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Abstract: This review highlights the key role that mycorrhizal fungi play in making phosphorus (Pi) more available to plants, including pathways of phosphorus absorption, phosphate transporters and plant-mycorrhizal fungus symbiosis, especially in conditions where the level of inorganic phosphorus (Pi) in the soil is low. Mycorrhizal fungi colonization involves a series of signaling where the plant root exudates strigolactones, while the mycorrhizal fungi release a mixture of chito-oligosaccharides and liposaccharides, that activate the symbiosis process through gene signaling pathways, and contact between the hyphae and the root. Once the symbiosis is established, the extraradical mycelium acts as an extension of the roots and increases the absorption of nutrients, particularly phosphorus by the phosphate transporters. Pi then moves along the hyphae to the plant root/fungus interface. The transfer of Pi occurs in the apoplectic space; in the case of arbuscular mycorrhizal fungi, Pi is discharged from the arbuscular to the plant’s root symplasm, in the membrane that surrounds the arbuscule. Pi is then absorbed through the plant periarbuscular membrane by plant phosphate transporters. Furthermore, plants can acquire Pi from soil as a direct absorption pathway. As a result of this review, several genes that codify for high-affinity Pi transporters were identified. In plants, the main family is Pht1 although it is possible to find others such as Pht2, Pht3, Pho1 and Pho2. As in plants, mycorrhizal fungi have genes belonging to the Pht1 subfamily. In arbuscular mycorrhizal fungi we found L1PT1, GiPT, MtPT1, MtPT2, MtPT4, HvPT8, ZmPht1, TaPTH1.2, GmosPT and LYCes. HcPT1, HcPT2 and BePT have been characterized in ectomycorrhizal fungi. Each gene has a different way of expressing itself. In this review, we present diagrams of the symbiotic relationship between mycorrhizal fungi and the plant. This knowledge allows us to design solutions to regional problems such as food production in soils with low levels of Pi.
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1  Introduction

The United Nations General Assembly designated 2021 as the International Year of Fruits and Vegetables. This celebration represents an opportunity to share information on the importance of knowing how plants are nourished, and produce quality fruits, for the consumption of the human population. Plants require essential elements to growth and phosphorus (Pi) is one of them [1]. It is involved in multiple biochemical processes such as energy storage, membrane integrity, photosynthesis, glycolysis, respiration, enzyme activation/inactivation, redox reactions, signaling, carbohydrate metabolism, nitrogen fixation, as well as the structure and function of nucleic acids [2]. Phosphorus is the basis of many compounds, of which the most important for plant nutrition are phosphates. Microorganisms form an integral part of the soil phosphorus cycle and mediate the availability of Pi to plants [3–5].

This element can be mobilized by different microorganisms [3,6] through its primary metabolism, particularly with the production of low molecular weight organic acids. These have a negative charge and create chelates with metal ions such as Ca2+, Mg2+, Fe2+ and Al3+, that are generally associated with phosphorus in an insoluble way, transforming it into soluble phosphorus for the plant [5,7] (Fig. 1).
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Figure 1: Mechanisms employed by phosphorus solubilizing bacteria (PSB) and fungi (PSF). These include: A. The production of organic acid and secretion of H+ ions, and the synthesis of enzymes to release phosphorus (Pi). Organic acids, such as citrate, malate, oxalate, succinate and fumarate increase Pi availability to roots. Another mechanism related to organic acid production is the release of H+ which is translocated to the rhizosphere by ATPase. This decreases pH and promotes Pi solubilization. B. Also, carbon dioxide (CO2) produced by microbial respiration dissolves in the soil water to form carbonic acid and this solubilizes Pi by the associated decrease in pH. C. In general, Pi is released from organic compounds in the soil by enzymes, such as phosphatases that release Pi from nucleotides and sugar phosphates, phytases degrade phytate to solubilize Pi and phosphonatases and carbon-phosphorus (C-Pi) lyases that cleave the C-Pi in organophosphonates [3–5]

In addition, certain microorganisms can promote an increment in the volume of the root, which leads to a raise in the absorption of phosphorus by the increase in the contact surface of the root with the soil. This increased area by microbial action can be for at least three types; (1) the association of mycorrhizal fungi, (2) by indoleacetic acid-producing bacteria, and (3) by ACC deaminase [8–10].

