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Abstract: More than 80% of land plant species can form symbioses with arbuscular mycorrhizal (AM)
fungi, and nutrient transfer to plants is largely mediated through this partnership. Over the last
few years, great progress has been made in deciphering the molecular mechanisms underlying the
AM-mediated modulation of nutrient uptake progress, and a growing number of fungal and plant
genes responsible for the uptake of nutrients from soil or transfer across the fungal–root interface
have been identified. In this review, we outline the current concepts of nutrient exchanges within
this symbiosis (mechanisms and regulation) and focus on P and N transfer from the fungal partner
to the host plant, with a highlight on a possible interplay between P and N nutrient exchanges.
Transporters belonging to the plant or AM fungi can synergistically process the transmembrane
transport of soil nutrients to the symbiotic interface for further plant acquisition. Although much
progress has been made to elucidate the complex mechanism for the integrated roles of nutrient
transfers in AM symbiosis, questions still remain to be answered; for example, P and N transporters
are less studied in different species of AM fungi; the involvement of AM fungi in plant N uptake is
not as clearly defined as that of P; coordinated utilization of N and P is unknown; transporters of
cultivated plants inoculated with AM fungi and transcriptomic and metabolomic networks at both
the soil–fungi interface and fungi–plant interface have been insufficiently studied. These findings
open new perspectives for fundamental research and application of AM fungi in agriculture.

Keywords: arbuscular mycorrhizal; phosphorus; nitrogen; transporters

1. Introduction

Phosphorus (P) and nitrogen (N) are key nutrients that play major roles in crop
production. However, there is not enough P in the soil that can be directly used by
plants. On the one hand, most soil P is bound to organic molecules or mineral surfaces,
or precipitated as insoluble phosphate (Pi); on the other hand, the mobility of P in soil is
low, so it is more difficult for plants to obtain P [1]. In many ecosystems, Pi levels limit
plant growth, which has a significant impact on agriculture, especially in areas where
low-input agriculture is practiced. In addition, nitrate (NO3

−) and ammonium (NH4
+)

and organic N in the forms of amino acids and peptides are the dominant forms of N that
are available to plants, and plant N use efficiency is low, rarely exceeding 50% in most
agricultural systems due to leaching and run-off losses and gaseous N emissions [2,3].
Because of the status of Pi and N in soil, there is a great demand for chemical fertilizers
to improve nutrient deficiency [4]. According to the International Fertilizer Association
(IFA) (https://www.fertilizer.org/ accessed on 1 September 2021, by the end of 2020, the
global requirement of chemical fertilizers of N, P, and K was expected to reach 260 million
tons. Excessive application of chemical fertilizer will not only increase the production
cost but also cause a series of environmental problems. Plants have evolved a number of
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physiological changes to overcome scarce levels of Pi and N, and one of these strategies is
to form symbiotic associations with AM fungi [5].

Over 80% of terrestrial plant species can form symbiotic relationships with AM fungi,
and these partnerships began more than 450 million years ago [6]. Arbuscules are formed
in cortical cells after plant roots were colonized by AM fungi, which are surrounded by
a plant-derived periarbuscular membrane (PAM). The PAM and arbuscular membrane
form the main symbiotic interface for bidirectional transfers of nutrients between plants
and fungi [7]. The fungi facilitate plant uptake of mineral nutrients and the plants supply
carbohydrates and lipids to fungi as a source of carbon for their metabolic needs [8]. AM
fungi play important roles in terrestrial ecosystems and contribute to improving agricultural
productivity; therefore, it is important to understand the regulation of nutrient transport
and metabolism associated with the symbiotic state of AM fungi [9]. Previous studies
showed that mycorrhizal rice could receive more than 40% of its N, and that 70% of the
total P acquired by mycorrhizal rice was through the mycorrhizal pathway [10,11].

In the past, there has been an emphasis on the study of nutrient transport by AM
symbiosis from a physiological perspective; however, research indicates an increase in the
number of genes that may be involved in the transport of nutrients through the soil fungus
interface or the fungus root interface [12]. In this review, we outline the current concepts
(mechanisms and regulation) of nutrient exchange in this symbiotic relationship, with a
focus on P and N transfer from the fungal partner to the host plant.

2. Development of AM Symbiosis

The history of mycorrhizae started with their description, interpretation, and naming
by A.B. Frank in 1885 [13]. The formation of them is the result of long-term coevolution
between the root system of plants and AM fungi, AM association requires the creation of a
novel symbiotic interface within the root cells [2]. Development of AM symbiosis starts with
a signal exchange between AM fungi and host plants [14], which can be divided into distinct
stages: (1) At the onset of symbiosis, plants secrete strigolactones (SLs) to stimulate spore
germination and hyphal branching near the root [15]. SLs, a class of carotenoid-derived
terpenoid lactones, were initially characterized as germination stimulants for root parasitic
plants such as witchweeds. After 40 years, SLs were identified to be root-derived symbiotic
signals for AM fungi [16], this is also a very important factor that triggered the change in
the development of AM fungi. (2) Once fungi perceive SLs, AM fungi release signaling
molecules termed “mycorrhizal factors”, including lipochitooligosaccharides (LCOs) and
short chitin oligomers (Cos), to activate a common symbiotic signaling pathway [17].
(3) Then, fungal hyphae penetrate the root epidermis, invade cortical cells, and develop
highly branched tree-like structures called arbuscules, where the nutrient exchange between
fungus and plant takes place. Mycorrhizal colonized roots have two pathways for nutrient
absorption: direct absorption through root epidermis or root hairs (direct pathway), and
indirect absorption via AM fungi hyphae (mycorrhizal pathway) [18,19] (Figure 1). A
recent study by Shi et al. [20] demonstrated that P starvation response transcription factors
connect the mycorrhizal P uptake pathway with the direct P uptake pathway to improve
P absorption.
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Figure 1. Diagrammatic illustration of the two nutrient uptake pathways in AM plants. Notes: 
Mechanisms of nutrient acquisition in plants. All arbuscular mycorrhizal (AM) host plants are ca-
pable of direct and indirect uptake of phosphate and nitrogen. In the mycorrhiza pathway, the 
plants absorb soil nutrients via Pi transporters (PTs), NH4+ transporters (AMTs), and NO3− trans-
porters (NRTs). The NO3− and NH4+ are metabolized into arginine (Arg) and transported to the in-
traradical mycelium (IRM) in cooperation with the polyphosphates (PolyP) driven from Pi. The 
PolyP–Arg complex is then hydrolyzed to NH4+ and Pi in the intraradical mycelium (IRM) and 
transmembrane transported into the plant via the PTs, NRTs, and AMTs at the fungal–plant plasma 
membranes. 

3. Mechanisms of P Uptake in Plants 
3.1. P Uptake System in Plants: Lessons from Arabidopsis and Tomato 

In the direct pathway, Pi is acquired mainly through low or high H+/Pi transporters 
on the epidermis. These phosphate transporters (PHTs) are either constitutively expressed 
or induced to be expressed in response to Pi deficiency. In roots, Pi is taken up through 
PHTs and loaded into the xylem for translocation to the shoots [21–23]. 

In Arabidopsis, PHTs involved in the transfer of Pi into plant cells have been identi-
fied, and these proteins have been classified into four families: PHT1, PHT2, PHT3, and 
PHT4 (Figure 2) [24]. Nine transporters of the PHT1 family have been identified in Ara-
bidopsis: AtPHT1.1–AtPHT1.9. The functions of AtPHT1.1, AtPHT1.4, AtPHT1.5, 
AtPHT1.8, and AtPHT1.9 have been defined, and all of them are high-affinity PHTs that 
are localized in the plasma membrane and induced by Pi starvation. AtPHT1.1 and 
AtPHT1.4 are the most highly expressed PHTs in Arabidopsis [25]. The polypeptides en-
coded by AtPHT1.1 and AtPHT1.4 showed 78% similarity to each other and showed high 
amino acid sequence similarity to the high-affinity PHTs of Saccharomyces cerevisiae, Neu-
rospora crassa, and Glomus versiforme [26–28]. AtPHT1.8 and AtPHT1.9 are highly expressed 
in roots and are also involved in Pi absorption [29]. In Arabidopsis roots and rosette 
leaves, Pi deficiency resulted in increased abundance of AtPHT1.5 transcripts, which are 
required for proper translocation of AtPHT1.5 Pi from roots to stems under these condi-
tions. However, the expression of AtPHT1.5 under Pi replete conditions is different from 
that under Pi-deficient conditions. AtPHT1.5 is mainly expressed in shoots and is respon-
sible for Pi transport to sinks and from shoots to roots under Pi-replete conditions [30]. 
AtPHT2.1, the only PHT2 family member in Arabidopsis, is a single-copy gene that shows 
shoot-specific expression independent of the external Pi concentration, and the localiza-
tion of the AtPHT2.1 green fluorescent protein fusion protein indicates that it is present 
inside the chloroplast intima [31]. In Arabidopsis, PHT3 is also called MPT3, which has 

Figure 1. Diagrammatic illustration of the two nutrient uptake pathways in AM plants. Notes:
Mechanisms of nutrient acquisition in plants. All arbuscular mycorrhizal (AM) host plants are capable
of direct and indirect uptake of phosphate and nitrogen. In the mycorrhiza pathway, the plants
absorb soil nutrients via Pi transporters (PTs), NH4

+ transporters (AMTs), and NO3
− transporters

(NRTs). The NO3
− and NH4

+ are metabolized into arginine (Arg) and transported to the intraradical
mycelium (IRM) in cooperation with the polyphosphates (PolyP) driven from Pi. The PolyP–Arg
complex is then hydrolyzed to NH4

+ and Pi in the intraradical mycelium (IRM) and transmembrane
transported into the plant via the PTs, NRTs, and AMTs at the fungal–plant plasma membranes.

3. Mechanisms of P Uptake in Plants
3.1. P Uptake System in Plants: Lessons from Arabidopsis and Tomato

In the direct pathway, Pi is acquired mainly through low or high H+/Pi transporters
on the epidermis. These phosphate transporters (PHTs) are either constitutively expressed
or induced to be expressed in response to Pi deficiency. In roots, Pi is taken up through
PHTs and loaded into the xylem for translocation to the shoots [21–23].

In Arabidopsis, PHTs involved in the transfer of Pi into plant cells have been identified,
and these proteins have been classified into four families: PHT1, PHT2, PHT3, and PHT4
(Figure 2) [24]. Nine transporters of the PHT1 family have been identified in Arabidopsis:
AtPHT1.1–AtPHT1.9. The functions of AtPHT1.1, AtPHT1.4, AtPHT1.5, AtPHT1.8, and
AtPHT1.9 have been defined, and all of them are high-affinity PHTs that are localized in
the plasma membrane and induced by Pi starvation. AtPHT1.1 and AtPHT1.4 are the most
highly expressed PHTs in Arabidopsis [25]. The polypeptides encoded by AtPHT1.1 and
AtPHT1.4 showed 78% similarity to each other and showed high amino acid sequence
similarity to the high-affinity PHTs of Saccharomyces cerevisiae, Neurospora crassa, and Glomus
versiforme [26–28]. AtPHT1.8 and AtPHT1.9 are highly expressed in roots and are also
involved in Pi absorption [29]. In Arabidopsis roots and rosette leaves, Pi deficiency resulted
in increased abundance of AtPHT1.5 transcripts, which are required for proper translocation
of AtPHT1.5 Pi from roots to stems under these conditions. However, the expression of
AtPHT1.5 under Pi replete conditions is different from that under Pi-deficient conditions.
AtPHT1.5 is mainly expressed in shoots and is responsible for Pi transport to sinks and from
shoots to roots under Pi-replete conditions [30]. AtPHT2.1, the only PHT2 family member
in Arabidopsis, is a single-copy gene that shows shoot-specific expression independent of
the external Pi concentration, and the localization of the AtPHT2.1 green fluorescent protein
fusion protein indicates that it is present inside the chloroplast intima [31]. In Arabidopsis,
PHT3 is also called MPT3, which has three members: AtMPT1, AtMPT2, and AtMPT3.
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MPTs play a key role in ATP production in plant cells. AtMPT1 is strongly expressed in
the stamens of flowers; AtMPT2 is highly expressed in senescent leaves; AtMPT3-GUS
is strongly expressed in vascular tissues, and the expression of this gene has also been
detected in rosette leaves, roots, and meristems of young seedlings. The three AtMPT
genes have different expression patterns, implying that they play specific roles at different
developmental stages [32]. In Arabidopsis, the PHT4 family has six members: five of the
proteins are targeted to the plastid envelope, and the sixth resides in the Golgi apparatus,
these genes are not responsive to Pi deprivation. The PHT4 gene is expressed in both roots
and leaves, with AtPHT4.1 and AtPHT4.4 having the highest expression levels in the leaves.
With the exception of AtPHT4.2 and AtPHT4.6, the other four members of this gene family
are more abundantly expressed in leaves than in roots. Thus, the plastid-localized protein
members of this family may function in both heterotrophic plastids and photosynthesis [33].
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Figure 2. Integrative model to illustrate physiological functions of phosphate transporters in Ara-
bidopsis and tomato. Detailed illustration of phosphate uptake and translocation in Arabidopsis
and tomato.

The PHT1 family in tomato consists of seven members: SlPT1–SlPT7 (Figure 2) [34].
Transcripts of SlPT1 and SlPT7 are detected in large numbers in roots and leaves and, to a
lesser extent, in stems and flowers as well as in fruits. The relatively high transcript levels
of SlPT1 and SlPT7 in these sink tissues suggest that they may have evolved to meet the
requirements for transporting Pi from source to sink [35]. The expression of SlPT2 and
SlPT6 show relatively distinct tissue-specific profiles, with their transcripts intensively in
roots and extremely faintly in some other tissues [36]. The expression patterns of SlPT3 and
SlPT5 are relatively similar, and both genes are weakly expressed in all tissues. However,
the transcript of SlPT4 is not detectable in all tissues examined [37]. The expression of SlPT1,
SlPT2, SlPT3, SlPT5, SlPT6, and SlPT7 are significantly repressed under high-Pi-supply
conditions. The expression of these genes is significantly reduced in response to high P
availability, which may be partly due to the significant increase in P concentration in tomato
plants under these conditions [38].
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3.2. Transport of P in AM Symbiosis

The transfer of Pi from AM fungi to host plants was revealed by using isotopically
labeled substrates in a two-compartment system [39]. In AM-colonized rice, 70% of Pi
was transported via the mycorrhizal pathway [10]. In mycorrhizal plants consisting of
the rhizosphere and the hyphosphere, AM fungi take up Pi from the soil through Pi
transporters located on the plasma membrane of extraradical hyphae. The absorbed Pi
is rapidly converted to polyphosphate (poly-P) and isolated in tubular vesicles, where
the IRM long-chain polyphosphate is broken down into [10] shorter chains by a vacuolar
endopoly-phosphatase. Afterwards, polyphosphatase hydrolyzes the terminal residues
of short-chain polyphosphate and releases Pi, which can be transferred to the host plant
through the mycorrhizal interface [40–42] (Figure 1).

