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Summary

Phosphate (Pi) is indispensable for life on this planet. However, for sessile land plants it is

poorly accessible. Therefore, plants have developed a variety of strategies for enhanced

acquisition and recycling of Pi. The mechanisms to cope with Pi limitation as well as direct

uptake of Pi from the substrate via the root epidermis are regulated by a conserved Pi
starvation response (PSR) system based on a family of key transcription factors (TFs) and

their inhibitors. Furthermore, plants obtain Pi indirectly through symbiosis with mycorrhiza

fungi, which employ their extensive hyphal network to drastically increase the soil volume

that can be explored by plants for Pi. Besides mycorrhizal symbiosis, there is also a variety of

other interactions with epiphytic, endophytic, and rhizospheric microbes that can indirectly

or directly influence plant Pi uptake. It was recently discovered that the PSR pathway is

involved in the regulation of genes that promote formation and maintenance of AM

symbiosis. Furthermore, the PSR system influences plant immunity and can also be a target

of microbial manipulation. It is known for decades that the nutritional status of plants

influences the outcome of plant–microbe interactions. The first molecular explanations for

these observations are now emerging.

I. Introduction

Phosphorous (P) is one of the most critical macronutrients in
living organisms. It is an indispensable constituent of a
plethora of biological molecules, including nucleic acids,
phospholipids, proteins, and metabolites. Additionally, P in
the form of orthophosphate (Pi) is needed for phosphorylation,

an important and frequent event with regulatory and signaling
functions in living cells. A major problem concerning the
acquisition of Pi lies in its limited mobility and scarce
availability in soils and mineral environments (Schachtman
et al., 1998). Thus, primary producers such as microorganisms
and plants needed to evolve strategies to acquire Pi from their
surroundings.
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Sufficient Pi supply to agricultural systems is crucial to maintain
the productivity of crop plants as the major cornerstone of human
nutrition.Thus, the availability of rockPi as base for Pi fertilizer is of
major economic and geopolitical importance (Reijnders, 2014).
However, the extensive use of Pi fertilizer in agriculture leads to
enrichment of heavymetals like uranium in agricultural ecosystems
and the food chain (Schnug & Haneklaus, 2015) and the
eutrophication of groundwater by washout of superfluous Pi can
lead to harmful algal blooms (Ferro et al., 2015). To avoid Pi loss
from agricultural fields, it would be desirable to efficiently
synchronize Pi input with uptake by crops.

To acquire Pi, plants evolved an arsenal of high- and low-affinity
transport proteins, phosphatases, and secreted organic acids, which
allows solubilization of mineral Pi and its uptake from the
rhizosphere (Lambers et al., 2006). Plants take up Pi via the direct
uptake pathway through the rhizodermis (Bucher, 2007; Y. Wang
et al., 2021). However, due to the very limited mobility of Pi in
soils, a Pi depletion zone develops rapidly around roots (Hinsinger
et al., 2005). To reach for Pi deposits beyond the Pi depletion zone,
the plant needs to form new lateral roots, which is a cost-intensive
developmental process (P�eret et al., 2014; Guti�errez-Alan�ıs
et al., 2018; Huang & Zhang, 2020). The risk arises for the plant,
if investing in a larger root system provides sufficient nutrients to be
profitable.

To overcome this problem, c. 80% of land plants engage in the
mutualistic arbuscular mycorrhiza (AM) symbiosis with fungi
from the phylum Glomeromycotina. The fungi supply plants
withwater andmineral nutrients and in turn receive essential carbon
sources in the form of hexoses and lipids (Wang et al., 2017; Wipf
et al., 2019). AM fungi take up mineral nutrients from the soil via
extensive hyphal networks and transport them to the root (Chen
et al., 2018). In the case of Pi, this may be promoted by a bacterial
community colonizing the hyphoshere that promotes organic Pi
mineralization (Wang et al., 2022). The nutrients are then released
to the plant via tree-shaped hyphal structures, called arbuscules that
form inside root cortex cells (Luginbuehl & Oldroyd, 2017). The
mycorrhizal uptake route for nutrients is also referred to as the
indirect Pi uptake pathway (Smith & Smith, 2011).

Woody plants from temperate and cold regions engage into
ectomycorrhizal symbioses with Ascomycetes and Basidiomycetes
that support them with nutrients derived from minerals and
decomposed organic matter (Landeweert et al., 2001; Lindahl &
Tunlid, 2015). In contrast to AM symbiosis, ectomycorrhizal fungi
deliver nutrients to the inside of roots by extracellular hyphal
structures (Martin et al., 2016).

Plants have evolved a Pi starvation response (PSR) system that
dynamically regulates the direct Pi uptake pathway to meet the
nutritional requirements of the plant in changing environments.
This system is already present in green algae and streptophytes
(Rubio et al., 2001; Rico-Res�endiz et al., 2020) and was retained
across the land plant phylogeny.

The PSR system interacts with further pathways regulating
nutrition, growth, development, and environmental interactions.
It was demonstrated to be directly involved in the regulation of the
coordinated uptake and distribution of other mineral nutrients
such as nitrate, iron, and sulfur together with Pi (Rouached

et al., 2011; Bournier et al., 2013; Hu et al., 2019; X. Wang
et al., 2020). Furthermore, it acts as an integrator of various plant
physiological stimuli and conditions, such as light and phytohor-
mone signaling (Liu et al., 2017; Huang et al., 2018) or the
availability of nitrogen, zinc, and sugar (Karthikeyan et al., 2007;
Khan et al., 2014; Medici et al., 2019). Besides Pi deficiency, the
PSR system is also crucial for the alleviation of other abiotic stresses
like high light conditions and hypoxia (Kistner & Parniske, 2002;
Nilsson et al., 2012).

While for a long time the PSR system was mainly implicated in
plant interaction with the abiotic environment, it was in recent
years also linked to plant interactions with microbes. It was shown
to regulate the ability of plants, to form AM symbiosis (P. Wang
et al., 2021; Shi et al., 2021; Das et al., 2022; Liao et al., 2022),
which closed a major knowledge gap on how AM symbiosis is
promoted at low and suppressed at high Pi conditions (Breuillin
et al., 2010; Balzergue et al., 2011). Besides AM symbiosis, also the
root nodule endosymbiosis between legumes and nitrogen-fixing
rhizobia bacteria is highly responsive to the plant Pi status and
under control of the PSR system (Ma & Chen, 2021). The
association with endophytic fungi was shown not only to be
regulated but also to regulate the PSR system (Hiruma et al., 2016;
Bakshi et al., 2017). In addition, immune responses to detrimental
microbes and the modulation of bacterial community composi-
tions in the rhizosphere via the plant immune system are governed
by the plant Pi status and the PSR system (Castrillo et al., 2017;
Finkel et al., 2019; Dindas et al., 2022; Tang et al., 2022). The
influence of the plant Pi status on plant–microbe interactions has
been observed for a long time, and the molecular underpinnings of
these phenomena are now being revealed.

II. The Pi starvation response system in plants

1. The role of PHR proteins and their regulatory targets

Central players of the Pi starvation response (PSR) system are
transcriptional regulators named Phosphate Starvation Response
(PHR; Rubio et al., 2001). These are conserved from unicellular
green algae to vascular plants (Rubio et al., 2001; Rico-Res�endiz
et al., 2020) and belong to the class of Myeloblastoma-coiled-coil
TFs (Myb-CC TFs).

