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Abstract

:

Arbuscular mycorrhizal fungi are biotrophic fungi that form an association with plant roots and render benefits in nutrient uptake, disease control and plant tolerance to stress conditions. Plant–mycorrhizal fungi interaction has been proposed as a suitable tool for contributing to sustainable agriculture and reducing the dependence on agrochemicals. Interactions between plants and arbuscular mycorrhizal fungi are regulated by several factors ranging from host traits to environmental conditions that affect the species richness, diversity and functions. In this review, we highlight recent advances on how host traits and environmental conditions in farming systems and/or in natural ecosystems affect the richness, physiology and ecological functions of arbuscular mycorrhizal fungi while specifying the gaps that need to be filled through research.
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1. Introduction


During the mutualistic association, mycorrhizal fungi mediate the interactions between their host plants and soil microbiomes (pathogens, beneficial microbes and mycorrhizosphere mutualists) that contribute to belowground plant traits and to plant–plant interactions [1,2]. The mycorrhizal fungal influence on plants and the soil microbiome could have corresponding effects on ecosystem processes like the biogeochemical cycling of nutrients. Mycorrhizal fungi, based on their morphologies, type of association with plants, ecology, arrangement of hyphae within plant root tissues and the plant species associated with them, can be grouped as ectomycorrhizae (ectomycorrhizas category), arbuscular mycorrhizae, orchid mycorrhizae and ericoid mycorrhizae [3]. Each of these ubiquitous mycorrhizal fungi forms a common mycelial network, which penetrates into the soil to extract and transports nutrients and water to its hosts. The mycelia equally return plants’ photosynthates to the soil to support the fungi-associated microbiome and connect one plant to another for ease of redistribution of resources (organic carbon, signal molecules, water and nutrients) among plants of the same or different species [2]. In this review, we highlight recent advances on how host traits and environmental conditions in farming systems and/or in natural ecosystems affect the richness, physiology and ecological functions of arbuscular mycorrhizal fungi while specifying the gaps that need to be filled through research.



Arbuscular mycorrhizal fungi (AMF) are a group of mutualistic fungi with a lifestyle of biotrophism during symbiosis. They depend on their host plants for carbon, which is transferred from the plants to the fungi during their symbiotic relationship. Most terrestrial plants (about 80 percent) are colonized by arbuscular mycorrhizal fungi, making their biotrophic nature a prerequisite for their association with plants as well as for aiding plants’ colonization, invasiveness, nutrient and water uptake and adaptation to new and harsh environments [4,5].



Besides nutrient uptake and exchange of nutrients among plants, arbuscular mycorrhizal fungi also communicate warning signals from plants under attack by herbivores and phytopathogens to healthy plants [6,7]. This signal communication aids in plants’ activation of pathogenesis defense genes and resistance phenotypes. In some cases, direct colonization of host plants by AMF could result in plant resistance to pathogens. For instance, through the activation of salicylic acid and jasmonic acid defense-related genes in tomato plants by the arbuscular mycorrhizal fungus, Gigaspora margarita, tomato plants developed immunity against Botrytis cinerea and Pseudomonas syringae pv. tomato DC3000 pathogens [8]. In another study, a tomato plant was observed to upregulate defense genes, phenylpropanoids, chlorogenic acid and flavonoids, resulting in the control of Tomato Mosaic Virus accumulation level and its associated Tomato Mosaic disease in infected plants under the influence of mycorrhizal fungi [9]. A recent review by Dowarah et al. [10] has shed light on the various mechanisms employed by arbuscular mycorrhizal fungi in enhancing plants’ tolerance and resistance to phytopathogens in the soil.



In addition to pathogen control, AMF could facilitate plant recognition of their kin through chemical signatures in their exudates [11] and increase resource exchange among plants of the same species. This might be the rationale behind the observed increase in nutrient uptake, recovery and use efficiency of densely populated chili peppers growing together at short planting distances on farmland, as reported by Mali et al. [12]. Taken together, AMF are highly essential for plants’ health, survival and productivity. Here, we integrate experimental results from different studies and seek to understand the effects of host traits and environmental parameters on mycorrhizal (arbuscular mycorrhiza) fungal richness and ecological functions. We will discuss the mechanisms of AMF recognition and colonization of plants; the relation between AMF richness, plant biodiversity and ecological functions; and factors affecting AMF richness and functions in the soil.




2. Arbuscular Mycorrhizal Fungi Recognition and Colonization of Plants


Recall that arbuscular mycorrhizal fungi are ubiquitous soil-borne fungi that are components of plant holobionts. Their biotrophic nature and significant role in plant growth and development have made their association important in sustainable plant production. The genetic composition of AMF and plants promotes the ease of establishment and sustenance of beneficial symbiotic associations among them. The phases of this association begin with pre-colonization, penetration/colonization and establishment. The process begins with the growth of plants on soil under a light source. The light absorption by plants activates shoot phyB (phytochrome B), which triggers the accumulation of shoot-produced mobile HY5 proteins (ELONGATED HYPOCOTYL 5) in the plant roots. These accumulated HY5 proteins further activate and/or positively regulate the transcription of SL (strigolactones) synthetic genes and the subsequent production of strigolactones in the roots [13]. These strigolactones signaling molecules (phytohormones) produced in the roots are discharged into the soil through the aid of HPC (suberin-free hypodermal passage cells) present in the exodermis of the roots and in conjunction with PDR1 (Pleiotropic Drug Resistance 1) exporter protein channels. This suberin-free HPC is the channel for fungi penetration and colonization of the root cortex and influences the fungi penetration level in the colonized roots. It controls the quantity of strigolactones excreted by the plants and its concentration gradients in the environment [14,15,16]. Besides the influence of light on strigolactones production, low P availability is another trigger of strigolactones production. Plants growing under low soil phosphorus levels increase their production of strigolactones for efficient adaptation to the conditions. Phosphorus deprivation is indeed a good measure for improving plant strigolactones production and enhancing AMF hyphal branching. The elevated strigolactones that are produced increase root hair density, lower shoot branching and stimulate lateral root formation [17,18,19,20]. The presence of strigolactones in the soil triggers the germination, elongation and branching of fungal hyphae as well as the production and release of mycorrhizal factors (a group of short-chain chitooligosaccharide molecules) that aid plants’ recognition of the fungi (Figure 1).



To sense these mycorrhizal factors, the plant uses its receptor (Myc Factor) and a receptor-like kinase (SYMPK) that transmit the signal from the cytoplasm to the nucleus through a cascade of phosphorylation (of CYCLOPS—a SYM gene product and transcription factor) as well as calcium oscillation-dependent processes. This leads to the regulation of some important immune defense genes and other genes that eventually permit the penetration of the fungi into the plant tissues [21]. During this process, the gene for CEP2 (C-terminally encoded peptide) expression, which is responsible for controlling lateral root growth and development through auxin-related pathways, was downregulated to permit lateral root formation and symbiosis [22]. In response to the presence of mycorrhizal fungal symbionts, the plant activates the KIN3 gene, which, through the action of RAM 1 (Require for Arbuscular Mycorrhization 1—a transcriptional factor), acts upstream of the KIN3 gene and facilitates the suppression of plant immune defenses. Plants defective in KIN3 genes exhibit decreased root colonization [23]. Another essential gene for promoting root colonization by mycorrhizal fungi is arbuscule development kinase 1 (OsADK1). This gene is required for the development of arbuscules by the fungi and arbuscules branching within the infected root tissues. It is induced in the arbusculated root cortex. A study has shown that mutation of this kinase gene in rice plants could result in a significant decrease in Rhizophagus irregularis colonization of rice roots [24], indicating its importance during plant–mycorrhizal fungi symbiosis. Additionally, maintenance of auxin homeostasis within the roots by IAA-amido synthetase (a gene product of GH3 gene—SlGH3.4) is implicated in the mycorrhization regulation. Auxin (indole-3-acetic acid) accumulation in plants facilitates mycorrhizal fungi symbiosis; however, high cellular concentrations of auxin repress mycorrhization processes. Perhaps the presence of moderate free indole acetic acid in the root cells due to the loss of SlGH3.4 gene function will lead to an increased incidence of arbuscules in the root.



