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Abstract: The coevolution of mycorrhizae with plants represents a major evolutionary adaptation
to the land environment. As a bioinoculant, arbuscular mycorrhizal fungi (AMF) play a beneficial
role in sustainable agriculture by symbiotically associating with many crop plants. In this review,
we primarily focus on the nutritional and non-nutritional functionality of AMF in soil and plant
productivity. AMF maintain soil quality and health via three aspects: soil structure, plant physiology,
and ecological interactions. These lead plants to increase their functionality, further growth, and
productivity. The formation of soil aggregates via glomalin production maintains the soil structure.
Physiologically, AMF change nutrient acquisition and thereby increase soil fertility and productivity.
Biotic (pathogens and weed plants) and abiotic (salinity, drought, extreme temperature, soil pH,
and heavy metals) stress alleviation is also achieved via altering a plant’s physiological status. By
serving as a biocontrol agent, AMF negatively interact with plant pathogens. As a result of beneficial
interactions with other rhizosphere microorganisms and above-ground organisms, AMF induce
a synergistic effect on plant performance. Moreover, they are also involved in land restoration and
seedling establishment. The collective effect of all these functions positively influences overall plant
performance and productivity.

Keywords: arbuscular mycorrhizal fungi; biofertilizer; plant productivity; soil health; sustainable
farming

1. Introduction

After the “Green Revolution”, farmers were quick to conduct high-input farming
practices involving synthetic inorganic fertilizers and agrochemicals that intensify the
production processes necessary to fulfill the global food demand but without considering
the impact of agrochemicals on natural ecosystem functionality. Soil quality degradation
and disturbance to natural ecosystem functionality are evident and therefore threaten
environmental sustainability; furthermore, they could be a warning for future food secu-
rity [1,2]. To alleviate this issue, the establishment of sustainable agriculture is a better
alternative. The core objective of sustainable agriculture is to conduct all farming practices
using environmentally friendly approaches [1,3].

As part of sustainable agriculture, organic farming and regenerative agriculture de-
pend on applying beneficial microorganisms. For the elimination of the negative impact
on crop production, the application of bacteria has been well documented, but research
based on the application of fungi is more limited [4,5]. With respect to farming, factors such
as climate, soil health, and water availability, are some of the significant environmental
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determinants of plant viability, functionality, and productivity [1,6]. More interestingly,
arbuscular mycorrhizal fungi (AMF) can address these ecological determinants and plant
physiological events by symbiotically associating with the plants. This is because my-
corrhizae coevolved with plants from 400 million years ago and acquired evolutionary
adaptions related to plants and to the terrestrial environment [7,8]. Furthermore, this
coevolution enhanced the ability of mycorrhizae to diminish biotic and abiotic stresses, and
other ecosystem issues that plants encounter.

In this review, we discuss the nutritional and non-nutritional functionality of AMF as
beneficial microorganisms in agricultural sustainability [9]. AMF induce morphological,
biochemical, and physiological alterations, including changes at the gene expression level
in the plant to intensify plant productivity [10,11]. Most approaches discussed herein are
based on their ability to enhance plant nutrient and water uptake by means of fungal
mycelium extension. In mycorrhizal application approaches, lower levels of disturbance to
agricultural fields help mycorrhizae provide better mycelium and maintain the common
underground networks (CMN) that connect individual plants [12–14].

2. Background of Mycorrhizal Fungi Symbiosis

Mycorrhizae are involved in the association between fungi in different taxonomic
groups with most species of plants to form a mutualistic symbiosis, although plants of
some families, such as the Brassicaceae, Cyperaceae, Juncaceae, Urticaceae, and Chenopodiaceae,
inhibit mycorrhizal colonization [15,16]. Colonization variation in plant roots has divided
mycorrhizae, which are mainly classified into two categories: Endomycorrhizae (Phylum
Glomeromycota) and Ectomycorrhizae (Phyla: Basidiomycota, Ascomycota, and Mucoromycota).
Endomycorrhizae are further divided into arbuscular, orchid, and ericoid types [17–19].
Arbutoid considers ectendomtcorrhizae because they have both ericoid and ectomycor-
rhizae features. Generally, mycorrhizal fungi depend on their host plants for 20% of carbon,
and some other plants parasitically (fully) depend on monotropoid mycorrhizae fungi for
carbon [20,21]. With respect to abundance, arbuscular mycorrhizal fungi colonize a huge
number of plant species (80–90%), and only 10% of plants form ectomycorrhizae. Both
types play a significant role in sustainable agriculture and forestry [22].

