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Preface

Microorganisms such as mycorrhizal fungi are of utmost importance because they
contribute directly to plant growth and soil health. Mycorrhizae means a symbiotic,
mutualistic association between specialized fungi living in the soil and plant roots.
We say that it is a symbiotic association since the plants benefit from increased
nutrient and water acquisition and at the same time they provide photo-assimilates

to the fungi. Most of the known species are symbiotic with mycorrhizal fungi such as
dicotyledonous, monocotyledonous, and magnoliids. In addition to all the benefits
for plants, mycorrhizae in the soil play several important roles for the ecosystem, such
as food source for other animals, cycling and conservation of nutrients through the
fungal mycelium, and improvement of soil structure.

Ectomycorrhizae are formed mainly by basidiomycetes and ascomycetes fungi. The
mycorrhizae belong to the phylum glomeromycota; they reproduce asexually and
form glomerospores as reproductive structures. The mycorrhizae form the mantle
and the Hartig net, which is a net of hyphae that extends into the root of the plant,
penetrating between the epidermal and cortical cells.

There are several plant growth-promoting mechanisms linked to mycorrhizae. Their
direct benefits include improved soil quality and health, better sustainability of
ecosystems and efficiency in the use of natural resources, good plant development,
and increased tolerance to biotic and abiotic stresses. Regarding nutritional effects
in plants, mycorrhizae allow for increased water and nutrient uptake, fine root
longevity, and higher mineralization and solubilization of nutrients from minerals.
Indirect benefits include greater nutrient turnover and cycling leading to an accu-
mulation of these elements in the plant and roots. Also, there are no nutritional
effects such as increased tolerance to heavy metals and pathogens and enhancement
of soil quality.

Fungi produce glomalin, which is a protein secreted by the hyphae of arbuscular
mycorrhizal fungi; it works like a “super glue,” binding soil particles together

into aggregates. This protein helps fix soil particles, allowing the formation of stable
aggregates. In addition, glomalin sequesters heavy metals, reducing the availability
and risk of toxicity of these elements for organisms and plants growing in polluted
soils.

Arbuscular Mycorrhizal Fungi in Agriculture - New Insights provides a comprehensive
overview of the mechanisms and benefits of mycorrhizae in three sections: “The
Role of Mycorrhizae Fungi in Plant Growth”, “The Effect of Mycorrhizae on Plant
Nutrition and Protection”, and “Mycorrhizae Biology and Development”.



Rodrigo Nogueira de Sousa

Department of Soil Science and Plant Nutrition,
University of Sdo Paulo,

Luiz de Queiroz College,

Piracicaba, Brazil
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Section 1

The Role of Mycorrhizae
Fungi in Plant Growth







Chapter1

Introductory Chapter: Mycorrhizal
Fungi — A Current Overview on

Agricultural Productivity and Soil
Health

Rodrigo Nogueira de Sousa

1. Introduction

It is well known that near the roots of plants, at the zone called rhizosphere, there
are several types of microorganisms, whether pathogenic or organic matter decom-
posing organisms (saprophytes,) or even those organisms that live in symbiosis with
the plant as is the case of mycorrhizae [1].

The mycorrhiza is the positive association between the arbuscular mycorrhi-
zal fungi (AMF) and roots of plants, which is named as mutualistic association.
Mutualism is an ecological relationship between individuals of different species, in
which both benefit from the interaction. Since it occurs among individuals of dif-
ferent species, it is a relationship called interspecific, and due to it benefits everyone
involved, it is called a harmonic relationship. As its name says “mycorrhiza” comes
from fungi and the “rrizo” that are the roots. Recently, these associations between
fungi and roots have drawn attention as a scientific research topic when was discov-
ered the ability of this mycorrhiza in increasing the absorption of nutrients by plants.
As an example, the researchers have found a great ability of these fungi to increase the
uptake of phosphorus by plants, especially in high-leached and poor soils. It is impor-
tant to understand that the mycorrhiza will not increase the phosphorus content in
the soil, as others solubilizing microorganisms do, these fungi will help enhance the
absorption by roots as it will increase the specific surface area of that plant [2]. It is
important to have not only the phosphorous (P) but also all essential elements (nutri-
ents) available in the soil so that they can perform their effect in nourishing the plant.
For this, and other facts, it is important to combine the biological with the chemical
factors in soil for a healthier and more balanced environment.

The AMF are classified into two major groups. The first one is the ectomycorrhizae
(ECM), which are those fungi that will not penetrate the plant or will not penetrate
the roots of the plants. They will live there around the plant and over the roots,
forming a kind of “ball” (called mantle) and Hartig net. This mantle will not only
have the function of absorbing nutrients it also protects against some pathogens. This
type of ectomycorrhizae association will happen mainly in forest species [2]. Another
classification of mycorrhizae is endomycorrhizae. They have the ability to penetrate
the roots of plants through the hyphae, which form structures within the cortical
cells and also grow intercellularly. Inside the cell, those hyphae swell forming a kind
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of nutrient storage organ, which those elements will be used in the metabolism of
that plant [1]. Therefore, the AMF receives carbohydrates provided by roots while the
fungus transfers nutrients and water to the plant roots [3].

The endomycorrhizae occur mainly in crops of agricultural interest. These spe-
cies are symbiotic obligatory since they need this lifestyle to survive. So, this kind of
fungus will always have its host root being the connection between the plant’s roots
and soil. There are several species of fungi to establish this kind of connection and
association, in which each species has its own ability to absorb a specific nutrient.
Thus, depending on the species, they will absorb a particular nutrient or much more
one kind of nutrient than others [1].

The soil system is interesting to have large varieties of these microorganisms, as
each one will bring different benefits to the plants according to their specificities. It is
important to emphasize that human being can directly or indirectly induce mycorrhizal
survival and abundance in the crop (Hartmann et al., [4]). So, as we are working with
microorganisms, which are living organisms, it is necessary to give specific conditions
for their proper establishment in the soil. Inoculating various beneficial microorganisms
such as mycorrhizal fungi in an attempt to bring benefits to the crop without appropriate
and healthy soil management will be a waste of time and an expense. We cannot forget
that soil health is the continued capacity of soil to function as a vital living ecosystem
that sustains plants, animals and humans, and connects agricultural and soil science to
policy, thus soil health is not only focused on crop production, but also includes the role
of soil in water quality, climate change, and human health [5]. As we can see, the soil is
multifunctional and quite complex, so we must seek its most complete balance.

The soil management needs to be adequate for full-plant growth. For example, the
excess of fertilizer and pesticides, and low addition of organic matter will affect the
soil health, since the microorganisms are directly affected. Also, the monocrop causes
negative impacts on the soil microorganisms, since the input of organic residue is
limited from a single crop. It is important to keep in mind that the soil is alive and
its biological compartment is as important as the chemical and physical factors [2].
Thus, based on what has been discussed, this chapter covers the main positive points
under the symbiotic association between mycorrhizal fungi and agricultural crops,
in addition, we discussed the main agronomic practices that negatively and positively
impact the soil quality.

2. Symbiotic association between mycorrhizal fungi and agricultural
crops

Crop production is the first step to produce foods, so it is essential to study the
factors that directly affect this production, such as the biological ones. Initially, it
is important to mention that mycorrhizal fungi are one of the varieties of fungi of
extreme importance for agricultural production due to their great contribution to the
nutrient absorption by plants and several other functions. It is known that some fungi
species can interact with others organisms leading to the establishment of symbiotic
associations, and mycorrhizae are one of these associations [6].

When a fungus establishes an association with the roots of certain plant species,
we have the so-called mycorrhizae, which are divided into two major categories:
ectomycorrhizae and endomycorrhizae. This classification is based according to the
morphological and anatomical aspects of the fungal colonization of plant roots [6].
We can observe this difference in Figure 1.
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Figure 1.
Ectomycorrhizae and endomycorrhizae scheme of colonization of roots. Source: [7].

Ectomycorrhizae are formed mainly by basidiomycetes and ascomycete fungi, rep-
resenting about 3% of phanerogams [8], which phanerogams is mainly a subkingdom
of the plant kingdom which produce seeds to reproduce. Whereas, in colder regions
with cooler temperate, around 90% of forest species present mutualism with this
fungus [8].

In tropical regions like Brazil, ectomycorrhizae are more studied and found
mainly on economically exploited species such as pine, eucalyptus, and acacia. In
ectomycorrhizae, the fungi associated with the root do not penetrate the living cells
of the root; and the hyphae grow between the cells of the root cortex, forming a
characteristic structure, the Hartig’s web (Figure 1). The roots of plants associated
with ectomycorrhizae are devoid of hairs and their function is performed by fungal
hyphae [9].

Endomycorrhizae are more common than ectomycorrhizae and occur in
about 80% of vascular plants. The fungi that best represent this association are
zygomycetes, which is a class of fungi with more than 1000 known species. The
Endomycorrhizae penetrate the cortical cells of the plant roots, where they form very
branched structures and chlamydospore (Figure 1), which is the defined as a thick-
walled, non-deciduous, intercalary or terminal, asexual spore formed by the round-
ing of a cell or cells whose primary function is perennation, not dissemination [10].
Their hyphae extend for several centimeters in the soil, significantly increasing the
amount of nutrients and phosphates essential for plant development.

Many studies have reported that root colonization by mycorrhizal fungi signifi-
cantly increases the productivity of various plants in low-fertility soils [9]. This is
due to the greater uptake of nutrients such as phosphorus, zinc, and copper which
are essential for plant development. In turn, the fungus benefits greatly from this
association since it can feed on the sugars, amino acids, and other organic sources
(photoassimilates) produced by plants through photosynthesis [9].
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As already well discussed, mycorrhiza is a symbiosis between plants and soil
fungi in which both parties are mutually aided along the way. In this symbiotic
relationship, first, organic carbon flows from the host plant to the fungi and then the
inorganic elements flow from the fungi structure to the plant, so both parties benefit
[11]. Mycorrhizal fungi can only survive when combined with plants because the
fungi cannot produce its own food and although it decomposes organic compounds
for energy acquisition, it is not enough, it needs to grow and develop together with
plants [11].

In crops context, this symbiotic relationship is important as it determines the
ability to stimulate plant growth due to higher nutrient acquisition and protection
from pathogens attacks such as bacteria and fungi, protecting against diseases. As
observed, microorganisms have great potential to increase crop productivity. Dark
septate fungi, Pseudomonas bacteria, and bacteriocins are some of the studied micro-
organisms and substances that can lead to new agricultural bioproducts, as growth
promoters or for the control of agricultural pests and diseases [11].

Researchers have demonstrated excellent results with the use of microorganisms
in the soil to improve the agronomic efficiency of crops. Some selected bacteria
have the ability to solubilize the phosphorus present in the soil and to promote it
available to the plants, while others have the function of fixing nitrogen from the
air into the roots. In general, soils in tropical regions are mostly deficient in nitro-
gen and phosphorus, and these fertilizers usually add up to more than 50% of the
cultivation cost [11].

As we know, not all applied fertilizer is absorbed by plants, maize absorbs only
55-60% N [12], around 20% P [13], 50-70% potassium (K) [14], and 33% sulfur
(S) [15]. One strategy to improve the plants’ ability to absorb nutrients and conse-
quently reduce fertilizer application, especially of P, is to inoculate AM fungi. The
final response will be a maize plant well-nourished and presenting full growth and
development.

Dark septate fungi are promising microorganisms that promote plant growth. At
this fungus contact, rice plants grew shoots and roots 30% faster. In addition, tillers,
which are new branches of the plant, increased by about 50%, which means greater
nutrient uptake and grain production capacity [16]. As we observed, this fungus
group also improves the nutritional state of the plants. In tests performed on toma-
toes, nutrients such as nitrogen, phosphorus, and potassium accumulated to a greater
extent compared to plants without the presence of microbes. In this way, it is possible
to optimize plant nutrient use and obtain more vigorous crops [16].

When the farmer decides to use arbuscular mycorrhizal fungus, the plant must be
inoculated, as it grows the fungus slowly develops and multiply, which can take many
days for them to become fully established. Conversely, with the dark septum fungus
use, the inoculum will be established in a few days. Another interesting feature of
dark septum is its resistance to water stress. Researchers have observed that in the
presence of this fungus, even with a lack of water, the plant developed similarly to
another plant grown under normal conditions (without drought stress), confirming
the full potential of this microorganism [16].

Research has shown that fungi and bacteria are effective and responsive in the
restoration of highly degraded soils. Legume plants associated with these microorgan-
isms have been successfully applied in several regions of mining and impoverished
soils to lead to their recovery. As we have seen, microorganisms increase the absorp-
tion capacity of the roots, making them more resistant to environmental stress. This
technique allows rapid revegetation, even when the subsoil has been exposed. While

6



Introductory Chapter: Mycorrhizal Fungi — A Curvent Overview on Agricultural Productivity...
DOI: http://dx.doi.org/10.5772/intechopen.109021

bacteria provide plants with the nutrient nitrogen, mycorrhizal fungi help plants
uptake other nutrients, especially phosphorus and water.

The researchers selected the bacterial strains most effective at nitrogen fixation for
each plant species and using microbiological multiplication techniques in the labora-
tory, it is possible to increase these more resistant and nitrogen-self-sufficient strains.

3. Agronomic practices that negatively impact mycorrhizal fungi

Agronomic practices such as intensive monocrop, soil use with recurrent harrow-
ing, and subsoiling lead to a significant degradation and decrease in soil microbial
biomass. There are other important impacts that we should highlight such as intensive
grazing, indiscriminate use of pesticides and fertilizers, and mining activities. All
these activities are responsible for sick, impoverished, and unproductive soil.

It is important to emphasize that fungi do not always act in a positive way, some-
times these microorganisms are the cause of a large number of diseases. Therefore, it
is important to be careful with agronomic practices since if a person without chemical
and biological knowledge recommends some wrong strain for inoculation, it may not
help, but greatly hinder the production [16]. It is common that many field technicians
with the intention of fertilizing the soil to invest in mycorrhizal fungi inoculation,
however, it is necessary for a specific professional in the area to make such a symbiotic
association between mycorrhizal fungi and agricultural crops.

It is important to say that the control of the disease caused by fungi requires
mainly preventive measures since it is necessary to pay attention to the choice of
the area to be cultivated until the harvests. This is due to the fact that for chemical
control of diseases there are several products available on the market, from different
companies.

4. Agronomic practices that positively impact mycorrhizal fungi

The different types of crop residues are very important for healthy soil, not only
for supplying nutrients via biogeochemical cycling, but also for functions directly
affecting physical, chemical, and biological properties.

Microorganisms are vital to agriculture, especially in two biological processes:

(i) Biological efficiency — In this process, certain types of fungi act as solubilizers of
soil nutrients, optimizing yields. (ii) Biocontrol — The process by which a group of
fungi can do the work of bio-pesticides and biocides to facilitate the management. In
addition to their use in agriculture, they can also be used in the medical field, for drug
development [17] due to their bactericidal properties. They also can be used to make
antibiotics, such as penicillin, whose function is to fight infectious diseases caused by
bacteria. Another area where fungi excel is food, some are edible and can be used as
part of human consumption [17].

The no-till system (NTS) and crop rotation are essential practices for maintaining
good biological soil quality. The no-till farming system is considered a conservationist
and sustainable practice, this agricultural practice is a form of soil management that
involves techniques recommended to increase productivity while conserving or con-
tinuously improving the cropping environment. The main practices are: Absence or
minimal soil disturbance. In relation to crop rotation, we can say that is the practice of
alternating the plant species grown each season over the years for a more productive
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system. This conservation agriculture technique aims to reduce soil exhaustion. The
crop rotation can benefit soil macro- and micro-fauna, since the richness and abun-
dance of edaphic organisms are determined, among other factors, by the quantity and
quality of aerial and root phytomass added to the soil [18].

The crop rotation system combined with no-till farming promotes an improve-
ment in soil quality, as there are erosion reductions, increases in nutrient cycling, and,
consequently, better biological activity. The straw has a fundamental function in the
no-till farming principle and is highly effective in protecting the soil, avoiding the
impact of raindrops, wind, and solar rays. It is also responsible for reducing tem-
perature and water amplitudes, favoring biological activity. In addition, it increases
the soil’s chemical and physical characteristics such as organic matter content, cation
exchange capacity (CEC), and water availability for plants and other organisms.

5.Yield increase X Arbuscular mycorrhizal fungi

Arbuscular mycorrhizal fungi (AMF) are the main microorganisms that compose
the majority of the microbial biomass in cultivated soils. About 80% of plants are
symbiotic with these fungi, and they are an important factor in improving soil quality
and crop growth.

There is a great nutritional benefit for plants influenced by arbuscular mycorrhizal
fungi. Phosphorus stands out among the nutrients that combine with the Arbuscular
Mycorrhizal Fungi to facilitate uptake. This nutrient is very low in soil solutions due
to sorption and precipitation reactions, also immobilization, this kind of behavior
is common in heavily weathered soils. AMF hyphae help in accessing this nutrient
because they utilize more soil and places that are difficult for plants’ roots to access.

There are also reports in the literature that these fungi assist in the uptake of
sulfur, potassium, nitrogen, zinc, copper, magnesium, iron, manganese, and calcium.
Therefore, plants with high levels of mycorrhizal colonization are expected to be
more tolerant to eventual nutrient unavailability and less dependent on the applica-
tion of external inputs than plants with low symbiosis.

Indirectly, mycorrhizae also improve plant tolerance to nematode and disease
attacks on coffee, increasing plant vigor. In addition, improving tolerance to pest
and disease attacks is important because these organisms cause significant yield
losses [17].

As seen earlier, AMF is an important stress reliever. These microorganisms
increase drought resistance because they provide plants with increased water uptake.
The increased hydration and stomatal conductance in plants associated with mycor-
rhizae promote transpiration, the main mechanism for cooling the leaves. Thus,
hypothetically, coffee plants with a high degree of symbiosis are better able to with-
stand a high-temperature summer and suffer less scalding. These fungi also increased
tolerance to metal toxicity such as copper, zinc, and aluminum and reduced damage
caused by high osmotic pressure.

Topical application of amide and ammonia nitrogen fertilizers is also a major
problem in these systems, as excessive acidification of the wetting bulb can increase
the solubility of metal micronutrients to toxic levels [18]. Thus, mycorrhizae can be
an important stress reliever in irrigated coffee farming improving soil quality the
extensive development of extra-radicular hyphae and secretion of glomalin by these
fungi are important mechanisms for improving soil physical, chemical, and biological
properties [19].
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Arbuscular mycorrhizal fungi improve soil structure by connecting particles and
forming stabilized aggregates. This is due to the mechanical effects of extra-radicular
hyphae growth and the secretion of glomalin. This glycoprotein exhaled by fungi has
adhesive properties in the soil, and its content has been correlated with aggregate
stability and organic matter. It increases the carbon content in the soil, stimulating
biological activity because there is more food for the microorganisms.

6. Conclusions and Future perspectives with the adequate management
of mycorrhizal fungi

Although several studies have shown that inoculation in young plants grown in
nurseries works well, it is still not a common practice in the production of seedlings
of coffee for example, or other perennial plants. Studies applied to plants in the field
have shown inconsistent results because most cultivated soils naturally have suf-
ficient inoculum of arbuscular mycorrhizal fungi. The best option to benefit from this
partnership is to adopt conservation practices that stimulate microbial activity and
endemic populations of AMFs.

The use of harrowing and subsoiling to constantly turn the soil should be avoided.
These tools disrupt hyphae networks and expose soil surfaces to high temperatures,
promoting the degradation of stable organic matter. Excessive use of herbicides and
fungicides also negatively affects the populations of these fungi. Soils that have a
high biological activity are usually intensively cultivated, producing large amounts of
biomass per unit area. Therefore, it is not advisable to exploit its productive capacity
to the maximum in order to preserve it.

Conservationist practices benefit bioactivity and the presence of mycorrhizal
fungi in the rhizosphere of plants, this makes the production system more resilient
and improves the quality of the soil for cultivation. A significant portion of producers
is changing their production system to a model that sees and values the complexities
of production systems with their particularities [9].

Abandoning the idea of soil as an inert, lifeless substrate, and that everything
can be solved with agricultural chemical inputs, is a big step toward sustainable
production, which is certainly necessary to enter an increasingly demanding market.
Increasingly, farmers will have a real sense of the importance of keeping the soil
environment healthy and balanced for the optimal propagation and establishment of
microorganisms such as arbuscular mycorrhizal fungi.
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Chapter?2

Factors Affecting Mycorrhizal
Activity
Jamal Salih Alkobaisy

Abstract

Mycorrhizal activity is affected by many factors, including biotic and abiotic factors,
and these factors can affect the interaction between the plant and mycorrhizal. In short,
these factors are as follows: First—abiotic factors include: 1. Soil fertility, 2. Heat, 3. The
light, 4. pH, 5. Salinity. Secondly—biological factors. These factors may include some
mycorrhizal effects on plant growth, as well as their effect on encouraging the absorp-
tion of nutrients, especially phosphorous and other nutrients, in addition to nonnutri-
tive effects such as growth-stimulating effects, improving the water relationship and
plant resistance to drought and plant resistance to salinity, and improving soil structure
and biological control.

Keywords: mycorrhiza, mycorrhizal activity, abiotic factors, biological factors, fungi,
arbuscular mycorrhizal (AM), active dissemination, passive dissemination

1. Introduction

Plant nutrition workers were interested in studying the effect of mycorrhizal
fungi on plant growth, but what is the benefit of studying soil biology unless we
have harnessed this biology to maximize production through symbotic relation-
ships. At the same time, the plant host has a role that benefits the living organism
so that the state of coexistence continues within the so-called microorganism plant
society, which is formed from the state of coexistence between the plant host and
the living organism. Some farmers in the world are directed to harness such mech-
anisms to increase production, such as India, New Zealand, Canada, Australia, and
England, especially countries that suffer from a scarcity of energy sources, and the
reason for this is to think about finding alternatives to compensate for the added
fertilizers or reduce the cycle of fertilizer production, However, in this case, it is
necessary to increase the pollen density, where the organisms are located within
the population, which may affect the production process, but this pollen density
may be weak to the extent that the effect of the organism on the plant does not
appear, so the pollen density of a particular organism must be increased and then
provided. This vaccine is more efficient in order to get what is called maximizing
production.
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2. Ecology of mycorrhiza

The mycorrhizal fungi are distinguished by their living in different environments,
including tropical rainforest and sandy desert ones. Many factors affect the spread
of mycorrhizal, as well as the processes of sporulation formation, and the way they
coexist with mycoflora or other soil revivals, root colonization, colonization forma-
tion. We find ourselves in an urgent need to understand these stages of the presence
of fungi as we approach the practical aspect of these fungi. Therefore, it is customary
to express the presence of fungi with a term called dispersal. While concerning this
process to such fungi, studies indicated that they were present in different continents
before the flood and drought process occurred. As for the important study in mycor-
rhiza, the plant fossils proved that they contain a type of fungi and consist of struc-
tures similar to some extent to the mycorrhizal structures (vesicular—dendritic),
which he led the researchers to say that these organisms were formed on the roots of
forest plants and some natural plants. According to this, what Frank [1] made of his
diagnosis of mycorrhizal fungi is a reality and a fact, but it did not attract the atten-
tion of scholars in that period or era.

2.1 Means of spreading mycorrhiza
Several ways to spread it have been suggested:
2.1.1 Active dissemination

It can appear from one area to another as a result of the growth of hyphae. It was
found that the rate of mycorrhizal spread varies according to the density of these
soils with these fungi, as well as the plant host that coexists with it. It has been proven
that the rate of spread of these fungi reaches within 65 m per 150 years, which means
0.43 m/year, and it was clarified that the soils containing these fungi have a higher
prevalence rate than the soils that do not contain these fungi. The type of plant and
root density plays an important role in the spread of mycorrhizae. It was mentioned
that the soils planted with subclover pasture plant in Australia have the prevalence of
mycorrhizal Glomus fasciculatum up to 1 cm per week, but in another field when the
vegetation cover prevails in it when one of the weeds was found. The spread of this type
of mycorrhiza decreases and reaches about 0.07 cm, and from this we can show that the
density of roots plays a key role in determining the spread of mycorrhizae, especially in
the young stages of plant growth, where we find that the vegetation cover of weeds had
alow prevalence rate, but the prevalence rate increased by changing the second type to
clover because there is a wide difference in the root system of both plant hosts.

Poter [2] worked on the distribution of mycorrhizae with the type of soil when he
took the mycorrhizal vaccines and added them to soil A. He noticed that the growth
of hyphae as well as the infection and formation of spores differed significantly with
other soil B, and at that time he attributed the reason to that there is a possibility that
soil A in it encourages factors for the growth and formation of spores of this fungus
compared to soil B, then he started transferring samples of mycorrhizae to soil C and
noticed a strange observation than this, which is that mycorrhizae cause infection
but do not form spores. As for soil B, after taking the inoculum from it and transfer-
ring it to soil C, the mycorrhizal system lost the ability to form spores, but it kept the
infection, and it was found that there are three factors affecting the distribution of
mycorrhizae in the soil, namely:
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A. pH reaction number: it was found that the pH in soil A was within the biological
pH number that enabled these fungi to grow, but the transfer of the inoculum
from A to B and then to soil C became the biological reaction number eligible
for infection and not eligible for spores to occur., Perhaps the process of spore
formation is the reliable process in the production of the vaccine, so we can say
that the soil must be chosen very carefully if I want to obtain mycorrhizal vac-
cines that contain significant amounts of spores per gram of soil.

B. light: the process of formation of spores in fungi is affected by a major interfacial
factor, which is light. When the periods of illumination are compatible with
the crop or plant host, we get the highest percentage of sporulation, but if the
photoperiod is not compatible with the plant host, the process of sporulation
formation may decrease or progress.

C. root density: the root density plays an important and major role in the spread of
mycorrhizae. The most important studies on this subject are those of Poter [2] and
Bolan et al. [3], who indicated that the plant host with a coarse root system is sus-
ceptible to infection with this type of fungus that is more than a soft root system.

2.2 Passive dissemination

It has been said that the dissemination within this method depends on the move-
ment within the wind or water, but the surrounding environmental conditions will be
a determining factor for the spread of the vesicular arbuscular mycorrhizae (VAM)
fungi in this way. The plant organism, which is in the soil in many cases, has some
characteristics that enabled it to spread, and one of these characteristics is that it can
be the so-called spor capes structures, which are the structures of a group of spores
present in one part. A spor cape is a manufacturer of large numbers of blackboards.
There are indications from researchers about the free spread. It has been said that birds
and insects have a role in the process of migration, through their movement within the
remnants of these organisms and their spread from one area to another.

2.3 Factors affecting mycorrhizal activity

Mycorrhizal activity is affected by many factors, including biotic and abiotic fac-
tors, and these factors can affect the interaction between the plant and mycorrhizal.
In short, these factors are as follows:

2.4 First - Abiotic factors

There are many abiotic factors that affect the activity of mycorrhizal fungi,
including soil fertility, temperature, pH, soil moisture and aeration, soil type, salinity,
plant readiness for infection, soil organic matter, and others.

Abiotic factors include:

2.4.1 Soil fertility

Soil nutrients, especially phosphorous, are one of the most important abiotic
factors that affect the mycorrhizal fungi. Both nitrogen and phosphorus significantly
affect root colonies when they are present at high levels. Therefore, the state of
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balance for these two elements is a required condition, that is, the nutritional needs of
the family. The plant and the nutritional needs of the living organism should not be
within the critical sufficiency limit because this simply means entering into a kind of
competition for the source of food, and this explains that some plants vaccinated with
VAM may decrease their dry weight or growth rate because the VAM and the plant

are included in this type from the competition so that the rate of net photosynthesis is
insufficient for both the VAM and the plant, and thus the interference changes from
Mutualism (+, +) to (—, +) Parasitism.

There is some information about the negative effects of nitrogen fertilizers on the
formation of mycorrhizae, and it was found that nitrogen (ammonia nitrate) clearly
reduces both the infection of mycorrhizae and the number of spores in wheat fields.
As plants fertilized with high ratios of ammonium to nitrate have a higher phospho-
rous content in their tissues than plants fertilized with low ratios of (NH,") to (NO;"),
and these high concentrations of phosphorous in plant tissues inhibited infection.
The reason for the inhibitory effect of ammonium may be attributed to the low pH
in the area rhizosphere and to see the effect of fertilizers on mycorrhizae. The initial
fertility of the soil must be known, because in poor soils the production of spores will
be limited to the total quantity and not the percentage of infected roots derived from
plant growth.

As for phosphate fertilizers, some studies have shown that these fertilizers have
negative effects on the internal mycorrhizal fungi. Increasing the processed phos-
phorous may reduce the infection of mycorrhizae to levels that are insufficient to
encourage the absorption of other elements. Phosphorus and zinc of the shoots of
pollinated plants grown in low fertility soils were more than that of unpollinated
plants. Increasing the level of ready phosphorus is an inhibitor of the growth of
mycorrhizal, unlike insoluble forms such as rock phosphate, which is not considered
an inhibitor. The results on wheat plants confirmed this, as it was found that the
addition of phosphorous levels of 60, 120, and 240 kg phosphorus/ha led to a reduc-
tion in the percentage of infected roots in the fertilized treatments compared to the
non-fertilized treatments, where the level led to 240 kg phosphorus/ha to the absence
of infection significantly and the removal of the beneficial effect of the mycorrhizal
infection.

The reason for the decrease in mycorrhizal infection as a result of the increase in
phosphorous levels was shown by Cooper [4] that under conditions of phosphorus
deficiency, the amount of phospholipids in the membranes of root cells decreases,
leading to an increase in the permeability of these membranes, and this leads to an
increase in the root secretion of reducing sugars. And amino acids lead to the forma-
tion of mycorrhizae, thus increasing the percentage of infected roots, but under con-
ditions of availability of phosphorus, and the permeability of the membranes of the
roots cells decreases due to the increase in phospholipids in them, and as a result, the
secretions of the roots decrease from reducing sugars and amino acids, and this leads
to a decrease in the percentage of infected roots. The decrease in the rate of infection
may also be due to the increase in the concentration of phosphorus in the tissues of
the plant, and the reason can be attributed to the fact that high levels of phosphorus
may reduce the concentration of carbohydrates in the roots of plants, and as a result,
the rate of infection is reduced. In general, high soil fertility leads to less mycorrhizal
infection, so it is unlikely that we will find many mycorrhizae in densely cultivated
soils. However, some crops are highly infested with fungi even in very fertile soils, as
mycorrhizae are found in all poor and rich soils. Therefore, a low level of fertility is
not always a condition for a significant development for mycorrhizal.
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2.4.2 Temperature

Studies have shown that temperature has an effect on the formation of spores and
colonies in greenhouse conditions, as the temperature usually affects the increase
of colonies and thus increases the spores. The ideal temperature of mycelium on the
surfaces of the roots will be 20-30°C. As for the formation of spores and the species
that form the spore cyst, it will be at its strongest at 35°C. Studies have shown that the
succession and decrease of temperatures increases the formation of colonies as well
as the spores. Yoh-ichi Matsubara et al. [5] found that after 7 weeks of inoculation at
a temperature of 20/25°C, the infection level of Gigaspora margarita in roots was 63.0
and 20% in Glomus sp. RIO, and the infected plants gave with fungi the highest values
of plant height, dry weight of the vegetative part, and phosphorous concentration in
the vegetative and root parts compared to unpollinated plants, as the effect was more
pronounced in Gigaspora margarita than Glomus sp. RIO, but after 11 weeks from vac-
cination and when the temperature drops to 15°C, the infection level was recorded at
48.9% in Gigaspora margarita and 58.9% in Glomus sp. RIO. The plants infected with
the fungus showed the highest values in all studied traits compared with the uninocu-
lated ones. While after 11 weeks of insemination and at a temperature of 30°C, the
infection level was 66.3% in Gigaspora margarita and 36.7% in Glomus sp. RIO.

2.4.3 Light

Light can indirectly affect soil microorganisms through its effects on plants, whose
photosynthetic products are released from the roots [6]. The penetration of light
through soil is important because of its effects on factors of ecological significance,
such as spore germination, root growth, fungal growth, and formation of mycorrhizal
and leguminous nodules. Light penetration can be affected by soil moisture content,
soil type, cover material, and particle size. Phytochromes that are biliprotein photore-
ceptors enable some microorganisms to adapt to the light regime in the soil [7].

Fungi are unable to use light for photosynthesis; however, radiation plays a role
in the biochemical and morphological responses of some fungi such as Phycomyces
blakeslleanus, including their growth and differentiation. Physiologically and ecologi-
cally, a significant amount of light penetrates the soil approximately 4-5 mm from
the surface, eliciting some phototrophic responses in plant roots. This information
has led some VAM experts to hypothesize the function of LED on VAM formation.
The induction of hyphal growth by light and chemicals, for example, the effect of
blue light on hyphal branching, has been reported [8]. These authors demonstrated
that blue light and some exudate components effectively stimulate hyphal branching,
suggesting the involvement of a second messenger responsible for this synergism.
The photo-induction caused by photo-mimetic compounds has been studied in many
other fungi as well [9].

It is important to assess some environmental factors that stimulate hyphal growth
and sporulation, such as root exudates, and LEDs applied individually and in combi-
nation. Lighting from red LED or red+blue LED could stimulate hyphal growth in G.
margarita and Glomus spp. (R-10) in vitro [10]. Moreover, VAM colonization of corn
roots was improved when the rhizosphere was exposed to light. The marginal VAM
colonization of chalk false-brome [ (Brachypodium pinnatum (L.) P.B.)] under shade
conditions could show that when low light limits photosynthesis and thus growth of
the plants, they dispense with the colonization of VAM in order to save the expendi-
ture of organic carbon [11].
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Previous studies have reported the effects of blue light on hyphae; however, its
synergistic effect with root exudates on the production of new spores with minimum
soil residues is still unclear. In this factor (light), two variables must be distinguished:
(1) the period of illumination and (2) the intensity of illumination. The length of
the illumination period is 32 hours, and the length of the illumination period is more
important than its intensity in the formation of colonies. The growth of mycorrhizal
onion plants was under light intensity of LUX 25,000 compared to LUX 13,000 and
for 16 hours of light (23°C) with 8 hours of darkness (14°C) [12, 13].

2.4.4The pH

Studies have shown that the reaction number pH has a significant effect on the
mycorrhizal fungi, as well as the type of VAM plays a role in determining the appro-
priateness of the type of interaction, as it was found that G. mosseae excels in alkaline
soils, most of the soils of Iraq work on this quality because it prevails in alkaline soils,
and it can germinate its spores at a certain extent a broad range starts from 6 to 9,
while we find that the species Gigaspora coralloida, which was isolated from acidic
fluoride soils, its spores germinate at pH 64, and according to this we find that the
G.mosseae is more suitable for alkaline media than the Gigaspora coralloida, and it
was found that the type G.epigaeum has the ability to grow its spores in a wider range
than the previous two species, which is from 6 to more than 8. On the other hand, it
was found that both types of mushrooms G. intaradices and G.mosseae can grow in
different types of soils, but they grow better in neutral and alkaline soils, while the
fungus Gigaspora margarita prefers acidic soils. Therefore, it can be said that the pH
affects the germination of VAM spores, and it is worth noting that there is a kind of fit
between the pH appropriate for the growth of the plant host and the pH appropriate
for the growth of the VAM.

To test the response of arbuscular mycorrhizal (AM) fungi to a difference in soil
pH, the extraradical mycelium of Scutellospora calospora or Glomus intraradices, in
association with Plantago lanceolata, was exposed to two different pH treatments,
while the root substrate pH was left unchanged. Seedlings of P, lanceolata, colonized
by one or other of the fungal symbionts, and nonmycorrhizal controls, were grown
in mesh bags placed in pots containing pH-buffered sand (pH around 5 or 6). The
systems were harvested at approximately 2-week intervals between 20 and 80 days.
Both fungi formed more extra radical mycelium at the higher pH. Glomus intraradices
formed almost no detectable extraradical mycelium at lower pH. The extraradical
mycelium of S. calospora had higher acid phosphatase activity than that of G. intrara-
dices. Total AM root colonization decreased for both fungi at the higher pH, and high
pH also reduced arbuscule and vesicle formation in G. intraradices. In conclusion, soil
pH influences AM root colonization as well as the growth and phosphatase activities
of extraradical mycelium, although the two fungi responded differently [14].

2.4.5 Salinity

Several studies indicated that salinity has an important effect on the percentage
of mycorrhizal infection and spore germination. These studies showed that there is
a negative correlation between the incidence of infection, the number of spores, and
the soil content of sodium when the Na concentration range is reached from 153 to
11,600 ppm, and it has been observed that 1 VAM fungi completely disappear when
the concentration of Na increases to 3181 ppm. There are many studies that dealt with
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this subject, which showed that the salt concentrations are higher than 4 dSiemens.
m?2 in the root zone of the plant has caused a significant reduction in the infection
rate for all mycorrhizal fungi, whether the addition of mycorrhizae with seeds or
with seedlings, but the fungus G. mosseae recorded the highest rate of infection as

an average at a higher salinity level than the rest of the species. The roots of tomato
plants have caused a significant reduction in the incidence of infection with each type
of mycorrhizal fungi and in the two ways of adding the inoculum (with seeds and
with seedlings), area M. However, the fungus G. mosseae recorded the highest rate of
infection as an average at each salinity level compared to the rest of the types and with
both methods of additions to vaccines.

The process of spores of mycorrhizal fungi goes through four phases: the hydration
phase, the activation phase, the emergence phase of the germination tube, and the
hyphae growth phase. The failure of one or more of these phases due to high concentra-
tions of dissolved salts in the soil solution may delay or stop the growth and development
of the host plant. Three sources of salts (sodium chloride, sodium nitrate, and potas-
sium chloride) with different concentrations were used to study their effect on spores’
germination components of five types of endophytic mycorrhizae in three separate
experiments. The fungus G. mosseae was significantly superior to the rest of the spores’
germination components of other fungi, and the percentage of mycorrhizal spores ger-
mination decreased significantly when exceeding the critical concentrations of sodium
and chlorine ions. Germination or inhibition of the germination process is by the toxic
effect of sodium and chlorine ions. The toxic effect of sodium ion was more than the
toxic effect of chlorine ion on the germination process, and in a study by Al-Khaliel [15],
he used five levels of calcium carbonate (20, 30, 40, and 50%) and five levels of calcium
sulfate (5, 15, 25, and 50%) to find out their effect on the components of spore germina-
tion of five types of mycorrhizal fungi. The results showed that the high levels of calcium
carbonate (40 and 50%) and calcium sulfate (15, 25, and 50%) reduce the percentage
of germination and other components of germination, but the effect differs according
to the Mycorrhizae genus Glomus and Gigaspora, as well as between species within the
genus Glomus, and the critical level of calcium carbonate is 20-30% and for calcium
sulfate is 5-10% which after it is exceeded, the percentage of germination and other com-
ponents of germination decrease, and they attributed the reason for the decrease in the
percentage of germination to the lack of availability of nutritional needs of phosphorus
and other elements due to the high percentage of calcium carbonate and sulfate, as well
as due to the harmful effect of calcium and sulfate ions in the soil.

On the other hand, there are studies that showed that mycorrhizal fungi naturally
appear in saline environments, despite the little affinity between mycorrhizae and
halophytic plants such as hypophysis. The results of the research were that 21 of the
89 plants of the halophytic species were infected with VAM fungi, which indicates
that the VAM works within saline concentrations, and 11 of the 89 plant species devel-
oped spores in the rhizosphere. This is sufficient evidence that different plants of 21%
have an infection and 11% have an infection and spores. Al-Khaliel [15] found that
the number of mycorrhizal spores did not decrease significantly with the increase of
soil salinity, and the rate of spores was 100 per 100 g of dry soil, and that the majority
of mycorrhizal species that were found in the soil of the plain whose salinity reaches
160 dSm are G.etunicanum, G.versifform, and G.intraradices, and this was attributed to
stimulating the formation of spores under salt stress, meaning that the mycorrhizae
is the reason for the production of spores at low levels of root infection under saline
stress conditions, which inhibits the formation of mycorrhizae from spores and then
the accumulation of spores in the soil.
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2.4.6 Second: Biological factors

The biological interaction between mycorrhizal and other organisms took the
space and thought of many researchers, and the matter of the fact is that the first to
approach this topic and define the characteristics of the region in which this inter-
ference occurs is Hiltner [16] when he called the region surrounding the root hairs
the rhizosphere region, which is the region affected by many factors, including the
number of living organisms and growth and secretions of the roots, and he identified
in an unequivocal way that the activity of organisms in this area is at its highest, and
therefore it is not surprising that it is said that it is the key to microbiology to take its
scope in maximizing plant production. And some are reduced, and some are free,
and some are restricted. When there is an agreement between the plant and the living
organism, the response is the greatest, and when there is no agreement between the
plant and the living organism, the ability of the plant to grow and absorb is deter-
mined, and therefore the living organisms do not play the required role and mediate
to facilitate the elements. In this area, there are mucilage, sloughed cells, and a wide
quantitative production of enzymes, hormones, and growth regulators, in addition to
antibiotics and multiple sugars, and all of these are diagnosed and studied, and thus
the rhizosphere area has an applied importance from an agricultural point of view
because it represents the true cradle of seeds and the roots in them and the increase in
the activity of organisms in them. The interference between organisms, which is the
effect of one organism on the activity, growth, and reproduction of another organ-
ism, and the interference is either:

1. Antagonistic: its results are inhibiting against the number of cells when the or-
ganism is bacterial and may be inhibiting the formation of spores in fungi.

2. Positive: when an organism stimulates some of the activities of an another living
organism, such as mycorrhizalgia, it increases the number of spores of another
fungus.

The unsatisfactory interactions that are of different types, including:

1.Simple overlap (monogamy), peaceful coexistence: it includes Micro- and
Micro-plant, such as:

a.Rhizobia and leguminous plants (symbiotic specialty).
b.Mycorrhizae and plants (nonspecialized).
c. Azotobacter or azospirilm and the plant (associative).

2. Unsatisfactory complex bilateral interference (Micro- and Micro-plant), such as
Mycorrhizalgia + Azotobacter + Plant.

There are some organisms that are involved in the so-called Commelizan effect

when two organisms are present with each other, so one of them stimulates the
other. For example, the presence of mycorrhizae with Azotobacter increases the
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rate of cytoplasm release and thus enables plants to live in low levels of iron with no
symptoms of deficiency. Many researches and studies indicated the effect of various
microorganisms groups, especially bacteria, on the germination and growth of arbo-
real mycorrhizal fungi. Bacteria increase mycorrhizae by removing the inhibitor, such
as self-inhibitors of the fungi spores or the production of chemicals that stimulate
the growth of the spores, as well as an increase in plant secretions by increasing the
permeability of the membranes and thus an increase in the growth of fungi and their
ability to penetrate the host (we will address the relationships between mycorrhizae
and other soil microbiota in other topics from this chapter). It was found that mung
bean yellow mosaic virus reduced the rate of mycorrhizal infection and the produc-
tion of spores by the fungi Glomus constrictum, G. Fasciculatum, and Acaulospora mor-
rowede, but fungi Gigaspora gilmorei could not form any mycorrhizal roots in plants
infected with the virus compared to healthy plants.

There have been many attempts for years that have been concerned with study-
ing the state of competition between the mycorrhizae introduced into the growth
medium (the rhizosphere) and the endemic mycorrhizae. Taking into account a num-
ber of variables, the most important of which is the rate of infection in the roots and
then the calculation of the mycorrhizal roots, as well as knowledge of the formation
of spores after adding VAM to the growth medium. Accordingly, the type of added
vaccines will have two types of effects: either a positive effect or a negative effect
(competition), the positive effect may increase the incidence of infection and spores
and increase the production of spores due to the positive effect of one organism on
another organism. Studies have shown that there is another type of competition that
arises between the types of VAM introduced into the growth medium. And the tech-
nique that determines how this antagonism occurs between organisms is either the
use of biochemistry and reliance on the metabolites secreted from living things and
determining their structures, or the use of genetic engineering to determine this type
of antagonism. Mycorrhizal fungi coexist with multiple plant families, and there are
other families with a low tendency for this type of symbiosis, and most families have a
high susceptibility to mycorrhizal infection, but some species such as cruciferous and
ramiform do not infect mycorrhizal. Studies have shown that the history of vegetation
cover in a region may participate in determining the density of mycorrhizal presence
and in many times the supremacy of one sex over another.