3.2.1. Pi Transport in AM Fungi

Pi is taken up by the mycelium of AM fungi, transferred to intraradicular fungal
structures, and released into the periarbuscular space (PAS) containing arbuscule cells,
and the transport proteins may be involved in symbiotic transport by the fungi. In par-
ticular, AM fungi have high-affinity Pi/H+ transporters, which are homologues of the
yeast PHO84 Pi transporter and belong to a family of major transporters similar to plant
Pi transporters [3,43]. Four Pi transporters of AM fungi have been identified: Rhizophagus
irregularis (GiPT), Funneliformis mosseae (GmosPT), Rhizophagus clarus (GvPT), and Gigaspora
margarita (GigmPT) (Table 1). They all share structural and sequential similarities with other
plant and fungal high-affinity PTs [28,43–45]. GvPT and GiPT transcripts were detected
mainly in extraradical mycelium, indicating their role in acquiring Pi from the soil. GiPT
expression was correlated with the external Pi concentration and over all Pi content of
mycorrhizal roots. GmosPT had high sequence similarity (73% identity and 86% similarity
with GiPT), and they were expressed in both extra- and intraradical mycelium, but not in
germinating and dormant sporocarps. The phylogenetic analysis showed that GmosPT,
GvPT, and GiPT groups have close sequences [43,44,46]. In addition, GigmPT is considered
to be the major Pi sensor in Gigaspora margarita and is involved in the acquisition of Pi from
PAS via upregulation of the phosphate signaling (PHO) pathway, as well as sensing changes
in extracellular Pi through activation of the protein kinase A (PKA) signaling cascade [47].

3.2.2. AM Symbiosis Affects Plant Pi Transport

The Pi uptake pathway of mycorrhizae may dominate Pi uptake in AM symbiosis,
which is heavily dependent on AM-induced PHT1 members [48,49]. The transcript levels
of many PHT1 transporter proteins decrease with increasing Pi levels, and the expression of
a small subgroup of PHT1 transporter proteins in AM symbiosis is actually induced in my-
corrhizal roots [3]. In AM symbiosis, two classes are known to be involved in Pi transport:
mycorrhiza-specific Pi transporters and mycorrhiza-inducible Pi transporters [50].

Mycorrhizal-specific PHT1 members have been identified in many plants, and are
expressed in response to symbiotic relationships (Table 1). Immunolocalization and expres-
sion studies on MtPT4 of Medicago truncatula showed that this transporter has a subcellular
targeting effect on plant PAM. The rice homolog of MtPT4, OsPT11, showed a similar local-
ization [51–53]. In addition, tracer studies confirmed that Pi was not delivered through the
fungus during os-pt11 symbiosis [10]. Due to gene duplication, there are two orthologues
of OsPT11 in tomato: SlPT4 and SlPT5. SlPT4 is exclusively expressed during symbiosis,
unlike OsPT11, and it is dispensable for symbiotic P uptake.

Phylogenetic tree analysis showed that SlPT4 and StPT4 clustered with mycorrhiza-
specific Pi transporter proteins from Medicago truncatula, indicating that two nonhomol-
ogous mycorrhizal response genes encoding Pi transporter proteins are coexpressed in
Solanaceae [38]. In addition, extensive sequencing of StPT4-like clones and subsequent
expression analysis in potato and tomato revealed the existence of a close homologous
sequence between StPT4 and SlPT4, named StPT5 and SlPT5, respectively, representing a
third Pi transport system in Solanaceae species, which is upregulated upon root coloniza-
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tion by AM fungi [34,37,38]. The AM-inducible Pi transporter of Lotus japonicus, LjPT3,
is expressed in arbuscule-containing cells of the inner cortex. It is especially noteworthy
that the LjPT3 gene is not orthologous to MtPT4, therefore, it is possible that other AM-
enhanced transporters may exist in Lotus japonicus [54]. In Populus trichocarpa, only PtPT10
transcripts were highly enriched in mycorrhizal roots, and promoter sequence analysis
revealed conserved motifs in PtPT10 that were similar to other AM-inducible homologues.
Mycorrhizal Pi transport in Astralagus sinicus was mediated by the specific Pi transporter
AsPT4 but not AsPT1, the loss of AsPT4 function resulted in a block in symbiotic Pi uptake.
Knockdown of AsPT1 also affected the growth of arbuscules, but did not alter Pi transfer in
AM symbiosis, indicating compensatory effects between the two transporters [50]. Reverse
genetic analysis showed that AsPT5 not only mediated Pi translocation and remodeled
root system architecture, but was also critical for Astragalus sinicus arbuscule formation
under moderately high Pi concentrations [55]. In addition, ZmPT6 is a mycorrhiza-specific
Pi transporter gene of maize, and a PT6 mutant showed reduced mycorrhiza formation
in maize roots [56]. Most interestingly, the AM-inducible transporter SbPT10 was only
detected in roots colonized by AM fungi, not in leaf or stem tissue [57]. GmPT10 and
GmPT11 obtained from Glycine max are induced upon fungal colonization; however, GmPT7
is only induced in the later stages of symbiosis [58]. In petunia, the expression of PhPT4 is
mycorrhiza-specific, and PhPT3 and PhPT5 are mycorrhiza-inducible, both of them were
expressed at low levels in nonmycorrhized roots [59]. VvPT1 and VvPT2, identified in the
grape genome, code for putative proteins with a high level of similarity with a series of
specific PHTs [60].

Mycorrhiza-inducible PHTs were strongly induced by AM symbiosis, but a small
amount was expressed in uninoculated roots (Table 1). RNA hybridization assays in tomato
using the StPT3 probe indicated that SlPT3 may be a homolog of StPT3 [34,37], and RNA
localization and reporter gene expression indicated that StPT3 is expressed in root sectors
where mycorrhizal structures are formed [61]. In solanaceous species, the AM-regulated
PHT genes SmPT3 in eggplant, CfPT3 in pepper, and NtPT3 in tobacco have also been
identified [62]. The accumulation of mycorrhizal maize ZmPT1, ZmPT3, ZmPT4, and
ZmPT5 transcripts under low-Pi conditions was positively correlated with shoot biomass,
which may be due to P accumulation [63,64]. Homologous PtPT8 is phylogenetically
related to the AM-inducible PHT1 subfamily [65]. In Brachypodium distachyon, BdPT7,
the orthologue of MtPT4, was highly induced in mycorrhizal roots, and its transcripts
accumulated not only in mycorrhizal roots but also in noncolonized roots and leaves of
Pi-starved plants. BdPT3, BdPT12, and BdPT13 are also induced during AM symbiosis,
similar to OsPT13 [62,66]. In barley seedlings, AM colonization specifically upregulated the
expression of HvPHT1;11, HvPHT1;11.2, HvPHT1;12, and HvPHT1;13.1/13.2 [67]. RT-PCR
and in situ hybridization showed that the HvPT8 and TaPht-myc transporters had increased
expression in roots colonized by AM fungi [68]. The expression of AM-inducible PHT1
genes (SbPT9, SbPT11, LuPT5, and LuPT8) in both root and leaf tissues indicates that these
transporters not only play a role in mycorrhizal Pi uptake but also in Pi mobilization in
leaves. SbPT8 also induced nonmycorrhizal roots under low-Pi conditions, suggesting a
possible change from the direct Pi uptake pathway to the mycorrhizal Pi uptake pathway
during the establishment of AM symbiosis [57]. Lotus japonicus allows mycorrhizal plants
to take up Pi from their fungal partners and regulates morphogenesis in mycorrhizal plants,
and LjPT4 may play an additional role in the root tip when AM fungi are absent [69].

Entry of Pi into plant cells via PTs through the plasma membrane requires protonation
and deprotonation of the transporter, accompanied by conformational changes [19]. In
recent years, AM-responsive HA genes have been identified in several plants and are
considered key genes for the activation and regulation of the symbiotic interface secondary
transport system (Table 1). Notably, MtHA1 from Medicago and OsHA1 from rice are the
only two known HA genes whose expression is exclusively confined to specific root cells
containing AM fungal structures [70,71]. In tobacco, two HA genes (PMA2 and PMA4)
were found to be induced in cortical cells containing arbuscules of mycorrhizal roots [72].
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A homolog of OsHA1 and MtHA1, SlHA8, was identified in tomato, and it was strongly
and specifically induced to be expressed in roots colonized by the AM fungi. The SlHA8
promoter is able to drive GUS reporter gene expression in soybean and rice mycorrhizal
roots, suggesting that AM-induced H+-ATPase gene expression is highly conserved in
different mycorrhizal plants [73,74]. AM symbiosis has received increasing attention for its
potential exploitation of the nutrients of crop plants, especially in sustainable agriculture.
The function of the arbuscular plasma membrane H+-ATPase in energizing nutrient transfer
may well be employed in crop improvement [71]. These findings offer new insights into
the regulatory mechanism of mineral nutrient uptake by host plants from AM fungi.

AM colonization is usually accompanied by reduced expression of other Pi trans-
porters, especially those involved in the direct pathway (Table 1). In rice, the expression
of each gene in relation to AM symbiosis was examined. Although the mRNA levels of
OsPT1, OsPT2, OsPT3, OsPT6, OsPT9, and OsPT10 expressed in roots declined during
symbiosis, in Ospt11 Pi transporter mutants, the expression of OsPT2 and OsPT6 genes was
not reduced, suggesting an elaborate regulation of Pi acquisition via the direct pathway
by the mycorrhizal pathway [10,19,75]. This downregulation of Pi transporters has been
observed in potato, and the abundance of the transcripts of StPT1 and StPT2 was reduced,
probably as a result of the plant fungus interaction and/or an improved Pi status of the
mycorrhizal roots [61,76]. Therefore, the root epidermis and AM fungi can balance the
uptake of Pi.

3.3. Summary and Phylogenetic Analysis of the PHTs

P is acquired by a mycorrhizal P transporter expressed in ERM and then translocated to
IRM, and then taken up by plant cells through PHT proteins. In recent years, there has been
a significant increase in our understanding of the physiology and molecular mechanisms
of PHT proteins in AM symbiosis. In this part of the review, we discuss the key regulatory
role played by PHTs in non-AM (for example, Arabidopsis and tomato) and in AM fungi
formation. Sequence comparison between characterized PHTs from the nonmycorrhizal
plants Arabidopsis and Brassica napu, the mycorrhizal plants Solanum Lycopersicum, Oryza
sativa, and Nicotiana tabacum, and other AM plant species illustrates some interesting
features of the PHT family (Figure 3). The results showed that most mycorrhiza-specific
and mycorrhiza-upregulated PHTs clustered into their respective subgroups, and these
subgroups contained two mycorrhizal nonresponsive PHTs (NtPT5 and BdPT3) and did not
contain any Arabidopsis and Brassica napus PHTs. Observations suggest that mycorrhizal
plants have PHTs that are adapted to AM symbiosis. On the other hand, the IV subfamily
mainly contains mycorrhizae-induced PHTs and four downregulated PHTs. These results
indicate that the expression of mycorrhiza-induced PHTs is often accompanied by the
downregulation of other PHTs. Interestingly, four mycorrhizae-specific PHT genes (AsPT5,
SbPT10, GmPT11, and LjPT3) do not cluster with the mycorrhizae-specific subgroup and
instead cluster with the other Pht1 members. This may be an evolutionary strategy to
ensure a balance between mycorrhizal and direct uptake of P.

We covered the transport proteins involved in Pi fluxes from plants towards fungi,
uptake from the soil, and exchange of P together; interestingly, we found P transporters to
be less studied in different species of AM fungi. On the plant side, other PHT genes have
thus far received less attention than PHT1 family genes in response to mycorrhizal plants.
We may pay attention to this research in the future. These advances in the comprehension
of PHTs will help underpin the development of crops with optimal P uptake efficiencies.
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Table 1. A list of phosphate transporters from different species of host plants and symbiotic fungi
discussed in this article.

Name Accession Number Species References

AM fungi GiPT AAK72559.1 Glomus intraradices [45]
GvPT AAC49132.1 Glomus versiforme [28]

GmosPT AAZ22389.1 Glomus mosseae [43]
GigmPT AHL29283.1 Gigaspora margarita [47]

Plant

Mycorrhiza-specific Pi
transporters

MtPT4 AAM76744 Medicago truncatula [51]
OsPT11 AAN39052 Oryza staiva [53]
SlPT4 AAV97730 Solanum lycopersicum [37]
SlPT5 AAX85194 Solanum lycopersicum [34]

PtPT10 XP_002331845 Populus trichocarpa [65]
AsPT4 AFU50503.1 Astralagus sinicus [50]
AsPT5 AFU50504.1 Astragalus sinicus [55]
SbPT10 XP_002436966 Sorghum bicolor [57]
ZmPT6 NP_001105776 Zea mays [56]
LjPT3 BAE93353.1 Lotus japonicus [54]

GmPT10 NP_001241400 Glysin max [58]GmPT11 AFL02621 Glysin max
StPT4 AAW51149

Solanmum tuberosum [38]StPT5 AY885654
PhPt4 ACB37441 [59]
VvPT1 XP_002267369.1 Vitis vinifera [60]VvPT2 XP_002267327.1

Mycorrhiza-induced Pi
transporters

StPT3 CAC87043 Solanmum tuberosum [61]
SlPT3 AAV97729 Solanum lycopersicum [34]

SmPT3 EF091668 Solanum melongena
[77]CfPT3 ABK63962.1 Capsicum frutescens

NtPT3 EF091669 Nicotiana tabacum
ZmPT9 NP_001183901

Zea mays

[63]
ZmPT1 NP_001105269

[64]ZmPT3 AAY42387
ZmPT4 AAY42388
ZmPT5 AAY42389
GmPT7 ACP19341 Glysin max [58]
PtPT8 XP_002329198 Populus trichocarpa [65]
BdPT7 XP_010229243

Brachypodium distachyon [66]BdPT12 XP_003581013
BdPT13 XP_003581014
BdPT3 XP 003557302.1
OsPT13 AAN39054 Oryza satival [62]
LjPT4 BAG71408 Lotus japonicus [69]

HvPHT1;11 XP_044983919

Hordeum vulgare subsp. vulgare [67]HvPHT1;12 XP_044953977
HvPHT1;13.1 XP_044969167
HvPHT1;13.2 XP_044969168

HvPT8 AY187023 [68]
TaPht-myc AJ830009 Triticum aestivum [68]

SbPT9 EES10479
Sorghum bicolor [78]SbPT8 XP_002464558

SbPT11 XP_002458253
AsPT1 AFU50500.1 Astralagus sinicus [50]
LuPT5 Lus10014754

Linum usitatissimum [78]LuPT8 Lus10012860
PhPT3 ACB37440 Petunia hybrida [59]PhPT5 ACB37442

H+-ATPase

OsHA1 BAS81814 Oryza staiva [71]
MtHA1 CAB85494 Medicago truncatula [70]
SlHA8 Solyc08g078200.2.1 Solanum lycopersicum [73]
PMA2 4DX0_A

Nicotiana tabacum [72]PMA4 3M51_A

Downregulated Pi
transporters

OsPT1 XP_015631295

Oryza satival [75]

OsPT2 XP_015630484
OsPT3 XP_015614123
OsPT6 XP_015649112
OsPT9 AAN39050

OsPT10 AAN39051
StPT1 NP_001275200

Solanum tuberosum [61]StPT2 CAA67396
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Figure 3. Unrooted dendrogram of plant and fungal Pi transporters. The unrooted phylogenetic
tree of the plant phosphate transporters homologs was constructed using their protein sequences
by the neighbor joining algorithm within the MEGA7 program with bootstrapping value (range 0
to 100). For tree construction, we used nonmycorrhizal plant Arabidopsis thaliana and Brassica napus
phosphate transporters; mycorrhizal plants Solanum Lycopersicum, Oryza sativa, and Nicotiana tabacum
phosphate transporters, and other mycorrhiza-specific, mycorrhizal-induced, and downregulated Pi
transporters (Table 1). Mycorrhizal-induced (blue) and downregulated Pi transporters (green) are
highlighted in different color.