About the first type, pre-symbiotic molecular communication involves the reciprocal perception of diffusible molecules between plant and fungi [11,12]. Once symbiosis is established near the root apex, fungal hyphae increases the degree of exploration and absorption of nutrients [13–17]. Most plants experience greater growth and production when colonized by mycorrhizal fungi.

2  Plant-Mycorrhizal Fungus Symbiosis

In the establishment of a symbiotic association, plants can interact with many mycorrhizal fungi simultaneously, in the same way, each of these mycorrhizal fungi can potentially interact with many host plants [18]. Until now it is believed that most mycorrhizal fungi are unspecific with respect to their ability to colonize different species of plants. Mycorrhizal fungi perform vital functions for the productivity of cultivated plants, for example, the extraradical mycelium acts as an extension of the roots and increases the absorption of nutrients, particularly phosphorus. The compensation of fungi is the supply of carbohydrates derived from the host [19,20].

2.1 Mechanism of Colonization by Ectomycorrhizal Fungi (EMF)

The association of EMF corresponds preferably to tree species from boreal forests, temperate, subtropical and mountainous forests [21,22]. The first approach between both symbionts begins with the release of root exudates (sugars, amino acids, hormones, enzymes, flavonoids, organic acids, etc.) recognized by basidiomycete and ascomycete spores that stimulate their germination and consequent radial growth of their hyphae through the soil towards the roots to form a mantle. This recognition occurs through an exchange of molecular signals and point receptors, which promote the early stages of the establishment of EMF, with the subsequent proliferation of host hyphae and roots [19].

During colonization, the mycelium occupies the apoplastic spaces forming the Hartig network, defined as an interface of molecular communications and where the greatest exchange of nutrients takes place. Colonized roots undergo a series of morphological changes, such as the arrest of cell growth, rearrangement of microtubules and cellular microfibrils, changes in transmembrane transporters and thickening of walls in epidermal, and cortical cells to increase the surface of nutrient exchange [19,23,24].

The interaction of the ectomycorrhizal fungus (EMF) Laccaria bicolor with the plant involves the activity of the LbMiSSP7 gene of the fungus, which produces a protein in response to the detection of flavonoids exuded by the root (rutin and quercetin). This protein is brought to the nucleus, where it comes into contact with the PtJAZ6 protein, to avoid the formation of the PtJAZ6–PtCOI1 complex (inducer of a systemic response induced by the plant through jasmonic acid). Therefore, the defense signal is suppressed in the plant to begin the colonization of the fungus [25,26]. As a result of colonization, a mycelial mantle grows around the epidermal and cortical cells of the short lateral roots to form the Hartig network [27].

This mutualistic association causes modifications in the root structure with the formation of swollen lateral roots that are enveloped by a fungal mantle. This phenomenon is given by regulatory mechanisms during the colonization of EMF producing analogous auxins concentrated in the root tips, causing an increase in the number of short lateral roots [28]. Vayssières et al. [29] report that the fungus Laccaria bicolor releases high concentrations of indole-3-acetic acid (IAA) as an active signaling pathway for root growth and overall increased colonization of the fungus.

Another form of stimulation is by an increase in the auxin synthesis through the action of hyphaporin, secreted by the fungus that internalizes itself in the root cells and competes with the plant’s auxin production by binding to proteins and auxin receptors [30]. Other hormones involved are cytokinins (zeatin and riboside zeatin), gibberellins, abscisic acid, salicylic acid, jasmonic acid and ethylene that play a role in the stimulation and regulation of colonization [31–33].

2.2 Mechanism of Colonization of Endomycorrhizal Fungi

The symbiosis between two eukaryotes such fungi and plants is interesting, where fungal metabolites and plant exudates are the early signaling for a successful symbiosis [34–38]. Fungi in general have a cycle that includes spore germination, germ tube development, and contact with the host and penetration [39,40]. This process triggers resistance or defense mechanisms in the plant. In the specific case of the obligate symbiotic mycorrhizal fungi, during the "infection" process, it should suppress plants resistance to colonization [41].