3. Conclusions

The mycorrhizal fungi are distinguished by their living in different environments,
including tropical rainforest and sandy desert ones. Many factors that affect the
effectiveness of mycorrhiza, as well as the processes of sporulation formation, and
the way they coexist with mycoflora or other soil revivals, root colonization, have
been studied. We find ourselves in an urgent need to understand these stages of the
presence of fungi as we approach the practical aspect of these fungi. Therefore, it is
customary to express the presence of fungi with a term called dispersal. With regard
to this process of such fungi, studies indicated that they were present in different con-
tinents before the flood and drought occurred. Since that time, there are many factors
that limit the existence and effectiveness of mycorrhiza, and the most important of
which are environmental factors and other biological factors (Figure1).
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The direct and indirect effect of mycorrhiza on the activity of other microbiology in the rhizosphere [17].
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Chapter 3

Recent Advances in Plant:
Arbuscular Mycorrhizal Fungi
Associations and Their Application
to Cassava Crops

Sarah Otun and Ikechukwu Achilonu

Abstract

According to estimates, the world’s population is growing at 0.96% yearly,
meaning that there will be approximately 7.3 billion people on earth by the year
2050. Consequently, the agricultural sector is demanded to boost production and
provide food security for the rising world’s population. Unfortunately, almost 40%
of the arable land has been damaged by several factors, such as industrialization,
suburbanization, acidification, salinization, and erosion of the soil, environmental
pollution, among others, resulting in a global agricultural and economical problem.
However, several land recovery techniques have been developed over many years
of research, such as the use of chemicals, cultural techniques, and Arbuscular
Mycorrhizal Fungi (AMF). AMF forms a vital connection with the host plants and
the soil nutrients and assists in the restoration of damaged agricultural lands. This
reviews’ objective includes (i) providing a brief overview of AMF; (ii) highlighting
AMFs role in nutrient management; (iii) reviewing the roles of AMF in the regulation
of plant (cassava) development; (iv) explaining the role of AMF in managing abiotic
and biotic stressors; (vi) emphasizing the role of AMF in reducing greenhouse gas
emissions, and (vi) highlighting significant areas within the study of AMF-cassava
that has not yet been completely explored.

Keywords: arbuscular mycorrhizal fungi, beneficial soil microorganisms, cassava,
soil nutrients, sustainable agriculture, nutrient-loss/uptake, abiotic/biotic stressors

1. Introduction

A symbiotic relationship between the root of the host plant and the fungi and
spreads into the rhizosphere and the surrounding soil is known as mycorrhiza [1].
Mycorrhizal symbiosis has developed into a specialized area since Frank first used
the term 136 years ago [2]. The scientific community aims to understand its charac-
teristics and ramifications for both plants and fungi and other microorganisms like
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bacteria [1]. Mycorrhizae are now recognized as a type of “biological fertilization”,
mostly because of their presence in almost all healthy plant roots [3]. Biofertilization
has been presented as the bio-sustainable substitute for chemical fertilization,
because of its variety of possible benefits, including fertilizing the host plants with
nutrients, protection from biotic (pathogens), abiotic (drought, unfavorable tem-
perature, amongst others) [1, 3].

Mycorrhiza, as a crucial functional group of the soil biota, provides various
nutrients and aids the host plant in battling against unfavorable soil conditions
(for instance, in drought settings it aids in increasing the surface of the roots) [4].
Endomycorrhizal fungi and ectomycorrhizal fungi are two different forms of mycor-
rhizal fungi that form a root biotrophic relationship [5]. In contrast to ectomycor-
rhizal fungi, which develop around the surrounding root cells, endomycorrhizal fungi
colonize the root cells of plants [5].

Managing soil-plant nutrient Managing Abiotic Stressors
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Figure 1.
An illustration of the potential for arbuscular mycorrhizal fungal colonization in managing soil-plant nutrients,
biotic stressors, abiotic stressors, and reduction of greenhouse emissions.
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AMF has been reported to be present in 80% of terrestrial plant species, includ-
ing economically important crops like wheat, tomatoes, cassava, etc. [6]. Cassava
is a crucial staple crop that produces starch-rich, tuberous roots, especially in
sub-Saharan African smallholder farming systems [7]. Partly due to its resilience to
drought, it has earned the title “drought’, ‘war’, and famine’ crop” [8]. Although cas-
sava yield decreases noticeably during dry seasons, its relationship with and reliance
on AMF may be partially responsible for its relatively strong resistance to drought [9].
Approximately 80% of angiosperms have connections made by AMF with their roots
and exchange carbon molecules for water and vital nutrients including phosphorus
and nitrogen for the host plant [10]. Additionally, they give increased resistance to
both biotic and abiotic stressors [9, 10].

There are reports that AMF plays a significant role in improving cassava productiv-
ity [8-10]. Hence, cassava growers could considerably benefit from this technique
because cassava is a crop that relies heavily on mycorrhizal fungi for the extraction
of nutrients. On the symbiotic interaction between AMF and cassava, the most
recent research trends were covered in this review. In addition, we examined several
recent studies and extrapolated findings to improve the uses, advantages (Figure1),
and limitations of using AMF in cassava cultivation. The objective of this review is
to highlight recent discoveries in a plant-AMF relationship that are associated with
cassava crop production. This will contribute to developing a lasting solution to the
global problem associated with poor quality and quantity in cassava production, hence
solving the problem of hunger and poverty globally, especially in Southern Africa.

2. Database retrieval strategy

The literature review was done electronically utilizing ‘Google Scholar’, ‘PubMed;,
‘Scientific Electronic Library Online (SciELO)’, ‘cassavabase), and the ‘Scopus data-
bases. The articles to be examined were initially chosen using the following keyword
combinations: Arbuscular mycorrhizal fungi, plant-pathogen relationship, cassava
mycorrhizae; plant pathogen; abiotic factors; biotic factors, salinity; heavy metals.
The majority of the chosen research articles (80% of all references) were published
between 2018 and 2022. Given its relevance in the history of mycorrhizae, an old
publication from 1885 was added.

3. The significance of arbuscular mycorrhizal fungi (AMF)

AMF is the most common type of endophytic fungus to colonize the root of its
host [6]. Their positive impacts on the survival of their host are widely documented,
and these effects include but are not limited to nutrient uptake, assisting with soil
aggregation, and resilience to biotic and abiotic stress [6-9]. As a result, AMF sym-
bioses have a major impact on the yield of the host and the health of the surrounding
soil in both natural and laboratory settings [10]. According to Salomon et al. [11],
certain AMF species can colonize a host plant and increase the number of its mycor-
rhizae in organic soils. The AMF’s hyphae graze on the soil’s water and mineral depos-
its before passing them on to the host plant, ensuring plant production and diversity
even in soils low in micronutrients like phosphorus (P) [12]. The root system then
passively refluxes these nutrients to the fungus [11]. Consequently, utilizing the soil
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microbial communities can result in the most sustainable and healthy crop produc-
tion method. This will help to protect the biosphere by enhancing not just the soil’s
fertility even in adverse weather, as well as the plants’ nutrition and health. When
these potentials are combined, they would support agriculture and boost global food
security [12, 13].

Studies on the interaction of AMF and cassava plants in responding to abiotic and
biotic stressors are scarce, despite the extensive study on AMF symbiosis. However,
due to the rising and unavoidable stress conditions (with biotic and abiotic factors),
it is challenging to meet the global food needs. This study consequently discusses the
role of AMF in controlling plant nutrition and growth in response to biotic stresses
(plant diseases) as well as abiotic stresses including salinity, water scarcity, floods,
high and low temperatures, soil acidity, and soil management, in addition to the
involvement of AMF in the sustainable soil management nutrients.

4. The role of AMF in nutrients management

The arbuscular mycorrhizal fungus can enhance the health of the soil and the
plants by synthesizing metabolites and plant growth hormones, increasing the avail-
ability of essential vitamins to the plants in nutrient-deficient soils, and providing
other ecological services. All these factors are further discussed.

4.1 The function of arbuscular mycorrhizal fungi in soil nutrient uptake

Numerous macro- and micronutrients are required by plants, including nitrogen
(N), sodium chloride [NaCl], potassium (K), copper (C), calcium (Ca), iron (Fe),
and zinc (Zn), amongst others [14]. Plants often take up these nutrients in an inor-
ganic or fixed form from the soil or the air [6], before transferring them to the host
plant. Conventionally, chemically produced fertilizer has been used to meet all the
needs of plants because the quality of the soil’s nutrients had decreased owing to over-
use and pollution [15]. Unfortunately, the continuous application of these chemicals
on farms has led to issues with pollution and the degradation of soil quality [14].

Therefore, the use of AMF in connection with other nutrients-solubilizing or -fixing
microorganisms has recently been taken into consideration as a sustainable alternative
to soil nourishment [9, 10, 16]. The soil’s nutrients were mobilized to the host plant by
AME, through the mycorrhizal hyphae, which connect the plant roots to the soil. Several
investigations into the mechanism of action of nutrient absorption and translocation
with AMF have found that:

i. The mycorrhizal hyphae can stretch and explore a larger region of the ground
soil than the roots of the host plant can achieve, thereby enabling it to gain
access to both micro and macronutrients that the plant alone is unable to
absorb [17]. Hence, AMF can cross the depletion zone caused by the plant’s
quick uptake of nutrients in the region around its root system and provide the
appropriate nutrient elements to the plant [12].

ii. The fungal hyphae are favorable for nutrient intake because of their small

(<10 pm diameter) sizes, which enable them to enter tiny pores that are inac-
cessible to plant roots, having significant effects on water and micronutrient
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absorption [12]. Similarly, Pischel [18], reported that the ability of mycorrhi-
zal to modify their hyphal diameter by the size of the soil pore enables them to
provide nourishment for plants regardless of soil texture.

Similarly, several researchers documented the beneficial impact of mycorrhizae
on cassava plants with nutrient intake [8, 19-22]. For instance, AMF’s contribution
to Phosphate uptake was examined by Ndeko et al. [23]. They discovered that using
AMF is suitable for enhancing cassava’s phosphate nutrition in various soil types.
The results of their experiment demonstrated that the root abundance and dry
weight were increased by the inoculation of an unusual fungal strain (Rhizophagus
iregularis). However, following AMF inoculation in unsterilized soil, the root dry
weight dropped. They concluded that the Rhizophagus iregularis strain, particularly
when the soil is not treated with phosphorus, increases the Phosphate uptake of the
cassava plants [23].

Furthermore, the advantages of phosphorus nutrition were revealed using cassava
and Rhizophagus irregularis inoculum. To determine whether the paradigm holds in
tropical field settings, field tests were carried out in three areas utilizing varied AMF
and cassava cultivars in both Kenya and Tanzania at varied Phosphorus fertilization
levels. It was discovered that contrary to what the paradigm would have us believe,
Cassavass ability to colonize AMF and respond to inoculation does not necessarily
decrease as phosphorus availability rises. The obtained results showed that cassava
genotypes and fungal availability play a role in maximizing inoculation responsive-
ness, which is not always the case in low Phosphorus availability settings [24].

Also, Poku [21], investigated how AMF could help cassava absorb more
phosphorus from the soil. Phosphorus-fertilizer, AMF, Phosphorus + AMF, and
Untreated (Control) were the four treatments used. In comparison to Phosphorus-
fertilizer treatment plots, the Phosphorus + AMF were significantly (p0.05) taller,
and the Control and AMF-treated plots were significantly (p0.05) identical. At all
four locations, the percentage of leaf Phosphorus was statistically comparable, with
a grand mean was 0.4%. The content of Phosphorus in the leaves was significantly
raised to 0.5% by adding AMF and Phosphorus + AMF to the soil. In comparison to
control plots, tubers taken from Phosphorus + AMF-treated plot lines were mean-
ingfully longer (p 0.05). when compared to the control samples, tuber length rose
in plots treated with Phosphorus and AMF. The tuber yields on all soil treatments
were higher than on control-treatment plots by a substantial amount (p 0.05).
Phosphorus+AMEF treated plots and AMF treated plots, however, had consider-
ably higher values than P than the control plots. According to this study, cassava
yield can be increased by utilizing AMF or Phosphorus+AMF in comparison to
Phosphorus alone or untreated control plants and this can be used to maximize
tuber yield [21].

Furthermore, in the work of Lopes et al. [25], they sought to ascertain whether
co-inoculating micro-propagated cassava with AMF (Glomus clarum) and PGPBs
(Plant growth promoting bacteria) improved greenhouse growth. Inoculated PGPB
strains in the cassava variety “BRA Pretinha III” affected the number of glomero-
spores and mycorrhizal colonization, while Glomus clarum and PGPBs had synergistic
interactions, the Glomus clarum and PGPBs combined inoculation promoted higher
performance in cassava development with time like all the variants examined. Hence,
Co-inoculating PGPBs and AMF can meet cassava’s need for nitrogen, therefore,
minimizing the need for nitrogen fertilizer [25].

29



Arbuscular Mycorrhizal Fungi in Agviculture - New Insights

4.2 How arbuscular mycorrhizal fungi contribute to soil aggregation

Sand, silt, and clay particles are bonded together to form aggregates of different
sizes, and this arrangement is referred to as the soil structure [26]. Soil aggregation
is essential to the health of the entire ecosystem because it serves as a major site for
the exchange of water, gaseous, and nutrient flows as well as a significant source of
carbon storage [27]. It is believed that fungal hyphae are one of the key binding agents
involved in maintaining micro aggregates. However, intensive agricultural practices
used today have significantly impacted soil structure by lowering aggregation stabil-
ity [26, 27], via the following steps.

The first step is that the extraradical hyphae compress the soil physically as they
ramify around plant roots, causing clay particles to reorient and ramification in
macroaggregate pores [28], thereby affecting the plant water status, and contribut-
ing to the soils’ cohesion and strength, particularly in drought conditions [29]. Also,
the production of glomalin, which is a hydrophobic glycoprotein generated by AMF
hyphae enables the hydrophilic fungal wall to stick to hydrophobic surfaces found
on soil particles [30]. Glomalin production also increases carbon storage and avail-
ability, which has an impact on the microbial community, aggregate stability, and
soil structure. Based on the design of the plant’s roots and how they are connected
to the fungus, glomalin promotes aggregation to varying degrees; the greatest
impact on macro aggregation was observed with thin host plants’ roots (0.2-1 mm
in diameter) [28].

Furthermore, numerous authors have positively confirmed AMF’s ability to
lessen soil aggregation’s detrimental impact on plant growth [28-31], but few studies
have explicitly focused on cassava crops. One of these uncommon investigations was
conducted by Morris et al. [31]. They were able to assess how AMF altered aggregate
turnover durations. They demonstrated how AMF accelerated the production of
large macroaggregates and slowed the dissolution of both big and small macroag-
gregates. In the presence of AMF, macroaggregates turnover increased. The internal
aggregate organization suggested that although the accretion of soil to organic
materials in the form of micro aggregates is a prevalent process, it is not the only one
at work [31].

5. How arbuscular mycorrhizal fungi manages abiotic stressors

Numerous abiotic stress studies have demonstrated how human activities
associated with agriculture (such as irrigation, overuse of chemical fertilizers
and pesticides deforestation, and waste material diffusion) have hurt the plant’s
growth, health, and output, leading to major production losses [12, 26, 27].

A general route is involved in how plants respond to stress; it begins with the
membrane receptor acquiring the stress signal that culminates in the creation
of genes, whose byproducts may defend the plant either directly or indirectly
[32]. However, numerous investigations on AMF symbiosis have demonstrated
that the contributing fungus typically uses several strategies to help the plant
resist some abiotic stressors, including but not limited to salinity, heavy metal
pollution, and drought [33]. Abiotic stressors are the main obstacle to achieving
global food security since they significantly reduce crop production quality and
quantity [30, 32, 33].
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5.1 Salinity stress

High salt concentrations in the soil make it difficult for roots to draw water
from the ground and can be damaging to crops, with adverse effects such as ethyl-
ene production, plasmolysis, an unbalanced diet, the inhibition of photosynthe-
sis, and the creation of reactive oxygen species (ROS) [34]. However, one of the
ways by which plants manage salinity stress is via osmotic adaptation. A physi-
ological technique employed by crops to sustain a variety of water movements
between cells without experiencing turgor or growth decreases is called osmotic
adaptation [35]. The buildup of appropriate solutes in plant cells, including
proline and glycine betaine, serves as an illustration of this [34]. Furthermore,
the existence of salt-tolerant AMF species was demonstrated by several recent
scientific studies to alleviate the plant’s salinity stress. The following four AMF
properties are specifically mentioned by the researchers as having the capacity to
reduce salt stress:

i.Increased water intake: Mycorrhizal hyphae possesses a stronger capability to
penetrate the ground soil, allowing it to absorb more water and lessen the two
primary consequences of salinity that jeopardize a plant’s water status—turgor
loss and dehydration [36].

—_

ii. Increased mineral uptake: Under osmotic stress, sodium (Na*) levels in
the soil are frequently quite high, which has a detrimental effect on some
other transporters present in the roots, like the potassium ion (K*) selective
channels [37]. However, it was noted that plants connected to AMF showed
arise in total nutrient availability and a large K* build-up, which assisted the
plants in preserving a low Na*/K" ratio and avoiding harm to their biological

processes [37].

—-

iii. Abundant synthesis of suitable organic solutes: AMF-plants produce more
proline, glycine, betaine, and sugars, and these chemicals appear to be posi-
tively associated with the invasion of fungi [38]. Because they are necessary for
AMF’s function in ROS detoxification, regulating membrane structure, and
sustaining enzymes and proteins, their synthesis can aid in cellular osmotic

adjustment [38].

iv. Increased antioxidant enzyme activity: Research has demonstrated that AMF
symbiosis enhances enzyme system performance in ROS detoxification, par-
ticularly that of peroxides, superoxide, hydroxyl radicals, and alpha oxygen,
whose generation in plants is significantly influenced by stress conditions like
salt. In AMF plants, which normally show less oxidative damage, the effects
of these chemicals on cell metabolisms, such as DNA damage, the oxidation
of polyunsaturated fatty acids in lipids and amino acids in proteins, and the
inhibition of enzymes, appear to be less severe [36, 39].

The benefits of arbuscular mycorrhiza fungi (AMF) on cassava plant growth
under salinity have rarely been studied in field settings but in controlled settings. An
example is a study conducted by Carretero et al. [20]. This study examined the effects
of G. intraradices colonization on three cassava cultivars’ biomass and salt tolerance
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(measured as growth) (SOM-1, 05, and 50). In both AMF-inoculated and non-
inoculated cassava cultivars, the survival rate of the root, stem, and leaf development,
as well as nutrient accumulation, were assessed in the presence of different sodium
chloride concentrations (0, 68.4, or 136.8 mM) in the medium. It was reported that

at 136.8 mM of salt, the AMF colonization boosted plant survival and encouraged
growth. The SOM-1 cultivars outperformed the other two in terms of salt tolerance.
In addition to promoting growth, the G. intraradices-inoculation proved essential

for protecting salt-sensitive cassava cultivars (especially in salt-sensitive cultivars).
When compared to non-mycorrhizal cultivars growing in the absence of salt, the
AMF cultivars grew in 136.8 mM of NaCl, and produced more dry weight. The results
show that AMF-colonization offers a biological process whereby cassava cultivars can
increase their salt tolerance and biomass, which, in both low- and high-stress settings,
is essential for optimal cassava development [20].

5.2 Drought stress

Drought is another frequent abiotic factor that negatively influences plant growth,
survival, and development [40]. The main symptoms of drought stress include
wilting as well as a decline in the net rate of photosynthesis, transpiration rate, water
usage effectiveness, relative moisture content, and overall chlorophyll content [41].
Also, drought compromises the electron transport system, which results in the gen-
eration of activated oxygen and the shutting of plant stomata, consequently reducing
CO, absorption [42].

AMF play the following crucial functions in the response to drought stress; several
studies have demonstrated how crucial plant symbiosis is for reducing the detrimen-
tal effects of drought:

i.Regulation of water uptake: To assist in keeping the plant moist, AMF hyphae
delve deeper into the soil and scour a large area for water [43].

ii. Osmotic adjustment: The activity of the AMF sustains several activities,
including stomatal opening, cellular expansion, and development, which
enable the cells to maintain their turgor [44].

iii. Trehalose biosynthesis: Trehalose is a sugar produced by AMF that assists the
plant to resist drought stress, maintaining biological nitrogen fixation, and
protecting it from a shortage of water [45].

iv. An increase in antioxidant levels: Catalase, peroxidase, and superoxide
dismutase, which decrease ROS, and hydroxyl radicals, appear to be present in
higher amounts in plants colonized by AMF [46].

v. Gene expression: AMF typically encourages the expression of some drought-
resistant genes such as I-pyrroline-5-carboxylate synthetase, and 9-cis-epoxy-
carotenoid dioxygenase genes. Consequently, the stomata are close to stopping
water loss, and water movement either within or outside the cell [47].

It was reported that cassava growth could be stimulated under drought stress by
inoculating with an AMF. For instance, according to the experiment by Ekanayake
etal. [48] the inoculation with G. clarum, and G. mosseae significantly increased the
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photosynthetic photochemical efficiency of the photosystem 11 light reactions in
cassava. The PS11 photochemistry’s maximal quantum yield (Fv/Fm) was similarly
significantly decreased (p 0.05) by water stress, whereas AMF inoculation signifi-
cantly (p 0.05) decreased the negative effects of water stress on cassava cultivars
grown under a water deficit regime.

Similarly, Pea et al. [49] investigated whether intraspecific variation in R. irregularis
affects the physiological responses of cassava to water stress because it frequently
experiences seasonal drought where it is cultivated. Two genetically distinct R. irregula-
ris isolates were inoculated into cassava to promote recovery, which was then subjected
to a drought situation before being re-watered. Cassava samples treated with the two
distinct fungi had considerably different physiological stress reactions to drought.
However, after being re-watered, both plants recovered but at different rates. They con-
cluded that intraspecific genetic variation in AMF considerably affects the physiological
reactions of cassava under water stress. This shows the opportunity to increase cassava
resistance to water stress by utilizing naturally occurring polymorphism in AMF [49].

5.3 Heavy metal stress

For several enzyme-catalyzed or redox reactions, as well as the metabolism of
nucleic acids, plants require specific mineral elements, such as copper (Cu), iron (Fe),
nickel (Ni), and zinc (Zn) amongst others [50]. However, high concentrations of
these heavy metals, can alter the protein structure or cause mutations in the plant’s
genetic makeup [51]. This may cause indications of deficiency such as chlorosis,
diminished germination, and slow growth. Diffusion of these heavy metals into
the plant’s roots after a groundwater and soil surface deposition is mostly caused by
anthropogenic activities including fertilizer application and the diffusion of indus-
trial waste, which pose a significant stressor for these plants [50, 51].

However, AMF had been reported in supporting plants in heavy metal-contaminated
environments using these mechanisms.

i. The AMF hyphae have strong soil exploration abilities and function as a great
adsorbent position for the buildup of cations that inhibit the buildup of dan-
gerous metals [52]. Heavy metals are typically precipitated in the extraradical
hyphae by AMF-produced proteins termed ‘glomalin’ [51].

ii. The symbiosis also has a localized benefit in the soil where AMF generates
exudates that contain citric acid, lactic acid, etc. By forming compounds with
the metals, these organic acids lower their intensity in the soil [53].

Recently, the benefits of AMF as reviewed by Riaz et al. [52], highlighted their
potential as plant-based remediation techniques for extremely heavy metal-contami-
nated soils [52]. Additionally, according to Dushenkove et al. [54], certain plants, like
cassava, can remove heavy metals from soils that have been contaminated by crude
oil by using high biomass crops in tandem with a system of soil amendments using
the rhizofiltration approach. Rhizofiltration is a technique that uses plants to remove
toxins from aqueous streams [54].

For the first time, the capacity of cassava to phytoextract mercury (Hg) and
gold (Au) from biosolids and mine tailings that contain these metals was success-
fully proven [55]. Pre-rooted cassava cuttings with 5-7 nodes were grown in a blend
of 25% mine tailings and 75% biosolids. Plant cuttings were additionally grown in
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hydroponics samples containing Hg and/or Au to gauge the two metals’ root uptake.
Up to 12.59 g/kg of Hg and 1.89 g/kg of Au were discovered in the cassava’s fibrous
roots. Hence, due to the cultivation simplicity, cassava provides a sustainable choice
for Hg removal and Au recuperation.

5.4 Temperatures stress

Increased temperature due to several factors including global warming has a
significant impact on the cycling of nutrients because temperature regulates both the
decomposition of organic materials and soil microbial activity [56]. In AMF, reduced
spore diameter, root colonization, species variety, and soil glomalin content have all
been linked to higher temperatures, resulting in varying water and N levels impacting
the plants’ growth [57]. Reduced mycorrhizal reliance had an impact on the growth
of mycobionts, particularly in AMF even while plants could obtain the necessary
nutrients. AMF has been reported to act as a buffer for plants that were affected by
climate change by widening their “niche,” [58].

Also, low soil temperature inhibits AMF root growth much like high soil temperature
does [33]. Even though the ideal temperature for AMF development varies according
to the fungal isolates, most species prefer temperatures between 18 and 300C [59]. At
15°C, mycorrhization of roots declines, and a further drop in temperature (10°C or 5°C)
prevents AMF production [33]. AMF sporulation was impacted by low temperatures
[12]. For instance, R. intravadices’ sporulation slows down at 15°C, although spores’
metabolic processes are not affected until temperatures of 10°C or lower [60]. Organic
additions may improve AMF’s effectiveness in reducing cold stress. An example is the
development of Lolium perenne L. on salty soils at low temperatures was enhanced by
the synergistic inoculation of R. intraradices and biochar [61].

6. How arbuscular mycorrhizal Fungi manages biotic stressors
6.1 Resistance to pathogens

In the agricultural industry, AMF can be utilized as a biological agent against many
plant diseases, providing an effective substitute for chemical pesticides by fostering
sustainability and lowering the hazards to the general populace’s health [62]. It is known
that AMF symbiosis helps to lessen the harm done by a variety of soil-borne diseases,
such as nematodes and fungi that are responsible for significant production losses [63].
The following are the biological control mechanisms of AMF against pathogens:

i. Modifications in root development and morphological characteristics: AMF
colonization alters the dynamics of pathogens and microbial populations and
may stimulate microbiota elements that have antagonistic activity toward
specific root illnesses [64].

—

ii. Modifications in the nutrition of the plant host: The pathogens’ reduction of
root biomass or function is made up for by the plant’s increased vigor and the

ensuing rise in resilience brought on by the AMF symbiosis [33].

—.

iii. Competition for colonization spots and photosynthates: Root diseases

and AMF compete for the carbon molecules that get to the root. Both are
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dependent on host photosynthates. The increasing carbon demand, though,
might prevent pathogen growth since AMF have main access to photosyn-
thates [63].

iv. The activation of the host defense mechanisms: AMF colonization causes
the activation of the host defense mechanisms. Examples of these defense
mechanisms are the synthesis of Phytoalexins, phenylpropanoid pathway
enzymes, chitinases, b-1,3-glucanases, peroxidases, pathogenesis-related (PR)
proteins, callose, hydroxyproline-rich glycoproteins (HRGP), and phenolics
are amongst the biological controls that the host plant produces in response to
AMF [65].

For instance, the capacity of two local AMF species (A. Colombiana and
A. appendicula) to promote growth and enhance resistance to root-knot nematode
and water stresses in the cassava Yayo cultivar was examined using both single and
multiple inoculations in a greenhouse setting. It was determined that of the two
AMF species, A. colombiana greatly boosted cassava growth and drought tolerance.
However, A. colombiana and A. appendicula both gave cassava plants bioprotective
properties against the nematode, including tolerance or resistance [22]. Finally,
Investigations into the effects of the ACMV (African Cassava Mosaic Virus) on AMF
root colonization and leaf symptoms were conducted. The results revealed that both
mycorrhized and non-mycorrhized plants had comparable colonization parameters,
and ACMYV infection after mycorrhization establishment, had no effect on the AMF
root colonization [66].

6.2 The advantages of arbuscular mycorrhizal Fungi interaction with other
beneficial soil microorganisms

Several soil microorganisms engage in interactions with AMF [67]. The interactions
of AMF with other microorganisms could either be positive, neutral, or negative [68].
They could help plants acquire nutrients, biologically regulate pathogens that cause
root infections, and increase soil quality and plant resistance to abiotic stress [65, 68].
Similar to how AMF and plant growth-promoting Rhizobacteria (PGPR) collaborate
to aid the growth of the host plant [67]. While AMF and nitrogen-fixing bacteria
provide plants with essential soil nutrients, More et al’s [69] hypothesis states that
co-inoculating PGPR and AMF will have the greatest synergistic effects. This notion
was confirmed by the interactions in their experiment between AMF and modifying
rhizobial bacteria [69, 70].

7. The function of arbuscular mycorrhizal fungi in reducing greenhouse
gas emissions

Reduced emissions of greenhouse gases and boosted carbon sequestration are the
two primary goals the Food and Agriculture Organization (FAO) has developed for
climate-smart agriculture [71]. N;O is a potent greenhouse gas with a larger global
warming potential (280-310) than CO, and longer persistence (118-131 years) in
the atmosphere and sadly, agriculture is a significant source of N,O emissions [72].
Dissimilatory nitrate reduction to ammonium and ammonia oxidation are amongst
the main sources of N,O emissions in farms through a variety of denitrification
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processes. Slow-growing nitrifiers are outcompeted by AMF hyphae for ammonium,
which hinders nitrification and, ultimately, the production of N,O [73].

Under varying moisture conditions, the emissions of greenhouse gases from soil
can also be controlled by AMF (as well as the water relationship between plants) [11].
The impact of AMF in controlling N,O emissions has not been studied in cassava,
but it has been studied in legume systems. A field experiment with AMF on legumes
revealed a significant reduction in yield-scaled N,O emissions due to greater biologi-
cal nitrification inhibition [74]. The term “biological nitrification inhibition” (BNI)
refers to the ability of the host plant’s roots to lower the activity of soil nitrifiers by
generating and releasing nitrogen removal inhibitors. To manage the soil nitrifier
activities, help reduce emissions of greenhouse gases and generally make agriculture
more ecologically friendly and effective, BNI-enabled plants and pastures have been
suggested for use in agriculture [72, 73].

8. Limitations

Given the projected rise in population, it will be necessary to enhance the produc-
tion of economically important crops like cassava. Hence, increasing soil fertility in
an environmentally sustainable approach may be the greatest strategy to accomplish
the expected crop yield. Given the effects of climate change, nutrient depletion,
drought, salt, and metal toxicity, it has been well established that AMF may sustain-
ably improve plant growth, production, and crop nutritional quality for this purpose,
thereby ensuring food security for both present and future generations.

However, most studies on AMF-mediated advances in plant health, nutri-
ent uptake, and regulation of the impacts of biotic and abiotic stress conditions
have thus far used in vitro studies on laboratory scales, and under controlled
temperature and low nutrients profiles trials studies. However, if more farm field
experiments are done, the results may offer a more in-depth understanding of the
intricate mechanisms underpinning Plant-nutrient connections that are mediated
by AMF and AMF interactions with both the biotic and abiotic stressors. These
understandings may have an advantage to the effective application of AMF in
boosting the production of more important commercial crops, such as cassava,
regardless of the region.

Also, the manipulation of AMF in both artificial and natural systems has proven to
be a particularly difficult barrier to overcome. It is anticipated that future tests would
use cutting-edge techniques to understand the mystery surrounding plants-AMF
community ecology, what patterns do plants and AMF communities follow? what
does this mean in terms of ecosystem management, recovery, and restoration? To
get answers to these issues, we both hope and anticipate that we will not have to wait
another 13 years.

Additionally, the glycoproteins (glomalin) produced by AMF are not currently
considered in soil health assessment programs even though they are linked to several
ecosystem processes and act as a low-cost proxy for soil quality, the efficiency of agri-
cultural management and restoration methods, and AMF biomass [75]. Controlled
studies using these methods (ELISA and advanced spectroscopic classification) and
AMF quantification (quantitative PCR assays, AMF-signature lipids, microscopic
measurements) are necessary to inform researchers and farmers about the potential
of these glycoproteins as a C-sequestration and quality indicator, along with field
demonstrations.
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9. Conclusions

Mycorrhizae and their usage in the agronomic field have gained popularity in
numerous scientific studies conducted all over the world in recent years. Most of
the research has been on the advantages that arbuscular fungus provides for host
plants regarding its productivity and resistance to all biotic and abiotic challenges.
Numerous studies of the fungus’ metabolic processes and pathways have been con-
ducted to enhance the fungus’ capacity for nutrient and water absorption as well as its
defense against infections, salt, and heavy metals.

The cassava plant, one of the most significant food crops in the world, has been the
centre of numerous studies on mycorrhizal inoculation. However, choosing cassava
varieties with very effective mycorrhizal symbiosis may serve as the cornerstone to
produce foods in low-impact agricultural systems. The useful rhizosphere microbial
inoculants are now widely used in agricultural techniques for many crops than
cassava. However, there might also be negative interactions, including rivalry and
hostility, between various rhizosphere microbe kinds. It is counterproductive when
specific indigenous soil microbes interact negatively with externally applied micro-
organisms. Hence, choosing the most contagious and effective mycorrhizal fungi and
cassava together will make it easier to employ them as biofertilizers to replace the lost
biological fertility of the soil, reduction of chemical usage and mitigate the effects of
biotic and abiotic stress.
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Chapter 4

Mitigating Climate Change:
The Influence of Arbuscular
Mycorrhizal Fungi on Maize
Production and Food Security

Silvia N.D. Maiisse Sitoe and Joanna F. Dames

Abstract

Anthropogenic activities have contributed to the increased atmospheric
concentration of greenhouse gases, which are an important contributor to climate
change. From 1940 to 2004, global emissions increased by 70%, and projections
suggest a continual increase by 2050 due to agriculture, forestry, and other land uses.
Arbuscular mycorrhizal (AM) fungi are ubiquitous in undisturbed soils and form a
symbiotic relationship with various plants. The relationship that enhances nutrient
uptake and plant growth, among other benefits, is well known. Several soil manage-
ment practices employed in agriculture adversely affect the symbiosis. Zea mays
(maize) provides 30% of total caloric intake to 4.5 billion people worldwide and is an
important staple crop, vulnerable to climate change. Higher temperatures can result
in increased water demand, while changes in precipitation can result in crop failure.
AM fungi can be applied as inoculants to maize. Resulting in improved plant growth,
yield, and nutrient uptake and providing superior food quality properties, such as
increased antioxidants, vitamins, and minerals. AM fungi are considered a crucial
biotechnological tool in crop production. This review illustrates their essential role in
sustainable maize production and emphasizes the need to maintain AM fungal com-
munities in the soil to mitigate the effects of climate change.

Keywords: Zea may, symbiotic benefits, drought and salinity, soil management,
sustainable agriculture

1. Introduction

Crop production is the primary source of staple foods and is particularly sensitive to
climate change. Activities such as synthetic fertilizer use, livestock rearing, change
in land-use patterns, deforestation, waste disposal, burning of fossil fuels, industrial
manufacturing and transportation have contributed to the increased atmospheric
concentration of greenhouse gases, contributing to climate change [1]. Of the global
anthropogenic greenhouse gas emissions, approximately 13% are attributed to
agricultural practices [2]. Predictions indicate that by 2030 these emissions will rise

45 IntechOpen



Arbuscular Mycorrhizal Fungi in Agviculture - New Insights

almost 40%, primarily due to increasing demand from a growing population and
changing consumption patterns for food, including increasing demand for ruminant
meats [3].

Between 1940 (pre-industrial) and 2004, global greenhouse emissions (GHG)
increased by 70% [2]. Average temperatures have increased by 1.5-2°C. Urgent
climate change mitigation is required to halt further increases. The effect on agricul-
ture is severe, with adverse growing conditions such as drought and extreme weather
events already evident [4]. Agriculture can reduce these negative effects, increasing
carbon storage by improving cropping and land management practices [5].

Mitigation technologies may not be cheap and easy, but the cost and benefits
will be less than the losses caused by climate change [6, 7]. The expected impacts of
climate change will be most adverse in low- and middle-income countries, where mil-
lions of people depend on agriculture and are vulnerable to food insecurity [8, 9]. The
impact on global food security will relate to food supply and food quality, food access
and utilization, and the stability of food security resulting in reduced per capita
calorie availability, childhood malnutrition, and child deaths [10]. Climate change
may affect the nutritional properties of some crops. The concentrations of minerals in
some crops (e.g., wheat, rice, and soybeans) were up to 8% lower under conditions of
elevated carbon dioxide (CO,) levels [11]. Studies on yields (primarily wheat, maize,
rice and soybeans) under different climate change conditions indicate that climate
change may significantly reduce these in the long run [12].

Maize (Zea mays L.) is known globally as the queen of cereals because it can be
grown throughout the year, is photo-thermo insensitive and has the highest genetic
yield potential among cereal crops. Maize provides 30% of total caloric intake to 4.5
billion people worldwide [13]. The grain contains about 72% starch, 10% protein,
4.8% oil, 5.8% fiber, 3.0% sugar, and 1.7% ash [14]. The major maize-producing
countries are the USA, China, Brazil, Argentina, Ukraine, Indonesia, India and
Mexico [15]. Globally, maize is grown mainly for livestock feed, food, and industrial
materials [16]. Regarded by most people as a breakfast cereal, maize is also a source of
fuel (ethanol) and starch in processed form. Enzymatically maize starch is converted
into products such as sorbitol, dextrin, sorbic and lactic acid and appears in house-
hold items such as beer, ice cream, syrup, shoe polish, glue, fireworks, ink, batteries,
mustard, cosmetics, aspirin, and paint [17]. In South Africa, maize is the most impor-
tant grain crop for feed and is a staple of most of the population [17]. Of the total
maize produced in South Africa, approximately 60% is white (for human consump-
tion), and 40% is yellow (mainly for animal feed) [18]. Adverse effects of climate
change on agricultural production will be most severe in the global south, particularly
South Asia and Sub-Saharan Africa, many regions of which remain underdeveloped
[19]. Finding ways to improve the productivity of agriculture, particularly of staple
crops such as maize, is one means of meeting these future challenges.

2. Improving nutrient uptake

Management technologies, crop species, and soil type play a significant role in soil
microbial diversity [20]. Arbuscular mycorrhizal (AM) fungal diversity positively
contributes to nutrient and water use efficiency [20]. The frequent use of soil amend-
ments such as fertilizers, organic residues, and pH adjustments to improve crop yields
can change the soil properties, which leads to variations in plant and fungal responses
that can modify the outcome of the symbiosis [21].
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In many soils worldwide, low phosphorus (P) availability can limit plant growth [22].
Availability and acquisition of P in terms of plant root architecture and mycorrhizal
association is controlled by rhizospheric chemical and biological processes which
compensate for this limitation [23]. Maize has a high requirement for nitrogen (N)
and P nutrients, and these are applied in large quantities to realize high yields [24].
Not all applied fertilizer is absorbed. For example, maize absorbs only 55-60% N
[25], around 20% P [26], 50-70% potassium (K) [27] and 33% sulfur (S) [28]. One
strategy to reduce fertilizer usage, especially P, is to use AM fungi to improve maize
nutritional status and growth [29].

AM colonized plants absorb more P (nearly 80% of the plant P uptake) at lower
concentrations in the soil solution than non-mycorrhizal plants [30-32]. The AM
fungi forms an extraradical mycelium (ERM) network that effectively exploits the
soil environment in the search of nutrients [33, 34], providing access to more soluble
forms of phosphate [35, 36], and promotes plant N uptake [37]. Acquisition of other
soil nutrients such as copper (Cu), iron (Fe), K, zinc (Zn), calcium (Ca) and S,
especially when plants are grown in nutrient deficient soils are also improved by the
symbiosis [38-41].

Different AM fungal species exhibit different levels of effectiveness. A study by
Bi et al. [42] on maize’s growth and nutrient uptake showed that the effect of two
AM fungi, Funneliformis mosseae and F. versiforme, increased plant growth when
compared with non-inoculated controls. F. mosseae being the most effective. In a field
experiment, commercial AM fungal inoculants applied to maize improved plant
growth, yield, and P uptake under both un-fertilized and P-fertilized treatments
[43]. Inoculation of maize with Glomus caledonium increased soil organic C content
in maize straw-amended soils, likely due to enhanced rhizosphere acidification and
increased nutrient (notably P) uptake in the seedling period.

Intercropping can also improve plant nutrient uptake [44] because intercrop-
ping systems can better use one or more agricultural resources both in time and
in space [45]. He et al. [46] reported N transfer from Nj fixing legumes to maize
and other crop species. Marzban et al. [47] demonstrated that intercropping
maize and green bean could increase root growth of maize (about 7.2% more than
in monocropping). Biological nitrogen fixation is heavily dependent on P, which
provides energy for converting atmospheric N to useable N compounds. Arbuscular
mycorrhizal fungi form a tripartite association with N-fixing rhizobia and legumes
assisting in acquiring P [48].

Plant nutrient uptake involves two pathways, the direct pathway (DP) involves
uptake of nutrients from the rhizosphere by the root epidermis and root hairs [49].
The mycorrhizal pathway (MP) develops behind the root hair zone and involves
uptake of nutrients by the ERM, rapid translocation over many centimeters, deliv-
ery to the symbiotic interfaces, and transfer to the plants [34]. The two pathways
are potentially independent and involve different cell types and different nutrient
transporters, providing capacity for independent and coordinated regulation and
nutrient access from different regions and volumes of soil [39, 41]. The conserved
P-sensing pathway regulates the direct and indirect P acquisition pathways, cen-
tered on phosphate starvation response (PHR) transcription factors [50]. PHR
transcription factor was characterized in many plant species [51, 52]. Xu et al. [53]
identified 18 ZmPHR genes involved in relocating inorganic P across different
maize plant tissues.

The mycorrhizal pathway involves the uptake of orthophosphate (Pi) by AM
fungal high-affinity Pi transporters in the ERM, followed by translocation of P
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along the hyphae to intracellular structures in the root cortex and then transfers P
to the root [34, 54-56]. Polyphosphate (polyP: linear chains of Pi residues linked by
phosphoanhydride bonds) accumulate in the hyphae, where it buffers cytoplasmic
Pi concentration, providing temporary P storage, and translocate P along hyphae
[50, 57] resulting in rapid, long distance P translocation from sites of uptake in the
ERM to sites of transfer to the plant [58]. Pi and polyP are known to carry negative
charge, which cations must balance. In soil-grown plants, K* and Mg** may play
this role [59, 60]. H*-ATPases, which energize perifungal membranes surrounding
arbuscules, are involved in all Pi-uptake steps [61-63].

The advantage of the AM symbiosis for plants in acquiring P is that AM fungi
provide a very effective pathway, the AM pathway, for scavenging P from large
volumes of soil and rapidly delivering to cortical cells within the root bypassing direct
uptake [34]. Research by Smith and colleagues [34, 64] revealed that the AM pathway
plays a significant role in P uptake, regardless of how an AM plant benefits in terms of
increased growth or P uptake.

In addition, AM fungi can deliver substantial amounts of N to the host plant [65].
Researchers have different opinions on the mechanisms of N transfer to the host
plant. Smith et al. [66] suggested that N might be transferred from the fungus to the
host in the form of amino acids (AA) or amides. While Kaldorf et al. [67] suggested
transfer in the form of NO;~, Bago et al. [68] postulated that N is transferred to the
host as NH,". The allocation of C to the AM fungi has been reported to depend on the
N status of the mycorrhizal root, which indicates that the stoichiometry of C and N
regulates the nutrient exchange between the fungus and the host plant [69]. The ERM
absorbs various forms of N with 21% of total N taken up by the fungal ERM trans-
ferred to roots in root organ culture [70]. Additionally it was demonstrated that 74%
of the total N in the leaves of maize was derived from the slow-release urea added to
the hyphal compartment [71].

Studies showed that the AM fungus Glomus hoi enhanced degradation of organic
residues and N uptake by the host plant [72, 73]. Jin et al. [74] demonstrated that urea
or NH," were absorbed more rapidly than NO;~, amino acids (AA), and proteins when
supplied as N sources for AM fungal uptake. Assimilation of NH," is the principal
means of N absorption in AM fungal systems mediated by a specific carrier [75].
GintAMT1, which encodes the high-affinity NH," transporter in the AM fungus
Rhizophagus intraradices [76] is one such carrier. The uptake of NO;™ is linked to an H"
symporter that alkalinizes the external mycelium. It has been shown that mycorrhizal
roots growing in a NO;~ amended soil induced an initial (30 d) alkalinization of the
mycorrhizosphere, which was followed (at 60 d) by strong acidification. This acidifi-
cation of the mycorrhizosphere would be the consequence of the unmasking of other
cation/anion balances involved in different nutrient uptake processes once the nitrate

is depleted [77, 78].

