a significant impact on plant proliferation, especially in natural soils and
natural systems. Regenerative agriculture and the practice of intercropping both
support AMF diversity and abundance in soils more so than conventional agricul-
tural practices. Regenerative management actively pursues improvement in produc-
tion by leveraging ecological principles, soil beneficial microbiomes, and wholistic
nutrient cycling by reducing tillage, eliminating bare soil, fostering plant diversity,
integrating livestock into cropping, and reducing agrichemicals. Intercropping
increases aboveground diversity, often resulting in overyielding, disease reduction,
lower input requirements, and improved soil conditions. Engaging in regenerative or
intercropping practices will encourage a diverse and abundant AMF community that
increases the chances of beneficial interactions with crops. Crop breeding for
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intercropping and regenerative approaches should focus on root traits and beneficial
AMF interactions to facilitate building farming practices that attempt to ameliorate
the environmental impacts of agriculture while maintaining sufficient productivity
and food production.
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Abstract Arbuscular mycorrhizal fungi (AMF) represent a critical component of
terrestrial ecosystems, forming symbiotic relationships with the majority of plant
species. This mutualistic association has profound implications for sustainable
agriculture, as it enhances nutrient uptake, improves plant health, and contributes
to soil structure and fertility. This chapter provides an overview of the diverse
applications of AMF in sustainable agricultural systems, highlighting their role in
enhancing crop productivity, reducing environmental impacts, and promoting long-
term agricultural sustainability. By harnessing the potential of AMF, farmers can
build more sustainable agricultural systems that address the challenges of food
security, environmental degradation, and climate change.

Keywords Plant growth - Nutrient uptake - Soil health - Nutrient cycling -
Environmental sustainability

14.1 Introduction

The pursuit of sustainable agricultural practices has become increasingly important
in the face of numerous challenges, including population growth, climate change,
and environmental degradation. One approach gaining attraction in the agricultural
community is the utilization of arbuscular mycorrhizal fungi (AMF) to enhance plant
growth and improve the overall sustainability of farming systems (Riaz et al. 2021).

AMF are a type of fungi that form a mutualistic symbiotic relationship with the
roots of most land plants. They belong to the phylum Glomeromycota and are one of
the most widespread and ecologically important groups of mycorrhizal fungi

B. M. Herath - K. W. Y. R. Kalamulla - T. A. N. Mayadunna - P. N. Yapa (I)
Department of Biological Sciences, Faculty of Applied Sciences, Rajarata University of Sri
Lanka, Mihintale, Sri Lanka

e-mail: neelamanie @as.rjt.ac.lk

M. A. E. G. Perera - I. K. Jayamanna
Department of Bioprocess Technology, Faculty of Technology, Rajarata University of Sri
Lanka, Mihintale, Sri Lanka

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2024 319
G. J. Ahammed, R. Hajiboland (eds.), Arbuscular Mycorrhizal Fungi and Higher
Plants, https://doi.org/10.1007/978-981-99-8220-2_14


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-8220-2_14&domain=pdf
mailto:neelamanie@as.rjt.ac.lk
https://doi.org/10.1007/978-981-99-8220-2_14#DOI

320 B. M. Herath et al.

(Agnihotri et al. 2022). AMF have been found to associate with around 80% of all
known plant species, including agricultural crops, grasses, trees, and shrubs.
Through this symbiosis, AMF extend their hyphae into the soil, increasing the root
surface area and facilitating the uptake of nutrients, particularly phosphorus, from
the soil (Yadav et al. 2013). In return, the plant provides the AMF with carbohy-
drates, fostering a mutually beneficial relationship. This nutrient exchange between
the plant and the fungus results in improved plant growth, increased resistance to
environmental stresses, and enhanced nutrient utilization efficiency (Aryal et al.
2003).

Secondary roles of AMF include reduction of root invasion by microbial soil-
borne plant pathogens (Newsham et al. 1995); reduction in plant uptake of phyto-
toxic heavy metals (Herath et al. 2023), improved host plant water balance in periods
of ample water and drought (Auge 2001), and soil particle aggregation through
the cohesive action of a glomalin water-stable glycoprotein (Rillig and Mummey
2006).

The application of AMF in sustainable agricultural systems offers several advan-
tages (Fig. 14.1). Firstly, AMF can significantly reduce the need for synthetic
fertilizers by enhancing nutrient uptake and utilization. This leads to reduced
fertilizer runoff and associated environmental pollution, addressing concerns related
to water quality and ecosystem health. By relying less on chemical inputs, farmers
can minimize their ecological footprint and contribute to the preservation of natural
resources (Fard et al. 2020).

