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Preface

Microbiome diversity in association with plant roots is gargantuan; the microbial
number includes tens of thousands of various species. This multifaceted plant
accompanying microbial population, also referred to as the integrated part of the
plant, is imperative for plant health. Current progresses in plant-microbe synergism
research disclosed that plants have capabilities to shape their rhizospheric microbial
community. This has been substantiated by the information that dissimilar plant
species host particular microbial populations even when grown in the same climatic
conditions and soil. Accumulation of not good or unwanted microbiome communi-
ties in host plant leads to negative effect on plant health, on the other hand, associa-
tion of beneficial and constructive microbiome community in plant leads to positive
effect on the host health.

Pathogenic microbiome could lead to adverse effects on plant health. Interactions
between pathogens and plants are regularly considered as conflict between the two
organisms, this ignores the significance of beneficial microbiome. But the preva-
lence and proliferation of virtuous microbiome can appreciably influence infection
progression. Plants survive in close connection with microbial community that
thrives the habitat in which the plants grow. The soil microbial population structure
exemplifies the largest reservoir of biodiversity known till date. The rhizospheric
zone of plant is the confined zone of soil around roots, which is manipulated by root
exudates, can harbor up to 10! microbial cells per gram of root and numerous other
prokaryotic species. The combined genome of this microbial population is much
higher than that of host plant and is therefore also insinuated as the host plant’s
additional genome.

We understand that the human system also benefits from beneficial probiotic
bacteria. Similarly, host plants also have the dependence on specific favorable
microbiome which are also recognized as plant growth strengtheners, biostimula-
tors, phytomodulators, biofertilizers, bioinoculants, phytostimulators, biopesticides,
biocontrol agents, etc., which are eventually advantageous to plant health. The exact
mechanism through which these microbiome become associated with the plant sys-
tem is unknown. This association depends upon the type of plant species and its age,
though it also depends on diverse ecological factors.

A lot of investigation has been done in the past but not much has been achieved
to understand the mutualistic interaction between microbiome and their host plants.
The plant microbiome are one of the most significant reasons for plant health, its
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sustainability and productivity, furthermore, this research area has grasped wide
attention and consideration, in recent years. Microbiome associated with host plants
also play a decisive and essential role in general biogeochemical cycles. Plant-
associated beneficial microbiome also help hosts to surmount pathogenic microbes,
encourage growth, and inhabit space that would otherwise be reachable to host
pathogens. Besides these beneficial aspects, good microbiome also stimulate vari-
ous stress resistance, and ultimately persuade plant growth promotion through
nutrients mobilization, uptake, and transport. Consequently, the plant microbiome
proves to be a noteworthy and substantial determinant for host health and
production.

To understand complex communication pathways regulation within the plant and
their associated microbiome involves manifold functions of microbiome and plant
root excretions and their influences on genome expression and translation. The uni-
versal and all-inclusive approach to understanding any organismic structure and
function is to apprehend the organism in its entireness. The root associated or the
endophytic microbiome and their functional inputs are undoubtedly essential for all
plants on the sphere. It should be apparent that how the associated microbiome
influence or are being influenced by host plant will definitely vary across species, as
well as by several genetic and environmental factors. Studies on the plant microbi-
ome need to authenticate the microbial population, this will help us in understand
the change or fluctuations in microbiome community correlated with environmental
habitats. Further development is required for functional examination that exploits
metagenomics and metatranscriptomics techniques. This screening will be a front
runner for us to understand plant attributes and behaviors based on microbiome
knowledge. This will help us comprehend when, where, and how this “additional
genome” also functions as an intact organ system of the host plant.

In this book, we discuss evidences related to associated plant microbiome,
whether rhizospheric, phyllospheric, or endophytic, playing a significant role in
plant health or disease formation. Microbiome in Plant Health and Disease:
Challenges and Opportunities is focused on, but not limited to: microbiome coloni-
zation, their role in plant growth, development, nutrient recycling, mycorrhizae, and
an overview of phytospheric microbiome in sustainable agro-eco-system.