Their coiled-coil domain is involved in the formation of
homodimers (Rubio et al., 2001;Guan et al., 2022) that bind to the
Phosphate Starvation Response 1 binding site (P1BS), a partially
palindromic sequence motif (GNATATNC) frequently found in
promoter regions of genes involved in PSR (Fig. 1; Franco-Zorrilla
et al., 2004; Sch€unmann et al., 2004a,b; Bustos et al., 2010). Some
of the most prominent regulatory targets of PHR1 are genes
encoding high-affinity Pi transporters of the Phosphate Transpor-
ter 1 (PHT1) family (Nilsson et al., 2007; Z.Wang et al., 2014; for
review on different types of Pi transporters and their molecular
characteristics, see Rausch & Bucher, 2002; F. Smith et al., 2003;
Raghothama, 2005; Wang et al., 2018), purple acid phosphatases
(PAPs; Nilsson et al., 2007; Zhang et al., 2011), SPX domain
(named after the proteins in which they were discovered: yeast
SYG1, PHO81 and human Xpr1) containing proteins (Puga
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et al., 2014;Z.Wang et al., 2014), themiRNAgenes of themiR399
family, the expression levels of which are strongly increased upon Pi
starvation (Fujii et al., 2005; Bari et al., 2006), and the long
noncoding RNA (lncRNA) Induced by Phosphate Starvation 1
(IPS1), which sequesters miR399 members by target mimicry
(Fig. 1; Franco-Zorrilla et al., 2007; Bustos et al., 2010; Yuan
et al., 2016). Also other miRNAs, such as miR827, were reported
to be induced at low Pi status as important intercellular signals of
PSR (Gu et al., 2010; Lundmark et al., 2010). miRNAs of the
miR399 and miR827 family target the transcripts of negative
regulators of PSR, like the ubiquitin-conjugating enzymes
PHOSPHATE 2 (PHO2), LEAF TIP NECROSIS 1 (LTN1),
and NITROGEN LIMITATION ADAPTATION (NLA), for
post-transcriptional silencing (Fig. 1; Aung et al., 2006; Bari
et al., 2006; Chiou et al., 2006; Hu et al., 2011; Lin et al., 2013a).

These ubiquitin-conjugating enzymes are major executors of
proteasomal degradation of high-affinity Pi transporters (Hu
et al., 2011; Liu et al., 2012; Park et al., 2014; Yue et al., 2017), as
well as of factors involved in Pi transporter shuttling from the
endoplasmic reticulum, like the SEC12-related protein PHOS-
PHATE TRANSPORTERTRAFFIC FACILITATOR 1 (PHF1;
Gonz�alez et al., 2005). Thereby, these ubiquitin-conjugating
enzymes attenuate the PSR by regulating protein abundance and
localization of high-affinity Pi transporters.

Phosphate Starvation Response proteins not only induce genes
encoding components of the direct Pi uptake machinery and its
regulators but also of indirect mechanisms of Pi recycling, such as
dephosphorylation of phospholipids (Acevedo-Hern�andez
et al., 2012; Pant et al., 2015a) and the biosynthesis of anthocyanins
(Nilsson et al., 2007). Additionally, PHRs are involved in
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Fig. 1 Core components of the phosphate starvation response (PSR) system. Under high Pi conditions, low-affinity Pi transporters (PLTs) import cellular Pi,
which is incorporated into inositol phosphate (InsP)molecules (Bennett et al., 2006; Lambers et al., 2006;Wilson et al., 2013). These are sensedby SPXdomain
(named after the proteins inwhich theywere discovered: yeast SYG1, PHO81 and humanXpr1) proteins that inhibit the action of PHOSPHATE STARVATION
RESPONSE (PHR) transcription factors (Lvet al., 2014; Pugaet al., 2014; Z.Wanget al., 2014; Zhonget al., 2018).Ubiquitin ligatingenzymes likePHOSPHATE
2 (PHO2), LEAF TIP NECROSIS 1 (LTN1), and NITROGEN LIMITATION ADAPTATION (NLA) mark high-affinity Pi transporters (PHTs) for proteasomal
degradation by ubiquitination (Aung et al., 2006; Bari et al., 2006; Chiou et al., 2006; Hu et al., 2011; Lin et al., 2013a). At Pi starvation, SPX proteins are not
bound to InsP, are inactive, and are marked for proteasomal degradation via the SDEL RING-Finger ubiquitin ligases (Ruan et al., 2019). PHR transcription
factors form homodimers and bind their target motif P1BS in the DNA to activate transcription of PSR genes (Rubio et al., 2001; Sch€unmann et al., 2004a,b;
Franco-Zorrilla et al., 2007; Bustos et al., 2010; Guan et al., 2022). Besides PHT-encoding genes, these include genes coding for RNAmolecules involved post-
transcriptional silencing of ubiquitin-conjugating enzyme transcripts (Fujii et al., 2005; Bari et al., 2006; Franco-Zorrilla et al., 2007; Nilsson et al., 2007; Bustos
et al., 2010; Gu et al., 2010; Lundmark et al., 2010; Z. Wang et al., 2014; Yuan et al., 2016).
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remodeling the chromatin landscape and play a crucial role in
changing chromatin accessibility and transcription of the associated
(PSR) genes in response to Pi starvation (Barrag�an-Rosillo
et al., 2021). They are also responsible for major metabolic changes
in response to Pi starvation (Morcuende et al., 2007; Pant
et al., 2015a,b), like the accumulation of proline for enhanced
stress adaptation (Aleksza et al., 2017).

In vitro and in vivo experiments showed sumoylation activity of
SAP ANDMIZ1 DOMAIN-CONTAINING LIGASE 1 (SIZ1)
with PHR1 as a likely target (Miura et al., 2005).However, the role
of PHR1 sumoylation is not entirely clear: transcript accumulation
of some PSR genes is reduced in siz mutants, pointing toward an
activation of PHR1 via sumoylation while the transcript levels of
other PSR genes are increased, suggesting the opposite (Miura
et al., 2005). Furthermore, siz mutants are hypersensitive to Pi
starvation, which rather indicates that SIZ1 suppresses PSR and is
possibly involved in its fine-tuning.

Consistent with the important molecular function of PHRs,
phosphate starvation responses in phr mutants are strongly
perturbed. For example, phr mutants of Arabidopsis show reduced
anthocyanin content, root-to-shoot ratio, root hair length, and
lower induction of PSR genes under phosphate starvation (Rubio
et al., 2001; Bustos et al., 2010). Furthermore, the uptake of Pi is
reduced even under Pi-sufficient conditions, which likely explains
the reduced fresh weight of the mutant (Rubio et al., 2001).
Consistently, the overexpression of PHR1 causes an increase in Pi
uptake in Arabidopsis and rice (Nilsson et al., 2007; Z. Wang
et al., 2014).

2. The role of SPX domain proteins

The abundance of Pi within cells is monitored by proteins that
contain SPX domains (named after the proteins in which they were

discovered: yeast SYG1, PHO81, and humanXpr1). SPX domains
sense the cellular Pi status by concentration-dependent binding to
inositol pyrophosphates (InsPs; Wild et al., 2016), which are
produced by inositol polyphosphate kinases (IPKs) and accumulate
at Pi sufficiency (Fig. 1; Bennett et al., 2006; Wilson et al., 2013).
SPX proteins directly interact with PHR proteins (and other PSR
regulating plant TFs) in a Pi (inositol pyrophosphate)-dependent
manner (Lv et al., 2014; Puga et al., 2014; Z. Wang et al., 2014;
Zhong et al., 2018; Dong et al., 2019; Chen et al., 2021; He
et al., 2021). This impairs the nuclear migration and/or DNA
binding of PHR proteins at high plant Pi status (Fig. 1; Lv
et al., 2014; Puga et al., 2014; Z. Wang et al., 2014; Zhong
et al., 2018). At Pi starvation, SPX proteins are marked for
proteasomal degradation by SPX4 Degradation E3 Ligase (SDEL)
RING-finger ubiquitin ligases (Fig. 1; Ruan et al., 2019). The Pi-
dependent interactionwithSPXproteins occurs through the coiled-
coil domains in PHRs that are also important for homodimeriza-
tion (Rubio et al., 2001; Ried et al., 2021; Guan et al., 2022).