Moreover, AMF have been shown to improve soil health and structure. The
hyphal network formed by AMF enhances soil aggregation, promoting better
water infiltration and retention, reducing erosion, and enhancing overall soil fertility.
This improvement in soil quality contributes to long-term sustainability and resil-
ience in agricultural systems (Fall et al. 2022).

In addition to nutrient acquisition and soil health benefits, AMF have demon-
strated their ability to enhance plant tolerance to various abiotic stresses, including
drought, salinity, and heavy metal toxicity (Herath et al. 2021). These environmental
stresses are expected to become more prevalent under changing climatic conditions,
posing significant challenges to crop production (Blanchet et al. 2016; Harikumar
2015). AMF symbiosis can help plants better cope with these stresses by improving
water and nutrient availability, protecting against oxidative damage, and regulating
plant hormone levels. This resilience contributes to the sustainability and produc-
tivity of agricultural systems in the face of climate change (Nazari et al. 2020).

The application of AMF in sustainable agriculture can take various forms, such as
inoculating soil with AMF propagules, incorporating AMF into hydroponic or
greenhouse systems, or utilizing AMF-inoculated substrates for seedling production.
These techniques allow for the establishment of AMF associations early in the
plant’s life cycle, maximizing the benefits throughout its growth (Bergstrand 2022;
Chai et al. 2019).

This chapter examines the key concepts of the utilization of AMF in sustainable
agricultural systems. It offers a promising approach to address the challenges facing
modern farming practices. By enhancing nutrient uptake, improving soil health, and
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Fig. 14.1 An illustrated depiction highlighting the benefits of applying AMF on plants. Arrow-
heads indicate improvement of soil properties or tolerance to stress.

increasing plant resilience to environmental stresses, AMF applications contribute to
the development of more sustainable and resilient farming systems. As the demand
for sustainable agriculture continues to grow, integrating AMF into farming prac-
tices represents a valuable strategy to enhance productivity, protect the environment,
and ensure food security for future generations.

14.2 Effect of AMF on Plant-Soil System

AMF are characterized by several distinctive features that set them apart from other
types of fungi. One of their key characteristics is the formation of specialized
structures called “arbuscules” within the root cells of the host plant. Arbuscules
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are branched, treelike structures that facilitate nutrient exchange between the fungus
and the plant. Another important characteristic of AMF is the formation of hyphae,
which are threadlike structures that extend into the surrounding soil, greatly enhanc-
ing the surface area available for nutrient uptake (Dighton 2009).

The relationship between AMF and plants is mutualistic, meaning that both
partners benefit from the association. The plant provides carbohydrates, primarily
in the form of sugars, to the AMF, which the fungi use as an energy source for their
growth and reproduction. In return, the AMF assist the plant in acquiring nutrients
from the soil. The hyphae of AMF extend far beyond the reach of plant roots,
enabling them to access nutrients, such as phosphorus and nitrogen, which are
otherwise unavailable to the plant. The mycelium of AMF also enhances the plant’s
ability to absorb water from the soil, thereby improving drought tolerance (Begum
et al. 2019).

AMF play a crucial role in nutrient acquisition for plants, particularly in nutrient-
deficient soils. One of the primary nutrients in which AMF are involved is phos-
phorus. Phosphorus is an essential element for plant growth and development, but it
is often present in soils in forms that are insoluble and inaccessible to plants. AMF
have the ability to solubilize and mobilize phosphorus, making it available for
uptake by the plant. This phosphorus acquisition is particularly important for plants
in agricultural systems where fertilizers are not readily available or in natural
ecosystems where nutrient cycling is limited (Qi et al. 2022).

Further effects of AMF reported include a reduction in insect herbivory by
induced plant response (Bennett et al. 2009) and variation in that response relative
to nitrogen (N) uptake (Gange et al. 2005), increase in insect pollination (Gange and
Smith 2005), and percentage increase in F1 generation seed germination. All of these
functions are performed in exchange for host plant carbon (C). There is evidence to
suggest AMF may play a significant role in soil nitrogen (N) and carbon (C) cycles
(Leigh et al. 2008; Jones et al. 2009) and make considerable contributions to terrestrial
ecosystem C sinks. In addition to the above functions, AM fungi can also influence,
perhaps even organize and structure, plant community patterns and soil microbiota
community populations (Rillig and Mummey 2006; Toljander et al. 2007).