It is believed that the enthusiasm, eagerness, and remarkable opportunities pre-
sented in this work about our latest perception of the challenges and relationships
that bring about learning plant microbiome mutualistic approach will encourage and
inspire readers to push the field forward to new frontiers.

Dehradun, Uttarakhand, India Vivek Kumar
Guangzhou, Guangdong, China Ram Prasad
Ranchi, Jharkhand, India Manoj Kumar

Noida, Uttar Pradesh, India Devendra K. Choudhary
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Applications of Plant-Microbe
Interactions in Agro-Ecosystems

Rasheed A. Adeleke, Bhavna Nunthkumar,
Ashira Roopnarain, and Linda Obi

Abstract

The natural association between plants and microorganisms has historically been
linked to improved plant growth, nutrition and health. Rhizospheric and phyllo-
spheric microorganisms have received much attention due to their applications in
improved nutrient acquisition, enhanced water sequestration, induced systemic
resistance, competitive exclusion of plant pathogens and remediation of environ-
mental pollutants. Such beneficial attributes have motivated the adoption of these
plant—microbe interactions in agro-ecosystems to improve productivity. The
application of commercially available plant beneficial microorganisms (CAPBM)
in agro-ecosystems is largely due to their compatibility and complementarity
with natural processes of nutrient cycling, plant protection and other related bio-
logical processes. While numerous studies have reported the huge potential of
the use of plant beneficial microorganisms in agro-ecosystems, wide-scale com-
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mercialization of microbial products are still lagging. Hurdles in the
commercialization of CAPBM range from lack of awareness and regulatory
framework to inaccurate product selection. The future prospects of the applica-
tion of CAPBM will be determined by the adoption of new technologies that
include multi-omics approach for improving the quality as well as applicability
of these beneficial microorganisms in agro-ecosystems. Furthermore, govern-
ment intervention is of utmost importance to ensure that the necessary regulatory
framework is in place, thereby ensuring high quality of products. High-quality
products will improve adoption rate, which would have downstream influences
on job creation in the CAPBM and agricultural industries.

Keywords
Commercially available plant beneficial microorganisms - Biofertilizers
Applications - Agro-ecosystems

1.1 Introduction

As photosynthesizers, plants are primarily responsible for provision of energy for
the entire ecosystem; hence, they are intimately linked to many activities in the
ecosystem and do not usually exist in isolation. The type and nature of associations
they form with microorganisms are crucial for their development, survival, diversity,
abundance and ecology (Van Der Heijden et al. 2008). Therefore, plant—microbe
associations will continue to shape and dictate the structure of the ecosystem. Over
the years, scientists had capitalized on the benefits of such associations and borrowed
ideas from natural ecosystems to improve practices in agro-ecosystems.

The agro-ecosystem is physiologically different from that of the immediate sur-
rounding environments. It functions as a specialized niche due to its biological and
physicochemical differences. These variations are caused by biological and chemi-
cal processes carried out by the residing macro- and microorganisms (Conway
1986). Microorganisms are ubiquitous in the environment and play key roles in
agro-ecosystem functioning. The interaction of plants and microbes can be helpful
or harmful to plant life, or they simply exist in mutual harmony. Pathogenic microbes
can infect plants in a host—parasite relationship causing plant diseases
(Gnanamanickam et al. 1999; Vurro et al. 2010). However, some commensal bacte-
ria have been known to reside within a host plant for long periods with no damage
caused to the host plant (Hardoim et al. 2008).

Although plant—microbe interactions could be positive or negative, applications
in the agro-ecosystem are mainly positive with partial or full benefits to the entire
ecosystem. Such relationships could be mutualistic, which involves the provision of
shelter and/or nutrients by the plant for the microbes while, in turn, the microbes
enhance plant growth and provide biological control against potential pathogens
and predators using various strategies (Mendes et al. 2013). Important roles of
microorganisms in nutrient cycling and plant protection have drawn interests of
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Fig. 1.1 Overview of applications of plant—microbe interactions in agro-ecosystems