4. Mechanisms of N Uptake in Plants
4.1. N Uptake System in Plants: Lessons from Arabidopsis and Tomato

Nitrate and ammonium are the main forms of N in soils [79]. To obtain N from
soil, plants have evolved several N-absorbing systems. Understanding the molecular
mechanisms of how plants absorb and assimilate N is a critical step to improve plant N
use efficiency. To date, five transporter families are known to be involved in N uptake,
distribution, or storage: ammonium transporters (AMT), nitrate transporter 1, peptide
transporter family (NPF(NRT1/PTR)), nitrate transporter 2 (NRT2), slow anion channel-
associated homologues (SLAC/SLAH), and chloride channel family (CLC). In this section,
the current studies of N transporters in Arabidopsis and tomato are reviewed (Figure 4).
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AtNPF6.3 (CHL1/AtNRT1.1) is the first identified nitrate transporter, functioning in
nitrate uptake in roots and nitrate translocation from roots to shoots [80,81]. AtNPF2.7
(NAXT1) mainly expresses the cortex of mature roots and is implicated in root nitrate up-
take [82]. AtNPF4.6 (NRT1.2/AIT1) encodes a constitutive component of the low-affinity ni-
trate uptake transporter [83]. AtNPF3.1 (AtNirt) encodes a pathogen-induced NO3

−/NO2
−

transporter [84]. AtNPF7.3 (NRT1.5) is a low-affinity, pH-dependent bidirectional nitrate
transporter, located in the plasma membrane and expressed in the periplasmic cells of the
root whole near the xylem, responsible for xylem nitrate loading [85]. AtNPF7.2 (NRT1.8) is
expressed predominantly in xylem parenchyma cells and plays an important role in plant
removal of nitrate from xylem vessels [86]. AtNPF2.9 (NRT1.9) may facilitate loading of
nitrate into the root phloem and enhance downwards transport of nitrate in roots [87]. At-
NPF2.10 and AtNPF2.11 are expressed in leaves and silique walls, and regulate the loading
of glucosinolates from the apoplasm into the phloem [88]. AtNPF2.3 is a constitutively
expressed transporter whose contribution to NO3

− translocation to the shoot is quantita-
tively and physiologically significant under salinity [89]. AtNPF6.2 (AtNRT1.4) regulates
nitrate homeostasis in leaves, whose deficiency can alter leaf development [90]. AtNPF2.13
(NRT1.7) is expressed in leaf veinlet siliques and is responsible for silique loading of nitrate
in the source leaf to allow nitrate translocation from older to younger leaves [91]. The low-
affinity nitrate transporter AtNPF2.12 (NRT1.6) is only expressed in reproductive tissue and
is involved in delivering nitrate from maternal tissue to the developing embryo [92]. An-
other transporter expressed in seeds, AtNPF5.5, also affects N accumulation in embryos [93].
AtNPF1.1 (NRT1.12) and AtNPF1.2 (NRT1.11) are low-affinity nitrate transporters that are
also involved in transferring nitrate from xylem to phloem [94]. AtNPF4.1 and AtNPF4.3
can transport abscisic acid [95]. AtNPF5.2 protects the plant against biotic and abiotic
stresses and transports dipeptides and tripeptides [96]. AtNPF6.4 is induced by NO3

− in
the leaves, but its expression is inhibited in the roots. AtNPF8.1, AtNPF8.2, and AtNPF8.3
are localized at the plasma membrane, and facilitate the transport of dipeptides with high
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affinity [95,97]. SlNRT1.1 and SlNRT1.2 are the first N transporters identified in tomato
that mediate nitrate uptake in roots [98]; they were also found to be low-affinity nitrate
transporters, and their expression was root-cell-specific and regulated by N availability.
SlNRT1.1 can improve nitrate uptake in grafted tomato plants under high N demand [99].

In contrast to the transporters of the NRT1 family, the NRT2 family mainly regulates
the high-affinity transport system (Figure 4). With the exception of AtNRT2.7, all remaining
NRT2 transporters interacted strongly with AtNAR2.1 [100]. Disruption of AtNRT2.1 and
AtNRT2.2 reduces the inducible high-affinity transport system by up to 80%, and the
constitutive high-affinity transport system is reduced by 30% [101]. The expression of
AtNRT2.4 is induced under N starvation, and it is mainly expressed in the epidermis of
lateral roots and the phloem of shoots [102]. AtNRT2.5 is a plasma membrane-localized
high-affinity nitrate transporter protein that plays an important role in adult plants under
severe N starvation [103]. AtNRT2.6 is involved in rhizobacterium-stimulated lateral root
growth. SlNRT2.1 and SlNRT2.2 are highly similar in coding regions, the expression of
SlNRT2.1 and SlNRT2.2 are restricted to roots, and the highest expression level of SlNRT2.1
occurs in the anthesis stage [104]. SlNRT2.3 formation was positively controlled by nitrate
and negatively by ammonium, but not by glutamine, and it is expressed in tomato roots
colonized by AM fungus [105]. The SlNRT2.4 gene was expressed in several tissues and
organs with the lowest expression level. For subcellular localization, all NRT2 proteins
were predicted to be in the plasma membrane [106].

In addition to the NRT1 and NRT2 families, some members of the CLC family also
have nitrate transport capacity. In Arabidopsis, CLCa and CLCb act as proton–nitrate
exchanges and are more selective for nitrate than for chloride [107].

Previous studies on phylogenetic analyses of the AMT gene family revealed two dis-
tinct subfamilies (Figure 4): the AMT1 subfamily (AMT1 cluster) and the AMT2 subfamily
(AMT2/3/4 cluster) [108]. The AMT1 cluster gene encodes a protein with high affinity
for NH4

+ transport. Transcriptome and RNA gel blot analyses showed that four of the six
AMT homologues in Arabidopsis are expressed in roots and upregulated under N-deficient
conditions [109]. AtAMT1.1 is a root NH4

+ transporter that confers approximately one-third
of the overall high-affinity transport capacity of N-deficient Arabidopsis [110]. Similar to
AtAMT1.1, AtAMT1.3 also accounted for approximately 30% of the overall ammonium up-
take capacity in N-deficient Arabidopsis roots. Root ammonium influx in N-deficient plants
was 60–70% lower in the atamt1.1 and atamt1.3 double mutants, indicating that AtAMT1.1
and AtAMT1.3 are functionally additive under N-deficient conditions [111]. However,
AtAMT1.4 is specifically expressed in pollen, which contributes to N nutrients in pollen via
NH4

+ uptake or retrieval [108]. AtAMT1.5 accounts for the remaining ammonium uptake
capacity [109]. AtAMT2 may play a role in the transport of NH4

+ from the apoplast to
the symplast [112]. SlAMT1.1 was the first ammonium transporter identified in tomato to
function not only in ammonium uptake but also in ammonium translocation from roots
to shoots; it was also found to be strongly induced under low N, and downregulated by
drought and salt stress [98,113,114]. SlAMT1.2 was strongly induced by NH4

+ and NO3
−,

increased in leaves at the onset of light, and decreased when CO was elevated. In contrast to
other AMT transporters, SlAMT1.3 is exclusively detected in the leaves and is lower in the
light period, higher in the dark, and decreased with elevated CO [113]. Ruzicka et al. [115]
identified two novel tomato ammonium transporter genes, SlAMT4 and SlAMT5. Quan-
titative real-time PCR (qPCR) analysis revealed that they were exclusively expressed in
mycorrhizal roots, although they were not significantly regulated by NH4

+ treatments.

4.2. N Assimilation in Arabidopsis and Tomato

For many plants, roots take up nitrate and assimilate it, where it is first reduced to
nitrate-by-nitrate reductase in the cytoplasm and then further to ammonium by nitrate
reductase in the plastids and synthetase (GS) in the plastids and cytoplasm, and then
transported to the shoot. The ammonium derived from nitrate or directly ammonium
uptake by ammonium transporters (AMTs) is further assimilated into amino acids via the
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GS/glutamine-2-oxoglutarate aminotransferase (GOGAT) cycle [116]. Plant GS occurs in
most species as a single isoform in plastids (GS2) and as three to five isoforms localized
in the cytosol (GS1). Cytosolic GS1 is important for primary NH4

+ assimilation in roots
and for reassimilation of NH4

+ generated during protein turnover in leaves, whereas the
dominating role of GS2 is in reassimilation of photorespiratory NH4

+ in chloroplasts and
assimilation of NH4

+ derived from NO3
− reduction in plastids [117,118]. Fd-GOGAT and

NADH-GOGAT are two kinds of GOGAT species from higher plants, while Fd-GOGAT
is derived from photorespiration and mainly assimilates ammonium in leaves. NADH-
GOGAT is highly expressed in roots [119]. In Arabidopsis, GLN1;1, GLN1;2, and GLN1;4
are induced during leaf senescence, and GLN1;1 is located in the root surface, root tips, and
root hairs. GLN1;2 and GLN1;3 are localized in the vasculature, and GLN1;2 is the only one
that is significantly upregulated by ammonium. GLN1;3 is expressed in the root mature
zone. GLN1;4 is expressed within the basal region of lateral root emergence. In Arabidopsis,
two Fd-GOGATs have been identified: GLU1 and GLU2. GLU1 is expressed abundantly
in the leaves, while GLU2 is mainly expressed in the roots [79]. In tomato, Liu et al. [120]
identified six GS genes (SlGSI, SlGS2, and SlGS1.1–1.4) and two GOGAT genes (SlNADH-
GOGAT and SlFd-GOGAT). These genes underwent species-specific evolution, and may
have specific biological functions in vivo. SlGS1.1, SlGS1.2, SlGS1.3, and SlNADH-GOGAT
may cooperatively play significant roles in primary N assimilation in roots.

Three enzymes also probably participate in ammonium assimilation, except for the
GS/GOGAT cycle. Cytosolic asparagine synthetase (AS) catalyzes the ATP-dependent
transfer of the amido group of glutamines to a molecule of aspartate to generate glutamate
and asparagine [121] (Figure 5).
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Figure 5. The diagram depicts the main events in the nitrate assimilation lessons from Arabidopsis
and tomato.

4.3. Transport of N in AM Symbiosis

For N, the supply rate of N depends on the mineralization of organic N into inorganic
N (NH4

+ or NO3
−) by microorganisms [122]. Determination of the 15NO3

− and 15NH4
+

uptake rates indicated that AM fungi contributed more than the N uptake of the plants
alone [123]. AM fungi maintains an extraradical mycelium that can extend several centime-
ters from the root. The IRM within the root are connected to the ERM and form a single
continuum [124]. Many studies have reported that ERM can take up 42% of N via the
mycorrhizal uptake pathway to plants [125,126]. Seventy five percent of the of N found in
Zea maize leaves was taken up via the ERM of Glomus aggregatum [127]. According to current
knowledge, AM fungi take up of N in the ERM is assimilated through the GS/GOGAT
cycle, preferentially in the form of ammonium, and metabolizes it to arginine, which is
the main form in which N is transported from the ERM to the intraradical mycelium
(IRM) and broken down into urea and ornithine in the IRM. Ammonium, the product of
urea hydrolyzation, is subsequently released to the symbiotic interface and taken up by
plants [128–130].
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4.3.1. N transport System in AM Fungi

AM fungi prefer the direct uptake of NH4
+ owing to the extra energy needed for

the reduction of NO3
−, which is required for nitrogen to incorporate into organic com-

pounds [12]. Here, we report three fungal AMT genes that are attained for NH4
+ uptake by

AM fungi (Figure 1). The first AMT of AM fungi, GintAMT1, characterized from R. irreg-
ularis, expressed in the ERM, encodes a high-affinity NH4

+ transporter [131]. Functional
complementation in an AMT-defective yeast mutant showed that GintAMT2 encodes a func-
tional NH4

+ transporter, and plasma membrane localization was revealed by polyclonal
antibodies against GintAMT2. GintAMT1 and GintAMT2 are both expressed in ERM and
IRM, which participate in NH4

+ uptake in soil solutions and may be involved in the recov-
ery of NH4

+ leaked during fungal metabolism at the symbiotic interface [129]. GintAMT3
localizes to the fungal membrane and encodes a functional low-affinity transporter [125].

Nitrate uptake by the ERM of R. irregularis is probably coupled to a H+-symport
mechanism [132]. Nitrate transporters have been shown to play vital roles in NO3

−

transport to the ERM. GiNT, identified from R. irregularis, was shown to be expressed in all
AM fungi tissues (spores, arbuscules, ERM, and IRM) and could play an important role
in establishing competition for NO3

− between the plant and AM fungi at the symbiotic
interface by regulating bidirectional fluxes (Figure 1) [128,133].

AM fungi can also enhance the decomposition of N capture from complex organic
material in soil, and hyphal growth of the fungal partner was increased in the presence of
the organic material, independent of the host plant [134]. Amino acid transport systems
have been studied extensively in higher plants, yeast, and filamentous fungi. Based on
bioinformatics tools, polymerase chain reaction and heterologous expression systems have
been used to characterize the Funneliformis mosseae amino acid permease (GmosAAP1) se-
quence. GmosAAP1 was expressed in ERM but not in IRM structures of plants treated with
millimolar nitrate concentrations [135]. Genome-wide transcriptomic data obtained from
R. irregularis were exploited, and RiPTR2 showed amino acid sequence and transmembrane
domain profiles similar to those of members of the PTR2 family of fungal oligopeptide
transporters. The RiPTR2 sequence was able to complement the growth defects of yeast mu-
tants defective in the two well-studied dipeptide transporters. At least in the heterologous
system, RiPTR2 was able to transport Ala-Leu, Ala-Tyr, Tyr-Ala, and other dipeptides [136].

4.3.2. N Transport Systems on the Plant Side

Plant transporters located in PAM are responsible for the capture of nutrients from the
periarbuscular apoplast and their delivery into the cytoplasm of cortical cells [12] (Table 2).
LjAMT2.2 is the first plant AMT gene characterized to be involved in N uptake during
AM symbiosis, and has been shown to be the highest upregulated gene in a transcriptomic
analysis of Lotus japonicus roots upon colonization with Gigaspora margarita [137]. In tomato,
the mycorrhizal specific transporter SlAMT4 was 68% identical to LjAMT2.2 [137], and
SlAMT5 shares 64.4% amino acid identity with SlAMT4 [115]; RT-PCR indicated that five
soybean genes (GmAMT1.4, GmAMT3.1, GmAMT4.1, GmAMT4.3, and GmAMT4.4) were
upregulated in root colonization with AM, and promoter reporter analysis indicated that
the most abundantly transcribed gene, GmAMT4.1, showed specific expression in arbuscule
cortical cells [138]. In poplar, PtAMT1.1 and PtAMT1.2 were mycorrhiza-inducible in AM
roots [139]. In Sorghum, the relative gene expression of SbAMT3;1 and SbAMT4 were
significantly (70 and 20 times, respectively) higher in roots colonized by AM fungi than in
nonmycorrhized roots, and SbAMT3;1 and SbAMT4 genes are expressed in root cortical cells,
which makes them ready to accommodate arbuscules [140]. In M. truncatula, MtAMT2;3,
MtAMT2;4, and MtAMT2;5 transcripts increase significantly during AM symbiosis [141].

Aquaporin-mediated membrane transport of ammonia has already been well ana-
lyzed, and aquaporins could be a component of the low-affinity ammonia transport system.
An AM-specific Nod 26-like intrinsic protein, MtNIP1 (Table 2), showed strong induction
expression during mycorrhization and possibly facilitated the cellular uptake of ammo-
nia [142]. Laser microdissection revealed that the second NIP gene was expressed in the
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surrounding hyphae-containing cortical cells as well, and the two NIPs might be involved
in the uptake of N into host cells [143].