III. The role of the PSR system in AM symbiosis

Arbuscular mycorrhiza symbiosis provides an additional, and
possibly the predominant, route for Pi uptake for a majority of
plants in nature (S. Smith et al., 2003). Germination and growth of
AM fungi are induced by strigolactones (SLs) that are exuded from
plant roots at low Pi status (Fig. 2a; Akiyama et al., 2005; Besserer
et al., 2006, 2008; Yoneyama et al., 2007a,b; L�opez-R�aez
et al., 2008). Also flavonoids that promote root colonization by
AM fungi (Nair et al., 1991; Akiyama et al., 2002) are enriched in
the root exudates of Pi-starved plants (Akiyama et al., 2002;Malus�a
et al., 2006). In turn, AM fungi release (lipo-)chitooligosaccharides
(Maillet et al., 2011; Genre et al., 2013), which are perceived by
LysM receptor-like kinase complexes containing CHITIN

Fig. 2 Regulationof arbuscularmycorrhiza (AM)symbiosisby theplantphosphate starvation response (PSR) system,asdescribed inOryza sativa,Lycopersicon
esculentum, andMedicago truncatula. (a) At Pi starvation, the PSR systempromotes the expression of genes involved in the formation and functioning of AM
symbiosis (P.Wang et al., 2021; Shi et al., 2021; Das et al., 2022; Liao et al., 2022). Low cellular amounts of inositol phosphates (InsPs) lead to degradation of
SPX(namedafter theproteins inwhich theywerediscovered:yeast SYG1,PHO81andhumanXpr1)proteins, releasingPHOSPHATESTARVATIONRESPONSE
(PHR) transcription factors from sequestration and cytoplasmic retainment (Lv et al., 2014; Puga et al., 2014; Z. Wang et al., 2014; Zhong et al., 2018). This
allows their homodimerization, nuclear migration, and DNA binding to P1BS sequencemotifs (Lv et al., 2014; Puga et al., 2014; Z.Wang et al., 2014; Zhong
et al., 2018; Ried et al., 2021; Guan et al., 2022). Thereby, they activate transcription of strigolactone (SL) biosynthesis genes (CAROTENOID CLEAVAGE
DIOXYGENASE 8, CCD8) and genes encoding their transcriptional regulators (NODULATION SIGNALING PATHWAY2, NSP2; Das et al., 2022; Liu et al.,
2011). The increased exudation of SLs promotes spore germination, hyphal branching, andMyc factor exudation by Glomeromycotina fungi. The PSR system
also promotes transcription of epidermal surface receptor encoding genes (CHITIN ELICITOR RECEPTOR KINASE1, CERK1, and SYMBIOSIS RECEPTOR

KINASE, SYMRK) that form complexes involved in the perception of fungal signaling molecules enabling fungal entry; and the transcription of a zaxinone
synthase (ZAS) gene, encoding an enzyme that synthesizes the apocarotenoid compound zaxinone (Das et al., 2022) that promotes root colonization by AM
fungi (Wang et al., 2019; Votta et al., 2022). In the inner layers of the root cortex, PHR transcription factors activate transcription factor encoding genes
(REQUIREDFORARBUSCULARMYCORRHIZATION1,RAM1, andRAD1) that enable the finebranchingof arbuscules and the expressionof genes encoding
peri-arbuscularmembrane (PAM)-localized phosphate and ammonium transporters (PTs andAMTs),which are also direct target of PHRs (Shi et al., 2021;Das
et al., 2022). (b) InMedicago, it was described that SPX1 and 3 may be involved in the regulation of arbuscule lifetime, because the spx1,3 double mutant
contains a higher proportion ofmature vs degraded arbuscules (P.Wang et al., 2021). It is unknownhow this occurs, but the SPX proteins could be involved in
regulatingarbuscule turnoverwhenPi levels in the arbuscule-containing cells become toohighafter arbuscule formation, PHOSPHATETRANSPORTER4 (PT4)
expression and Pi import. This would be consistent with a model in which PHR or another protein inhibits the expression of genes associated with arbuscule
degradation, such asCYSTEINE PROTEASE3 (CP3) and a chitinase either by direct binding to their promoter or by sequestering their positive regulator. Indeed,
thesegenes arepoorly expressed in the spx1,3doublemutant.Hypothetically, upon local Pi increase in arbuscule-containing cells, the co-inducedandactivated
SPX1 and 3may sequester PHRs and/or the additional inhibitor, thereby reducing PT expression and derepression of genes associatedwith arbuscule collapse,
finally leading to the initiation of the arbuscule degradation program. This way, an increased abundance and activity of SPX proteins in arbuscule-containing
cells causes a shift from high levels of colonization and a high ratio of mature to degenerating arbuscules, to low overall colonization and a reduced ratio of
mature to degenerating arbuscules (P. Wang et al., 2021).
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ELICITOR RECEPTOR KINASE 1 (CERK1) and Nod Factor
Receptor 5/Nod Factor Perception (NFR5/NFP) orthologs in rice
andMedicago truncatula (Fig. 2a; Feng et al., 2019;He et al., 2019).

Once the fungus makes contact with the root surface, it forms an
attachment structure, the hyphopodium, and enters the root
through or between epidermal cells (Fig. 2a). Root entry requires a
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so-called common symbiosis signaling network, which is also
needed for nitrogen-fixing root nodule symbiosis (Oldroyd, 2013).
Once the fungus reaches the inner cortex, it inserts hyphal
protrusions into cells that develop into highly branched arbuscules,
surrounded by a plant-derived peri-arbuscular membrane (PAM),
at which nutrients are exchanged between the symbionts (Fig. 2a;
Luginbuehl &Oldroyd, 2017). The exact mechanisms underlying
this exchange are still not fully understood, though it is known that
paralogs of canonical plant nutrient transporter genes are involved,
the products of which are guided to the PAM through specific
coordination of their temporal expression with a reorientation of
secretion during arbuscule development (Javot et al., 2007;
Guether et al., 2009; Pumplin et al., 2012; An et al., 2019).
Similar to Pi transporters operating in direct uptake, mycorrhizal Pi
uptake also appears torely on proton gradients over cellular
membranes generated by a PAM-localized ATPase required for
phosphate transfer and arbuscule branching (Krajinski et al., 2014;
E. Wang et al., 2014). This makes it likely that the mycorrhizal Pi
importers in the PAM act as H+/Pi symporters (F. Smith
et al., 2003).

1. The PSR system directly regulates AM development and
functioning

It has been known for a long time that the plant Pi status influences
the formation of AM (Graham et al., 1981; Thomson et al., 1986;
Elias & Safir, 1987): Pi depletion leads to a promotion, Pi
sufficiency to a repression of root colonization. Split root
experiments with pea and petunia impressively revealed that AM
is regulated systemically by the phosphate status, since it was
sufficient to supply high Pi fertilizer to one side of the split root to
suppress AMon the other side although it was fertilized with low Pi
(Breuillin et al., 2010; Balzergue et al., 2011). Systemic repression
of AM upon high Pi may involve CLAVATA3/Embryo Surround-
ing Region-Related (CLE)-peptides such as CLE33. CLE33 is
induced after high Pi treatment inM. truncatula roots and causes a
reduction of AM in a SUPER NUMERIC NODULES (SUNN)-
dependent manner when it is ectopically expressed in roots under
the control of the 35S promoter (M€uller et al., 2019). SUNN is a
leucine-rich repeat receptor-like kinase (LRR-RLK) that negatively
controls nodulation as well as colonization by AM fungi,
systemically from the shoot (Meixner et al., 2005; Schnabel
et al., 2005). Systemic promotion of AM under low Pi may involve
members of the miR399 family as they are important players in
systemic communication of the plant Pi status (Fujii et al., 2005;
Bari et al., 2006; Chiou et al., 2006). Indeed, miR399 expression
levels change between different Pi conditions and during AM
symbiosis (Branscheid et al., 2010;Gu et al., 2010; Xu et al., 2018).
However, genetic evidence for an involvement of miR399 in
regulating AM is still lacking.

A number of AM-induced genes specifically expressed in
arbuscule-containing cells harbor P1BS elements within their
regulatory sequences (Lota et al., 2013). Therefore, it was tempting
to speculate that the Pi-dependent AM formation is regulated by
the PHR-SPX system (Carbonnel & Gutjahr, 2014). Indeed
recently, the direct link between PSR signaling and AM symbiosis

development was uncovered (P.Wang et al., 2021; Shi et al., 2021;
Das et al., 2022). In rice, a Y1H screen with 51 preselected
promoters against 1570 rice TFs identified the PHR family
member OsPHR2 as central hub in a transcriptional network of
genes expressed in arbuscule-containing cells (Fig. 2a; Shi
et al., 2021). Furthermore, a combination of transcriptomics with
ChIP-Seq revealed thatOsPHR2 is amajor player in the priming of
roots for AM symbiosis (Fig. 2a; Das et al., 2022). At low Pi
conditions already in absence of the fungus, a number of genes
involved in AM symbiosis are directly targeted by PHR2, contain
the P1BS element in their promoter, and are less expressed in phr2
mutants as compared to the wild-type (WT; Das et al., 2022).
Among them are SL biosynthesis genes and LysM-RLKs involved
in precontact signaling, common symbiosis genes required for
fungal cell entry such as SYMBIOSIS RECEPTOR KINASE
(SYMRK), CALCIUM and CALMODULIN DEPENDENT
KINASE (CCaMK) and CYCLOPS and genes encoding nutrient
transporters, which operate in nutrient exchange at the peri-
arbuscular membrane (Fig. 2a; Das et al., 2022; Shi et al., 2022).
For the common symbiosis genes SYMRK, CCaMK, and
CYCLOPS, this was confirmed in the phr1a mutant of the model
legume and dicotyledon Lotus japonicus (Das et al., 2022). In
addition, Shi et al. (2021), Das et al. (2022), and Liao et al. (2022)
showed direct binding of PHRs to P1BS elements in the promoter
regions of key genes operating in AM symbiosis. Interestingly,
CCaMK and CYCLOPS are already present in genomes of
Charophytes, suggesting a predisposition for symbiosis in the algal
ancestors of land plants (Delaux et al., 2015). It will be interesting
to understand whether these genes were already wired to the PSR
system in Charophyte algae, (which would suggest that they were
already involved in phosphate starvation responses) and in which
plant or algal clade this regulatory link evolved.