researchers as they seek to replace chemical products with commercially available
plant beneficial microorganisms (CAPBM) (also known as biofertilizer) for enhanc-
ing plant growth and for control of pathogens. Chemical fertilizers containing only
nitrogen, phosphate and potassium, which saturate soils, can be replaced with spe-
cies or a consortium of microorganisms that are able to transform unavailable sub-
strates to an inorganic form that plants can assimilate (Sihi et al. 2017). Similarly,
chemical pesticides can be replaced by CAPBM, which convey natural defences
against pathogens (Mendes et al. 2013). Good crop yield and healthy soil microflora
reflect the health of the agro-ecosystem. As such, this chapter focuses on plant—
microbe interactions, which support agro-ecosystems, specifically, the effects of
plant—microbe interactions on plant growth as well as plant and soil health in rela-
tion to the rhizosphere and phyllosphere (Fig. 1.1).

1.2 Plant-Microbe Interactions in the Rhizosphere

Although plants were the first eukaryotes to inhabit land around 450 million years
ago, their survival was intrinsically linked to the symbiotic relationships they
formed with microorganisms (Heckman et al. 2001). With no root structures, the
earliest plants relied wholly on microorganisms for mineral nutrient acquisition.
However, evolution of plants has resulted in the acquisition of vascular structures
and root systems, which enables them to obtain mineral nutrients from their envi-
ronment. Despite the increasing nutrient acquisition potential of plants over time,
their symbiotic relationships with microorganisms are still integral to plant growth
and development (Heckman et al. 2001; Kenrick and Strullu-Derrien 2014).
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Plant-microbe symbiosis occurs predominantly in the rhizosphere (Lugtenberg
2015). The rhizosphere microbiome comprises a number of diverse microorgan-
isms, which may include actinomycetes, algae, bacteria, fungi, viruses and archaea
and is said to contain more than tenfold the number of microorganisms than the
surrounding bulk soil (Mendes et al. 2013; Lugtenberg 2015). Actinomycetes are an
important group of gram-positive bacteria that possess both fungal and bacterial
characteristics (van Wezel and Vijgenboom 2004). These intermediary microorgan-
isms as plant symbionts are capable of increasing plant growth and secrete antifun-
gal agents such as siderophores and antifungal metabolites (Tokala et al. 2002). For
example, isolates of the actinomycete Streptomyces spp. were proven to reduce
damping-off in tomatoes caused by the fungal pathogen Rhizoctonia solani, and
another actinomycete strain, Streptomyces griseoviridis, has been commercialized
as a biofungicide (Minuto et al. 2006; Goudjal et al. 2014). However, it is important
to note that some actinomyecetes strains such as Streptomyces scabies, Streptomyces
turgidiscabies and Streptomyces aureofaciens are pathogenic, causing scabbing in
potatoes (Hiltunen et al. 2009).

Algae are a common occurrence in aquatic and terrestrial environments as pri-
mary producers of organic matter (Hristozkova et al. 2018). Cyanobacteria, blue-
green algae and green algae are generally present in the rhizosphere. These algae
play an important role in polysaccharide secretion and oxygen production, which
contributes to soil aggregation and soil aeration, respectively (Hristozkova et al.
2018). In addition, algal exudates of Ascophyllum nodosum were used as biostimu-
lants to improve cold tolerance in maize and drought tolerance in spinach (Xu and
Leskovar 2015; Bradacova et al. 2016).

Viruses present in the soil can cause plant diseases with deleterious effects on
plant health. However, some plants exhibit increased tolerance to water and cold
stress when infected with viruses such as plant mosaic and tobacco rattle viruses
(Xu et al. 2008; Roossinck 2011).