AMF also contribute to the acquisition of other nutrients, such as nitrogen,
potassium, and micronutrients like zinc and copper. Through their extensive hyphal
network, AMF can explore larger soil volumes and scavenge nutrients from a
broader range of locations. They can break down organic matter and release nutrients
bound in organic compounds, making them accessible to plants. Moreover, AMF
can enhance the efficiency of nutrient uptake by improving the root system’s surface
area and nutrient-absorbing capacity (Neumann and George 2010). In addition to
nutrient acquisition, AMF can also confer other benefits to plants. They can enhance
plant growth, improve tolerance to environmental stresses such as drought and
salinity, and contribute to disease resistance by activating the plant’s defense
mechanisms (Table 14.1) (Willis et al. 2013).
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Table 14.1 Crop responses to inoculation with AMF under different stress conditions

Crop

Stress
conditions

Fungal species

Observed responses

References

Zea mays
L. (corn)

Drought

Rhizophagus
intraradices, strain
BGCBJ09

Enhanced plant dry
weight, absorption of
phosphorus (P), nitrogen
(N), potassium (K), and
magnesium (mg) in the
aboveground portion,
and improved water uti-
lization efficiency

Zhao et al.
(2015)

Heavy
metal
stress

Glomus isolates

Enhanced dry weight
and essential element
content (K, P, and Mg),
and clear disparities in
cellular distribution of
heavy metals and essen-
tial elements

Kaldorf
et al.
(1999)

Heat
stress

Funneliformis (glomus)
species

Heterogeneity in the
regulation of photosys-
tem II

Mathur and
Jajoo
(2020)

Heat
stress

Rhizophagus
intraradices,
Funneliformis mosseae,
F. geosporum

Enhanced foliage elon-
gation, heightened plant
stature, amplified leaf
count, elevated chloro-
phyll a level, increased
photosynthetic effi-
ciency, enhanced stoma-
tal conductance, and
accelerated transpiration
rate

Mathur
et al.
(2016)

Triticum
aestivum
L. (wheat)

Drought

Glomus mosseae, Glo-
mus fasciculatum,
Gigaspora decipiens

Augmented plant growth
and overall chlorophyll
pigment content

Pal and
Pandey
(2016)

Drought

Glomus mosseae

Elevated osmotic poten-
tial, chlorophyll content,
and fluorescence, along
with increased activities
of antioxidant enzymes,
ascorbic acid, enzymes
related to nitrogen

(N) and phosphorus

(P) metabolism, and
higher levels of nitrogen
(N), phosphorus (P), and
potassium (K) contents

Rani
(2016)

Salinity

G. etunicatum,
F. mosseae,
R. irregularis

Enhanced plant growth,
improved nutrient
absorption and crop
yield, and decreased
levels of Na* and C1~

Daei et al.
(2009)

(continued)
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Table 14.1 (continued)
Stress
Crop conditions | Fungal species Observed responses References
Heat R. fasciculatus, The biomass, nitrogen Marulanda
stress F. mosseae (N), potassium (K), and | et al.
water contents have (2007)
shown an elevation,
whereas there has been a
decrease in the levels of
antioxidant compounds
such as glutathione,
ascorbate, and H,O,
Heat Rhizophagus Enhanced root function- | Cabral
stress irregularis, ality: Boosted grain et al.
Funneliformis mosseae, | quantity, nutrient alloca- | (2016)
Funneliformis tion, and nutrient
geosporum, composition
Claroideoglomus
claroideum
Oryza sativa | Salinity Claroideoglomus Enhanced quantum yield | Porcel et al.
L. (Rice) etunicatum of PSII photochemistry, | (2015)
net photosynthetic rate,
and stomatal
conductance
Solanum Heat Rhizophagus irregularis | Improved photosynthetic | Calvo-
lycopersicum | stress efficiency, enhanced root | Polanco
(tomato) water flow capacity, and | et al.
increased aquaporin (2016)
levels and phosphoryla-
tion status
Salinity Rhizophagus irregularis | Improved shoot fresh Khalloufi
weight, leaf area, leaf et al.
number, root fresh (2017)
weight, and concentra-
tions of growth
hormones
Salinity Glomus intraradices Enhanced dry matter Hajiboland
accumulation, increased | et al.
ion absorption, improved | (2010)
growth characteristics,
and elevated chlorophyll
levels
Heavy F. mosseae (syn. Glo- AMF alleviated oxida- Hashem
metal mus mosseae), tive stress by decreasing | et al.
stress R. intraradices (syn. the production of (2016)
Glomus intraradices), malonaldehyde and
C. etunicatum (syn. hydrogen peroxide.
Glomus etunicatum) Additionally, it
enhanced the plant’s
defense system, offering

(continued)
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Stress
Crop conditions | Fungal species Observed responses References
effective protection
against Cd stress
Poncirus Drought Funneliformis mosseae, | Enhanced extension of Zhang et al.
trifoliata (tri- Paraglomus occultum hyphae, accelerated (2018)
foliate absorption rate of hyphal
orange) water, and elevated leaf
water potential
Hordeum Heat G. versiforme, Enhancing survival rates | Hajiboland
vulgare stress R. irregularis and easing et al.
L. (barley) low-temperature stress (2019)
Cucumis Salinity Glomus etunicatum, Enhanced biomass, syn- | Hashem
sativus Glomus intraradices, thesis of photosynthetic | et al.
L. (cucumber) Glomus mosseae pigments, and aug- (2018)
mented antioxidant
enzyme activity
Capsicum Salinity R. irregularis The leaf area, mineral Beltrano
annuum content, proline, sugars, | et al.
L. (sweet and and cell membrane (2013)
chili pepper) integrity were enhanced,
while the shoot content
of Na was decreased