Therefore, the colonization of roots by arbuscular mycorrhizal fungi will downregulate the indole acetic acid biosynthesis gene while promoting auxin response and indole acetic acid accumulation [25]. Another important hormone similar to auxin is cytokinin. Cytokinin has an efficient stimulatory effect on mycorrhizal fungi colonization, and its suppression or absence reduces the mycorrhization activity of the fungi. A study has shown that wild-type pea plants treated with synthetic chemical compounds known to alter the cytokinin status of the plants in the presence of arbuscular mycorrhizal fungi resulted in a lowering of plant nucleotides (precursor for cytokinin production) and more colonization than the mutant pea plants under the same treatment [26]. Cytokinin is essential for the establishment of mycorrhizal fungi–plant symbiosis.



Suffice it to say that yet another important gene that promotes efficient root colonization, arbuscule development and exchange of nutrients between fungi and plants is SlHA8 (a periarbuscular membrane-bound H+-ATPase). This hydrogen ion gradient generation system facilitates phosphate ion transport from the interfacial apoplast into the plant cells upon reception of phosphate ions from the fungi. Deletion of this gene (SlHA8) has been implicated in the truncation of arbuscules’ morphology, decreased accumulation of phosphorus and nitrogen in plant shoots, and acidification of the apoplastic spaces in the arbusculated root cortical cells. But, the reverse is the case with the overexpression of this ATPase gene, with no observed effect on arbuscule morphology [27]. Therefore, the SlHA8 gene is needed in plant–fungi symbiosis. Since these genes are paramount for mycorrhizal fungi symbiosis, studies should focus on the biotechnological potentials of these genes and how they can be exploited in the genetic engineering of plants to increase biofortification of mineral nutrients in crops and aid them in tolerance to climate-change-associated drought stress. Within the plants, there are also differentially expressed genes that are activated during mycorrhizal symbiosis and/or arbuscular mycorrhizal fungal infection of the plant roots. These genes are essential for many physiological and morphological changes in plants and are upregulated during colonization. The products of these genes participate in cell wall structural adjustments, membrane transport, transcriptional factors and plant accommodation of the fungi [28].



Other chemical substances that influence fungal hyphal growth toward the plant roots are flavonoids and 2-hydroxy fatty acids. They induce hyphal elongation and branching and consequently promote plant–mycorrhizal fungi interactions [29]. Flavonoid excretion, though a constituent of root exudates, requires further study to understand the protein channels responsible for its transport from the roots into the soil. This will now lead us to comprehend how the establishment of this association depends on host traits and environmental factors and its corresponding effects on arbuscular mycorrhizal fungal richness.




3. Arbuscular Mycorrhizal Fungal Richness, Plant Biodiversity and Ecological Functions


Plant diversity and species composition affect terrestrial ecosystem stability and functions [30,31]. The diversity of plants, on the other hand, is influenced by a number of factors such as spatiotemporal partitioning of resources, competition among plants, plant–herbivore–pathogens interactions, etcetera [32,33,34,35]. Of all these factors, one major determinant of plant biodiversity and ecological function is mycorrhizal fungal richness (Figure 2). Arbuscular mycorrhizal fungi, as previously stated, form symbiotic associations with terrestrial plants’ roots and facilitate plants’ nutrient uptake (phosphorus) as well as increase plant biodiversity [36,37]. An increase in the population of mycorrhizal-dependent plants over the low and independent AMF plants has been linked to AMF-mediated resource allocation to the associated plants. The supply of nutrients to plants by AMF aids the establishment and coexistence of mycorrhizal-dependent plants with other plant species in a given ecosystem [38]. This mycorrhizal fungal influence on plant diversity and structure is a function of the fungal species composition within the mycorrhizal fungal community. To illustrate, different plants respond differently to arbuscular mycorrhizal fungi association. While observing the effect of single and mixed species of arbuscular mycorrhizal fungi on plant species (Hieracium pilosella, Festuca ovina and Bromus erectus), Van der Heijden et al. [39] observed that the response of the plant species differed in their level of dependency on the arbuscular mycorrhizal fungi. Plant growth variables and variation in growth response were also different among the plant species. The growth response of the Hieracium pilosella plant, a mycorrhizal-dependent plant, differed with different arbuscular mycorrhizal fungi species. While those of the less dependent mycorrhizal plants, Bromus erectus, showed no variation in their response to different arbuscular mycorrhizal fungi species present. Thus, the types or species of arbuscular mycorrhizal fungi colonizing Bromus erectus do not affect its physiology like the former. For instance, the authors also observed that on the basis of plant biomass (dry mass) and in the presence of Glomus geosporum, the coexistence of Hieracium pilosella and Bromus erectus will result in the growth reduction of the former due to the competitive exclusion effect of the Bromus erectus on the Hieracium pilosella which has low biomass. However, in the presence of mixed species of arbuscular mycorrhizal fungi, the growth variables (biomass) of Hieracium pilosella are significantly enhanced, and the two plant species can coexist efficiently.



In another study, Van Der Heijden et al. [37] posited that the richness of arbuscular mycorrhizal fungi species is a remarkable contributor to plant species diversity, composition and productivity. They found that several plant species were dependent on arbuscular mycorrhizal fungal species for establishment and successful coexistence. These plants are mycorrhizal-dependent plants. In contrast, regardless of the presence or absence of arbuscular mycorrhizal fungi, Carex flacca plants recorded an increased tissue biomass. Similarly, another plant that showed no response to the alteration of arbuscular mycorrhizal species richness was Bromus erectus. These plants, as described above, do not depend on mycorrhizal fungi to meet their nutritional needs and can exit with or without AMF association. Taken together, arbuscular mycorrhizal fungal association is required for plant biodiversity maintenance. At low mycorrhizal fungi diversity or species richness, large fluctuations in the structure, diversity and composition of plants will occur simultaneously if the composition and richness of the arbuscular mycorrhizal species present is altered. Therefore, high mycorrhizal fungal species richness will result in a corresponding increase in plant diversity. And low plant diversity and productivity will positively correlate with the absence or low richness of mycorrhizal fungi species.