The molecular signals released by the plant to promote the germination and growth of Arbuscular mycorrhizal fungi (AM) fungal hyphae are strigolactones and flavonoids [42]. AM perceive the signals and produce a mixture of chitooligosaccharides and liposaccharides (Myc Factors). These function as fungal molecules recognized in the plasma membrane of the plant [43], causing a stimulation on the signaling pathways of associated symbiosis. It causes an increase in nuclear and perinuclear calcium oscillations, with activation of calcium and calmodulin dependent on a serine/threonine protein kinase (CCAMK), with an extensive change on transcriptional reprogramming, to promote fungal colonization in the root [44].

The increase in the level of calcium facilitates the appressorial penetration to the root. These events are coordinated by the nucleus, beginning with structural changes in the cell wall, membrane, and cytoplasm, leading in the host cell, the development of the hypha. Once the hyphae enter the cell, form arbuscules and initiate a nutrient exchange [45–47].

The formation of arbuscules and hyphae in plant tissue causes morphological changes to improve the efficiency of the carbon and nutrient absorption system [34–38]. Both, plant and fungus induce physiological changes in the other organism to obtain reciprocal nutritional benefits [34,48]. This symbiosis also has the advantage of increasing the systemic resistance of the plant [49] and, therefore, it can provide protection to plant roots from attack by pathogens [50–52].

3  Plant-Mycorrhizal Fungus Communication; Warning Signs for Low Phosphorus in Soil

All interactions begin with a series of signals between two organisms. On the one hand, the plant emits a signaling related to low concentration of Pi controlled by a gene signaling network coupled to hormonal responses (such as auxins and ethylene), sugars, among other molecules such as flavonoids, amino acids, vitamins, etc. [53–55]. Among the molecules found in root exudates, the strigolactones released into the rhizosphere by plants.

According to Siddiqi et al. [56] and Visentin et al. [57] plants respond to Pi deficiency by exuding strigolactones such as: orobanchol, solanacol and didehydro-orobanchol (s). Yoneyama et al. [58] reported that the secretion of sorgomol and 5-deoxystrigol in Chinese pea is promoted under conditions of Pi deficiency. In alfalfa and red clover, Pi deficiency increases secretions of orobanchol and orobankyl acetate [58], while, in lettuce, wheat and calendula, Pi deficiency increases the exudation of strigolactones [59].

Strigolactones released by plants, act as early signals of symbiosis to attract AMF stimulate their growth and genetic expression and consequently the release of Myc factors. These activate the process of symbiosis through signaling pathways gene (SYM genes). Once symbiosis is established, lateral roots are grown [59,60–63].

Several Pi transporters have been identified in the mycelium of some AMFs, and their expression has been observed to increase under low Pi conditions [64–66]. Once the fungal structures are established in the plant cells, the hyphae branch and form arbuscules. Pi in polyphosphate granules is transported from the extraradical mycelium to the arbuscules [67].

Interestingly, the genes that encode proteins for the transport of mineral nutrients, such as phosphorus, are expressed in the hyphae of extraradial mycelial networks [68,69]. In addition, ectomycorrhizal fungi (EMF) root tips produce phosphomonoesterases when symbiosis occurs [70], as well as phytases and acid phosphatase [71]. This synthesis is related to low levels of Pi in the soil [72]. EMF also produces organic acids, which solubilize Pi from the soil; in their anionic form and with the protons release [73].

4  Two Pathways of Phosphorus Absorption

Phosphate is absorbed by plants from the soil as free ions of hydrogen phosphate (HPO42−) and dihydrogen phosphate (H2PO4−). There are two strategies for the acquisition of Pi in soil: (a) the direct absorption pathway by the plant (DUP) [74] and (b) the Mycorrhizal phosphorus uptake pathway (MUP) [2,8,60,75].