The symbiotic interaction is formed via a sequence of chemical signals exchanged be-
tween the plant and the fungus, and the essential genetic determinants of the plant identify
the mycorrhizae as a beneficial organism [23,24]. In the pre-symbiotic stage, plant roots
produce strigolactones, which lead to fungal spore germination [25], and meanwhile, myc-
orrhizae produce “Myc-factors” (lipo-chitooligosaccharides and chitooligosaccharides) [26],
thereby initiating the symbiosis. Subsequently, the internalization of arbuscular mycor-
rhizae occurs via the formation of hypophodia, and then, arbuscules and vesicles. In
parallel with this, ectomycorrhizae form the mantle and Hartig net intercellularly interface
with the roots of the host [15,27]. The best known and most prominent ectomycorrhizae
form symbiotic relationships with temperate forest plant species (mostly trees) and en-
domycorrhizae of the same with cultivated crops. The fungus proceeds in its significant
role either through plant metabolic modification or by increasing the plant root absorp-
tion area via the development of fine fungal hyphae if the plant is in normal or stressful
environmental conditions [22].

3. Factors Affecting the Functional Effect of AMF in the Agricultural Field

AMF have a wide distribution among plants and form different colonization patterns
and exhibit considerable diversity in terms of host plants, climate, latitude, C:N:P ratio in
soil, soil types, soil acidity, and rhizosphere and above-ground organisms [28,29].

Host specificity and variation in colonization percentage can be identified within the
genotypes of the same species [30]. For instance, AMF colonization variation was identified in
the roots of different sexes in dioecious plants [31]. Even with the photosynthetic behavior of
plants (e.g., C3 and C4 plants), the contribution of AMF to drought resistance is different. Due
to specific physiological mechanisms in C4 plants, the latter have formed better adaptation
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to drought conditions when compared to C3 plants and are less subject to severe damages.
Therefore, C3 plants take more advantage of AMF symbiosis when the plant is in a drought
condition [32]. In a no-till crop rotation system, different underground AMF relationships
give the next cultivated crop an additional advantage by minimizing the buildup of the pest
population, enhancing soil health, forming the shared mycorrhizal network, and so on [30].

The colonization variations of AMF in Schizachyrium scoparium (Michx.) Nash plant
are related to the differences in latitude. Variables, such as pH, N:P ratio in soil, annual
temperature, and growing season length, vary with latitude. The results have shown that
colonization percentage is negatively correlated with latitude [28]. Carrenho et al. [33]
reported that clay soil forms lower AMF colonization than sandy soil in maize, peanut, and
sorghum because of the higher nutrient concentration, higher suberin deposition on plant
epidermal cells, and lower space between the soil particles in clay soil that reduce AMF
colonization in plants. Rising temperatures have been shown to decrease AMF colonization
and positively affect the level of biomass in upland prairie with Mediterranean temperature
gradients in the Pacific Northwest [34].

4. Improvement of Soil Quality and Health

Soil quality depends on the physical and chemical properties, and the diversity, distri-
bution, and activity of the soil biota [35–37]. Soil health refers to the ability of the soil to
function as a living ecosystem. Soil health is governed by soil quality and thus influences
human health via enhancing crop quality. As a beneficial biological tool, AMF maintains
soil quality and health by influencing three main factors: soil structure, plant physiology,
and ecological interactions (Figure 1) [38,39].
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Figure 1. Mechanisms of maintaining soil quality and health by AMF to enhance plant productivity.