3. Carbon sequestration

The AM symbiosis represents a significant link between atmospheric and
soil-contained carbon (C). Soil is one of the planet’ largest C sinks. It stores at least
twice as much C as currently occurs in the world’s vegetation plus atmosphere. The
estimated total soil organic carbon (SOC) to 2-meter depth is 2400 Pg, which is three
times the amount of CO, currently in the atmosphere (~830 Pg C) and 240 times
current annual fossil fuel emissions (~10 Pg) [79]. Carbon storage depends on the
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balance between carbon sequestration by plant photosynthesis and carbon release to
the atmosphere through soil respiration [79, 80]. Atmospheric CO, concentrations
will reach 550 ppm by 2100, accompanied by an increase in global average annual
temperature of 4.4 + 0.5°C for 2070-2099 [81]. One of the consequences of this
increase may be increased carbon availability to fungi to develop the mycorrhizal
mycelium [82]. AM fungi receive increased levels of photosynthates under elevated
CO; before other soil microbes [83, 84], increasing AM fungal colonization [85, 86].
Treseder and Allen [87] reported that mycorrhizal dependent plants allocate 5-20%
of the net photosynthate to maintain symbiosis [88] increasing the sink effect and
movement of photo-assimilates from aerial parts to the roots [89]. CO, enhancement
of AM fungi might alter terrestrial ecosystem C dynamics by stimulating the decom-
position of soil organic C in AM fungal active zones [90]. Globally forest soils release
approximately 24Pg carbon per year into the atmosphere via CO, efflux and generate
CO, from a wide variety of belowground organisms, with AM fungi as the dominant
carbon source [91]. Elevated CO, increases allocation to AM hyphae in the soil outside
plant roots [86, 92] due to carbon sequestration [93]. Research conducted in a German
grassland community reported that AM fungi stimulated soil respiration of pasture
soil, leading to elevated CO, levels and temperature, with most carbon sequestered in
belowground parts [94, 95].

High-temperature stress negatively affects plant morphological, physiological, and
biochemical growth, leading to reduced plant productivity [96, 97]. Hatfield et al.
[98] showed that temperatures above 35°C affected maize vegetative and reproductive
growth, from germination to grain filling. Temperature also regulates mycorrhizal
fungal growth and metabolic activity [99], with colonization peaking during the
growing season when temperatures are warm [100]. Changes in atmospheric CO,
concentration and temperature and resulting changes in soil physicochemical prop-
erties and microbial activity [101] can influence mycorrhizal symbiosis on various
scales [102].

Crop growth and development are critical factors in determining the impact of a
changing environment. Increasing temperatures affect all major grain crops [103].
Maize is one of the most important crops grown in tropical countries and tolerates
temperatures up to 32-33°C. Beyond this range, crop growth and yield starts to
decline [103]. Photosynthesis is one of the most heat-sensitive processes in plants
and is essential to maintaining the mycorrhizal symbiosis [104, 105]. The AM fungal
network provides the host plant with nutrients and water from the soils and enhances
the plant’s tolerance to various abiotic stresses [106] and can thus alleviate additional
stress placed on crop plants due to climate change.

4. Tolerance to drought, temperature and salinity

Environmental factors are stressors that impact plant growth [107]. Drought
is a significant challenge [108] resulting from low precipitation and a high rate of
evapotranspiration causing reduction in plant cell division and proliferation of roots,
closure of stomatal pores, changes in plant and water uptake efficiency, and high
production of abscisic acid, which further decreases evapotranspiration by control-
ling stomatal pores [109]. Plants have developed various mechanisms to retain water
under these conditions.

The ability of AM fungi to exploit soil resources assists the host plants’ ability to
grow under drought stress [110]. The AM fungal hyphae can absorb water by entering
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soil pores that are too small for root hairs to access [111, 112]. AM fungal mycelia can
also improve soil moisture retention by enhancing soil aggregation [113]. Glomalin

is a hydrophobic protein [113] present in AM fungal hyphal walls [114], which forms
an insoluble glue with a strong cementing capacity that stabilizes soil aggregates

[92, 115-119]. Glomalin is quantified by measuring several glomalin related soil-pro-
tein (GRSP) pools [92]. The glomalin compound contains 30-40% C, which protects
the soil from drying out [120], 0.9-7.3% of N, 0.03-0.1% of P and metal ions [121].
Hyphae and glomalin contributed up to 15% of soil organic C in a grassland [122].

As aresult, a considerable amount of C allocated to AM fungi is used in glomalin
production, governed by plant productivity [122]. The regulation of plant nutrient
uptake, stomatal conductance, leaf water potential, photosynthesis, and transpiration
[123, 124] help plants to produce significantly higher yields under stressful condi-
tions. The AM fungi modify the root hairs allowing plants to overcome drought [123].
They assist in maintaining high relative water content of the leaf, improving water use
efficiency [125], increasing leaf area, delaying senescence [126] and maintaining ion
balance [127]. Li et al. [128] observed that in the arbuscule-enriched cortical cells and
ERM of maize roots, the expression of two functional aquaporin AM fungal genesi.e.,
GintAQPF1 and GintAQPF2, were enhanced under drought stress. Maize is sensitive
to drought and heat stress, particularly at the reproductive stages of development
reducing grain yield [129]. Some AM fungal species, such as Funneliformis mosseae,
minimize the adverse effects of drought by the accumulation of AA, increase in tre-
halose content and higher trehalase activity [130]; Rhizophagus intraradices increased
plant dry weight, uptake of P, N, K, and Mg in shoot, and water use efficiency [131].

In many parts of the world, maize production occurs in semi-arid environments

where high temperatures and water scarcity [132, 133] are common challenges.

In China 60% of crops in maize growing regions are often subjected to spells

of heat and drought, resulting in 30% yield losses per year [133]. These climate
change-induced stresses will significantly threaten maize yields and decrease

world maize production by 15-20% annually [133, 134]. AM fungi play an essen-

tial role in improving drought tolerance. They mediate the increase in nutritional
status by increasing the developing root surface area, enhancing the uptake of P
[131, 135, 136], increasing resistance to withering [137], increasing proline accu-
mulation levels in roots [138, 139] and by increasing photosynthetic activity as
detected by the increase in chlorophyll [140, 141]. Temperature is another important
environmental factor that determines the growth and productivity of crops [142].
Temperature stress (low and high temperature) can occur during the growing season
[97, 143] resulting in the disruption of physiological and biochemical processes and
functions. This results in injuries such as damage of cell membrane structure and
lipid composition, cellular leakage of electrolytes and amino acids, peroxidation of
membrane lipids, a diversion of electron flow to alternate pathways, denaturation
and aggregation of proteins, redistribution of intracellular calcium ions, inactivation
of enzymes in chloroplast and mitochondria, and production of toxic compounds
and reactive oxygen species (ROS) [97, 136, 144, 145]. AM symbiosis can alter plant
physiology to deal with these stress conditions [146].

Zhu et al. [136] reported that Claroideoglomus etunicatum could be used to reduce
high temperature effects on maize by reducing membrane lipid peroxidation, mem-
brane permeability and increasing accumulation of osmotic adjustment compounds
and antioxidant activity. At 35°C and 40°C, positive net photosynthesis rate, transpi-
ration rate, stomatal conductance, chlorophyll and carotenoid contents, relative water
content and negative intercellular CO, concentrations were recorded [136, 142].
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Soil, water and the environment can influence crop salt tolerance [89]. Among
abiotic stresses, soil salinization is probably one of the most important in the world
[147]. Globally, arid and semi-arid soils are significant factors limiting agricultural
productivity due to the high soil salinity [148]. More than 800 million hectares of
land worldwide is affected by either salinity (397 million hectares) or sodicity (434
million hectares) [149]. The accumulation of soluble salts in the rhizosphere can
reduce water potential and, consequently, water availability to plants. Under such
circumstances, the uptake of these salts can affect the physiological processes of
plants growing in these environments [150, 151] and poses the biggest challenge to
food security [152]. Rhizophagus intraradices and Funneliformis geosporum increased
leaf length, plant height, leaf number, chlorophyll a content, photosynthetic rate,
stomatal conductance, and transpiration rate in maize [106]. Farooq et al. [153] found
that AM fungal colonization and symbiosis improved salt resistance in maize due to
better nutrient availability, increased potassium/sodium ratios in plant tissues, and
better osmotic adjustment.

Increased temperatures and resultant drought and salinity are not the only lega-
cies of climate change. Anthropogenic activities, which include industrial activities

Figure 1.
Schematic representation of the effect of AM fungi on maize crop: (a) extensive roots on plant colonized by AM
fungi, (b) reduced roots on plant with no colonization. (17/02/2021 - Biorender.com,).
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(mining, metal processing, fossil fuel combustion) and agricultural practices (appli-
cation of fertilizers, fungicides, and sewage sludge disposal), have been described as
the primary contaminants of the environment with heavy metals and are not included
in this review [154, 155], however these and other growth benefits to maize are
illustrated in Figure 1.

5. Soil management for enhanced maize production

Severely disturbed land is a global concern because changes in land use are one
of the biggest threats to biodiversity and ecosystem services worldwide. This is
exacerbated by increased demand for agricultural production. Studies conducted
have shown that disturbance not only reduces AM fungal abundance, diversity and
infectivity but can also result in drastic shifts in the AM fungal community [156].
AM fungal hyphae and root litter are the most abundant carbon source in the soil
[157], providing energy for other soil microbes to flourish [92]. They may increase
the diversity and abundance of microorganisms beneficial to plant growth and
health [157]. Hyphae are highly susceptible to disturbance and disturbance results in
reduced infective potential of AM fungi [157]. As the scale of degradation increases,
the abundance and diversity of AM fungi reduces [158].

Tillage management plays a central role in ecological and biological stabil-
ity, which is closely related to soil quality, by influencing the activities of soil
microbial communities [159-161]. Soil disturbance, caused by tillage or plowing,
decrease AM fungal colonization, disrupt AM hyphal networks [162-166], reduc-
ing spore numbers [167, 168], AM fungal species richness [156, 169] and glomalin
production [170].

Conventional or conservation tillage are soil management methods employed
[171]. Conservation tillage results in less disturbance when compared with
conventional tillage and tends to benefit the soil by conserving aggregate stability
and organic matter content [172]. Other reported benefits include higher microbial
biomass in conservation tillage due to less disruption and preservation of the
hyphal network, contributing to aggregate stability [173, 174]. Reduced tillage
increased the abundance of AM fungal and saprotrophic fungal lipids in shallow
soil layers [175].

Soil disturbance reduced P uptake from the soil by maize plants, while the uptake
of P by canola was not affected [176]. Canola, a non-mycorrhizal host plant, supports
the hypothesis that soil disturbance reduces the effectiveness of the mycorrhizal
association. McGonigle et al. [177] found that tillage reduced colonization of maize,
and the P and Zn contents of maize shoots. The alteration of AM fungal communities
by tillage has been reported under field conditions [178]. They demonstrated that
colonization by AM fungi from the genus Scutellospora was depressed by intensive
tillage, while members of the genus Glomus were not affected. Fairchild and Miller
[179] demonstrated improved AM colonization of maize growing in the undisturbed
soil compared to the disturbed soil when amended with P.

Globally, the prevalence of low fertility soils requires amendment with large
amounts of inorganic fertilizers and application of pesticides to achieve maximum
plant growth and crop yield [180, 181]. The excessive and inappropriate application
of chemical fertilizers can cause a series of environmental problems and soil degrada-
tion. Balzergue et al. [182] found that the high P concentrations in plants induced
by high P fertilization inhibited mycorrhizal symbiosis. Symbiosis modulating
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compounds in root exudates such as strigolactone are also reduced under high P con-
ditions [183]. Under these conditions plants are less reliant on mycorrhizal mediated P
uptake and reduce carbohydrate sharing [184-186], this results in a decreased supply
of soluble carbohydrate in roots reducing appressorial formation and new coloniza-
tion [183, 184]. These phenomenal impact AM colonization, arbuscule formation

and active P transfer to plants [187]. Some AM fungi can be relatively susceptible

to fungicides, particularly when applied to the seed or the soil [188] while other
fungicides can also stimulate mycorrhizal growth [189]. Fungicides such as flutolanil,
azoxystrobin, fenpropimorph and fenhexamid can inhibit spore germination of
Rhizophargus irvegularis [190, 191]. The insecticide, oxamyl reduced root colonization
by a commercial Funneliformis mosseae inoculum [192], and azadirachtin inhibiting
Claroideoglomus etunicatum in the field causing a significant shift in the AM fungal
community [193].

The response of AM fungi to agrochemicals is both substance- and dose-depen-
dent. A field experiment showed that most AM fungi belonging to the Glomus group
were sensitive to high levels of herbicide nicosulfuron which accumulated in soil due
to repeated applications in later culture cycles [194]. Atrazine has been used as an agri-
cultural herbicide worldwide, mostly on maize, sorghum, and sugarcane. Studies on
maize showed a significant reduction in AM fungal spores [181] and AM colonization
[195]. Makarian et al. [196] found a significant effect of the herbicide (metribuzin) on
maize dry weight where an increase in herbicide concentration resulted in a decrease
in the maize dry weight. Low herbicide concentrations resulted in increased shoot
height of AM plants than when applied at high concentrations suggesting that mycor-
rhizal fungi can alleviate crop stress under lower doses of the herbicide [196].

The extensive use of agrochemicals reduces ecosystem functioning, contributing
to soil and water degradation [197]. It also exerts deleterious effects on human health,
mainly through the exposure of workers [198-200] and the intake of contaminated
food crops [201]. Therefore, increasingly, the enhancement of more biologically based
cultivation for safer and healthier food is a rising need, along with finding alterna-
tives to replace agrochemicals in plant production [202-204]. The use of biofertil-
izers appears to be a natural option, particularly in low agrochemical input systems,
because of their capacity to maintain long term soil fertility and sustainability by
improving the uptake efficiency and availability of nutrients to plants [205]. Plants
inoculated with AM fungi not only have improved growth but also have superior food
quality properties, such as increased antioxidants, vitamins, and minerals [206]. AM
fungal benefits related to maize are summarized in Table 1.

Monoculture is the cultivation of a single crop over a large area over consecutive
years [241] and was adopted as a means to increase production [242]. Cultivated crops
usually have identical genetic similarities, uniform growth patterns, and resistance
to certain common diseases in monoculture. This system includes crop varieties
uniquely suited to the specific conditions of a particular location [243]. This approach
is criticized for its environmental impacts and is known as one of the major causes of
soil degradation due to nonrotational cropping [244].

Hijri et al. [243] found that in continuous maize monoculture diversity of AM
fungi decreased but found high diversity in long term field experiments where
low-input agriculture involving crop rotation provided better conditions for their
preservation. Sangabriel-conde et al. [245] investigated the AM fungal symbioses in
native maize landraces at different levels of phosphorus fertilization. They showed a
high diversity of AM fungi, most of which colonized several maize varieties, was best
achieved at a moderate P level.

53



Arbuscular Mycorrhizal Fungi in Agviculture - New Insights

Parameter (p/f ) Benefits Reference

Nutrient uptake (p) Increased - N; P; K; Ca; Mg; Na [37, 186, 207-223]

Nutrient uptake (f) Increased - P; K; Ca; Mg; Fe [221, 224-226]

Vegetative growth (p) Increased - shoot and root biomass; root [186, 203, 205, 206-209, 211,
length; plant, leaf and tassel length; stem girth 213, 214, 216, 219, 221-229]

Vegetative growth (f) Increased - shoot and root biomass; root [217, 221, 224, 226, 230-234]
length; plant height; leaf mass and area

Yield (p) Increased - cob and grain yield; number of [215, 221, 235-237]
grains per cob

Yield (f) Increased - cob and grain yield; number of [226, 231, 233, 234, 238]
grains per cob; silage yield

Salinity tolerance (p) Increased - shoot and root biomass; K*; Na*; [208, 211, 239]
root volume and diameter; Reduced Cl and Na
in shoots;

Salinity tolerance (f) Increased — soil macroaggregates; soil bacterial [217,240]

diversity; nutrient uptake; photosynthesis and
chlorophyll; K*; Na*

*p/f indicates whether the experiment was conducted under pot (p) trial or field (f) trial conditions.

Table1.
Compendium of studies showing effect of arbuscular mycorrhizal (AM) fungi on maize.

One of the most important soil properties is its structure [246]. Soil structure
results from the iterations of the soil’s chemical, physical and biological factors
[247, 248]. Soil management practices, especially tillage systems, affect almost all soil
properties, including AM fungi activity, diversity, and glomalin production [248].

Arbuscular mycorrhizal fungi have essential functions in the construction of the
soil structure by acting on the formation and stabilization of the aggregates
[247, 249-251]. The effect of AM fungi on soil aggregation is a result of ERM
growth into the soil matrix creating the skeletal structure that physically entangles
soil particles which along with roots enable microaggregates to form in the soil.
Microaggregates form larger aggregated [251] via the production of a soil glycopro-
tein, glomalin [247, 252-254].

AM fungi account for 5-50% of the biomass of soil microbes [255]. Approximately
10-100 m mycorrhizal mycelium per cm root has been estimated [164], the biomass
of the ERM may amount to 54-900 kg/ha [256]. Rilling et al. [120] estimated that
pools of organic carbon such as glomalin produced by AM fungi might even exceed
soil microbial biomass by a factor of 10-20. Glomalin is present in the soil in large
amounts. The concentration of glomalin in soil depends on the vegetation cover and
the manner of soil management [257] and ranges from 1.6 to 2.3 mg/g soil [258].
Some examples of glomalin concentration in diverse ecosystems include; Agricultural
land 0.3-0.7 mg/g [114, 259]; Boreal forest 1.1 mg/g [260]; Desert 0.003-0.13 mg/g
[170, 261]; Temperate forest 0.60-5.8 mg/g [170, 262, 263]; Temperate grassland
0.23-2.5 mg/g [263-265]; Tropical rainforest 2.6-13.5 mg/g [170, 266] and Antarctic
region 0.007-0.15 mg/g [267]. For example, in the top 10 cm of a tropical rain forest
in Costa Rica up to 12.5 mg of glomalin cmwas reported [266] and up to 60 mg of
glomalin cm™ in a chrono sequence of Hawaiian soils [120]. Glomalin has a longer
residence time in soil than hyphae, allowing for a long persistent contribution to soil
aggregate stabilization. For hyphae, the residence time varies from days to months
[86, 266], while for glomalin, it varies from 6 to 42 years [120]. The effects of AM
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fungi on soil aggregation are probably more easily detected in nutrient-poor soils with
neutral or alkaline soil pH [268]. The management of mycorrhizal fungi and diversity
in the soil can be considered a biological approach to improving soil structure [269,
270]. Improved soil structure results in improved water infiltration and can mitigate
raindrop impact through higher soil stability, increasing resistance to slaking and
reduced particles detachment [271]. Significant decreases in AM fungi hyphae and
GRSP concentrations have been correlated to losses of C and N protected in macroag-
gregates as a result of reduced aggregate stabilization [272].

Maize is an obligatory mycorrhizal species (Table 1) readily colonized by many
non-host-specific AM fungi [273]. Agricultural techniques employing direct sowing
and reduced tillage interfere as little as possible with the soil structure and do not
cause tearing of the trunks of mycorrhizal fungi [273, 274] resulting in an increase
and activity of soil microorganisms and enzymes, especially in the top 20 cm layer.
Roldan et al. [275] examined the effect of different management practices on the soil
profile distribution of organic matter and physical and microbiological soil quality
indicators in a maize field under subtropical conditions. They concluded that the
tillage system significantly affected aggregate stability and glomalin. The increases
in glomalin suggested that the proliferation of AM fungi could have mediated the
improvement in soil aggregate stability under no-tillage. Investigating the influence
of tillage and no-tillage on the mycorrhizal status of a field cultivated with maize or
bean [276] revealed that GRSP was greater under no-tillage Maize plants (with a root
mass of 450 g m~) had a more marked effect on improving soil aggregate stability
than bean plants (with a smaller root mass of 42 g m~).

6. Conclusions and recommendations

Adoption of good agriculture management practices can increase productivity,
reduce erosion, increase soil fertility, and increase the soil’s water-holding capacity. For
farmers, it is often easier to use the agricultural systems that they are familiar with and
that are supported by existing research and existing industries rather than search for
the necessary solutions. Some of these systems do not consider the differences of the
agroecological zones, cultures and resource limitations which tend to fail in most of
the areas where they are applied. Improved soil fertility is critical. Therefore, strategies
must include biologically based systems to rebuild soil fertility. Populations and space
pressures are forcing farmers to use land more intensely. Reducing land degradation
and replenishing soil fertility requires an integrated sustainable approach that pro-
motes agricultural management practices that enhance AM fungal diversity. AM fungi
are a key ecosystem partner that relates to sustainable management in their activity
contributing to many ecosystem functions, including soil aggregation, reduced nutri-
ent losses, and improved plant nutrient acquisition, which may reduce the amounts of
fertilizer required to achieve elevated yields. Because mycorrhizal networks can create
indefinitely large numbers of fungal linkages connecting many plants in a community,
AM fungal formation could be a critical element in the plant succession of ecosystems
and reducing greenhouse gases. The distribution pattern of AM fungi and glomalin are
helpful components in monitoring desertification and soil degradation [277].

Mitigating of climate change cannot ignore the role of AM fungi and their sym-
biotic interaction with important crops such as maize. Adoption of soil management
approaches that sustain AM fungal populations whether indigenous or introduced are
therefore essential.
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Abstract

Saffron cultivation is an important alternative for marginalized areas. Due to low
soil fertility and low water availability, arbuscular mycorrhizal fungi are an essential
alternative for maintaining fertility and water economy, stimulating growth and
protecting plants against soil diseases. Studies on the diversity of endomycorrhizal
fungi in the rhizosphere of Crocus sativus in Taliouine (Tinfat), located in Morocco,
revealed the impact of age saffron plantations. A greater endomycorrhizal fungi
density was recorded in the rhizosphere of saffron plants from plots operated for 2
years (138.66/100 g of soil) over that occupied for 10 years. Seventeen morphotypes
of collected spores belong to 5 genera: Glomus (seven species), Acaulospora (seven
species), Rhizgophagus, Densicitata, and Funneliformis (one species). The weak
endomycorrhizal species richness can be explained by the accumulation of C. sativus
residues over time and its allelopathic effect. The beneficial effect of composite
endomycorrhizal inocula, originating from Moroccan saffron plantations, was obvious
in the growth of saffron plants, mother bulb number, the leaves length, root, and
vegetative masses. These inocula mycorrhized over time saffron plants’ roots and can
sporulate at the level of the rhizosphere of these plants. The use of composite inocula,
as biofertilizers, can be one of the solutions for sustainable agriculture.

Keywords: Morocco, saffron, diversity, endomycorrhizal, composite
endomycorrhizal inoculums, growth parameters, bulb multiplication

1. Introduction

Saffron (Crocus sativus L.) is an autumn flowering plant from the Iridaceae family,
renowned worldwide for its red stigmas, which represent the most precious spice in the
world [1], a kilogram of good quality saffron produced from C. sativus can cost over
2000 US dollars. Approximately 150,000 flowers are needed to produce 1 kilogram of
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dried saffron, and to growth is amount one would typically require some 2000 m” under
cultivation per kg harvest [2, 3]. It has been cultivated in the Mediterranean area and
Near East since the ancient period, used as a condiment for food, as a dye for textiles, and
in traditional medicinal preparations [4]. Nowadays, saffron cultivation gaining interest
due to its beneficial health effects, including antioxidant, anticancer, anti-inflammatory,
and anti-depressive properties [5]. Iran, India, Greece, Morocco, and Spain are the main
saffron-producing countries, with respective average annual productions of 180 tons,

9 tons, 5.5 tons, 3 tons, and 1 ton, recorded over the period 20042008 [6]. Saffron is also
grown in small areas in Azerbaijan, Afghanistan, France, Switzerland, Italy, Turkey,
Australia, and China [1, 3]. In recent years the productivity in Iran has increased enor-
mously, Nevertheless, Spain remains the country most associated with this spice, notably
thanks to its main production area, this position makes Spain currently control the world
market of saffron and more particularly that of the United States, considered to be the
main market of Spain [3], packs and re-exports about 40-50% of Iranian saffron. The
United Arab Emirates is also an important importer of Iranian saffron [7].

Saffron is a hardy plant that thanks to its morphology and physiology can with
stand very severe climatic conditions [8]. In Morocco, the saffron sector represents a
major challenge for this local product both economically and socially. This sector is a
promising way to reduce poverty and income inequalities in saffron-growing areas.

Indeed, it is one of the pillars of the economy of the Taliouine-Taznakht region,
which is characterized by difficult soil and climate conditions [9], high rates of
poverty and income inequality, and a high level of the rural exodus [10].

The annual production has increased according to ANDZOA from 3 tons of dry
stigmas and an area of 600 ha in 2009 to 6.8 tons and about 1800 ha in 2018. The
cultivation of saffron has been extended and intensified in recent years (Green
Morocco Plan). The objective is to reach 9 tons in 2020 according to the contract
program signed in 2016 between the Moroccan Interprofessional Federation of
Saffron and the government. The cultivation area in Morocco is concentrated in the
area of Taliouine-Tazenakht (Figure 1).

Casablanca- Seltal

L*Oriental

Béni Mellal - Khénifra

Marrakech - Safi
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Figure 1.
Geographical distribution of saffron production area in Morocco.
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According to the Regional Office of Agricultural Development (ORMVAO), the
region of Souss-Massa ensures about 95% of the national production of saffron, which
represents an annual turnover of 75 million DH. Around Two-thirds of the production
is destined for the international market.

Moroccan saffron has a great reputation at national and international levels [11].
Data from the ‘Office des Changes du Maroc’ show that the main destination for
“Moroccan” saffron is France. These data also show (mass imports registered with the
customs services and which come essentially from the Islamic Republic of Iran or
Greece. These quantities are redirected to Qatar or other lesser-known destinations.
This intruding mass is cheaper, but affects the reputation of Moroccan saffron and
competes with local productions.

Saffron cultivation management depends on the development of new technical
production practices adapted to the pedoclimatic conditions of traditional areas for
this crop. Among, the major constraints that limit its production and productivity is
poor management of saffron cultivation, as it involves in adequate plant population,
the incidence of corm rot disease [12], nutrient depletion, and lack of irrigation
facilities. Moreover, environment and cultivation management affect strongly
flower induction in C. sativus [13]. Accordingly, Increasing saffron yield and qual-
ity, reducing production costs, and flowering modulation may need new technology
implementation as proposed in the Mediterranean environment viz., soilless culti-
vation systems were proposed but only limited and controversial reports are present
in literature. Another option for saffron plant performance is through the use of
biostimulants, or microorganisms applied to plants to enhance nutrition efficiency,
abiotic stress tolerance, and/or crop quality traits, regardless of the irnutrient con-
tent. Soil microorganisms such as arbuscular mycorrhizal fungi (AMF) can form a
mutualistic symbiosis with about 80% of land plant species, including several crops
[14]. This association provides ecological stability to the environment [15, 16], and
enhances water and nutrient uptakes such as phosphorus, nitrogen, and
micronutrients, thus improving plant growth and resistance to biotic and abiotic
stresses [17, 18].

This chapter presents an overview of saffron cultivation in Morocco and informa-
tion on the diversity of arbuscular mycorrhizal fungi in the Taliouine region. Inocula,
based on these fungi, originating from the saffron rhizosphere, were tested to promote
plant growth and bulb production and multiplication.

2. Mycotrophic nature of Saffron plants

As saffron does not grow from seeds, reproduction is only possible by
vegetative propagation, using the corms which can withstand a long dry dormant
period before sprouting. Thus, corms are indispensable to saffron propagation
reproducing vegetatively into corm lets that ultimately develop into new plants
(Figure 2) [19].

The traditional area of saffron production in Morocco is characterized by very poor
soils, however, the rhizosphere of cultivated saffron supports very interesting
populations of microorganisms such as endomycorrhizae that are supposed to be
essential for plant growth and ecosystem functioning.

Like most geophytes, saffron produces a coarse root system; these root systems
have under gone extensive mycorrhization and benefit from this symbiosis [20].
Indeed, field-grown saffron is extensively mycorrhized [21, 22]. The Saffron plant
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Figure 2.
A, B: Saffron fields in Talouine region; C: Saffron plant at flowering stage.

shows a high incidence of AMF colonization. It was observed that the corm, despite
being the modified stem, shows AMF colonization [23]. Morphological examination of
fine roots comprised in rhizospheric soil samples collected in October 2020 from 15
different plots of saffron located in the Taliouine area (Morocco) under light micro-
scope revealed the presence of AMF structures inside the examined roots which
showed different colonization levels (Figure 3).

Ourras et al. [24] pointed out a high mycorrhization rate of 95.02% which reflects
the inoculum pressure or propagules rate infecting the surrounding substrate. Likewise,
El Aymani et al. [12] have reported different root mycorrhizal frequencies of 93.33%
and 96.67% associated with the rhizosphere of C. sativus grown in the Taliouine region.
This mycorrhizal colonization demonstrates relevant interaction between C. sativus
roots and native endomycorrhizal populations under field conditions through which
mechanisms such as modulation of water transport [25], nutrient acquisition [26], and
stimulating the exudation of root phosphatase [27, 28] under drought conditions, are
active in mycorrhizal plants to alleviate environmental stressors.

With the identification of native arbuscular mycorrhizal fungi and their applica-
tion, it could be possible to expand the saffron cultivated area and increase the
performance of arable lands.
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Figure 3.
AMF structures inside the examined roots of saffron plants grown in fields in Taliouine regions.

3. Diversity of arbuscular mycorrhizal fungi from moroccan saffron
plantations areas

The knowledge of the current richness of Glomale an AM fungi (Glomerales;
Glomeromycota) and biological diversity associated with plants grown in adverse
environments could be necessary to expand the cultivated area and increase the
performance of arable lands.

AMF diversity has been scarcely studied in the Taliouine-Taznakht region where
saffron cultivation is exclusively concentrated [29].

This diversity was unveiled by direct spore isolation and morphological character-
ization of rhizospheric soil and roots samples from different sites in the main saffron
production region. A variety of endomycorrhizal fungi has been noted in the rhizo-
sphere of C. sativus grown in the Taliouine region (Tinfat) (Figure 4) [30]. These
authors have detected 36 morphologically distinctive AMF species that were directly
retrieved from field samples. All the encountered species in the different studied sites
belong to six genera: Glomus (14 species), Acaulospora (10 species), Scutellospora
(6 species), Gigaspora (2 species), Pacispora (2 species), and Entrophospora (1 species).
The genus Glomus was the most dominant, it occurred in all studied sites with a
proportion of distribution that varies between 8.33% and 30.56%.

A low number of AMF species have been reported by Ourras et al. [24]. Chamkhi
et al. [31] detected 11 species of AMF spores among which Funneliformis and
Rhizoglomus species were the most abundant (>35%). Yang et al. [32] reported that
AMF soil community evolved in the function of environmental conditions. Another
factor affects AMF survival and community composition in association with the
saffron crop.

3.1 Age of plantation

Age of plantation seemed to be affected the richness of AM fungi, spore density
and root colonization rates [12, 24, 31]. Indeed, the greatest richness of AM fungi was
registered in the site at 4 years of successive exploitation by saffron (24 species),
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Figure 4.
Some indigenous endomycorrhizal fungals pecies isolated from the rhizosphere of Crocus sativus grown in
Taliouine areas.

followed by the site at 6 years of occupation by saffron (21 species), while the lowest
number of species was recorded at the sites of two, three and 10 years of soil use by
saffron [33]. According to Yu et al. [34], stand age significantly changed the structure
of the AM fungal community. The increase of spore density with field age has been
cited in previous literature reviews [35, 36]. Rengifo-Del Aguila et al. [37] found that
intra-radical colonization and AM fungal phylogenetic diversity increased with plan-
tation age, while AM fungal richness was still constant across time but a significant
compositional turnover was detected.

Many studies have demonstrated that the shift in the AM fungal community over
ecological succession is associated with variations in soil properties induced by stand
age, such as soil texture [38], pH [39], and nutrient availability [40]. Kriiger et al. [41]
pertain that P has become increasingly limited in old soils as the amount and
availability of P declines over time. The changes in soil’s chemical and physical
properties can play an important role in decreasing saffron yields even after 6 years of
cultivation [42].

4. AMF as biofertilizers on Saffron

Regarding the biological activity, as biofertilizers, AMF offers a way to replace, at
least partially, the use of chemical fertilizers and pesticides seeing their fatal effects on
the environment and health. In low soil fertility of saffron cultivation areas [43, 44],
they can serve as an AMF inoculum which may be part of the solution for sustainable
agriculture. Cases in point showed successful application on saffron production under
controlled conditions.
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4.1 Corm production

In addition to the spice yield, another economically important attribute of saffron
is the number of replacement corms. Corms inoculation by composite AMF inoculum
significantly initiated and stimulated the production of new corms (Figure 5) [30].

Such promoting effect of AMF on initiating the new underground stem propagules
was observed previously too [18, 45-47]. Considering that tuber initiation in potato is
hormonally mediated [48], it may be that in the present study too AMF affected
hormone balance in the saffron plant, leading to earlier initiation and production of
corms. Inoculation of corms with spores has enhanced the growth of corms and the
number of spores per 10 g soil and results recorded as 13-52 with the highest occur-
rence in December—January [49]. Caser et al. [50] approved the fact that AMF sym-
biosis enhanced the production of replacement corms and reduced the occurrence of
fungal diseases.

4.2 Growth response

Although AMF increased the number of corms produced, it increased also shoot
fresh weight and root dry weight [51]. A significant increment of the overall growth
parameters such as length of aerial and below ground of saffron plants occurred too
after AMF colonization [30].

The use of arbuscular mycorrhizal symbionts as biostimulants positively affected
saffron cultivation, improving the crop performances and the content of important
nutraceutical compounds. In particular, the inoculum composed by R. intraradices and
F. mosseae increased flower production and saffron yield [52]. Such compatibility
between AMF fungi and host plant was previously observed in other plants also such
as onion [47] and Potato [18] cultivars.

Van der Heijden et al. [53], found that in the grassland ecosystem, inoculation of
14 AM fungal species increased plant diversity by 105% and plant productivity by 42%
compared to that in the ecosystem inoculated with only 1 AM fungal species. A study
has also revealed that different AM fungi can absorb P at different distances from the

Figure 5.
New bulbs production; M: Inoculated plant; C: Control.
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root of the plant, making the host plants inoculated with mixed AM fungal species
grow better than those inoculated with AM fungal species.

Variations in the growth of saffron plants are possibly observed as a function of the
age of saffron plantation as seen below (Figure 6).

Figure 6.
Performance of Crocus sativus plants as affected by the presence of AMF and age of saffron plantations.

Figure 7.
Different structuves of endomycorrhizal fungi colonizing the voots of Saffron plants 4 months after corms
inoculation: Arbuscules (a), Spores (s) and intra-vadicular hyphae (h) (G x 400).
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Figure 8.

Quelques morphotypes de spoves rencontvés au niveau de la rhizosphére des plants du safran provenant des cormes traitées
avec un inoculum endomycorhiziens (S4), apres quatre mois de culture. 1: Rhizophagus intraradices, 2: Glomus
lamellosum, 3: Funneliformis geosporum, 4: Densicitata nigra, 5: Glomus microcarpum:, 6: Glomus deserticola.

4.3 Root colonization with AMF after corms inoculation

The positive influence of AMF on plant is otherwise viewed in roots, at this
level, mycorrhized plants are shown if they have been able to establish a strong
mutualistic relationship with composite AMF inoculum. Four months after inocula-
tion in potted culture, the roots of the plants from the inoculated corms are richly
mycorrhized and showed numerous arbuscules and vesicles with extended
hyphal colonizing groots. Arbuscules and spores were the most dominant structures
(Figures 7 and 8).

5. Conclusion

The growing interest in knowing and safeguarding the biological diversity associ-
ated with certain arid environments may contribute to improving ecologically the
yields of agricultural crops. In the case of saffron, the rhizospheric soil harbored a
diversified AMF community and its application as composite inoculum in substrate
culture pertains a potential performance on growth and plant succession. As a per-
spective, future studies should be focused to know the influence of AMF on the
growth of the saffron plant in open field conditions.
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Abstract

Climate change and agricultural practices like unrestricted utilization of insecticides
especially fertilizer and pesticides have amplified the effects of inanimate stress on the
productivity of crops and degraded the environment. The need of the hour is to adopt
eco-friendly crop management techniques, including the usage of arbuscular mycor-
rhizal fungi (AMF). AMFs are frequently referred to as bio-fertilizers. Mycorrhiza
improves the movement and absorption of nutrients from soils, thereby limiting the
demand for artificial fertilizers and avoiding the accretion of nutrients in soil. Reduced
fertilizer use reduces the effects of fertilizer runoff and leaching on water quality and
serves as a cost-effective method for farmers. Inanimate stressors (such as salt, drought,
heat, cold, and mineral shortage) have emerged as the most serious dangers to global
agricultural productivity. These stresses induce ion toxicity nutritional imbalance,
hormonal inequalities which in turn influence plant growth and development, matu-
rity, productivity etc. Some beneficial microorganisms, such as mycorrhizal fungi,
live in mutualistic association with the roots of host plant in the rhizospheric region.
Mycorrhiza significantly improves host plant resilience to a variety of animate and
inanimate stresses. This chapter emphasizes the relevance of mycorrhizal fungi in stress
reduction and their beneficial impacts on plants’ production, growth and enlargement.

Keywords: arbuscular mycorrhizal fungi, plant growth, abiotic stresses, drought,
salinity, temperature

1. Introduction

Agriculture production is declining globally, owing primarily to animate and
inanimate pressures. Inanimate stressors inhibit plant enlargement, expansion of
plants various levels like biochemical and molecular, resulting in massive drop in
crop production [1]. Fungi and bacteria make up the large component of rhizo-
spheric associated microflora and play an critical part in growth and development
of plants. Mycorrhizal fungi live in mutualistic association with host plant roots,
complementing and increasing plant growth, rate of production, and resistance;
however, recent research indicates that mycorrhizal fungi also create induced
systemic tolerance (IST) to animate and inanimate stimuli. Mycorrhizae improves
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absorption of nutrients and movement from soil, limiting the requirement for
chemical fertilizers and preventing nitrate and phosphate increases in agricultural
soils. Reduced fertilizer use decreases water contamination from fertilizer runoff
and leaching, which benefits farmers’ economies. Abiotic stressors have emerged

as major risks to global agriculture output. These stresses, either alone or in con-
junction, regulate critical metabolic activities of plants by producing physiological
disturbances. The Fungi (mycorrhizae) in symbiotic connection with plant roots
enhances contact area of roots, allowing efficient absorption of mineral and water
from huge soil volumes. This obligatory mycorrhizal connection improves nutrition
and water accessibility while also protecting the plant from a number of inanimate
challenges [2]. Some activities employed by arbuscular mycorrhizal fungi (AMF),
under particular circumstances including the synthesis of metabolic substances

viz. amino acids, vitamins, photohormones, and solubilization and mineralization
processes describe the growth promotion caused by this association [3]. AMF has
also been shown to impact the manifestation of many reactive oxygen species (ROS)
safeguarding enzymes produced due to various stresses [4]. Besides giving nutri-
tional and structural advantages to plants, the other advantages provided include
secondary metabolite production/accumulation for osmotic regulation, enhanced
cycling of nitrogen, rate of photosynthesis, and tolerance to animate and inanimate
stresses. Numerous investigations have found that AMF have the capacity to enhance
tolerance against various animate as well as inanimate stresses like heavy metals,
drought, and salinity, and pathogen attack [5].

2. Arbuscular mycorrhizal fungi

Arbuscular mycorrhizae fungi (AMF), are beneficial organisms and play an
important part in plant nutrition and performance. The interaction of AMF sym-
biosis with positively charged bivalent (Ca2+, Fe2+) and trivalent cations (Al3+)
improves immobile absorption and insoluble phosphate ions in soil [6]. The ability
of AMF to evolve exterior hyphae networks that can increase external area approxi-
mately 40 fold and expose soil volume for absorption of nutrients by generating
enzymes or releasing organic compounds is the primary function in this mutual-
ism [7]. AMF can produce phosphatises to disintegrate phosphate from organic
phosphorus containing compounds, increasing productivity in hard environments
(deficiency of phosphorous). Extra radical hyphae are thought to be important in
terms of ammonium absorption, mobilization of fixed microelements viz. Cu and
Zn, and other cations from the soil like potassium, Magnesium, iron and calcium.
Reports reveal that AMF promotes plant nutrition, when used as biofertilizer and
hampers plant hormone balance, which regulates plant development (bioregula-
tors) and lessens the influence of external pressures that is bio protector. This boosts
biomass and yield while causing changes in several quality indicators [8]. AM fungi
develop intimate association with host plants through intracellular structures called
arbuscules in cortical cells of roots thus referring as symbiotic biotrophs. AMF are
soil inhibiting fungi with the potential to boost nutrient absorption in plants and
resilience to a variety of inanimate stressors [9]. Furthermore these depend on
metabolic products of host produced during photosynthesis for completion of their
life cycle, hence referred as obligate biotrophs. AMF provides growth benefits to
plants through two ways viz., by improving water and mineral nutrient absorption
from the surrounding soil and by protecting them from fungal infections [10]. Asa
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result, AMF are beneficial endosymbionts that contribute to plant productivity and
ecological function. They are critical for sustainable agricultural production [11].

3. Mechanism of mycorrhizal association

Arbuscular Mycorrhizae fungi completely rely on host plants for their nutrition
hence referred to as obligate biotrophs. The various stages involved in symbiosis are

Stage 1: This is a very vital stage of the colonization process in which fungi scout
for host plant.

Stage 2: The second stage involves the invasion of host roots by fungi for coloniza-
tion and development.

Few chemical substances known as bioactive agents are produced by special cells
or tissues that persuade different organisms to function. Similarly, substances such
as strigolactones produced by the roots enable fungi to recognize their host as well
as induce enlargement and expansion. The fungi respond to these stimuli by releas-
ing a series of factors referred to as Myc (Mycorrhizal Factors) which also have a
critical part in the interaction between AM fungi and nitrogen-fixing bacteria. This
association is facilitated further through the production of seven genes (SYM genes)
[12]. After spore germination, few hyphae branches approach the root of host and
enter into the cortical cell wall and finally invade the internal cortical cells resulting
in the formation of a greatly branched structure called arbuscular, which acts as an
platform for nutritional exchange [13]. The Myc impulses are recognized by Myc
Factor Receptor(s) of host which leads to the release of cytosolic calcium in root
cells. Another membrane-based protein (SYMPK) is stimulated, which encodes for
areceptor-like kinase having the ability to identify fungal signals. SYMPK has the
potential to convert these impulses from the cytoplasm to the nucleus by phosphory-
lation of unrevealed substances through its kinase domain [14]. The localization of all
downstream elements present in the cytoplasm stimulates the fast impulse transmis-
sion between the cells and nuclei, this continuous to and fro moment of Ca2+ con-
centration is possible due to alternate action of Ca2+ channels and transporters. The
calcium to and fro moments are coded by a Calmodulin-Dependent Protein Kinase
(CCaMK). CCaMK phosphorylates the product of one of the SYM genes (CYCLOPS).
This ultimately results in the control of other genes and consequently root coloniza-
tion [13]. The mutualistic interaction of Arbuscular Mycorrhizal (AM) fungi and
the roots of higher plants is of broad nature. Various studies have revealed that AM
symbiosis is a principle component to overcome various stresses and in enhancing
tolerance against various stresses by bringing modifications in phonology of host.

4. Role of AMF as a bio-fertilizer

Biofertilizer is a combination of naturally existing substances utilized to
enhance nutrient status of soil. These fertilizers are of remarkable significance to
soil microflora and fauna as well as the efficient growth of plants [15]. Nearly from
two decades, research investigations have focused on their multiple benefits to soil
microflora and fauna and productivity. As a result, it is extensively assumed that
AMF will be investigated as a substitute for inorganic fertilizers in the coming years,
because mycorrhizal treatment can cause an efficient reduction in the quantity of
chemical fertilizer input used, primarily phosphorus [16]. Constant use of inorganic
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fertilizers, herbicides, and fungicides has generated several difficulties for soil,
plant, and human health, owing to their negative impact on food quality, soil micro
biota, and air and water environment [17]. For excellent agricultural production,
AMF is believed to have the tendency to decrease the need of chemical fertilizers by
50%, however it alters with the type of species and existing stress conditions. AM
escalates the absorption efficiency of host plant roots 10 fold [18] and the effec-
tiveness of immobile nutrients by 60 fold owing to penetration in to the nutrient
depleted areas of soil. It has been reported that maize plants growing in loamy sand
texture soil under water stress absorbed more phosphorus when inoculated with
Glomus etunicatum compared to non-mycorrhizal plants [19]. Moreover Mycorrhiza
has the potential alter the concentration of organic matter thereby plays a tremen-
dous role in storage of carbon in soil [20] and changes the kinetic characteristics of
roots resulting in nutrient uptake, thus it is clear indication the mycorrhiza has great
role in enhancing productivity and cycling of nutrients [21, 22].

4.1 AMF and mineral nutrition

AMF colonization is widely thought to promote plant nutrient absorption. It
is well known fact that inoculation with AMF can result in adequate escalation in
accumulation of various macro- and micronutrients, leading to increase in produc-
tion of photosynthates and thus enhanced biomass accumulation [23]. AMF have
the capacity to escalate the absorption of inorganic substances, notably phosphate,
in practically all plants [24]. AMF are also particularly productive at assisting plants
in absorbing nutrients from mineral deficient soils. Apart from macronutrients, the
association of AMF has been described to inflate the phyto-availability of microele-
ments viz. Zinc and Copper [21, 22]. AMF increases the surface absorbency of the
roots of host plant. Inflation in photosynthetic activity and other foliage activities are
clearly related to an increase in the occurrence of AMF inoculation, which is clearly
related to absorption of carbon, nitrogen and phosphorus, which approaches towards
roots and increase tuber enlargement. AMF has been found to balance the absorption
of nitrogen and phosphorus, thereby aiding plant enlargement at both high and low
concentrations of P under diverse irrigation regimes.