4.1 DUP

Plants have developed strategies such as root morphological modifications, physiological, biochemical and molecular responses to obtain Pi when the element is scarce [76]. The morphological modifications that plants undergo are the increase the root-soil interface. Root hairs grow to cover more surface in a lateral direction to maximize access to Pi [77]. In a biochemical way, the roots activate enzymes, make changes in protein phosphorylation, activate glycolytic bypass pathway, secrete RNases, organic acids and phosphatases to solubize the Pi from organic compounds [76,78].

In DUP inorganic phosphate (Pi) is absorbed from the rhizosphere into the root epidermis and root hairs of the plant, through Pi transporters located in the cells of the root apex and in the root hairs (Fig. 2A) [8,75,79].
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Figure 2: A. Direct uptake pathway (DUP). The inorganic phosphate (Pi) is absorbed from the rhizosphere into the plant through inorganic phosphate (Pi) transporters. B. Mycorrhizal uptake pathway (MUP), the Pi is uptake from the soil solution through fungal Pi transporters. Absorption of Pi in plants and fungi against a gradient of electrochemical potential [60,74,87]

4.2 MUP

When the AM fungus hyphae penetrate the cortical cells of the root, form an arbuscula that can fill most of the cell space, while the plasma membrane remains structured. Cortical cells form a periarbuscular membrane to surround the arbuscule [80].

Once established AM symbiosis, absorption through mycorrhizae occurs primarily because of the increased soil volume explored by the external hyphae and possibly by increasing the solubility of phosphorus in the soil due to the possible acidification produced by the release of organic acids by AM (Fig. 2B) [81]. This absorption of Pi is mediated by H+/Pi or Na+/Pi symporters located in the extraradical mycelium [8]. The hyphae absorb Pi, translocate it to AM structures such arbuscules, from where it is released to the interfacial apoplast space [75].

Studies of Chiou et al. [82] demostrated that in roots colonized by AM fungi, the DUP may be absent, due to the plant genes that encode the Pi transporters expressed in the root, may be negatively regulated in response to colonization by AM. Furthermore, the DUP may be affected by the low concentration of Pi left available in the soil solution at the root/soil interface [83].

In both types of pathways (DUP and MUP), Pi uptake occurs against an electrochemical potential gradient where an ATPase, which acts at the expense of ATP (adenosine triphosphate), exudes protons (H+). The proton concentration gradient and the generated membrane potential produce an electrochemical potential across the membrane. Proton mobilization along electrical and concentration gradients allows Pi to be distributed through Pht1 phosphate transporters [84,85]. The transmembrane topology of the Pht1 transporters indicates that the domains are arranged in two halves with amino (N–) and carboxyl (C–) terminals connected by a hydrophilic circuit, with possible sites for phosphorylation, myristoylation and glycosylation [84,86,87].

5  Phosphate Transports

5.1 Phosphate Transport in Plants

The five families of Pi transporter genes in plants are Pht1, Pht2, Pht3, Pho1 and Pho2 [88]. The Pht1 family is found mainly in the root cell membrane and its expression depends on Pi levels [89]. High-affinity Pi transporters are integral membrane proteins that transport Pi from an external site to the cytoplasm. They consist of 12 regions that span the membrane, separated by a large hydrophilic region into two groups of six [76].

Phosphate transporters are mainly expressed in roots when Pi is low [90,91]. An example of this are the tomato (Lycopersicon esculentum) Pi transporters (LePT1 and LePT2), which are induced by the low concentration of Pi in roots. Faced with Pi starvation, there is a rapid activation of the expression of Pi transporters as indicated by studies in barley and corn [92,93].