Consistent with an important function of PHRs in regulating
symbiosis, mutation of OsPHR2 resulted in an almost complete
loss of AM symbiosis (Shi et al., 2021; Das et al., 2022), while
mutation in L. japonicus and virus-induced silencing in tomato of a
single PHR family member led to a reduction in colonization (Das
et al., 2022; Liao et al., 2022). Exogenous application of the
synthetic SL analog rac-GR24 partially rescued colonization of rice
phr2 mutants (Das et al., 2022), showing that the reduced
expression of SL biosynthesis genes causing reduced SL exudation
explains part of the phenotype. However, interestingly it could not
rescue the low colonization of Pi-replete pea and petunia plants
(Breuillin et al., 2010; Balzergue et al., 2011). This confirms that
reduced SL exudation at high Pi is not the only cause for the
suppression of AM at this condition and also suggests differences
among plant species with respect to the importance of SL exudation
for colonization.

Overexpression of PHR2 partially restored root colonization in
rice and in L. japonicus at high Pi conditions at which AM is
suppressed in WT roots (Shi et al., 2021; Das et al., 2022),
suggesting that SPX proteins are unable to titrate PHRs, when they
occur at increased amounts. Indeed, SPX proteins play a negative
role in AM of rice and tomato (Shi et al., 2021; Liao et al., 2022).
Rice spx1/2/3/5 quadruple mutants and tomato spx1 mutants
showed increased root colonization, while SPX overexpression in
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both plant species led to reduced colonization (Shi et al., 2021; Liao
et al., 2022).

Intriguingly, in themodel legumeMedicago truncatula SPX1 and
SPX3 seem to play a partially different andunexpected role (Fig. 2b;
P. Wang et al., 2021). Both, ectopic expression of SPX1 or SPX3
under the control of the strong arbuscule-containing cell-specific
PHOSPHATE TRANSPORTER 4 (PT4) promoter as well as
mutation of the two genes reduced AM colonization (P. Wang
et al., 2021). Based on seed germination assays of the parasitic weed
Phelipanche ramosa, the authors concluded that the mtspx1 and 3
mutants release reduced amounts of SL, whichmay explain the low
colonization levels, but appears counterintuitive, as rice phr2 also
displayed reduced SL exudation (Das et al., 2022). Simultaneously,
the spx1,3 double mutant displayed a higher ratio of mature/
collapsed arbuscules, while expression of SPX1 and 3 under the
control of the PT4 promoter caused the opposite phenotype
(Fig. 2b). This indicates that SPX1 and 3 may be involved in
regulating arbuscule degeneration, possibly as a result of sensing the
Pi status of the arbuscule-containing cell (P. Wang et al., 2021).
This could occur to avoid cell-autonomous overaccumulation of Pi
or alternatively to eliminate inefficient or aged arbuscules that
ceased to deliver Pi efficiently. Indeed, transcript levels of two genes
associated with arbuscule-collapse CYSTEINE PROTEASE 3
(CP3) and a CHITINASE gene (Floss et al., 2017) are over-
proportionally reduced in spx1,3 double-mutant roots, as com-
pared to other AM-induced genes (P. Wang et al., 2021; Y. Wang
et al., 2021). It is possible that SPX1 and 3 sequester a suppressor of
these genes (P. Wang et al., 2021).

Medicago truncatula contains five SPX genes, and possibly,
different SPX family members have diversified in their ability to
interact with other proteins and thereby fulfill different functions.
Thus, other SPX family members in M. truncatula may fulfill a
similar role in regulating AM, as SPX proteins in rice and tomato
(Das & Gutjahr, 2022). M. truncatula SPX1 and 3 interact with
MtPHR2, which is encoded by an ortholog of L. japonicus PHR1c,
the role of which has not yet been genetically addressed in contrast
to LjPHR1a (Das et al., 2022). It will be interesting to understand
the function of MtPHR2 in AM symbiosis and whether this
function is conserved among all PHR family members. It appears
unlikely that MtPHR2 is directly involved in arbuscule degenera-
tion. The dual role of SPXs in arbuscule development may be
explained by the local increase of Pi in arbuscule-containing cells
over time: At the onset of arbuscule development, lack of Pi enables
the action of PHR, which induces expression of PT4 and its
orthologues. This leads to locally increased Pi levels by increased Pi
uptake via the arbuscule which, in turn, activates SPX proteins that
inhibit the action of PHR and thereby lead to reduced expression of
arbuscule-containing cell-specific Pi transporter genes and also
increased expression of genes related to arbuscule collapse such as
CP3 andCHITINASE. However, theMYB1 gene, which encodes a
regulator of arbuscule collapse in the absence of Pi delivery (Floss
et al., 2017), is not overproportionally affected by the spx1,3
mutations (P. Wang et al., 2021). It will be interesting to
understand whether it is involved in SPX1 and SPX3-mediated
regulation of arbuscule turnover or acts in parallel. Since a role of
the PSR system in regulation of the proportion of mature and

degenerate arbuscules was so far only observed inMedicago, it will
be of interest to address this also in other species.

2. Regulation of Pi transporter genes during AM symbiosis

Upon root colonization by AM fungi, the uptake route for Pi
switches from the direct to the mycorrhizal uptake pathway. This is
associated with the reduction of the expression of genes encoding
for transporters of the direct Pi uptake pathway and an activation of
Pi transporter genes expressed in arbuscule-containing cells
(Rausch et al., 2001; Harrison et al., 2002; Paszkowski
et al., 2002; Karandashov et al., 2004; Yang et al., 2012). Mutants
of these AM-specific transporters are impaired in AM symbiosis,
resulting from an increased arbuscule turnover (Javot et al., 2007;
Yang et al., 2012).This ismost likely an effect of the plant’s inability
to receive Pi from the fungus, confirmed by the accumulation of
poly-Pi in arbuscules in Mtpt4 mutant roots (Javot et al., 2007).
Importantly, it indicates that fungal Pi delivery is required for
arbuscule maintenance. In Medicago, MYB1 was demonstrated to
be a transcriptional regulator of the enhanced arbuscule turnover
occurring in pt4 mutants, by inducing the expression of genes
encoding hydrolytic enzyme in arbuscule-containing cells (Floss
et al., 2017). Analysis of the regulatory regions of the arbuscule-
specific Pi transporter genes of plants revealed the presence of a
variety of cis-regulatory elements (Karandashov et al., 2004).
Among them, the CTTC/MYCS and the P1BS motif are often
found in close association in proximity to the transcriptional start
sites (Karandashov et al., 2004;Chen et al., 2011; Lota et al., 2013).
While the P1BS motif was already known to be bound by PHRs
(Bustos et al., 2010), the CTTC/MYCS was later shown to be a
binding site of CTTC MOTIF-BINDING TRANSCRIPTION
FACTOR 1 (CBX1), an AM-induced WRINKLED (WRI) TF of
the AP2 superfamily (L. Xue et al., 2018). The close association of
thesemotifs (Chen et al., 2011; Lota et al., 2013)makes it tempting to
speculate thatPHRs andCBX1might act in concert, to regulate target
gene expression. Alternatively, PHRsmay be involved in opening the
chromatin (Barrag�an-Rosillo et al., 2021) at genomic loci containing
AM-relevant genes at low Pi conditions, while CBX1 may afterward
induce these genes upon root colonization by AM fungi.