Maintaining the soil structure is one of the important processes in agriculture. AMF
form water-stable soil micro-aggregates by secreting hydrophobic glycoprotein, glomalin,
which acts as a long-term binding agent [40]. AMF deposit glomalin between the outer hy-
phal walls and adjacent soil particles to form micro-aggregates and further macro-aggregates,
thus forming the backbone for soil aggregation [35,41]. This facilitates an increase in water-
retaining capacity, airflow, soil volume, and level of organic matter. In agricultural lands, to
take more advantage of the maintenance these aggregates provide, lower disturbance and
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no-till fields are required [42]. AMF maintain both positive and negative ecological interac-
tions in the rhizosphere. AMF contact positively with beneficial microorganisms, including
phosphate-solubilizing bacteria (PSB), nitrogen-fixing bacteria, and plant-growth-promoting
rhizobacteria (PGPR). Negatively, mycorrhizae interact to suppress both disease-causing
soil-borne pathogens and pests [43,44]. AMF identify the pathogens via chitin-related
compounds, i.e., chito-oligosaccharides (COs), and lipo-chito-oligosaccharides (LCOs), and
also, plants produce microbe-specific molecular patterns in their receptor complexes. In
the beginning, all chitin-related molecules are identified by the LysM–RLK complex. By
combining this complex with other proteins, microbe identification is achieved.

4.1. Maintenance of Plant Physiology
4.1.1. Stimulation of Soil Fertility by Enhancing Nutrient Acquisition

In general, AMF affect nutrient acquisition from the soil and enhance growth, biomass,
and finally, plant productivity [45]. AMF are obligate biotrophs and depend on 20% of fixed
carbon in their host [46]. However, due to their nutrient uptake capability, mycorrhizal
fungi have become the main part of sustainable agriculture. This is because fungal hyphae
can grow beyond the nutrition depletion zone where plant roots cannot reach and absorb
the nutrients from an area of 25 cm in the soil [47] and thus cause different hydraulic
redistribution patterns in plants. As a result of changes in environmental parameters,
nutrient availability, and symbiotic relationships, plants alter their morphology up to
the molecular level. In mycorrhizal plants, the root architecture is changed by forming
recognizable lateral root branches, root hairs, and a distinctive apex [48]. The modifications
of cell division and differentiation in the root are changed due to molecular mechanisms.
Non-mycorrhizal plants uptake nutrients directly from the soil via nutrient transporters
located in the root hairs and the epidermis [49]. In AMF symbiosis, at first, nutrient uptake
occurs through extraradical mycelium transporters to the intraradical mycelium and then
further transfers to the plant cell via mycorrhizae-inducible transporters located in the
peri-arbuscular membrane (Figure 2) [50]. The nutrient uptake efficiency is correlated to
the level of hyphae distribution and colonization [51].
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Plants form different types of plant nutrient transporters for direct pathways and
mycorrhizal-induced nutrient uptake pathways [52]. For example, rice plants use OsPT2
and OsPT6 for direct pathways and OsPT11 for the mycorrhizal-induced pathway. Af-
ter AMF colonize the plant, this downregulates the gene that is coded for plant nutrient
transporters involved in the direct nutrient uptake pathway. Nevertheless, nutrient trans-
porters located in mycorrhizal membranes are also species specific. As an example, Glomus
versiforme forms GvPT, and G. intraradices forms GiPT as a Pi transporter [53,54].

In the phosphorus transport process, Pi is absorbed in the form of negatively charged
polyphosphate granules by phosphate importers located in the extraradical mycelium
(ERM) [55]. In nitrogen uptake, nitrogen importers take nitrogen in the forms of NH4

+ and
NO3

− and then convert these into glutamines, and further, positively charged arginine
is formed [56]. Then, negatively charged polyphosphate granules and positively charged
arginine form a complex and are transported to the intraradical mycelium (IRM). In the
IRM, arginine is broken down to form the urea and the ornithine. Afterward, the ammonia
and the hydrolyzed urea products are transported into plant cells via the symbiotic interface.
With the help of arginine, polyphosphate granules are also transported to the IRM, and
furthermore, the latter releases Pi to the symbiotic interface (Figure 2). The molecular
mechanisms involved in some of these events are still unclear [57]. Scientists have shown
that, in a faba bean/wheat intercropping system, AMF symbiosis enhanced root length,
density, and biomass in the pure stand wheat system and increased the uptake of P and
micronutrients, such as Fe and Zn. Interestingly, wheat intercropping with faba bean
increased the P uptake into the wheat plant. AMF do not influence the P uptake in faba
beans, either in a pure or intercropping system [58].

The combination of these features with pathogen biocontrol capability (discussed in
Section 4.2.2) leads mycorrhizae to act as a better biofertilizer in agriculture. Therefore, the
application of a mycorrhizal inoculum reduces the utilization of agrochemicals, including
fertilizer and pesticides.