Rhizospheric Fungi in Agro-Ecosystems

Fungi form one of the most diverse groups of eukaryotes and are an essential func-
tional component of soil microbial communities. One of the most ubiquitous groups
of microorganisms in the rhizosphere are the mycorrhizal fungi; they are present in
harsh desert, thermal and arctic tundra soils as well as salt flats. Although there are
many beneficial fungi in the rhizosphere, this chapter will focus primarily on mycor-
rhizal fungi. They are abundant in forest and agricultural soils (Gardes and Dahlberg
1996; Tian et al. 2006; Smith and Read 2008; Zabinski and Bunn 2014; Becerra
et al. 2014). Different approaches have been advocated for the classification of this
important group of fungi in the last two decades. One such approach is based on the
trophic level, which consists of two major groups—ectotrophic and endotrophic
mycorrhiza. Another classification approach is related to morphological and ana-
tomical features of mycorrhizal fungi. In the latter approach, ectomycorrhiza, endo-
mycorrhiza and ectendomycorrhiza (EM) are the recognized types. Perhaps, the
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most common form of classification is the seven popular categories that have been
widely mentioned in literature. These are ectomycorrhiza, arbuscular mycorrhiza,
ectendomycorrhiza, arbutoid, ericoid, monotropoid and orchid mycorrhiza
(Brundrett 2004; Smith and Read 2008). These groups are broadly differentiated by
the nutrient exchange compartments they form within the root. For instance, mycor-
rhizal fungi that penetrate the root and exhibit intracellular penetration of root cells
are termed endomycorrhiza, while those that colonize outside of the root cells
showing only intercellular penetration are termed ectomycorrhiza (Friberg 2001;
Smith and Read 2008).

Ectomycorrhizal fungi form a mycorrhizal association characterized by means of
their structural mycelial formation that does not penetrate but extends between the
host root cells to form a Hartig net (Smith and Read 2008). Ectomycorrhizal fungal
associations are formed by higher Basidiomycotina (Agaricus, Amanita, Lactarius,
Thelephora and Scleroderma) and a few Ascomycotina (Tuber and Terfezia) and
Zygomycota (Endogone) (Isaac 1991; Molina et al. 1992; Lodge 2000). The resil-
ience and perhaps survival of trees from the families of Pinaceae, Fagaceae,
Betulaceae and Myrtaceae are partly due to their association with ECM fungi
(Muchovej 2004), which are important, particularly in environments where growth
conditions are not ideal (Isaac 1991).

Unlike the AM fungal counterparts, some ECM fungi have been successfully
cultivated in vitro, but they generally grow slowly (Horton and Bruns 2001; Finlay
and Soderstrom 1992). This has been attributed to their ability to utilize simple
sugars such as glucose, mannose and fructose, independent of their host plants, and
is proof of the facultative nature of some ECM fungi. It has also been shown that
ECM fungi can participate in the degradation of complex carbohydrates as shown
by Entry et al. (1991). It was observed that the ECM fungus Hysterangium setchellii
was able to provide an improved microenvironment for easy decomposition of lig-
nin and cellulose.

Generally, ECM fungi have broad host ranges within restricted plant families and
their hosts may be receptive to several ECM fungi (Molina et al. 1992). This means
that a plant species can act as a host to a variety of ECM fungi and an ECM fungus
can also colonize different suitable host plants (Isaac 1991; Molina et al. 1992). The
advantage of this is the increased survival rate of new seedling species (dispersal of
the seedlings) in new environments, as they can easily associate with a variety of
ECM fungi. Examples of ECM fungi with broad host compatibility include Amanita
aspera, Boletus calopus, Tuber borchii, Ruber brumale, Tuber melanosporum,
Choiromyces venosus and Pisolithus tinctorius (Molina et al. 1992). This situation
boosts the plants’ access to more nutrients because of the ability of the individual
ECM fungus involved in the association to source nutrients in the soil on behalf of
the plant (Bruns et al. 2002). In contrast, some ECM fungi are host specific. These
include those that can associate with one genus of host plant such as Amanita die-
mii, Boletus loyo, all Suillus spp. and Tricholoma robustum. Specificity can restrict
the geographic scope of the ECM fungus; those that are too specific will be restricted
to areas where the host is present.
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Another important group of mycorrhizal fungi are the arbuscular mycorrhizal
fungi. They are named after the finely branched structures they produce intracellu-
larly, which are referred to as ‘arbuscules.” This structure is present in most mem-
bers of this group (Smith and Read 2008; Muchovej 2004). They are sometimes
referred to as vesicular arbuscular mycorrhiza (VAM) but only in situations where
the species produce vesicles (Brundrett 2002). Arbuscular mycorrhizal fungi are
believed to be much older than land plants because of their various primitive char-
acteristics such as simple spores, absence of sexual reproduction and their relation-
ships with a wide variety of plants (Morton 1990; Brundrett 2002). They have been
found to associate with primitive plants such as mosses and ferns as well as a wide
range of angiosperms and gymnosperms. Arbuscular mycorrhizal fungi are obligate
symbionts having no special enzymes to degrade simple or complex carbohydrates
(Finlay and Soderstrom 1992; Brundrett 2002).