It remains an intriguing open question how PHRs induce
expression of arbuscule-containing cell-specific Pi transporter genes
uponPi starvation, while Pi transporter genes of the direct Pi uptake
pathway in the rhizodermis show a strong reduction in expression
upon AM, although they are normally also activated by PHRs. Are
specific transcriptional repressors activated in the rhizodermis
duringAMcolonization to suppress the expression of Pi transporter
genes of the direct uptake pathway, or is PHR activity restricted to
certain tissues during AM? It will be highly interesting and relevant,
to solve these questions in future research. Interestingly, in tomato,
it was found that mutation of SPX1 leads to increased direct Pi
uptake and AM colonization at the same time (Liao et al., 2022).
This strengthens the hypothesis that additional or PSR-
independent factors are involved in the switch between direct and
indirect Pi-uptake pathway, since the PSR system seems to be in
charge of regulating both in parallel.However, job-sharing between
different SPX family members also remains a possibility.
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IV. The role of thePSR inother beneficial plant–fungal
associations

Besides AM symbiosis, also the symbiosis with Mucoromycotina
fine root endophytes (Hoysted et al., 2023) and in woody plants
with ectomycorrhizal fungi (B€ucking & Heyser, 2003; Cair-
ney, 2011) contributes to the Pi nutrition. Yet, only little is known
about the molecular programs that enable these associations
(Garcia et al., 2015) and no evidence for the involvement of the
plant PSR system in the regulation of associations with fine root
endophytes or ectomycorrhizal fungi has been described yet.

However, other fungi benefit AM-incompetent plants (such as
Arabidopsis) with Pi transfer. It appears that AM-incompetent
species may have acquired alternative ways to acquire Pi whether
through enhancing the direct uptake pathway, for example, via
secretion of organic acids and production of cluster roots (Lambers
et al., 2006) or through interaction with alternative fungi (Werner
et al., 2018; Almario et al., 2022).

1. Interactions with Colletotrichum species

One example is the interaction between Arabidopsis thaliana and
the fungusColletotrichum tofieldiae. This fungus belongs to a genus
comprising majorly pathogens and was shown to form an
endophytic association with Arabidopsis (Hiruma et al., 2016). It
promotesArabidopsis growth under Pi-limiting conditions through
transfer of Pi to the plant. This growth promotion requires themain
regulators of PSR, PHR1, and PHR1-LIKE (PHL1). Trp-derived
indole glucosinolates (IGs) are needed to restrict the fungus, which
otherwise over-proliferates, leading to plant growth depression
(Hiruma et al., 2016). In a subsequent study, the growth-
promoting effect of C. tofieldiae on Arabidopsis under Pi deficiency
coincided with the repression of genes involved in PSR and was
associated with increased auxin signaling and promotion of root
growth, caused by C. tofieldiae colonization at low Pi (Frerigmann
et al., 2021); however, it is yet unclear whether the amount of auxin
in the root or auxin signaling was increased and whether a possible
increase in auxin was caused by plant or fungal biosynthesis.

Genomic and transcriptomic comparisons between the endo-
phytic C. tofieldiae and the pathogenic sister species C. incanum
revealed a decreased set of putative secreted effector genes, an
increased number of genes involved in secondary metabolite
synthesis, and reduced expression of pathogenicity-related genes in
the endophyte (Hacquard et al., 2016). Furthermore, the immune
response to C. tofieldiae was repressed in Arabidopsis roots under Pi
starvation, but not under Pi-sufficient conditions. The authors
hypothesized that the connectivity between Pi sensing and innate
immunity combined with the small genomic changes in C.
tofieldiae enabled a Pi-status-dependent beneficial interaction
between Arabidopsis and this fungus (Hacquard et al., 2016).

The major transcriptional regulators of genes involved in
biosynthesis of IG precursors are MYB34, MYB51, and
MYB122 (Frerigmann & Gigolashvili, 2014). However, a
myb34,21,122 triple mutant affected Arabidopsis growth in the
presence of C. tofieldiae less dramatically than a cyp79b2b3
biosynthetic mutant, indicating the presence of additional

regulatory players of IG biosynthesis. Nevertheless, the presence
ofP1BS elements in the promoters ofMYB34 andMYB122 and the
upregulation of MYB34 expression upon Pi starvation (Barrag�an-
Rosillo et al., 2021) as well as the PHR1-dependent increase of
glucosinolates upon Pi starvation in Arabidopsis (Pant et al., 2015a,
b) suggests a direct regulation of IG precursor biosynthesis by
PHR1.

Plant growth promotion by C. tofieldiae was also observed in
tomato and maize, although the mechanism of growth promotion
remained unclear (D�ıaz-Gonz�alez et al., 2020). Further, the
question remains how non-Brassicaceae plants that should be
devoid of IG biosynthetic enzymes are capable of maintaining a
beneficial relationship with C. tofieldiae. It is likely that different
plants use a variety of chemicals for controling colonizing fungi.

In a different interaction between Arabidopsis and the bacterium
Bacillus amyloliquefaciens strain GB03, the Pi-dependent switch
between plant defense response and beneficial relationship was
dependent on the bacterial volatile compound diacetyl (Morcillo
et al., 2020). It is conceivable that plant and microbial small
molecules regulate a large array of interactions between plants and
facultatively beneficial microbes, and it will be exciting to learn in
the future which molecules influence the promotion of plant Pi
uptake by microbes in other plant–microbe interactions.

2. Interactions with Serendipita indica

Serendipita indica is another fungal endophyte known to promote
plant growth. Root colonization with this fungus results in an
increased Pi content in different plant species such as rapeseed,
wheat, and soybean (Bajaj et al., 2018; Taghinasab et al., 2018;Wu
et al., 2018). While it was assumed earlier, that similar to AM, a
direct transfer of Pi from the substrate to the plant occurs via S.
indica (Yadav et al., 2010, retracted), newer results suggest that
colonization with S. indica stimulates the expression of genes
coding for proteins involved in PSR and Pi homeostasis, such as Pi
uptake transporters and phosphatases (Bakshi et al., 2017; Bajaj
et al., 2018; Wu et al., 2018). Also, promotion of lateral root
growth and root hair length and density by S. indica has been
observed under Pi-limiting conditions (Bakshi et al., 2015), which
may contribute to increased direct Pi uptake. Whether the PHR-
SPX system plays a role in the interaction between plants and S.
indica remains unknown. However, WRKY6, a TF involved in
negative regulation of Pi starvation genes and physiological
responses (Chen et al., 2009; Stetter et al., 2017; Ye et al., 2018),
negatively regulates growth promotion by S. indica (Bakshi
et al., 2015). These findings suggest that S. indica indeed stimulates
plant growth by activating certain PSRs (Bakshi et al., 2017; Bajaj
et al., 2018; Wu et al., 2018).

V. The role of thePSRsystem in root nodule symbiosis

Root nodule (RN) symbioses between legumes and nitrogen-fixing
rhizobia bacteria are also regulated by the Pi status of the plant
( O’Hara, 2001). In fact, nodules seem to require large amounts of
Pi. For example, soybean nodules were described as the Pi richest
organ of the plant (Sa & Israel, 1991). To establish the symbiosis,
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rhizobia enter the plant root via tubular infection threads through
root hairs (Parniske, 2018). This structure guides the bacteria into
the root cortex, where an additional genetic program induces
development of new root organs, the nodules (Popp & Ott, 2011;
Suzaki et al., 2015). Inside cells of these organs, the bacteria are
taken up into plant-membrane-surrounded symbiosomes, where
they differentiate into nitrogen-fixing bacteroides (Haag
et al., 2013; Emerich & Krishnan, 2014).

1. The role of the plant Pi status in nodulation

The genetic programs involved in the processes of infection and
nodule formation originated during evolution from the common
symbiosis signaling network required for the formation of AM
and part of the genes are required for both symbioses (Kistner &
Parniske, 2002). In rice and L. japonicus, it was demonstrated that
some common symbiosis genes (e.g. SYMRK, CCaMK, and
CYCLOPS) are targets of PHR2 (Das et al., 2022), which would
imply that nodulation is also promoted at low Pi conditions.
However, in soybean, Pi deficiency already hampers the earliest
physiological responses to rhizobia such as root hair curling,
bacterial attachment, and IT formation (Isidra-Arellano
et al., 2018), which are processes regulated by SYMRK, CCaMK,
and CYCLOPS (Stracke et al., 2002; Yano et al., 2008; Shimoda
et al., 2012). This makes it tempting to speculate that the
expression of SYMRK, CCaMK, and CYLOPS can also be
activated by nitrogen starvation, which is the permissive condition
for root nodule symbiosis, but only at sufficient Pi supply. This
would be in line with the observation that AM colonization at
high Pi conditions can be rescued by low N supply (Nouri
et al., 2014) and implies a complex cross talk between Pi and N
signaling in the regulation of symbiosis genes, the outcome of
which depends on the Pi : N ratio. In fact, it was shown that
phosphate starvation responses are controlled by nitrate (Hu
et al., 2019; Medici et al., 2019), and it is possible that an opposite
scenario also exists.