4.1.2. Abiotic Stress Alleviation

AMF respond to both biotic and abiotic stresses that plants encounter. Plant pathogens
act as a biotic stress, which was discussed in Section 4.2.2. Abiotic stresses, such as drought,
salinity, flooding, heavy metals, and extreme temperature, may cause an adverse effect
on plant physiology and thus, ultimately, plant productivity [59]. Due to these conditions,
both plant and AMF communities undergo changes in their composition [60]. Because both
organisms are subjected to these stresses independently, AMF are reduced in abundance
and diversity. Changing their diversity may lead to the formation of a more resistant species
community, and AMF provide the feedback effect to repair the plant species’ diversity and
productivity [47].

Increasing the salinity causes a decrease in water absorption in plants because of
osmotic changes. In plants under saline stress, AMF employ several morphological, bio-
chemical, and physiological strategies to overcome the condition by enhancing water
uptake. Morphologically, AMF enhance water and nutrient uptake by induction of root
volume via expanding the root length, the projected area, and the surface [61,62]. The
alteration of biochemical pathways in plants thus leads the latter to make changes in their
physiology. To balance the ion concentrations of Na+ and Cl−, AMF facilitate the absorption
of more nutrient ions (NO3

−, PO4
3−, Ca2+, and Mg2+) from the soil solution to plants and

thus increase plant growth and productivity while maintaining the salinity stress. Mean-
while, AMF induce the production of osmoregulators (proline, amides, glycine betaines,
polyamines, sugar, and mannitol) [60] and balance ionic homeostasis [61,63] to maintain
the water level in the plant. Upreti et al. [64,65] showed that AMF maintained the salinity
stress in grape (Vitis vinifera L.) plants via the induction of morpho-physiological responses,
including K+:Na+ ratio, phosphorus, accumulation of spermidine, polyamines-spermine,
and abscisic acid [64].
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Several studies have demonstrated that the production of reactive oxygen species (ROS) is
higher when plants are under salinity stress, and this causes damage to biomolecules, such as
lipids, proteins, and DNA. Arbuscular mycorrhizal fungi neutralize the damage by enhancing
the activity of the antioxidant enzymes present in plants [61]. The colonization of AMF with
Cajanus cajan (L.) Millsp. produced resistance against salinity stress by improvement of the
plant biomass and rapid recycling of the reduced antioxidants ascorbate and glutathione. In
this experiment, Rhizophagus irregularis acted more on pigeon pea plants than Funneliformis
mosseae [66]. Not only the water uptake but salinity stress decreased the rate of photosynthesis
by reduction in the photosynthetic enzymes and chlorophylls. This is because chlorophyll
biosynthesis depends on the presence of Mg2+ ions. The process of AMF enhancing Mg2+

ions was already mentioned above. Apart from this, AMF upregulate the chloroplast genes
(RppsbA and RppsbD) expression of the PSII system [63,67]. With respect to salinity, similar
mechanisms involving AMF induce resistance to the extreme temperature (cold or heat) and
flooding conditions, equally enhancing water and nutrient uptake, accumulation of osmolytes,
production of antioxidants, osmotic adjustment, and improvement of photosynthesis [63].

Low levels of heavy metals are required for various aspects of the functionality of
plants, including enzymatic reactions and oxidoreduction. However, high concentrations
of heavy metals can be toxic to plants and cause a disturbance in plant physiology and
productivity. Heavy metals (Pb, Cd, Zn, Cu, and Co) can be accumulated in agricultural
soil due to anthropogenic activities, including the long-term application of commercial
fertilizers and biocides, sewage treatments, mining, and atmospheric deposition [68]. The
application of AMF exhibits a positive effect on plant productivity by the remediation of
heavy metals in contaminated soil [63,69] via two mechanisms. First, similar to nutrient
absorption, the hyphae can deliver heavy metals to the host, resulting in the accumulation
of metals in host plants. This can be followed by the phytoextraction process, and those
heavy metal accumulated plants can be harvested and destroyed in the field [70]. Second,
the hyphae can bind to the metal elements and thus decrease the bioavailability of elements
to the host plant [63,70]. To test this, bioremediation of petroleum-contaminated soil was
tested by using native plants and an AMF inoculum. For the combination of the plant
Caragana korshinskii and the AMF Funneliformis geosporus, a 73.81% degradation rate was
noted after 2 months in 0–5000 mg/kg of petroleum-contaminated soil [71]. A sunflower
plant inoculated with Rhizophagus intraradices accumulated 23% more Cd than the non-
inoculated plant, and Cd was primarily accumulated in plant roots, and a reduction in
plant growth was observed in the non-inoculated plant [72]. To withstand drought stress,
mycorrhizae form an array of reactions that are discussed in more detail in Section 5.