Arbuscular mycorrhizal fungi have been classified under the phylum
Glomeromycota, which consists of several genera that coevolved with plants for
over 400 million years (Walker and Schiiller 2004). Arbuscular mycorrhizal fungi
colonize plant roots to scavenge organic carbon from root exudates while in return
providing the plant with mineral nutrients. Members of the AM fungi family have
identical genetic makeup that makes it difficult to identify individual species (Hosny
et al. 1999; Pringle et al. 2000). They have either aseptate or rarely septate hypha
with inter- and intracellular colonization of the cortical cells of the host plants and
absence of Hartig net or mantle (Smith and Read 2008).

For symbiosis to occur between plants and AM fungi, communication is essen-
tial. Such communication is mediated by signalling molecules from both the plant
and the fungal symbiont. The fungal symbiont senses roots in the vicinity by the
detection of plant hormones released through root exudates. Plant hormones such as
strigolactone have been found to initiate hyphal branching and speed up the metabo-
lism of AMF (Bonfante and Desird 2015). In order to colonize the root, fungi release
lipochito-oligosaccharides (Myc factors), which also promote plant growth to
increase root surface area (Lugtenberg 2015). Once the fungi have adhered to the
surface of the root, the hyphae intrude the plant cell and branch out within the cell
to form arbuscules (Sanders and Croll 2010; Lugtenberg 2015).

In ectendomycorrhizal associations, there is a special scenario in which the fun-
gal hyphae form a Hartig net and a primitive sheath around the roots. The hyphae
penetrate the cortical root cells, and there is a formation of reduced mantle, thereby
possessing the characteristics of both ectomycorrhizal and endomycorrhizal fungi
(Molina et al. 1992; Smith and Read 2008). Ectendomycorrhizal fungi have been
shown to colonize seedlings in early stages over ECM, possibly due to the ability of
some EM to break down complex polysaccharides for use as carbon source (Egger
1986; Caldwell et al. 2000; Yu et al. 2001). Yu et al. (2001) suggest that EM fungal
association is favored, as the EM could possibly provide carbon to the developing
seedling prior to autotrophy development and that the EM contributes less to the
carbon drain of the young seedling than ECM.

Other endomycorrhizal groups include the arbutoid mycorrhizas such as
Leccinum sp., which form a mycorrhizal association with two genera of Ericaceae
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(Arbutus and Arctostaphylos) (Molina et al. 1992). The fungi colonize the plant root
both intercellularly and intracellularly, but colonization is constrained to the epider-
mis and cortical cells (Molina et al. 1992). Mycorrhizal fungi responsible for this
association can colonize other plants (Molina and Trappe 1982). Furthermore, there
is another group known as the Monotropoid. These are mycorrhizal fungi associated
with the plant family Monotropoideae, and they form a thick fungal sheath (Molina
et al. 1992; Smith and Read 2008).

Ericoid mycorrhizal fungi (such as Hymenoscyphus ericae) are associated with
host plants in the family Ericales. Their hyphae are septate and grow intercellularly,
and their growth is, however, restricted to the epidermal cells (Molina et al. 1992).
Lastly, there is Orchid mycorrhiza, in which the mycobionts responsible for this
association belong to Basidiomycotina. This group is characterized by an intracel-
lular colonization but an absence of Hartig net, fungal sheath and vesicles. An
example of the group is Rhizoctonia repens (Smith and Read 2008).