The enhancement of growth in plants by fungi is more remarkable in tropical soils
than temperate areas because of inherently low fertility in tropical areas. The phos-
phatic fertilizers added to the soil are fixed and became unavailable for plants, under
low pH phosphorus gets fixed with Fe and Al and under high pH it gets fixed with Ca
[25]. AM fungi has the ability to improve P- nutrition in plants through the enlarge-
ment of hyphae far off the root system, which permits investigation of fixed minerals
[26]. The most significant function of AM is to improve Uptake of P in plants from
low P concentrated areas owing to the greater surface area of hyphae and uptake
mechanism. The mycorrhizal associated plants show rapid movement of P from roots
to above ground parts because of steep gradient between the two. The steepness is due
to rapid conversion of inorganic P in the above-ground parts compared to roots. AM
also acts on phytate minerals (source of organic P) through the production of acid
phosphatize to liberate the H2PO4 ions [27].

4.2 AMF and plant yield

Useful root zone microflora besides improving the nutrient content of crop,
improve crop standard as well. For example, reports have revealed that colonization
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Figure 1.
A diagrammatic illustration of mycorrhizal roles in regulating numerous ecosystem processes and promoting plant
development under abiotic stress conditions.

of strawberry with AMF escalated the concentration of secondary metabolites, lead-
ing to better antioxidant activity [28]. AMF has the potential to enhance nutritional
standard by influencing the synthesis of carotenoids and other volatile chemicals.
Further research [29] found that Glomus versiforme had higher levels of sugars,
organic acids, vitamin C, flavonoids, and minerals, resulting in higher standard of
citrus fruits. Mycorrhizal symbiosis increases anthocyanins, chlorophyll, cartenoids,
total soluble phenolics, tocopherols, and a variety of mineral nutrients. Rouphael

et al. [30] revealed that AMF might mitigate inanimate pressue by regulating soil pH
and so preserving its horticultural value (Figure1).

5. AMF and abiotic stresses
5.1 Drought

Drought is the dearth of sufficient levels of water in the root zone for normal
functioning of plant. It is also referred as water deprivation or water stress. Drought
stress effects in plants emerge due to deficiency of water in the rhizospheric region,
a high transpiration rate, or the rapid formation of reactive oxygen species (ROS),
and the subsequent onset of oxidative stress [31]. Drought stresses have a negative
impact on expansion on plants owing to alteration in enzymatic activity, Ion and
mineral absorption [32]. Symbiotic associations are thought to govern a number
of physio-biochemical processes in plants, including greater osmotic adjustment,

99



Arbuscular Mycorrhizal Fungi in Agviculture - New Insights

stomatal regulation through modulating ABA metabolism, increased proline buildup,
and higher glutathione levels. Under drought conditions, the symbiotic connection of
numerous plants with AMF may eventually boost biomass, LAI, length of roots and
efficiency [33]. Li et al. [34], reported that in C3 plants viz. Leymus chinensis and C4
plants viz. Hemarthria altissima the growth and photosynthesis was enhance by AMF
mediation through up-regulation of antioxidant system. Abiotic stressors like salt
and drought generate significant decline in agricultural return. Furthermore, mineral
depletion, water stress, salt stress and increase in pH, the existence of trace elements,
and elevated temperatures are major issues in numerous regions of the world, espe-
cially in dry regions [35]. This mutualistic interaction has been reported to participate
in a variety of biochemical and physiological activities, including (1) direct absorp-
tion and transfer of water and minerals by mycorrhizal fungi, (2) enhanced osmotic
regulation, (3) improved gas exchange and Efficiency of water utilization, and (4)
strong defense in opposition to oxidative destruction [36]. In contrast to non-mycor-
rhizal plants, mycorrhizal fungus can also change water control in plant growth by
altering hormonal equilibrium signaling or by stimulating osmolytes in mycorrhizal
plants (increased vigor or volume of products of photosynthesis and dissolvable
sugars in the foliage symplasm). In drought conditions, AM inoculation of plants
improved size and density of root hairs. These plants also have higher concentrations
of methyl jasmonate, IAA, calmodulin, and nitric oxide in their roots, resulting in
enhanced resistance to drought stress [37].

5.2 Salinity

Soil salinization is a well-known environmental phenomenon that poses a serious
danger to international food safety. Salinity stress is common for suppressing plant
growth by altering vegetative development and overall absorption rate, leading to
lower quantity of yield. It also stimulates the extravagant production of reactive
oxygen species. The resistance to salinity involves Na + and ClI- storage in cell vacu-
oles, which prevents Na + entry into the cell and its removal by transpiration. Efforts
are being undertaken to investigate potential methods of increasing agricultural
output on salt-affected soils. One such option is to apply AMF sparingly to reduce
the negative effects of salinity on plants. Some research investigations have estab-
lished the effectiveness of AMF in initiating growth and increasing production in
plants subjected to salt stress [38]. EL-Nashar [39], demonstrated that MF increased
enlargement rate. Foliage water potential, water utilization potential of Antirrhinum
majus plant. Under saline conditions, mycorrhizal inoculation significantly increased
rate of photosynthesis and other gas exchange properties, chlorophyll concentration,
and water utilization potential in Ocimum basilicum L. [40]. Furthermore, Plants
with AMF produce more jasmonic acid, salicylic acid, and other vital inorganic
nutrients. Under salt stress conditions, for instance, total N, P, K+, Ca2+, and Mg2+
concentrations were more in AMF-treated Cucumis sativus plants than in untreated
plants [41]. AMF inoculation can efficiently modulate critical growth regulator levels.
Furthermore, AMF inoculation increased the build up of different organic acids, lead-
ing to enhanced osmoregulation mechanism in plant growth under salt stress. Salinity
has an impact on crop morphology, physiological function, and yield, as well as a large
amount of arable land. It has been discovered that tomato plant production is maxi-
mum at salinity concentration of 5 dSm™", however Salinity has been shown to reduce
foliage area and dry matter concentration. Furthermore, the foliage was shown to be
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more vulnerable to salinity stress than the fruits because they contained more proline
and Na [42]. Salinity influences all stages of plant growth, including germination,
seedling, vegetative phase, and maturity. Salinity disrupts plant ionic adjustment and
osmotic pressure, as well as cell membrane selectivity [43]. Salinity disrupts plant
ionic homeostasis by amplifying ROS (reactive oxygen species), that negatively influ-
ences nutrient absorption, cell membranes, and different ultra structures, resulting in
ionic and osmotic stress [44].

5.3 Heavy metals

AMF is commonly thought to reinforce plant development in heavy metal-
contaminated soil owing to their ability to build up defense system of host plants and
growth and development promotion. These trace elements accrete in all crops viz.,
(food crops, fruits, vegetables) and soils, giving rise to a variety of health risks. Under
aluminum stress, the interaction of AMF with whet improved nutrition absorption
[45]. Plants planted in soil augmented with Cd and Zn showed remarkable inhibi-
tion of under and above ground growth, chlorosis, and even mortality [46]. The
significant effect of AMF on plant development and growth under acute stressful
circumstances is usually due to the tendency of fungi to augment morphological and
physiological processes that enhance plant biomass and, as a result, absorption of
critical immobile elements like Cu, Zn, and P, resulting in decrease in harmful effects
of metals on the host plants [47]. Decrease in concentration of metals by dilution in
plant tissues and chelation in the root zone is believed to cause enhanced growth.
AMF blend with Cd and Zn in the cell walls of mantle hyphae and cortical cells, limit-
ing their absorption and leading in increased growth, yield, and nutritional status.
AMF were highly effective in decreasing Cd detoxifying levels in rice [48]. Numerous
processes occur as a result of the AMF, including metal compound immobilization/
restriction, polyphosphate granule formation in the soil, adsorption to fungal cell wall
chitin, and heavy metal chelation within the fungus.

5.4 Temperature

Plant community reactions to rising soil temperatures may be based on AMF
interactions for long-term yield and production [49]. Heat stress has a remarkable affect
on plant growth and development through different processes viz. (1) drop in plant vigor
and seed germination inhibition, (2) retarded growth potential, (3) diminishing biomass
(4) wilting and burning of foliage and reproductive parts, (5) abscission and senescence
of foliage, (6) fruit destruction and change in color, (7) yield loss and cell death, and
(8) increased oxidative stress. AMF-inoculated plants typically develop faster under heat
stress than non-AMF-inoculated plants. Maya and Matsubara [50] demonstrated the
symbiosis of AMF Glomus fasciculatum with plant expansion and enlargement, result-
ing in favorable alterations in growth under high temperature situations.

AMF can help plants tolerate cold stress. Furthermore, according to the major-
ity of reports, diverse plants inoculated with AMF at low temperatures show good
growth than non-AMF-inoculated plants [51]. AMF helps crops fight cold stress and
subsequently improves plant development. Furthermore, AMF can regulate moisture
content in the host plant, leading to escalation in plant secondary metabolites, so
strengthening the plant defense system, and enhanced protein concentration,
thereby assisting plants in combating cold stress situations [52]. During cold stress,
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Figure 2.
Temperature stress in plants is alleviated by AMF inoculation.

Fungal species and recorded response Host species involved

Pavithra and Yapa [56] reported that under Drought conditions AMF Glycine max L.
has enhanced proline content in foliage, leaf area index, rate of growth,
photosynthesis, weight of seeds

Zhang et al. [57] revealed that Funneliformis mosseae, Paraglomus occultum Poncirus trifoliate
under drought stress conditions resulted in increase in size of hyphae, water

potential of foliage

Sara etal. [58] reported that AMF under drought stress situations provided Olea europaea

relief to plants and enhanced turgor pressure and absorption of minerals

Pal and Pandey [59] reported various fungal species viz., Glomus mosseae, Triticum aestivum L.
Glomus fasciculatum, Gigaspora decipiens led to escalation of plant growth,
pigments and total chlorophyll under drought stress

Pedranzani et al. [60] reported that Rhizophagus irvegularis improved Digitaria eriantha
conductance of stomata, lipid peroxidation and liberation of hydrogen
peroxide in above and underground parts under drought stress
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Fungal species and recorded response

Host species involved

Rani [61] reported that Glomus mosseae under drought stress conditions
escalated osmotic potential, activity of enzymes and ascorbic acid

Triticum aestivum

Goicoechea et al. [62] reported under drought stress conditions
Rhizophagus intraradices increased micronutrient content in grains and
biomass

Triticum durum

Yooyongwech et al. [63] reported that Glomus spp. has the tendency
to adjust the osmotic potential of plants under drought by soluble
carbohydrates and proline

Ipomoea Batatas

Mirshad and Pathur [64] reported that Glomus spp. under drought
promoted absorption of nutrients, phenolics, biomass in plants

Saccharm arundinaceum Retz.

Zhao et al. [65] revealed that Rhizophagus intraradices, strain BGCBJ09
improved absorption of essential elements in above ground parts of plant,
enhanced dry weight in plants and water use efficiency

Zea mays

Ruiz-Lozano et al. [66] reported that Rhizophagus irregularis, Glomus
intraradices improved biomass and efficiency of PS2 under drought

Lettuce and tomato

Amiri etal. [67] showed enhanced nutrient level, biomass and proteins
associated with glomalin under drought by Rhizophagus intraradices,
Funneliformis mosseae

Pelargonium graveolens

Boyer et al. [68] reported increase in survival rate under drought stress

Fragaria ananassa

Yang et al. [69] reported enhanced photosynthetic action, dry biomass
under drought stress by Funneliformis mosseae and Rhizophagus intvaradices

Robinia pseudoacacia L.

Griimberg et al. [70] reported that Glomus spp. escalated macronutrient
content and water content in plants under drought

G. max

Asrar etal. [71] reported that Glomus deserticola has improved dimensions
of plants like diameter, foliage per plant, chlorophyll and proline under
drought

Antirrhinum majus

Tsoata et al. [72] reported that Glomus intrarvadices, Gigaspora gregaria
enhanced the sugar and mineral concentration and decrease in proline
content under drought

Vigna subterranean

Bayani et al. [73] reported that Glomus intraradices increased Root volume,
P content, and activity of phosphatase enzyme under drought stress

Hordeum vulgare

Cabral etal. [74] reported under heat stress Rhizophagus irregularis,
Funneliformis mosseae, Claroideoglomus claroideum resulted in increased root
grain number, resource allocation, and nutrient composition

Triticum aestivum L.

Mathur et al. [75] reported that Rhizophagus intraradices, Funneliformis
mosseae, F. geosporum increased plant height, chlorophyll a, stomatal
conductance, transpiration rate, and photosynthetic rate under high
temperature

Zea mays

Calvo-Polanco et al. [76] reported improvement in water conduction as well
as aquaporin quantity and phosphorylation status under high temperature
by Rhizophagus irregularis

Solanum lycopersicum

Lin et al. [77] reported nodule formation in roots, increased concentration
of N and P under metal contamination by Glomus mosseae

Sesbania rostrata

Abdelhameed and Rabab [78] revealed that Glomus clarum, G. monosporum,
Gigaspora nigra have enhanced antioxidant activity and malondialdehyde
content in Cd contaminated soil

Trigonella foenum —graecum L.

Garg and Singh [79] reported increase in under -ground biomass, nutrient
content, proline content in Cd and Zn contaminated soil by Rhizophagus
irregularis

Cajanus cajan L.

103



Arbuscular Mycorrhizal Fungi in Agviculture - New Insights

Fungal species and recorded response Host species involved

Hajiboland et al. [80] reported improvement in ion absorption, dry matter, Solanum lycopersicum L.
chlorophyll concentration and other growth paramaters under saline stress
by Glomus intraradices.

Hashem et al. [41] reported that Glomus etunicatum, Glomus intrarvadices, Cucumis sativus L.
Glomus mosseae has escalated biomass, pigment production in
photosynthetic, and antioxidant enzyme

Khalloufi et al. [81] reported increment in foliage area, number of leaves Solanum lycopersicum L.
and concentration of growth hormones by Rhizophagus irregularis under
salt stress

Porcel et al. [82] has revealed that Claroideoglomus etunicatum resulted in Oryza sativa L.
improvement in PSII photochemistry quantum yield, net photosynthetic
rate, and stomatal conductance under salt stress.

Hajiboland et al. [83] reported increment in above and under-ground Aeluvopus littoralis
dry mass, stomatal conductance, soluble sugars, free amino acids,

and Na + and K+ absorption by Claroideoglomus etunicatum under salt

stress

Giri et al. [2] reported under salt stress Glomus fasciculate has escalated root Acacia nilotica
and shoot biomass, as well as P, Zn, and Cu concentrations.

Jixiang et al. [84] reported under saline stress Glomus mosseae increased Leymus chinensis
colonization rate, seedling weight, water content, and Pand N
concentration.

Table 1.
Brief overview of various fungal species and their recorded responses.

for example, AMF injected plants demonstrated higher water saving ability as well as
usage efficiency [53]. The symbiotic AMF connection boosts the water-plant rela-
tionship while increasing gas exchange potential and osmotic balance. AMF improves
chlorophyll production, resulting in a remarkable increase in the concentrations of
different metabolites in plants exposed to cold stress conditions [54]. Low tempera-
tures have a deleterious impact on plant metabolism. It can cause substantial harm

to plant tissue, including yellowing of leaves, membrane damage, cell death, and
changes in enzyme action and cytoplasm viscosity in vegetable plants. Chilling stress
reduces photosynthetic efficiency and increases electrolyte leakage in watermelon
seedlings [55] (Figure 2) (Table1).

6. Conclusion

Arbuscular mycorrhizal fungi have cosmopolitan distribution in soil environ-
ment and live in mutualistic association with the roots of angiosperms and other
plants. The mutualistic association between fungi and plant roots assist in absorption
of macronutrients viz., P, N as well as trace elements viz. Zn, Fe, Cu. The various
ways to achieve these functions effectively are increment in absorption area of
plants, liberation of biochemical substances. These have significant role in cycling
of nutrients by mobilizing the fixed elements as well as serving as sink for vari-
ous elements. Furthermore, they have ability to decrease various biotic and abiotic
stresses like drought, saline, water, temperature and resistance to diseases. These
increase the availability of less accessible elements to plants. The significance of

104



AM Fungi as a Potential Biofertilizer for Abiotic Stress Management
DOI: http://dx.doi.org/10.5772/intechopen.108537

fungi in agricultural production and forestry is due to its contribution in growth and
nutrition of plants. The utilization of AM as fertilizers is not deleterious to plants as
chemical fertilizers. These microbe-mediated supplements are utilized to escalate the
nutritional status of plants. The merit is they are eco-friendly and do not cause any

detrimental effect to the environment besides increasing yield and providing protec-
tion against diseases.
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Abstract

Soil fungi of the phylum Glomeromycota and plants form arbuscular mycorrhizal
(AM) symbiosis. The AM fungi, during the symbiosis, establish a sink for plant
photosynthate by utilizing it for biomass and metabolic energy, while the AM plants
obtain nutrients and water through the AMF hyphae. The benefits of AM symbiosis
on plant fitness include better mineral nutrition, especially those that are immobile in
soil solution (e.g., phosphorus, copper, and zinc), and higher tolerance of mycorrhi-
zal plants to abiotic stresses, such as drought, salinity, high soil temperature, presence
of heavy metals, and others abiotic factors. Recent studies have revealed that AMF
can suppress pests and plant diseases by the activation of defense regulatory genes.
The knowledge of the mechanisms behind the induction of resistance by mycorrhizal
symbiosis (mycorrhizal-induced resistance [MIR]) remains unknown. This chapter
describes the current advanced status of the role of MIR in plant disease protection.

Keywords: plant defense, arbuscular mycorrhizas, mycorrhizal-induced resistance

1. Introduction

Mycorrhizas are complex symbioses formed by several components that determine
the rate of colonization, such as the incidence of propagules, and the effects and
functions of symbiosis on plants and ecosystems [1]. Mycorrhizal fungi improve the
host plant’s resistance to environmental stresses, while the host plant provides carbon
in the photosynthates form, for fungal growth and reproduction [2-4]. Arbuscular
mycorrhizas (AMs) are beneficial interactions formed by plant roots and soil fungi
of the phylum Glomeromycota [1]. The regulation of mycotrophism determines the
response of the host plant, and biotrophism controls the degree of colonization and
production of propagules, guaranteeing the survival and evolution of this group of
fungi [5, 6]. AM is the most widespread form of mycorrhizal association and is of
great ecological and economic importance [7-9]. AMs are compartmentalized biolog-
ical systems. Thus, they suffer from the influence of the environment and numerous
edaphic factors of each component that directly or indirectly control the establish-
ment, the functioning, and the occurrence of AM [10-15]. AM symbiosis is generally
inhibited under high fertility and favored by low fertility, where colonization and
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sporulation are generally maximal. Phosphorus (P) fertilization in the soil optimizes
plant growth and reduces colonization [16].

The protection against soil-borne pathogens has been reported in mycorrhizal
plants [17-24]. The differential expression of several genes involved in plant defense
against pathogen attack has been observed and may play a fundamental role in coloni-
zation [25-27]. This modulation seems to occur not only locally but also systemically
[28]. This phenomenon, called “priming,” results in an induction of basal resistance
mechanisms upon subsequent pathogen attack [28-31]. In symbiotic systems, micro-
bial-associated molecular patterns (MAMPs) from AM fungi are perceived and elicit
a transient defense response, which later undergoes suppressed induction at the early
stages of AM [32]. The absence of a hypersensitive response (HR) after AM fungi
recognition may reflect a non-activation, a low level of defense response, or suppres-
sion of the plant defense system [30, 31]. The phenylpropanoid biosynthetic pathway,
widely known for the action of phytoalexins, involves a series of enzymes that can be
regulated at the transcriptional level by biotic and abiotic stimuli and is influenced by
mycorrhization [30, 31]. In signaling the localized induction of defense genes consid-
ered specific, two types of mechanisms may be involved: acid endochitinase PR4 and
p1,3-endoglycanase EG488 and the systemic suppression of the expression of genes
encoding these enzymes and those involved in the phenylpropanoid metabolism [32].
The expression of genes related to the plant defense system is systemically suppressed
during the establishment of AM symbiosis [33]. However, the expression of other
genes is locally induced, and the modulation of these responses depends on external
factors, such as the phosphate level [34, 35].

In this chapter, we want to discuss new perspectives and updates on mycorrhiza-
induced resistance (MIR).

2. Resistance of plants to microorganisms

The plant defense system is multi-component, acting in a dynamic and coor-
dinated manner, at the appropriate time and place and with adequate magnitude
[36-39]. Plant resistance would be its ability to delay or prevent the colonization of
its tissues by a phytopathogen, characterized by its dynamic and coordinated nature
in a sequence of logical events, immediately after the pathogen contacts its tissues
[40]. The growing development of technologies aimed at agriculture and increases
in the use of inputs, especially pesticides, have contributed to increased agricultural
productivity and adverse effects on the environment and human health. New plant
protection measures have been highlighted; such as the induction of resistance (IR)
has been used to control pests and diseases [41-43].

2.1 Non-host resistance in plants

Land plants are sessile, and despite not having an adaptive immune system similar
to animals, they are resistant to most microorganisms that attack them in an attempt
to invade their tissues [44]. This phenomenon characterizes resistance as a rule and
susceptibility to some microorganisms. This recognition of non-adapted pathogens
by non-host plants at the cellular level is called non-host resistance (NHR) [45].
Non-host resistance (NHR) is, by definition, the resistance displayed by all geno-
types of a plant species to all genotypes of a pathogen species, being considered the
most common and effective form of resistance to diseases that occur in nature [46].
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Several genes appear to control the NHR in a given plant species; in addition, the
number of genes involved is related to the specific genotype of the analyzed plant
[46]. NHR “resistance” refers to the inability of a pathogen to complete its asexual
or sexual life cycle on that host plant species [47]. NHR is a tool for breeding against
the induction factors of biotic and abiotic stresses, aiming at the development of
durable genetic resistance [48]. NHR is an elaborate defense system that protects
plants against invasion by non-pathogenic or pathogenic organisms and involves
physical and biochemical mechanisms [49, 50]. These defenses include a combina-
tion of preformed and inducible mechanisms [51] that act as a physical barrier to
penetration and as a toxic barrier [52]. The first line of plant defense is the structural
and biochemical mechanism that is present even before the inoculum deposition,
called constitutive or passive [53]. The barrier imposed by the cuticle and cell wall is
considered an important factor of NHR. The cuticle is structurally variable between
plant species; is composed of cutin, waxes, and hydrocarbons; and is closely associ-
ated with the cell wall of the epidermal cells [54]. Others mechanisms are activated
from the recognition of the pathogen, by the host plant that is active, inducible, or
post-formed, and can also be structural and biochemical [55]. Among the biochemi-
cal post-formed responses is the accumulation of reactive oxygen species (ROS),
phytoalexins, pathogenesis-related (PR) proteins, and HR [56]. However, most
defense mechanisms are activated in response to infection by the pathogen [57].
During initial contact with the pathogen, pathogen-associated molecular patterns
(PAMPs) [58], such as chitin and glucans in fungi, flagellin, and elongation factor Tu
in bacteria, are recognized by the plant through pattern recognition receptors (PRRs)
[59]. Recognition of PAMPs triggers signaling events and basal resistance, called
PAMP-activated immunity (PTI) [60]. Pathogens have evolved effectors that inter-
fere with different signaling processes involved in plant defense, suppressing PTI,
promoting virulence, and triggering effector-activated susceptibility (ETS) [61].
Plants, in turn, acquired resistance (R) genes that detect pathogen-specific effec-
tors, resulting in effector-activated immunity (ETI) [62]. ETI is a version of PTI,
typically involving HR, a form of programmed cell death that limits colonization by
the pathogen [60]. HR is mediated by the accumulation of ROS, which, in addition
to having a toxic effect on the pathogen, can act as secondary messengers for the
activation of defense responses [63-67]. Mitogen-activated protein kinases (MAPKs)
modulate the activity of transcriptional regulators and phytohormones [68]. Salicylic
acid (SA), ethylene, and jasmonic acid are the main hormones involved in signal-
ing. Other hormones, such as abscisic acid and cytokinins, have also emerged as
participants in signaling pathways for defense [69, 70]. As a result of the recognition
of the pathogen by the host and the consequent activation of signal transduction
pathways, several defense mechanisms are formed to limit the infection [71-78].

All plant species are capable of constitutively biosynthesizing chemical compounds
with potential defensive function, suggesting that this ability is an evolutionary

trait [79]. A feature of antimicrobial compounds is that some are found on the

plant surface or accumulated in cells close to the host surface, especially vacuoles or
organelles in epidermal cells, and released by hydrolytic enzymes after attack by the
microorganism [80].

2.2 Host resistance in plants

The microorganisms that manage to overcome the mechanisms of RNH become
pathogens of the plant species and need to act against the host resistance that the
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plant has [81]. Plants also have a surveillance system that detects/monitors the pres-
ence or activity of effector molecules within their tissues and cells. This surveil-
lance system has specific receptors (R proteins) encoded by the plant’s R genes [82].
The typical R proteins with nucleotide-binding and leucine-rich domains (NLRs)
have an ATPase-binding domain (NB—nucleotide-binding ATPase) and a TIR (toll
interleukin-1 receptor) or CC (coiled-coil) domain forming the TIR-NB-LRR or
CC-NB-LRR proteins, respectively [82]. The NB domain serves ATP binding and
hydrolysis/signaling cascade, and the LRR domain is responsible for activation/
autoinhibition. In the LRR domain, the N-terminal activates the modulation, while
the C-terminal is related to recognition specificity [83-85]. Proteins from the NLR
genes in their inactive form (absence of the effector cognate) are located in the
host cell cytoplasm bound to the plasma membrane, endoplasmic reticulum, or
tonoplast. In the presence of the effector, the cognate can move to the nucleus,
interacting with transcription factors or with other cytoplasmic proteins to start
the signaling chain for the expression of defenses [86-89]. Effector detection
triggers a signaling cascade that culminates in the expression of defense and HR
genes to contain the pathogen’s advance, resulting in race-specific resistance, the
ETI immune response, also known as vertical resistance. ETI is one of the main
components of host resistance [90, 91]. ETI is activated by the direct or indirect
interaction between one or more effectors and one or more NLR proteins. In the
Decoy model, where the NLR detects changes in a protein that mimics the target,
the effector apparently does not have a defined biological function [92, 93]. In the
Guard model, during infection, a modification of the target protein (monitored)
occurs by the action of the effector releasing the R protein (monitor), thus allowing
it to initiate the signaling cascade that leads to the induction of ETI [94]. Resistance
conferred by R genes depends on the effector for virulence or adaptability of the
pathogen and its evolutionary potential [95]. From the point of view of resistance
durability, for resistance conferred by R genes (qualitative resistance), the evolu-
tionary pressure on the pathogen conferred by quantitative resistance is signifi-
cantly reduced, thus constituting a source of durable resistance [96]. In summary,
resistance mediated by R genes is specific to certain races of the pathogen and
effective against biotrophic and hemibiotrophic parasites. On the other hand, quan-
titative resistance provides a means for controlling biotrophic, hemibiotrophic, and
necrotrophic pathogens, being effective against several races of a pathogen, provid-
ing broad-spectrum resistance, or in some specific cases, effective against several

pathogens [97-103].

3. Plant priming for enhanced defense

To compensate for their sessile life and face a broad range of biotic and abiotic
stresses, plants have evolved survival and adaptation strategies, such as inducing
some stress memory or stress imprinting [104]. In plants, the IR is frequently associ-
ated with the accumulation of antimicrobial pathogenesis-related (PR) proteins and
with the so-called priming of cells [89]. Priming for enhanced defense is a cellular
process in biological and chemical IR immunity, including systemic acquired resis-
tance (SAR), induced systemic resistance (ISR), and herbivore-induced resistance
[105-109]. Plants maintain immune memory through priming, in the absence of such
specialized cells [110, 111].
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3.1 Epigenetic molecular mechanism of priming
3.1.1 Memory of plant immunization

Advances in the knowledge of epigenetic regulation in the plant multiple
generation stress memory have provided new procedures and approaches for
breeding crops and sustainable germplasm banks for future climate challenges
[112, 113]. Plant stress memory is described under two categories: mitotic stress
memory, or somatic memory, and meiotic stress memory, or transgenerational
memory [114-116]. Plant stress memory associated with the inheritance of SAR is
likely to be epigenetic [117, 118]. In plants, defense priming and SAR are associated
with epigenetic modifications of histones, DNA methylation, increased signaling
enzymes, and an accumulation of pattern recognition receptors (PRRs) at cell
membranes [119, 120]. In summary, strategies exploiting epigenetic variations
appear promising for crop resistance breeding [121-124].

4. Mycorrhiza-induced resistance: new perspectives

The effects of AM symbiosis on plant interactions with other organisms, such
as the induction of resistance against plant pathogens, seem to result from the
combination of multiple mechanisms that may operate simultaneously [125]. A
proposed hypothesis is that colonization of roots by AM fungi primes defense
mechanisms, leading to mycorrhiza-induced resistance (MIR) [126] by the activa-
tion of MAMP-triggered immunity (MTI) [127]. MIR is a low-cost type of induced
resistance that may be among the reasons to explain why root associations with AM
fungi have been conserved during evolution and are widespread among species
[128, 129]. MIR includes a priming of defense-related plant genes and shares more
elements with the ISR induced by rhizobacteria [130, 131]. The plant can restrict
AMF colonization once the plant is already mycorrhizal, a phenomenon known
as autoregulation [132]. The mechanisms operating in such autoregulation may
also affect plant interactions with phytopathogens [133]. However, the molecular
mechanisms that regulate the formation and establishment of AM symbiosis and
the modulation of plant defense responses during MIR are still not understood
[134]. According to Fiorilli et al. [135], who elucidate the molecular mechanisms
underlying the establishment of AM symbiosis, we need to investigate the changes
in transcripts and proteins in roots and leaves during the double (plant-AM
fungus) and tripartite (plant-AM fungus-pathogen) interactions [136, 137].

The recognition of friend versus foe is still incompletely understood in signaling
between the host plant and the pathogen interaction [138-141]. Another critical
challenge is to elucidate the biological roles of receptor-like kinases (RLK) medi-
ated by endocytosis in the plant interaction with microbes, aiming to elucidate the
molecular mechanisms by which pathogens and non-pathogen microorganisms
can reprogram the RLK trafficking [142, 143]. Besides, the role of MIR against
viruses and foliar phytopathogens stays in the speculative field. In some cases,

the susceptibility to the foliar pathogen is related to mycorrhizal plants compared
with non-mycorrhizal plants. However, it is linked with the higher amounts of
plant phosphorus available to viruses for their multiplication in infected and
colonized plants [144, 145]. Recent advances indicate that the beneficial effects of
MIR may not be related to mycorrhizal plant nutrition [140]. Thus, knowing the
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mechanisms of AM symbiosis physiology regulation under different environmen-
tal conditions is required to understand the MIR context of AM fungi-host plant
dependency.

5. Conclusions and future prospects

MIR is a low-cost type of IR and has a positive effect from an ecological point of
view. However, still, open questions require particular attention, among which is why
infection by AM fungi does not elicit a defense response in roots. Besides, the role of
MIR against viruses and foliar phytopathogens stays in the speculative field. Thus,
knowing the mechanisms of AM symbiosis physiology regulation during MIR is
required for their applications in sustainable agriculture.
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Chapter 8

Role of Mycorrhizae in Crop
Protection
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Abstract

Mychorrizae are indigenous soil fungi that are found associated symbiotically with
plant root system. They promote growth of the root system by protecting the plant from
pathogen attack, acting directly or indirectly as biocontrol agents and offering plant
resistance. These group of rhizosphere fungi also benefit from various biosynthetic
substances produced by the root of the plant (root exudates). In this chapter, attempt is
being made to present a balanced account of the various roles these fungi play in plant
protection. This will give our cherish readers the opportunity to appreciate the mycorrhi-
zal fungi as potential biocontrol agents or bioprotectants of soilborne plant pathogens.

Keywords: mycorrhizae, mycorrhizal fungi, bioprotectant, biocontrol agents,
rhizosphere fungi

1. Introduction

With ever increasing world population and its impact, there is a significant
pressure to feed the world by agriculturists. Demand for growth of major agriculture
commodities is imperative. One major component that militate against achieving
this objective is the effort by pests and diseases to reduce yield of agriculture crop
production. The impact of both biotic and abiotic stress on production has a greater
effect on our aim of increasing agricultural productivity. Many management practices
especially pesticides application to mitigate pests and diseases incidence have directly
negative influence on the surrounding environment [1, 2].

Pesticides use is regarded as one of the major and common agricultural manage-
ment practices with a growing evidence of negative impacts on the ecosystem for their
application. Any form of synthetic pesticides used ends up creating environmental
as well as health concerns. These products may find their way contaminating water
bodies resulting in contamination to human and aquatic lives, residual in agricul-
tural produce, causing metabolic disorders to humans when contaminated foods are
consumed. They also pose high financial cost to farmers with serious financial burden
on output due to their expensive nature.

Many natural resources conservatives have called for reduction in the application of
these pesticides and resort to natural, environmentally friendlier and healthy alterna-
tives/practices that require reduction, if not complete their elimination [3, 4]. Many
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biological, chemical and physical factors also influence soil quality, among these are the
microbial communities in the rhizosphere that contribute to soil quality thereby enhanc-
ing plant growth and health [5, 6]. The extent of microbial interaction among members
have great significance. Among these microorganisms are the Plant Growth Promoting
Rhizobacteria (PGPR) and the Arbuscular Mycorrhizae (AM). The later lives symbioti-
cally with the plant in the rhizosphere due to its extensively hyphal network development
thereby protecting the crop from pathogen attack [7], decreases biotic and abiotic stress
and reducing disease incidence [6, 8]. Therefore, if the potentials of AM are properly
harnessed in agriculture, it should be able to reduce sustainably the cost and use of syn-
thetic pesticides in agriculture systems. This is because many soils contain the indigenous
AM fungi that colonize the root systems [9], even though not all plants are dependent

on Mycorrhizae, most increase yield when AM fungi are applied [10]. This is sure way

to attain agricultural sustainability with the reduction in the pesticides and at the same
time protecting the crops from pathogen attack and ensuring high yield. Therefore, this
chapter tries to detail the role Mycorrhizae fungi play not only in protecting the plant

as a biocontrol agents/bioprotectants of soil-borne pathogens but also promoting plant
growth thereby realizing its full potential and ensuring maximum yield.

2. Importance of mycorrhizal fungi as a biocontrol agent in suppressive
soils

The management of plant disease by chemical approach has been one of the
classical methods in agriculture that has sustained productivity for ages. As much as
this has been helpful, it has also resulted in nearly an uncontrollable levels of pesticide
resistance among many plant pathogens. Also, their direct and indirect impacts have
led to the destruction of non-target and beneficial soil organisms as well as raising
various health concerns among human and animal populations [4, 11]. To manage
this, an appreciable number of studies in recent times have focused on identifying
and engineering micro-organisms (i.e., mycorrhiza, bacteria, fungi, and nematodes)
that are naturally antagonistic to various plant disease causing pathogens. This
approach comes as a more environmentally friendly approach to the application of
synthetic pesticides [12, 13]. Among all the organisms, the mycorrhizal fungi are
the commonest, largest in biomass and the most important beneficial fungi group.
They also combine this with a target specific inhibitory or antagonistic reaction on
various soil-borne phytopathogens [3]. By means of changing both the anatomical
and morphological structures of plant roots, mycorrhizal fungi improves both the
chemical and physical properties on the root-zone environment, hence activating
various defensive and disease resistance systems in the plant [14]. Furthermore, they
have the abilities to minimize the damage infringed by bacteria, fungi, nematode, as
well as other phytopathogens of crops such as Musa nana, Fragaria ananassa, Medicago
truncatula, Cucumis sativus, Lycopersicon esculentum, Cucum ismelo, Olea europaea, Zea
mays, Citrus reticulata, Solanum tuberosum, among other plants [3, 4, 15].

Most mycorrhizal fungi, usually being present as a biotrophic symbiotic microor-
ganisms in the soil rhizosphere usually have a common invasion and ecological niche
as most soil-borne pathogens. This could mean that under fair conditions, there must
be a spatial competition between pathogens and most mycorrhizal fungi. In this,
mycorrhizal fungi, eg., the Arbuscular mycorrhizal fungi (AMF) have been reported
to have the potential of reducing the initial and reinfection rates of most pathogens
that infects the root epidemics. For example, various studies have reported some
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competitive relationships between the AMF and an array of plant pathogens. i.e.,
bacteria, fungi, and nematodes [16-19].

Mycorrhizal fungi played some significant roles in regulating plant growth and
development. For example, cucumber plants were found to have some higher levels
of zeatin, GA, and IAA when it was inoculated with G. terrestris. This increment was
further observed to have a bearing with an enhancement in the plant’s resistance abil-
ity to Rhizoctonia solanacearum. In general, mycorrhizal fungi proves significant in the
development of plants by inducing synthesis of various plant signaling substances,
and improving and enhancing activities of enzymes.

3. Mechanism of suppression of mycorrhizae bioprotectants

The production of healthy and disease-free plant and plant products with cor-
responding higher yield can directly or indirectly be linked with microorganisms in
the soil rhizosphere. Due to the number of environmental concerns regarding the use
of different biological control agents, and increasing pathogens resistant to pesticides,
more stable and environmentally friendly alternatives are now been considered.

AM fungi are not only useful as biofertilizers, but also as bio-stimulants due to their
antagonistic capabilities against plant pathogens [20]. They are known to established
symbiotic relationship with more than 80% of the plant species [21, 22]. In plant
disease management, AMF has been considered as one of the reliable and available
options as it is found to serve as a bioprotectant and plant stimulant in sustainable
food production and ensure reduction in plant pathogen population to acceptable level
without harmful effect to the environment. AMF has been used as a biological control
agent in the reduction of incidence and severity of bacteria such as Pseudomonas
syringae, Erwinia carotovora [23] and fungi such as Fusarium spp. [24], Pythium sp.
[25], Verticillium sp. [26], Sclerotinia sp., Phytophthora sp., Macrophomina sp. [27], and
nematodes such as Radophulus sp. [28].

There are numerous pathogens in the soil that cause diseases to plants and result in
substantial reduction in plant yields. These pathogens have to be controlled to ensure
food security around the world. Among the new and sustainable control alternatives
is biological control that involve the use of antagonistic organisms to suppress damage
activities of other organisms that cause diseases to plants [29]. Among the most prom-
ising biological control agents is the rhizosphere-competent fungi called mycorrhizae,
which is capable of suppressing the activity of disease-causing organisms both major
and minor beside their role in stimulating plant growth response. The roots of most
plants are in symbiotic association with certain soil fungi and this association is called
mycorrhiza [30]. The mycorrhiza has number of functions that include enhancement
of nutrient uptake, improvement of soil structure and plant establishment, protection
of plants against environmental stresses and suppression of plant diseases [31].

Plant roots colonization by AMF usually results in the decrease of the incidence
and severity of the diseases caused by pathogens. The reduction in damage by AMF
maybe as a result of changes in the morphology and plant root growth, biochemical
and physiological changes in the plant, histopathological changes in the plant root,
mycorrhizosphere effects that results in the modification of microbial population
density, activation of host defense mechanisms, parasitism of nematodes by AMF
and competition for photosynthetic products and colonization sites [32]. Among the
various proposed biocontrol mechanisms for the plant diseases, the most effective
biocontrol scheme could either be the result of all the mechanisms working together
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or as a separate entity. The major limitation in the use of AMF as a biocontrol agent
could culminate from its obligate nature, the role of environmental influence on the
various mycorrhiza symbiotic associations and limited understanding of the mecha-
nism involved in the interaction processes. The objective of this chapter is therefore to
throw more light on the mechanism of suppression of mycorrhizae bioprotectants.

Protection of plants by mycorrhizal fungi against disease causing organisms
involves multiple mechanisms that include: production and changes in the exuda-
tion pattern, formation of physical barrier (fungal mantle) around the roots and
synthesis of anti-fungal compounds by the plant roots in response to mycorrhiza
symbiotic association [33]. For example, Paxillus involutus (Ectomycorrhizal fungi)
was reported to successfully controlled Fusarium moniliforme and Fusarium oxysporum
causing rot disease in Pinus resinosa as well as Pisolithus tinctorius (Ectomycorrhizal
fungi) in controlling Phytophthora cinnamomi causing disease in sand pine [34].
Specific form of disease suppression may result from the activity of one or few
antagonistic microbes.

The symbiotic association of AMF has been reported to induce plant host defense
response both at early and later stage of invasion by the pathogen [35]. There have
been reports of quick response in terms of plant host defense to pathogens by the
mycorrhizal associated plants compare to those devoid of this symbiotic relationship
and for that matter, AMF colonization has been proposed to act as a priming scheme
for the pathogen resistance process [36, 37].

In a related defensive mechanism against plant pathogens, AM fungi have been
involved in the activation of the plant defense response against pathogens and this
include the expression of number of genes with their matching proteins (e.g., phe-
nolics, cellulose deposition, chitinases, hydroxyproline-rich glycoproteins, phyto-
alexins, peroxidases and proteins relating to pathogenicity) [38, 39]. Both localized
and systemic resistance to Phytophthora parasitica has been reported in tomato root
system [40], Pathogenesis-related proteins are involved in triggering of the Systemic
acquired resistance (SAR) defense mechanism [41]. The pathogen Aphanomyces eutei-
ches causing disease on garden pea was biologically controlled after pre gene activa-
tion of the host defense response by mycorrhiza-related chitinolytic enzymes [38].

Mycorrhization have been recorded to change plant root exudation pattern and
these alterations could indirectly affect the pathogen through alteration of the
pH of soil environment or through production of inhibitory products. In a study
involving symbiotic association of strawberry with mycorrhiza fungi, exudates
released by the roots of the strawberry had shown to suppress the growth and
sporulation of Phytophthora fragariae [42], as well as affect the germination of
microconidia produced by Fusarium oxysporum in a related experiment [43, 44].
There is also evidence of direct antagonistic action by AMF against pathogens in
the soil rhizosphere [45, 46].

In terms of improvement in the nutritional status or reduction of plant root dam-
age by the pathogen, the increase supply of nutrient by mycorrhiza fungi to plants
have been suggested to enhanced their tolerance level to pathogen damage and carbon
drain from plants to the pathogen. AMF absorb nutrient via the external network of
fungi hypha by solubilizing both macro and micro elements like Mn, Ca, Zn, Cu, N
and P [47-49]. This nutrient uptake ensures healthy growth of the plant due readily
or available nutrients supply to the plant that enhances the tolerance or resistance
level of the plant to the pathogens [50]. The mycorrhizal fungi increase the rate at
which phosphorous is absorbed by increasing the surface area, number of roots,
growth and development of plant root hairs. The increase in phosphorous uptake in
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plant-mycorrhizal symbiotic relationship constitute the major mechanism for the
AMF-mediated biocontrol [51].

With regards to the morphological alteration of the plant roots, mycorrhization
has been reported to cause some changes in the morphology of the roots in spatial,
structural, temporal and quantitative way [52, 53]. The AM produce arbuscles and
vesicles both inter and intracellularly within plant root. Any pathogen that encounters
with ectomycorrhizal fungus has to first of all deal with the external and multilayer
network of hyphae known as mantle and inner cortical cells which serve as physical
barrier to invasive pathogens and play a critical role in enhancing the population
of the useful microorganisms in the soil with corresponding production of growth
promoting elements by PGPRs that increase the plant resistance to pathogens [54-56].
In aromatic plant (e.g., basil), the root length and toot tip numbers, level of branching
and fresh weight of the plant have been reported to be altered independently based on
the type of AMF involving in the colonization process [53].

Plant roots colonized by AM fungi have enlarged length and diameter with
profuse branches [57, 58]. Plant roots were found to accumulate an increased deposi-
tion of lignin and chitinases content [59] as well increase the resistance of plant root
system to pathogens when in association with AM fungi. Incidence and severity of
diseases caused by Phytophthora parasitica were found to decrease in AMF associa-
tion with plant as compare with non-mycorrhizal roots [22]. AMF associated plants
produced a lot of arginine that were found to suppress Thielaviopsis spore formation
and large amount of proteins, phytoalexins and peroxidases [58, 60, 61] that induce
plant resistance to pathogens.

AMF is found to prevent infection of the root during root colonization by decreas-
ing the access sites to the pathogen as well as stimulate plant host defense mechanism
as it was reported in reducing the incidence and severity of root-knot nematodes [62].
Number of mechanisms have been reported to increase stress tolerance of plants by
AM fungi and this include the formation of a complex network hypha by AM fungi
around the plant roots that block intruding pathogens. In an apple seedling trial, an
apple replant disease triggered by phytotoxic myxomycetes has been successfully
suppressed by AM fungi such as Glomus fasciculatum and G. macrocarpum [63]. AMF
are also known to provide protection to plants against pathogenic bacteria that affect
roots in the soil. Disease caused by P. syringae on tomato plant have been drastically
reduced in plant-mycorrhiza symbiotic association [23, 33]. The various protective
and suppressive mechanisms involve in this include: indirect effects (chemical inter-
actions; physical protection); and indirect mechanisms e.g., isoflavonoids, increase
nutrition uptake by plants; changes in the morphology of the plant roots by increased
lignification.