14.3 AMF Application Techniques in Agriculture

14.3.1 Production of Biofertilizers

Agricultural management practices significantly influence the dynamics of AMF in
agricultural fields. The following subsection explores the effects of tillage practices,
pesticide and fertilizer applications, as well as the potential benefits of organic
farming practices on AMF symbiosis (Bonfante and Genre 2010; Cardoso Filho
et al. 2017; Gao et al. 2019).

Pesticide and fertilizer applications can have profound effects on AMF abun-
dance and diversity. Some pesticides, particularly fungicides and nematicides, can
directly or indirectly affect AMF colonization and hyphal growth. The indiscrimi-
nate use of pesticides can disrupt the delicate balance of soil microbial communities,
including AMF, leading to decreased colonization and functional diversity. Simi-
larly, excessive or imbalanced fertilizer applications, particularly high phosphorus
levels, can reduce the reliance on AMF symbiosis and limit their colonization.
Implementing integrated pest management strategies and adopting judicious fertil-
izer practices that consider AMF interactions can help mitigate negative impacts on
AMF in agricultural systems (Akiyama and Hayashi 2006; Audet and Charest 2007).

Organic farming practices have shown potential benefits for enhancing AMF
symbiosis and promoting sustainable agriculture. Organic farming systems,



326 B. M. Herath et al.

characterized by reduced chemical inputs, rely on organic amendments, crop rota-
tion, and cover cropping to enhance soil fertility and microbial diversity (Ortas and
Rafique 2017). These practices foster a conducive environment for AMF coloniza-
tion and mycorrhizal functioning. Organic farms often exhibit higher levels of AMF
diversity, improved nutrient cycling, and increased plant resilience to environmental
stresses. Incorporating organic farming principles can contribute to the preservation
and promotion of AMF symbiosis in agricultural systems (Sharma et al. 2017,
Shtark et al. 2010).

By considering and implementing appropriate agricultural management practices,
farmers can optimize AMF interactions, enhance nutrient cycling, and promote
sustainable agriculture. Understanding the effects of these practices on AMF abun-
dance, diversity, and functional capabilities is crucial for maximizing the benefits of
AMF symbiosis in agricultural fields (Chen et al. 2018; Ercolin and Reinhardt 2011).

Plants require essential nutrients to carry out various physiological functions and
maintain optimal growth and development. These nutrients can be broadly catego-
rized into two groups: macronutrients and micronutrients. Macronutrients, including
nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), and
sulfur (S), are required in relatively large quantities. Micronutrients, such as iron
(Fe), manganese (Mn), zinc (Zn), copper (Cu), boron (B), molybdenum (Mo), and
chlorine (Cl), are needed in trace amounts. These nutrients play crucial roles in
processes such as photosynthesis, respiration, and synthesis of proteins, nucleic
acids, and other essential molecules (Sparks and Benfey 2017).

Plants have evolved various strategies to acquire these nutrients from the
sur-rounding environment. These strategies can be categorized into two main types:

* Direct uptake: Some nutrients, such as carbon (C) and oxygen (O), are obtained
directly from the atmosphere through stomata in leaves. Additionally, hydrogen
(H) is acquired through water absorption by the roots (Auge 2001).

 Indirect uptake: Most nutrients are acquired indirectly through the roots. The root
system plays a vital role in nutrient acquisition by employing several strategies
(Kameoka et al. 2019).

As an indirect nutrition uptake strategy, many plants form mutualistic symbiotic
relationships with fungi called mycorrhizae. These fungi form a network of hyphae
that extend into the soil, increasing the root surface area for nutrient absorption. In
return, the fungi receive carbohydrates from the plant (Sparks and Benfey 2017).