4.2. Ecological Interactions
4.2.1. Beneficial Ecological Interactions

To double agricultural production, the ability of mycorrhizae to create synergistic
interactions with other beneficial rhizosphere microorganisms, such as the plant-growth-
promoting rhizobacteria (PGPRs), nitrogen fixation bacteria, and phosphate-solubilizing
bacteria, is of considerable importance [73,74]. The application of the consortium of AMF
and Azotobacter chroococcum to a wheat cultivation system had a greater influence on plant
yield than the application of pure AMF alone. This is because Azotobactor provides a better
complement to wheat–AMF interaction via nitrogen fixation, phosphate solubilization, and
phytohormone production [74]. Using the consortium of rhizobia, PGPRs, and AMF im-
proved the growth parameters: shoot and root dry weight, leaf number, sugar, and protein
content in wheat and faba bean plants. This consortium was more effective than the use
of individual microorganisms or a combination of PGPRs and rhizobia [73]. Many species
of Bacillus (e.g., B. pumilus, B. subtilis, B. megaterium, and B. licheniformis) also interact with
AMF and confer a benefit relating to pathogen biocontrol, stress alleviation, and nutrient ac-
quisition in different plant systems [75]. In Acacia gerrardii plants under salt stress, B. subtilis
displayed a better performance in plant productivity than AMF when they were added as
a single inoculant. However, their synergistic effect facilitated enhanced plant growth more
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than the use of Bacillus subtilis alone because B. subtilis alleviates the adverse effect of salt
on AMF functionality [76]. The integration of AMF and phosphate-solubilizing bacteria
(PSB) increased plant growth and tuber inulin content in the economically important plant
Helianthus tuberosus L. In this process, first, PSB produced organic acids, such as citric, formic,
lactic, and succinic acid, to reduce the soil pH and then converted insoluble phosphorus into
bioavailable orthophosphate. The AMF increased the uptake process of orthophosphate into
plant roots and increased the yield of single-inoculated plants [77]. Other than microorgan-
isms, AMF interact with above-ground insect herbivores and influence plant productivity.
As an example, Sitobion avenae interacting with an AMF–barley plant system increased the
grain N:P ratio and the abundancy of the AMF family Gigasporaceae [78].

4.2.2. Pathogen Biocontrol

A large number of pathogens, including above-ground and soil-borne organisms, cause
adverse biotic stress on plant viability and functionality, and this results in a substantial
yield loss in the cultivated fields. Like other beneficial microorganisms, mycorrhizae have
the ability to biocontrol pathogens by acting as a priming system in pathogen resistance.

AMF identify the pathogens via chitin-related compounds, i.e., chito-oligosaccharides
(COs) and lipo-chito-oligosaccharides (LCOs). Plants also produce microbe-specific molec-
ular patterns on their receptor complexes. In the beginning, all chitin-related molecules
are identified by the LysM–RLK complex. By combining this complex with other proteins,
microbe identification is achieved. Along with that, mycorrhizae confer plant pathogen
resistance via direct and indirect mechanisms. Indirectly, the AMF can trigger the induced
systemic resistance (ISR) of plants. With that, the plants change their gene expression level,
lignification incensement, and hormone levels [79,80], thus increasing pathogen resistance.
Rice plants inoculated with Rhizophagus intraradices increased pathogen resistance by regu-
lating the expression of host plant genes (OsNPR1, OsJAmyb, OsEREBP, and OsAP2) and
triggering the ISR. In addition, signal transduction genes and the gene for calcium-mediated
signaling in leaves are also upregulated in the absence of any pathogens [81].