Competition by AMF with pathogens for infection site on the plant root is well
documented. In the competition for the site, AMF usually inhabit the location on
the plant root surface where the pathogen require to penetrate the root or it pre-
establishes itself in the cells so that the site cannot be occupied by any new invasive
pathogen [40, 64]. In other cases, Mycorrhizal fungi and pathogens causing plant
diseases, more often than not live in the same niche that bring them into physical
contact to compete for the limited resources (nutrient and space) in the rhizosphere
[65]. AMF is also known to compete with the other pathogens for carbon. The AMF
colonize the roots of the plants and make use of the carbohydrate from the plant,
thereby leaving limited amount of carbon to be utilized by the competing pathogen
and this explains the rationale behind the biocontrol strategy implore by AM fungi
[36, 66, 67]. There are diverse AMF species that show different carbon sink strength
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in the roots of plants associated with mycorrhiza and thus have shown different
inhibitory or antagonistic effect against plant pathogens [68, 69]. For example, in
nematode trial, Meloidogyne incognita reproduction factor was found to be reduced
when in association with AMF prior to inoculation [70]. Elucidation and protective
capability of the mycorrhizal symbiotic association with variable expression of the
traits in relation to their ability to protect plants have been well documented [16]. AM
fungi in association with plants results in biochemical changes in host tissues, reduc-
tion in plant stress, uptake of phytonutrients, changes in plant root anatomy and
morphology, trigger systemic resistance, and competition for the limited resources
such as nutrient and space [40].

4. Action of AM fungi against plant pathogens

With increasing cost of pesticides and the negative effect of this on human health
and the environment as well as pathogen resistance, AM fungi offers potential for
more sustainable and environmentally friendlier alternative for sustainable agricul-
ture. These fungi are nevertheless most important habitat of the rhizosphere and
their activity has direct influence on disease incidence and severity especially on root
diseases [71]. There are several reports of possible use of AM fungi in the biocontrol
of plant diseases [72-74]. One communality among all these reported evidence are
that, AM interactions with plant pathogens tends to reduce their damage to plants
caused by fungi and nematodes; a symbiotic association with these plants enhances
resistance or tolerance.

In the interaction between AM fungi and plant parasitic nematodes (PPM), for
instance, the PPM are known to be very common agricultural soil inhabitants world
over and cause extensive damages to many crop species. By their actions, they can be
ectoparasites or endoparasites (semi-endoparasites and migratory endoparasites),
sedentary endoparasites and causes about 50-60% yield losses and many often these
damages are aggravated when other pathogens capitalize on them to cause severe
diseases.

Both the nematodes and AM fungi tend to stablish relationship in the rhizosphere
due to their common interest in nutrient provided by the host plant. The interaction
between these two would have opposite effect on growth and yield that will tend to
favor the host plant [75].

Also, plant pathogenic fungi are one of the common occupants of the soil
matrix and causes wide range soil-borne diseases. The soil serves as host to these
pathogens and cause severe damages to the roots of susceptible hosts. Soil-borne
diseases caused by phytopathogenic fungi are also difficult to control due to their
ability to develop over seasoning structures such as chlamydospore, sclerotia,
rhizomorph, etc. The presence of AM fungi and their interaction with these plant
pathogenic fungi in the rhizosphere gives the advantage to the AM fungi to exert
its s opposite effect/influence on the plant pathogenic fungi thereby protecting
the plant from their attacks, promoting plant growth and enhancing yield of the
plant [76, 77].

Finally, there also reports on several other plant pathogens establishing oppo-
site relationship with the AM fungi such as the bacteria, mycoplasma, plant viruses
etc. thereby reducing disease incidence and severity in their interactions with AM
fungi [78, 79].
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5. Use of mycorrhizal fungi in plant growth and disease suppression

Plants are major source of energy for both human and animals providing about
80% of food consumed by humans and primary source of nutrition for livestock.
Production of adequate food to feed the ever growing global is threatened by the high
prevalence of diseases caused by biotic agents such as bacteria, fungi, nematodes,
viruses and oomycetes. Plant diseases reduces quantity and quality of yield, thereby
affecting food security and safety of produce for consumption. It is estimated that
diseases account for yield loss ranging from 13 to 22% with billions in economic losses
due to inputs purchase for their management [80]. Yield and storage losses attributed
to diseases have significantly been linked to global starvation and malnutrition mil-
lions of people [80, 81]. Diseases reduce yield of plants by altering several physiologi-
cal process such as the absorption and transportation of water and nutrients needed
for plant use, photosynthesis, flower and fruit development [82].

Plant diseases results from positive interactions of host, pathogen and envi-
ronment. To overcome the negative impact of diseases on plant growth, multiple
strategies have been developed and successfully used to manipulate host-pathogen
interactions to favor growth of the host whilst suppressing reproduction, establish-
ment and transmission of the pathogen. Some of the approaches to controldiseases
include the use of chemicals, physical, genetic and cultural means. Host resistant
approach is economical, effective and environmentally friendly, however, rapid
breakdown due to continuous pathogen evolution limits its use in commercial and
modern crop production tilted towards intensification and mono-cropping which
provides ideal environment for pathogen evolution. In situations where reliance
on resistant varieties to suppress diseases has not been achieved, utilization of
chemicals have become inevitable. Chemicals are highly effective but its harsh effect
on human and animal health, non-target organisms and the environment resulting
from excessive use has unfortunately defeated its mass promotion and utilization.
An alternative to chemical pesticide is the use of biological control. According
to [83, 84], biological control limits diseases causing pathogen, improves plant
immunity, modifies environment through efficient cropping systems. Biological
control agents offer advantages over chemical control agents by being antagonistic
to specific pathogens with less risk compared to chemical pesticides. Contrary to its
benefit, application of BCAs is heavily challenged by several biotic and abiotic fac-
tors as well as frequent pathogen evolution which makes field application frequently
inconsistent [85]. Notwithstanding this, recent reports have shown that application
of mycorrhizal fungi strains as biological control agents is an important option to
reduce threats posed by diseases.

Mycorrhizal fungi exists closely with over 80% of plants species on land offering
plethora of benefits to its host. These fungi may reside within the cortex of plant
roots. Mycorrhiza fungi-host association contributes significantly to carbon, nitrogen
and phosphorus cycling in the ecosystem. In addition to these, mycorrhiza fungal
activities improve water uptake by increasing quantity of available soil water [86]
thereby improving plant productivity, diversity and contributing significantly to
plant growth and fitness. According to [87] these fungi alters root morphology by
increasing root branching and growth to favor root vigor due to the high nutrient
uptake [88] hence influencing plant growth and yield. Mycorrhizal fungi have suc-
cessfully been used and reported to increase growth and yield of several crops such as
carrot [89], yam [90], maize [91].
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Biocontrol by mycorrhizal strains against multiple diseases is achieved by trigger-
ing defense mechanisms in the host to improve plant tolerance to pathogens. Earlier
studies [92-94] have shown improved tolerance and suppressive ability of plants to
vascular diseases caused by Fusarium, Verticillium and Bacteria. Other studies have
demonstrated improved tolerance of cucumber, olive, date palm, and tomato seedlings
to fusarium and bacteria wilt following application of mycorrhizal strains [95, 96].
Research findings by [21, 97] showed that multiple root branching resulting from root
alteration due to interaction with host reduced infection of Phytophthora fragariae
in strawberry. Root necrosis in cowpea caused by Rhizoctonia solani and Pythium
aphanidermatum in pepper were reported to decrease in the presence of both Glomus
clarum and Gnypeta deserticola. Although most success has been achieved in the use
of Mycorrhizal fingi (MF) to manage soil borne fungal pathogens, other works have
reported on their biocontrol potential against aerial pathogens like Alternaria solani in
tomato [37] and other necrotrophic and biotrophic pathogens [98]. Apart from fungal
pathogens, suppression of Plant Parasitic Nematodes (PPN) by MF has been reported
in plants such as banana, coffee and tomato [99, 100]. Similarly, [101, 102] concluded
that AMF can attack soybean cyst nematodes and reduce severity of nematode infection
in crops such as soybeans, cotton, cucumbers, tomatoes and citrus. MF antagonizes
activities of PPN by reducing infection, reproduction and enhances tolerance. Although
many research outputs have concluded on the biocontrol potential of MF, mass applica-
tion in the field is sporadic due to variability in performance, on host, pathogen isolate
and environmental condition [103]. There is the need therefore to improve communica-
tion on the efficacy and safety associated with MF application biocontrol agents.

6. Mycorrhizal fungi for sustainable agricultural systems

Sustainable agricultural systems use available natural resources to achieve
acceptable level of productivity, food quality, and quantity without compromising
the environmental impacts [27]. As defined, sustainable agriculture is the use of
ecological sound, economic viable and socially responsible practices to obtain higher
productivity, numerous plant health practices contribute to sustainable agriculture
through the control of soil-borne diseases by increasing soil microbial activity thereby
enhancing symbiosis, competition, and parasitism within the rhizosphere [104, 105].
The current research focus has been the search for suitable alternatives to the use
commercial synthetic pesticides. Many have been achieved though, but the efficient
exploration of microorganisms to improve soil fertility and at the same time enhanc-
ing plant growth and protection is being pursued.

To improve crop protection, synthetic pesticides have been used extensively to
mitigate effects of pest and diseases, over reliance has been a problem and therefore
biological processes that will enhance plant health such as mycorrhizae, earthworm
and other symbionts should be encouraged [106, 107]. Mycorrhizae association with
plants are beneficial for sustainable agriculture as they reduce pests and diseases
infestation [7].

7. Conclusion

This chapter has demonstrated that Mycorrhizae fungi especially AM fungi play
critical role in plant protection. Apart from making nutrient available for the plant
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uptake, AM fungi provide protection to the plant thereby enhancing plant growth
and yield. The AM fungi live symbiotically with the plant by benefiting from nutrient
rich environment provided by the plant in the rhizosphere and the plant also benefit
from the AM fungi through deprivation of other pathogen from getting direct contact
with the plant thereby enhancing its ability to resist pathogens attack.
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Chapter 9

Arbuscular Mycorrhizal Fungi
(AMF) in Optimizing Nutrient
Bioavailability and Reducing
Agrochemicals for Maintaining
Sustainable Agroecosystems

Addisu Ebbisa

Abstract

Arbuscular mycorrhizal fungi (AMF) are one of the essential components of the
soil microbiome playing a crucial role in nutrients cycling and mediation of plant
responses to different environmental stresses. They also play pivotal role in controlling
soil erosion, enhancing phytoremediation, and eliminating other harmful microorgan-
isms and then sustaining agroecosystem. Several studies have investigated the positive
effects of mycorrhizal symbiosis as biofertilizers those are capable of reducing use of
chemical fertilizer by 25-90% particularly NPK depending on crop species, soil type,
and management practices, while increasing productivity in the range of 16-78%.
Similarly, AMF can also act as bio-controllers and decrease the application rate and fre-
quency of pesticides. This is directly translated to the primary role of AMF in the sus-
taining agriculture services. Thus, understanding the interaction between AMF-soil,
and plant plays a vital role in benefitting societies and agro-industries. In this regard,
this review attempted to explore how can AMF symbiosis reduce agro-chemicals and
maintain sustainable human welfare. It also addresses impact of agrochemicals on crop
production and the main factor influencing the success of AMF symbioses. Generally,
if this is applied wisely it keeps the food safe, the soil healthy, the water clean, the
climate stable, and the ecosystem flourishing.

Keywords: AMF symbioses, argo-chemical, biofertilizer, bio-controllers,
agro-ecosystem

1. Introduction

Rapidly growing human population and modern agricultural system resulted in
increased demand for agro-chemicals such as pesticides, fertilizers, preservatives, and
disinfectant [1, 2] in which their excessive and indiscriminate use severely affects bio-
diversity, air, water, and soil healthy [1, 3-5]. They might also exert deleterious effects
on human health and exacerbate subsequent socioeconomic effects on communities’
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livelihoods by disturbing the ecological balance [2, 3, 5-7]. Furthermore, climate
change, an ever-increasing human population, depletion of global rock phosphorus,
and growing energy prices make current fertilizer production unsustainable and rep-
resent sizeable challenges to global food security [8]. These disastrous consequences
promote new strategies that can reduce and/or substitute agrochemicals in sustainable
way without jeopardizing human health and ecosystem services [2, 9].

Considering such alarming situations, beneficial microbial inoculants are pro-
posed as a “clean and ecofriendly” option in agriculture sectors for their potential role
in food safety and sustainable crop production [3, 10, 11]. They act as biofertilizers,
bioherbicide, biopesticides, and biocontrol agents, which minimize the negative
impact of chemical input and consequently increase the quantity and quality of pro-
duced food [2]. Among soil microbe, arbuscular mycorrhizal fungi (AMF) symbiosis
is one of the most promising that partially or fully supplement agrochemicals and
reduce their consecutive negative impacts [12, 13].

AMF promote plant growth by bringing morpho-physiological and biochemical
changes in host plants by serving as “biofertilizers and bio-protectors” in sustain-
able way [14, 15] and providing water and mineral nutrients to the plant [16, 17].

This services can occur through the direct pathway (by roots) and by AMF pathway
[13, 18-20]. Furthermore, it boosts the health of the subsequent crop by improving
soil aggregation, providing nutrients, enhancing abiotic stress tolerance, protection
against pathogens [9, 12], and altering the accumulation of contaminants in plants
and is essential for the sustainable management of agricultural ecosystems and
biodiversity [1, 16, 21-23]. It is the key for production of pesticide-free food crops and
ensuring that high yields correspond [23, 24].

In general, it is more effective for improvement of crop yield, growth, and
development in areas with low levels of agrochemical inputs (e.g., Africa and South
America) [25-27]. Similarly, low soil fertility optimizes the expression of the multiple
beneficial effects of AMF in agro-ecosystem and reduces nutrient seepage to the envi-
ronment [10, 28]. This relationship is the best scenario and alternate technology for
both farmers and society to increase the utilization efficiency of scarce nonrenewable
fertilizers such as rock phosphate [18, 29], and use of agrochemicals is catastrophi-
cally hampered ecosystem [6, 30]. This is also a strategy to enhance the sustainability
of agricultural systems through promoting internal regulatory ecosystem processes
while reducing chemical fertilizer use without the concomitant loss of crop yield
[26, 31]. However, the application of AMF has not been fully adopted by farm-
ers so far [26]. Therefore, to optimize AMF effects on nutrient bioavailability and
ecosystem service to achieving future food security in more sustainable agricultural
systems, understanding the linkage of AMF with soil and plant nutrient dynamic
plays a vital role for benefitting societies and agro-industries. In this regard, this
chapter attempted to summarize published results on contribution of AMF in reduc-
ing agrochemical use in agriculture for sustainable maintenance of human welfare
and ecological service. It also addresses main factor influencing the success of AMF
symbioses and inoculation.

2. Characteristics of arbuscular mycorrhizal fungi (AMF)

Mycorrhizal (fungus-root) fungi are specialized members of the vast population
of microorganisms, which are morphologically and physiologically diverse in nature
that colonize the rhizosphere [16]. Among mycorrhizal symbiosis, AMF symbiosis is
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one of the most ancient and widespread than other types of mycorrhizal associations
[16, 32]. It is belong to the Phylum Glomeromycota, Glomus spp., which are reproduced
asexually and associate with approximately 80% of terrestrial plant species [33],
including forest trees, wild grasses, and many crops [16, 34].

AMF is the name given to the endosymbiotic association of a plant root and a fungus
from the Glomeromycota, which form two unique structures: a highly branched structure
formed inside root cells called arbuscules that is considered to be the key element of the
symbiotic nutrient exchanges and a balloon-like structure called vesicles for storage of
nutrients within the plant root cortical cells of the host (Figure 1) [35]. AMF are classified
into three (Archaeosporomycetes, Glomeromycetes, and Paraglomeromycetes) and the five
orders: Archaeosporales (e.g., Geosiphon pyriformes, Archaeospora trappei), Diversisporales
(e.g., Scutellospora calospora, Acaulospora laevis, Entrophospora infrequens), Gigasporales
(e.g., Gigaspora margarita, G. rosea), Glomerales (e.g., Glomus intravadices, G. mosseae,

G. geosporum), and Paraglomerales (e.g., Paraglomus occultum, P. laccatum) [17]. They are
obligate biotrophs endophytes [34] that completely depend on a host plant for carbon

and energy [32] due to lack of the ability to absorb carbohydrates from other source.

This carbon cost is offset by the positive effects of AMF on plant growth and soil quality
[10]. There are two types of root colonization in AMF symbiosis [36] (1) Arum-type, in
which the symbiont spreads intercellularly between cortical root cells, forming terminal
arbuscules on intracellular hyphal branches (2) while in the Paris-type, the fungus grows
directly from cell to cell within the cortex and forms intracellular hyphal coils and interca-
lary arbuscules along the coils [17, 37].

In AM roots the fungus penetrates intercellularly and intracellularly into the
root cortex, whereas in ectomycorrhizal (ECM) roots the fungus only penetrates
intercellularly into the root cortex (Figure 1) [17]. An ECM root is characterized by
the presence of three structural components: a sheath or mantle, Hartig net (complex
intercellular network system), and extraradical mycelium [16]. The mycelium can
take nitrate and ammonium from the soil and transfer to the plants [3]. However,
AMF mainly uptake ammonium from the soil and transfer to the plants [38, 39].

The host plant root exudates of Strigolactone bring recursive spore germination and

A. Ectomycorrhizal B. Arbuscular mycorrhizal
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Figure 1.
Process of voot colonization in ectomycorrhizal (A) and arbuscular mycorrhizal (B) (adopted from [33]).
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hyphal branching, while Myc factors secreted by mycorrhiza perceived by host roots
to trigger the signal transduction pathway or common symbiosis (SYM) pathway lead
to adhesion of a hyphopodium to the root surface via Ca** spiking. Fungal hyphae
emerging from this hyphopodium penetrate into the root through the prepenetration
apparatus, which guides the fungal hyphae through the root cells toward the cortex.
Eventually, a highly branched arbuscule occupies most of the cell volume, forming an
extensive surface for nutrient exchange (Figure 1) [33].

AMF produce a high number of spores that grow faster even under different
stress conditions [40] and produce thick-walled hyphae that penetrate the host root
and extend from the roots out into the soil where they interface with soil particles
[9]. Then they create a network of extraradical mycelium structure, which increases
the fungal absorbing surface and facilitates the translocation of mineral nutrients
from soil to host plants (Figure 1) [10, 16]. Despite its coenocytic nature, the
mycelium that is formed within the root, the intraradical mycelium (IRM) differs
morphologically and functionally from the ERM, the mycelium that grows into the
soil. The ERM absorbs nutrients from the soil and transfers these nutrients to the
host root. The IRM on the other hand releases nutrients into the interfacial apoplast
and exchanges them against carbon from the host [17, 18]. Such a fungal structure
represents one of the critical elements of the AMF symbiosis and provides increased
surface area for nutrient uptake and bridges nutrient depletion zones [10, 37].
These extraradical hyphae acquire phosphate and initiate the colonization of other
species [34, 41].

3. Contribution of AMF to plant productivity and agroecosystems

Sustainability of agricultural ecosystems can be restored by stimulating soil life
and internally regulated ecosystem processes [31]. The real significance of mycor-
rhizal fungi is that they connect the primary producers of ecosystems and enable the
flow of energy-rich compounds required for nutrient mobilization [32]. Mycorrhizal
fungi are one of the commonly occurring living organisms in soil providing many
ecosystem services, including N-fixation, soil carbon cycling, plant nutrition, soil
erosion control by soil binding capacity [13], soil pollutants remediation, biodiversity,
plant water economy [42], and enhanced C-sequestration [22]. AMF and rhizobia can
act synergistically and stimulate plant productivity by supplying different limiting
nutrients to the plant (e.g., N by rhizobia and P by AM fungi) [43].

Enhanced nutrient uptake and stress resistance are some of the mechanisms by
which AM fungi can enhance plant productivity. AMF symbiosis is probably more
favorable in conservative and sustainable agriculture to having the potentiality
of major beneficial functions such as: (1) increased productivity in the range of
16-78% by gaining more N, P, and other less mobile nutrients increased [24, 43];
(2) increased water uptake and water holding capacity that initiate drought toler-
ance; (3) increased tolerance to other abiotic stresses such as soil salinity, heavy
metal toxicity, etc.; (4) overcoming biotic stresses and offering bio-protection
against pathogen; (5) improved soil quality; (6) enhanced plant vigor and yield,
thus leading to the production of safe and high-quality foods, able to promote
human health (Figure 2) [16, 44]. This is determined by fungal the strain, climate,
soil type, and cultural practices (fertilization level) in which the soil type is the
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Figure 2.
Schematic representation of brief function of arbuscular mycorrhizal fungi (AMF) (source: [44]).

fundamental criterion to determine effective AMF symbiosis strains or species [24].
It is also to improve soil fertility, as they produce glomalin upon accumulation in
soil that aids soil in soil stabilization [42, 45]. Furthermore, AMF prevent leach-
ing losses, phosphorus (60%), and ammonium (7.5%) from grassland microcosms
during periods of heavy rainfall that cause top environmental threats to ecosystems
worldwide [46].

AMF fungi receive 100% of their carbon from the plant, and this increase in carbon
flow to the roots, estimated at up to 20% of the plant’s photosynthate, translates to
a huge amount of carbon worldwide that plays a significant role in carbon cycling
between the atmosphere and biosphere [34]. Bender et al. [47] have demonstrated
that AMF contribute to reducing emissions of N,O by increasing N immobilization
into microbial or plant biomass, which results in the reduction of soluble N in the soil
and, consequently, in a limitation of denitrification. Thus, AMF could have an indirect
influence on potent greenhouse gas (GHG) emissions through change of the physical
conditions of soil that influence the production and transport of GHG in soil [26].

The AMF symbiosis can reduce nutrient loss from ecosystems in three main ways:
(1) by improving crop nutrient extraction capacity [43] allowing the production
of good yield at lower levels of soil fertility; (2) by increasing soil aggregation via
physical particle enmeshment and cementing with “sticky” exudates, which results in
better soil nutrient storage and retention [48]; and (3) by promoting growth of host
crops, thus increasing the size of this desirable nutrient sink [46]. On average, plants
inoculated with G. mosseae yielded 13% more biomass relative to non-mycorrhizal
plants [49]. Therefore, AMF are vital endosymbionts playing an effective role in plant
productivity and the functioning of the ecosystem service.
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4. Impact of agrochemicals on crop production and ecosystem service

Excess use of agrochemicals caused tremendous a reduction in soil macro-fauna
diversity and promotes the accumulation of toxic compounds in soils that severely
harm the environment [6, 30]. Pesticides significantly reduced the diseases and
increased the grain yield, yet more resistant pesticides to degradation by abiotic
(physical, chemical, and other factors) and biotic (living organisms in the soil food
web) agencies, leach into the lower strata of the soil, then absorbed by plant roots,
and accumulate in the food chain and are ultimately biomagnified in the food web
that is hazardous to human health. They may also affect non-target crop and poten-
tially non-target endangered species by transporting from the sprayed area to non-
target areas [6].

Several synthetic fertilizers contain acid radicals, such as hydrochloride and
sulfuric radicals, and hence increase the soil acidity and adversely affect soil and
plant health [2]. Highly persistent and toxic agrochemicals are available in water, fish,
vegetables, and human fluids, which are in turns hazardous to human and ecosystem
[30]. These chemical inputs gain access into human body systems through three major
means: (i) oral ingestion, (ii) infiltration through the skin, and (iii) breathing causing
chronic disease [30] from respiratory disorders and musculoskeletal illnesses due to
lack of knowledge of the caution code for hazardous agrochemicals.

5. The possible mechanism of AMF for improving nutrients bioavailability
and reducing chemical fertilizer

5.1 How can AMF symbiosis reduce chemical fertilizer?
5.1.1 Increasing the surface avea for nutrient absorption of plant roots

The uptake of mineral nutrients from the soil by plants is greatly aided by mutu-
alistic associations with mycorrhizal fungi, which have two pathways for nutrients
uptake such as direct pathway that involves the uptake of nutrients via high- or low-
affinity uptake transporters in the plant root hairs and the mycorrhizal pathway that
involves rapid uptake and translocation of nutrients by fungal transporters in the ERM
along the intraradical mycelium (IRM) to the plant root cortex [18, 34, 50, 51]. AMF
colonization enhances plant growth performance, root morphology, and leaf nutrient
levels that could greatly increase the root-soil interface area [52, 53]. AMF extraradi-
cal hyphae can reach a soil volume beyond the nutrient and water depletion zone of
roots and may extend up to 8 cm from the root surface, and 1 g of soil contains up to
200 m fungal hyphae [10, 15]. This length is a common parameter used to quantifying
fungal hyphae, which greatly increases the surface area for the uptake of immobile
nutrients particularly P, N, and Cu [15]. Extraradical hyphae explore soil volumes for
nutrient extraction [27] by physically and enzymatically expanding the rhizosphere.
Furthermore, fungal hyphae are much thinner than roots and are therefore able to
penetrate smaller pores and extract water under dry conditions [54]. It is also improv-
ing the efficiency of nutrient cycling and reducing nutrient losses from the soil-plant
system [46] that ensures adequate nutrient availability in infertile or less fertile soil.

In additionally water, fungi are able to extract and assimilate soil P from non-
plant-available forms such as DNA or P bound to mineral particles [8]. The AMF
hyphal network is also able to uptake K and other important micronutrients such as
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Mg, Zn, Cu, Ca, S, Na, Mn, B, Mo, Fe, Al, and Si, essential for plant growth [16] and
led to a mobilization of starch reserves in the apex of grapevine in winter, which was
possibly responsible for enhancing root development [44, 55]. Mycorrhizal infection
enhances plant growth by increasing nutrient uptake and significant delivery system
for P (80%), Cu (60%), N (25%), Zn (25%), and K (10%) via increases in the absorb-
ing surface area, by mobilizing sparingly available nutrient sources, or by excretion of
chelating compounds or ectoenzyme [56].

5.1.2 Induces the expression of plant nutrient transporters

It is well known that AMF symbiosis specifically induces the expression of plant
Pi transporters (PT4) (Figure 3) [3, 33] reducing the risk of wasteful P loss, thus
preserving the quality of water and aquatic ecosystems [46]. In addition to the Pi
transporters, mycorrhiza-inducible ammonium transporters (AMT) that not only
deliver nutrients to the root cells but also trigger signaling that enables conditions
for arbuscule maintenance [26]. Furthermore, the reviews [26] describe that the role
AMF symbiosis improves the sulfur, K, and Zn nutritional status of the host plant,
affecting the expression of plant transporters. AMF also produce other hydrolytic
enzymes such as pectinase, cellulase, hemicellulases, xylanase, and chitinase, which
may participate in key steps to mineralize organic chemicals [1].

5.1.3 Reduce biotic and abiotic stress

Mycorrhizal fungi have also a lot of “non-nutritional” effects on plant physiology
often alleviating plant stress caused by biotic and abiotic factors such as promoting
osmotic adjustment under drought and salinity stresses [16, 57]. AMF symbiosis can
also stimulate the synthesis of plant secondary metabolites, which are important for
increased plant tolerance to abiotic and biotic stresses. A plant that is associated with

Figure 3.
Scheme summarizing the main nutrient exchange processes in AMF symbiosis (adapted from [33]).
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diverse community of AMF may have a sort of “insurance” against fluctuating condi-
tion [12] through enhancing the activities of antioxidant enzymes (such as superoxide
dismutase (SOD), catalase (CAT), peroxidase (POD), and glutathione reductase (GR)
[58]) and reduction in H,O, production, then protecting plant cells from deleteri-
ous impact of reactive oxygen species (ROS). In plant tissues, excessive ROS induce
oxidative damage of lipids, proteins, and nucleic acids that influence normal structure
and function. AMF alleviate the oxidative stress from contaminants via mediating the
plant antioxidant system, allowing plants to grow better under contamination stress
[1] and contribute to better growth under normal as well as stress conditions [59].
This healthy and better growth plant increases nutrient capture by AMF crops [60].
Several studies suggest that enhanced tolerance of AMF plants to water deficit may
involve modulation of drought-induced genes by enhancing osmotic adjustment, gas
exchange, and water use efficiency of the host plants [57, 61]. This may play a role in
the increased tolerance of AMF plants to stress while increasing plant biomass and
uptake efficiency of immobile nutrients such as P, Zn, and Cu and decreasing metal
toxicity to plants. Therefore, application of AMF in agriculture is used to reclama-
tion waste places to productive agriculture field, which is a promising alternative to
conventional fertilization practices, with a view to sustainable agriculture [26].

5.1.4 Improve synergistic interaction of beneficial soil microorganism

AMF colonization can induce quantitative and qualitative changes in root exudates
and subsequently modify microbial community structure of the rhizosphere [58].
Particularly, extraradical mycelium fungi provide a direct pathway for translocation
of photosynthetically derived carbon to microsites in the soil and a large surface area
for interaction with other microorganisms [32]. This enhances synergistic interaction
of soil microorganism such as nitrogen fixation P solubilization and the production
of phytohormones, siderophores, and antibiotics [37] and then reduces N and P
chemical fertilizer application by 10-25% [3, 62], resulting in better root nodula-
tion, nutrient uptake, and plant yield [9]. Rhizobia and AMF fungi often interact
synergistically, and their exoenzymes play pivotal roles in accessing, mobilizing, and
transferring nutrients [27]. Dual inoculation of such fungi with a Rhizobium and
other bacterium on plant enhanced the growth and other beneficial effects, namely
resistance to disease and tolerance to adverse soil and climatic conditions [63].
Similarly, co-inoculation of AMF with rhizobium stimulated the N fixation efficiency
while improving N transfer and P uptake resulting in the yield advantages of legume/
non-legume intercropping [39, 64].

Use of selected native bacterial consortiums reduces the use of nitrogen fertilizer
by up to 25%, increasing the productivity of rice cultivation [65]. Other researchers
reported that only 25-50% of the recommended N, P, and K rates were required by
inoculated crops compared with non-inoculated plants. While the rate of 75% N, P,
and K was required by other crops (potato, tomato, pepper, and plantain). Thus, the
use of AMF inoculation could lead to reduction of agrochemicals application and
reduces their potentially negative impact agro-ecosystem.

5.1.5 Improve soil rhizosphere and plant absorption efficacy

AMF fungal mycelia can facilitate the formation of water-stable soil aggregates
via biological, biophysical, and biochemical-based mechanisms such as entangle-
ment and enmeshment of soil particles by AMF extraradical mycelia, production of
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mucilages, glycoprotein, glomalin (the soil organic matter pool), polysaccharides,
and other extracellular compounds [48]. The AMF extraradical hyphal length sig-
nificantly decreased total soil loss by increasing soil cohesion [66]. This improves
plant absorption efficacy for water and nutrients of the low mobility in soil [10]. They
also alter the rates of above- and below-ground litter decomposition due to chemical
changes in the roots and interactions with the decomposer fungi [15]. Furthermore,
increased soil stability can reduce soil erosion, loss of nutrients and organic matter
leading to increased aeration and water-holding capacity. This improved soil struc-
ture is not only influencing the behavior of organic contaminants in soil, but also
helps to maintain high microbial activity, accelerating the biodegradation process,
and ultimately enhancing crop safety.

5.2 AMF symbiosis for uptake and translocation of phosphate

Even though phosphorus is a major essential nutrient for plants growth and devel-
opment, its excess application causes eutrophication of water [67]. It is also bound
to Ca and Mg in alkaline soils and readily complexed to charged Al and Fe oxides in
acidic soils [68], resulting in a decline of directly absorbed Pi (inorganic phosphate)
by the plant root. The arbuscular mycorrhizal fungi (AMF) increase its exploitation
of organic P or orthophosphate ions through the organic ions and siderophore pro-
duction [32] and the changes in sorption balance of soil solution caused by microbial
biomass turnover in the rhizosphere [69] besides increasing the absorbing surface
area. AMF-induced enhancement in phosphatase activity could possibly mediate the
release of organically bound phosphorous, hence increasing transport and uptake
of phosphorous in AMF inoculated plants [59]. The mycorrhizal plants displayed a
larger phosphorus inflow than the non-mycorrhizal controls [51]. Likewise, AMF
fungi possess high-affinity inorganic phosphate (Pi) transporters, which are localized
to the extraradical hyphae of G. versiforme, the site of phosphate uptake from the soil
(Figure 3) [33]. Similarly, Smith & Smith [19] summarize the possible mechanisms
for increased uptake of P by arbuscular mycorrhizal plants: (1) extensive physical
exploration of soil by fungal hyphae, thus decreasing the distance that P ions must
diffuse before uptake; (2) faster P uptake from solution; (3) production of exudates
by AM plants and change of rhizosphere pH. Variation may also occur among AMF
fungi in their ability to utilize various inorganic or organic P sources, or in their abil-
ity to proliferate in nutrient-rich patches of soil [21]. In AMF-colonized rice, about
70% of the overall Pi acquired is delivered by the symbiotic fungi [60]. In some cases,
AMF may be responsible for 100% of host nutrients and have a significant impact on
plant growth, health, and subsequently on plant biodiversity and ecosystem produc-
tivity [34]. It is evident that such reductions in phosphate application have important
economic and environmental benefit [22].

5.3 Transport and assimilation of nitrogen in AMF symbiosis

Plants take up more NH," via the AM fungal from soils in very low concentrations
than NO;™ in agricultural soils due to its more efficient energetic and relatively immobile
in the soil solution [19, 38, 39, 50], which is highly influenced by agricultural manage-
ment decision [70]. This may be due to A high-affinity ammonium (NH,") transporter
(AMT?2;2) is also localized in the AMF [17]. There are two possible reasons why N
delivery by the fungus was negligible for nitrate-N; (1) the hyphal ability to acquire
nitrate was very low due to poor development of the extraradical hyphae in comparison
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with the ammonium supply related to high mobility of nitrate; and (2) the assimilation
and deliver rate of nitrate was low [38]. After uptake of N from the soil it is assimilated
into Arginine (Arg) in ERM and translocated to IRM, then Arg is broken down to NH,"
via the catabolic arm of the urea cycle and reassimilated by plant through mycorrhiza-
inducible transporters (Figure 4) [50, 71, 72]. The experiments of [71] show that fungi
directly take up inorganic nitrogen and incorporate into amino acids and then transfer
N from extraradical mycelium to the host plant without carbon.

Even though contribution of the AMF symbiosis to crop N nutrition is often
thought to be small, as inorganic N(NO;* or NH,4") in soil is much more mobile, and
unlike ecto- and ericoid mycorrhizas organic N is not available for AMF due to lack
of saprotrophic ability [18, 60]; several studies confirmed that AMF are able to take
up organic N sources from the soil mainly in the form of amino acids using RiPTR2
transporter [50]. AMF also play vital role in accelerating the decomposition of organic
material and nutrient cycling in soils through providing decomposers with plant-
derived carbon inputs and transfer decomposition products to the plant [50]. Thus,
AMF can play an indirect stimulatory role in the uptake of N from organic sources
[36] by influencing organic matter decomposition through bacterial activity [49].

In sustainable system, mineral N levels should be kept low as NO;* can be reduced
to N,O, a potent greenhouse gas, or lost from the soil-plant system through leaching
[46] and negatively impacting surface and ground water quality. Therefore, presence
of AMF fungi in the plant-soil system can enhance mineralization of N from organic
residues in soil, and the N released can be better used by plants tapping AMF net-
works located in the vicinity of mineralizing residues [46]. In AM root organ cultures,
more than 21% of the total N in the roots was taken up by the ERM [73]. Similarly,
Tanaka and Yano [38] demonstrated that maize leaves obtain up to 75% of the N taken
up by AMF due to high expression levels of GintAMT1 in the ERM, which primarily
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Model of nitrogen movement in the arbuscular mycorvhizal symbiosis (source: [71]).
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involved in the NH," acquisition of fungal hyphae from the soil. They conclude that
the mycorrhizal fungus can rapidly deliver ammonium-N to the plants but lacks the
capacity to transfer nitrate to the plant.

5.4 Metal ions transfer in AMF symbiosis

Besides providing resistance to disease and drought, AMF supply a range of limit-
ing nutrients including copper, iron, and zinc to the plant in exchange for carbon [43].
Even though the roles of arbuscular mycorrhizal in the uptake of K, Ca, Mg, and S are
poorly understood, numerous studies also reported that AMF increase uptake of K,
Ca, and Mg [74]. AMF fungi can increase host plant uptake of K and modulate plant
responses to long-term K limitation, by preventing ROS production and upregulat-
ing specific genes, including an ortholog of the plasma membrane K*/H* exchanger
AtCHX20 (cation/H" exchanger) in Medicago truncatula [51].

Arbuscular mycorrhizal fungi (AMF) enhance the nutritional state of their host
plant through acquiring and delivering a proportion of resource to their hosts and
play potential role in sustainable crop production [75]. The utilization of microbial
products has several advantages over conventional chemicals for agricultural pur-
poses [2]: (i) microbial products are considered safer than many of the chemicals now
in use; (ii) neither toxic substances nor microbes themselves will be accumulated in
the food chain; (iii) self-replication of microbes circumvents the need for repeated
application; (iv) target organisms seldom develop resistance as is the case when
chemical agents are used to eliminate the pests harmful to plant growth; and (v)
properly developed biocontrol agents are not considered harmful to ecological pro-
cesses or the environment. Rini et al. [76] concluded that AMF application reduced
50% of compound fertilizer needed for oil palm seedlings. Hence, AMF is considered
to be a good replacement for inorganic or chemical fertilizer in the future.

5.5 How AMF symbiosis reduces use of pesticides and other chemicals?
5.5.1 Bioremediation

A wide range of toxic pollutants including heavy metals are disposed of daily to
the soil and water, which are the most are the most serious disaster affecting humans,
plants, and the environment negatively [77, 78]. The conventional remediation
methods cause high cost, intensive labor, irreversible changes in soil properties, and
disturbance of native soil microflora. Thus, researchers obtain a novel approach called
phytoremediation, which is an economically feasible and sustainable option to clean
up heavy-metal-contaminated sites. It refers to a green technology that uses plants
and associated soil microbes to reclaim HM and radionuclides from the environment
by various detoxification mechanisms including phytoextraction, rhizofltration,
phytostabilization, phytodesalination, photodegradation, and phytovolatilization;
[77-79], which is one of the low-cost remediation techniques used by microorganisms
to remove heavy metals [42].

AMF alleviate heavy metal toxicity due to the ability of fungal hyphae to bind
heavy metals outside and inside the roots and restrict their uptake to upper parts
[51, 59]. This binding ability is due to AMF hyphae being capable of secreting a
glycoprotein called glomalin, which can bind heavy metals and subsequently remove
heavy metals absorbed by the plants from contaminated soil. Glomalin can develop
the properties and structure of the soil, which helps to enhance soil fertility by linked
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with soil carbon [42]. This binding of heavy metal to the cell walls of the fungal
hyphae in roots and not release to the shoot as the presence of free amino acids,
hydroxyl, carboxyl, and other groups are containing the cell wall of fungi represent-
ing as act as a filtration barrier against the transfer of heavy metals to plant shoots.
Furthermore, metal dissolution by fungi may take place through proton-promoted
or ligand-promoted mechanisms and organic acids provide both a source of protons
for solubilization and metal-chelating anions to complex the metal cations [32]. The
work of [40] suggested that mycorrhizal symbiosis becomes a promising and suitable
as phytostabilizers of Cd stressed soil. Similarly, three arbuscular mycorrhizal fungi
(AMF) from Glomus, Acaulospora, and Scutellospora, and four plant-growth-promot-
ing rhizobacteria isolates related to genera Streptomyces, Azotobacter, Pseudomonas,
and Paenibacillus were found to be effective in phytoremediation of Fe;C contami-
nated soil [80]. In general, metal-tolerant fungi grew and solubilized toxic metal
minerals better than non-tolerant isolates. Mycorrhizal colonization protects roots
against metal such as Cd, Zn, Cu, Pb, Mn, and Ni, toxicity [40, 59, 81]. AMF that
promote biodegradation will decrease contaminant residues in both crops and the
environment.

5.5.2 As biocontrol agents (biopesticides, bioherbicides)

To prevent environmental pollution and occupational diseases, proactive pre-
ventative actions are needed [5]. AMF are particularly important in organic and/or
sustainable farming systems that rely on biological processes rather than agrochemi-
cals to control plant diseases. AMF can act as bio-controllers that allow host plants to
grow healthier and decrease the application amount and frequency of pesticides and
other environmentally harmful agrochemical products [1]. These processes protect
plants against soil-borne pathogens and assist in contaminant removal [7] and reduce
pesticide application via enhanced crop resistance to pathogens and improved com-
petition with weeds [1]. The use of AMF as safe and sustainable biostimulators and
bio-protectants is very promising alternative, as it does not harm the environment,
resulting in sustainable food production [82].

The complex interactions between plant, pathogen, and AMF symbiosis can
enhance host plant resistance or tolerance to root pathogenesis [83]. The major
mechanisms related to bio-protection role of AMF are indirect mechanisms such
as enhanced mineral nutrition status of plants (enhance resistance and tolerance),
changes in root architecture (e.g., increase in lateral branches and cell wall lignifica-
tion), competition for infection sites (the pathogen never penetrated arbuscule-
containing cells), change in rhizodeposition (alter the chemotaxis to the roots by
the pathogens), and activation of plant defense responses [83]. The mechanisms of
biocontrol exercised by most microbial inoculants could be attributed to release of
extracellular hydrolytic enzymes, competition for nutrients and secondary metabo-
lites toxic to plant pathogens at very low concentrations [84].

AMF plants may be more appealing to herbivores, reduce disease symptoms for
some disease, and more attractive to pollinators due to their altered architecture and
improved nutrient status [12]. An interesting issue in mycorrhizal plant-parasite
interaction is a recently reported potential of mycorrhiza to provide partly protection
and control of Striga [85, 86]. They observed as AMF negatively impacted on Striga
seed germination, reduced the number of Striga seedlings attaching and emerging,
and delayed the emergence time of Striga both in pot and field experiments. Exudates
from mycorrhizal sorghum plants resulted in much lower germination of Striga
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seeds than exudates of non-mycorrhizal sorghum plants. AMF also have an indirect
beneficial effect by enhancing the fitness of the cereal host and thereby allowed the
host to withstand Striga damage better. Therefore, AMF might be able to substitute
for reduced fertilizer and biocide inputs in organic systems, which is not permitted in
organic systems [74], while increasing productivity in the range of 16-78% by gaining
more N, P, and other less mobile nutrients increased [24].

5.6 Factors affecting AMF-soil-environmental symbiosis

Mycorrhizal symbioses in agro-ecosystems are affected by various factors includ-
ing species compatibility with the target environment, the degree of spatial competi-
tion with other soil organisms in the target niche, and the timing of inoculation
[26, 87]. AMF symbiosis and growth are also influenced by the host plant genotype
(for instance, legumes more mycotrophic than grasses [39]), AMF species, soil
fertility, and percentage of root infection [13, 37, 56]. A very challenging for large-
scale production of AMF is its obligate symbionts behaviors [26, 12] and having high
degree of genetic and lack of a uninucleate cell stage in the life cycle of AMF [33].
Similarly, equally or even better performance of indigenous AMF [10] than commer-
cial or culture collection isolates is another headache for producers [26], which may
cause potential environmental risks without providing higher plant benefits [27]. This
promotes encouraging farmers to autonomously produce their AMF to make technol-
ogy affordable and sustainable.

Application of agrochemicals also reduces network complexity and the abundance
of AMF particularly, the nutritional status of the plant and surrounding environment
such as P [28, 51]. Because high levels of P repressed the expression of genes encoding
carotenoid and strigolactone biosynthesis enzymes in plants, suggesting that high
levels of P directly inhibit spore germination by reducing strigolactone biosynthesis
then reducing the Pi flux from AM fungi, which in turn reduces the amount of carbo-
hydrates transferred to AM fungi [51]. This reduces abundance of AMF in soil (e.g.,
by fertilization) could reduce the importance of AM fungi for ecosystem functioning,
including their ability to reduce nutrient leaching losses [46].

Furthermore, land uses, crop rotations, and soil features affect the AMF diversity
and their community functioning due to changes in soil physical and chemical char-
acteristics [88]. Less-intensive tillage is a viable strategy for enhancing root coloni-
zation by indigenous AMF across soil types and crop species [27]. Reduced tillage,
manures, and cover crops are recognized as a practical way to maintain high popula-
tion of functional effective AMF eventually to support sustainable crop production
[89]. This is true if you did not use herbicide such as glyphosate that hinders and
detrimental for subsequent AMF recovery. This specificity suggests that crop species
in rotations may influence the quality of the AMF population in the soil of a following
crop [10]. Once AMF biodiversity is restored and well-established with AMF-friendly
management before and after cultivation mycorrhizal hyphal network will remain
unaltered and infective in the future [26].