Production of soil-based biofertilizers concerning environmental conditions is the
natural way to enrich the particular agricultural land. Depending on the farmer’s
requirement, the customized AMF-based biofertilizers can be produced by mixing
one or more AMF species with other beneficial microorganisms such as plant
growth-promoting rhizobacteria (PGPR) and phosphate-solubilizing bacteria
(PSB) (Karima and Samia 2020). As a conventional method of biofertilizer produc-
tion, the selected AMF species are first multiplied using selective host plants on pot
culture under greenhouse conditions called the trap culture method, and then, AMF
root inoculums and spore-baring soil are introduced to the plant with a suitable
carrier (Kalamulla et al. 2022). Kalamulla et al. (2022) revealed that the application
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of indigenous AMF genera Glomus, Claroideoglomus, and Acaulospora isolated
from rice rhizosphere together with Azospirillum sp. increased the biometric and
yield parameters in rice plants similar to the application of compost and inorganic
fertilizer to the rice cultivation. Other than using mixed AMF inoculums, scientists
used one selective AMF sp. to produce specific biofertilizers using single spore
technique, and further multiplication was done using trap culture methods with
selective host plants (Karima and Samia 2020). The conventional method of spore
separation using microscope is time-consuming and skill demanding. Scientists
developed a microfluidic device for manual separation of spores from the
centrifuged suspension of mixed spores via manual temporary flow diversion mech-
anism (Srisom et al. 2020).

Greenhouse conditions do not always provide a contaminant-free environment
for inoculum preparation of AMF. Then, researchers developed the in vitro
monoxenic cultivation system with synthetic medium under strictly controlled
conditions together with the tissue culture techniques to obtain contamination-free,
pure sterile AMF propagules (Karima and Samia 2020). In vitro, production of AMF
biofertilizers consists of the higher propagule number in a small amount of culture
medium. Two types of in vitro systems have been developed to produce sterilized
AMF propagules:

* AMF grown on transformed plant root (by Ri-TDA of Agrobacterium
rhizogenes).

* AMF can be grown on autotrophic plants which are grown such that the aerial
part of the plant grows outside the Petri dish (Bécard and Fortin 1988).

St-Arnaud et al. (1996) created a two-compartment in vitro system in the absence
of host roots to enhance the spore production of Glomus intraradices in a modified
minimal medium. In the experimental setup, the proximal compartment was made up
with adding sucrose and mycorrhizal Ri T-DNA transformed Daucus carota roots,
and the distal compartment was maintained without adding sucrose and roots. The
distal compartment was permitted to grow only endosymbionts because of lacking
sugar in the medium. 6-8 weeks after subculturing, nearly 15,000 viable spores per
plate were obtained (St-Arnaud et al. 1996). The efficiency and continuation of this
technique can be increased by the replacement of the gel in the medium and resupply
of sucrose to the proximal compartment every 2 months (Douds 2002). This
technique is more adapted to the mass production of industrial AMF inoculums in
biofertilizer production. With the suitable formulation technique, the produced
inoculums (mycorrhizae containing root fragments, spores, and mycelium) (Karima
and Samia 2020) then can be introduced to the target field by considering the time of
inoculum viability (Sahu and Brahmaprakash 2016).
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14.3.2 Seed Coating with AMF

Application of formulated AMF-based biofertilizer to the larger area of open agri-
cultural field increased the cost per plant, because of nontargeted spreading of the
introduced biofertilizer. For the effective crop performance, seed quality is a major
aspect of sustainable agriculture. Seed coating with AMF inoculum is an effective
delivery method while increasing the efficiency of action and reducing the quantity
of inoculum needed (Oliveira et al. 2016). Seed coating is one of the ancient
agricultural methods used to increase the agricultural productivity of the crop. But
usage of different chemical fertilizers inside the coat and chemical-based seed
coating materials increased the environmental disturbance. Seed coating with the
beneficial soil microbes with the biodegradable coating material opens the path to
sustainable agricultural practices without reduction of the crop yield (Sohali et al.
2022). Accurately selecting coating material while enhancing the AMF spore via-
bility is not an easy task. According to the seed coating technique, AMF can directly
infect the newly germinated seed within a short period of time after the germination
(Nurrobifahmi et al. 2021).

To improve the agricultural production of cowpea (Vigna unguiculata L. Walp)
that were grown in the semiarid lands, the cowpea seeds were coating with the AMF,
Rhizophagus irregularis and Pseudomonas libanensis using silicon dioxide and
starch as a coating material according to the pan coating methods (Ma et al. 2019).
The application of tapioca starch and polyvinyl alcohol (PVA) as a seed coating
material enhances the AMF spore viability. PVA provides a hydrophilic layer to the
AMF spore and prevents dehydration under higher soil temperatures (Nurrobifahmi
et al. 2021). Other than the improvement of the plant productivity and yield
component via increasing the nutrient supplement, seed coating with the AMF
confers seed resistance against the pathogen. Application of the spores of
Rhizophagus fasciculatus and Rhizophagus aggregatus increased the seed resistance
to insects while extending the germinability period up to 4 months in maize and
sorghum (Sene et al. 2021).