AM fungi can influence NO3
− uptake of plants by regulating the transcript levels of

NRTs (Table 2). AM-induced NO3
− transporters have been identified in a variety of plant

species, including Medicago truncatula [6], Lotus japonicus [137], and grapevine [144]. When
the roots were colonized by AM fungi, the expression of SlNRT2.3 extended to the inner
cortical cells and the transcript levels of SlNRT2.3 in AM-colonized roots were higher than
in noncolonized controls, which may mediate the positive effects of AM fungi on NO3

−

uptake from soil and NO3
− distribution to the host [105]. Drechsler et al. [145] investigated

the transcriptional regulation of 82 rice NPF genes in response to colonization by the AM
fungi R. irregularis in roots of plants grown under five different nutrition regimes, and the
expression of the NPF6.4, NPF2.2, and NPF1.3 genes was strongly induced in mycorrhizal
roots and depended on the composition of the fertilizer solution. Wang et al. [11] proposed
that OsNPF4.5 is a low-affinity NO3

− transporter, and mycorrhizal colonization strongly
induced the expression of OsNPF4.5 in rice roots, which is exclusively expressed in the
cells containing arbuscules. The orthologues of NPF4.5 in maize (ZmNPF4.5) and sorghum
(SbNPF4.5) were also found to be strongly upregulated in AM fungal-colonized roots [2].
However, the roles of these AM-induced NRTs in symbiotic NO3

− transfer are still far from
well understood due to the lack of precise identification of their subcellular localization
and transport activities.

Table 2. A list of nitrogen transporters from different species of host plants and symbiotic fungi
discussed in this article.

Nutrients Accession Number Name Species References

Nitrogen
AM fungi

Ammonium CAI54276 GintAMT1

Rhizophagus irregularis

[131]
CAX32490 GintAMT2 [129]
ANI87614 GintAMT3 [125]

Nitrate XP_658612.1 GiNT [128]

Organic nitrogen AAX81451 GmosAAP1 Funneliformis mosseae [135]
XP_025186378 RiPTR2 Rhizophagus irregularis [136]

Plant
Ammonium XP_025979915 GmAMT1.4

Glysin max [138]
XP_003524319 GmAMT3.1
XP_003533686 GmAMT4.1
XP_003553758 GmAMT4.3
XP_014626736 GmAMT4.4

ACQ91094 LjAMT2.2 Lotus japonicus [137]
XP_002311703 PtAMT1.1 Populus trichocarpa [139]XP_024439713 PtAMT1.2
XP_002456706 SbAMT3.1 Sorghum bicolor [140]XP_021307349 SbAMT4

XM_019215621.2 SlAMT4 Solanum lycopersicum [115]XM004245353.2 SlAMT5
XP_003629223 MtAMT2.3

Medicago truncatula [141]G7L1W7 MtAMT2.4
A0A072VHJ1 MtAMT2.5

AAL32128 MtNIP1 [142]
Nitrate

NP_001234127 SlNRT2.3 Solanum lycopersicum [105]
XP_015621687 OsNPF4.5 Oryza sativa

[11]XP_020406064.1 ZmNPF4.5 Zea mays
XP_021311980.1 SbNPF4.5 Sorghum bicolor
XP_015620477.1 OsNPF2.2

Oryza sativa
[145]

XP_015636060.1 OsNPF1.3
XP_015632236.1 OsNPF6.4

Organic nitrogen AAB69642 LjPTR Lotus japonicus [146]
AEE98384 LjLHT1.2 Lotus japonicus [147]

Members of the plant NPF can transport not only NO3
− but also oligopeptides across

the plasma membrane [95]. Guether et al. [146] demonstrated that peptide transporter
(LjPTR) transcripts were found exclusively in arbuscule cells of Lotus, which suggested
that the corresponding transporter may be involved in N transfer from fungus to plant
before or after arbuscule disintegration. AM fungi can also take up substantial amounts of
amino acids, such as glycine, glutamic acid, glutamine, and aspartic acid. The LjLHT1.2
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gene, encoding an LHT1-type amino acid transporter, was also consistently expressed in
cortical cells of AM roots, where transcripts were localized mainly in arbuscular cells but
also in the noncolonized cells of the root cortex [147–149].

4.4. Summary and Phylogenetic Analysis of N Transporters

This coordinated and specific expression of ammonium and nitrate transporters in
mycorrhizae-colonized cortical cells suggests the crucial importance of fungal N transfer
in plants. Although less studied, N is also a nutritional determinant of the interaction. In
this part of the review, we focus on the roles of N transporters in AM fungi and on the
plant side of mycorrhizal N transporter response. We also summarize the recent advances
in N uptake, assimilation and translocation in AM symbiosis, and sequence comparison
between N members from the nonmycorrhizal plants Arabidopsis and Brassica napus, the
mycorrhizal plants Solanum Lycopersicum, Oryza sativa, and Nicotiana tabacum, and other
AM plant species (Figure 6). In subgroups III, all NH4

+ transporters were induced by
AM except AtAMT2. Arabidopsis cannot be colonized by AM fungi, indicating that the
function of AMT genes in one clade is conserved. OsNPF4.5, SbNPF4.5, and ZmNPF4.5
were also found to cluster together, and they were strongly upregulated in roots colonized
by AM fungi, suggesting that the symbiotic NO3

− uptake route might be conserved in
different plant species (Figure 6). Nevertheless, this subfamily also has many other plant
nitrate transporters that might be an evolutionary strategy to ensure a balance between
mycorrhizal N uptake and symbiotic N fixation. Such inferences deserve further attention.
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We cover the transport proteins involved in N fluxes from plants towards fungi, to
the uptake from the soil and exchange of N. Interestingly, similar to P transporters, N
transporters are less studied in different species of AM fungi. On the other hand, on the
plant side, N transporter genes have thus far received less attention than P transporter
genes in response to mycorrhizal plants. We may pay attention to N research in the future.

5. Regulation of Nutrient Exchange by P and N in AM Symbiosis

The availability of soil-derived nutrients has long been recognized as one of the
important environmental factors controlling mycorrhizal phenotypes [150]. P and N
are two major nutrient elements needed by plants. AM fungi help host plants absorb
more Pi and N from the soil; in turn, Pi and N regulate AM symbiosis. Maintaining
proper Pi homeostasis is important for plant growth and development, as either too-low
or too-high Pi concentrations in plant cells can harm plants during symbiosis, and plants
must integrate Pi status with fungal colonization and arbuscule development to maintain
beneficial interactions [151]. Balzergue et al. [152] and Adeyemi et al. [153] reported
that high levels of P fertilizer suppress mycorrhizal root colonization, which could be
explained by the disruption of the symbiotic interaction of AM fungi by high P availability
in soil. P could also inhibit AM fungi root colonization by suppressing the expression
of plant symbiotic genes, especially genes encoding carotenoid and lactone biosynthesis
enzymes. High levels of Pi directly inhibit spore germination by reducing the biosynthesis
of strigolactone and symbiotically associated Pi transporters [153]. Plants constantly sense
and signal Pi status in response to the environment. Pi starvation response 1 (PHR1)
in Arabidopsis and its orthologues in other species play key roles in these processes by
regulating Pi signaling and Pi homeostasis, and activate the expression of a broad range of Pi
starvation-induced (PSI) genes by binding to the P1BS element in Pi-deficient conditions to
improve plant Pi acquisition [154]. SPX proteins (named after the Saccharomyces cerevisiae
SYG1 and Pho81 proteins and the mammalian Xpr1) have emerged as key sensors and
signaling regulators of cellular Pi status in plants, and SPX proteins bind the affinity of PHRs
to P1BS elements through protein–protein interactions in Pi-sufficient conditions, securing
plant P homeostasis [20,151]. Recent mining of the published genomic and transcriptomic
data from AM fungi detected the presence of genes encoding proteins containing the SPX
domain [155]. Wang et al. [151] demonstrated that Medicago proteins SPX1 and SPX3
regulate Pi homeostasis and root colonization. Both AM symbiosis and light exposure
increase nutrient uptake and utilization in plants, especially P. On the other hand, P content
and the transcripts of AM-specific PTs were increased by R light under AM conditions.
Light acts as a signal moving from shoots to roots in a phyB-HY5-dependent manner to
regulate SL synthesis in roots. In particular, R light promotes P uptake of AM plants via
both CCD7-dependent and CCD7-independent pathways [7].

It is commonly accepted that P appears to be a major regulator of AM symbiosis
establishment and efficiency. In contrast, the inhibitory effect of plant N status seems to be
more controversial; some studies have shown that low N stimulates mycorrhiza formation,
while other studies obtained different results [156,157]. An increasing number of results
suggests that N appears to be another regulator for the maintenance of the mutualistic
functioning of AM symbiosis. Nouri et al. [158] reported that starvation for nitrate reversed
the inhibitory effect of Pi on AM, suggesting that nutrient starvation triggers a major
AM-promoting signal to counteract the effect of high Pi. Wang et al. [11] observed that,
compared with 0.25 mM NO3

− conditions, rice and sorghum supplied with either 2.5 mM
or 5.0 mM NO3

− results in increased AM colonization. Pan et al. [159], via gradients of
long-term N addition in a Mongolian steppe, showed that low to moderate N, and N:P ratio
increases were able to increase AM fungi parameters. Furthermore, Nanjareddy et al. [160]
showed that NO3

− can tremendously modify mycorrhizal morphology and behavior along
with plant morphology.

Recent evidence has directly demonstrated that a complex interplay occurs between
N and P homeostasis [155]. P and N deficiencies had cumulative effects on AM formation;
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LPN (combined low P and low N) increased AM levels and significantly induced the myc-
orrhizal marker genes MtPT4 and MtBCP1 in Medicago truncatula. Split-root experiments
further showed that AM formation in LPN plants is systematically controlled not only by
P but also by N, which supports the interaction between P and N in AM symbiosis [156].
Meanwhile, downregulating PTs in Medicago truncatula inhibits arbuscule development,
which appears to be countered by low-N conditions. This response to low N seems to
involve AMT2;3, and the simultaneous mutation of this AMT and PT restores the inhibition
of AM fungi colonization. This indicates that AMT-mediated N transfer to the symbiotic
interface also serves as a signal to regulate mycorrhizal colonization, in some cases going
beyond the function of PT [141,161,162].

6. Concluding Remarks and Future Perspectives

To cope with nutrient deficiency, plants have evolved several promising strategies,
and AM symbiosis is one of them. To date, an increasing number of plant and fungal
genes have been identified and functionally characterized that are responsible for the
transport of nutrients from the soil or across the intraradical symbiotic interfaces. This
review highlights some key examples to show the integrated roles of nutrient transfers
in AM symbiosis. Transporters belonging to the plant or AM fungi can synergistically
handle the transmembrane transport of soil nutrients to the symbiotic interface for further
plant acquisition. These transporters can also promote or inhibit the colonization of AM
symbiosis based on the nutrient status of plants and soil. Sequence comparison between
characterized P and N transporters from the nonmycorrhizal plant Arabidopsis and Brassica
napus, Solanum lycopersicum, Oryza sativa, Nicotiana tabacum, and other AM plant species
illustrates that plant species capable of forming mycorrhizas possess specialized types
of nutrient transporters adapted to AM symbiosis. On the other hand, in contrast to the
repressed expression of the Pi transporter protein gene responsible for the direct uptake
pathway, AM symbiosis tends to upregulate NO3

− transporter genes, and this difference
may be partly attributed to the fact that plants require more N than P.

Although much progress has been made to elucidate the complex mechanism for
the integrated roles of nutrient transfers in AM symbiosis, many questions still remain to
be answered.

(1). P and N transporters are less studied in different species of AM fungi. Some mycorrhizal-
specific nutrient transporter genes do not cluster with mycorrhizal-specific subgroups. It
is tempting to speculate that this might be an evolutionary strategy that guarantees the
balance between mycorrhizal uptake and direct uptake, and such an inference deserves
further attention.

(2). The involvement of AM fungi in plant N uptake is not as clearly defined as that of
P. A better understanding of the mechanism and regulation of N uptake assimila-
tion, translocation, and transfer to the host is important for potential applications of
AM fungi.

(3). Coordinated utilization of P and N is crucial for plants to maintain nutrient balance
and achieve optimal growth. It has been proposed that the relative availability of soil
P and N determines whether mycorrhizal benefits outweigh their costs. Increasing
evidence suggests that P and N uptake and transport control mycorrhizal functioning.
More studies are necessary to understand the role of mycorrhizal uptake pathways in
P and N uptake.

(4). Many studies regarding transporters have been conducted on model plants, and the
results have been useful in elucidating key aspects, as a next step into bringing science
and agriculture. However, the symbiotic status of cultivated plants with AM fungi
has not been insufficiently studied.

(5). In recent years, benefitting from the rapid progress in “omics” studies for both sym-
biotic partners, great progress has been made in our understanding of the P and N
uptake mechanisms in AM symbiosis. Future research should address the analysis of
transcriptomic and metabolomic networks at both the soil–fungi interface and fungi–
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plant interface to open up new perspectives in depicting a bigger picture regarding
symbiosis-mediated nutrient signaling regulatory networks.

Author Contributions: W.R. writing-original draft preparation; Z.M. writing—review and editing
and Z.L. supervision. All authors have read and agreed to the published version of the manuscript.

Funding: Beijing Innovation Consortium of Agriculture Research System (project number: BAIC01-2022).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We are grateful for the financial support provided under Beijing Innovation
Consortium of Agriculture Research System (project number: BAIC01-2022). We also appreciate
the reviewers’ recommendations and inputs, and thanks the Beijing Key Laboratory of Growth and
Developmental Regulation for Protected Vegetable Crops for their support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wipf, D.; Krajinski, F.; van Tuinen, D.; Recorbet, G.; Courty, P.E. Trading on the arbuscular mycorrhiza market: From arbuscules

to common mycorrhizal networks. New Phytol. 2019, 223, 1127–1142. [CrossRef] [PubMed]
2. Xie, K.; Ren, Y.; Chen, A.; Yang, C.; Zheng, Q.; Chen, J.; Wang, D.; Li, Y.; Hu, S.; Xu, G. Plant nitrogen nutrition: The roles of

arbuscular mycorrhizal fungi. J. Plant Physiol. 2021, 269, 153591. [CrossRef] [PubMed]
3. Javot, H.; Pumplin, N.; Harrison, M.J. Phosphate in the arbuscular mycorrhizal symbiosis: Transport properties and regulatory

roles. Plant Cell Environ. 2007, 30, 310–322. [CrossRef] [PubMed]
4. Rashid, M.I.; Mujawar, L.H.; Shahzad, T.; Almeelbi, T.; Ismail, I.M.I.; Oves, M. Bacteria and fungi can contribute to nutrients

bioavailability and aggregate formation in degraded soils. Microbiol. Res. 2016, 183, 26–41. [CrossRef]
5. Buscot, F. Implication of evolution and diversity in arbuscular and ectomycorrhizal symbioses. J. Plant Physiol. 2015, 172, 55–61.