On the basis of this evidence, arbuscular mycorrhizal fungal richness has been shown to significantly affect plant biodiversity and ecological functions in the soil. As microbes contribute to the performance, health and productivity of plants, so do plants, in return, enhance the activities, richness and productivity of microbes in the soil. High plant species richness has been shown to increase the catabolic diversity of soil-borne culturable bacteria, as observed by Bartelt-Ryser et al. [40]. In another study, very importantly, it was uncovered that vegetation types comprising different plant species support very high microbial activities and functions in the soil [41]. Nevertheless, the opposite is also true, as shown by the plant diversity hotspots in the Mediterranean regions of South Africa and Australia, which have extremely poor soils with very low microbial activities and communities. In these regions, the effects of plant diversity on soil microbes are impaired by the prevailing water and nutrient stress conditions orchestrated by extreme climate conditions [42]. It has been noticed that soil water and nutrient availability promote plant productivity and the nutritional quality of its litter, which stimulate enhanced microbial activities in the soil [43,44]. Although plant communities in the Mediterranean regions form associations with mycorrhizal fungi, environmental stress (drought, temperature and poor soil nutrients) reduces the population density of the fungi but not their richness since these organisms are evolving adaptive strategies to cope with the stress [45,46]. Through the metabolic actions of roots in the release of exudates, plant species tend to recruit and support soil-dwelling microbes. Plants also provide suitable habitats for the establishment of diverse microbial communities through the release of litter with a high nutritional composition, root exudation and enhancing soil organic matter composition, which together influence the microbial biomass, catabolic capacity and their community structure [41,47]. Therefore, an increase in mycorrhizal fungal richness correlates positively with an increase in plant species richness. The composition of plant species, as well as their functional groups, determines the composition of specific fungal and bacterial communities present in the soil. This effect is a result of plants’ rhizosphere effects in recruiting diverse species of microbes that could be associated with the diverse species of plants present in the habitat [48,49]. In return, soil microbes play significant roles in nutrient cycling, decomposition of organic molecules or polymers, plant growth promotion, homeostasis, phytohormone production, acting as a sink for carbon, maintenance of soil health, disease suppression and plant immunity [50,51,52,53,54]. These ecological functions performed by microbes in the soil have resultant effects on the environment, humans and animals. On the premise of the above-presented evidence, arbuscular mycorrhizal fungal richness is a major driver of plant and soil biodiversity as well. In the next section, we will be discussing the various factors affecting mycorrhizal fungal diversity.




4. Factors Affecting Mycorrhizal Fungal Richness and Function in the Soil


The degree of richness, survival, development, distribution and ecological functions of arbuscular mycorrhizal fungi are under the influence of environmental and plant variables. Among these variables are host traits and succession, soil fertility and soil fertilization, altitude, soil pedogenesis, tillage, land use changes or practices, seasonal variation, temperature, and soil moisture (Figure 3). Within these variables lies the ecological functional efficiency of arbuscular mycorrhizal fungi, their reproduction and their abundance in the soil. Here, we will explain the various factors that influence the richness and functions of mycorrhizal fungi.



4.1. Host Traits and Succession


As we are aware, different plants bear different genes with varying distributions and abundance of symbiosis-activated genes and phenotypes. Plant–fungi interactions vary with arbuscular mycorrhizal fungal species that are under the influence of host genotypic and phenotypic characteristics. For instance, it was recorded that sorghum plants exposed to two different species of arbuscular mycorrhizal fungi (Rhizophagus irregularis and Gigaspora gigantea) exhibited different levels and types of association. Rhizophagus irregularis increased plants’ phosphorus uptake and exhibited mutualistic and plant growth promotion effects on the host plants. Meanwhile, Gigaspora gigantea showed no evidence of benefits on nutrient acquisition or growth in the plants. It equally retarded the growth of the plants and activated the production of antifungal substances (p-hydroxyphenylacetaldoxime) in the host plants. Differences in the root metabolome of these plants exposed to different species of arbuscular mycorrhizal fungi have clearly shown that plant genotypes greatly determine the outcome of the association [56]. In the same study, it was also observed that co-inoculation of the plants with both species of arbuscular mycorrhizal fungi transformed the outcome of the association into a mutualistic symbiotic association between the plants and the fungi. The question that was not answered by the study was to what extent Rhizophagus irregularis was different from Gigaspora gigantea in the suppression of host immunity to aid the establishment of symbiosis. Every symbiotic association is first challenged with plant immune defenses, but the successful suppression of the plant immune system will aid the colonization of plants by the fungi [57].



Therefore, different plants respond differently to different species of mycorrhizal fungi. This specificity in plant response is a prerequisite for arbuscular mycorrhizal fungi to exert an effect on the plant community. Nevertheless, most plants in nature are colonized simultaneously by several species of arbuscular mycorrhizal fungi, which leads to the enhancement of resource trading among the plants, with a corresponding influence on the population dynamics, diversity and coexistence among the plant species [58]. The life history of the plants under the influence of evolution could lead to changes in the phenotypic and genotypic properties of the plants. These intrinsic changes in plant physiology, based on their successional stage and growth rate, determine their responsiveness to arbuscular mycorrhizal fungal association [59]. Koziol and Bever [60] reported that tallgrass prairie at different successional stages have different degrees of responsiveness to the arbuscular mycorrhizal fungal association. Late successional plants, according to the authors, were more responsive, with greater specificity to the mycorrhizal fungi species involved than early successional plants. This difference could be related to coevolutionary pressure and adaptation of the fungi to the plants. Plants are constantly evolving to either accommodate or resist mycorrhizal fungal infection, colonization and association. Hence, plant species vary in their responses to different arbuscular mycorrhizal fungi [61,62], with resultant effects on the fungi richness. The quality of plants as hosts for arbuscular mycorrhizal fungi determines the mycorrhizal fungal growth, reproduction and abundance in the soil. However, plant community assembly, productivity and nutritional status are equally influenced by their tolerance, accommodation and establishment of symbiotic associations with arbuscular mycorrhizal fungi [58]. The ecological restoration of plants in an environment depends entirely on their association with mycorrhizal fungi [58]. Ancient and restored grasslands have different arbuscular mycorrhizal fungi taxa peculiar to the site. And upon complete restoration of the plant community to the site, it will significantly increase the diversity, richness and abundance of the mycorrhizal fungi. The mycorrhizal fungi community (arbuscular mycorrhizal fungi) composition of a restored grassland is the same as that of an ancient grassland but differs from that of an afforested grassland or grassland at the early stages of restoration [63]. This could be attributed to the physiology of plant species present, their developmental stages, plant–soil feedback and soil legacies (soil microbial legacies) prevalent at those sites [64,65]. Plant species exert selective pressure on the soil arbuscular mycorrhizal fungal communities. Conversely, the progression of aboveground communities influences and is influenced by that of AMF.



It is noteworthy to mention that despite plant traits influencing the community compositions of belowground associated microbes, they also determine the functional diversity and the phylogenetic structure of arbuscular mycorrhizal fungi communities associated with plants of different life cycles (annual, biannual or perennial plants), growth and life forms. The genetic makeup of plants determines the environment in which they will grow and thrive. For instance, a ruderal plant (with a characteristic nature of growing in waste ground or roadsides) is found to be associated with phylogenetically clustered arbuscular mycorrhizal fungal communities, while nutrient-conservative plants are associated with widely dispersed communities of arbuscular mycorrhizal fungi with different functional diversity [66]. Still, on plant traits, legumes and non-leguminous plants harbour different compositions of mycorrhizal fungi. Legumes are characterized by low taxonomic diversity of arbuscular mycorrhizal fungi. They have a high degree of specificity in their selection and association with specific groups of arbuscular mycorrhizal fungi, unlike non-legumes characterized by diverse communities of associated mycorrhizal fungi [67]. This could probably be a function of the differences in the genetic and phenotypic traits of the plants.