14.3.3 Seed Bio-Priming with AMF

Inoculation of the seeds with the beneficial microorganism’s combination of seed
hydration refers to seed bio-priming. It improves crop productivity and yield param-
eters via increasing seed viability, vigor indices, plant nutrition, and protection
against pathogens (Singh et al. 2010). Other than using of plant growth-promoting
bacteria, AMF can also use as a microbial inoculum in seed bio-priming. In this
priming technique, seeds are soaked in a solution of mycorrhizae with water and
allow the seeds to soak for 8—12 h. In this process, the bio-stimulants are adhered to
the seed and finally established at planting. Seed bio-priming with silicon
nanoparticles and mycorrhizal fungi increased the salinity tolerance in wheat plants
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by increasing plant physiological parameters (leaf water potential, soluble proteins,
and sugar) and antioxidant activity (Ahmadi-Nouraldinvand et al. 2023). Yadav
et al. (2018) tested a mixture of beneficial microbes, including Glomus intraradices
for bio-priming of corn (Zea mays L.) seeds to test the plant productivity and yield
attributes. Combined use of Trichoderma viride and Glomus intraradices along with
75% recommended NPK dose provided a more effective combination for baby corn
production. As used in the seed bio-priming technique, mycorrhizae can be directly
added to the hydroponic systems. Addition of a higher dosage of the chemical to the
plant in a hydroponic system causes death of the plant. But the addition of the
mycorrhizae does not harm the plant in any direction (Yadav et al. 2018).

14.3.4 Soil Drenching

AMF application through soil drenching involves several steps to ensure successful
colonization and establishment of mycorrhizal associations (Berruti et al. 2016).
Firstly, an AMF inoculant is prepared before soil drenching. This inoculant can
contain AMF propagules like spores or mycelium or liquid AMF cultures (Schaefer
et al. 2021). The inoculant can be obtained from commercial sources or propagated
in a laboratory or nursery. It is important to follow the manufacturer’s instructions or
established protocols to prepare the inoculant and ensure its viability and effective-
ness (Schaefer et al. 2021).

During soil drenching, the AMF inoculant is directly applied to the soil, sur-
rounding the plant roots. Typically, the inoculant is mixed with water or a suitable
carrier solution to facilitate even distribution. The drenching solution is poured onto
the soil surface or applied through irrigation systems, allowing it to percolate down
into the root zone. This contact between the AMF inoculant and the roots facilitates
colonization and the formation of mycorrhizal associations (Oehl et al. 2003). The
timing and frequency of soil drenching depend on factors such as plant species,
growth stage, and environmental conditions. It is often recommended to apply the
AMF inoculant during the early stages of plant growth or transplanting to maximize
colonization. Subsequent drenching applications may be repeated periodically
throughout the growing season to maintain and enhance the mycorrhizal associations
(Smith and Read 2010; Akpinar et al. 2019).

To ensure the effectiveness of soil drenching, several factors should be consid-
ered. The soil should be adequately moist before and after drenching to facilitate the
movement of the inoculant and the establishment of mycorrhizal associations
(Alrajhei et al. 2022). The appropriate dosage of the AMF inoculant should be
determined based on the plant species, soil conditions, and the specific inoculant
used. Proper distribution of the drenching solution across the soil is important to
ensure consistent colonization of the roots. Monitoring and evaluation of the effec-
tiveness of the AMF application can be done by assessing plant growth, nutrient
uptake, and other relevant parameters (Azevedo Correa 2019).
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Soil drenching is a convenient and effective method for introducing AMF
inoculants to the root zone, promoting mycorrhizal associations, and enhancing
nutrient uptake in agricultural systems (Barbosa et al. 2019). It is crucial to follow
appropriate application methods, timing, and monitoring to ensure the desired
benefits of mycorrhizal symbiosis. It is also advisable to consult the manufacturer’s
instructions or agricultural experts for specific AMF inoculant products for best
results (Bedini et al. 2013).

14.3.5 Rhizobox or Rhizotron Systems

AMF application techniques in rhizobox or rhizotron systems are used to study the
interactions between plant roots and AMF under controlled conditions. These
systems allow researchers to observe and manipulate the colonization and develop-
ment of mycorrhizal associations (Meena et al. 2018). Before setting up the rhizobox
or rhizotron system, the soil medium used in the compartments can be pre-inoculated
with AMF inoculants, which contain AMF propagules such as spores or mycelium.
These inoculants are mixed into the soil medium to ensure the presence of AMF for
colonization during the experiment. This technique allows the controlled introduc-
tion of AMF into the system (Gianinazzi and Schiiepp 1994).

During planting in the rhizobox or rhizotron system, the roots of seedlings or
transplants can be immersed or dipped in an AMF inoculant solution. Coating the
roots with the inoculant ensures direct contact between the AMF and roots, facili-
tating rapid colonization and establishment of mycorrhizal symbiosis. This method
enables the study of early stages of AMF-root interactions in a controlled environ-
ment (Wattenburger et al. 2020). Another approach is to topically apply AMF
inoculants to the soil surface of the system. The inoculant is spread or sprinkled
around the planted roots, and subsequent watering or irrigation helps it move into the
soil, allowing AMF to colonize the roots. This localized application provides
insights into the effects of mycorrhizal colonization on root growth and nutrient
uptake (Fig. 14.2 and 14.3) (Verbruggen and Toby Kiers 2010).