In soybean, 35 PHR homologs were identified, of which six were
upregulated in nodules (Xue et al., 2017). These are thought to
regulate a whole set of genes upon Pi deficiency that are involved in
promoting Pi uptake specifically in nodules (Fig. 3). Among them
are transporter-encoding genes like GmPT5, which is thought to
shuttle Pi from the root tissue toward the nodule (Qin et al., 2012)
and MtPho1.1/1.2 that supports Pi transfer to bacteroides in
Medicago root nodules (Nguyen et al., 2021). Also, the PSR genes
GmPAP12 and GmSPX8 play important roles in the regulation of
nodule development, nodule number control, and nitrogen
fixation, via the control of nodular Pi homeostasis (Xu
et al., 2018; Y.Wang et al., 2020).Overexpression ofGmPHT1;11,
a gene usually expressed in nonfixing tissues of the nodule, or the
genes encoding its positive regulators GmPHR1 and GmPHR4
increased the Pi content, the size of nodules, and the nitrogenase
activity per nodule weight, but decreased the nodule number at the
same time at both high and low Pi conditions (Lu et al., 2020). This
raises the question whether it is favorable to form less but bigger
nodules, which contain more Pi per nodule to fuel bacterial N2

fixation, especially under low Pi conditions.

2. The plant Pi status influences the autoregulation of
nodulation

Autoregulation of nodulation (AON) describes a negative
regulatory system of plants, which controls nodule numbers and
acts by systemic shoot–root signaling. Genes involved in AON,
encodingNODULE INCEPTION (NIN), CLAVATA3 (CLV3)/
ENDOSPERM SURROUNDING REGION (ESR)-related
(CLE) peptides called RICH IN CYSTEINE 1 and 2 (RIC1 and
RIC2) and the F-box protein TOO MUCH LOVE (TML), are
upregulated under Pi starvation in common bean, and it was
hypothesized that they might be under direct control of PHR1 and
its homologs because their promoter regions contain P1BS
elements and their expression is reduced in PHR-RNAi lines
(Isidra-Arellano et al., 2018, 2020; Ma & Chen, 2021; Okuma &
Kawaguchi, 2021). In addition, nodulation of the hypernodulating
nodule autoregulation receptor kinase (nark) mutants, deficient in
AON, nodule number was not affected by the plant Pi level (Isidra-
Arellano et al., 2020). Thus, the AON system may be the driver of
reduced nodule numbers under Pi as shown in soybean (Chaudhary
et al., 2008; Hern�andez et al., 2009; Y. Xue et al., 2018).

VI. The role of the PSR system in plant immunity

Besides beneficial interactions, the PSR system influences the
interaction between plants and pathogenic microbes. While the
plant aims at sequestering nutrients in order to prevent their
accessibility to pathogens (Radtke & O’Riordan, 2006; Hood &
Skaar, 2012), pathogens probably aim at manipulating the plant to
enable access to nutrients in host tissues. In both scenarios, the PSR
system can be a major player.

1. A microbial effector manipulates the PSR system

A high plant Pi status is beneficial to the success of pathogens. Rice
leaves grown under high Pi weremore susceptible to the pathogenic
fungusMagnaporthe oryzae than leaves of plants grown under low
or sufficient Pi conditions (Campos-Soriano et al., 2020). Increas-
ing Pi levels in plant host cells could thus be a major goal for
pathogenic microbes. In line with this idea, it has been observed
that infection with Candidatus liberibacter asiaticus, the causative
agent of the huanglongbing disease in citrus plants, causes specific
upregulation ofmiR399, a key player in the positive regulation of Pi
uptake (Zhao et al., 2013). Also, the overexpression of the effector
protein SAP11AYWB from parasitic phytoplasma bacteria caused,
among other disease symptoms, a strong activation of PSR genes in
A. thaliana, including IPSs, SPXs, PHTs, and miRNAs involved in
PSR, Pi homeostasis, and auxin signaling like miR160, miR396,
miR399, miR827, and miR2111 (Lu et al., 2014). Since most of
the genes induced by SAP11AYWB are direct targets of PHR1, it
seems likely that the effector SAP11 alters PHR1 activity. A
possible scenario could be an interaction of both proteins to render
PHR1 resistant to negative regulation through sumoylation or
interaction with SPX proteins, thereby allowing constitutive
nuclear localization, dimerization, and transcriptional activity by
PHR1.
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2. Modulation of plant immunity through the plant Pi status
and the PSR system

The surfaces and the interior of plant organs are colonized by
diverse bacterial communities. The structure and composition of
such communities is influenced by the plant Pi status. Various
Arabidopsis mutants with defects in PSR pathway components
revealed a shift in the composition and structure of the bacterial

root endophyte microbiome as compared to WT, when they were
grown in the same type of nonsterile top soil, or grown in the
presence of a predefined synthetic community (SynCom; Castrillo
et al., 2017). Interestingly, application of the SynCom negatively
affected Pi accumulation in shoots ofWTplants under Pi depletion
but not under Pi-replete conditions, suggesting that bacteria in the
SynCom may compete with the plant for Pi under Pi starvation
conditions. Comparative transcriptomics of WT and phr1 (and
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phr1 phl1)mutants in the presence of the SynCom revealed a strong
enrichment of genes involved in plant immunity, including an
upregulation of salicylic acid and a downregulation of jasmonic
acid signaling markers in phr1 (and phr1 phl1) mutants. ChIP-Seq
confirmed that at least some of them are direct targets of PHR1.
Interestingly, phr1 phl1mutants also showed a stronger induction
of defense genes in response to bacterial flagellin, indicating that phr
mutants defendmore strongly against certain bacteria as compared
to the WT. Congruously, the phr1 phl1 double mutant of A.
thaliana displayed enhanced resistance against the bacterial
pathogen Pseudomonas syringae and also the oomycete Hyaloper-
onospora arabidopsidis (Castrillo et al., 2017). This links plant
immunity to PSR, with PHR1 as common regulator, and likely
explains the change in root bacterial communities when PSR
regulators are mutated (Castrillo et al., 2017). In addition to
immunity modulation, the PSR system may affect rhizosphere
microbiota through altering the chemical cocktail of root exudates
in order to attract beneficialmicrobes (Rolfe et al., 2019). The shifts
in microbial communities via the PSR system across the whole
plant were confirmed in a later laboratory study and dynamics in
root-inhabiting communities as a consequence of changes in Pi
levels were also observed for fungal microbiota in the field (Yu
et al., 2018; Fabia�nska et al., 2019; Finkel et al., 2019).

PHR1 directly activates genes encoding RAPIDALKALINIZA-
TION FACTORS (RALFs, Fig. 4), which interfere with defense
activation (Tang et al., 2022). RALFs bind to their receptor
FERONIA, which then inhibits complex formation of the flg22
receptor FLAGELLING INSENSITIVE 2 (FLS2) with its co-
receptor BRASSINOSTEROID ASSOCIATED KINASE 1
(BAK1; Stegmann et al., 2017; Tang et al., 2022). This may allow
the recruitment of beneficial bacteria, such as Pseudomonas and
Bacillus species to the roots, to alleviate Pi starvation (Tang
et al., 2022), as it was hypothesized earlier (Castrillo et al., 2017;
Finkel et al., 2019). Furthermore, the interaction with beneficial
fungi, such as C. tofieldiae, S. indica, and especially AM fungi,
which are also suppressed by SA (Blilou et al., 1999) is likely
promoted by a reduced immune status of the plant. This raises the
question of how plants can afford to reduce their immune status to
promote beneficial microbes while avoiding simultaneously to be
overrun by detrimental ones. Interestingly, further experiments
with SynComs revealed that upon Pi starvation numerous neutral
or beneficial microbes interacting with plants showed an
opportunistic character and changed toward exploitation of their
plant host (Finkel et al., 2019). Is the plant immune status again
fosteredwhen beneficialmicrobes have increased the Pi status of the
plant? If this would be the case, how would the beneficial
interaction be maintained? One solution could be very tight and
situation-dependent regulation. Indeed, in roots of Arabidopsis
seedlings defense is tightly and spatially regulated; and immune
receptor genes are expressed only in vulnerable sites of the root and
induced only by co-occurrence of microbe-associated molecular
patterns (MAMPs) and wounding (Zhou et al., 2020). In addition,
it is possible that immune response induction is avoided or locally
suppressed in cells colonized by beneficial microbes possibly
through the action ofmicrobial effectors or the delivered goods (e.g.
Pi). Somemicrobial structures likeAMfungal arbuscules are turned

over after a short live-time of about 2–3 d (Kobae&Hata, 2010). It
would be interesting to investigate whether this may be caused by a
plant cell-autonomous increase in defense caused by Pi accumula-
tion in the arbuscule-containing cell.