Nevertheless, the variation in the selection and responsiveness of plants to arbuscular mycorrhizal fungi in relation to the functional roles of these fungi to the plants could best be described by the work of Cobb et al. [68]. In their study, to ascertain the responsiveness of open-pollinated and commercial or hybrid sorghum species, it was observed that open-pollinated sorghum cultivars associated more with arbuscular mycorrhizal fungi and, as a result, recorded an increase of 320 percent in protein contents, 285 percent in grain yield per plant and 206 percent in vegetative biomass more than the commercial hybrid species. This study showed a strong correlation between arbuscular mycorrhizal fungi and plant species responsiveness. Therefore, an increase in the quality and quantity of grains and biomass of sorghum crops is directly related to a 149 percent increase in the arbuscular mycorrhizal fungi colonization of the open-pollinated plants. Plants with different genetic traits, as mentioned earlier, respond differently to the same or different species of arbuscular mycorrhizal fungi. However, the sorghum plants used in the above study were hybrid and non-hybrid species. Crop breeding and genetic modification of plants to increase their overall yield, nutrient quality, adaptation and biomass could become counterproductive in interfering with the successful interaction between plants and their associated mycorrhizal fungi. One of the critical challenges with the genetic engineering of crops could be alteration in the functions of non-targeted genes or disruption of plant–soil feedback loops. During gene modification, some specific non-targeted genes responsible for the production of strigolactones, mycorrhizal factor receptors, or transport proteins may be deleted, or their functions may be interfered with by the expression of the inserted foreign genes or their gene products. This defect could incidentally lead to a decrease in plant–fungal interactions or symbiosis [69,70]. Therefore, an adequate understanding of plants–mycorrhizal fungi interactions and the genes facilitating the process should be adhered to. This will allow plant biotechnologists or breeders to achieve both an increase in plant productivity and sustenance of plant–arbuscular mycorrhizal fungi symbiotic interactions. Similarly, future studies should focus on characterizing the various transport proteins that regulate the concentration gradients of strigolactones released by plants, the genes responsible for strigolactones production and the mycorrhizal factor-producing genes. The knowledge of these facilitator symbiosis genes will aid breeders in engineering crops with maximum potential to form symbiotic relationships with arbuscular mycorrhizal fungi while increasing the yield, tolerance and productivity of the plants.



Surprisingly, plants with varying growth rates, tolerance to environmental conditions and plants belonging to either C4 (i.e., plants that transform carbon dioxide during photosynthesis into sugars with four carbon atoms) or C3 (i.e., plants that form sugars with three carbon atoms) have remarkable differences in their degree of mycorrhization. C4 plants grow and adapt well to warmer seasons/climates and have more root colonization than C3 plants, which grow and adapt to cold climates. More root colonization implies greater nutrient uptake, biomass quality and yield [71,72]. In fact, the association of arbuscular mycorrhizal fungi with plant roots is entirely influenced by plant traits and not just by random assemblages. Similarly, different species of plants select and associate based on their traits with different mycorrhizal fungi. This difference in mycorrhizal fungi recruitment by plants is equally influenced by local environmental conditions. These environmental conditions will form the basis of our discussion in the following sections. Before we discuss that, let us briefly examine the effects of AMF on the yield and quality of cultivated plants (Table 1).



From the table above, an association of different crops with AMF resulted in an overall increase in the yield and nutritional quality of the crops. These crops, with their diverse inherent traits, were able to benefit positively from their symbiotic association with arbuscular mycorrhizal fungi. The fungi enhanced nutrient acquisition from the soil and promoted plant health. To illustrate this pictorially, we can see in Figure 4 that the quantities of phosphorus in different parts of cotton plants are absorbed through the aid of the AMF nutrient uptake pathway. In this figure, higher concentrations of phosphorus in the plant parts (roots, stems and leaves) were found in plants inoculated with Rhizophagus irregularis CD1 compared to the uninoculated control.




4.2. Soil Pedogenesis


Pedogenesis can be described as various means or processes involved in soil formation. Different soils originate from different parent materials such as rocks, minerals, organic matter or a combination of them. Each of these parent materials is made of chemical constituents ranging from metals to non-metallic elements. During the weathering process, either through biological (microbial, plant or animal mediated) or non-biological means like rock weathering, or the action of agents of denudation will result in the formation of soil. As soil forms, the principle of conservation of matter (which states that matter can neither be created nor destroyed but transformed from one form to another) prevails. The quality of the parent material determines the nutrient quality of the soil formed. This inevitably determines the microbial ecology in the soil, and arbuscular mycorrhizal fungi are no exception. The structure of mycorrhizal fungi is perhaps dependent on the ecosystem age [88,89]. It was reported that ecosystem age could significantly influence the structural differentiation in niche features of mycorrhizal fungi with a decrease in fungal alpha diversity and/or an increase in beta diversity [90]. One may wonder why ecosystem age based on soil formation will determine the structure of soil mycorrhizal fungi diversity. The answer lies in the nutrient concentration or quality of the soil. For instance, it was recorded that the diversity and richness of ectomycorrhizal fungi was reduced in younger terraces about 100,000 years old (a newly formed soil with high fertility) compared to older terraces of about 300,000 years old (with low soil fertility), which increased both the diversity and richness of the fungi [91]. Soil nutrients are among the vital factors that influence root colonization by mycorrhizal fungi. The presence of nutrients, such as potassium, magnesium, sulfate, chlorides, phosphorus, etcetera, are essential nutrients required for both plants and microbial growth. These nutrients affect soil pH and electrical conductivity, which also play a role in the distribution and diversity of mycorrhizal fungi [92,93]. Studies have shown that the addition of phosphorus and nitrogen decreased the abundance of arbuscular mycorrhizal fungi belonging to Gigaspora sp., Paraglomus sp. and Scutellospora sp. and increased the richness of Rhizophagus intraradices [94,95,96]. Therefore, high phosphorus content exerts negative effects on the diversity, richness and functions of mycorrhizal fungi. Some soil elements, especially P elements, can be appropriately supplemented to regulate AMF.



The older the soil, the lower the available nutrients if there is no anthropogenic influence like soil fertilization. A soil that is not under any fertilization regime will continue to experience nutrient extraction or loss through successive plant growth, nutrient absorption, leaching and consumption by animals. The more nutrients are being depleted, the more the establishment of arbuscular mycorrhizal fungi symbiosis with plants to increase their chances of adaptation and survival. In contrast, young soils are often rich in nutrients that are readily available for plant absorption. The more the available nutrients, the lesser the dependence of plants on mycorrhizal association and the lower the plants’ allocation of nutrients to the associated fungi. Soil pedogenesis affects soil conditions, which, in turn, could determine the distribution of mycorrhizal fungi in the soil [97]. Soil pedogenesis and parent material composition determine soil nutrient composition and its physicochemical composition. Although the parent material and the age of the soil have been described to have effects on mycorrhizal fungi richness, function and distribution, there is still a knowledge gap on the effects of soil pedogenesis on the co-evolution of plants and mycorrhizal fungi symbiosis. Understanding the soil pedogenesis effects on arbuscular mycorrhizal fungal biology, physiology, hyphal exploration type and ecology will guide ecologists and agriculturists in the proper application and exploitation of these fungi in maximizing their ecological benefits to the plants. Finally, studies should equally address the paucity of knowledge on how plants’ nutritional requirements, pedogenesis and environmental conditions influence the actual functions of arbuscular mycorrhizal fungi recruited by plants and the interactions between ecosystem evolution (age), plants, mycorrhizal fungi and mycorrhizosphere microbiomes.