[CrossRef]
6. Behie, S.W.; Bidochka, M.J. Nutrient transfer in plant-fungal symbioses. Trends Plant Sci. 2014, 19, 734–740. [CrossRef]
7. Ge, S.B.; He, L.Q.; Jin, L.J.; Xia, X.J.; Li, L.; Ahammed, G.J.; Qi, Z.Y.; Yu, J.Q.; Zhou, Y.H. Light-dependent activation of HY5

promotes mycorrhizal symbiosis in tomato by systemically regulating strigolactone biosynthesis. New Phytol. 2021, 233, 1900–1914.
[CrossRef]

8. Jiang, Y.N.; Wang, W.X.; Xie, Q.J.; Liu, N.; Liu, L.X.; Wang, D.P.; Zhang, X.W.; Yang, C.; Chen, X.Y.; Tang, D.Z.; et al. Plants transfer
lipids to sustain colonization by mutualistic mycorrhizal and parasitic fungi. Science 2017, 356, 1172–1175. [CrossRef]

9. Kameoka, H.; Maeda, T.; Okuma, N.; Kawaguchi, M. Structure-Specific Regulation of Nutrient Transport and Metabolism in
Arbuscular Mycorrhizal Fungi. Plant Cell Physiol. 2019, 60, 2272–2281. [CrossRef]

10. Yang, S.Y.; Gronlund, M.; Jakobsen, I.; Grotemeyer, M.S.; Rentsch, D.; Miyao, A.; Hirochika, H.; Kumar, C.S.; Sundaresan, V.;
Salamin, N.; et al. Nonredundant Regulation of Rice Arbuscular Mycorrhizal Symbiosis by Two Members of the PHOSPHATE
TRANSPORTER1 Gene Family. Plant Cell 2012, 24, 4236–4251. [CrossRef]

11. Wang, S.S.; Chen, A.Q.; Xie, K.; Yang, X.F.; Luo, Z.Z.; Chen, J.D.; Zeng, D.C.; Ren, Y.H.; Yang, C.F.; Wang, L.X.; et al. Functional
analysis of the OsNPF4.5 nitrate transporter reveals a conserved mycorrhizal pathway of nitrogen in. Proc. Natl. Acad. Sci. USA
2020, 117, 16649–16659. [CrossRef] [PubMed]

12. Chen, A.Q.; Gu, M.; Wang, S.S.; Chen, J.D.; Xu, G.H. Transport properties and regulatory roles of nitrogen in arbuscular
mycorrhizal symbiosis. Semin. Cell Dev. Biol. 2018, 74, 80–88. [CrossRef] [PubMed]

13. Varma, A. ARBUSCULAR MYCORRHIZAL FUNGI—THE STATE-OF-ART. Crit. Rev. Biotechnol. 1995, 15, 179–199. [CrossRef]
14. Gaude, N.; Bortfeld, S.; Duensing, N.; Lohse, M.; Krajinski, F. Arbuscule-containing and non-colonized cortical cells of mycorrhizal

roots undergo extensive and specific reprogramming during arbuscular mycorrhizal development. Plant J. 2012, 69, 510–528.
[CrossRef] [PubMed]

15. Besserer, A.; Puech-Pages, V.; Kiefer, P.; Gomez-Roldan, V.; Jauneau, A.; Roy, S.; Portais, J.C.; Roux, C.; Becard, G.; Sejalon-Delmas,
N. Strigolactones stimulate arbuscular mycorrhizal fungi by activating mitochondria. PLoS Biol. 2006, 4, 1239–1247. [CrossRef]

16. Mashiguchi, K.; Seto, Y.; Yamaguchi, S. Strigolactone biosynthesis, transport and perception. Plant J. 2021, 105, 335–350. [CrossRef]
17. Chen, X.; Chen, J.D.; Liao, D.H.; Ye, H.H.; Li, C.; Luo, Z.Z.; Yan, A.N.; Zhao, Q.C.; Xie, K.; Li, Y.T.; et al. Auxin-mediated regulation

of arbuscular mycorrhizal symbiosis: A role of SlGH3.4 in tomato. Plant Cell Environ. 2021, 45, 955–968. [CrossRef]
18. Smith, S.E.; Smith, F.A.; Jakobsen, I. Mycorrhizal fungi can dominate phosphate supply to plants irrespective of growth responses.

Plant Physiol. 2003, 133, 16–20. [CrossRef]
19. Wang, W.X.; Shi, J.C.; Xie, Q.J.; Jiang, Y.N.; Yu, N.; Wang, E.T. Nutrient Exchange and Regulation in Arbuscular Mycorrhizal

Symbiosis. Mol. Plant 2017, 10, 1147–1158. [CrossRef]

http://doi.org/10.1111/nph.15775
http://www.ncbi.nlm.nih.gov/pubmed/30843207
http://doi.org/10.1016/j.jplph.2021.153591
http://www.ncbi.nlm.nih.gov/pubmed/34936969
http://doi.org/10.1111/j.1365-3040.2006.01617.x
http://www.ncbi.nlm.nih.gov/pubmed/17263776
http://doi.org/10.1016/j.micres.2015.11.007
http://doi.org/10.1016/j.jplph.2014.08.013
http://doi.org/10.1016/j.tplants.2014.06.007
http://doi.org/10.1111/nph.17883
http://doi.org/10.1126/science.aam9970
http://doi.org/10.1093/pcp/pcz122
http://doi.org/10.1105/tpc.112.104901
http://doi.org/10.1073/pnas.2000926117
http://www.ncbi.nlm.nih.gov/pubmed/32586957
http://doi.org/10.1016/j.semcdb.2017.06.015
http://www.ncbi.nlm.nih.gov/pubmed/28647533
http://doi.org/10.3109/07388559509147407
http://doi.org/10.1111/j.1365-313X.2011.04810.x
http://www.ncbi.nlm.nih.gov/pubmed/21978245
http://doi.org/10.1371/journal.pbio.0040226
http://doi.org/10.1111/tpj.15059
http://doi.org/10.1111/pce.14210
http://doi.org/10.1104/pp.103.024380
http://doi.org/10.1016/j.molp.2017.07.012


Int. J. Mol. Sci. 2022, 23, 11027 19 of 24

20. Shi, J.C.; Zhao, B.Y.; Zheng, S.; Zhang, X.W.; Wang, X.L.; Dong, W.T.; Xie, Q.J.; Wang, G.; Xiao, Y.P.; Chen, F.; et al. A phosphate
starvation response-centered network regulates mycorrhizal symbiosis. Cell 2021, 184, 5527–5540. [CrossRef]

21. Shin, H.; Shin, H.S.; Dewbre, G.R.; Harrison, M.J. Phosphate transport in Arabidopsis: Pht1;1 and Pht1;4 play a major role in
phosphate acquisition from both low- and high-phosphate environments. Plant J. 2004, 39, 629–642. [CrossRef] [PubMed]

22. Nussaume, L.; Kanno, S.; Javot, H.; Marin, E.; Pochon, N.; Ayadi, A.; Nakanishi, T.M.; Thibaud, M.C. Phosphate import in plants:
Focus on the PHT1 transporters. Front. Plant Sci. 2011, 2, 83. [CrossRef] [PubMed]

23. Gu, M.A.; Chen, A.Q.; Sun, S.B.; Xu, G.H. Complex Regulation of Plant Phosphate Transporters and the Gap between Molecular
Mechanisms and Practical Application: What Is Missing? Mol. Plant 2016, 9, 396–416. [CrossRef]

24. Knappe, S.; Flugge, U.I.; Fischer, K. Analysis of the plastidic phosphate translocator gene family in Arabidopsis and identification
of new phosphate translocator-homologous transporters, classified by their putative substrate-binding site. Plant Physiol. 2003,
131, 1178–1190. [CrossRef]

25. Muchhal, U.S.; Pardo, J.M.; Raghothama, K.G. Phosphate transporters from the higher plant Arabidopsis thaliana. Proc. Natl.
Acad. Sci. USA 1996, 93, 10519–10523. [CrossRef]

26. Bunya, M.; Nishimura, M.; Harashima, S.; Oshima, Y. The pho84 gene of saccharomyces-cerevisiae encodes an inorganic-
phosphate transporter. Mol. Cell. Biol. 1991, 11, 3229–3238. [CrossRef]

27. Versaw, W.K. A phosphate-repressible, high-affinity phosphate permease is encoded by the pho-5+ gene of Neurospora crassa. Gene
1995, 153, 135–139. [CrossRef]

28. Harrison, M.J.; Vanbuuren, M.L. A phosphate transporter from the mycorrhizal fungus Glomus versiforme. Nature 1995, 378,
626–629. [CrossRef]

29. Remy, E.; Cabrito, T.R.; Batista, R.A.; Teixeira, M.C.; Sa-Correia, I.; Duque, P. The Pht1;9 and Pht1;8 transporters mediate inorganic
phosphate acquisition by the Arabidopsis thaliana root during phosphorus starvation. New Phytol. 2012, 195, 356–371. [CrossRef]

30. Nagarajan, V.K.; Jain, A.; Poling, M.D.; Lewis, A.J.; Raghothama, K.G.; Smith, A.P. Arabidopsis Pht1;5 Mobilizes Phosphate
between Source and Sink Organs and Influences the Interaction between Phosphate Homeostasis and Ethylene Signaling. Plant
Physiol. 2011, 156, 1149–1163. [CrossRef]

31. Versaw, W.K.; Harrison, M.J. A chloroplast phosphate transporter, PHT2;1, influences allocation of phosphate within the plant
and phosphate-starvation responses. Plant Cell 2002, 14, 1751–1766. [CrossRef]

32. Zhu, W.; Miao, Q.; Sun, D.; Yang, G.D.; Wu, C.G.; Huang, J.G.; Zheng, C.C. The Mitochondrial Phosphate Transporters Modulate
Plant Responses to Salt Stress via Affecting ATP and Gibberellin Metabolism in Arabidopsis thaliana. PLoS ONE 2012, 7, e43530.
[CrossRef]

33. Guo, B.; Jin, Y.; Wussler, C.; Blancaflor, E.B.; Motes, C.M.; Versaw, W.K. Functional analysis of the Arabidopsis PHT4 family of
intracellular phosphate transporters. New Phytol. 2008, 177, 889–898. [CrossRef]

34. Chen, A.Q.; Chen, X.; Wang, H.M.; Liao, D.H.; Gu, M.; Qu, H.Y.; Sun, S.B.; Xu, G.H. Genome-wide investigation and expression
analysis suggest diverse roles and genetic redundancy of Pht1 family genes in response to Pi deficiency in tomato. BMC Plant
Biol. 2014, 14, 61. [CrossRef]

35. Daram, P.; Brunner, S.; Persson, B.L.; Amrhein, N.; Bucher, M. Functional analysis and cell-specific expression of a phosphate
transporter from tomato. Planta 1998, 206, 225–233. [CrossRef]

36. Liu, C.M.; Muchhal, U.S.; Uthappa, M.; Kononowicz, A.K.; Raghothama, K.G. Tomato phosphate transporter genes are differen-
tially regulated in plant tissues by phosphorus. Plant Physiol. 1998, 116, 91–99. [CrossRef]

37. Xu, G.H.; Chague, V.; Melamed-Bessudo, C.; Kapulnik, Y.; Jain, A.; Raghothama, K.G.; Levy, A.A.; Silber, A. Functional
characterization of LePT4: A phosphate transporter in tomato with mycorrhiza-enhanced expression. J. Exp. Bot. 2007, 58,
2491–2501. [CrossRef]

38. Nagy, R.; Karandashov, V.; Chague, W.; Kalinkevich, K.; Tamasloukht, M.; Xu, G.H.; Jakobsen, I.; Levy, A.A.; Amrhein, N.;
Bucher, M. The characterization of novel mycorrhiza-specific phosphate transporters from Lycopersicon esculentum and Solanum
tuberosum uncovers functional redundancy in symbiotic phosphate transport in solanaceous species. Plant J. 2005, 42, 236–250.
[CrossRef]

39. Jakobsen, I.; Abbott, L.K.; Robson, A.D. External hyphae of vesicular-arbuscular mycorrhizal fungi associated with Trifolium-
subterraneum L. 1. spread of hyphae and phosphorus inflow into roots. New Phytologist 1992, 120, 371–380. [CrossRef]

40. Ezawa, T.; Smith, S.E.; Smith, F.A. Differentiation of polyphosphate metabolism between the extra- and intraradical hyphae of
arbuscular mycorrhizal fungi. New Phytologist 2001, 149, 555–563. [CrossRef]

41. Mensah, J.A.; Koch, A.M.; Antunes, P.M.; Kiers, E.T.; Hart, M.; Bucking, H. High functional diversity within species of arbuscular
mycorrhizal fungi is associated with differences in phosphate and nitrogen uptake and fungal phosphate metabolism. Mycorrhiza
2015, 25, 533–546. [CrossRef]

42. Nguyen, C.T.; Saito, K. Role of Cell Wall Polyphosphates in Phosphorus Transfer at the Arbuscular Interface in Mycorrhizas.
Front. Plant Sci. 2021, 12, 725939. [CrossRef]

43. Benedetto, A.; Magurno, F.; Bonfante, P.; Lanfranco, L. Expression profiles of a phosphate transporter gene (GmosPT) from the
endomycorrhizal fungus Glomus mosseae. Mycorrhiza 2005, 15, 620–627. [CrossRef]

44. Fiorilli, V.; Lanfranco, L.; Bonfante, P. The expression of GintPT, the phosphate transporter of Rhizophagus irregularis, depends on
the symbiotic status and phosphate availability. Planta 2013, 237, 1267–1277. [CrossRef]

http://doi.org/10.1016/j.cell.2021.09.030
http://doi.org/10.1111/j.1365-313X.2004.02161.x
http://www.ncbi.nlm.nih.gov/pubmed/15272879
http://doi.org/10.3389/fpls.2011.00083
http://www.ncbi.nlm.nih.gov/pubmed/22645553
http://doi.org/10.1016/j.molp.2015.12.012
http://doi.org/10.1104/pp.016519
http://doi.org/10.1073/pnas.93.19.10519
http://doi.org/10.1128/mcb.11.6.3229
http://doi.org/10.1016/0378-1119(94)00814-9
http://doi.org/10.1038/378626a0
http://doi.org/10.1111/j.1469-8137.2012.04167.x
http://doi.org/10.1104/pp.111.174805
http://doi.org/10.1105/tpc.002220
http://doi.org/10.1371/journal.pone.0043530
http://doi.org/10.1111/j.1469-8137.2007.02331.x
http://doi.org/10.1186/1471-2229-14-61
http://doi.org/10.1007/s004250050394
http://doi.org/10.1104/pp.116.1.91
http://doi.org/10.1093/jxb/erm096
http://doi.org/10.1111/j.1365-313X.2005.02364.x
http://doi.org/10.1111/j.1469-8137.1992.tb01077.x
http://doi.org/10.1046/j.1469-8137.2001.00040.x
http://doi.org/10.1007/s00572-015-0631-x
http://doi.org/10.3389/fpls.2021.725939
http://doi.org/10.1007/s00572-005-0006-9
http://doi.org/10.1007/s00425-013-1842-z


Int. J. Mol. Sci. 2022, 23, 11027 20 of 24

45. Maldonado-Mendoza, I.E.; Dewbre, G.R.; Harrison, M.J. A phosphate transporter gene from the extra-radical mycelium of an
arbuscular mycorrhizal fungus Glomus intraradices is regulated in response to phosphate in the environment. Mol. Plant-Microbe
Interact. 2001, 14, 1140–1148. [CrossRef]

46. Garcia, K.; Doidy, J.; Zimmermann, S.D.; Wipf, D.; Courty, P.E. Take a Trip Through the Plant and Fungal Transportome of
Mycorrhiza. Trends Plant Sci. 2016, 21, 937–950. [CrossRef]

47. Xie, X.A.; Lin, H.; Peng, X.W.; Xu, C.R.; Sun, Z.F.; Jiang, K.X.; Huang, A.; Wu, X.H.; Tang, N.W.; Salvioli, A.; et al. Arbuscular
Mycorrhizal Symbiosis Requires a Phosphate Transceptor in the Gigaspora margarita Fungal Symbiont. Mol. Plant 2016, 9,
1583–1608. [CrossRef]

48. Smith, S.E.; Jakobsen, I.; Gronlund, M.; Smith, F.A. Roles of Arbuscular Mycorrhizas in Plant Phosphorus Nutrition: Interactions
between Pathways of Phosphorus Uptake in Arbuscular Mycorrhizal Roots Have Important Implications for Understanding and
Manipulating Plant Phosphorus Acquisition. Plant Physiol. 2011, 156, 1050–1057. [CrossRef]

49. Bucher, M. Functional biology of plant phosphate uptake at root and mycorrhiza interfaces. New Phytol. 2007, 173, 11–26.
[CrossRef]

50. Xie, X.A.; Huang, W.; Liu, F.C.; Tang, N.W.; Liu, Y.; Lin, H.; Zhao, B. Functional analysis of the novel mycorrhiza-specific
phosphate transporter AsPT1 and PHT1 family from Astragalus sinicus during the arbuscular mycorrhizal symbiosis. New Phytol.
2013, 198, 836–852. [CrossRef]