In pathogenic binary plant–microbe interactions, increased Pi
content caused by loss-of-function of the ubiquitin ligase NLA that
is, like PHO2, a negative regulator of Pi uptake (Lin et al., 2013a),
led to increased resistance against the fungal pathogen Plecto-
sphaerella cucumerina in Arabidopsis (Val-Torregrosa et al., 2022).
This was probably due to increased camalexin, salicylic acid, and
jasmonic acid content in nla plants (Val-Torregrosa et al., 2022). In
a similar case, the loss-of-function of InsP kinases INOSITOL
PENTAKISPHOSPHATE 2-KINASE 1 (IPK1) and INOSITOL
1,3,4-TRISPHOSPHATE 5/6-KINASE 1 (IPTK1), which leads
to higher accumulation of free Pi, caused increased defense against
bacterial pathogens (Gulabani et al., 2022). Another study showed
instead that mutation of phr1 increased susceptibility toward
a pathogenic oomycete Phytophthora cinnamoni (Eshraghi
et al., 2014). The authors suggested that this could be mediated
by auxin signaling as mutation of the gene encoding the auxin
receptor component TIR1 also displayed enhanced susceptibility
(Eshraghi et al., 2014).

The observation that cellular Pi levels can have positive or
negative effects on success and growth of pathogens may be
explained by a specific balance between increased availability of Pi
for the pathogen and reduced PSR signaling, leading to
enhancement of a subset of immune responses, which may be
effective against some but not all microbes. The combination of the
overall physiological and metabolic status of the plant and the
arsenal of virulence factors of the microbe likely impacts this
balance.

3. Defense regulators modulate Pi uptake

Immunity and the PSR system seem to affect each other
reciprocally as factors involved in plant immunity influence Pi
homeostasis. The Arabidopsis receptor-like kinase BOTRYTIS
INDUCED KINASE 1 (BIK1) that is an important interactor of
immune receptors like FLS2 and PEPR (Lu et al., 2010; Laluk
et al., 2011; Liu et al., 2013; Lin et al., 2013b) acts as a negative
regulator of PSRs (Zhang et al., 2016). The bik1 mutant shows
symptoms of Pi starvation and an increased tissue Pi content At Pi
starvation as well as high Pi (Zhang et al., 2016). Upon treatment
with MAMPs such as flg22 and elf18, BIK1 acts together with
PBS1-LIKEKINASE 1 (PBL1) to phosphorylate the Pi transporter
PHT1;4, thereby decreasing Pi transport (as determined through
changes of the electronic plasma membrane potential via
intracellular microelectrodes inserted into roots hairs) and uptake
(Dindas et al., 2022). This supports a direct connection between
plant immunity and Pi nutrition via BIK1. However, it is unclear
how BIK influences Pi uptake in the absence of elicitation, as
suggested by the PSR phenotype of bik1 (Zhang et al., 2016).
Nonelicited bik1 pbl1 double-mutant root hairs displayed only a
very slight decrease in Pi transport activity as compared to WT
plants (Dindas et al., 2022). It is possible that bik1 also influences
root-hair-independent Pi uptake or that pbl1 suppresses the PSR-
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transcriptional silencing via the corresponding miRNAs (Aung et al., 2006; Bari et al., 2006; Chiou et al., 2006; Hu et al., 2011; Lin et al., 2013a).
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related bik1 phenotype in the absence of stimulation by PAMPs. Pi
transport remains to be tested in single bik1 and pbl1 mutants.

In line with the idea that inhibition of Pi uptake enhances
immunity, mutation of PHT1;4 (and PHT1;1) caused a reduced
susceptibility to the root pathogenic bacterium Ralstonia solana-
cearum (Dindas et al., 2022). This appears counterintuitive, as
defense against R. solanacearum relies on SA signaling (Nakano &
Mukaihara, 2018), which was observed to be reduced upon Pi
starvation, while JA-signaling that favors pathogenicity of R.
solanacearum increased upon Pi starvation (Castrillo et al., 2017;
Nakano &Mukaihara, 2018). However, it is possible that the low
Pi content of the plant tissue directly influences R. solanacearum’s
success or that other effects of Pi starvation influence pathogenicity.
Furthermore, pht1;1 pht1;4 mutants displayed changes in micro-
biome composition,which to a small extent resembled those of bik1
(Dindas et al., 2022). Unfortunately, bik1 and pht1;1 pht1;4 were
in different genetic backgrounds (Dindas et al., 2022), preventing a
direct comparison of microbiome assemblies. It is possible that
BIK1 and PBL1 suppress Pi uptake to enhance immunity. An
alternative hypothesis could be that Pi import is limited to conserve
ATP for defense responses.

VII. Conclusion and outlook

Although our knowledge is still fragmentary, it is now emerging
that the PSR system controls the outcome of plant–microbe
interactions in accordance with the plant phosphate status. It is
directly wired to genetic programs regulating symbioses and
immune responses, and at low phosphate conditions, PHR TFs
directly activate genes required for AM and repress genes involved
in nodule formation and in defense. Thereby, the PSR system is a
major player in shaping the microbial community interacting with
a given plant. It will now be fascinating to uncover when the PSR
system evolved, at which position in the algal or plant phylogeny it
was wired to pathways regulating plant–microbe interactions and
which role this may have played in plant–microbe co-evolution. It
will be interesting to understand how the switch of the Pi uptake
route duringAM is regulated, although both routes require the PSR
system for their activation.We need information about how plants
employ the PSR system to suppress immune responses to facilitate
interaction with beneficial microbes, while still protecting
themselves against pathogens; and which molecules and mechan-
isms steer ‘behavioral’ switches of facultatively beneficial microbes.
Moreover, we need to identify and understand the molecular
mechanisms regulating plant–microbe interactions in response to
the relative abundance of multiple mineral nutrients. Together this
knowledge will provide an important basis for innovations for
sustainable agricultural practices based on plant breeding, fertilizer
formulations, application of beneficialmicrobial communities, and
pathogen management.

Acknowledgements

Research leading to this review was funded by the CRC924
‘Molecular mechanisms regulating yield and yield stability and
plants’ (project B03, GU1423/2-2) of the German Research

Council (DFG) and by the European Research Council (ERC)
under the European Union’s Horizon 2020 research and
innovation program (grant no. 759731, ‘RECEIVE’) to CG.
Open Access funding enabled and organized by Projekt DEAL.

Competing interests

None declared.

Author contributions

MP designed the outline of the review, designed and drew the
figures with input from CG. MP and CG wrote the review.

ORCID

Caroline Gutjahr https://orcid.org/0000-0001-6163-745X
Michael Paries https://orcid.org/0000-0002-7578-5813

References

Acevedo-Hern�andez G, Oropeza-Aburto A, Herrera-Estrella L. 2012. A specific

variant of the PHR1 binding site is highly enriched in the Arabidopsis phosphate-
responsive phospholipase DZ2 coexpression network. Plant Signaling and
Behavior 7: 914–917.

Akiyama K, Matsuoka H, Hayashi H. 2002. Isolation and identification of a

phosphate deficiency-induced C-glycosylflavonoid that stimulates arbuscular

mycorrhiza formation in melon roots.Molecular Plant–Microbe Interactions 15:
334–340.

Akiyama K, Matsuzaki KI, Hayashi H. 2005. Plant sesquiterpenes induce hyphal

branching in arbuscular mycorrhizal fungi. Nature 435: 824–827.
Aleksza D, Horv�ath GV, S�andor G, Szabados L. 2017. Proline accumulation is

regulated by transcription factors associated with phosphate starvation. Plant
Physiology 175: 555–567.