4.3. Altitude Effects


An increase in the height of a place above sea level carries with it a corresponding variation in environmental conditions, such as a decrease in temperature, increased air flow rate and high drainage/leaching of nutrients. Note that in the previous section, soil conditions and environmental factors are among the drivers of arbuscular mycorrhizal fungal diversity, richness and functions, as well as plant traits. Here, we argue that high-rise soils (hills and mountains) have fragile environmental conditions. On these high-raised soils, plants grow on sloped surfaces and, depending on the density of the growing plants, could determine the quantity of sunlight penetration. Some slopes could be sunny (receiving a high amount of sunlight) or shady (the majority of the plants have little access to sunlight). Studies have shown that sunny slopes increase the richness, diversity, root colonization and spore density of arbuscular mycorrhizal fungi better than the shady sloped areas [98]. The intensity of the sunlight received by plants will determine their photosynthetic potential and the amount of carbon allocated to the root-associated fungi, which correspondingly affects the spore density. Also, vigorously growing plants under good sunlight penetration will absorb significant amounts of essential nutrients like phosphorus. The greater the uptake of phosphate from the soil, the less the available soil phosphorus and the more the need for plant–arbuscular mycorrhizal fungal symbiosis, hence the observed increase in root colonization and fungi richness. What was not considered in the above study was the effect of soil mineral layers and horizons on the distribution, abundance and diversity of the fungi.



The slope of a landform has marked effects on soil nutrients and plant diversity [99,100]. Still, on soil elevation, a decrease in the abundance of mycorrhizal fungal species was recorded by Vašutová et al. [101]. The increase in elevation correlates with stress like drought and a decrease in soil nutrients. These conditions affect the abundance, vitality and carbon allocation capacity of plants to associated mycorrhizal fungi. It was observed in another study that an increase in altitude promoted an increase in mycorrhizal fungal richness and diversity [102]. This observation was a result of plant species present in that area and not the soil type since their parent material originated from volcanic soils. Among mycorrhizal fungi, arbuscular mycorrhizal fungi are susceptible to elevation-induced stress and decline in richness with an increase in elevation [103]. Within the arbuscular mycorrhizal fungi, Gigasporaceae are the most severely affected, whereas Acaulosporaceae species are the least altitude-affected arbuscular mycorrhizal fungi. These fungal species have different features, with the former producing large amounts of mycelial biomass and the latter producing a small amount of biomass. Based on the principle of phylogenetic trait conservatism, mycorrhizal fungi that are able to produce small biomass will be more resistant to environmental stress than those producing large mycelial biomass. The carbon needs of the mycorrhizal fungi with few propagules could easily be met by plants undergoing environmental stress better than mycorrhizal fungi with large propagules biomass. Thus, the distribution of biomass between mycelium and spores is influenced by carbon quality, availability and quantity [104,105,106,107]. The lower the elevation, the more environmental conditions will favour plant productivity, abundance and association with arbuscular mycorrhizal fungi and the resultant increase in the richness of large biomass-producing mycorrhizal fungi. Apart from environmental conditions prevailing with an increase in altitude, further studies should focus on understanding other determinants such as pressure, air flow rate, aeration, mineral constituents of the soil that could affect the assemblages, phylogenetic composition, richness and functions of arbuscular mycorrhizal fungi.




4.4. Tillage Practice


Tillage, an agricultural practice of softening the soil for ease of plant root penetration, break-up of residue, incorporation of manure and control of weeds through mechanical means, is constantly applied in both commercial and subsistence agriculture. Although this agricultural practice is beneficial, its drawback is obvious in the reduction of soil organic matter, soil compaction, soil aggregate break-up, water loss, erosion and the breaking or distortion of fungi mycelia or hyphae. With these prevailing negative effects, our focus will be on how they affect arbuscular mycorrhizal fungi. Tillage results in hyphal breakage of mycorrhizal fungi, and constant breakage and healing of the broken hyphal strand negatively affects the richness, diversity and ecological functions of the fungi. These damaging effects are not observed in no-till or reduced-tilled soils [108,109]. No-tillage has been reported to increase soil organic carbon, soil enzymes, microbial biomass and microbial functions better than tilled soil [110]. These improvements in soil characteristics are good indicators of soil health.



There are three types of tillage systems: conventional tillage, reduced tillage and no-tillage systems. In conventional tillage, the soil’s outer surface is inverted using mechanical means of ploughing to a depth that exceeds 20 cm with small amounts of crop residue retained on the soil. In reduced tillage, a shallow soil depth is tilled with no inversion of soil. Crop residues are retained in large quantities in the field, while in the no-tillage system, the soil is undisturbed, and stubbles are retained year-round [111,112]. Reduced tillage and no-tillage are now widely accepted and practiced by farmers to prevent nutrient loss and erosion and increase soil water and organic matter contents [113]. Evaluating the effects of tillage practices, de Pontes et al. [114] reported that conventional tillage reduced the spore density and species richness of arbuscular mycorrhizal fungi by a magnitude of 3 to 4 spores per gram and 12 to 17 species of the fungi. No-tillage increased the spore density by 4 to 6 spores per gram and species richness by 15 to 18 species. Natural Savannah forest soil has a spore density between 9 and 11 spores per gram of soil and a richness of 16 to 22 fungal species in the sampled soil. Each of these soils is characterized by different dominant species of arbuscular mycorrhizal fungi. The tilled soil was dominated by Racocetra coralloidea, Gigaspora margarita and Racocetra fulgida. Natural forest soil contains Sclerocystis sinuosa and Glomus macrocarpum, whereas untilled soil contains an abundance of Sclerocystis coremioides. The evidence presented herein could possibly explain the effects of tillage practice on soil microbiome richness and diversity. The fungal species richness and spore densities are higher in no-tilled soil than in the tilled one but are highest in the natural forest soil (Figure 5). Although studies are examining the effects of tillage on species richness and diversity of arbuscular mycorrhizal fungi, no study, to the best of our knowledge, to date, has examined how soil tillage affects the mycorrhizal fungi microbiome, the evolution and ecological functions of bacterial symbionts of mycorrhizal fungi, resilience, and functions in the soil. Does tillage improve the quality and quantity of arbuscular mycorrhizal fungal–bacterial symbiont interactions? Looking beyond soil physiochemical conditions’ effects on fungal richness and diversity as they are affected by soil tillage on the bacterial symbionts of mycorrhizal fungi under the influence of tillage systems will expose the mysteries behind the observations recorded in contemporary studies published to date.



Mycorrhizal fungi propagules are negatively affected by conventional soil tillage, while no-tillage increases fungal spore germination, mycelial network and root colonization [115,116]. The distribution and tillage effects on the richness and diversity of mycorrhizal fungi have varying effects on the species richness, as shown above. Some species thrive well in tilled soil, whereas others thrive in no-till and natural forest soil, indicating how these systems contribute to their competitiveness and adaptation or provide suitable environmental conditions for their growth. Through adaptation, some fungi able to form large spores could easily adapt to the disruption of their mycelia during soil tillage [117]. Further studies must enable us to fully understand the effects of tillage on the biology, physiology and functions of arbuscular mycorrhizal fungi.