5.1.1 Conditions of Apoplasmic Space

Although up to now it has not been elucidated how Pi is transported from the epidermis or cortex during asymbiosis and symbiosis, respectively, to the endodermis, it has been suggested that it takes the same pathway that nutrients take: apoplastic, simplistic or transcellular pathway [8]. The mucilage excreted by the cell walls makes the apoplasm to contain negatively charged hydroxyl groups serving as a substrate for the microorganisms in the rhizosphere. This negative charge causes some anions to be repelled and restricted to large pores in the apoplasm, reducing the concentration of Pi on the outer surface of the plasma membrane (Fig. 3). Once the ions are in the cytosol, within the symplasm, they can easily move into the stele via the plasmodesmata [94].
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Figure 3: Possible co-transporter mechanism: 1. The protonation of a transporter with a hydrophilic pore open towards the outside; 2. Phosphate anion binding; 3. Conformational change that allows the opening of the pores towards the interior; 4. Phosphate release; 5. Deprotonation of the transporter; 6. Return of the initial conformation towards the outside [118]

Therefore, the transport of nutrients to the plant depends on the movement of ions across the plasma membrane of the epidermal and cortical cells of the root [95,96]. The phosphate concentration in the apoplasm is very low and it is higher in the cytosol [97,98], thus, strong electrochemical gradients must be overcome for the transport of phosphate anions to the root cells. This is the function of the specialized proteins of the Pht1 family of phosphate transporters in plants.

5.1.2 Studies of Pht1 in Plants

The genes related to the transport of Pi induce a change in the functional relationships of the root types when entering into symbiosis [99]. The assimilation of Pi is regulated by phosphate transporter proteins through two affinity systems. Low-affinity transporters have a role in Pi translocation from the root to the shoot, whereas high-affinity transporters has a role in Pi uptake capacity in Pi homeostasis responses [100].

Because sympathetic connections are lost in the membranes, proteins of the Pht1 family and at least one member of Pht2 family are those that transport Pi within the plant through the membrane, [101,102]. Some plants induce Pht1 phosphate transporters in response to mycorrhizal symbiosis [103,104]. Symbiotic Pi uptake by plants is mediated by plasma-membrane-localized Pi transporters. Plant-encoded H+/Pi symporters located in the periarbuscular membrane (PAM), are expressed only in arbuscule-containing cortex cells to absorb Pi [64,105,106].

Specific phosphate transporters from mycorrhized plants are involved in the absorption of Pi during symbiosis [104,107–111]. The rice phosphate transporters OsPT11 and OsPT13 are expressed only in roots in symbiosis with AM fungi [106,112]. Yang et al. [106,112] reported that OsPT11 is only necessary for symbiotic Pi uptake, while OsPT13 does not contribute to symbiotic Pi transport.

Indeed, phosphate transporters has been observed in symbiotic as well as asymbiotic plants [113]. The tomato genes LePT3, LePT4 and LePT5 are strong expressed during symbiosis in low Pi conditions; while the LePT5 gene was also low expressed in distinct cells harboring AM fungal structures [114]. Furthermore, the mycorrhizal-inducible potato StPT3 gene is strongly expressed in mycorrhizal roots and moderately in non-mycorrhizal roots [109]. Similarly, OsPT11/MtPT4 orthologs in corn (ZmPT6) accumulate in both colonized roots and non-mycorrhizal roots of Pi-deficient corn [115]. These examples suggest gene duplications that may give rise to new functions with respect to Pi.

Changes in symbiotic and asymbiotic root architecture is one of the common physiological responses in nutrient signaling pathways. Lateral root density increases during Pi starvation in colonized and in non-mycorrhizal roots [116]. On the subject of phosphate transporters in different types of roots, there are still many unresolved questions since both, symbiotic and asymbiotic roots, have structural changes to absorb Pi. Furthermore, Pht1 have some expression in non-mycorrhized roots [107,109,115].

Moreover, the formation of symbiosis and the expression of mycorrhizal-induced Pht1 members in arbuscule-containing cells, is often accompanied by the down-regulation of other Pht1 transporters located in the epidermis. This down-regulation of Pht1 transporters has been observed in potatoes [107]; rice [117]; birch [68], among others. Therefore, there is a balance in the Pi uptake pathways from the root epidermis and the fungus, result of excellent communication between both.

Most studies on Pi transporters during AM symbiosis focus on Pht1 transporters, since members of the Pht2 family of Pi transporters are involved in plant-wide Pi allocation [119] and have very little or no responses at the level of Pi or AM symbiosis [102].