As direct mechanisms, AMF are involved in plant nutrient improvement, integration
with other beneficial organisms, direct competition, morphological, biochemical, and phys-
iological alteration of plants for pathogen biocontrol (Figure 1). By creating a competition
for space, infection sites, and nutrients for the pathogen, and photosynthesis, the AMF
control plant invasion by pathogens [38]. For example, AMF competed with the major
plant pathogenic nematode, Meloidogyne incognita, for the colonization in root nodules of
the plant Prunus perscisa and inhibited gall formation [70]. Additionally, the formation of
the underground common mycorrhizal network (CMN) that connects individual plants
influences biocontrol by enhancing the available bioactive zone for plants [82,83]. Interest-
ingly, AMF can act as an early warning system for herbivore attacks via exchanging signals
among plants. When a plant is attacked by the aphids, they cause changes in plant volatiles,
such as methyl salicylate, and share the message of aphid attack with the neighboring
plants via a common mycorrhizal network [70].

The bioprotective potential of AMF depends on the collective effect of more than one
independent mechanism, as was discussed above.

5. Drought Resistance

With the limitation of the available water content in the soil, both morphological
and molecular changes occur in plant cells. Accordingly, drought-stressed plants increase
the production of ethylene, and this ultimately promotes leaf senescence. Meanwhile,
a reduction in chlorophyll content leads to inhibition of the photosynthetic rate. The
accumulation of toxic free radicals induces changes in cell-membrane-like integrity, cell
size, protein conformation, and lipid peroxidation, and it finally leads to cell death. All
these changes collectively lead to decreasing plant productivity. Against these changes,
plants also adapt themselves to manage the drought stress by making changes in plant
transcriptome and proteome by means of regulation of gene expressions [84,85].
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By providing support to the natural plant-mediated resistance, mycorrhizal fungi
also help fix plant productivity when plants are under drought conditions. Mainly AMF-
colonized plants maintain greater chlorophyll content and photosynthetic capacity if the
plants are in water-stressed conditions. Under severe drought conditions, AMF-inoculated
Zea mays L. plants significantly increased the photosynthetic pigments by 38.05% for total
chlorophyll and 89.80% for carotenoids when compared to the control treatment [86].
Nevertheless, for both drought and salinity stresses [67], AMF make changes in their stress-
related plant hormones [ABA, Strigolactones, and Jasmonic acid (JA)]. The elevation of JA
causes increases in the shoot carbohydrate level, and furthermore, causes a variation in
the root osmotic potential. On the other hand, as a solution for the drought, mycorrhizal
fungi improve the plant water status as a result of changes in stomatal conductance,
membrane conductivity, and hydraulic conductivity. Membrane conductivity is changed by
increasing the upregulation of genes related to aquaporin synthesis and thus increasing the
absorption of water by plants. Increasing hydraulic conductivity is achieved via penetration
of the mycorrhizal hyphae through small soil pores where root hairs are accessible. The
formation of stable soil aggregates via the production of glomalin by AMF also supports
this process [85].

As another major event, AMF trigger the production of plant molecules that make them
resistant to drought. According to this process, AMF upregulate the gene expression of the
molecules, such as metallothioneins and polyamines, which counteract the cell damage. To
balance the osmotic potential, increases in the production of osmolytes, such as proline,
sugar, and glycine betaine, are also achieved by AMF [86]. AMF facilitate the maintenance
of low oxidative damage resulting from underwater deficits either by decreasing the
generation of reactive oxygen species (ROS) via increasing water absorption through the
hyphae or by the production of the antioxidants superoxide dismutase, peroxidase, and
catalase. AMF reduced the accumulation of malondialdehyde and soluble protein in plants
and increased the activity of superoxide dismutase and catalase [85]. The inoculation of a C3
plant, Leymus chinensis, with an indigenous AMF caused a reduction in malondialdehyde
level by 66% and 32% at light to moderate drought, whereas AMF treatment had no impact
on malondialdehyde content under extreme drought [32].

6. Land Restoration

In general, mycorrhizae have positive effects on plants by maintaining all factors that
are related to plant growth [87] and influencing the community structure through commu-
nity assembly and succession. Consequently, AMF have been applied to the restoration of
ecosystems [88–91].