4.5. Land Use Changes


Land use could take various forms, such as use for agriculture, forestry, parks, plantations, and grasslands or for aesthetic purposes. The form in which the land is used will determine the anthropogenic modifications or input into the soil. Lands used for agricultural purposes are mainly subjected to fertilization, tillage and the use of agrochemicals like pesticides to increase crop yield, productivity and control of diseases and pests. These chemicals and soil modifications have corresponding effects on the soil physiochemical conditions, soil enzymes, plants and soil microbiome. Forest, plantations and some grassland soils are undisturbed and are rich in soil organic matter content. Recall that soil disturbance through tillage often causes hyphal strands to break and physiological stress to mycorrhizal fungi and other soil-dwelling microbes. This perturbation inevitably negatively affects the ecological functions and symbiotic services rendered to plants. In the land use changes, forests can be converted to agricultural land or pasture land and vice versa. Each of these switches, from one form to another, will definitely affect the soil microbiome–plant interactions. Understanding the effects of these land use switches on mycorrhizal fungi is essential for conservation purposes and the maintenance of soil biodiversity. A study has shown that the shift of land use from forest to palm plantation resulted in changes in the richness and diversity of mycorrhizal fungi, with higher species richness and diversity occurring more in the forest soil than in the plantation. This clearly implies that land use changes come with pervasive consequences on the structure of soil fungi communities, and the recovery from this disturbance takes time regardless of the presence or absence of host plants [118,119,120,121]. Forest soil with healthy growing trees harbours more ectomycorrhizal fungi than arbuscular mycorrhizal fungi and vice versa [122]. The presence of trees that are unlogged and growing in a forest’s soil increases the abundance, diversity and functions of ectomycorrhizal fungi. Arbuscular mycorrhizal fungi often prevail in arable soils used for growing crops. This could be explained by the host specificity of these mycorrhizal fungi. Trees are mostly associated with ectomycorrhizal fungi, whereas crops are mostly associated mostly with arbuscular mycorrhizal fungi.



Although the conversion of farmlands to forests could have a boosting effect on the soil microbiome richness and diversity, its effects will not likely be compared with the original undisturbed forest microbial community diversity and richness [123,124]. This could be a good conservation practice for the restoration of degraded agricultural lands. The most impactful implication of these land use changes (from farmland to forest) is the increase in fungal population density and soil organic matter and the lack of effect on modulating or restoring edaphic conditions [125]. The use of land for farming results in constant disturbances through tillage, which might improve fungal diversity but without a corresponding positive outcome for farming. Soil disturbance through tillage impacts the homogeneity of the soil by reducing the dominance of most competitive microbial groups, preventing competitive exclusion and broadening environmental conditions that favour mycorrhizal fungi diversity and not richness in the disturbed soils. In fact, the degree of soil disturbance determines the indicator of mycorrhizal fungi species that will prevail in the soil. For instance, mechanically disturbed soil has an abundance of Diversisporaceae Archaeosporaceae and Claroideoglomeraceae mycorrhizal fungi taxa. The undisturbed habitats are characterized by increases in the abundance of Glomeraceae taxa [126]. Perhaps it is only the evenness component of the diversity that changed in this scenario.



Similarly, trees planted in parks or streets have a different mycorrhizal fungal structure than those growing in the forest. Forest samples have a higher abundance and diversity of mycorrhizal fungi than urban trees. Unfortunately, urban trees are often grown in soil with sealed surfaces, which exert drastic reduction effects on mycorrhizal fungal richness and diversity. However, those growing in the forest are not challenged with sealed surfaces, which alter soil moisture content, microclimate and isolation of soil or serve as a barrier between the soil and atmosphere by preventing the efficient exchange of gases between the soil and atmosphere [127]. Land use changes have damaging effects on soil biodiversity, depending on their intensity. However, this effect could be ameliorated by the presence of suitable host plants. Intensive cropping systems reduce the richness of arbuscular mycorrhizal fungi, and this can be modulated by host plants, which support the proliferation of the fungi [71]. Thus far, both land use changes and plant species have effects on the assemblages of mycorrhizal fungi in plant roots. Nonetheless, very little has been done to understand the full biochemical and physiological processes adopted by plants in modulating the effects of land use intensification or changes on the richness and diversity of mycorrhizal fungi. This area requires further study.




4.6. Seasonal Variation


Seasons determine which plant groups will thrive. C4 plants perform best in warmer climates or seasons, while C3 plants adapt well to cool or cold climates. The change in season affects the quality and quantity of photosynthates that will be allocated to the root-associated mycorrhizal fungi. This consequently influences their species abundance, colonization, diversity and ecosystem services. Colder periods increase the beta diversity of mycorrhizal fungi, and their competitive interactions are more than those during warmer periods, which increase the alpha diversity of the fungi. This could be explained by the decrease in carbon allocation of plants to the associated fungi during winter or cold periods and the increase in carbon allocation during summer or warmer seasons, leading to the dominance of a single taxon over others. Fungal spores are equally altered by seasonal variations [128,129,130]. Understanding the influence of seasonal changes on the dynamics and function of mycorrhizal fungi will guide ecologists in predicting its impact on the ecosystem functions of soil microbial communities during these seasons. Besides their resource exchange with plants (through carbon allocation and interactions), arbuscular mycorrhizal fungi are equally affected by atmospheric temperature and soil water [131]. They may be less distributed in cooler periods than in the warmer seasons. The change in seasons might lead to the extinction of less competitive arbuscular mycorrhizal fungal species, as dominant and more competitive ones during the winter season prevail. Nevertheless, microbes are constantly evolving strategies to adapt and tolerate changes in their environment, and extinction is likely not possible. These adaptation strategies of microbes (AMF) during the colder seasons are not fully understood and require further studies. The comprehension of the influence of seasons on plant–arbuscular mycorrhizal fungi interactions (especially in plants’ activation of immune defense genes) and plant phenology is required for accurate prediction of fungi dynamics during seasonal variations. Another area worth researching further is how seasonal variations affect plants’ translocation of lipids to the arbuscular mycorrhizal fungi.



In addition to the influence of seasons on plant-associated AMF community, plant phenology (leaf unfolding/development, flowering time, leaf colouring, fruiting and life cycle), which is under the influence of seasons (and/or temperature) [132], exerts direct effects on the richness, colonization, abundance and community composition of associated AMF. Typically, plants’ flowering and fruiting are influenced by seasons, and at this phase of plant development, a decrease in carbon is allocated to the roots and to the associated mycorrhizal fungi [133]. This decrease in plants’ photosynthate allocation to the associated mycorrhizal fungi occurs more often when the plants can acquire nutrients easily from the soil and, therefore, require little contribution from the fungi in meeting their nutritional needs. In this situation, the plants tend to distribute their photosynthates to the aerial parts of the plants [134] and less to the roots. In support of the foregoing, Vázquez-Santos et al. [135] observed in their study that AMF colonization of Acaena elongate plants was lowest during the rainy season and highest during the dry season. The authors also observed high species richness in the rainy season (6.15 ± 0.35 species) compared with low species richness in the dry season (4.60 ± 0.30 species), while the abundance followed the reverse pattern and positively correlated with the openness of the canopy and phosphorus availability. Phenologically, flowering and fruit formation are positively associated with light intensity/incidence and canopy openness among forest plants, which are higher during the dry season than during the rainy season [135]. The rationale behind the decrease in AMF root colonization during the rainy season could be attributed to an increase in soil water content and dissolved nutrients, which are easily absorbed by plants without the aid of the AMF symbionts. The reverse event occurs during the dry season with an increase in root colonization and plants’ dependence on the symbionts for the extraction of water and nutrients from the soil [136]. In another study, AMF species richness showed little fluctuation across the four seasons (autumn, winter, spring and summer), whereas the fungal abundance and root colonization were significantly affected by seasonal variations [137].



Furthermore, given that most AMF plant hosts are herbaceous plant species, and from these, many are annuals, the importance of short life cycle effects in root colonization under seasonal variation and plant phenology should be noted. However, AMF species richness is unaffected by plants’ phenology [138], and this is due to the presence of roots throughout the growing season in the soil despite the absence of leaves and photosynthesis activities. Herbaceous plants, the ephemeral ones, have the tendency for quick growth, nutrient assimilation, storage of carbohydrates in their roots and dying off within a short period of time [139,140].