1.2.1 Roles and Applications of Mycorrhizal Fungi
in Agro-Ecosystems

1.2.1.1 Plant Growth Promotion

Ectomycorrhizal fungi play a major role in the sequestration of mineral nutrients on
behalf of their symbiont plant. The ECM can improve host mineral uptake through
enzymatic mobilization of organic nitrogen, phosphorus compounds or mineral
weathering by organic acids (Landeweert et al. 2001). This group of fungi secretes
enzymes, which are able to break down and utilize nitrogenous compounds such as
glutamine, glutamate and alanine as well as other amino acids such as peptides and
nucleic acids (Biicking et al. 2012). Some of the smaller organic molecules such as
simple peptides and amino acids can also be directly absorbed by ECM hyphae, and
such could be utilized for plant metabolism (Chalot and Brun 1998, Landeweert
et al. 2001). Furthermore, the production of organic acids such as oxalic and citric
acids by ECM fungi aids in the release of mineral ions from surrounding soils and
solid lattices. The released organic acids also help in the mobilization of phospho-
rus, potassium, calcium and magnesium ions from mineral compounds such as apa-
tite, biotite, iron ore, micas and feldspars (Wallander and Wickman 1999; Wallander
2000a, b; Adeleke et al. 2012; Adeleke 2014).

ECM fungi aid in extending the root surface area that further enhances the ability
of ectomycorrhizal plants to obtain nutrients. ECM fungi have been known to form
mycorrhizal mats (networks) just beneath the surface humus in forests. These net-
works are able to cover areas up to several meters and facilitate communication
between ECM trees involving the transfer of nutrients and even defence priming
against pathogens (Landeweert et al. 2001; Song et al. 2015). For example, studies
of ECM network between a donor Douglas-fir (Pseudotsuga menziesii) and receiver
ponderosa pine indicated that if the pine plant was subjected to defoliation stress,
the Douglas-fir was able to transfer labile carbon to the pine directly through the
mycorrhizal network in an attempt to alleviate the stress. When the Douglas-fir was
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further subjected to predation by herbivores, the defence responses of the pine were
peaked at the very same time as that of the Douglas-fir, indicating the rapid transfer
of defence signals to the neighbouring pine through the mycorrhizal network (Song
et al. 2015).

The establishment of an ectomycorrhizal network can further increase mineral
weathering and improve soil aggregation by the exudation of extracellular mucilage
by fungal hyphae (Dunham et al. 2007; Smith and Read 2008). The stress ameliorat-
ing effects of the ECM fungal symbionts toward the plant hosts, including pollutant
and heavy metal tolerance, increased mineral nutrient mobilization and uptake, as
well as improved host plant stress responses. Hence, the ectomycorrhizal fungi can
be considered for CAPBM formulation for forestry improvement. Further studies
indicate capabilities of ECM in enhancing afforestation of heavy metal-polluted
soils, as the fungi confer tolerance to the plants against pollutants through physical
and chemical methods previously mentioned, allowing for improved plant growth in
suboptimal conditions. Similar attributes of ECM fungi were reported by Bojarczuk
and Kieliszewska-Rokicka (2010), where the growth of Betula pendula seedlings
was enhanced in a 1:1 metal-contaminated soil supplemented with nonpolluted for-
est soil most likely due to improved mycorrhizal colonization.

Perhaps, the most important application of AM fungi is nutrient acquisition. To
meet the growing phosphorus requirements, plants form symbiotic associations
with AM fungi such as Funneliformis mosseae, Rhizophagus irregularis and
Gigaspora margarita. Arbuscular mycorrhizal fungal hyphae branch out further
from the phosphorus depletion zone, caused by direct phosphate uptake. Their
smaller size allows them to explore surfaces, which plant roots cannot exploit, to
obtain phosphates (Helgason and Fitter 2009) (Fig. 1.2). The fungal symbionts
sequester phosphate from their surroundings using their extended hyphal network
and transport it back to the plant root by translocation. The phosphate is then trans-
ported from the fungal arbuscules or coiled hyphae through an interfacial apoplast
to the cortical plant cell through AM-induced phosphate transporters (Smith et al.
2011).