51. Harrison, M.J.; Dewbre, G.R.; Liu, J.Y. A phosphate transporter from Medicago truncatula involved in the acquisiton of phosphate
released by arbuscular mycorrhizal fungi. Plant Cell 2002, 14, 2413–2429. [CrossRef]

52. Pumplin, N.; Zhang, X.C.; Noar, R.D.; Harrison, M.J. Polar localization of a symbiosis-specific phosphate transporter is mediated
by a transient reorientation of secretion. Proc. Natl. Acad. Sci. USA 2012, 109, E665–E672. [CrossRef]

53. Kobae, Y.; Hata, S. Dynamics of Periarbuscular Membranes Visualized with a Fluorescent Phosphate Transporter in Arbuscular
Mycorrhizal Roots of Rice. Plant Cell Physiol. 2010, 51, 341–353. [CrossRef]

54. Maeda, D.; Ashida, K.; Iguchi, K.; Chechetka, S.A.; Hijikata, A.; Okusako, Y.; Deguchi, Y.; Izui, K.; Hata, S. Knockdown of an
arbuscular mycorrhiza-inducible phosphate transporter gene of Lotus japonicus suppresses mutualistic symbiosis. Plant Cell
Physiol. 2006, 47, 807–817. [CrossRef]

55. Fan, X.N.; Che, X.R.; Lai, W.Z.; Wang, S.J.; Hu, W.T.; Chen, H.; Zhao, B.; Tang, M.; Xie, X.A. The auxin-inducible phosphate
transporter AsPT5 mediates phosphate transport and is indispensable for arbuscule formation in Chinese milk vetch at moderately
high phosphate supply. Environ. Microbiol. 2020, 22, 2053–2079. [CrossRef]

56. Willmann, M.; Gerlach, N.; Buer, B.; Polatajko, A.; Nagy, R.; Koebke, E.; Jansa, J.; Flisch, R.; Bucher, M. Mycorrhizal phosphate
uptake pathway in maize: Vital for growth and cob development on nutrient poor agricultural and greenhouse soils. Front. Plant
Sci. 2013, 4, 533. [CrossRef]

57. Watts-Williams, S.J.; Emmett, B.D.; Levesque-Tremblay, V.; MacLean, A.M.; Sun, X.P.; Satterlee, J.W.; Fei, Z.J.; Harrison, M.J.
Diverse Sorghum bicolor accessions show marked variation in growth and transcriptional responses to arbuscular mycorrhizal
fungi. Plant Cell Environ. 2019, 42, 1758–1774. [CrossRef]

58. Tamura, Y.; Kobae, Y.; Mizuno, T.; Hata, S. Identification and Expression Analysis of Arbuscular Mycorrhiza-Inducible Phosphate
Transporter Genes of Soybean. Biosci. Biotechnol. Biochem. 2012, 76, 309–313. [CrossRef]

59. Wegmueller, S.; Svistoonoff, S.; Reinhardt, D.; Stuurman, J.; Amrhein, N.; Bucher, M. A transgenic dTph1 insertional mutagenesis
system for forward genetics in mycorrhizal phosphate transport of Petunia. Plant J. 2008, 54, 1115–1127. [CrossRef]

60. Valat, L.; Deglene-Benbrahim, L.; Kendel, M.; Hussenet, R.; Le Jeune, C.; Schellenbaum, P.; Maillot, P. Transcriptional induction
of two phosphate transporter 1 genes and enhanced root branching in grape plants inoculated with Funneliformis mosseae.
Mycorrhiza 2018, 28, 179–185. [CrossRef]

61. Rausch, C.; Daram, P.; Brunner, S.; Jansa, J.; Laloi, M.; Leggewie, G.; Amrhein, N.; Bucher, M. A phosphate transporter expressed
in arbuscule-containing cells in potato. Nature 2001, 414, 462–466. [CrossRef]

62. Guimil, S.; Chang, H.S.; Zhu, T.; Sesma, A.; Osbourn, A.; Roux, C.; Ionnidis, V.; Oakeley, E.J.; Docquier, M.; Descombes, P.; et al.
Comparative transcriptomics of rice reveals an ancient pattern of response to microbial colonization. Proc. Natl. Acad. Sci. USA
2005, 102, 8066–8070. [CrossRef]

63. Liu, F.; Xu, Y.J.; Han, G.M.; Wang, W.; Li, X.Y.; Cheng, B.J. Identification and Functional Characterization of a Maize Phosphate
Transporter Induced by Mycorrhiza Formation. Plant Cell Physiol. 2018, 59, 1683–1694. [CrossRef]

64. Sawers, R.J.H.; Svane, S.F.; Quan, C.; Gronlund, M.; Wozniak, B.; Gebreselassie, M.N.; Gonzalez-Munoz, E.; Montes, R.A.C.;
Baxter, I.; Goudet, J.; et al. Phosphorus acquisition efficiency in arbuscular mycorrhizal maize is correlated with the abundance of
root-external hyphae and the accumulation of transcripts encoding PHT1 phosphate transporters. New Phytol. 2017, 214, 632–643.
[CrossRef]

65. Loth-Pereda, V.; Orsini, E.; Courty, P.E.; Lota, F.; Kohler, A.; Diss, L.; Blaudez, D.; Chalot, M.; Nehls, U.; Bucher, M.; et al. Structure
and Expression Profile of the Phosphate Pht1 Transporter Gene Family in Mycorrhizal Populus trichocarpa. Plant Physiology 2011,
156, 2141–2154. [CrossRef]

66. Hong, J.J.; Park, Y.S.; Bravo, A.; Bhattarai, K.K.; Daniels, D.A.; Harrison, M.J. Diversity of morphology and function in arbuscular
mycorrhizal symbioses in Brachypodium distachyon. Planta 2012, 236, 851–865. [CrossRef]

67. Srivastava, R.; Sirohi, P.; Chauhan, H.; Kumar, R. The enhanced phosphorus use efficiency in phosphate-deficient and mycorrhiza-
inoculated barley seedlings involves activation of different sets of PHT1 transporters in roots. Planta 2021, 254, 38. [CrossRef]

http://doi.org/10.1094/MPMI.2001.14.10.1140
http://doi.org/10.1016/j.tplants.2016.07.010
http://doi.org/10.1016/j.molp.2016.08.011
http://doi.org/10.1104/pp.111.174581
http://doi.org/10.1111/j.1469-8137.2006.01935.x
http://doi.org/10.1111/nph.12188
http://doi.org/10.1105/tpc.004861
http://doi.org/10.1073/pnas.1110215109
http://doi.org/10.1093/pcp/pcq013
http://doi.org/10.1093/pcp/pcj069
http://doi.org/10.1111/1462-2920.14952
http://doi.org/10.3389/fpls.2013.00533
http://doi.org/10.1111/pce.13509
http://doi.org/10.1271/bbb.110684
http://doi.org/10.1111/j.1365-313X.2008.03474.x
http://doi.org/10.1007/s00572-017-0809-5
http://doi.org/10.1038/35106601
http://doi.org/10.1073/pnas.0502999102
http://doi.org/10.1093/pcp/pcy094
http://doi.org/10.1111/nph.14403
http://doi.org/10.1104/pp.111.180646
http://doi.org/10.1007/s00425-012-1677-z
http://doi.org/10.1007/s00425-021-03687-0


Int. J. Mol. Sci. 2022, 23, 11027 21 of 24

68. Glassop, D.; Smith, S.E.; Smith, F.W. Cereal phosphate transporters associated with the mycorrhizal pathway of phosphate uptake
into roots. Planta 2005, 222, 688–698. [CrossRef]

69. Volpe, V.; Giovannetti, M.; Sun, X.G.; Fiorilli, V.; Bonfante, P. The phosphate transporters LjPT4 and MtPT4 mediate early root
responses to phosphate status in nonmycorrhizal roots. Plant Cell Environ. 2016, 39, 660–671. [CrossRef]

70. Krajinski, F.; Courty, P.E.; Sieh, D.; Franken, P.; Zhang, H.Q.; Bucher, M.; Gerlach, N.; Kryvoruchko, I.; Zoeller, D.; Udvardi, M.;
et al. The H+-ATPase HA1 of Medicago truncatula Is Essential for Phosphate Transport and Plant Growth during Arbuscular
Mycorrhizal Symbiosis. Plant Cell 2014, 26, 1808–1817. [CrossRef]

71. Wang, E.T.; Yu, N.; Bano, S.A.; Liu, C.W.; Miller, A.J.; Cousins, D.; Zhang, X.W.; Ratet, P.; Tadege, M.; Mysore, K.S.; et al. A
H+-ATPase That Energizes Nutrient Uptake during Mycorrhizal Symbioses in Rice and Medicago truncatula. Plant Cell 2014, 26,
1818–1830. [CrossRef]

72. Gianinazzi-Pearson, V.; Arnould, C.; Oufattole, M.; Arango, M.; Gianinazzi, S. Differential activation of H+-ATPase genes by an
arbuscular mycorrhizal fungus in root cells of transgenic tobacco. Planta 2000, 211, 609–613. [CrossRef]

73. Liu, J.L.; Chen, J.D.; Xie, K.; Tian, Y.; Yan, A.N.; Liu, J.J.; Huang, Y.J.; Wang, S.S.; Zhu, Y.Y.; Chen, A.Q.; et al. A mycorrhiza-specific
H+-ATPase is essential for arbuscule development and symbiotic phosphate and nitrogen uptake. Plant Cell Environ. 2020, 43,
1069–1083. [CrossRef]

74. Liu, J.L.; Liu, J.J.; Chen, A.Q.; Ji, M.J.; Chen, J.D.; Yang, X.F.; Gu, M.; Qu, H.Y.; Xu, G.H. Analysis of tomato plasma membrane
H+-ATPase gene family suggests a mycorrhiza-mediated regulatory mechanism conserved in diverse plant species. Mycorrhiza
2016, 26, 645–656. [CrossRef]

75. Paszkowski, U.; Kroken, S.; Roux, C.; Briggs, S.P. Rice phosphate transporters include an evolutionarily divergent gene specifically
activated in arbuscular mycorrhizal symbiosis. Proc. Natl. Acad. Sci. USA 2002, 99, 13324–13329. [CrossRef]

76. Madrid-Delgado, G.; Orozco-Miranda, M.; Cruz-Osorio, M.; Hernandez-Rodriguez, O.A.; Rodriguez-Heredia, R.; Roa-Huerta,
M.; Avila-Quezada, G.D. Pathways of Phosphorus Absorption and Early Signaling between the Mycorrhizal Fungi and Plants.
Phyton-Int. J. Exp. Bot. 2021, 90, 1321–1338. [CrossRef]

77. Chen, A.Q.; Hu, J.; Sun, S.B.; Xu, G.H. Conservation and divergence of both phosphate- and mycorrhiza-regulated physiological
responses and expression patterns of phosphate transporters in solanaceous species. New Phytol. 2007, 173, 817–831. [CrossRef]

78. Walder, F.; Brule, D.; Koegel, S.; Wiemken, A.; Boller, T.; Courty, P.-E. Plant phosphorus acquisition in a common mycorrhizal
network: Regulation of phosphate transporter genes of the Pht1 family in sorghum and flax. New Phytol. 2015, 205, 1632–1645.
[CrossRef]

79. Li, H.; Hu, B.; Chu, C.C. Nitrogen use efficiency in crops: Lessons from Arabidopsis and rice. J. Exp. Bot. 2017, 68, 2477–2488.
[CrossRef]

80. Tsay, Y.F.; Schroeder, J.I.; Feldmann, K.A.; Crawford, N.M. THE HERBICIDE SENSITIVITY GENE CHL1 OF ARABIDOPSIS
ENCODES A NITRATE-INDUCIBLE NITRATE TRANSPORTER. Cell 1993, 72, 705–713. [CrossRef]

81. Leran, S.; Munos, S.; Brachet, C.; Tillard, P.; Gojon, A.; Lacombe, B. Arabidopsis NRT1.1 Is a Bidirectional Transporter Involved in
Root-to-Shoot Nitrate Translocation. Mol. Plant 2013, 6, 1984–1987. [CrossRef] [PubMed]

82. Segonzac, C.; Boyer, J.C.; Ipotesi, E.; Szponarski, W.; Tillard, P.; Touraine, B.; Sommerer, N.; Rossignol, M.; Gibrat, R. Nitrate efflux
at the root plasma membrane: Identification of an Arabidopsis excretion transporter. Plant Cell 2007, 19, 3760–3777. [CrossRef]
[PubMed]

83. Huang, N.C.; Liu, K.H.; Lo, H.J.; Tsay, Y.F. Cloning and functional characterization of an Arabidopsis nitrate transporter gene that
encodes a constitutive component of low-affinity uptake. Plant Cell 1999, 11, 1381–1392. [CrossRef] [PubMed]

84. Sugiura, M.; Georgescu, M.N.; Takahashi, M. A nitrite transporter associated with nitrite uptake by higher plant chloroplasts.
Plant Cell Physiol. 2007, 48, 1022–1035. [CrossRef]

85. Lin, S.H.; Kuo, H.F.; Canivenc, G.; Lin, C.S.; Lepetit, M.; Hsu, P.K.; Tillard, P.; Lin, H.L.; Wang, Y.Y.; Tsai, C.B.; et al. Mutation of
the Arabidopsis NRT1.5 Nitrate Transporter Causes Defective Root-to-Shoot Nitrate Transport. Plant Cell 2008, 20, 2514–2528.
[CrossRef]

86. Li, J.Y.; Fu, Y.L.; Pike, S.M.; Bao, J.; Tian, W.; Zhang, Y.; Chen, C.Z.; Zhang, Y.; Li, H.M.; Huang, J.; et al. The Arabidopsis Nitrate
Transporter NRT1.8 Functions in Nitrate Removal from the Xylem Sap and Mediates Cadmium Tolerance. Plant Cell 2010, 22,
1633–1646. [CrossRef]

87. Wang, Y.Y.; Tsay, Y.F. Arabidopsis Nitrate Transporter NRT1.9 Is Important in Phloem Nitrate Transport. Plant Cell 2011, 23,
1945–1957. [CrossRef]

88. Nour-Eldin, H.H.; Andersen, T.G.; Burow, M.; Madsen, S.R.; Jorgensen, M.E.; Olsen, C.E.; Dreyer, I.; Hedrich, R.; Geiger, D.;
Halkier, B.A. NRT/PTR transporters are essential for translocation of glucosinolate defence compounds to seeds. Nature 2012,
488, 531–534. [CrossRef]

89. Taochy, C.; Gaillard, I.; Ipotesi, E.; Oomen, R.; Leonhardt, N.; Zimmermann, S.; Peltier, J.B.; Szponarski, W.; Simonneau, T.;
Sentenac, H.; et al. The Arabidopsis root stele transporter NPF2.3 contributes to nitrate translocation to shoots under salt stress.
Plant J. 2015, 83, 466–479. [CrossRef]

90. Chiu, C.C.; Lin, C.S.; Hsia, A.P.; Su, R.C.; Lin, H.L.; Tsay, Y.F. Mutation of a nitrate transporter, AtNRT1: 4, results in a reduced
petiole nitrate content and altered leaf development. Plant Cell Physiol. 2004, 45, 1139–1148. [CrossRef]