Although plant phenology under the influence of season alters AMF community richness, colonization, abundance and diversity, AMF, on the other hand, also exert a direct effect on plant phenology. It has been uncovered that AMF increase flower mass [141], flowering stem diameter [142] and flower/inflorescence number [143]; influence the time and duration of flowering [144]; increase seed development [145]; and increase fruit production [146]. In general, AMF have significant effects on plant reproduction and overall phenology.




4.7. Effects of Soil Pollutants


Soil pollution is inevitable in this era of industrialization, commercialization of agriculture, urbanization and the wide use of chemical fertilizers and agrochemicals that add different kinds of pollutants to the soil. Among the pollutants introduced either naturally or through human actions are cadmium, lead, silver, copper, microplastics, nickel, etcetera [147,148]. Here, we will briefly discuss the effects of various soil pollutants on AMF richness.



4.7.1. Cadmium (Cd)


Cadmium, a heavy metal, has been shown to affect the co-occurrence pattern and assembly mechanisms of AMF in the soil. When present in the soil at high concentrations, this heavy metal is implicated in an increase in specialist AMF diversity and a corresponding decreasing effect on generalist AMF diversity. An increase in cadmium concentration comes with the selection of deterministic processes (involving niche-based and non-random mechanisms such as interspecific interactions among the fungal community and environmental selection) over stochastic ones (involving random alterations in the species’ relative abundance as a result of death, reproduction and dispersal), thus altering the ecological functions of the AMF community [149,150,151]. Cadmium exerts selection pressure on the heterogeneous soil ecological niche harbouring AMF and frees up the niche to accommodate more species of AMF that adapt to the metal stress, thereby stimulating an increase in AMF species richness [149,151].




4.7.2. Lead (Pb)


Lead is a toxic metal that negatively affects the biological processes of microbes when present at high concentrations. Studies have shown that it induces physiological stress and decreases the diversity/richness of arbuscular mycorrhizal fungi while having little effect on their abundance. This lead-induced selection pressure depends on the fungi’s metal tolerance capacity. AMF such as Paraglomus sp. have been found to tolerate the presence of lead and accumulate it in their biomass. The fungi abundance increases in the presence of lead contamination [148]. However, the presence of lead contaminant negatively correlates with AMF species richness but increases the abundance of AMF species belonging to Paraglomeraceae. AMF species belonging to Glomeraceae and Acaulosporaceae are negatively affected by an increase in lead concentration in the soil, whereas Paraglomeraceae, on the other hand, is unaffected [152].




4.7.3. Silver (Ag)


Silver nanoparticles, like other pollutants discussed above, have no negative effect on the alpha diversity of AMF growing in contaminated soil, but they enhance the abundance of Glomus to well over 70 percent compared with other AMF fungi taxa [147]. The next metal that constitutes a harmful effect on the AMF when present in high concentration is copper.




4.7.4. Copper (Cu)


Copper is an essential cofactor for the efficient functioning of microbial enzymes. At moderate or low concentrations (50 mg Kg−1 Cu), it has an enhancement effect on the diversity of AMF and other soil fungi. However, when the concentration exceeds (1600 mg Kg−1 Cu), its effect becomes negative on the AMF richness. An increase in the concentration of this metal equally decreases the abundance of AMF fungi [153]. In a study examining the influence of vineyard age on the richness of AMF, Betancur-Agudelo et al. [154] observed that AMF species richness was highest in the youngest vineyards and decreased with an increase in the vineyard age. It was noticed that an increase in vineyard age correlates with an increase in copper concentration in the soil, which adversely affects the AMF species richness. This increased soil copper concentration enhanced the alpha diversity or abundance of AMF belonging to the Glomeraceae family. The youngest vineyards with low soil copper concentration and decreased pH favour the proliferation of AMF species belonging to the Acaulosporaceae family. High copper concentration in the soil causes a reduction in AMF sporulation and decreased growth of extraradical mycelia, while the reverse effects occur in soil with low copper concentrations [155]. High soil copper concentrations encourage the growth of ruderal fungi (belonging to the Glomeraceae family). This group of AMF adapts well to disturbance and has the inherent ability to quickly establish their hyphal networks, increased root colonization, and spore formation. These fungi also have a high sorption capacity for metals as well as compartmentalization of copper and other metals in their spores, which promotes adaptation to copper toxicity. Glomeraceae fungi equally have high efficiency for carbon utilization and can control their metabolism and regulate their structural formation during a short supply of carbon from their associated plants [104,154,155,156]. Glomeraceae AMF fungi have been found to dominate in heavy metal-contaminated soil in different geographical locations due to their aforementioned physiological properties [157,158].




4.7.5. Nickel (Ni)


Another essential enzyme cofactor is nickel. At moderate concentrations, nickel in the soil increases the diversity/richness of AMF and other soil-dwelling fungi. An increase in the abundance of AMF at moderate Ni concentrations was recorded due to its biological role in the fungi metabolism. However, higher concentrations of Ni contamination exert detrimental effects on fungal richness and community structure [159].




4.7.6. Mercury (Hg)


Mercury is a persistent and toxic metal capable of bioaccumulation in the food chain and could be introduced into the soil through combustion of fossil fuel, mining or discharge of industrial wastes [160,161]. Studies have shown that soil mercury concentration correlates negatively with AMF diversity and richness. An increase in soil mercury concentration decreases AMF species richness but increases the alpha diversity of resistant ones. It selects for the proliferation of mercury-tolerant AMF over the intolerant ones. AMF species belonging to Glomeraceae are supported over those belonging to Paraglomeraceae, which are sensitive and inhibited by mercury [162]. In another study, Paraglomeraceae were detected to be very abundant in soil with little metal contamination [163].




4.7.7. Arsenic (As) and Antimony (Sb)


These metalloids have been found to negatively affect the richness of AMF species in contaminated soil. However, due to the physiological nature of certain species of AMF, arsenic and antimony exert a linear positive correlation with Diversisporaceae. These AMF species have a very high tolerance to the metalloids and could easily proliferate in their presence in the soil [164]. In another study, arsenic was found to reduce the species richness of AMF in mining-contaminated soil [165].




4.7.8. Microplastics


Microplastics are another emerging environmental contaminant that affects soil microbial communities. These particles are released into the soil from biosolids, plastic mulching films and organic fertilizers [166,167,168]. These nanoparticles provide surfaces for the adsorption of metal contaminants in the soil and increase their bioavailability and toxicity to plants and soil microbes [169]. Examples of microplastics are high-density polyethylene, polylactic acid, polyester, polypropylene, polyethylene terephthalate, etc. [170]. The effects of these microplastics are dependent on the microplastic type and dose present in the soil. Additionally, the abundance of AMF belonging to Glomeromycotina is enhanced by polyethylene microplastic. AMF alpha diversity is not affected by microplastics; rather, the community composition of the fungi is the one that is altered in the presence of microplastics [171]. Microplastics have also been implicated in adversely affecting plant growth, nutrient uptake and productivity. Nevertheless, these nanoparticles have little effect on the establishment of a symbiotic association between AMF and plants [172]. In another study, the presence of microplastics in the soil significantly reduced the abundance of AMF [173]. The evidence presented in the foregoing has shown that soil pollutants indeed reduce AMF richness and affect its ecological functions.