Generally, for increasing effectiveness and success AMF inoculation reducing
tillage rate, bare fallows, agrochemicals usage, and use of non-mycorrhizal crops in
rotation vital for enhancing abundance and contribution of AMF fungi as ecologi-
cal services in agriculture [22]. The review of [60] summarize the management
of the AMF symbiosis is achievable through a variety of agronomic practices,
in particular: (1) tillage, (2) crop nutrition, (3) grazing, and (4) integrated pest
management, as well as by (5) the selection of crop genotypes and crop rotation
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sequences, (6) the use of AMF inoculants, and (7) the use of biotechnologies that
enhance the AMF symbiosis of crop plants. Thus, understanding best manage-
ment practice of AMF in crop production would insure good extraradical myce-
lium development leading to soil quality improvement and reduced activity of
soil-borne pathogens [10].

6. Concluding remarks

Harnessing natural resources including beneficiary microorganisms is one of
the most effective approaches to improving farm productivity and food quality in a
sustainable way. Microbial inoculant technology will ensure healthy food security for
the future population. AMF efficiently use for agricultural productivity in sustainable
manner in which the diversity and function of soil microorganism is the decisive issue
in the agrarian activities and ecosystem service [23]. AMF might be able to substi-
tute chemical fertilizer and biocide inputs in organic systems [74], while increasing
productivity in the range of 16-78% by gaining more nitrogen (N), phosphorus
(P), and other less mobile nutrients increased [24]. This role of AMF can reduce the
catastrophic effect indiscriminate use of agrochemicals in agricultural sectors and
promotes. Hence, reintroducing AMF into agro-systems may also improve nutrient
use efficiency, water-use efficiency, and tolerance to pathogens and herbivores [12].
Finlay [32] suggests more research on AMF as its relevant species have not yet been
investigated since there has been a general concentration on agricultural systems
in which additions of inorganic fertilizers, pesticides, and plant breeding may have
selected against arbuscular mycorrhizal fungi with the capacity to mobilize organic
substrates.

Mycorrhizal symbioses in agro-ecosystems are affected by various factors
including all biotic, abiotic, and agronomic management factors related to complex
interaction of soil-AMF and host plant. Thus, selection of new crop varieties giving
yields on poor soils and in low fertilization conditions and understanding compat-
ible management practice in crop production that would ensure good extraradical
mycelium development leading to improvement of soil quality and crop productivity
in holistic manner is paramount importance for successful exploitation of arbuscular
mycorrhizal fungi.
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Abstract

Ectomycorrhiza (ECM) is an association of fungi with the roots of higher plants
in which both the species are equally benefited and appears to be important for the
survival of both parties, and no doubt this association offered extensive benefits in
the restoration of forest and ecosystem soil aggregation and stabilization. The most
important and vital role of ECM fungi, which is analyzed globally, is that they are best
and environment friendly biofertilizers. ECM fungi considered as a biotechnological
tool in forest management because their role in reforestation, bioremediation, control
of soil pathogen, and restoration of ecosystem is reviewed extensively. ECM fungi not
only increase the biomass of edible fruiting bodies but also improve soil structure,
nutrient cycle, and also produce phytohormones, which increase the growth and
survival of seedlings and enhance the photosynthetic rate of plants and also maintain
their tolerance level against environmental stresses in forest nursery. Ectomycorrhizas
also reduce fertilization expenses in an environment friendly manner. The importance
of ECM fungi and mycorrhizal helper bacteria for the growth enhancement of the
economically important trees and significantly important role in restoration of sites
degraded by forestry operation.

Keywords: biofertilizer, phytopathogens, agriculture, biome, mycorrhization

1. Introduction

Fungi are the most valued and understudied group of microorganisms and are
widely distributed in different ecological habitats that inhabit and the consequential
requirement to contend against an assorted group of other microorganisms, that is,
bacteria, fungi, and viruses also have a strong defense mechanism for survival as
many scientists have studied their role industrially, ecologically, and biotechnologi-
cally; now, fungal association with trees, which termed as mycorrhiza, is becoming
the center of focus for its role in forestry and ecosystem as a biofertilizer. Fungi as bio-
fertilizers are considered the basic core of the ecosystem, and their impact will be felt
more in the future; hence, the importance of fungi as biofertilizers cannot be denied.
The term mycorrhiza originated from two Greek words “mykes and rhiza,” which
mean fungus and roots, respectively, was first coined in 1885 by Albert Bernhard
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Frank who was a forest pathologist [1]. Frank also explained that mycorrhiza is an
association of ectomycorrhiza (ECM) and roots of higher plant, and this relation-
ship is symbiotic in nature; he further subdivided it into two subcategories, that is,
ectomycorrhizal fungi (do not penetrate cortical cells) and endomycorrhizal fungi
(penetrate cortical cells). A lot of research has been conducted on symbiotic relation-
ships of fungi and plants by many scientists who showed that approximately 86% of
territorial plants get their nutrients through mycorrhizal roots [2]. The number of
fungal species that take part in ectomycorrhiza formation is about more than 7000,
and, predominantly, species from basidiomycetes class contribute toward ectomycor-
rhiza formation. In ectomycorrhiza formation, a special network named as Hartig’s
is a bridge for the metabolic altercation of fungi and the roots through which it plays
its role in the mobilization, translocation, and transportation of soil nutrients to the
roots of plants through mycorrhizal mantle connection extended into the soil [3].
Many pieces of research also supported an assumption that ectomycorrhiza
fungi developed polyphyletic assistance from multiple saprophytic species, as their
diversity was initially based on the studies of the reproductive part of fungi, and now
they are categorized based on their morph anatomical characteristics. With many
significant and viable trees, such as poplar, pine, birch, and oak, ectomycorrhizal
associations are being observed [4]. Mycorrhizal fungi (MF) can be helpful for the
identification of the structure of the plant community. So, the determination of
fungal companion, symbiotic relationship and to understand its structure, function
and fundamental importance in ecology terms [5].

2. Role of microbes as biofertilizers

In the recent era, the agricultural sector has mostly relied on synthetic and chemi-
cal fertilizers for their betterment, but the excessive use of chemicals has caused
various environmental issues, such as increase in temperature, destruction of habitat,
unavailability of nutrients due to change in soil structure or profile, and environ-
mental pollution causing health hazards. Hence, researchers are working on different
agricultural tools that are considered to be effective or environment friendly with
less consumption of energy. Thus, natural ecofriendly microbes (algae, fungi, and
bacteria) have been recommended as practicable solutions for extensive agricultural
applications economically and also support soil structure as well as various forms of
agricultural land, support plant growth by enhancing its nutrient absorbing capac-
ity, and reduce chances of soil-borne diseases [6]. Bacteria as biofertilizer ensure
the fixation of atmospheric nitrogen and its availability to plants by synthesizing
plant-growth-promoting substances and increasing the solubility of phosphorous.
Ectomycorrhizal fungi are an important tool for the absorption of different mineral
nutrients such as phosphorus. Therefore, all microbes play an important role in the
agricultural sector by providing different services, such as disease resistance, drought
tolerance, and increasing and maintaining the nutrient quality of soil [7].

The forest biomes offer vital ecosystem amenities, which include providing
habitats for organisms and acting as a sink for different nutrients such as carbon,
sodium, and potassium, controlling different harsh factors, such as erosion of soil,
extenuating climate change, and manufacturing vital assets, for example, wood
timber, fuel, and bioproducts. Owing to different human actions, the efficiency of
forests has declined significantly over the passage of time. To overcome the short-
age of nutrients and phytopathogens, different chemically synthesized products
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are being used in forest development or for diversity enhancement in different
sectors. But, this frequently leads to nutrient losses through various factors such

as leaching, gaseous losses, and many other harmful factors. The exploitation of
biofertilizers instead of relying on different chemicals may increase the growth and
development of plant species that enhance the productivity in a more maintainable
way. Biofertilizers are mostly used in horticulture and agriculture sectors with less
emphasis on forestry. It is mandatory to explore and exploit numerous mechanisms
of action, viz., enabling nutrient uptake, phytoprotection, and modulation of
phytohormone of biofertilizers that would have supportive role in promoting the
ecosystem services of forest biomes. All these factors (i.e., the mechanisms of action
of effective microorganisms in biofertilizers, applications of biofertilizers in the
forestry sector, and factors influencing the effectiveness of biofertilizer application)
will be considered in the given review.

S.No

Groups

Examples

List of nitrogen-fixing biofertilizers

1 Free-living Azotobacter, Beijerinkia, Clostridium, Klebsiella, Anabaena, and Nostoc
2 Symbiotic Frankia, Rhizobium, Anabaena, and azollae
3 Associative symbiotic Azospirillum

List of phosphorus-soluble biofertilizers

1 Bacteria Some phosphorous solubilizing bacteria are Bacillus subtilis, Bacillus
megaterium, Pseudomonas striata and Bacillus circulans
2 Fungi Penicillium sp. and Aspergillus awamori

List of phosphorus-mobilized biofertilizers

1 Arbuscular mycorrhiza  Glomus sp., Gigaspora sp., Acaulospora sp., Scutellospora sp. and Sclevocystis sp.
2 Ectomycorrhiza Laccaria sp., Amanita, Pisolithus sp. and Boletus sp.

3 Ericoid mycorrhiza Pezizella ericae

4 Orchid mycorrhiza Rhizocotina solani

S.No Name Crop suited Benefits

List of commonly produced biofertilizers

1 Rhizobium strains Legumes (i.e., pulses, It can cause 10-35% increase in yield
groundnut, soybean) 50-200 kg N ha-

2 Azotobacter Soil treatment for non- Results in 10-15% increase in yield with
legume crops (including addition of 20-25 kg N. It is also helpful in
dry land crops) control of certain diseases.

3 Azospirillum Nonlegumes (like maize, It causes about 10-20% increase in yield.
barley, oats, sorghum, It can be applied to legumes as a
millet, Sugarcane, rice, etc.)  co-inoculant.

4 Phosphate solubilizestwo  Soil application for all crops ~ 5-30% increase in yield

bacterial and two fungal
species in this group
5 Blue-green algae, Azolla Rice/wetland 20-30 kg N ha™, Azolla can give biomass up
to 41-52 tones and fix 32-100 kg N.
6 Mycorrhizas Trees, crops, and few It causes 30-50% increase in yield and

ornamental plants

promotes the availability of Zn, P, S, and
water.
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3. Fungal biofertilizer and its role in agriculture sustainability

Internationally, agricultural production and food manufacturing has to increase
twofold in 2050 or the coming years so as to nourish the global growing population
while reducing dependence on conventional chemical fertilizers and pesticides. In the
past few decades, the increase in extreme chemical fertilizer and pesticide application
for crop production has produced a difference in the soil ecosystem. In the present
situation of global warming and a disturbed ecosystem, soil microflora regulates how
healthy a generation of plants, animals, and humans would be. In light of this, the
usage of fungal biofertilizers as a maintainable solution has gained importance over
the years [8].

Pesticides, on the other hand, are a double-edged sword. Though targeted on exact
targets, they constrain nontarget organisms including the soil mycoflora, which eases
the growth of plants. Research shows how agricultural sustainability and economic
stability depend on fungal biofertilizers [9].

4. Mycorrhizal fungi and other soil organisms

Mycorrhizal fungi interrelate with a vast variety of other soil microorganisms. This
interaction may occur in the rhizosphere or in the loose soil. All these interactions may
act as an inhibitor or may play a role as a stimulator; most of the time, they play a role
of a symbiotic or a competitor. Effects can be observed evidently at all the phases of the
life cycle of MF from the spore population dynamic role of mycorrhizal helper bacteria
(MHB) in symbiosis interaction; it is very important for bacteria and grazing animals to
maintain and sustain this interaction or symbiotic relationship. Mycorrhizal fungi are
also capable to amend the associations of plants with other soil organisms—both patho-
gens, for example, root-inhabiting nematode, fungi, and particularly nitrogen-fixing
bacteria. These connections may be significant in natural environment where microbes
play regulatory roles, and in agricultural systems, mycorrhizas may be important in the
formation of integrated systems of pest control and growth stimulation [10].

5. Mycorrhizas as nutritional mutualisms

Mycorrhiza is a symbiotic relationship between plants and fungi in which both
get to benefit from each other; fungi provide all nutrient availability to plants and
in return get food or photosynthetic material. The union of many dissimilar systems
of mycorrhizas is a testimony to the shared benefits of these enterprises. Resource
exchange in mycorrhizas can be observed, and for the inspection of exchanged
resources among both partners, different tools are being used. MF is considered
more efficient in exploring soil and uptake of nutrients for plants as compared to
plant roots. The large size of soil is inhibited by MF that spreads far away from the
nutrient reduction zone that develops around roots [11]. About external hyphae of
ECM, it is assessed that it may increase the surface area up to 60-fold on average.
Nutrients from soil pore spaces are extracted by the small diameter of fungal hyphae
that is too small for plant roots to perform its activity [12].

174



Ectomycorrhizal Fungi as Biofertilizers in Forestry
DOI: http://dx.doi.org/10.5772/intechopen.110090

6. Nitrogen fluxes in the plant and fungus symbiosis

Mycorrhizal fungi can use nitrogen in two forms, that is, organic or inorganic,
from soil matrix and make their availability to plants. Different research studies
carried out by researchers show that ammonium, nitrates, and urea marked with
N". This form of nitrogen is translocated in the hyphae in the form of arginine,
though it is quickly converted and then transformed into ammonium ion immedi-
ately, while the carbon skeletons created throughout the excruciating of the argi-
nine are reincorporated again into the fungal groups. Now, it is easy to understand
how the external hyphae of the ECM incarcerate inorganic nitrogen as nitrate ion,
NH,", and organic nitrogen as amino acids and distribute occasionally a huge frac-
tion of them to the plants.
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7. Forest biome and associated microorganisms

Microorganisms are almost ubiquitous in both the terrestrial and aquatic habitats,
and regardless of their microscopic proportions, they play an important part in global
nutrient cycling. All the multicellular organisms have a close relationship with dif-
ferent microbes, and those organisms that are living in natural environment cannot
be considered free from germs. Mutually associated microorganisms use an extensive
variety of effects on their hosts from helpful to harmful. Forest biomes are among the
species-rich terrestrial systems, and this equally applies to microbes living in forests.
Forest soil host not only has rich microbe groups, but also animals and plants that
provide them a habitat. Recent developments significantly widened our consideration
of the taxonomic and functional variety of microbes living in forest biomes, which
can collectively be termed “forest micro biota.” Still, many phases of the dynamics
of microorganism values of their assemblage and their contacts with hosts remain
unclear and require more research [13].
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8. ECM fungi as a source of phosphorous mobilization in forestry

About 97% of phosphorous present in agricultural soil is not available to plants
due to its organic or inorganic forms, so fungi are a major source of phosphorous; they
provide phosphorous by producing a large amount of acid phosphate, alkaline, and
other forms of acid. Different groups of fungi perform these functions and enhance
the growth of plants such as Gliocladium, Penicillium, Trichoderma, and Chaetomium.
Using 45-70 kg phosphorous enhances the yield of different crops by 15-30% with
fungi as a mobilizer. The small concentration of organic acid mandatory to mix
phosphorous ranges from 0.5 to 0.6%. The influence of microbes was greater in the
fungal inoculated plants as compared to plant input. Fungal extracellular enzymes
were more effective than their intracellular complement [14].

9. Role of ECM fungi in vegetative propagation in forest nurseries

Vegetative propagation is a vital tool for the enhancement of productivity of
economically important horticultural and agricultural plants. Microorganism also
plays a dynamic role in the horticultural sector apart from phytohormones, that is,
bacteria, fungi, and most important arbuscular mycorrhizal (AM) fungi, because
the symbiotic relationship between fungi and plant controls many factors, enhances
the ability to endure harsh condition or harsh environmental factors, and triggers
hormone production and adventitious root formation [15]. The initial inoculation of
arbuscular mycorrhizal fungi onto the medium of roots improves the rate of vegeta-
tive-propagated plant species growth after establishing a mutual association with the
plant. Furthermore, a series of successive signaling measures are known to happen
between AM fungi and plant during the growth and development of roots [7].

10. Ectomycorrhizal fungi and forest restoration

Temperate and boreal forests are affected by anthropogenic activities and destruc-
tion. Ectomycorrhizal fungi play a significant role in the re-establishment of forest
through building a symbiotic relationship with roots of higher plants of temperate and
boreal forests, providing nutrients to their hosts and surface area for gaseous exchange to
plant. ECM fungi are involved in woody plant existence and development and help them
to tolerate severe environmental conditions [16]. Much research has been conducted on
the restoration of forest ecosystems by using ECM fungi in the site where heavy metals
and soil erosion destroy plants drastically. The result has proven that ECM fungi restore
sites occupied by plant species that are not native. Moreover, boundaries, knowledge
gaps, and possible unwanted results of the use of ectomycorrhizal fungi (EMF) in forest
reestablishment and proposed for the further incorporation of this fungal group into
forest management. Ectomycorrhizal fungi (ECMF) host connections could progress the
chances of success of future reestablishment programs in different forests [10].

11. Drought tolerance and ECM fungi

ECMF increase the capacity of plants to bear damaging effects triggered by the
shortage of water. This symbiotic relationship affects different metabolic mechanisms
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of the host plant and improves the gas exchange mechanism in leaves, photosynthetic
rate, and direct assimilation of water from the soil, and allocation to the host plant
increases the role of enzymes involved in antioxidant defense, uptake of nitrates,
increase application of water through enhanced root hydraulic conductivity osmotic
modification, and variations in the flexibility of cell wall. ECMF are useless in severe
drought situations [17]. Drought is very common and natural disaster affecting both
crop development and livelihood in many ways. It has been assessed that drought
damages many plants and crops [18]. Since ECMF have the ability to make the plants
which may tolerate water shortage and used to lessen such crop losses. Different
research studies have shown that adding ECMF can enhance the growth and produc-
tion of plants under water-stressed environments. Observations showed that the soil
moisture content is higher in ECMF-protected treatments, which shows that ECMF
increase soil moisture [19].

12. Disease resistance and ECM fungi

Much research has confirmed that ECMF increase disease resistance in plants
against soil-borne plant pathogens. But the efficiency of biocontrol achieved by
ECMF is reliant on the species complex, substrate, and host plants. Also, the defense
given by ECMF is not effective against all the pathogens controlled by soil and other
environmental conditions [20]. This symbiotic relationship protects plants from
plant pathogens by using different mechanisms such as changing root development
and morphological character creating variations in the tissues of host root and also
manufacturing biochemical and physiological variations within the host, varying
host nutrition, adapting mycorrhizal sphere that affects microbial populations,
challenging for colonization spots and foods, and triggering defense mechanisms and
parasitism on nematodes [17].

13. Nitrogen-fixating bacteria and ECM fungi

Recently, research has been conducted to assess the outcomes of biofertilizers,
that is, the role of bacteria involved in nitrogen fixation and MF collectively on len-
ticels growth under rainfed conditions associated with plants with no application of
Azotobacter bacteria and mycorrhizal fungi. Results showed highly effective improve-
ment in leaf moisture, increased amount of chlorophyll, reduced protein amount,
and increased biomass production and seed production of plants compared with the
control plant [18]. The valuable consequence of mycorrhizal fungi and Azotobacter
applications showed positive results on photosynthesis in which plant growth was
enhanced due to better water uptake and nutrient supply mainly under the shortage of
water. Results provide an innovative indication about the effects of biological fertiliz-
ers on the growth of lentils and biomass production under rainfed environments. The
focus should be on increasing the production of lentil in arid and semiarid area [21].

14. The mycorrhiza helper bacteria

Mycorrhiza derived from word “mycorrhization” was first given by two scientist
Duponnois and Garbaye in 1991. They described that these bacteria are helpful in the
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formation of the plant root and fungus symbiotic relationship. MHB helps to increase
the efficiency of mycorrhizal fungi, that is, absorption of different nutrients from soil,
and to protect plant roots from pathogens attack and enhance the capacity of plants to
uptake a growth factor. This would certainly offer a new measurement of the ecology,
evolutionary, and physiology biology of mycorrhiza association. MHB may increase
the efficacy of fungal inoculum with a less budget because bacteria are easily grown in
profitable numbers than most MF. This research shows that more mycorrhiza helper
bacteria work should be devoted to mycorrhizal fungi for commercial concerns as well
as used as a laboratory models in research. These fungi include Pisolithus spp., Laccaria
bicolor, and Glomus intraradices genomes that are being sequenced as arbuscular

fungi ectomycorrhizas. In addition, growing concern about the pollution of soil and
the resulting tendency toward reducing the input of chemicals in plant production
should substitute eco-friendly practices such as controlled microbial bioremediation,
for example, by using ECM fungi as carriers of depolluting bacteria [22]. Different
investigation and research supported by the genomic development may be a great
opportunity to place MHB in the top prior list of future mycorrhiza research and to
increase general field of fungal-bacterial interactions in ecosystems.

15. Role of ECM fungi in the agriculture sector

Uses of different chemicals for acute and chronic disease inhibition may cause
environmental pollution and major human health problems [23]. For the sustainability
of agriculture, different methods are established by fungal species [21]. Members in
the genera Alternaria, Aspergillus, Chaetomium, Fusarium, Penicillium, Serendipita,
Phoma, and Trichoderma are commonly identified as plant development stimulating
fungi and also play a vital role as biofertilizer [24]. Different research studies have
proven that fungi act as opponents and destroy soil-borne plant pathogens and help
in the control of plant disease [25]. Entophytic fungi can be efficiently used as plant
defenders, growth stimulators, and competitors of microorganisms, which have capac-
ity for consumption in an extensive diversity of medical agricultural and industrial
fields. This is mostly due to their abundant dispersion as symbionts with plants. ECMF
recover soil structure, and nutrient source defends plants against root pathogens and
also enhances plant growth by making different plants hormones, which may increase
the growth rate and also enhance the photosynthesis rate of plants [26]. These fungi
are important for the growth improvement of commercially important crops including
different trees from the genera Castanopsis, Dipterocarpus, Eucalyptus, Fagus, Picea,
Pinus, Quercus, and Shorea. Scleroderma and Thelephora are famous ectomycorrhiza
genera that upsurge the rate of existence and growth of eucalyptus, oak, and pine
seedlings in reestablishment and replantation programs [24].

16. Conclusion

The ectomycorrhiza group of fungi mainly belongs to Basidiomycota and
Ascomycota members, and higher plants have mutual association. Different nutrients
and water are translocated, absorbed, and utilized by roots of plants; ectomycorrhizal
fungi are frequently involved in it. Most of the identified species of eatable fungal are
saprophytes, and few are ectomycorrhizal fungi, and in the past few years, ectomy-
corrhizal fungi has been a topic for research because the role of ectomycorrhizal fungi
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in the ecosystem is unbeatable; ectomycorrhizal fungi play a vital role in different
environments, for example, in terrestrial ecosystem and frequently involved in
nutrient cycling, that is, universal carbon and nutrient cycles in the fungus plant
interface the role of carbon and nutrient seems significant. Researchers should focus
on molecular and functional tools involved in relationship between fungi, plant, and
soil. For eras, scientists were considering that ectomycorrhizal fungi are only effec-
tive in forest ecosystem, but latest research has shown that ectomycorrhizal fungi
play an important role in all the environments, but further investigation is required
to specify its role in other environments; some examples justify that ectomycorrhizal
fungi should be considered a basic tool in ecosystem restoration as in the nursery

the application of ectomycorrhiza is very important, to yield ectomycorrhizal forest
seedlings and also has vital impact in forest restoration. Now, scientists should focus
on identifying suitable tools for the viable methods of development and increase in
mycorrhizal fungi application on large scale under maintained environmental condi-
tions. The part of ECM as biofertilizers in bioremediation and biocontrol in reestab-
lishment, replantation, and environmental renovation has been important so far, and
its significance role in the sustainability of the environment can be huge, enhancing
the acceptance of plants against living and abiotic stress. The role of ECM fungi in
present drawbacks of ecosystem, such as the vulnerable decline in plants such as oaks
and pines and the process of plant remediation of polluted soils, seems favorable.
Further research is going on to choose a new group mutual association for terrestrial
reestablishment and replantation.
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Abstract

In this paper, the research results on the synergy between mycorrhizal fungi and
plant microorganisms in China and abroad were summarized. The purpose of this
paper was to elaborate the effects of the synergy mechanism between mycorrhizal
fungi and plant microorganisms on crop growth and stress resistance, soil physical
and chemical properties, and soil microbial diversity and to analyze the contribution
of the interaction between mycorrhizal fungi and plant microorganisms in agricul-
ture and forestry, so as to provide theoretical basis for the further preparation of
composite microbial agents, the healthy and green improvement of crop yield, and
the ecological restoration of forestry stress resistance. The main directions of future
research in this field were also analyzed.

Keywords: symbiosis, endophytic microbe, rhizosphere microorganism, interaction

1. Introduction

Mycorrhizal fungi can infect plant roots to form mycorrhiza [1, 2]. In recent years,
there have been many studies on the symbiotic relationship between mycorrhizal
fungi and plants [3, 4]. The dynamic interaction between plants and mycorrhizal
fungi can promote the effective absorption of minerals by plants from soil and pro-
vide protection for various environmental stresses [5, 6]. However, some studies have
found that this interaction is closely related to mycorrhizal helper bacteria (MHB).
Mycorrhizal helper microorganism is a kind of special rhizosphere and endophyte
that can specifically bind to mycorrhizal fungi, promote mycorrhizal fungi infection
to the host, and promote plant growth and development [7, 8]. The interaction of
mycorrhizal fungi and auxiliary microorganisms can promote plant growth, reduce
the occurrence of soil-borne diseases, and improve the availability of nutrients in soil
and plant absorption rate [9-11]. However, there are still insufficient studies on the
synergistic effect of mycorrhizal fungi and auxiliary microorganisms on agricultural
crops and forests.
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The purpose was to elaborate the effects of the synergy mechanism between
mycorrhizal fungi and mycorrhizal fungi, plant microflora, rhizosphere microorgan-
isms and mycorrhizal relationships, and the relationship between endophytic bacteria
and mycorrhizal fungi.

2. Mycorrhiza and mycorrhizal fungi

Mycorrhiza refers to the reciprocal symbiosis formed by fungi and plant roots,
according to different morphological structures. Mycorrhiza is divided into seven
types: arbuscular mycorrhiza, ecto mycorrhiza, endo mycorrhiza, orchid mycorrhiza,
arbutoid mycorrhiza, monotropoid mycorrhiza, and ericoid mycorrhiza. Among
them, arbuscular mycorrhiza, ecto mycorrhiza, orchid mycorrhiza, and ericoid
mycorrhiza are four common types [12]. The characteristic is that fungi do not invade
the inner cortex and can form a typical structure of hyphal ring in root cortex cells.
Aging hyphal rings are eventually digested and absorbed by plant cells. Studies have
shown that the biological binding force of orchid mycorrhiza (OM) symbionts to
each other is not symmetrical, and plants are the beneficiaries of symbiotic relation-
ships [13]; some OM fungi are not specifically associated with orchids [14]; fungal
heterotrophic orchids have more diverse mycorrhizal fungal lineages than autotrophic
orchids [15].

Mycorrhizal fungi are fungi that can infect plant roots to form mycorrhiza [16].
Mycorrhizal fungi and terrestrial plants have formed mutually beneficial, mutually
conditional physiological wholes and symbionts with different morphological charac-
teristics 500 million years ago. The core of symbiosis is the bidirectional exchange of
plant carbon sequestration and nutrients obtained by fungi. Mycorrhizal fungi myce-
lium can interact directly or indirectly with other beneficial organisms in soil interior
and surface and participate in nutrient transformation, absorption, and recycling
processes in soil ecosystems [17]; it plays a role in maintaining the balance of atmo-
spheric composition, regulating ecosystems, increasing biodiversity, and stabilizing
and maintaining sustainable productivity of ecosystems [18]. It can also improve the
absorption of nutrients and water and salt resistance and disease resistance of plants
by combining with the roots of host plants, releasing plant hormones and enzymes to
promote plant growth [19].

In recent years, there have been many studies on the symbiotic relationship
between mycorrhizal fungi and plants. The dynamic interaction between plants and
mycorrhizal fungi can promote the effective absorption of minerals by plants from
soil and provide protection for various environmental stresses [20]. However, some
studies have found that this phenomenon is also closely related to the mycorrhizal
helper bacteria (MHB) [21], which is less studied. MHB is a kind of special rhizo-
sphere bacteria that can specifically bind to mycorrhizal fungi, promote the infection
of mycorrhizal fungi to the host, and promote the growth and development of plants
[22]. Studies have shown that MHB not only promotes mycorrhizal symbiosis by trig-
gering plant growth factors but also promotes spore germination, root colonization,
metabolic diversity, and biological control of soil-borne diseases [23]. The interaction
of mycorrhizal fungi and MHB can promote plant growth, reduce the occurrence of
soil-borne diseases, and improve the availability of nutrients in soil and plant absorp-
tion rate [24, 25]. However, there are still insufficient studies on the synergistic effect
of mycorrhizal fungi and MHB on crops in China and abroad.
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3. Plant microbiome

Plant microbial groups include microbial communities that generally interact
with plants. They can survive within or outside plant tissues and carry out various
beneficial activities, including inhibiting potential plant pathogens and promot-
ing plant growth. Plant microflora mainly includes rhizosphere microbial com-
munity, leaf microbial community, and endogenous microbial community. The
microbial community composition of different flora is complex, and its diversity,
preference, and abundance are affected by host plants and environment, which
is the medium of plant-soil-atmosphere interaction. They communicate material
and energy through plant body and have formed a highly close symbiotic relation-
ship in the long-term co-evolution [26]. During plant growth, microorganisms
are actively recruited from the surrounding microbial pool. In soil, plant roots
provide a unique niche for soil microbial communities in addition to fixing plants
and as organs for absorbing water and nutrients, attracting various microbial
communities to distribute in rhizosphere, root, and to a certain extent above
ground parts [27].

Rhizosphere microbial communities can promote plant phenotypic plasticity, such
as the flowering time of plants may be affected by them. Studies have found a molecu-
lar interaction network linking nitrogen cycle, tryptophan (Trp) synthesis of plant
hormone IAA and flowering time, which is of great significance to the study of plant
phenotype in climate change and the improvement of crop yield [28].

Endophytes and above-ground microbial communities are known for their
potential to promote plant growth, improve disease resistance, and alleviate stress
tolerance. Endophytes include fungi and bacteria, archaea, and the rarely explored
viral world, among which there are abundant studies on endophytic fungi and their
metabolites.

4. Relationship between rhizosphere microorganism and mycorrhiza
4.1 Mycorrhiza and auxiliary bacteria

Garbaye first proposed the concept of MHB by analyzing the isolation, identifica-
tion, and symbiosis of bacteria in mycorrhiza [24]. MHB acts on mycorrhiza through
root sensitivity to fungi, rhizosphere soil improvement, and fungal reproductive
germination. At present, in the study of exogenous mycorrhizal, MHB can promote
spore germination and mycelial growth by producing growth factors, detoxification
antagonistic substances, and inhibiting competitors. The change of mycelium growth
represents the adaptability of MHB to fungi and the close relationship between fungi
and host plants [29]. MHB can improve the infection rate of exogenous mycorrhizal
fungi on plant seedlings, enhance their colonization, and then promote plant growth
two categories [30, 31]: the first category is through the production of enzymes that
break down the spore wall and other volatile substances such as terpenoids, thereby
promoting spore germination and bacterial formation [32]. The second category is by
changing the absorption of inorganic salt by mycorrhizal fungi to affect spore germi-
nation, the establishment of symbiotic system [33, 34]. The MHB isolated and identi-
fied mainly includes Agrobacterium, Burkholderia, Pseudomonas, Bacillus, Paenibacilus,
and Streptomyces [35].
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4.2 Mycorrhizal and rhizosphere microorganisms

Mycorrhiza fungi treatment can significantly increase the species of beneficial
fungi and reduce the species of pathogenic bacteria. Mycorrhizal fungi and some
rhizosphere beneficial microorganisms have synergistic promotion relationship [36],
which can significantly improve plant resistance [37-39]. Arbuscular mycorrhizal
(AM) fungi have effects on rhizosphere microbial community structure and activity
under atrazine stress, but there are few reports on the composition and diversity of
rhizosphere bacterial community. Arbuscular mycorrhizal fungi (AMF) increased
the phospholipid fatty acid analysis (PLFA) biomass of AM fungi but decreased the
phospholipid fatty acid analysis (PLFA) biomass of microbial bacteria and fungi in
rhizosphere soil.

Under the same site conditions, the number of fungi in rhizosphere soil of larch
mycorrhizal fungi was significantly different from that in non-rhizosphere soil, and
the species composition and dominant population were also significantly different.
Since the relationship between tree roots, mycorrhizal fungi, and soil is very complex,
many studies have been reported. However, the research field of mycorrhizal rhizo-
sphere fungi has just started, and there are still many contents to be further studied.
At the same time, mycorrhizal fungi have direct or indirect effects on plant growth
and development. Enzymes, hormones, and toxins produced by mycorrhizal fungi
affect the mineral nutrition, water absorption, and root development of plant roots in
soil environment.

5. Relationship between endophytic bacteria and mycorrhizal fungi in
plants

Endophytic bacteria, as a unique form of arbuscular mycorrhizal fungi (AMF),
exist in the host AMF. At present, studies have shown that endophytic bacteria can
enhance the ecological adaptability of the host AMF and improve its environmental
stress resistance [40]. At present, it can only be preliminarily proved that the growth
promotion effect and defense ability are related to endophytic bacteria. However,
AMF without endophytic bacteria symbiosis, such as R. intraradices, can still produce
the effect of disease resistance and injury stress on host plants without endophytic
bacteria symbiosis. The interaction mechanism and disease resistance of this kind
of AMF with host plants are different from those of the above endophytic bacteria.
There are few studies on the interaction mechanism between symbiotic endophytic
bacteria and host AMF. Strengthening the research in this direction has important
innovative value and scientific significance for further exploration and evaluation of
AMF fungal resources.

The unique arbuscular mycorrhizal structure of AMF and its diverse ecological
functions formed by its interaction with host plants play a positive role and influence
in the restoration of ecological environment vegetation, the restoration of ecologi-
cal areas with moderate to strong alkaline effects [41], the restoration of wasteland
containing metal mines [42], the phytoremediation of heavy metals in sewage-con-
taminated soil [43], and the rapid restoration of soil vegetation after interference [40].
The interaction between improving crop growth and mineral nutrition [44], plant
productivity, and nutrient absorption is still an important research direction at present
and in the future [45].
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Ectomycorrhizal fungi (ECMF) usually selects bacterial communities from the
surrounding soil according to symbiotic function or habitat requirements, and the
short-term contact between soil bacteria and their fruiting bodies can also directly or
indirectly promote the endobacteria (EB) community composition of fruiting bodies
[46, 47]. According to the ecological function or habitat requirements, ECMF selects
specific bacteria to colonize its body, which lays the foundation for the establishment
and maintenance of symbiotic relationship. However, at present, it is still necessary to
further explore the extent to which these specific species affect ECMF microbial com-
munities and how they interact. Bacteria colonize selectively in ECMFs suitable for
their own growth and form a new symbiotic relationship under severe environmental
stresses [48].

It has been proved that whether ECMF selects specific bacterial groups according
to symbiotic function or habitat requirements, or bacteria colonize in ECMF due to
their own nutrient needs or niche expansion, the symbiotic mode formed between the
two is more excellent in adapting to environmental changes.

In the symbiotic interaction between bacteria and ECMF, bacteria can loosely
interact with the mycelium surface; it can also colonize mycelia and fruiting bodies,
or show some symbiotic species specificity, as well as some potential metabolic com-
plementation and ecological functions, thereby promoting mycelial growth, biomass
increase, fruiting body formation of host fungi, and providing nitrogen sources for
host fungi through nitrogen fixation [40, 46, 49]. At the same time, the mycelia and
fruiting bodies of fungi create a suitable habitat for EB by providing different carbon
sources for EB and protecting it from environmental stresses [50].

6. Contribution of mycorrhizal fungi to agriculture

The effect of AM fungi inoculation combined with appropriate agronomic
measures on improving soil fertility, promoting plant growth, and increasing plant
yield is greater than any single effect. For example, rotation, intercropping, or grass
orchard inoculation of AM fungi are more obvious. At present some countries in the
world are not rich in land resources, continuous cropping cultivation, especially the
protection land contact for many years, resulting in soil fertility, soil quality, and
ecological comprehensive service function decline, it is difficult to meet the needs of
production. Therefore, it is worthy of systematic research and development to estab-
lish a new system of soil and seedling management dominated by mycorrhizal fungi
inoculation to overcome continuous cropping obstacles under the combined cropping
pattern of multiple crops mixed planting structure and rotation and intercropping.

It is foreseeable that the implementation of AM fungi inoculation combined with
appropriate agricultural measures will continue to develop and become an important
emerging agricultural technology.

6.1 Application of AMF technology in agriculture

Most crops show some mycorrhizal dependence on AMF. AMF can promote crop
uptake of soil nutrients, promote crop growth, improve crop yield, improve fertilizer
use efficiency, and reduce fertilizer consumption, which is conducive to maintain-
ing sustainable agricultural development. At present, there are research institutions
and companies in the world that can produce AMF fungicides on a large scale [51].
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In practical application, selecting crops with strong mycorrhizal dependence and high
economic value to promote the application of mycorrhizal biotechnology has great
ecological and economic benefits.

Many studies have shown that AMF inoculation can increase the yield of maize,
wheat, soybean, and other major grain crops, improve crop nutritional status, and
enhance crop resistance to drought, salinity, and other stresses [52, 53]. The com-
mercial fungicide MYKEPROSG2 (Canada) was used to inoculated maize, and it
was found that the P content of host plants could still be increased in the presence
of indigenous AMF [54]. AMF combined with chemical fertilizer can improve the
quality of rice and increase the contents of Fe and Zn in rice [55]. Ceballos inocu-
lated cassava (Manihot esculenta), an important food crop in tropical regions, with
Rhizophagus irregularis, which greatly increased its yield [56]. The effectiveness and
economy of AMF inoculation could be taken into account when 2500 spores were
inoculated per cassava.

6.2 Application of AMF technology in horticulture

Most horticultural crops can form symbiotic systems with AMF, such as
Solanaceae, Onionaceae, most fruit trees, herbs, herbs, and ornamental flowers.
Horticultural crops have high economic value and are used to nursery and con-
tainer seedling, which provides convenient conditions for mycorrhizal plants at
seedling stage. After mycorrhizal inoculation, it can shorten the nursery period of
seedlings, improve the survival rate of transplanting, promote seedling growth,
enhance disease resistance, ultimately improve product yield and quality, increase
the economic added value of horticultural crops, and obtain greater benefits with
less investment.

Under the premise of halving fertilizer application rate, Ziane (2020) inoculated
tomatoes with commercial fungicide Symbivit, indigenous fungicide Aspergillus
moxicanus, and Septoglomus constrictum, which could improve plant biomass and
achieve the effect of 100% fertilizer application rate without inoculation [57]. The
inoculation of horticultural crops such as fruit trees and vegetables can improve
the yield and quality of fruits and vegetables. For example, the inoculation of
Glomus trufemii on cucumber improved the quality of single fruit and the total yield
per plant, while the contents of soluble protein and Vc in fruit were significantly
increased [58]. AMF can also promote the formation of secondary metabolites and
active substances in herb spices and medicinal plants, such as Salvia japonica inocu-
lated with commercial bacteria and Septoglomus viscosum, the content and quality
of essential oil in plants were significantly improved, and the proportion of taxol
increased [59]. Xie (2018) found that the content of glycyrrhizic acid and liquiritin
in roots of Glycyrrhiza uralensis increased significantly after inoculation with AMF
[60]. Mycorrhizal plants have stronger adaptability under adverse conditions such
as drought and salinity. The activities of antioxidant enzymes such as superoxide
dismutase (SOD), catalase (CAT), peroxidase (POD), and guaiacol peroxidase
(GPOX) in vivo are significantly increased, which can slow down the oxidative
damage of plants and make plants have stronger resistance to water deficit [61, 62].
Selecting appropriate AMF for inoculation of plants can not only promote the
absorption of phosphorus (P) by plants but also increase the contents of Zn, Cu, Mn,
and other trace elements in plants [63, 64]. Therefore, mycorrhizal biotechnology
can substantially reduce the use of fertilizers and pesticides, avoid pesticide residues
in fruit and vegetable products, and improve the quality of fruits and vegetables.
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In the international production of fruit trees and flowers, AMF has been widely used
as biological protective agent, biological accelerator, and biological fertilizer.

7. Application of mycorrhizal fungi in forestry

Once a plant enters a new growth environment, the introduction fails due to lack
of symbiotic mycorrhizal fungi or suitable mycorrhizal fungi. This phenomenon is
common in all continents. For example, Puerto Rico introduced foreign pine, and
annual introduction failed repeatedly until the introduction of mycorrhiza fungi from
the origin of the successful introduction. The survival rate of imported pine reached
above by mycorrhizal fungi inoculation and afforestation with mycorrhizal seedlings
in China. Mycorrhizal seedling afforestation can not only improve the ability of trees
to absorb and utilize nutrients but also improve the survival rate of afforestation
and timber yield. Moreover, inoculation at seedling stage can also greatly reduce
the amount of fungicides. To this end, the United States also established mycor-
rhizal technology companies. Mycorrhizal biological agents were specially provided
for mycorrhizal forest trees. The mycorrhizal research and development center of
Chinese Academy of Forestry has also carried out research on the production and
application technology of mycorrhizal biological agents, has been popularized in vari-
ous provinces and regions throughout the country, and achieved remarkable results.
A large number of studies have shown that mycorrhizal fungi not only prevent the
invasion of pathogenic bacteria in structure but also secrete antibiotics to inhibit
the growth and development of pathogenic bacteria, which can improve the disease
resistance of forest trees and play an important role in the biological control of forest
root diseases. At present, the inoculation of Larix gmelinii with Boletus has been suc-
cessfully used to prevent and control root rot caused by Pythium fulvus.

7.1 Application of mycorrhizal fungi in tree breeding

When introducing new tree species, corresponding mycorrhizal species should
be introduced, especially pine and other specialized mycorrhizal species. As early
as in the early 1950s, after the failure of introducing eucalyptus, Iraq introduced
undisinfected soil and finally introduced it successfully and significantly promoted
seedling growth [65]. In 2001, Hua et al. put forward the concept of forest mycorrhi-
zal bioengineering or forest mycorrhizal biotechnology [66], that mycorrhizal trees
and the whole forest ecosystem is of great significance, that not only can improve
forestry productivity but also provide a sustainable development path for forestry
development.

In the current study on the effects of mycorrhizal fungi on forest growth, most
of the experiments inoculated mycorrhizal fungi on forest seedlings to observe the
changes in growth indicators, namely mycorrhizal forest. Zhang et al. test showed
that the survival rate of mycorrhizal fungi in Pinus elliottii was above 90% [67]. The
ground diameter and height of mycorrhizal P. sylvestris seedlings were 37% and 39%
higher, respectively, and the survival rate of seedlings under drought conditions was
improved [68]. Zhang found that inoculation with mycorrhizal fungi could promote
seedling height growth, ground diameter growth, and biomass growth of poplar
through experiments [69]. Some studies also inoculated seven mycorrhizal fungi
of Russula on Pinus massoniana seedlings [70], which could not only form mycor-
rhizal fungi with P. massoniana seedlings but also promote the growth of seedlings
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to varying degrees. He et al. treated the rhizosphere of P, massoniana seedlings with
mycorrhizal fungi by non-sterile inoculation method [71]. The height, ground
diameter, and crown width of mycorrhizal P. massoniana seedlings were 29%, 51.7%,
and 46.6% higher than those of the control group, respectively. Wu et al. conducted
pot experiments after soil sterilization, and the results showed that exogenous
mycorrhizal fungi could promote the growth and development of P. tabulaeformis
seedlings and the accumulation of phosphorus in vivo and could significantly increase
the basal diameter and leaf length of plants [72]. At the same time, it was concluded
that the difference between natural forest and artificial forest in the natural regenera-
tion of seedlings was due to the composition and diversity of exogenous mycorrhizal
communities. Therefore, mycorrhizal fungi played an important role in the natural
regeneration and growth of P. tabulaeformis.

Changes in plant water use efficiency, stomatal conductance, and CO, absorption
efficiency can also affect the distribution of nitrogen content. Mycorrhiza can change
the photosynthetic efficiency and thus affect the growth of trees through the above
methods [73]. Experiments show that mycorrhizal P. elliottii can increase chlorophyll
content, thereby increasing photosynthesis [67]. Zhu et al. found that the net pho-
tosynthetic rate, intercellular CO, concentration, stomatal conductance, seedling
height, and ground diameter of Zelkova schneideriana were significantly improved
after inoculation with mycorrhizal fungi [74].