91. Fan, S.C.; Lin, C.S.; Hsu, P.K.; Lin, S.H.; Tsay, Y.F. The Arabidopsis Nitrate Transporter NRT1.7, Expressed in Phloem, Is
Responsible for Source-to-Sink Remobilization of Nitrate. Plant Cell 2009, 21, 2750–2761. [CrossRef] [PubMed]

http://doi.org/10.1007/s00425-005-0015-0
http://doi.org/10.1111/pce.12659
http://doi.org/10.1105/tpc.113.120436
http://doi.org/10.1105/tpc.113.120527
http://doi.org/10.1007/s004250000323
http://doi.org/10.1111/pce.13714
http://doi.org/10.1007/s00572-016-0700-9
http://doi.org/10.1073/pnas.202474599
http://doi.org/10.32604/phyton.2021.016174
http://doi.org/10.1111/j.1469-8137.2006.01962.x
http://doi.org/10.1111/nph.13292
http://doi.org/10.1093/jxb/erx101
http://doi.org/10.1016/0092-8674(93)90399-B
http://doi.org/10.1093/mp/sst068
http://www.ncbi.nlm.nih.gov/pubmed/23645597
http://doi.org/10.1105/tpc.106.048173
http://www.ncbi.nlm.nih.gov/pubmed/17993627
http://doi.org/10.1105/tpc.11.8.1381
http://www.ncbi.nlm.nih.gov/pubmed/10449574
http://doi.org/10.1093/pcp/pcm073
http://doi.org/10.1105/tpc.108.060244
http://doi.org/10.1105/tpc.110.075242
http://doi.org/10.1105/tpc.111.083618
http://doi.org/10.1038/nature11285
http://doi.org/10.1111/tpj.12901
http://doi.org/10.1093/pcp/pch143
http://doi.org/10.1105/tpc.109.067603
http://www.ncbi.nlm.nih.gov/pubmed/19734434


Int. J. Mol. Sci. 2022, 23, 11027 22 of 24

92. Almagro, A.; Lin, S.H.; Tsay, Y.F. Characterization of the Arabidopsis Nitrate Transporter NRT1.6 Reveals a Role of Nitrate in
Early Embryo Development. Plant Cell 2008, 20, 3289–3299. [CrossRef] [PubMed]

93. Leran, S.; Garg, B.; Boursiac, Y.; Corratge-Faillie, C.; Brachet, C.; Tillard, P.; Gojon, A.; Lacombe, B. AtNPF5.5, a nitrate transporter
affecting nitrogen accumulation in Arabidopsis embryo. Sci. Rep. 2015, 5, 7962. [CrossRef] [PubMed]

94. Hsu, P.K.; Tsay, Y.F. Two Phloem Nitrate Transporters, NRT1.11 and NRT1.12, Are Important for Redistributing Xylem-Borne
Nitrate to Enhance Plant Growth. Plant Physiol. 2013, 163, 844–856. [CrossRef] [PubMed]

95. Leran, S.; Varala, K.; Boyer, J.C.; Chiurazzi, M.; Crawford, N.; Daniel-Vedele, F.; David, L.; Dickstein, R.; Fernandez, E.; Forde, B.;
et al. A unified nomenclature of NITRATE TRANSPORTER 1/PEPTIDE TRANSPORTER family members in plants. Trends Plant
Sci. 2014, 19, 5–9. [CrossRef] [PubMed]

96. Karim, S.; Holmstrom, K.O.; Mandal, A.; Dahl, P.; Hohmann, S.; Brader, G.; Palva, E.T.; Pirhonen, M. AtPTR3, a wound-
induced peptide transporter needed for defence against virulent bacterial pathogens in Arabidopsis. Planta 2007, 225, 1431–1445.
[CrossRef]

97. Komarova, N.Y.; Thor, K.; Gubler, A.; Meier, S.; Dietrich, D.; Weichert, A.; Grotemeyer, M.S.; Tegeder, M.; Rentsch, D. AtPTR1 and
AtPTR5 transport dipeptides in planta. Plant Physiol. 2008, 148, 856–869. [CrossRef]

98. Lauter, F.R.; Ninnemann, O.; Bucher, M.; Riesmeier, J.W.; Frommer, W.B. Preferential expression of an ammonium transporter and
of two putative nitrate transporters in root hairs of tomato. Proc. Natl. Acad. Sci. USA 1996, 93, 8139–8144. [CrossRef]

99. Albornoz, F.; Gebauer, M.; Ponce, C.; Cabeza, R.A. LeNRT1.1 Improves Nitrate Uptake in Grafted Tomato Plants under High
Nitrogen Demand. Int. J. Mol. Sci. 2018, 19, 3921. [CrossRef]

100. Kotur, Z.; Mackenzie, N.; Ramesh, S.; Tyerman, S.D.; Kaiser, B.N.; Glass, A.D.M. Nitrate transport capacity of the Arabidopsis
thaliana NRT2 family members and their interactions with AtNAR2.1. New Phytol. 2012, 194, 724–731. [CrossRef]

101. Li, W.B.; Wang, Y.; Okamoto, M.; Crawford, N.M.; Siddiqi, M.Y.; Glass, A.D.M. Dissection of the AtNRT2.1: AtNRT2.2 inducible
high-affinity nitrate transporter gene cluster. Plant Physiol. 2007, 143, 425–433. [CrossRef] [PubMed]

102. Kiba, T.; Feria-Bourrellier, A.B.; Lafouge, F.; Lezhneva, L.; Boutet-Mercey, S.; Orsel, M.; Brehaut, V.; Miller, A.; Daniel-Vedele, F.;
Sakakibara, H.; et al. The Arabidopsis Nitrate Transporter NRT2.4 Plays a Double Role in Roots and Shoots of Nitrogen-Straved
Plants. Plant Cell 2012, 24, 245–258. [CrossRef] [PubMed]

103. Lezhneva, L.; Kiba, T.; Feria-Bourrellier, A.B.; Lafouge, F.; Boutet-Mercey, S.; Zoufan, P.; Sakakibara, H.; Daniel-Vedele, F.; Krapp,
A. The Arabidopsis nitrate transporter NRT2.5 plays a role in nitrate acquisition and remobilization in nitrogen-starved plants.
Plant J. 2014, 80, 230–241. [CrossRef] [PubMed]

104. Ono, F.; Frommer, W.B.; von Wiren, N. Coordinated diurnal regulation of low- and high-affinity nitrate transporters in tomato.
Plant Biol. 2000, 2, 17–23. [CrossRef]

105. Hildebrandt, U.; Schmelzer, E.; Bothe, H. Expression of nitrate transporter genes in tomato colonized by an arbuscular mycorrhizal
fungus. Physiol. Plant. 2002, 115, 125–136. [CrossRef]

106. Akbudak, M.A.; Filiz, E.; Cetin, D. Genome-wide identification and characterization of high-affinity nitrate transporter 2 (NRT2)
gene family in tomato (Solanum lycopersicum) and their transcriptional responses to drought and salinity stresses. J. Plant Physiol.
2022, 272, 153684. [CrossRef]

107. De Angeli, A.; Monachello, D.; Ephritikhine, G.; Frachisse, J.M.; Thomine, S.; Gambale, F.; Barbier-Brygoo, H. The nitrate/proton
antiporter AtCLCa mediates nitrate accumulation in plant vacuoles. Nature 2006, 442, 939–942. [CrossRef]

108. Wu, X.Y.; Yang, H.; Qu, C.P.; Xu, Z.R.; Li, W.; Hao, B.Q.; Yang, C.P.; Sun, G.Y.; Liu, G.J. Sequence and expression analysis of the
AMT gene family in poplar. Front. Plant Sci. 2015, 6, 337. [CrossRef]

109. Yuan, L.X.; Loque, D.; Kojima, S.; Rauch, S.; Ishiyama, K.; Inoue, E.; Takahashi, H.; von Wiren, N. The organization of high-
affinity ammonium uptake in Arabidopsis roots depends on the spatial arrangement and biochemical properties of AMT1-type
transporters. Plant Cell 2007, 19, 2636–2652. [CrossRef]

110. Kaiser, B.N.; Rawat, S.R.; Siddiqi, M.Y.; Masle, J.; Glass, A.D.M. Functional analysis of an Arabidopsis T-DNA “Knockout” of the
high-affinity NH4+ transporter AtAMT1;1. Plant Physiol. 2002, 130, 1263–1275. [CrossRef]

111. Loque, D.; Yuan, L.; Kojima, S.; Gojon, A.; Wirth, J.; Gazzarrini, S.; Ishiyama, K.; Takahashi, H.; von Wiren, N. Additive
contribution of AMT1;1 and AMT1;3 to high-affinity ammonium uptake across the plasma membrane of nitrogen-deficient
Arabidopsis roots. Plant J. 2006, 48, 522–534. [CrossRef] [PubMed]

112. Sohlenkamp, C.; Wood, C.C.; Roeb, G.W.; Udvardi, M.K. Characterization of Arabidopsis AtAMT2, a high-affinity ammonium
transporter of the plasma membrane. Plant Physiol. 2002, 130, 1788–1796. [CrossRef] [PubMed]

113. Filiz, E.; Akbudak, M.A. Ammonium transporter 1 (AMT1) gene family in tomato (Solanum lycopersicum L.): Bioinformatics,
physiological and expression analyses under drought and salt stresses. Genomics 2020, 112, 3773–3782. [CrossRef]

114. von Wiren, N.; Lauter, F.R.; Ninnemann, O.; Gillissen, B.; Walch-Liu, P.; Engels, C.; Jost, W.; Frommer, W.B. Differential regulation
of three functional ammonium transporter genes by nitrogen in root hairs and by light in leaves of tomato. Plant J. 2000, 21,
167–175. [CrossRef] [PubMed]

115. Ruzicka, D.R.; Hausmann, N.T.; Barrios-Masias, F.H.; Jackson, L.E.; Schachtman, D.P. Transcriptomic and metabolic responses of
mycorrhizal roots to nitrogen patches under field conditions. Plant Soil 2012, 350, 145–162. [CrossRef]

116. Xu, G.H.; Fan, X.R.; Miller, A.J. Plant Nitrogen Assimilation and Use Efficiency. Annu. Rev. Plant Biol. 2012, 63, 153–182. [CrossRef]
117. Swarbreck, S.M.; Defoin-Platel, M.; Hindle, M.; Saqi, M.; Habash, D.Z. New perspectives on glutamine synthetase in grasses. J.

Exp. Bot. 2011, 62, 1511–1522. [CrossRef]

http://doi.org/10.1105/tpc.107.056788
http://www.ncbi.nlm.nih.gov/pubmed/19050168
http://doi.org/10.1038/srep07962
http://www.ncbi.nlm.nih.gov/pubmed/25608465
http://doi.org/10.1104/pp.113.226563
http://www.ncbi.nlm.nih.gov/pubmed/24006285
http://doi.org/10.1016/j.tplants.2013.08.008
http://www.ncbi.nlm.nih.gov/pubmed/24055139
http://doi.org/10.1007/s00425-006-0451-5
http://doi.org/10.1104/pp.108.123844
http://doi.org/10.1073/pnas.93.15.8139
http://doi.org/10.3390/ijms19123921
http://doi.org/10.1111/j.1469-8137.2012.04094.x
http://doi.org/10.1104/pp.106.091223
http://www.ncbi.nlm.nih.gov/pubmed/17085507
http://doi.org/10.1105/tpc.111.092221
http://www.ncbi.nlm.nih.gov/pubmed/22227893
http://doi.org/10.1111/tpj.12626
http://www.ncbi.nlm.nih.gov/pubmed/25065551
http://doi.org/10.1055/s-2000-297
http://doi.org/10.1034/j.1399-3054.2002.1150115.x
http://doi.org/10.1016/j.jplph.2022.153684
http://doi.org/10.1038/nature05013
http://doi.org/10.3389/fpls.2015.00337
http://doi.org/10.1105/tpc.107.052134
http://doi.org/10.1104/pp.102.010843
http://doi.org/10.1111/j.1365-313X.2006.02887.x
http://www.ncbi.nlm.nih.gov/pubmed/17026539
http://doi.org/10.1104/pp.008599
http://www.ncbi.nlm.nih.gov/pubmed/12481062
http://doi.org/10.1016/j.ygeno.2020.04.009
http://doi.org/10.1046/j.1365-313x.2000.00665.x
http://www.ncbi.nlm.nih.gov/pubmed/10743657
http://doi.org/10.1007/s11104-011-0890-z
http://doi.org/10.1146/annurev-arplant-042811-105532
http://doi.org/10.1093/jxb/erq356


Int. J. Mol. Sci. 2022, 23, 11027 23 of 24

118. Thomsen, H.C.; Eriksson, D.; Moller, I.S.; Schjoerring, J.K. Cytosolic glutamine synthetase: A target for improvement of crop
nitrogen use efficiency? Trends Plant Sci. 2014, 19, 656–663. [CrossRef]

119. Kojima, S.; Konishi, N.; Beier, M.P.; Ishiyama, K.; Maru, I.; Hayakawa, T.; Yamaya, T. NADH-dependent glutamate synthase
participated in ammonium assimilation in Arabidopsis root. Plant Signal. Behav. 2014, 9, e29402. [CrossRef]

120. Liu, L.F.; Wang, J.; Han, Z.H.; Sun, X.C.; Li, H.X.; Zhang, J.H.; Lu, Y.G. Molecular analyses of tomato GS, GOGAT and GDH gene
families and their response to abiotic stresses. Acta Physiol. Plant. 2016, 38, 229. [CrossRef]

121. Masclaux-Daubresse, C.; Daniel-Vedele, F.; Dechorgnat, J.; Chardon, F.; Gaufichon, L.; Suzuki, A. Nitrogen uptake, assimilation
and remobilization in plants: Challenges for sustainable and productive agriculture. Ann. Bot. 2010, 105, 1141–1157. [CrossRef]
[PubMed]

122. Atul-Nayyar, A.; Hamel, C.; Hanson, K.; Germida, J. The arbuscular mycorrhizal symbiosis links N mineralization to plant
demand. Mycorrhiza 2009, 19, 239–246. [CrossRef] [PubMed]

123. Wu, F.; Fang, F.R.; Wu, N.; Li, L.; Tang, M. Nitrate Transporter Gene Expression and Kinetics of Nitrate Uptake by Populus
x canadensis ‘Neva’ in Relation to Arbuscular Mycorrhizal Fungi and Nitrogen Availability. Front. Microbiol. 2020, 11, 176.
[CrossRef] [PubMed]

124. Harrison, M.J. Signaling in the arbuscular mycorrhizal symbiosis. Annu. Rev. Microbiol. 2005, 59, 19–42. [CrossRef]
125. Calabrese, S.; Perez-Tienda, J.; Ellerbeck, M.; Arnould, C.; Chatagnier, O.; Boller, T.; Schussler, A.; Brachmann, A.; Wipf, D.; Ferrol,

N.; et al. GintAMT3-a Low-Affinity Ammonium Transporter of the Arbuscular Mycorrhizal Rhizophagus irregularis. Front. Plant
Sci. 2016, 7, 679. [CrossRef]

126. Mader, P.; Vierheilig, H.; Streitwolf-Engel, R.; Boller, T.; Frey, B.; Christie, P.; Wiemken, A. Transport of N-15 from a soil
compartment separated by a polytetrafluoroethylene membrane to plant roots via the hyphae of arbuscular mycorrhizal fungi.
New Phytol. 2000, 146, 155–161. [CrossRef]

127. Tanaka, Y.; Yano, K. Nitrogen delivery to maize via mycorrhizal hyphae depends on the form of N supplied. Plant Cell Environ.
2005, 28, 1247–1254. [CrossRef]

128. Tian, C.J.; Kasiborski, B.; Koul, R.; Lammers, P.J.; Bucking, H.; Shachar-Hill, Y. Regulation of the Nitrogen Transfer Pathway in the
Arbuscular Mycorrhizal Symbiosis: Gene Characterization and the Coordination of Expression with Nitrogen Flux. Plant Physiol.
2010, 153, 1175–1187. [CrossRef]

129. Perez-Tienda, J.; Testillano, P.S.; Balestrini, R.; Fiorilli, V.; Azcon-Aguilar, C.; Ferrol, N. GintAMT2, a new member of the
ammonium transporter family in the arbuscular mycorrhizal fungus Glomus intraradices. Fungal Genet. Biol. 2011, 48, 1044–1055.
[CrossRef]