5. Future Perspective and Conclusions


It is, at the moment, necessary to strategically sustain and manage the indigenous arbuscular mycorrhizal fungi communities in the soil since not every agriculturist has adopted the commercial inoculation of crops with arbuscular mycorrhizal fungal inoculum in the field. Although some commercial producers in the USA Midwest region are practicing this, many others are not. Mycorrhizal fungi assemblage based on vegetation type (i.e., host plant) and its specificity in association could be exploited to increase the diversity and functions of naturally occurring mycorrhizal fungi. Genetic modification of plants through breeding to increase their photosynthesis ability during cold and warmer seasons and to increase their photosynthate allocation is required. Obviously, mycorrhizal fungi physiology, reproduction, colonization and nutrient uptake potential are influenced by their host plants. A strategy to adopt in this regard is through crop rotation of different species of legumes, cereals and other crops with legacy effects able to increase the diversity, richness and functions of the fungi. A study by Brigido et al. [174] has shown that this approach is effective, as they observed that wheat grown in undisturbed agricultural soil after legumes was able to acquire communities of arbuscular mycorrhizal fungi similar to that of the previous leguminous crops. However, a different outcome was found in the disturbed soil before cultivating the wheat crops. Stubble retention, cover cropping and suitable crop rotation are important in maintaining the microbial community functions and sustaining the mycorrhizal fungi activities in the soil [54]. However, we strongly consider that adopting sequential polyculture of crops is the best approach for increasing the richness and ecological function of arbuscular mycorrhizal fungi in the soil.



However, an increase in the disturbance of soil is a sure recipe for reducing the richness, diversity and functions of arbuscular mycorrhizal fungi. Conservation agricultural practices should be employed since they maintain soil ecosystem functions better than conventional systems.



Further research might focus on how fungi can play a role in climate-smart agriculture as well as on the genetic engineering of the arbuscular mycorrhizal fungi to tolerate different climatic conditions and exploit the metabolic regulation strategies and phylogenetic trait conservatism of Acaulosporaceae in improving the adaptive features of other mycorrhizal fungal species. These traits will enable the generation of climate-tolerant species of mycorrhizal fungi and increase crop yield, nutritional quality and health. As for the previously mentioned factors affecting arbuscular mycorrhizal fungal richness, the factors could be categorized into conditions that affect soil nutrients and those regarding the host. Soil chemical conditions and host susceptibility to arbuscular mycorrhizal fungi colonization are the key areas governing plant–mycorrhizal fungal interactions, fungi species richness, diversity and function. Going by this, researchers should understand the traits of the fungi and those of the plants that promote compatibility and ease of colonization. The application of organic manure for soil conditioning and promoting soil organic matter and nutrients should be encouraged, and the adoption of an organic farming system or management is required.
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Figure 1. Environmental and biological processes involved in arbuscular mycorrhizal fungi recognition and colonization of plant roots and symbiosis. phyB (phytochrome B), HY5 proteins (ELONGATED HYPOCOTYL 5), CEP2 (C-terminally encoded peptide), RAM 1 (Require for Arbuscular Mycorrhization 1), OsADK1 (arbuscule development kinase 1), SlHA8 (a periarbuscular membrane-bound H+-ATPase), Kinase 3 (KIN3), SlGH3.4 (encoding IAA-amido synthetase). 
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Figure 2. Schematic overview on the influence of arbuscular mycorrhizal fungal richness on plant biodiversity and ecosystem functions. Here, arbuscular mycorrhizal fungal diversity influences the selection, establishment and maintenance of plant biodiversity with corresponding effects on soil biodiversity and soil multifunctionality. 
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Figure 3. Comprehensive representation of the biotic and abiotic factors that affect arbuscular mycorrhizal fungi richness and functions in the soil. The picture of the mycorrhizal fungi in the middle was adapted from Egli and Brunner [55] published in 2011 by Swiss Federal Research Institute WSL, Birmensdorf, with permission from the publisher. Some of the other pictures in the diagram were created using IAN Image Library, accessed on 10 August 2023 (http://ian.umces.edu). 
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Figure 4. A case study on the absorbed phosphorus concentrations on different parts of plants (cotton) in the presence of −AMF and +AMF plots. (A) The total phosphorus concentrations in −AMF and +AMF plots; (B) the inorganic phosphorus concentrations in −AMF and +AMF plots. The means ± standard error values are shown in the figure. Bars labeled with a different letter at the top of each parameter show a significant difference at p < 0.05 by statistical analysis of a single-factor experiment. Each parameter was analyzed independently. Adapted from Gao et al. [82] published by Springer Nature (Scientific report) in 2020 with CC BY license permission. 
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Figure 5. Pictorial representation of the effects of different forms of tillage on the arbuscular mycorrhizal fungi species richness, spore density and its ecological functions in the soil. The picture of the soil mycorrhizal fungal network in the center was adapted from Egli and Brunner [55] published in 2011 by Swiss Federal Research Institute WSL, Birmensdorf, with permission from the publisher. 
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Table 1. Effect of AMF on the yield and quality of cultivated plants.
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	Plants
	Treatment
	Plant Performance
	References





	Tomato
	AMF and compost manure
	Application of the AMF and compost significantly increased the tomato shoot biomass by 156%, fruit yield by 111% and fruit quality
	[73]



	Maize
	AMF
	AMF enhanced the uptake of about 35 kg ha−1 tree-derived N by maize plants
	[74]



	Maize and wheat
	Rhizophagus sp.
	At low soil phosphorus content, AMF significantly increased the maize P content by 81.8% and wheat by 75.8%. But at high soil P, AMF contribution to the plants’ phosphorus contents decreased by 40.6% for maize and 9.1% for wheat plants
	[75]



	Common bean (Phaseolus vulgaris cv. Billò)
	AMF and Rhizobium leguminosarum
	The seed protein, starch contents and nutrient contents of the bean seeds were increased significantly in the presence of the inocula
	[76]



	Lettuce
	AMF and vermicompost
	Lettuce yield and nitrogen uptake were enhanced by fungi and organic fertilizer treatment
	[77]



	Saffron (Crocus sativus L.)
	Rhizophagus intraradices and Funneliformis mosseae
	AMF significantly increased the yield, water uptake, nutritional contents and antioxidant activity of saffron spice plants
	[78]



	Calla lilies (Zantedeschia albomaculata)
	AMF
	It increased the plants’ yield, length of spathes and leaves nutritional quality
	[79]



	Potato (Solanum tuberosum L.)
	Rhizophagus irregularis and

Funneliformis mosseae
	AMF, especially R. irregularis, positively increased the potato fresh and dry weights in healthy and virus-infected plants
	[80]



	Soybean
	AMF
	The fungi enhanced the soybean seed protein content by 12 to 14% and oleic acid by 21 to 25%, as well as its overall yield
	[81]



	Cotton (Gossypium hirsutum L.)
	AMF (Rhizophagus irregularis CD1)
	The presence of the fungi in association with the plants enhanced their percentage yield (28.54%), P content, boll number per plant, growth, maturation of cotton fibre, and quality
	[82]



	Maize
	AMF
	Inoculation of the plants with AMF significantly increased stomatal conductance, photosynthesis rate, antioxidant enzyme activity and nutrient uptake by the maize plants
	[83]



	Soybean (Glycine max L.)
	Rhizophagus clarus
	The fungi increased the overall performance of the plant in the face of drought stress by increasing water and nutrient uptake, plant growth and tolerance to the water stress
	[84]



	Maize (Zea mays L.)
	AMF
	It enhanced the efficiency of plants’ phosphorus acquisition from the soil and increased maize yield and productivity
	[85]



	Soybean (Glycine max L.)
	Rhizophagus intraradices
	It increased soybean yield, plants’ vegetative growth properties as well as its rhizosphere microbial communities
	[86]



	Centella (Centella asiatica L. Urban)
	AMF and organic fertilizer
	The treatment collectively increased the NPK content of the plant, growth parameters, biomass and leaves’ asiaticoside content
	[87]
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