In central Asia, ephemeral plants supply higher fodder for livestock and play a role
in reducing the occurrence of sandstorms. Overutilization of ephemeral plants causes
a disturbance to desert vegetation [90]. As a solution to the slowing rate of natural restora-
tion, the inoculation with AMF has been found to speed up the total cover, community
productivity, and biodiversity of ephemeral plants over a three-year study period [92].
Long-term mining activities cause an adverse effect on soil and vegetation biodiversity.
Observations have shown that the introduction of AMF leads to mine restoration and plant
re-establishment, mainly by improving mineral acquisition and maintaining ecosystem
stability and functioning [93,94]. Proper maintenance of coastal dunes is required because
of their ecological role in the protection of coastal areas from sea activities. The introduction
of AMF restores the dune by improving the soil conditions and plant growth in this area.
Tivane et al. [95] reported that the application of AMF increased the growth of the dune
plant Canavalia rosea and was involved in the rehabilitation of the dune [95]. Desertification
proceeds mainly due to a disturbance of the natural ecosystem. The re-establishment of
natural plant–microbe interactions may have the potential of triggering the restoration of
natural plant cover. Scientists have determined that the interaction of indigenous AMF
with rhizobial nitrogen-fixing bacteria enhanced soil fertility and improved Anthyllis plant
performance in the desertified semiarid ecosystem in southeastern Spain [96].
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7. Mycorrhizae Improve Seed Germination and Seedling Establishment

Dormancy is one of the major barriers to seed germination. When seeds are inoculated
with mycorrhizae, this helps break down dormancy by avoiding environmental stresses
(heat, salinity, and drought) [97]. The establishment of mycorrhizae with plant seedlings
confers wider root arrangement via hyphal development and further influences growth
by increasing the root length, diameter, surface area, biomass, and shoot growth [98].
Meanwhile, it increases the photosynthesis rate, N, P, and K content, and finally enhances
the seedlings’ resistance to environmental stresses, including pathogens [29,99].

During the seed germination stage, mycorrhizae begin to infect basal cells in the
embryo. Then, the embryo obtains its carbon, water, and nutrients by digestion of hyphal
coils that are formed in those basal cells [100]. This condition is called initial mycoheterotro-
phy [101]. In this process, the seeds produce protocorm, and further seedlings are formed.
Seedlings give rise to the formation of the root; thereafter, fungi colonize in the root’s
cortical cells and facilitate the nutrient acquisition from the substrate by the roots. To take
more advantage, the selection of the most suitable mycorrhizal isolates for seed germination
is required [101,102].

8. Conclusions and Future Perspectives

Arbuscular mycorrhizal fungi play a major role in plant viability, growth, productivity,
and finally, yield, by alleviation of all stresses and other ecosystem constituents that plants
encounter. As a successful bioinoculant in sustainable agriculture, AMF maintain higher
food production with the preservation of the ecological system without disturbing the
environmental sustainability. Arbuscular mycorrhizal fungi may interact synergistically
with each other and the host plants.

With the help of molecular biotechnology, mycorrhizal functionality can be enhanced
through gene manipulation. The consortium of AMF with phosphate-solubilizing bacteria
(PSB) enhances Pi uptake more than the application of AMF alone. This is because the
involvement of PSB supplies a greater amount of bioavailable orthophosphate for the
absorption process of the fungus. PSB first produces the organic acids to decrease the
soil pH, and this leads to the conversion of insoluble phosphorous to orthophosphate.
The incorporation of genes that code for the phosphate solubilization process in PSB into
the AMF genome confers a benefit to the Pi uptake process of AMF. Normally, AMF
uptake P in the form of orthophosphate. In this case, it would be possible to introduce
engineered AMF to secrete organic acid when the fungus counteracts with the roots.
AMF are obligate biotrophs that limit colonization under waterlogged anoxic conditions.
For this reason, researchers are not interested in selecting an aquatic plant as a host to
examine AMF symbiosis. Moreover, more than 75% of the rice is cultivated under wetland
waterlogging conditions, and this limits AMF root colonization. The construction of
genetically engineered AMF with resistance to anaerobic conditions is very important for
the global food security. Most research work has been directed toward AMF and their
interactions with below-ground inhabitants. As such, more investigations are required on
the interaction among AMF and above-ground inhabitants and whether they benefit or
reduce mycorrhizal colonization and functionality.

Mycorrhizal behavior highly depends on ecosystem fluctuations. The application
of AMF to agricultural lands causes a variation in their abundance, colonization, and
functionality. To optimize the productivity of AMF application in sustainable agriculture,
the production of customized fungal inoculants by exploration of all field parameters and
selection of plants with the highest AMF colonization potential are much more important.
Furthermore, AMF biofertilization technology would be affordable for farmers, including
those in developing countries.
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