In certain cases, AMF inoculants can be injected directly into specific areas of
interest within the rhizobox compartments. This targeted injection allows researchers
to study the localized effects of mycorrhizal colonization on root development and
nutrient acquisition (Fig. 14.2 and 14.3). It proves particularly useful when investi-
gating the spatial distribution of AMF colonization within the system (Juntahum
et al. 2022). These AMF application techniques in rhizobox or rhizotron systems
enable researchers to control and manipulate the presence of AMF, facilitating the
study of mycorrhizal associations and their impact on plant growth and nutrient
uptake (Fig. 14.2 and 14.3) (Kadam et al. 2020). By observing and analyzing root
development, nutrient acquisition, and other parameters, researchers can gain
insights into the dynamics of the plant-mycorrhizal symbiosis in a controlled
experimental setup (Ma et al. 2022).
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Fig. 14.2 Transport of phosphate and transfer mechanisms in mycorrhizal interactions for host cell
nutrient uptake. During mycorrhizal interactions, the transportome responsible for phosphate
(Pi) uptake and transfer undergoes a series of processes. Initially, inorganic phosphate is taken up
from the soil solution through the plasma membrane. To energize this process, the fungal organism
utilizes an H+ and Na + symport mechanism. Following uptake, cytoplasmic Pi is accumulated in
the vacuoles as polyphosphates (Poly P). These Poly P molecules are then transferred through
hyphae using motile vacuoles toward the intraradical mycelium (IRM). Within the intraradical
mycelium, it is likely that polyphosphatase enzymes degrade Poly P into monophosphates. These
monophosphates are subsequently transferred to the plant cells, where they are utilized to regenerate
Pi, completing the transfer process

It is important to note that the specific AMF inoculant, application method, and
timing should be chosen based on the objectives of the study, the plant species being
investigated, and the experimental design. Consulting with AMF inoculant manu-
facturers or experts in the field can provide guidance on selecting the appropriate
techniques for rhizobox or rhizotron systems (Zhang et al. 2019; Zhu et al. 2016).

14.3.6 Greenhouse and Hydroponic Systems

AMF application techniques can be adapted for greenhouse and hydroponic systems
to enhance plant growth and nutrient uptake (Singh et al. 2010).

14.3.6.1 Greenhouse Systems

In greenhouse systems that utilize soil-based substrates, AMF inoculants can be
mixed into the substrate during potting or tray filling (Bergstrand 2022). The
inoculants may contain AMF propagules, such as spores or mycelium, which
establish mycorrhizal associations with the plant roots as they grow. The inoculation
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Fig. 14.3 The existing understanding of nitrogen transfer mechanisms in mycorrhizal interactions
reveals the presence of five distinct compartments involved in the transfer of nitrogen compounds,
namely, ammonium, nitrate, amino acids, and peptides. These compartments include the soil,
extraradical mycelium (ERM), intraradical mycelium (IRM), and the plant cell (Xylem). Specific
transporters facilitate the movement of nitrogen compounds within these compartments, such as
NRT (nitrate transporter) for nitrate, AMT (ammonium transporter) for ammonium, AAP (amino
acid transporter) for amino acids, OPT (oligopeptide transporter) for peptides, and PTR (peptide
transporter) for peptide transfer

ensures that the AMF are present in the substrate, facilitating early colonization of
plant roots and improved nutrient uptake (Porcel et al. 2015).

Prior to transplanting seedlings or young plants into the greenhouse, their roots
can be dipped into an AMF inoculant solution. The roots are immersed in the
solution for a brief period, allowing the inoculant to adhere to the roots (Ashaolu
and Ashaolu 2020). This ensures direct contact between the AMF and the roots,
promoting rapid colonization and establishment of mycorrhizal symbiosis in the
greenhouse environment (Ruiz-Lozano and Aroca 2010). AMF inoculants can also
be applied topically to the substrate surface in greenhouse systems. This involves
spreading or sprinkling the inoculant onto the substrate around the base of the plants
(Chai et al. 2019). Subsequent irrigation or misting helps the inoculant move down
into the substrate and come into contact with the plant roots. This method provides
an additional source of AMF inoculum for the roots to establish mycorrhizal
associations (Sahodaran and Ray 2018).