Mycorrhiza promoted root growth of seedlings. Wang (2013) inoculated exog-
enous mycorrhiza on P. massoniana seedlings [75]. The results showed that the main
root length, lateral root length, and lateral root number of mycorrhizal seedlings
were higher than those of control group. Song et al. found that the establishment
of symbiotic relationship between P. cathayana seedlings and VA mycorrhizal fungi
could promote the development of seedling roots, increase the root surface absorp-
tion area, increase the ratio of active root absorption area, and enhance the activity of
polyphenol oxidase in roots [76]. Mycorrhiza can indirectly promote forest growth by
promoting root absorption of nutrients in soil. Lu found that after AM fungi infected
roots, the growth of host plants changed significantly, and seedling height and root
length changed significantly in the early stage of seedlings [77]. Jin (2019) inoculated
different strains of Quercus spp., and the inoculated mycorrhizal fungi showed dif-
ferent degrees of growth-promoting effects on the host and the ability to significantly
regulate root architecture [78]. Ditengou et al. found that C. bicolor could secrete
sesquiterpenoid small-molecule substances, which had a significant regulatory effect
on poplar roots, resulting in an increase in the number of secondary roots, expand-
ing the root area of poplar, thus making poplar absorb nutrients [79]. Wu inoculated
R. irvegularis in arbuscular mycorrhizal fungi on Populus deltoides and found that
inoculation with mycorrhizal fungi could increase the contents of iron, copper, man-
ganese, and phosphorus in roots at high nitrogen levels [80]. It was speculated that
R. irregularis could alleviate the nutritional imbalance caused by high nitrogen stress
by promoting the absorption of nutrients and the content of elements in roots of P
deltoides. At the same time, this experiment found that mycorrhizal poplars might
absorb nitrogen through mycorrhizal pathways and downregulate the expression of
nitrogen transport-related genes in roots.

7.2 Application of mycorrhiza in forestry nursery

With the continuous understanding and in-depth study of mycorrhiza,
mycorrhiza seedling technology is more and more widely used in forestry. From
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introduction, mycorrhizal seedling to afforestation in ecologically fragile areas,

the application of mycorrhizal has achieved initial results. For mycorrhizal plants,
countries or regions should introduce corresponding mycorrhizal fungi while intro-
ducing a new plant. There are many examples of failed introduction due to the lack of
mycorrhizal fungi. For example, Puerto Rico in South America introduced pine tree
species from all countries in the world in the 1930s, which failed. It was not until the
introduction of mycorrhizal fungi from the origin that the afforestation was success-
ful in 1955. Iraq’s migration to different tree species was also unsuccessful. In the early
20th century, Iraq ‘s move to different eucalyptus species was also unsuccessful. Later,
the unsterilized soil in the introduced eucalyptus forest was introduced and applied
to the roots of the seedlings. Finally, it was successful and significantly promoted
seedling growth. Finally, it succeeded and significantly promoted the growth of
seedlings. Three kinds of pine trees, P, elliottii, P caribbeanensis, and Pinus taeda, were
introduced by Guangdong Forestry Research Institute in China. However, due to the
lack of sufficient mycorrhizal fungi, afforestation was declared to be unsuccessful.
Subsequently, the seedlings inoculated with mycorrhizal fungi were used for affor-
estation so that the survival rates of these three pines reached, and a large number

of P. yunnanensis trees were introduced into Hainan Island in China. Due to the
adoption of mycorrhizal fungi inoculation measures, the seedlings grew vigorously,
and the introduction and afforestation were also successful. Chen (2013) reported
the role of Australian and domestic exogenous mycorrhizal fungi in the introduction
of Australian tail leaves, and the results showed that the inoculation of exogenous
mycorrhizal fungi could improve the plant growth [81].

There are many advantages of mycorrhizal seedlings compared with ordinary
afforestation technology, which can greatly improve the survival rate of tree affores-
tation, promote the growth of seedlings, increase the absorption capacity of plants
to equal greenhouse gases, improve the carbon fixation ability of plants, improve the
ability of seedlings to absorb nutrients such as nitrogen, phosphorus, and potassium,
and secrete a variety of enzymes to activate soil components to form soil aggregates
and improve soil rhizosphere microenvironment. At present, many countries and
regions in the world stipulate that afforestation in some ecologically fragile areas must
adopt mycorrhizal seedling technology.

American mycorrhizal development has been in the forefront of the world and set
up a special mycorrhizal technology company to provide special mycorrhizal agents
for forest mycorrhizal. The relevant departments of the United States have stipulated
that seedling cultivation and afforestation in wet grassland areas must be inocu-
lated before the Soviet Union stipulated in the forest steppe zone, and the mycor-
rhizal inoculation technology must be used to establish nursery for the seedlings.
Mycorrhizal inoculation of roots at the early stage of seedlings was not only beneficial
to mycorrhizal formation but also had less usage and obvious effect.

Forestry scientists in China have been working on mycorrhizal seedling technol-
ogy in recent years. Mycorrhizal agent developed by China Academy of Forestry is
mainly used for seedling cultivation of P, massoniana, which can increase seedling
height, ground diameter, biomass, lateral root number, yield of qualified seedlings,
and survival growth rate of afforestation. Therefore, it can solve the problems of low
survival rate and slow growth in the early stage of P. massoniana and has been popu-
larized in various provinces, cities, and regions nationwide, and remarkable results
have been achieved. Using mycorrhizal technology to develop P, elliottii, studies on
seedling cultivation and seedling ectomycorrhizal rate up to the above indicated that
mycorrhizal treatment of seedlings of P. massoniana and P, elliottii could promote root
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growth of seedlings, increase seedling growth, increase ground diameter by one, and
grow vigorously.

In areas where conventional afforestation is difficult, selecting suitable mycorrhi-
zal fungi and adopting mycorrhizal technology according to the principle of suitable
land and tree can greatly improve the survival rate of seedlings and afforestation
effect, accelerate the recovery ability of vegetation, prevent further deterioration of
the environment, and promote ecological balance. Mycorrhizal technology will play
an important role in the restoration and reconstruction of ecological environment in
China and other countries.

In summary, mycorrhizal technology has been applied in a variety of tree spe-
cies, and pine mycorrhizal research has also been widely concerned. Many scientists
have done some statistical analysis on the mycorrhizal formation of a tree species or
a mycorrhizal fungi, described the mycorrhizal fungi of American pine seedlings,
and described the necessary species of ectomycorrhizal roots for radiation pine
seedlings. The exophytic mycorrhizas of P. radiata were divided into subclasses and
subsubclasses. A series of morphological, histological, and cytological studies on
the mycorrhiza were carried out. A key to the mycorrhiza of Platycladus erinaceus,
Picea norwayensis, and Pine New Year’s Eve was developed, from which the 10 gen-
era of Boletus, such as Russula, Lactarius, Bacteroides, Boletus, Cephalophyllum,
Chlamydomonas, and so on, which formed mycorrhiza, can be retrieved. It isa
comprehensive reference for the identification of mycorrhiza. P. tabulaeformis is the
second largest species of pine in planting area and quantity. The application value
and prospect of fine mycorrhizal fungi breeding and propagation technology for P
tabulaeformis are quite extensive.

The inoculation of P. tabulaeformis with mycorrhizal technology can not only
provide excellent nursery stocks but also improve the ecological environment in eco-
logically fragile areas, control soil erosion, and improve soil fertility. In landscaping,
it can increase the absorption capacity of equivalent greenhouse gases, that is carbon
sequestration capacity is very strong, and can slow down the heat island effect in the
city. In today’s global warming, without sacrificing the premise of economic develop-
ment, this technology makes a certain contribution to the social energy conservation
and emission reduction. Using mycorrhizal inoculation technology to cultivate fine
P, tabulaeformis seedlings, carrying out industrial production, establishing nursery,
and applying it to afforestation under difficult site conditions will greatly improve
the survival rate of seedlings and forest growth, accelerate the pace of afforestation in
obstacle areas, and promote a new step in afforestation in China. It plays an important
role in improving the ecological environment, improving the productivity of forest
land, controlling desertification land, and preventing soil erosion.

8. Future perspectives

With the continuous strengthening of people’s awareness of forest resource
protection, the ecological value of forestry has attracted more and more attention.
Mycorrhizal fungi, as an important role in forestry, play a positive role in the growth
and development of trees and the whole forestry ecological environment. It is mainly
manifested in the introduction of new species of trees, breeding and afforestation,
promoting the growth and development of trees, affecting the photosynthesis of
trees, strengthening the absorption of soil nutrients by tree roots and the resistance
to adverse environments, and improving the soil and the whole forestry ecology.
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Although the research on mycorrhizal science is deepening, there are still short-
comings. In order to better apply mycorrhizal science to forestry development and
provide a theoretical basis for the sustainable development of forestry economy, it

is suggested to carry out research from the following aspects. At present, there are
few statistical studies on the influence of geographical environment on mycorrhizal
fungi. By analyzing the distribution characteristics of mycorrhizal fungi in various
mountainous areas and forest areas under the influence of environmental factors,
the dominant mycorrhizal fungi in various forest areas can be selected for investiga-
tion, analysis and in-depth study. The classification of mycorrhizal fungi needs to be
further refined, which can be associated with peripheral factors such as symbiotic
trees, surrounding undergrowth vegetation, and other microorganisms in soil and
soil element content, to more comprehensively analyze the role of mycorrhizal fungi
in forest land ecology. Molecular biology and omics are rarely used in mycorrhizal
fungi, and the study on the dynamic changes of forest molecular level under the
action of mycorrhizal fungi is rare, including omics such as molecules, proteins, and
metabolism, which can strengthen the study on molecular level and further reveal the
mechanism of symbiosis between mycorrhizal fungi and forest.

9. Conclusion

The interaction of mycorrhizal fungi and MHB can promote plant growth, reduce
the occurrence of soil-borne diseases, and improve the availability of nutrients in soil
and plant absorption rate. Plant microorganisms encode more genes than the host
plant itself and affect the growth, development, and health of plants through the
cooperation and competition between microorganisms and plants. The number of
fungi in mycorrhizal rhizosphere is large, indicating that the rhizosphere microen-
vironment is conducive to the growth and development of fungi. The differences in
species composition reflected that mycorrhiza and its metabolites changed the growth
environment of soil fungi. The differences in dominant species indicated that some
fungi in mycorrhizal rhizosphere adapted to the environment of mycorrhizal rhizo-
sphere and survived. Endophytic bacteria symbiotic AMF significantly promoted
the increase of chlorophyll content and promoted the utilization of photosynthesis
in host plants. Endophytic bacteria symbiotic AMF significantly increased chitinase
activity and activity of phenylalanine ammonia-lyase (PAL) and promoted host plant
resistance to disease stress. These endophytic fungi are host plant mycorrhizal fungi.
The effect of AM fungi inoculation combined with appropriate agronomic measures
on improving soil fertility, promoting plant growth, and increasing plant yield is
greater than any single effect.
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Role of Non-Coding RNAs in Plant
Nutrition through Mycorrhizal
Interactions

Nidhi Verma, Yeshveer Singh, Anupam Patva and Tanvi Singh

Abstract

In nature, many plants rely on symbiotic interaction with mycorrhizae for their
nutrition and survival. For instance, nitrogen-fixing nodules and mycorrhizae are
well established mutualistic biotic interactions between plants and bacterial/fungal
partners under nitrogen limiting environment. Many small regulatory components of
RNA like micro-RNAs play a critical role in establishment of these symbioses. These
regulatory components are also crucial for balancing hormone levels, and synchroni-
zation of plant defenses and development pathways. However, functions of various
sRNAs are still need to be addressed. This chapter will detailed out various important
parts these regulatory components (sRNA, miRNA and siRNA) are playing during
mycorrhizal interactions for plant growth, development and nutrition.

Keywords: miRNA, siRNA, mycorrhiza, nodulation, symbiosis, nutrient uptake

1. Introduction

During course of co-evolution since millions of years, plants have established
symbiotic associations with the fungi and bacteria. Established mycorrhizal and
rhizobia symbiosis with the plants are the best illustrated examples of such interac-
tions. These symbiotic associations are entrenched by the molecular cross-talk
including correct recognition and specific activation/repression of signaling path-
ways. Legume-rhizobia interactions are specific in terms of molecular cross talk, as
the host plant secretes flavonoids which are perceived by compatible rhizobia for the
induction, expression and activation of Nod genes in the bacteria, necessary for the
nodule formation in the host plant. The secreted Nod factors once recognized by host
specific intra-cellular kinase and extra-cellular LysM domain containing receptors,
a cascade of cytoplasmic events starts within root epidermal cells. Depolarization
of the membrane, alteration in calcium levels and induction of calmodulin based
kinase signaling makes favorable environment for rhizobia infection thread forma-
tion and successive penetration of plant host cell through branching. Subsequently,
‘Bacteroids’ formation and nitrogen fixation initiates in host cell cytoplasm. In
contrast, mycorrhizal interactions are not specific in terms of host range as they
can colonize almost all terrestrial plants [1]. Although the signaling pathway for
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mycorrhizal symbiosis activation shares some attributes of rhizobial symbiosis
events, induction and reprogramming of the host cells starts after the recognition
of myc-LCO (mycorrhizal lipo-chito-oligosaccharide), which leads to altered meta-
bolic cascade in host and hyphae as well [2]. This molecular cross-talk establishes
nutrients and mineral transport through specialized and branched structures called
‘Arbuscules’ from Arbuscular mycorrhizal (AM) partner and photo-synthetically
fixed carbon sources mobilization from host plant in exchange. To bear an invasion
of microorganisms, plants must have some specialized mechanisms to distinguish
beneficial microbes from harmful ones. Since last few decades, we are learning about
regulators of fine tuning among symbiotic associations and plant immunity [3, 4].
Contributions of non-coding RNAs (ncRNAs) in this regulation of host defenses to
establish symbiosis are indispensible according to recent studies [5].

In this chapter, we have summarized the genesis of various important classes
of non-coding RNAs and their role in nutrient uptake, transport, assimilation and
homeostasis in plants via mycorrhizal symbiosis, and discuss the recent discoveries of
cross-kingdom RNA interference (RNAi) during plant-fungus interactions. We also
provide the insights and future perspectives for improved understanding of mycor-
rhizal associations, which would aid in the development of innovative strategies for
enhancing the crop yield.

2. Genesis of non-coding RNAs and classification

Currently, a large number of endogenously formed ncRNAs involved in different
regulatory functions have been discovered and functionally characterized in vari-
ous plant species [6, 7]. On account of their average size, the regulatory ncRNAs can
be classified into sSRNAs (small RNAs of typically 18-30 nt in size), medium-sized
ncRNAs (broad range of 31-200 nt), and more than 200 nt sized Long-non-coding
RNAs (IncRNAs). Furthermore, depending on their morphology, theycan be clas-
sified as linear or circular (circRNA). Recently, small regulatory RNAs (sRNAs),
miRNAs and small interfering (si) RNAs, have been well characterized with respect
to plant immunity and symbiosis. Although thought to be small, they play vital
functions in response to the biotic, abiotic stress and environmental fluctuations by
regulation/modulation of target genes expression [8-11]. Similarly, IncRNAs were
considered transcriptional noises, but later attracted attention for the heterogeneous
groups of ncRNAs and long range [12]. Remarkably, unlike other linearly regulated
ncRNAs, the newly discovered circRNAs belong to a novel class, which lacks free 5’
and 3’ end [13]. In addition, many small ncRNAs, which are derivatives of tRNAs,
which are identified and characterized in plants typically comprised of 15-42 nt,
termed as tsRNAs [14-16]. The tsRNAs are also classified as regulatory ncRNAs for
multiple functions. Generally, the functions of certain ncRNA are similar, but some
differ and overlap in silencing signaling pathways [17].

As reviewed by Chao et al. [18], the biogenesis of miRNAs is a multi-step proce-
dure which involves transcription, processing, alterations, and then RNA-induced
silencing (RISC) complex assembly. First, a pri-miRNA (primary miRNA) is tran-
scribed from RNA Polymerase II containing a hairpin RNA secondary structure.
Next, the base pri-miRNA hairpin is then cleaved by a DICER Like RNase-III family
enzyme (usually DCL1). To release miRNA-miRNA* duplex, these hairpins are
cleaved again and subsequently methylated (at 2'O- position) by HUA Enhancer
1 (HEN1) nuclear protein for the stability. Finally, in nucleus the mature miRNA
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strand enters into AGO1 to form miRNA-AGO1 complex, which are then transported
to cytoplasm leaving behind cleaved miRNA* fragment for the induction of post-
transcriptional gene silencing.

Depending on their mechanism of action, siRNAs can further be classified
into three major sub-categories: (1) native antisense siRNAs (nat-siRNAs), (2)
heterochromatin siRNAs (hc-siRNAs), and (3) trans-acting siRNAs (ta-siRNAs).
ta-siRNA is generated from the TAS gene which is transcribed from RNA Pol II into
single-stranded RNA and loses its cap and poly-A tail during miRNA-AGO1 complex-
controlled cleavage [8, 19]. Later, the 5’ or 3’ cleaved fragments are end protected
by the suppressor of gene silencing 3 (SGS3) protein and transformed into double-
stranded RNA (dsRNA) via RDRP-VI [20]. Finally, by HEN1 and DCL activities they
are methylated and processed to form ta-siRNAs (21-24 nt). To participate in post-
transcriptional modulation/silencing of target genes by pairing with its complemen-
tary mRNAs, these 21-24 nt sized strands are integrated with AGO1/AGO7 present
in the cytoplasm, whereas a few ta-siRNAs are loaded onto AGO4/6 for assisting
methylation of TAS genes via RNA Pol V.

tsRNAs, with a wide size range (15-42 nt), represent a unique ncRNA class
that can be sub-categorized based on their cleavage sites: (1) tRF-1s, (2) tRF-2s,

(3) tRF-3's, (4) tRF-5s, and (5) tiRNAs. However, plant research is still in its infancy
and many questions remain unanswered in reference to its existence. For instance, the
biosynthetic pathway for tsRNAs and their regulatory or physiological roles in plants
are still very limited [21].

CircRNAs are known as RNA biomolecules which are circular, covalently closed
and single-stranded [22]. They were first identified and characterized from plant
viruses by Sanger and colleagues in 1976. The organization of circRNAs can be
divided into three groups [23]. (1) The Exon circRNAs are generated by the circular-
ization of lariat-derived and intron pairing, (2) the intronic circRNAs are formed by
the partial intron degradation after lasso structure formation; and (3) exo-syntronic
circRNAs are composed of exons as well as introns, and circularized during the
splicing process.

IncRNAs biogenesis can be categorized into five major types in accordance to the
sites being transcribed via RNA-Pol II. (1) The antisense IncRNA is transcribed over
the complementary strand of the exon; whereas (2) sense IncRNA is transcribed on
the same strand as the exon. As name indicates, (3) Intron IncRNA is transcribed
into an intron. (4) The Inter-genic IncRNAs are situated between two different genes
and (5) the enhancer IncRNA mostly arises from the enhancer region of the protein-
encoding gene [24]. They can control target regulation in a variety of ways, including
chromatin re-modeling, transcriptional repression, splicing of RNA and its transcrip-
tional enhancers. Additionally, IncRNAs can code for certain small peptides required
for various cellular processes [25]. Notably, several IncRNAs are regulated under
abiotic/biotic stresses in the plants.

3. Role of sSRNAs in plant nutrition

Induction of miRNAs regulates the expression of an array of genes and promotes
plant nutritional homeostasis. Owing high-throughput RNASeq techniques and target
prediction tools the role of ncRNAs in nutrition and stress signaling has been investi-
gated in recent past. Majorly the role of ncRNAs in nitrogen (N), phosphate (Pi) and
sulfur (S) homeostasis has been discussed below:
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3.1 Nitrogen

Evidence for miRNAs controlling nitrogen responses in plants has been illustrated
[26, 27]. Up-regulation of pri-miRNA156, pri-miRNA447c and down-regulation
of pri-miRNA169 and pri-miR398a has been characterized in Arabidopsis under
nitrogen-deficient conditions [28]. Expression of nitrogen responsive miRNA, like
miRNA160, miRNA167, miRNA168 in the maize roots and miRNA164, miRNA171
in shoots whereas, miRNA169 in both are reported under nitrogen-limiting condi-
tions [27]. Similarly, several nitrogen-responsive miRNAs have been investigated
in legumes, for instance, a total of altered expressions of 168 miRNAs are reported
in limiting-nitrogen-tolerant and limiting-nitrogen-sensitive genotype of soybean
using RNASeq [26]. A down-regulation of miRNA2606a/b-3p and up-regulation
of miRNA1512a-5p was found in limiting-nitrogen-tolerant and limiting-nitrogen-
sensitive genotype respectively. Moreover, mRNA transcripts encoding Cathepsin
and E3-Ubiquitin ligase protein were found to be targeted and degraded by
miRNA396b/g-5p and miRNA156b/6f-5p respectively under nitrogen stress.

3.2 Phosphate

Phosphate-responsive sSRNA involved in Pi-uptake, transport, assimilation
and homeostasis through targeting mRNA transcripts are extensively studied and
identified in plant including rice, maize, tomato, soybean and Arabidopsis [29-33].
Among these plant species, common set of plant miRNA families are character-
ized modulating signaling networks, including miRNA156, miRNA159, miRNA166,
miRNA319, miRNA395, miRNA398, miRNA399, miRNA447, and miRNA827 are
demonstrated in response to Pi-limiting environment [34, 35]. An elevated level
of miRNA156, miRNA399, miRNA778, miRNA827, miRNA2111 and suppressed
miRNA169, miRNA395 and miRNA398 levels are observed under Pi stress [28]. Role
of miRNA2111 has been illustrated under N and Pi limiting conditions [36]. The
expression of phosphate-responsive PHO2 transporter was altered by miRNA827 and
miRNA399 [37]. Moreover, miRNA827 targets the Major Facility Superfamily (MFS)-
XPS proteins which are involved in Pi sensing and transport [38]. Common response
against nutrient starvation includes anthocyanin accumulation in plants. MYB TF
regulated anthocyanin biosynthesis pathway genes are targeted by siRNAs produced
by ta-siRNA4 under the regulation of Pi-responsive miRNA828, post-transcription-
ally [39]. The major regulatory role in maintenance of mineral homeostasis in host
plant under N, Pi and C limiting environments is performed by miRNA398a [40].
Among all the characterized Pi-responsive miRNAs, altered levels of different alleles
of miRNA399 were found conserved and pre-dominant under Pi-limiting conditions
[41]. miRNAs and siRNAs induction was reported upon Candidatus liberibacter infec-
tion in citrus plants and interestingly, miRNA399 level was found elevated in infected
plants than healthy host under Pi-limiting conditions [33]. These facts demonstrate
the critical role of sSRNAs in post-transcription regulation of Pi-responsive transcripts
enabling host adaption under nutrition stress.

3.3 Sulfate

Sulfate transporters located on root epidermal and cortical cell membrane are the
key components in sulfur uptake and transport to the plants in SO4*~ form. Based
on their substrate affinity, sequence similarity and their location of expression, they
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are categorized into five major groups. Group 1, group 2 and group 3 are character-
ized as high affinity, low affinity, and moderate affinity transporters for sulfur
substrate, respectively [42-44]. Group 4 and 5 transporters are characterized as
efflux transporter on tonoplast and molybdenum transporters (for being actively
involved in molybdenum transport across the plant) respectively [45, 46]. S uptake
from soil to the root is carried out by groupl and 2 transporters, while root to shoot
transport of S is done by group 4 transporters. Under S-limiting conditions plethora
of miRNAs induced including miRNA66, miRNA67 and miRNA395 while suppres-
sion of miRNA14, miRNA20 and miRNA43 is associated with regulation of post-
transcription modification of S signaling. miRNA395 is a S-specific ncRNA signal
and has been characterized to function as a key regulator of the sulfate depletion
pathway. Under S-deprivation, miRNA395 positively regulates the expression of the
low-affinity transporter AtSul2;1 [47], supporting sulfate uptake and transport of
cells to shoots and leaves in Arabidopsis thaliana. The initial step of S assimilation into
cysteine is catalyzed by ATP dependent sulphurylases (APSs), which are the target for
miRNA395 in plastids [35].

4. Nutrient uptake/exchange during mutualistic plant-fungus interactions

One of the characteristics of the beneficial mycorrhizal interactions is the bidi-
rectional nutrient exchange between both the partners and to support the growth
of plant host [48, 49]. In these relationships, the fungus provides nitrogen, phos-
phate and sulfate nutrients to the host, whereas, in return, the host plant transfers
photosynthetically fixed carbon (4-20%) to the mycorrhizal fungus [50]. In AM
roots, the fungus proliferates into the root cortex intercellularly as well as intracel-
lularly, whereas in case of ECM roots, it only covers intercellular regions, indicating
the differences in the mechanism of colonization and nutrient uptake/exchange.
The uptake of nutrients by plants from soil is limited by the repressed mobility of
nutrients. Importantly, during AM symbiosis, the plant phosphate (P) transporters
are down-regulated [51, 52]. Under these conditions, the nutrient such as P uptake
is predominantly achieved through mycorrhizal pathway [1, 53, 54]. It has been
observed that contribution of the mycorrhizal pathway in nutrient uptake varies
with the plant and fungal partners that are involved in the interaction and also on the
nutrient type [48, 52, 55-57]. To facilitate the nutrient uptake via mycorrhizal inter-
face, the peri-arbuscular membrane (PAM) harbors high affinity transporters that are
specifically induced in mycorrhizal roots. For instance, Pt4 and AMT? are the high
affinity transporters for P and ammonium (NH4") that mediate transfer of respective
nutrients from fungus to plant host [58-60]. Moreover, a few mycorrhiza-inducible
sulfate transporters have also been reported in AM roots [61, 62]. Recently, a sulfate
transporter (SiSulT) and iron transporter (PiFtr) from Serendipita indica (previously
known as Piriformospora indica) has been characterized, which transfers sulfur to the
maize and iron to the rice plants, respectively and improves its growth [63, 64]. These
studies highlight the importance of sulfur transport via mycorrhizal associations.

On the other hand, the plant transfers photosynthates as sucrose from source
to ECM roots that serve as a carbon sink, which is then converted to simpler sugars
such as glucose or fructose by invertase enzyme of host. The glucose and fructose
are taken up by fungal counterparts through mycorrhizal interface. For instance,
an arbuscular membrane localized monosaccharide transporter (MST?2) is involved
in the uptake of glucose and xylose molecules by AM fungi [65]. Intriguingly, host
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carbon supply has been found to trigger the fungal gene expression, and P and N
uptake during AM and ECM symbiosis [66-68]. This also leads to increased hydro-
lysis of polyP (an important source of P and N) and release of Pi and Arg in the
fungal cytoplasm. The Arg is further broken down to NH4" and is transferred to host
plant via mycorrhizal interface. Importantly, these transport processes, from host to
fungus and from fungus to the host, involve diverse molecular players that mediate
membrane transport for the nutrition exchange between mycorrhizal plants and
fungus at the interaction interface. The membrane transporters and channels that
mediate the transport of molecules such as P, N, S, K, sugar and water are collectively
referred as the ‘transportome’ [69].

Moreover, several robust and tightly regulated signaling processes are involved
in establishing the successful mycorrhizal colonization for the efficient exchange of
nutrients between plant and fungus. Although, the regulatory processes of plant and
fungus both are important during symbiosis, the major proportion of studies has
focused on the regulation from plant’s perspective. These regulators include a variety
of non-coding RNAs, phytohormones, peptide signals, transcription factors such as
CYCLOPS and NODULATION SIGNALING PATHWAY (NSP1 and NSP2) [70-72].
The CYCLOPS, NSP1 and NSP2 are conserved members of rhizobial and mycorrhizal
symbiosis phenomenon. The detailed overview of transcriptional regulation of AM
development has been provided by Pimprikar and Gutjahr [73]. The non-coding RNA
mediated-regulation of mycorrhizal symbiosis is now gaining the scientist’s attention
and emerging as new area of research.

5. Plant’s ncRNAs modulating interconnection networks with fungi
5.1miRNA

In recent past decades, the focus has pushed beyond the traditional defense path-
way’s transcriptional control in establishing pathogenic or beneficial plant-microbe
interactions to attempts to understand novel transcriptional regulators. In particular,
many groups have started investigating the function of microRNAs (miRNAs) in
regulating signaling processes accompanying the symbiotic interactions. Many plant
miRNAs have been reported to be involved in modulating the plant-pathogenic
microbe interactions. The majority of miRNAs investigated and characterized to date
complements the alterations described well in the transcriptome. For example, one of
the defenses against necrotrophic pathogens involves improving the physical tolerance
of plant cells. Arabidopsis miRNA408 and miRNA160a induce physical cell reinforce-
ment by positive regulation of lignification and callose deposition [74, 75]. In Medicago
and Oriza, various miRNA targets the ET (Ethylene), JA (Jasmonic Acid), and SA
(Salicylic Acid) biogenesis during pathogenesis at very early stages [76, 77]. During
attack by biotrophic pathogens, many miRNAs also suppress routine cellular detoxi-
fication. One example is miRNA398, which enhances ROS generation in Magnaporthe
oryzae-infected tissues [78]. On the other hand, in case of tomato, the necrotrophic
association between plant and Alternaria solani, miRNAs target gene transcripts are
reported to be actively involved in toxin detoxification [79]. This suggests that miR-
NAs have potential to modify plant cells into the toxic ecosystems, poisoning invading
microbes before they spread further to strengthen host immunity.

In mutual bio-trophic interactions, a few recent investigations have shown that
the a major proportion of miRNAs synthesized all through interaction establishment
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modulate hormone response pathways, protein methylation, and functions of innate
immunity components [78, 80]. A well-studied example includes the miRNA (anno-
tated as E4D3Z3Y01BWOTQ ) which is reported to be induced during AM symbiosis
progression and interferes with GA signaling. GA signaling pathway is known to
inhibit symbiotic-association [81-83]. On the other hand, miRNA172c promotes nod-
ule formation in many plants by repressing the translation of APETALA2 TF [84, 85].
In AM-colonized roots, miRNA171b hampers with GRAS TF-responsive transcripts
targeting through miRNA171, which are necessary for both nodulation and symbiosis.

5.2 siRNA

Microorganisms can have a significant impact on how plants react to colonization;
they are not just background actors in the process. Since past few decades, effector
proteins and siRNAs have been the two main areas of research. A variety of plant
signaling pathways are altered by microbial effector proteins, which are generally tiny
secreted proteins that are substantially stimulated during the colonization process.
Similar to effector proteins, siRNAs target essential plant transcripts, disrupt tran-
scripts via the ARGONAUTE (AGO) pathway, or act in a manner resembling that of
miRNAs by inhibiting tRNA binding and localization. The microorganism-secreted
siRNAs are taken up by the host plant, and disrupt the key transcripts of host.

Botrytis cinerea, a fungal pathogen, has been demonstrated to alter plant physiol-
ogy during colonization by secreting siRNAs [86]. B. cinerea siRNAs initially pen-
etrate host plant cells during the pathogenesis of tomato and Arabidopsis, where they
diminish the host’s RNAi apparatus. These relatively tiny molecules can therefore
be thought of as variants of conventional effector proteins. In case of A. thaliana,
Bc-siRNA3.1, Be-siRNA3.2, and Be-siRNAS collectively silenced the stress-related
genes, such as PRXIIF, WAK, MPK1 and MPK2 to eliminate the plant defense [87].
However, Bc-siRNA37 AtPMR6, AtFEI2 and AtWRKY7 are selectively silenced by
Bc-siRNA37 [88]. While this is the only example so far in which siRNAs have been
formed and released by microbes and reached to the host plant cells, there can be
another common means based on genomic analysis by which microbes can modulate
host responses during colonization.

5.3IncRNA

The role of IncRNAs has been well-investigated in the context of plant defense
against fungal, bacterial and viral pathogens [89-94]. Furthermore, the functions of
a number of plant IncRNAs intricated in plant defenses are experimentally validated.
For instance, it has been observed that the IncRNA-ACOD1 is dispensable for viral
entrance but not for viral replication in the host [95]. Moreover, when turnip crinkle
virus infection occurs in Arabidopsis, the expression of the long intergenic ncRNA
LINC-AP2 gene is negatively regulated [89]. LncRNA33732 has been characterized to
function as a positive regulator in tomatoes, enhancing the expression of the respira-
tory burst oxidase gene and raising H,O, build-up, thereby increasing tomato resis-
tance to Phytophthora infestans [96]. Also, IncRNA23468 in tomato can compete with
endogenous RNA to regulate the NBS-LRR gene by feeding on miRNA482b, thereby
controling tomato resistance to P, infestans pathogenesis [90]. Numerous IncRNAs
have been identified as being modulated in drought, nitrogen-stress and phosphate
depletion in maize [97-99]. The maize inbred line B73 tissues were subjected more
than 700 high-fidelity RNA-Seq studies, which identified nearly 18,165 maize
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IncRNAs [100]. Although IncRNAs are involved in the regulation of plant-microbe
interactions, there are no available reports characterizing IncRNA responses to AM
fungi, so far as the experimental evidence is considered.

6. miRNA in symbiosis: regulation through repression

Emphasis on existence and importance of small ncRNA, especially miRNA
started with the discovery of its association with regulation of gene expression in
Petunia [101, 102]. Owing genome wide studies and high-throughput sequencing
efforts, till date thousands of miRNAs have been characterized throughout the
kingdom of life. Most of the characterized miRNA associated with symbiosis are
either involved in nutrient signaling, exchange and homeostasis or development of
nodule/arbuscules or both [103, 104] are illustrated in Figure 1. Based on morpho-
logical analysis of host, AM Symbiosis (AMS) can be sub-categorized into four major
stages: (1) pre-contact signaling, (2) contact establishment between plant root and
fungal hyphae, 3) intra-radical proliferation, and 4) arbuscule formation [105]. A
non-canonical form of miRNA171, which is found repressed under phosphate starva-
tion, regulates an important transcription factor (TF) involved in common symbiotic
signaling pathway, NSP1/2 (NODULE SIGNALING PATHWAY 1/2) during mycor-
rhizal symbiosis.
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Figure 1.

Hllustration of cross-talk between myc-LCO (mycorrhigal lipo-chito-oligosaccharide) factor induced common
pathway signaling, miRNAs and regulatory hormones during AM symbiosis. Solid and dotted lines represents
direct and indirect interconnections respectively.
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The interaction of NSP2 with the mycorrhizal-specific GRAS TF, RAM1 (Required
for Arbuscular Mycorrhization 1) regulates RAM2, and DWARF27 that are part of
cutin and strigo-lactone biosynthetic pathway, respectively, as these two pathways
facilitate AM inoculation. miRNA393, also identified as a N- and Pi-responsive
miRNA, is involved in the homeostasis of auxin signaling and thus inhibits the
auxin receptor TRANSPORT INHIBITOR RESPONSE1/AUXIN SIGNALING F-BOX
PROTEIN (TIR1/ABF), also mediates the repression of root growth regulatory factors
(GREFs) to affect fungal colonization and arbuscule development. miRNA396b also
investigated to perform a significant role in root colonization and development during
mycorrhizal symbiosis by targeting six GRFs and a TF in Medicago truncaluta [106].

For initiating rhizobia symbiosis, interactions between miRNAs, Nod factor
signaling, and hormone regulation through NSP2 is controlled by a nodule-specific
miRNA171. The NUCLEAR FACTOR (NF)-YA gene, a TF necessary for the nodule
initiation and maintenance of meristem, is negatively regulated by miRNA169 [107].
The combination of cytokinin-responsive miRNA172 genes, Nod factor, and various
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Hllustration of cross-talk between Nod factor induced common pathway signaling, miRNAs and regulatory
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AP2 (APETALA?2) targets has been implicated in rhizobia infection, stimulation of
nodule organogenesis, N2 fixation, and delaying senescence in nodule cells.

The auto-regulation of the nodulation (AON) pathway, which governs the number
of nodules that are formed in host plants, is one mechanism by which miRNA172 can
work. In this pathway, leucine-rich repeat receptor-like kinase (LRR-LRK) receptors
recognize NF- or nitrate-induced Clavata3/Embryo Surrounding Region-Related-
peptides, resulting in an inhibitory signal (including CK) to cells, for establishing
new nodules. By suppressing certain squamosa promoter-binding protein-like (SPL)
TFs that stimulate miRNA172 production, miRNA156 antagonizes the action of
miRNA172 [108].

Through the repression of nodulin gene (specifically ENOD93), miRNA393j-3p
restricts nodules [109] whereas, miRNA1512 and miRNA1515 over-expression was
discovered to be linked to increased nodule formation [75]. Finally, miRNA160 and
miRNA167 cleave the transcripts of multiple auxin response factors (ARFs) that
play key roles in the auxin response and pre-requisite for nodule initiation [110].
The detailed regulation mechanism is shown in Figure 2. miRNA390encourages the
formation of a transacting small interfering (tasi)RNA, that represses ARF3 and
ARF4during rhizobia colonization and nodule growth [78], it is known to combine
auxin and ethylene signals. While, ARF10, ARF16, ARF17 and ARF6, ARF8 are
directly regulated/targeted by miRNA160 and miRNA167, respectively [111] for
auxin-responsive root development in both cases.

7. Mycorrhiza-derived non-coding RNAs and cross-kingdom signaling
during symbiosis

Recent investigations have established non-coding RNAs as one of the central
mediators of cross-kingdom communication between the plant and microbes [86,

88, 112-119]. These non-coding RNAs can move from donor organism to recipient
organism, and target the specific host mRNAs for degradation. Sometimes sRNAs
also trigger the production of secondary sRNA and thereby modulate the host defense
and metabolic pathways [87, 120, 121]. Most of the studies focus on the plant-parasite
or plant-pathogen (fungi and oomycetes) interactions [86, 88, 112, 120], however,
such processes have been rarely explored in case of plant-mycorrhiza associations.
Emerging body of evidences suggest that many plant miRNAs show differential
expression patterns during AM symbiosis, nevertheless, their functions and cross-
kingdom mobility remains unclear [80, 83, 111, 122, 123]. Mewalal et al. [124] identi-
fied several sSRNAs from Polpulus spp. which were responsive to mutualistic/symbiotic
interaction with mycorrhizal fungi like Laccaria bicolor and Rhyzophagus irregularis.
Interestingly, they did not find any Populus RNAs interacting with R. irregularis, how-
ever, some of the miRNAs could interact with L. bicolor. Further the study revealed
that these miRNAs can potentially target multiple host mRNAs encoding for vesicular
transport and transcription regulatory proteins along with several uncharacterized
proteins.

On the other hand, at present, very little information is available regarding the
non-coding RNA biogenesis machinery and their functions in the development of
arbuscular mycorrhizal (AM) and ectomycorrhizal (ECM) fungi or while interact-
ing with the host plants. However, the successful application of host-induced gene
silencing (HIGS) and virus-induced gene silencing (VIGS) approaches [65, 125-128]
indicates that AMF, like pathogenic fungi, also possess functional RNAi machinery.
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Anin silico study identified putative RNAi machinery including a Dicer-like (DCL)
gene, Argonaute-like (AGO-like) and RNA-dependent RNA polymerase (RdRp) gene
families in R. irregularis, and validated their transcript-level expression [129]. An
unsual expansion of AGO-like (5 members) and RdRp (21 members) gene families
was observed in R. irregularis. Authors postulated that 15 out of 21RdRp genes,

could be the product of a recent gene expansion event. The study also characterized
the fungal sRNA and microRNA-like sequences, and predicted 237 transcripts of
Medicago truncatula as their potential targets including a few known mRNAs that

are modulated during AMF colonization. For instance, some of the M. truncatula
mRNAs that are potentially targeted by Rir-sRNAs encode for the nuclear-binding
leucine-rich repeat (NBS-LRR) type disease resistance gene, Non-specific phospho-
lipase C4 (NPC4), MtVapyrin (Ankyrin repeat RF-like protein) and DREPP plasma
membrane protein (MtDREPP) [129]. The homologs of NBS-LRR and NCP4 proteins
from rice and arabidopsis, respectively, are involved in the plant immunity [130, 131],
thus repression of these genes may allow AM colonization without triggering the
robust host defense responses. MtVapyrin plays crucial role in arbuscule formation
[132-134]. The down-regulation of MtDREPP has been reported in mycorrizal roots
[135]. Though, further experimental validation is required, these findings indicate the
possible existence of non-coding RNA-mediated post-transcriptional regulation and
cross-kingdom gene silencing by AMF.

Another study by Silvestri et al. [136] identified the small RNA population from
AMF Gigaspora margarita and showed their origin from different genetic sources
such as endobacteria, RNA viruses and non-integrated DNA sequences from mito-
viruses. Intriguingly, the extracellular vesicles (EVs), that are deployed in delivering
the sSRNA molecules to the other interacting partner [112, 120, 137], have also been
observed in the peri-arbuscular interface of R. irregularis during the whole lifespan
of arbuscules. This indicates the crucial role of EVs in cross-kingdom communication
and nutrient exchange during AMF symbiosis [138]. More recently, a breakthrough
discovery demonstrated that an ECM fungus Pisolithus microcarpus encodes 11
miRNAs, six of them were found induced during host colonization process. Notably,
the miRNA (Pmic_miR-8) enters the plant cell and partakes in cross-kingdom gene
silencing at some stage in symbiotic interaction with host plant Eucalyptus grandis
[139]. The inhibition of Pmic_miR-8 resulted in less developed Hartig nets, whereas,
supplementation showed increased Hartig net depth in host tissue. Further the study
showed that Pmic_miR-8 may target the host NB-ARC (nucleotide-binding adaptor
shared by APAF-1, R proteins, and CED-4) domain containing transcripts, indicating
its potential role in modulating host signaling to stabilize the mutualistic association.
As the CC (coiled-coil) nucleotide binding and leucine-rich repeat domain immune
receptors (CC-NLR) are the largest category of NLRs, thus Pmic_miR-8 may target
several plant genes belonging to this class. Importantly, this is the first study which
established the cross-kingdom gene silencing by mycorrhizal fungi and its role in
beneficial interactions with host.

8. Conclusion and future prospects

In the last decade, the non-coding RNAs have emerged as one of the key regula-
tors of diverse plant process including their development, response to abiotic/biotic
stress, and nutrient uptake. A significant advancement has been made to understand
the crucial roles of non-coding RNAs in plant-microbe interactions, particularly
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pathogenic interactions. Nutrient uptake via mycorrizal association is an important
aspect of plants lifestyle and the studies suggest the extensive involvement of non-
coding RNAs in regulating the plant nutrient status via affecting symbiosis. Notably,
the sSRNA-mediated regulatory mechanisms during mycorrhizal symbiosis have
mainly focused on plant’s perspective. These studies have provided crucial insights
on understanding how the mycorrizal colonization proceeds and how the host plants
fine-tune the extent of fungal colonization so that it does not turns pathogenic. On
the contrary, the sRNA-mediated regulation of symbiosis from the fungal perspec-
tive remains infancy. Moreover, an integrated view of both the organisms (plant and
fungus) will be required to appropriately comprehend the beneficial relationships.
To understand ncRNA-molecular interaction networks occurring at plant host-AM
symbiosis interface, experimental evidences and rewriting of dynamics of interac-
tion, sensing, uptake, transport, assimilation and homeostasis of nutrients regulation
are required. Extensive investigations for ncRNAs mediated regulation of cross-

talk between AM and host plant are also needed for teeming knowledge voids. We
anticipate that the recent discovery of cross-kingdom gene silencing by ECM fungus
Pisolithus microcarpus and AM-like model EM fungus Serendipita indica would pave
the way for future investigations of non-coding RNA-mediated regulatory networks
in mycorriza growth and development as well as during host interactions, and would
trigger novel research ideas among plant scientists. The better understanding of these
regulatory circuits would aid in improving the nutritional status of plants in order to
combat the elevating global quality-food demand.
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Chapter 13

Receptor Kinases and Signal
Pathway in the Arbuscular
Mycorrhizal Symbiosis

Jiashan Wu, Weiyun Wang, Hui Zhu and Yangrong Cao

Abstract

Most terrestrial plants establish symbiotic interactions with arbuscular mycorrhizal
fungi (AMF) to acquire phosphorus and nitrogen nutrients. The current understanding
regarding how plants recognize symbiotic signals has now been updated. Plant
Lysin-Motif receptor kinases, that is, rice OsCERK1 and OsMYR1 or orthologs from
other plants, perceive Myc factor, a lipochitooligosaccharide from AME, to initiate
symbiotic signaling pathway. The Myc factor receptor model is quite similar to the
known Nod factor receptors required for rhizobial symbiosis and chitin receptors for
chitin-triggered immunity. Thus, the open question is how plants use similar receptor
complexes to recognize structurally similar molecules to induce different signaling
pathways. Upon recognition of Myc/Nod factors signaling, LysM receptors could
activate the symbiosis receptor kinase (SymRK), which is an essential component of
common symbiotic signaling pathway (CSSP) for both mycorrhizal symbiosis and
rhizobial symbiosis. Downstream of SymRK, a clear module in the CSSP by CCaMK-
CYCLOPS-DELLA was identified to promote both mycorrhizal symbiosis by activating
the expression of RAM1, and rhizobial symbiosis by forming a complex with NSP1/
NSP2 to regulate the expression of NIN. In this chapter, we discussed the roles of recep-
tor kinases and CSSP in mycorrhizal symbiosis, as well as in rhizobial symbiosis.