Phosphorus is required for many plant functions including vital nucleic acid and
adenosine triphosphate (ATP) production (Shen et al. 2011). Not only does phos-
phorus deficiency limit plant growth but studies by Divito and Sadras (2014) have
shown that a decrease in phosphorus availability to the plant causes a decrease in
nodule formation and nitrogen fixation, largely due to lack of ATP metabolic actions
in the associated plant cell. Hence, augmented phosphate uptake through mycor-
rhizal associations is a major contributor to enhanced plant growth.

An important application of AM fungi is their formulation into CAPBM, which
are a sustainable alternative to chemical fertilizers (Abdullahi et al. 2015; Suhag
2016; Khan et al. 2017). For instance, inoculation of lettuce crops with the AM
fungus Rhizophagus intraradices resulted in improvement of water use efficiency
and salt tolerance — a favorable improvement under drought conditions (Aroca et al.
2008; Jahromi et al. 2008; Rouphael et al. 2015). Some mycorrhizal biofertilizers
can further improve the host plant’s systemic resistance against plant disease and
predation by nematodes and insects (Schouteden et al. 2015; Song et al. 2015). In
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addition, AM fungi can also be used as biological control such as biofungicides and
pest repellents.

Arbuscular mycorrhizal fungal inocula are usually applied on the seeds and seed-
lings to ensure early establishment of the mycorrhizal association (Baum et al.
2015; Malusa et al. 2016; Ercoli et al. 2017). Field trials of AMF biofertilizer have
shown great potential; hence, numerous AMF biofertilizer products are commer-
cially available (Table 1.1) (Berruti et al. 2016). Arbuscular mycorrhizal fungi bio-
fertilizers are supplied as spores, colonized roots or AMF hyphae within a solid or
liquid carrier material. The carrier material can influence the efficiency of the bio-
fertilizer due to potential interactions between the material and different soil types
(Baum et al. 2015; Rodrigues and Rodrigues 2017). Most commercially available
AMF biofertilizers are ‘broad spectrum’ consisting of multiple species of AMF with
F. mosseae, R. irregularis and Glomus etunicatum being the most common (Berruti
et al. 2016).

1.2.1.2 Plant Protection

Drought Tolerance The AMFs extensive root structure is vital for plant protection
against different environmental stresses such as drought (Fig. 1.2). The hyphal net-
work extends further than the plant roots and is able to cover an exceptionally large
surface area allowing the fungus to sequester scarce water trapped between soil
particles and within bedrock micropores. Some fungal hyphae, which transport
water to the plant, could measure up to 200 m per gram of soil (Van Der Heijden
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et al. 2008). Drought conditions are usually accompanied by low water retention in
soils due to high levels of evaporation and loose soil structure. Hyphae of AMF
increase soil structure by forming soil microaggregates through physical and chemi-
cal binding using AMF extracellular hyphae and exudates; often referred to as the
‘sticky string bag’ (Querejeta 2017). Studies by Hallett et al. (2009) have proven
that AMF soils were capable of retaining more water than non-AMF soils even in
the absence of plant roots, postulating that increased soil structure lead to enhanced
root-soil hydraulic conduction.

The effects of drought are felt most severely by third world countries that rely on
crop export and smallholder farms. For instance, in South Africa, the Western Cape
has recently experienced a crop loss of up to 20% due to insufficient rains caused by
the El Nind drought phenomenon (Chambers 2018). Planting crops with enhanced
drought tolerance could reduce annual crop loss caused by drought and stabilize
food production. In addition, the plant protection roles of AMF during drought con-
dition could also be linked to the ability of the AMF to delay the onset of drought
conditions through absorption of additional water absorbed by the fungus (Augé
2001, 2004; Augé et al. 2004; Querejeta 2017). Studies by Bitterlich et al. (2018)
reported that transpiration rates of non-AMF plants were negatively impacted by
drought conditions faster than AMF plants. This is another good evidence demon-
strating the capability of drought-avoidance mechanisms associated with mycor-
rhizal plants.

Disease Resistance Apart from drought, plant diseases account for substantial
global crop loss. Symbiont AMFs are good alternative to chemical fertilizers and
biopesticides; they are able to stimulate and strength