130. Govindarajulu, M.; Pfeffer, P.E.; Jin, H.R.; Abubaker, J.; Douds, D.D.; Allen, J.W.; Bucking, H.; Lammers, P.J.; Shachar-Hill, Y.
Nitrogen transfer in the arbuscular mycorrhizal symbiosis. Nature 2005, 435, 819–823. [CrossRef]

131. Lopez-Pedrosa, A.; Gonzalez-Guerrero, M.; Valderas, A.; Azcon-Aguilar, C.; Ferrol, N. GintAMT1 encodes a functional high-
affinity ammonium transporter that is expressed in the extraradical mycelium of Glomus intraradices. Fungal Genet. Biol. 2006,
43, 102–110. [CrossRef] [PubMed]

132. Bago, B.; Vierheilig, H.; Piche, Y.; AzconAguilar, C. Nitrate depletion and pH changes induced by the extraradical mycelium of
the arbuscular mycorrhizal fungus Glomus intraradices grown in monoxenic culture. New Phytol. 1996, 133, 273–280. [CrossRef]
[PubMed]

133. Koegel, S.; Brule, D.; Wiemken, A.; Boller, T.; Courty, P.E. The effect of different nitrogen sources on the symbiotic interaction
between Sorghum bicolor and Glomus intraradices: Expression of plant and fungal genes involved in nitrogen assimilation. Soil
Biol. Biochem. 2015, 86, 159–163. [CrossRef]

134. Hodge, A.; Campbell, C.D.; Fitter, A.H. An arbuscular mycorrhizal fungus accelerates decomposition and acquires nitrogen
directly from organic material. Nature 2001, 413, 297–299. [CrossRef]

135. Cappellazzo, G.; Lanfranco, L.; Fitz, M.; Wipf, D.; Bonfante, P. Characterization of an amino acid permease from the endomycor-
rhizal fungus Glomus mosseae. Plant Physiol. 2008, 147, 429–437. [CrossRef]

136. Belmondo, S.; Fiorilli, V.; Perez-Tienda, J.; Ferrol, N.; Marmeisse, R.; Lanfranco, L. A dipeptide transporter from the arbuscular
mycorrhizal fungus Rhizophagus irregularis is upregulated in the intraradical phase. Front. Plant Sci. 2014, 5, 436. [CrossRef]

137. Guether, M.; Neuhauser, B.; Balestrini, R.; Dynowski, M.; Ludewig, U.; Bonfante, P. A Mycorrhizal-Specific Ammonium
Transporter from Lotus japonicus Acquires Nitrogen Released by Arbuscular Mycorrhizal Fungi. Plant Physiol. 2009, 150, 73–83.
[CrossRef]

138. Kobae, Y.; Tamura, Y.; Takai, S.; Banba, M.; Hata, S. Localized Expression of Arbuscular Mycorrhiza-Inducible Ammonium
Transporters in Soybean. Plant Cell Physiol. 2010, 51, 1411–1415. [CrossRef]

139. Calabrese, S.; Cusant, L.; Sarazin, A.; Niehl, A.; Erban, A.; Brule, D.; Recorbet, G.; Wipf, D.; Roux, C.; Kopka, J.; et al. Imbalanced
Regulation of Fungal Nutrient Transports According to Phosphate Availability in a Symbiocosm Formed by Poplar, Sorghum,
and Rhizophagus irregularis. Front. Plant Sci. 2019, 10, 1617. [CrossRef]

140. Koegel, S.; Lahmidi, N.A.; Arnould, C.; Chatagnier, O.; Walder, F.; Ineichen, K.; Boller, T.; Wipf, D.; Wiemken, A.; Courty, P.E. The
family of ammonium transporters (AMT) in Sorghum bicolor: Two AMT members are induced locally, but not systemically in
roots colonized by arbuscular mycorrhizal fungi. New Phytol. 2013, 198, 853–865. [CrossRef]

http://doi.org/10.1016/j.tplants.2014.06.002
http://doi.org/10.4161/psb.29402
http://doi.org/10.1007/s11738-016-2251-2
http://doi.org/10.1093/aob/mcq028
http://www.ncbi.nlm.nih.gov/pubmed/20299346
http://doi.org/10.1007/s00572-008-0215-0
http://www.ncbi.nlm.nih.gov/pubmed/19101737
http://doi.org/10.3389/fmicb.2020.00176
http://www.ncbi.nlm.nih.gov/pubmed/32184762
http://doi.org/10.1146/annurev.micro.58.030603.123749
http://doi.org/10.3389/fpls.2016.00679
http://doi.org/10.1046/j.1469-8137.2000.00615.x
http://doi.org/10.1111/j.1365-3040.2005.01360.x
http://doi.org/10.1104/pp.110.156430
http://doi.org/10.1016/j.fgb.2011.08.003
http://doi.org/10.1038/nature03610
http://doi.org/10.1016/j.fgb.2005.10.005
http://www.ncbi.nlm.nih.gov/pubmed/16386437
http://doi.org/10.1111/j.1469-8137.1996.tb01894.x
http://www.ncbi.nlm.nih.gov/pubmed/29681069
http://doi.org/10.1016/j.soilbio.2015.03.003
http://doi.org/10.1038/35095041
http://doi.org/10.1104/pp.108.117820
http://doi.org/10.3389/fpls.2014.00436
http://doi.org/10.1104/pp.109.136390
http://doi.org/10.1093/pcp/pcq099
http://doi.org/10.3389/fpls.2019.01617
http://doi.org/10.1111/nph.12199


Int. J. Mol. Sci. 2022, 23, 11027 24 of 24

141. Breuillin-Sessoms, F.; Floss, D.S.; Gomez, S.K.; Pumplin, N.; Ding, Y.; Levesque-Tremblay, V.; Noar, R.D.; Daniels, D.A.; Bravo,
A.; Eaglesham, J.B.; et al. Suppression of Arbuscule Degeneration in Medicago truncatula phosphate transporter4 Mutants Is
Dependent on the Ammonium Transporter 2 Family Protein AMT2;3. Plant Cell 2015, 27, 1352–1366. [CrossRef] [PubMed]

142. Uehlein, N.; Fileschi, K.; Eckert, M.; Bienert, G.P.; Bertl, A.; Kaldenhoff, R. Arbuscular mycorrhizal symbiosis and plant aquaporin
expression. Phytochemistry 2007, 68, 122–129. [CrossRef] [PubMed]

143. Hogekamp, C.; Arndt, D.; Pereira, P.A.; Becker, J.D.; Hohnjec, N.; Kuster, H. Laser Microdissection Unravels Cell-Type-Specific
Transcription in Arbuscular Mycorrhizal Roots, Including CAAT-Box Transcription Factor Gene Expression Correlating with
Fungal Contact and Spread. Plant Physiology 2011, 157, 2023–2043. [CrossRef] [PubMed]

144. Balestrini, R.; Salvioli, A.; Dal Molin, A.; Novero, M.; Gabelli, G.; Paparelli, E.; Marroni, F.; Bonfante, P. Impact of an arbuscular
mycorrhizal fungus versus a mixed microbial inoculum on the transcriptome reprogramming of grapevine roots. Mycorrhiza
2017, 27, 417–430. [CrossRef] [PubMed]

145. Drechsler, N.; Courty, P.E.; Brule, D.; Kunze, R. Identification of arbuscular mycorrhiza-inducible Nitrate Transporter 1/Peptide
Transporter Family (NPF) genes in rice. Mycorrhiza 2018, 28, 93–100. [CrossRef]

146. Guether, M.; Balestrini, R.; Hannah, M.; He, J.; Udvardi, M.K.; Bonfante, P. Genome-wide reprogramming of regulatory networks,
transport, cell wall and membrane biogenesis during arbuscular mycorrhizal symbiosis in Lotus japonicus. New Phytol. 2009, 182,
200–212. [CrossRef]

147. Guether, M.; Volpe, V.; Balestrini, R.; Requena, N.; Wipf, D.; Bonfante, P. LjLHT1.2-a mycorrhiza-inducible plant amino acid
transporter from Lotus japonicus. Biol. Fertil. Soils 2011, 47, 925–936. [CrossRef]

148. Valadares, R.B.S.; Marroni, F.; Sillo, F.; Oliveira, R.R.M.; Balestrini, R.; Perotto, S. A Transcriptomic Approach Provides Insights on
the Mycorrhizal Symbiosis of the Mediterranean Orchid Limodorum abortivum in Nature. Plants 2021, 10, 251. [CrossRef]

149. Luo, W.Q.; Li, J.; Ma, X.N.; Niu, H.; Hou, S.W.; Wu, F.Y. Effect of arbuscular mycorrhizal fungi on uptake of selenate, selenite, and
selenomethionine by roots of winter wheat. Plant Soil 2019, 438, 71–83. [CrossRef]

150. Johnson, N.C.; Wilson, G.W.T.; Wilson, J.A.; Miller, R.M.; Bowker, M.A. Mycorrhizal phenotypes and the Law of the Minimum.
New Phytol. 2015, 205, 1473–1484. [CrossRef]

151. Wang, P.; Snijders, R.; Kohlen, W.; Liu, J.Y.; Bisseling, T.; Limpens, E. Medicago SPX1 and SPX3 regulate phosphate homeostasis,
mycorrhizal colonization, and arbuscule degradation. Plant Cell 2021, 33, 3470–3486. [CrossRef]

152. Balzergue, C.; Chabaud, M.; Barker, D.G.; Becard, G.; Rochange, S.F. High phosphate reduces host ability to develop arbuscular
mycorrhizal symbiosis without affecting root calcium spiking responses to the fungus. Front. Plant Sci. 2013, 4, 426. [CrossRef]
[PubMed]

153. Adeyemi, N.O.; Atayese, M.O.; Sakariyawo, O.S.; Azeez, J.O.; Olubode, A.A.; Ridwan, M.; Adebiyi, A.; Oni, O.; Ibrahim, I.
Influence of different arbuscular mycorrhizal fungi isolates in enhancing growth, phosphorus uptake and grain yield of soybean
in a phosphorus deficient soil under field conditions. Commun. Soil Sci. Plant Anal. 2021, 52, 1171–1183. [CrossRef]

154. Guo, M.N.; Ruan, W.Y.; Li, C.Y.; Huang, F.L.; Zeng, M.; Liu, Y.Y.; Yu, Y.N.; Ding, X.M.; Wu, Y.R.; Wu, Z.C.; et al. Integrative
Comparison of the Role of the PHOSPHATE RESPONSE1 Subfamily in Phosphate Signaling and Homeostasis in Rice. Plant
Physiol. 2015, 168, 1762–1776. [CrossRef] [PubMed]

155. di Fossalunga, A.S.; Novero, M. To trade in the field: The molecular determinants of arbuscular mycorrhiza nutrient exchange.
Chem. Biol. Technol. Agric. 2019, 6, 12. [CrossRef]

156. Bonneau, L.; Huguet, S.; Wipf, D.; Pauly, N.; Truong, H.N. Combined phosphate and nitrogen limitation generates a nutrient
stress transcriptome favorable for arbuscular mycorrhizal symbiosis in Medicago truncatula. New Phytol. 2013, 199, 188–202.
[CrossRef]

157. Tu, C.; Booker, F.L.; Watson, D.M.; Chen, X.; Rufty, T.W.; Shi, W.; Hu, S.J. Mycorrhizal mediation of plant N acquisition and
residue decomposition: Impact of mineral N inputs. Glob. Chang. Biol. 2006, 12, 793–803. [CrossRef]

158. Nouri, E.; Breuillin-Sessoms, F.; Feller, U.; Reinhardt, D. Phosphorus and Nitrogen Regulate Arbuscular Mycorrhizal Symbiosis in
Petunia hybrida. PLoS ONE 2014, 9, e90841. [CrossRef]

159. Pan, S.; Wang, Y.; Qiu, Y.P.; Chen, D.M.; Zhang, L.; Ye, C.L.; Guo, H.; Zhu, W.X.; Chen, A.Q.; Xu, G.H.; et al. Nitrogen-induced
acidification, not N-nutrient, dominates suppressive N effects on arbuscular mycorrhizal fungi. Glob. Chang. Biol. 2020, 26,
6568–6580. [CrossRef]

160. Nanjareddy, K.; Blanco, L.; Arthikala, M.K.; Affantrange, X.A.; Sanchez, F.; Lara, M. Nitrate regulates rhizobial and mycorrhizal
symbiosis in common bean (Phaseolus vulgaris L.). J. Integr. Plant Biol. 2014, 56, 281–298. [CrossRef]

161. Javot, H.; Penmetsa, R.V.; Breuillin, F.; Bhattarai, K.K.; Noar, R.D.; Gomez, S.K.; Zhang, Q.; Cook, D.R.; Harrison, M.J. Medicago
truncatula mtpt4 mutants reveal a role for nitrogen in the regulation of arbuscule degeneration in arbuscular mycorrhizal
symbiosis. Plant J. 2011, 68, 954–965. [CrossRef] [PubMed]

162. Sun, Y.M.; Wang, M.; Mur, L.A.J.; Shen, Q.R.; Guo, S.W. The cross-kingdom roles of mineral nutrient transporters in plant-microbe
relations. Physiol. Plant. 2021, 171, 771–784. [CrossRef] [PubMed]

http://doi.org/10.1105/tpc.114.131144
http://www.ncbi.nlm.nih.gov/pubmed/25841038
http://doi.org/10.1016/j.phytochem.2006.09.033
http://www.ncbi.nlm.nih.gov/pubmed/17109903
http://doi.org/10.1104/pp.111.186635
http://www.ncbi.nlm.nih.gov/pubmed/22034628
http://doi.org/10.1007/s00572-016-0754-8
http://www.ncbi.nlm.nih.gov/pubmed/28101667
http://doi.org/10.1007/s00572-017-0802-z
http://doi.org/10.1111/j.1469-8137.2008.02725.x
http://doi.org/10.1007/s00374-011-0596-7
http://doi.org/10.3390/plants10020251
http://doi.org/10.1007/s11104-019-04001-4
http://doi.org/10.1111/nph.13172
http://doi.org/10.1093/plcell/koab206
http://doi.org/10.3389/fpls.2013.00426
http://www.ncbi.nlm.nih.gov/pubmed/24194742
http://doi.org/10.1080/00103624.2021.1879117
http://doi.org/10.1104/pp.15.00736
http://www.ncbi.nlm.nih.gov/pubmed/26082401
http://doi.org/10.1186/s40538-019-0150-7
http://doi.org/10.1111/nph.12234
http://doi.org/10.1111/j.1365-2486.2006.01149.x
http://doi.org/10.1371/journal.pone.0090841
http://doi.org/10.1111/gcb.15311
http://doi.org/10.1111/jipb.12156
http://doi.org/10.1111/j.1365-313X.2011.04746.x
http://www.ncbi.nlm.nih.gov/pubmed/21848683
http://doi.org/10.1111/ppl.13318
http://www.ncbi.nlm.nih.gov/pubmed/33341944

	Introduction 
	Development of AM Symbiosis 
	Mechanisms of P Uptake in Plants 
	P Uptake System in Plants: Lessons from Arabidopsis and Tomato 
	Transport of P in AM Symbiosis 
	Pi Transport in AM Fungi 
	AM Symbiosis Affects Plant Pi Transport 

	Summary and Phylogenetic Analysis of the PHTs 

	Mechanisms of N Uptake in Plants 
	N Uptake System in Plants: Lessons from Arabidopsis and Tomato 
	N Assimilation in Arabidopsis and Tomato 
	Transport of N in AM Symbiosis 
	N transport System in AM Fungi 
	N Transport Systems on the Plant Side 

	Summary and Phylogenetic Analysis of N Transporters 

	Regulation of Nutrient Exchange by P and N in AM Symbiosis 
	Concluding Remarks and Future Perspectives 
	References