Keywords: symbiosis, LysM-receptor kinases, root nodule symbiosis, SymRK,
transcription factor, common symbiosis signal pathway

1. Introduction

Arbuscular mycorrhizal symbiosis (AMS) is a mutualistic interaction formed
between more than 80% of terrestrial plants and members of the Glomeromycotina
fungi, referred to as the arbuscular mycorrhizal fungi (AMF) [1]. It was proposed that
AMS evolved approximately 400—450 million years ago, while root nodule symbiosis
(RNS) originated about 60 million years ago [2, 3]. Thus, it was consistent with the
generally accepted theory that RNS might be a result of a gradual attenuation of AMS,
and both of them might evolve from the ancient plant-pathogens interaction [4, 5]. In
the AMS, AMF could help plants to absorb more phosphorus and nitrogen nutrients
from environment, and in return, plants provide carbohydrates mainly in the form
of lipids for AMF [6-9]. As one of the pivotal nutrients for host plants’ growth,

225 IntechOpen



Arbuscular Mycorrhizal Fungi in Agviculture - New Insights

phosphate is known negatively correlate with AMS [10-12]. Meanwhile, AMF could
help host plants adapt to stressful environmental conditions [13, 14]. The develop-
ment of AMS is a highly dynamic process, including presymbiotic communication
between both symbionts, colonization of AMF in the plant root cortex and highly
branched structures called arbuscules formation [15, 16], vesicle and spore matura-
tion. Before making physical contact, phytohormones strigolactones (SLs) secreted
by the roots of plants into the rhizosphere under Pi-deficient conditions [17], promote
the branching of mycorrhizal hyphae. Simultaneously, the secreted cutin monomer
promotes the colonization of AMF in the host roots. But the molecular basis of SL
perception by AMF spores has not yet been elucidated.

Similar to the process of rhizobial symbiosis, branched hyphae of AMF secrete
mycorrhizal (Myc) factors, a mixture of short-chain chitooligosaccharides (CO4/
CO5) and lipochitooligosaccharides (LCOs), both of which are similar structures with
rhizobial Nod factors [18, 19], to activate the common symbiosis signaling pathway
(CSSP), required for both AMS and RNS [2, 20]. Over the past two decades, advances
have been made in the areas of symbiotic signals perception, including the identifica-
tion of LysM receptor-like kinases in non-legumes, especially in rice, and symbiotic
signaling transduction in plants. Downstream of LysM receptors, several key com-
mon components were identified as shared components for both AMS and RNS,
that is, Symbiosis receptor kinase (SymRK), also called Nodulation Receptor Kinase
(NORK) or Does not Make Infection 2 (DMI2) in other plant species [21, 22], calcium
and calmodulin-dependent kinase (CCaMK) [23], CYCLOPS [24]. GRAS transcrip-
tion factor (TF) family proteins such as DELLAs [25], Nodulation Signaling Pathway
1 (NSP1), NSP2 [26], Reduced Arbuscular Mycorrhiza 1 (RAM1) [27, 28] are also
involved in AMS and/or RNS. In addition, some downstream components, such as TFs
like Nodulation Inception (NIN) [29, 30], Phosphate Starvation Responses (PHRs)
[31], SYG1/Pho81/XPR1 (SPX) [32], etc., participate in AMS and/or RNS. Overall, the
current study has provided a rough linear pathway of AMS/RNS in plants.

2. Roles of LysM-RLKs in perceiving symbiotic signals in AMS and RNS

In nature, only a few species of microbes can establish compatible interactions
with host plants to cause either pathogenic or mutualistic symbiosis. More and more
data suggest that plant innate immunity plays a key role in distinguishing invading
microbes to establish different interactions. Hence, how plants recognize and dis-
tinguish signals from different microbes could be precisely regulated. The existing
data indicate that LysM-RLKs play such roles in distinguishing different microbes
and initiating different physiological responses in plants. N-Acetylglucosamine
(GlcNAc)-containing molecules are conserved components of cell walls for different
microbes. For example, chitin, the major component of fungal cell wall, and bacterial
peptidoglycan (PGN), function as microbe-associated molecular patterns (MAMPs)
perceived by LysM-containing proteins to trigger plant immunity against invading
pathogens.

Whereas lipo-chitooligosaccharides (LCOs), for example, rhizobial NFs and
mycorrhizal Myc factors are key signals recognized by two LysM-RLKs to induce sym-
biotic signaling transduction in plants [33]. Rhizobial NF, a short-chain of chitin with
different modifications at the terminal residues, plays an important role in specific
recognition between rhizobial and legumes [34]. In AMS, Myc factors that contain
Myc-LCOs, and Myc-COs can activate the CSSP with resultant calcium oscillations
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in root epidermal cells [35-37]. Myc factors were proposed to be mixtures of CO4/5
and LCO, while the function of CO4 appears to be the predominant molecule acti-
vating symbiotic responses in rice. Thus, symbiotic signaling pathways induced by
Myc-LCOs and COs seem to be a little bit different since AMF produces a mixture of
molecules during the symbiotic interaction with hosts [18, 37, 38]. In this process,

a class of LysM receptor kinases (LYKs) participate in the discrimination of these
GlcNAc molecules and determine the outcomes of the downstream signaling pathway
to immunity or symbiosis [39-41].

In the establishment of symbiosis between rhizobial and legume host plants,
LjNFR1 (Nod Factor Receptor 1) and LjNFRS5 in Lotus japonicus, also named
MtLYK3 (LysM containing receptor Kinase 3) and MtNFP (Nod Factor Perception)
in Medicago truncatula are two essential LYKs regulating NFs specific perception
[42-44]. In non-legume species, for example, rice OsCERK1 (Chitin-elicitor receptor
kinase 1), a LysM-RLK, is a necessary receptor involved in COs-induced immunity
and mycorrhizal symbiotic responses. CERK1 was originally identified as an essential
receptor for chitin elicitor signaling in Arabidopsis thaliana, and the KO mutant for
AtCERKI1 completely lost the ability to respond to chitin [45]. Subsequent studies
have demonstrated that OsCERK1 and a LysM protein OsCEBiP (Chitin Elicitor
binding protein) could cooperatively regulate chitin elicitor signaling in rice [39, 46].
But, interestingly, OsCERK1 plays a dual role in mediating both AMS and immunity
[47, 48]. The AMS in the rice Oscerkl mutant plants was severely diminished but was
normal in the Oscebip mutant, the function of OsCERK1 in mediating symbiosis
or immune responses seems to be dependent on specific interaction with different
receptors in response to either symbiotic signals or pathogenic signals [19]. Recent
breakthroughs have revealed OsCERK1"" from Dongxiang wild rice with two amino
acids substitutions in the second LysM domain exhibited stronger colonization with
AMF than the rice cultivar Zhongzao 35 (ZZ35), as well as promoting phosphorus
acquisition [49].

CO4/COS5 are necessary signals for symbiotic interactions between AMF and host
plants, however, rice OsCERK1 does not seem to bind to CO4 directly [39, 50]. It was
implied that another component was needed to perceive these signals, just like the
sandwich models of OsCERK1/OsCEBiP in mediating chitin-triggered immunity and
LjNFR1/LjNFRS5 complex for rhizobial symbiosis in L. japonicus [44, 46]. OsMYR1/
OsLYK2/OsNFR5/0sRLK2, grouped in the same clade as LjNFR5/MtNFP/SILYK10,
is the co-receptor of OsCERK1 required for AMS. OsMYR1 directly binds to CO4
but not Nod factors or lipopolysaccharides (LPS) [20]. Significant reduction of AMF
colonization, as well as transcription levels of AM-specific marker genes and calcium
spiking, were observed in the Osmyr1-1/Oslyk2-1 mutant compared to wide type (WT)
inoculated with Rhizophagus irregularis spores [20]. However, the AM colonization
in a high dosage did not show too many differences between Osnzyr1-1/Osnfr5 and
WT plants, but a significant decrease in transcript levels of AM-responsive gene
was detected in the Osmyr1-1/Osnfr5 mutant plants [51]. Whether OsMYR1/OsNFR5
responds differentially to different dosages of R. irregularis is unclear. But all these
data indicated that OsMYR1 seems to be a binding receptor for sensing CO4, and
the subsequent dimerization and phosphorylation between OsMYR1 and OsCERK1
activate symbiotic signaling pathway [20].

It was identified that only the long chain of COs with polymer of degree between 6
and 8 (CO6, CO7, and CO8) but not CO4 or CO5 could trigger a plant immunity
[52, 53]. A recent study has shown that CO8 has a similar function as CO4 to induce
symbiotic nuclear calcium oscillations and activates some of the symbiosis-related
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genes expression [18], raising a question that nuclear calcium oscillation might not

be a specific signal representing symbiosis. In Medicago truncatula, MtCERK1 and
MtLYR4 can bind both CO4 and CO8, in which MtCERK1 is required in both COs
induced immune and symbiotic signaling pathways [18]. Interestingly, the plant
defense triggered by CO8 could be suppressed by additional LCOs in both legumes
and non-legumes, and CO4 could reduce CO8-triggered ROS generation via OsMYR1
in rice or AtLYK3 in Arabidopsis [18, 19, 54], suggesting that non-legumes could

still respond to LCOs. Hence, a Single Pole Double Throw (SPDT) switch model in
symbiosis and defense signaling pathways was proposed [19]. In this model, OsMYR1
can recognize CO4 from symbiotic fungi and then associates with OsCERK1, which
suppresses the formation of chitin-induced OsCEBiP/OsCERK1 complex and trans-
phosphorylation of immune-associated substrates, then activate mycorrhizal colo-
nization. When OsCEBiP senses CO8, it competes with OsMYR1 to bind OsCERK1,

which induces immunity and negatively regulates AMS [19].
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Figure 1.
Phylogenetic tree of LysM-containing receptor-like kinases. Molecular phylogeny of OsCERK1 and OsMYR1

with homologs from Oryza sativa (Os), Medicago truncatula (Mt), Glycine max (Gm), Lotus Japonicus (Lj),
Arabidopsis thaliana (At), Zea mays (Zm), Solanum lycopersicum (SI) was constructed using a maximum-
likelihood algorithm in MEGA-X with 1000 bootstraps value.
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Rice is a very-well studied model species used for AMS study. The dual function of
OsCERK1 homologs in both symbiosis and immunity was also studied in other plant
species. Similar to rice OsCERKI1 in symbiosis and immunity, OsCERK1 homologs in
leguminous plants also play a dual role in both symbiosis and immunity (Figure 1). For
example, MtLYK9 in M. truncatula and PsLYKOY, a close ortholog of CERK1 in Pisum
sativum regulate both plant immunity and AMS [55, 56]. Likewise, in Parasponia ander-
sonii, the only known non-legume plant with an ability of RNS, PanLYK1, and PanLYK3
were essential for intracellular arbuscule formation, while PanLYK3 also acted as a chitin
receptor for innate immunity signaling [57]. Nonetheless, LYKs in some species, such
as the CERK1 homologs in tomato (SILYK1, SILYK11, SILYK12, and SILYK13) are also
functional in AMS and chitin-triggered defense. It has been found that knockdown of
SILYK12 would significantly reduce AMF colonization, but the chitin-induced defense
response was unaffected, whereas SILYK1 and SILYK13 only participate in immune
signaling but not AMS [58]. Hence, plant CERK1 is such a receptor that works as a shared
kinase mediating both chitin-triggered immunity and AMF symbiotic signals. The LYKs
receptor model might at least support the hypothesis that symbiotic interaction might be
aresult of a graduate attenuation from plant-pathogens interaction until a condition that
both symbionts and plants could benefit.

3. Common signaling pathway in mycorrhizal and rhizobial symbiosis

In legumes, the establishment and development of AMS and RNS require a set of
common symbiosis genes [59, 60], including a conserved SymRK protein from differ-
ent species and several essential TFs. When LCOs and COs from bacteria and/or fungi
are recognized, SymRK is activated to associate with a set of essential proteins like
HMGR1 to regulate both AMS and RNS or interact with SymRK-interacting protein 2
(SIP2) which is specifically involved in RNS. Currently, some interacting proteins of
SymRK have been confirmed to participate in RNS, but whether they also take part in
AMS remains unknown. As critical components of CSSP, SymRK and other receptor
complexes could promote the signaling pathway downstream by triggering nuclear
calcium spiking and activating CCaMK. CCaMK could interact with and phosphory-
late the downstream transcription factor CYCLOPS [24, 61]. Meanwhile, DELLAs
bind the CCaMK-CYCLOPS complex to promote the expression of RAM1 and regulate
AMF colonization [59]. On the other hand, DELLAs associate CCaMK-CYCLOPS with
NSP1-NSP2 to enhance the expression of NIN which regulates RNS positively [62, 63].
Recently, several other important transcription factors, for example, PHRs and SPXs
have been identified to involve in AMS under different conditions of Pi [31, 32, 64].

3.1 SymRK and its interacting proteins involved in AMS and RNS

Asatypical LRR-RLK, SymRK was identified as an important membrane-
localized receptor kinase required for activating a series of physiological responses
in the symbiosis between AMEF, rhizobial, Frankia bacteria, and their corresponding
host plants [65, 66]. Studies have found only SymRK but not Nod factor receptors
(NFRs) overexpression triggers the expression of AM-related genes, and the symrk
mutant fails to form arbuscule, indicating that SymRK plays a crucial role in the
exchange of signals and in the decision between the development of AMS or RNS
[67]. According to polymorphisms and amino acid length of SymRK in both legumes
and non-legumes, SymRK exists in at least three different structural versions. Rice
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and tomato, two plant species widely used for AMS study, have a shorter form of
SymRK that is sufficient for AMS but cannot fully complement symrk mutant in
legumes for rhizobial endosymbiosis [68]. Based on the sequence comparison, the
extracellular domain of SymRK homologs might play important roles in determining
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Figure 2.

Multiple sequence alignment of extracellular domain of SymRK from legumes and non-legumes. The orange box
represents the signal peptide, the blue box represents malectin-like domain, the green box represents the conserved
Gly-Asp-Pro-Cys (GDPC) sequence, and the purple box represents leucine-vich repeat (LRR) domain.
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their specific functions (Figure 2). In legumes, such as L. japonicus, M. truncatula,
and Glycine max, great conservation with about 75% identities is found in the extra-
cellular domain of SymRK homologs. Such conservation might pinpoint its specific
role in RNS. However, the sequence identities of SymRK homologs between legumes
and non-legumes are reduced to about 40—50%. Althoug, SymRK is a central player
in CSSP required for both RNS and AMS, the sequence differences at its extracellular
region might give direct evidence that responds to either mycorrhizal signals or rhi-
zobial signals. However, what determines the functional difference between legumes
and non-legumes is of great interest to be studied in future, and the functional differ-
ence might be related to the evolution of AMS and RNS.

Although the symrk knock-out mutant completely loses the ability to allow
rhizobial infection, the root hairs of symrk mutant plants were observed to be exag-
gerated after rhizobial attachments [21, 69], indicating that SymRK plays an essential
role in determining rhizobial infection but not rhizobial attachment. Due to the
key role of SymRK in both AMS and RNS, several SymRK-interacting proteins and
protein modifications of SymRK have been studied to elucidate the precise function
of SymRK in RNS and/or AMS (summarized in Table1). HMGR1 (3-Hydroxy-3-
Methylglutaryl Coenzyme A Reductasel) was identified as an interacting protein of
MtDMI2 (SymRK homolog in M. truncatula), suggesting that mevalonate biosynthe-
sis was involved in mediating the function of SymRK to initiate calcium spiking and
symbiotic gene expression in response to both rhizobia and AMF [70]. Transcriptome
expression analysis characterized that SYMREM1 (Symbiotic Remorin 1) from M.
truncatula could interact with MtDMI2 and may act as a scaffold protein for assembly
of receptor complexes involved in rhizobial infection [71, 81]. In addition to interact-
ing with DMI2/SymRK, SYMREMI1 was also identified to interact with other receptor
kinases in legumes, such as MtNFP/LjNFR5 and MtLYK3/LjNFR1 [81]. Thus, the
function of SYMREM1 might provide corresponding structural support for the
molecular network of NFR1/5-SymRK receptor complexes.

SymRK-interacting protein 1 (SIP1) is a major AT-rich sequence binding (ARID)
transcription factor [72]. Two major splicing forms, SIP1 and SIP1L (a longer vari-
ant of the SIP1 transcripts) in L. japonicus were characterized. Interestingly, SIP1
was found to interact with SymRK, while SIP1L could not. Both SIP1L and SIP1
could specifically bind to the promoter of NIN to positively regulate symbiosis.
Knockdown of SIP1lusing RNAi technology in transgenic hairy roots resulted in
impairment in the nodule and arbuscular development, suggesting an important
role of SIP1 in the CSSP [72, 73]. As a typical mitogen-activated protein kinase
(MAPKK), SymRK-interacting protein 2 (SIP2) could specifically interact with
SymRK homologs from different legumes [74]. Although SymRK and SIP2 have
a strong interaction, the inter-phosphorylation between them was not detected
[74, 82]. Additional studies identified that LjMPK®6 is a phosphorylation target of
SIP2 [83], and SymRK could inhibit the phosphorylation activity of SIP2, therefore
SymRK might negatively regulate the SIP2-MPK6 signaling cascade. Like SIP1, SIP2
also functions as a positive regulator in RNS conformed by RNA interference meth-
ods. However, SIP2 is not required for AMF colonization, suggesting that SymRK-
SIP2 interaction might be specific for rhizobium infection [74]. Interestingly, SymRK
was also identified to directly associate with and suppress the kinase activity of
LjBAK1, a homolog protein of Arabidopsis AtBAK1 that functions as a coreceptor for
multiple MAMP receptors. The function of SymRK in suppressing LjBAK1-mediated
immunity is required for rhizobial infection, but whether this suppression favors
AMF infection is to be determined [80].
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Interaction protein

Summary

AMS

RNS

HMGR1

Asan interacting protein of MtDMI2, HMGR1 is involved
in the synthesis of isoprenoid compounds and mevalonate
(MVA) pathway, and positively regulates AMS and RNS [70].

SYMREM1

Symbiotic Remorin 1 (SYMREM]1) has been shown to
interact with SymRK and may act as a scaffold protein
for assembly of signaling complexes involved in rhizobial
infection [71].

SIP1

SIP1 is a major AT-rich sequence binding (ARID)
transcription factor, and two major splicing forms: SIP1
and SIP1L both can specifically bind to the promoter of
NIN, but only SIP1 can interact with SymRK [72, 73].

SIP2

SIP2 is a typical mitogen protein kinase (MPKK), which
can specifically interact with legume NORK/SymRK, and
SymRK can inhibit its kinase activity. It has been shown
that SIP2 was positively regulating RNS but was not
involved in AMS [74].

SINA4

SINA4 is induced by Nod factors and could promote the
ubiquitination degradation of SymRK, which negatively
regulate nodulation [75].

SIE3

As anewly discovered E3 ubiquitin ligase, SIE3 could
interact with SymRK and enhance the degree of
ubiquitination of SymRK in vivo. The homodimerization
of SIE3 is essential for ubiquitin-related degradation of
SIP1 [76-78].

PUB1

PUB1 is an E3 ubiquitin ligase and another interacting
protein of DMI2, which could be phosphorylated by DMI2
and LYK3. Although PUB1 plays a negative role in RNS and
AMS, DMI2 is not the ubiquitinated substrate of PUB1,
only LYK3 could be degraded [79].

PUB2

MtPUB2 could be activated by MtDMI2 via
phosphorylation and activated MtPUB2 directly targets
MtDMI2 through ubiquitination-mediated degradation. In
addition, MtDMI2-MtPUB2 negative feedback loop plays a
role in symbiosis homeostasis [79].

BAK1

SymRK could directly interact with and suppress the
kinase activity of LjBAK1 in L. japonicus, which is a well-
characterized positive regulator of plant innate immunity,
then suppress the plant immunity during rhizobial
infection [80].

Table 1.

Summary of interacting proteins of SymRK. The green dot represents the confirmed function of SymRK in AMS
or RNS, while the orange dot represents the function of SymRK in AMS/RNS that was not confirmed or studied.

SymRK-Interacting E3 ligase (SIE3) is a protein containing CTLH/CRA/RING
domains, which mediates the ubiquitination of SymRK, but does not mediate the

protein degradation of SymRK in an iz vitro ubiquitination assay [76]. It is possible
that ubiquitinated SymRK may allow sustained signal transduction to downstream
host responses. In addition, SIE3 plays a positive role in the SymRK-mediated signal-

ing pathway in RNS. Further study showed that SIE3 can interact with SIP1 and

form a homodimer via Cys266 residue [77, 78]. SEVEN IN ABSENTIA4 (SINA4) was
identified as another E3 ligase that could interact with SymRK, and coexpression of
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SymRK and SINA4 caused SymRK relocalization [75]. On the contrary, SINA4 is able
to mediate the degradation of SymRK and plays a negative role in RNS by inhibiting
the development of infection threads [75]. It seems like SINA4 might be a key pro-
tein working in a negative feedback loop by suppressing excessive symbiotic signal
responses. However, whether SIE3 and SINA4 also regulate AMS needs to be further
explored.

At present, two E3 ubiquitin ligases of Plant U-Box (PUB) family, PUB1 and
PUB2, have also been proved that could interact with DMI2 in M. truncatula [79, 84].
PUBI could interact with two significant symbiotic receptors (LYK3 and DMI2)
and modulate the establishment of both AMS and RNS [38]. In addition, PUB1 has
been shown to be directly phosphorylated by LYK3 and acts as a negative regulator
to inhibit rhizobial infection and nodulation [85]. Although the E3 ligase activity of
PUBL is necessary for negative regulation in RNS and AMS, DMI2 is not a ubiquitina-
tion substrate of PUBI [79], only LYK3 could be degraded by PUBL. It is possible that
the involvement of PUB1 in the early symbiosis signal pathway might be a strategy
used by plants to actively suppress the excessive infection by rhizobia and AMF. The
other PUB-type E3 ubiquitin ligase, MtPUB2, was identified to be a direct regula-
tor of DMI2 in M. truncatula and could enhance the ligase activity of MtPUB2 via
phosphorylation at Ser421, then the activated MtPUB2 directly ubiquitinates MtDMI2
for degradation in vitro. These studies demonstrated that MtDMI2-MtPUB2 forms
a negative feedback loop that displays an important role in nodulation homeostasis
[79]. As a key receptor kinase involved in both RNS and AMS, the direct phosphoryla-
tion target and protein modification of SymRK need to be further elucidated.

3.2 Transcription factor complexes regulate arbuscule branching

Nuclear calcium oscillations are essential components of signals leading to AMS
and RNS in host plant root cells. A couple of proteins and GRAS domain TFs coop-
eratively mediate calcium signals and induce symbiotic process. CCaMK (as known
as DMI3 in M. truncatula), the initiation of calcium spiking perception in nucleus, is
required in both AMS and RNS [86]. A gain-of-function of CCaMK leads to exagger-
ated symbiosis response by forming spontaneous nodules in the absence of rhizobial
in L. japonicus. Interestingly, the gain-of-function of CCaMK could induce rhizobial
and AMF infection, as well as calcium spiking even in the mutant plants, that is,
symrk, castor or pollux, suggesting that calcium oscillations mediated by CCaMK are
a downstream response of symbiosis pathway [61, 87, 88]. The activation of CCaMK
by calcium always needs two steps, direct calcium binding to three EF-hand motifs,
and calmodulin (CaM) binding to the kinase domain [89]. Thus, different levels of
CCaMK activity are needed in AMS and RNS. As it has been confirmed that Thr265
residue is an essential autophosphorylation site for CCaMK activation [90]. CCaMK
autophosphorylated at Thr265 and disrupts the hydrogen bonds network with resi-
dues of side chains, leading to nodule organogenesis and AMF infection after two
EF-hand motifs bind to calcium. CaM binds the kinase domain and stimulates the
activity of CCaMK, which is only required for rhizobial infection but not for AMF
colonization. Consistent with that CCaMK with kinase domain only could restore
the symbiotic entry of AMF in ccamk mutant in L. japonicus [88, 91]. In addition, rice
OsDMI3 is able to functionally complement the AMS in M. truncatula, but partially
restore the nodulation phenotype in legumes [92].

Downstream and phosphorylated by CCaMK [24], CYCLOPS/IPD3 is required
for rhizobial infection, nodule development [93, 94], AMF infection, and arbuscule
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formation [24, 95]. Acting as a member in CSSP, OsCYCLOPS could complement the
AMS and RNS phenotype of cyclops-3 mutant in L. japonicus, indicating functional
conservation of CYCLOPS in legumes and non-legumes [24]. Recently, IPD3 and
IPD3-LIKE are identified functional redundancy in AMS in M. truncatula, the double
mutant of IPD3 and IPD3L can form arbuscular but hyphal entry into epidermis cells
is impaired [96, 97]. What’s more, the development of AMS is remarkably reduced in
ipd3/ipd3l under a high concentration of Pi treatment [97]. Recent research has dem-
onstrated that other important regulators in Pi uptake, SPXs, and PHRs also take part
in regulating AMF colonization under different degrees of phosphate [31, 32, 64].
The formation of arbuscule is reduced in the absence of PHRs. In low Pi conditions,
PHRs could bind to P1BS cis-element in promotor of AM-associated genes and induce
AM-mediated Pi uptake of host plants; however, SPXs could bind to PHRs, leading

to the suppression of transcription of genes downstream in Pi-sufficient conditions.
Besides, PHRs could not only regulate genes including RAM1I, PT11, and WRI5A,
which are required for arbuscule formation or nutrient exchange [31], but they also
target genes like CERK1, SymRK, NSP2, etc., that are essential for signal perception of
AMF entry in the early stage of symbiosis [64].

The CSSP plays a conserved role in regulating AMS and RNS, and plants discrimi-
nate between such processes by CCaMK-CYCLOPS complex promoting different
GRAS domain TFs through DELLA proteins. Exogenous GA treatment could inhibit
infection threads formation and nodule development, as well as hyphal entry and
arbuscule formation in L. japonicus [98]. As integrators of GA signaling, DELLAs
positively regulate rhizobial infection and arbuscule formation, acting as a bridge to
complex CCaMK/DMI3-CYCLOPS/IPD3 with NSP1-NSP2 or RAM1 [25, 98]. In RNS,
DELLAs work downstream of DMI3-IPD3, enhancing the intensity of phosphoryla-
tion of IPD3 by DMI3, then interact with NSP2 to promote the DMI3-IPD3-NSP1-
NSP2 complex formation and induce the expression of symbiotic associated genes like
NIN [99]. While in AMS, DELLAs interact with CCaMK-CYCLOPS complex, activat-
ing RAM1 via DIP1 (DELLA Interacting Protein 1) in rice, and RAD1 (Required for
Arbuscule Development) in M. truncatula and L. japonicus [28, 59, 100, 101]. NSP1
specifically functions in Nod factor signaling, and NSP2 may have a minor role in
AMS [35]. By contrast, RAM1 is only required in AMS to support arbuscule branching
and has no role in Nod factor signaling [27]. Interestingly, the experiment in Nicotiana
benthamiana showed that RAM1 may compete NSP2 with NSP1, indicating that
RAMI1 and NSP1 may be the first step downstream of CSSP to distinct Myc factors
and NFs signaling [102]. Meanwhile, other GRAS-type transcription factors, maybe
RAD1, are involved in Myc factors signaling, for NSP2 only has a weak function in
AMS [27, 101, 102].

4. Conclusions and future perspectives

Plants establish mutualistic symbiosis with AMF and rhizobial for nutrient uptake.
In AMS, mineral nutrients, especially Pi, are supplied by AMF via AM fungal hyphae,
and host plants mainly concurrently transfer fatty acids to fungi as carbon resources.
Although AMS facilitates the uptake of Pi, the concentration of Pi, in turn, impairs
the colonization of AMF. Thus, the status of Pi is essential in AMS establishment, and
some TFs involved in CSSP like PHRs play important roles in the regulation of this
process. As a central regulator of Pi homeostasis, PHR?2 is required for the activa-
tion of AMS-associated genes under Pi-deficient conditions. While in RNS, legumes
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interact with rhizobial to fix N, and N homeostasis is closely related to NIN, a mem-
ber of NIN-like protein (NLP) family.

The opening question is how plants discriminate chitin, NFs and Myc factors
signals that are structurally similar and then promote different signaling pathways.
Receptor kinases play critical roles in primary signal recognition in immunity and
AMS and/or RNS. A part of LYKs like OsCERK1 play a dual role in both immunity and
symbiosis, while some others show subfunctional in regulating these two signaling
pathways. What’s more, duplication of LysM genes has happened, compared with 10
LysM genes in rice, M. truncatula has 21 and L. japonicus has 26 genes that are pre-
dicted to encode LYKs. Therefore, the versatile combination of LYKs receptors plays
an essential role in sensing structurally similar polysaccharides to initiate symbiosis or
immunity thereby discriminating symbionts or pathogens.

SymRK functions as a vital component of the genetic basis for both plant-fungal
and plant-bacterial endosymbiosis. It perceives signals dependent on extracellular
malectin domain and LRR domain, whose sequences vary wildly between non-
legumes and legumes, but are much more conserved in legumes. It is suggested that
the diversity among them may be one of the reasons for different responses to Myc
factors or NFs. SymRK activates signaling pathways downstream mediating the

co8 Myc-LCO / CO4 Nod-factor

MAPK(KK) cascade /
ROS generation

RNS «—— NIN 4—I
innate b

immunity - wﬁ
I. AMS +— RAM1‘—|

PHR2

Figure 3.

The chitin-triggered immunity and common symbiotic signaling pathway. AtCERK1 and AtLYKs form a
receptor complex perceiving CO8 to induce innate immunity in A. thaliana. In AMS, the complex of OsCERK1/
OsMYR1 receives Myc factors in rice. And LiNFR1/LjNFR5 receptor complex in L. japonicus perceive Nod factors
(structurally similar to Myc factors) in RNS. Upon recognition of symbiotic signals of AMS/RNS, SymRK, as the
coreceptor of LysM veceptors, then interacts with some key proteins such as SIP1 and SIE3. Phosphorylated SIP1
could specifically bind to the promoter of NIN gene to positively regulate symbiosis. Another SymRK interacting
protein, HMGR1 is a common signaling component in both AMS/RNS, which participates in MVA pathway
and triggers calcium spiking in nucleus. CCaMK-CYCLOPS-DELLA complex intevacts with RAMz1 or NSP1/
NSP2, inducing the expression of RAM1 or NIN to regulate AMS and RNS. The activation of symbiosis signaling
inhibits innate immunity signaling at certain levels.
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post-translational modification of the interacting proteins; however, whether these
interacting proteins function in RNS also participate in AMS remains to be further
investigated.

It is probable that a single pathway mediating both AMS and RNS after the recog-
nition of signal molecules, for some homolog proteins such as CCaMK and CYCLOPS
play the same role in both AMS and RNS. There may also be some parallel signaling
pathways to regulate the TFs in nucleus. The complex of CCaMK-CYCLOPS directly
regulates at least 3 genes in different pathways: NIN(RNS), RAM1(AMS), CBP1(RNS
and AMS) [103]. In addition, NIN and RAM1 may be the first divergence for AMS or
RNS in CSSP, and we wonder whether there are other TFs involved or not.

In summary, receptor kinases are essential in the specifical recognition of signals,
and OsCERK1/OsMYR1 were confirmed to be the receptor complex perceiving Myc
factors in recent research, but the pivotal receptors for Myc factors in other species
remain to be studied. As SymRK could receive symbiotic signals from NFRs, it is
of great interest whether SymRK could receive Myc-factor signals to participate in
symbiotic signal transduction between AMF and plants. Activated by the calcium
spiking, CCaMK-CYCLOPS-DELLA complex could regulate TFs which promote the
expression of AMS-related or RNS-related genes (Figure 3). Therefore, further study
on the difference in signal recognition and signaling pathways between AMS and RNS

may help us to apply RNS in non-legumes.
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Abstract

Despite the importance of arbuscular mycorrhizal fungi (AMF) within forest and
agroecosystems, few data are available about how AMF communities are structured
in the root zone of the argan tree. Some studies have characterized endomycorrhizal
fungi population occurring in rhizosphere soils of argan trees grown in southwest of
Morocco, numerous sites in this area harbored unexplored communities. The endomy-
corrhizae diversity of rhizosphere soils collected from 15 argan forest stands located
in Lakhssas, Smimou, Ait Baha, Tamanar, Essaouira, Taroudant (Elkodya), Irherm,
Guelmim, Imsouane, Anzi, Tiznit, Taghazoute, Ait Melloul, Bouizakarne, and Oulad
Teima have revealed the presence of different AMF communities sharing some species
but dissimilar AMF community compositions are noted according to sampling time
and site. Additionally, the diverse AMF structures detected such as vesicles, arbuscules
and hyphae reflect implicitly the germination of AMF propagules in the rhizospheric
area of the Argan tree. The pre-evaluation of AMF in the soil through spores’ density
can indicate AMF community dynamics, signaling either the adaptability of mycorrhi-
zal symbionts to the local conditions or its decline. In total, 39 morphotypes of endo-
mycorrhizal fungal spores were identified and described, representing seven genera:
Glomus (15 species), Scutellospora (3 species), Entrophospora (4 species), Pacispora (2
species), Gigaspora (4 species), Acaulospora (10 species), and Ambispora (1 species).
The genus Glomus has a wide occurrence and had the largest number of species. This
chapter gives a great overview of the mycorrhizal status of argan trees in their natural
habitats of the main Moroccan argan forests.

Keywords: Morocco, Argania spinosa, arbuscular mycorrhizal fungi, diversity
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1. Introduction

In their natural environment, plants are part of a rich ecosystem, including
numerous and diverse microorganisms in the soil and the arbuscular mycorrhizal
fungi (AMF), which represent the main component of the soil microbiota in most
agroecosystems. Arbuscular mycorrhizal fungi (AMF) are obligate biotrophs and
rely on their autotrophic host to complete their life cycle and produce the next
generation of spores [1]. These symbionts colonize the roots of the vast majority
of plants, either the roots of 86% of terrestrial plants [2] and most crop plants [3].
By forming an extended, intricate hyphal network, AMF can efficiently absorb
mineral nutrients from the soil and deliver them to their host plants in exchange
for carbohydrates. They play an important role in soil fertility, the acquisition of
mineral nutrients, especially immobile nutrients, such as phosphorus [4, 5]. AMF
can also enhance tolerance or resistance to root pathogens [6] or abiotic stresses,
such as metal toxicity [7]. Yet another benefit conferred by the mycorrhizal fungi is
plant growth increase under water deficit conditions. It does so by aiding drought
avoidance, enhancing mineral nutrition, improvement in soil physicochemical and
biological properties [8].

AMF protects the plant health against other environmental stresses [9, 10] and
improves the soil structure by the formation of stable soil aggregates, building up a
macroporous structure of soil that allows penetration of water and air and prevents
erosion, which results in promoting root system development [11].

Due to all of these advantageous attributes of AMF related to the extended absorp-
tive root surface and the available soil volume by hyphae mycelium of mycorrhizal
fungi, some ecological scientists have advocated their use in the regeneration of
tropical forests and the restoration of degraded soil in arid and semi-arid areas. In
Morocco, there are many representative areas where potential resources are affected
by the grazing pressure, arid climate, and anthropogenic activities, such as the
northwest palm grove [12, 13], Thuya [14], and argan forest [15]. Of these latter, the
argan-ecosystem, suffers from an increase in the deterioration of its various compo-
nents and needs rehabilitation and reforestation programs to restore a sustainable
natural environment.

The use of AMF is one of the natural processes that gains an increasing interest.
Its success depends on the knowledge of the diversity and richness of AMF as prob-
able indicators of adaptation in certain environments and the setting of symbiosis
with plants [16]. In this context, the study of the diversity of AMF in argan tree
rhizosphere through the isolation, identification, and quantification of the number
of spores constitute the key step to the characterization of the native AMF associated
with this plant species before using as inoculants with a better chance of adapting to
particular soil, climate conditions [17].

Several works have shown that the argan tree benefits from a symbiotic association
established between the roots of the plant with mycorrhizal fungi [18-21]. Indeed,
in semi-arid and arid seeded areas, soils are deficient in nutrients and subject to long
periods of drought, hence the need for such root symbiosis [22]. Describing the diver-
sity of the community of AMF at numerous sites from the same area can be useful
tool awarding eventual changes that can occur in the course of years before undertak-
ing preservation strategies of this endemic tree, such as incorporating AMF-based
biotechnology to cope with stressful conditions that threaten both the perennity and
production of this agroforestry system.
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2. Argan stands in southwestern Morocco

Argan tree forest covers an area of 3,976,000 ha, spanning from the city of Safi
in northeastern Morocco to the Saharan fringe in the south, where the argan tree
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Figure 1.
Distribution avea of the argan tree in Movocco [23].

@ - (b)

Figure 2.
Argan tree from Tamanar (a) and Oulad Teima (b) regions.
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Figure 3.
Fruits of the argan trees of southwestern Morocco (A) Smimou, (B) Ait Baha, (C) Tignit, and (D) Bouizakarne.

occupies about 70% of the woodland area [23]. The most important stands extend
mainly from the Northeast of Essaouira to the valley of Souss (Figure1).

This locality constitutes the central area of the argan grove and this is because
of the state of development and the exceptional vigor that this species presents as
shown in 15 sites covering areas of Lakhssas, Smimou, Ait Baha, Tamanar, Essaouira,
Taroudant, Irherm, Guelmim, Imsouane, Anzi, Tiznit, Taghazoute, Ait Melloul,
Bouizakrane, and Oulad Teima (Figures 2 and 3).

3. Physicochemical properties of soil—AMF community

Soil properties are critical in determining the fertility of soils, and some parameters
can define the composition and species richness of AMF communities. Hazard et al.
[24] stated that soil pH has a stronger effect than land use itself on AMF communities
in agroecosystems and crops. Alguacil et al. [25] suggested that three soil properties
related to microbial activity, that is, pH and levels of two micronutrients (Mn and Zn)
also determined the distribution of AMF communities in soils. Differences in soil have
been found to be key factors in determining AMF community composition [26], and
this is particularly relevant in stressed environments. Soil properties have been found
to affect the AMF community [27], especially in terms of the availability of nutrients
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[28] and variations in pH [29, 30]. Moreover, the structure and dynamic of the AMF
community can be influenced by edaphic features, including soil texture and structure,
organic matter content, the pH, and macro and micronutrient levels [31, 32]. As pH
increases above 7.0 in aqueous solutions, most of the dissolved phosphorus reacts with
calcium forming calcium phosphates resulting in a decrease in solubility and availability
of phosphate [33, 34]. Indeed, external abiotic factors, such as precipitation or edaphic
characteristics, can directly influence the available habitat for a species, which affects an
organism’s ability to survive in a given location [35]. Furthermore, soil characteristics,
such as pH, electrical conductivity, and assimilable phosphorus levels, may also affect
the spore number of endomycorrhizal fungi [36].

4. AMF community composition associated with Argan trees

The AM fungi are the important rhizospheric microorganisms whose diversity can
be decisive for both plant community structure and ecosystem productivity. Studies
on AMF occurrence and distribution have been made by spore extraction from soil
and identification based on the morphology of the spores. Thus, the identification of
spores has also been widely used to characterize AMF communities in soil [26, 37, 38].

Figure 4.
Different structures of endomycorrhizal fungi colonizing the roots of Argania spinosa. Arbuscules (a); intra
hyphae (ih), spores (s); vesicles (v) and endophytes (e). (G. x 400).
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4.1 Root colonization with AM fungi

The root colonization by AM fungi relies on the presence of microscopic struc-
tures, such as external and internal hyphae, vesicles and arbuscules, as well as endo-
phytes (Figure 4).

4.2 AMF spore density

According to Morton et al. [39] and Sturmer and Bellei [40], spore density is the com-
mon tool for quantifying the AMF population in the soil. The highlighting of the struc-
ture mycorrhizal community consists of spores’ number enumeration and abondance
of each one. The communities of these fungi present in soil can be estimated in terms of
the number of species observed and the abundance of each of them in the community. In
Argania spinosa rhizosphere soil gathers 561 spores/100 g of soil (Figure 5) [41].

Oliveira and Oliveira [42] have revealed significant variations in spore density
between the soil samples collected in August (dry season) obviously lower than in the
sampling performed during the rainy season. Likewise, Khaekhum ez al. [43] noted a
higher number of AMF spores in the rainy season than in the dry season. The changes
in spore densities are probably attributable to annual variations in climatic and
edaphic conditions, especially as spore density increases in dry climates [44] reflect-
ing adaptability to temperate, dry, and arid ecosystems [45, 46]. It is well known that
edaphoclimatic conditions, such as pluvial precipitation can influence AMF spore
density [47]. According to Pringle and Bever [48], fungal species sporulate differently
on the season. For these authors, the seasonal variations in spore densities probably
reflect seasonal differences in spore formation. Smith [49] showed that maximum
spore densities are noted in the spring and decline in the summer.

The variation of spore density of AMF is directly related to the plant growth stage
[50]. Various medicinal plants have displayed the highest intensity of AMF coloniza-
tion and spore population in the flowering stage [51]. Hatimi and Tahrouch [52]
have demonstrated that mycorrhization is nutrient level-dependent, and the spore
production of AMF tends to be significant at the flowering stage and then decreased
at the end of the growing season when the physiological cycle of plant roots changed.
Indeed, disturbance of semi-arid ecosystems decreased mycorrhizal spore density
and nutrient availability.
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Figure 5.

Average of AMF spore density according to soils of sampled sites from Argania spinosa distribution areas [41].
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Figure 6.
Some AMF species and morphotypes isolated from the rhizospheric soil of argan tree [41].

4.3 AMF Community and species richness

As all natural plant communities, the argan tree contains arbuscular mycorrhizal
fungi at rhizospheric soil level. The total number of AMF morphotypes was 35 in 2016
[53] and 39 in 2021 [41] illustrated in Figure 6.

The specific richness of this assembly of community attains 18, 14, and 9 species
in some sites (Figure 7). Almost the same number of AMF spore morphotypes (31)
was found in the rhizosphere of Ceratonia siliqua developing in different ecological
zones (Afourar, Ksiba Khénifra, Taroudant, and Nador) [54]. El Maati et al. [55]
detail a low specific richness (nine species) of native AMF communities from Argania
spinosa, Acacia gummifera, and C. siliqua in southwest Morocco, 11 morphotypes
from the argan tree in northwest Morocco [56]. Several factors can explain these
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disparities. Relative air humidity and rainfall are significant drivers for AMF spore
density, especially for members of the families Acaulosporaceae, Diversisporaceae,
and Glomeraceae, which were positively correlated with these abiotic factors [57].
The precipitation and water availability could drive the changes in AMF communities
at aregional scale [58]. Spore abundance and species richness can also be influenced
by elevation gradients [59, 60] and mycorrhizal fungi pH tolerance [61], plant density
[62], and productivity and land-use intensity [63].

Regarding the dominance of genera Glomus and Acaulospora in the rhizospheric
soil of argan tree, it was also cited by El Maati et al. [55], in the rhizosphere of
diverse plant species [64-69], in soil from different ecosystems, in Senegal [70],
in China [71], Burkina Faso [72], Kenya [73], Sudan [74], and in central Europe
[75]. The high occurrence of the Glomus genus is due to its ability to produce more
spores in a shorter time than other genera, such as Gigaspora and Scutellospora,
and its adaptation to drought and soil salinity [76]. In disturbed habitats, the high
abundance of Glomeraceae is related to the considerable capacity of some of its most
frequently found members, for example, Rhizophagus irregularis, to sporulate [77].
Acaulosporaceae members may be confined to the harsh environmental conditions
of uplands [78] and are dominant in protected areas. In fact, the high anthropic
impact may modify the AMF community and cause decreased AMF biodiversity, root
colonization, and sporulation [79]. It was emphasized that degraded lands harbor low
levels of AMF abundance and diversity [80]. Several studies found that disturbance
of semi-arid ecosystems decreased mycorrhizal spore density and root colonization
[81]. It was also reported that livestock and human disturbances decreased AMF
spore density, root colonization, and nutrient availability [82].

5. Conclusion

Mycorrhizal fungi play a complex role in ecosystem function, so knowledge of
their distributional patterns is important, especially in view of the current environ-
mental threats to AMF diversity and plant productivity under climate changes. The
present study provides useful information about the composition of the AMF com-
munity associated with Argania spinose tree within its natural environment where
some conditions exert strong pressure leading to the appearance, dominance of AMF
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type or disappearance of other AMF species, and replaced by others. Thus, we can
expect the success of restoration programs if the suited AMF is used for multiplica-
tion in soil with plants displaying great mycorrhizal capacity.
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