5.2 Arbuscular Mycorrhizal (AM) Fungal Pi Transporters

Among the first Pht1 phosphate transporters that were isolated are those from mycorrhizal fungi [120]. Mycorrhiza-specific Pht1 members are expressed in response to the AM symbiosis, [109]. AM fungi possess high affinity Pi: H + symporters involved in symbiotic transport. In 1999 Roewarne et al. [121] identified the LePT1 gene highly expressed in arbuscules-containing cortical cells in tomato mycorrhized plants; in non-mycorrhized plants they were found in the stele and bark.

The expression and regulation of the GiPT gene present in extra-radical mycelium of Medicago truncatula roots colonized by Glomus intraradices, increased in response to low Pi concentrations [122]. Liu et al. [123] also reported in Medicago truncatula genes MtPT1 and MtPT2, in mycorrhized roots by Glomus versiforme, under low Pi concentration. The expression of different coding genes for Pi transporters has been described in other crops; in barley (Hordeum vulgare) the relationship between the increase in expression of HvPT8 and the presence in the root of Glomus intraradices was found [124]; in corn ZmPht1;6 and the ortholog gen MtPT4 in Medicago truncatula were identified in the peri-arbuscular membrane [115,125,126]. The Pi transporter gene TaPTH1.2 in wheat is expressed in roots during the early stages of colonization, later, it stabilizes with the appearance of mycorrhizal structures (arbuscules) and acid phosphatases activity [127].

Javot et al. [128] reported that the three identified AM Pi transporters are all expressed in extra-radical hyphae, while only one of them (GmosPT) also shows significant expression in intra-radical hyphae. When Pi enters the fungus cytoplasm, it accumulates in the vacuole [129]. Experiments have shown that when a fungus is transferred from a medium deficient in Pi to a medium rich in Pi, the Pi accumulates and is converted in less than 3 h, in large amounts of polyphosphates [130]. Thus, polyphosphates accumulated in the vacuole can be transferred from the extra-radical hyphae to the intra-radical hyphae [131], possibly by cytoplasmic flow [13].

Ezawa et al. [132] and Rasmussen et al. [133] observed a wide distribution of long polyphosphates chains in extra-radical hyphae, and shorter polyphosphates chains in intra-radical hyphae [134]; Ohtomo et al. [131] suggesting that polyphosphates is hydrolyzed in the intra-radical hyphae to release Pi to the plant. The transfer of Pi occurs through the apoplastic space when Pi is discharged by the fungus arbuscules and it is loaded into the plant’s root symplasm, in the membrane that surrounds the arbuscule [45]. Then, Pi is absorbed through the plant periarbuscular membrane by plant phosphate transporters [135].

In tomato mycorrhized roots, three transporters of Pi were identified in arbuscules: LYCes; Pht1; 4 and LYCes; Pht1; 3 and 5 [109]. Walder et al. [136] mention that depending on the plant species, the acquisition of mycorrhizal Pi could be more regulated by the fungus or by the plant. The amount of Pi that the fungus contributes to the plant depends on each plant/fungus combination [75].

Apparently some plants and AMF can reduce the transfer of nutrients to their symbiotic partner, therefore, it has hypothesized that this may occur when they do not receive reciprocal benefit [137,138]. In the study by Walder et al. [136] sorghum was an important carbon provider for AMF and, the transfer of Pi from AMF to sorghum did not appear to be the reciprocal. However, the authors mention that the Pi could have been in the periarbuscular space, available when the plant requires it.

Although the absorption of Pi in the plant is increasingly understood, the mechanisms of Pi release from the fungus to the interfacial apoplast are still obscure. The mechanisms of Pi release from fungi to the periarbuscular space requires more research [139] and there is still much to investigate on the expression of Pi transporters of plants, and fungi at the arbuscule level.

5.3 Pi Transporters of Ectomycorrhizal Fungi (EMF)

Inorganic phosphate is absorbed by the cells of the ectomycorrhizal fungus through Pi transporters [69,140]. The specialized symbiotic interaction involves the transport of nutrients from the plasma membrane of the fungal cell to the plant [141]. The release of fungal Pi at the symbiotic interface is carried out by the release of free orthophosphate ions (Pi) through phosphate transporters (PT) [142].