14.3.6.2 Hydroponic Systems

In hydroponic systems, where plants are grown in nutrient-rich water without soil or
substrate, AMF inoculants can be applied as a dip for seedlings before they are
transferred to the hydroponic system (Aryal et al. 2003). The roots of the seedlings
are immersed in an AMF inoculant solution, allowing for direct contact between the
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AMF and the roots. This promotes early colonization and establishment of mycor-
rhizal symbiosis in the hydroponic system, enhancing nutrient uptake efficiency
(Chandrasekaran 2022). AMF inoculants can also be added directly to the nutrient
solution in hydroponic systems. The inoculants can contain AMF propagules, such
as spores or mycelium, or even liquid AMF cultures (Silveira et al. 2021). The
inoculant is mixed into the nutrient solution, ensuring that the AMF are present and
available for colonization by the plant roots. This method allows for continuous
exposure of the roots to the AMF, facilitating the establishment of mycorrhizal
associations and improving nutrient uptake in the hydroponic system (Ebbisa 2022).

These AMF application techniques in greenhouse and hydroponic systems aimed
to establish mycorrhizal associations between the plant roots and the beneficial
fungi, even in the absence of traditional soil. The mycorrhizal symbiosis enhances
nutrient acquisition, particularly phosphorus uptake, and can improve plant growth,
vigor, and resilience in these controlled environments also (Berruti et al. 2016). It is
important to note that the choice of AMF inoculant, application method, and timing
should be based on the specific requirements of the plant species, the growth medium
used, and the overall system conditions. Consulting with AMF inoculant manufac-
turers or agricultural experts can provide guidance on selecting the appropriate
techniques for greenhouse and hydroponic systems (Jung and Martinez-Medina
2020; Ebbisa 2022).

14.3.7 Crop, Cultivar, Cover Crop, and Rotation

Selecting crops or cultivars that have a strong affinity for mycorrhizal associations
and possess efficient root architectures for accessing adequate phosphorus (P) is an
important consideration. Also, forming active symbioses with AMF is a critical
consideration (Berruti et al. 2016). It is important to note that certain crop families,
like Brassicaceae or Amaranthaceae, do not form mycorrhizal associations and may
even release compounds that inhibit fungal growth in the soil. In such cases, it is
beneficial to avoid crop rotation with these nonmycorrhizal families and consider
planting mycorrhizal cover crops in between these crops before the next cropping
cycle (Karasawa and Takebe 2012).

Furthermore, the domestication process of some crops may have diminished their
ability to respond positively to AMF, especially when soil P levels are high. An
interesting finding by Jung et al. (2012) revealed that both wild and domesticated
species of 27 crops responded similarly to AMF under low Pi (phosphorus) condi-
tions. However, when exposed to high P conditions, the growth response of 14 pairs
of wild varieties to AMF was not significantly different, whereas it notably reduced
growth in domesticated species. Consequently, it is evident that domesticated crops
tend to benefit from mycorrhizal associations mainly when soil P concentrations
are low.

While AM fungi do not exhibit strict host specificity, they do exhibit preferences
that can vary based on geographical distribution and land use (Bainard et al. 2014;
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Torrecillas et al. 2013). Interestingly, even though different host plants may have
contrasting characteristics, the AM fungal communities associated with them may
respond similarly to soil phosphorous gradients. Therefore, crop rotation can posi-
tively influence AMF function, especially when introducing highly mycotrophic
crops from the Fabaceae or Poaceae families. However, it is important to note that
AMF species composition may vary depending on the plant species used, and it may
take some time for the fungal community to adapt and be replaced (Higo et al. 2010,
2015). Nevertheless, the subsequent mycotrophic crop is likely to benefit from this
transition, leading to reduced requirements for phosphorus application compared to
leaving the land fallow without any vegetation (Jemo et al. 2014).

14.4 Conclusions

The application of AMF in sustainable agricultural systems holds great promise for
addressing the challenges of modern farming practices. AMF offer multiple benefits,
including enhanced nutrient uptake, improved soil health, and increased plant
resilience to environmental stresses. By establishing symbiotic relationships with
plant roots, AMF enhance nutrient acquisition efficiency, reducing the reliance on
synthetic fertilizers and minimizing environmental pollution. The hyphal network
formed by AMF improves soil structure, water retention, and nutrient cycling,
contributing to long-term sustainability. Additionally, AMF help plants withstand
abiotic stresses, such as drought and salinity, which are expected to intensify with
climate change. The various AMF application techniques, such as soil inoculation,
seedling treatments, and integration into hydroponic or greenhouse systems, provide
flexibility in incorporating these beneficial fungi into diverse agricultural practices.
By harnessing the potential of AMF, farmers and researchers can practice sustain-
able way of farming that promote productivity, conserve resources, protect the
environment, and ensure food security for future generations. The integration of
AMF into agricultural practices represents a valuable strategy in the transition
toward more sustainable and resilient farming systems.
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