Several genes have been identified in ectomycorrhizal fungi that code for Pi transporters. Three in Hebeloma cylindrosporum (HcPT1.1, HcPT1.2 and HcPT2), in Paxillus involutus (PiPT1-PiPT3), and in Tuber melanosporum (TmPT1-TmPT3); five in Laccaria bicolor (LbPT1-LbPT5) and in Amanita muscaria (AmPT1-AmPT5) [69].

All these Pi transporters are grouped into two discrete sequence groups, one characterized as Na+/Pi symporters and another group characterized as H+/Pi symporters [143]. Most of these transporters belong to the Pht1 subfamily or H+/Pi transporters, except for T. melanosporum which has Na+/Pi transporters. However, of all these transporters identified in EMF only HcPT1, HcPT2 have been characterized by heterologous expression in yeast. These two high-affinity Pi symporters are located in the plasma membrane [69,144].

Pi starvation increases the levels of HcPT1 transcripts as demonstrated in studies of cultured H. cylindrosporum hyphae [145,146], as well as in the homologs in the yeast Saccharomyces cerevisiae [147] and in Glomus versiforme [120]. Therefore, HcPT1.1 transcription is dependent on the external availability of Pi and is mainly found in mycelium mantle and external hyphae of EMF [146].

Conversely, HcPT2 is not regulated by the external availability of Pi and is located in extra-radical hyphae and in the Hartig net [148]. HcPT2 is decisive for the establishment of the ectomycorrhizal symbiosis and for the supply of Pi towards symbiotic interface [142,149], determining the entrance of Pi into the mycelium as the exit towards the roots of the plant, as demonstrated by Becquer et al. [148] in Pinus pinaster. The same authors suggest the possibility that HcPT2 could participate in the exit of Pi from the hyphae of the fungus towards the Hartig network.

These transporters have different affinities for Pi with Km values of 55 µM (HcPT1) and 4 µM (HcPT2). In summary, H. cylindrosporum uses the HcPT1 transporter to mediate Pi uptake when Pi availability in the soil is low and HcPT2 when Pi availability is high [69]. Other recently characterized genes are BePT from Boletus editus, RlPT from Rhizopogon luteolus and LbPT from Leucocortinarius bulbiger [142]. BePT belongs to the largest facilitator superfamily and has a high level of sequence identity with the Pht1 family. In a study conducted by Wang et al. [143] they confirm that members of the Pht1 family, which have been cloned from various organisms, are highly conserved through evolution and share protein sequence identities [143]. In summary, for most EMF, the import of Pi from the plasma membrane is dependent on the proton symporter [144].

6  Future Perspectives

Phosphate fertilizers are becoming more and more expensive and the use of phosphorus in agriculture is necessary due to the increasing demand for food. Due to the interaction of plants with mycorrhizal fungi in Pi-deficient soils, it is possible to develop crops with optimal Pi absorption efficiencies. Therefore, it is essential to understand the interaction processes of plants in symbiosis with mycorrhizal fungi and the direct absorption of Pi by the plant, to design crop management programs and achieve sustainable global food security.

Further studies are needed to better understand the interesting interrelationships between the natural populations of AM or EM fungi with various agricultural and fruit crops on different types of soils. Furthermore, little is known about the diversity of mycorrhizal fungal species in annual and semi-perennial agricultural crops, and in fruit trees, besides other benefits that these contribute to crops, such as protection against plant pathogens as reported by Newsham et al. [150].

There are still considerable gaps in our knowledge about the absorption and transport of Pi and in the release of the element in the symbiotic interface. As this knowledge advances, we will be able to develop production strategies in regions with phosphorus deficiency and other types of plant stress. The public availability of genomes of crop plants, endo and ectomycorrhizal fungal, will be a valuable tool for future research of the molecular identities of Pi transporters, cell location, mechanism, kinetic properties, and regulation.
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