Almario J, Fabia�nska I, Saridis G, BucherM. 2022.Unearthing the plant–microbe

quid pro quo in root associationswith beneficial fungi.NewPhytologist234: 1967–
1976.

An J, Zeng T, Ji C, de Graaf S, Zheng Z, Xiao TT, Deng X, Xiao S, Bisseling T,

Limpens E. 2019. AMedicago truncatula SWEET transporter implicated in

arbuscule maintenance during arbuscular mycorrhizal symbiosis.New Phytologist
224: 396–408.

Aung K, Lin SI, Wu CC, Huang YT, Su CL, Chiou TJ. 2006. pho2, a phosphate
overaccumulator, is caused by a nonsense mutation in a microRNA399 target

gene. Plant Physiology 141: 1000–1011.
Bajaj R, Huang Y, Gebrechristos S,Mikolajczyk B, BrownH, Prasad R, Varma A,

Bushley KE. 2018. Transcriptional responses of soybean roots to colonization

with the root endophytic fungus Piriformospora indica reveals altered
phenylpropanoid and secondary metabolism. Scientific Reports 8: 10227.

Bakshi M, Sherameti I, Meichsner D, Th€urich J, Varma A, Johri AK, Yeh KW,

Oelm€uller R. 2017. Piriformospora indica reprograms gene expression in

Arabidopsis phosphate metabolism mutants but does not compensate for

phosphate limitation. Frontiers in Microbiology 8: 1262.
Bakshi M, Vahabi K, Bhattacharya S, Sherameti I, Varma A, Yeh KW, Baldwin I,

Johri AK,Oelm€uller R. 2015.WRKY6 restricts Piriformospora indica-stimulated

and phosphate-induced root development in Arabidopsis. BMC Plant Biology 15:
305.

Balzergue C, Puech-Pags V, B�ecard G, Rochange SF. 2011. The regulation of

arbuscular mycorrhizal symbiosis by phosphate in pea involves early and systemic

signalling events. Journal of Experimental Botany 62: 1049–1060.
Bari R, Pant BD, Stitt M, ScheibleWR. 2006. PHO2, microRNA399, and PHR1

define a phosphate-signaling pathway in plants. Plant Physiology 141: 988–999.
Barrag�an-Rosillo AC, Peralta-Alvarez CA, Ojeda-Rivera JO, Arzate-Mej�ıa RG,

Recillas-Targa F, Herrera-Estrella L. 2021. Genome accessibility dynamics in

� 2023 The Authors

New Phytologist� 2023 New Phytologist Foundation

New Phytologist (2023) 239: 29–46
www.newphytologist.com

New
Phytologist Tansley review Review 41

https://orcid.org/0000-0001-6163-745X
https://orcid.org/0000-0001-6163-745X
https://orcid.org/0000-0001-6163-745X
https://orcid.org/0000-0002-7578-5813
https://orcid.org/0000-0002-7578-5813
https://orcid.org/0000-0002-7578-5813


response to phosphate limitation is controlled by the PHR1 family of

transcription factors inArabidopsis.Proceedings of theNational Academy of Sciences,
USA 118: e2107558118.

Bennett M, Onnebo SMN, Azevedo C, Saiardi A. 2006. Inositol pyrophosphates:

metabolism and signaling. Cellular and Molecular Life Sciences 63: 552–564.
Besserer A, B�ecard G, Jauneau A, Roux C, S�ejalon-Delmas N. 2008. GR24, a

synthetic analog of strigolactones, stimulates the mitosis and growth of the

arbuscularmycorrhizal fungusGigaspora rosea by boosting its energymetabolism.

Plant Physiology 148: 402–413.
Besserer A, Puech-Pag�es V, Kiefer P, Gomez-Roldan V, Jauneau A, Roy S, Portais

JC, Roux C, B�ecard G, S�ejalon-Delmas N. 2006. Strigolactones stimulate

arbuscular mycorrhizal fungi by activating mitochondria. PLoS Biology 4: 1239–
1247.

Blilou I, Ocampo JA, Garc�ıa-Garrido JM. 1999. Resistance of pea roots to

endomycorrhizal fungus or Rhizobium correlates with enhanced levels of

endogenous salicylic acid. Journal of Experimental Botany 50: 1663–1668.
Bournier M, Tissot N, Mari S, Boucherez J, Lacombe E, Briat JF, Gaymard F.

2013.Arabidopsis ferritin 1 (AtFer1) gene regulation by the phosphate starvation

response 1 (AtPHR1) transcription factor reveals a direct molecular link between

iron and phosphate homeostasis. Journal of Biological Chemistry 288: 22670–
22680.

Branscheid A, Sieh D, Datt Pant B, May P, Devers EA, Elkrog A, Schauser L,

ScheibleWR, Krajinski F. 2010.Expression pattern suggests a role ofMiR399 in

the regulation of the cellular response to local Pi increase during arbuscular

mycorrhizal symbiosis.Molecular Plant–Microbe Interactions 23: 915–926.
Breuillin F, Schramm J, Hajirezaei M, Ahkami A, Favre P, Druege U, Hause B,

Bucher M, Kretzschmar T, Bossolini E et al. 2010. Phosphate systemically

inhibits development of arbuscular mycorrhiza in Petunia hybrida and represses
genes involved in mycorrhizal functioning. The Plant Journal 64: 1002–1017.

Bucher M. 2007. Functional biology of plant phosphate uptake at root and

mycorrhiza interfaces. New Phytologist 173: 11–26.
B€ucking H, Heyser W. 2003. Uptake and transfer of nutrients in ectomycorrhizal

associations: interactions between photosynthesis and phosphate nutrition.

Mycorrhiza 13: 59–68.
Bustos R, Castrillo G, Linhares F, Puga MI, Rubio V, P�erez-P�erez J, Solano R,

Leyva A, Paz-Ares J. 2010. A central regulatory system largely controls

transcriptional activation and repression responses to phosphate starvation in

Arabidopsis. PLoS Genetics 6: e1001102.
Cairney JWG. 2011. Ectomycorrhizal fungi: the symbiotic route to the root for

phosphorus in forest soils. Plant and Soil 344: 51–71.
Campos-Soriano L, Bund�oM,Bach-PagesM,Chiang SF, ChiouTJ, San Segundo

B. 2020. Phosphate excess increases susceptibility to pathogen infection in rice.

Molecular Plant Pathology 21: 555–570.
Cao Y, Liu J, Li Y, Zhang J, Li S, An Y, HuT, Yang P. 2021. Functional analysis of

the phosphate transporter geneMtPT6 fromMedicago truncatula. Frontiers in
Plant Science 11: 620377.

Carbonnel S, Gutjahr C. 2014. Control of arbuscular mycorrhiza development by

nutrient signals. Frontiers in Plant Science 5: 462.
Castrillo G, Teixeira PJPL, Paredes SH, Law TF, De Lorenzo L, Feltcher ME,

Finkel OM, Breakfield NW, Mieczkowski P, Jones CD et al. 2017. Root
microbiota drive direct integration of phosphate stress and immunity. Nature
543: 513–518.

Chaudhary MI, Adu-Gyamfi JJ, Saneoka H, Nguyen NT, Suwa R, Kanai S, El-

Shemy HA, Lightfoot DA, Fujita K. 2008. The effect of phosphorus deficiency

on nutrient uptake, nitrogen fixation and photosynthetic rate in mashbean,

mungbean and soybean. Acta Physiologiae Plantarum 30: 537–544.
ChenA,GuM, Sun S, Zhu L,Hong S, XuG. 2011. Identification of two conserved

cis-acting elements, MYCS and P1BS, involved in the regulation of mycorrhiza-

activated phosphate transporters in eudicot species. New Phytologist 189: 1157–
1169.

Chen L, Qin L, Zhou L, Li X, Chen Z, Sun L, WangW, Lin Z, Zhao J, Yamaji N

et al. 2019.Anodule-localized phosphate transporterGmPT7plays an important

role in enhancing symbioticN2fixation and yield in soybean.NewPhytologist221:
2013–2025.

Chen M, Arato M, Borghi L, Nouri E, Reinhardt D. 2018. Beneficial services of

arbuscular mycorrhizal fungi – from ecology to application. Frontiers in Plant
Science 9: 1270.

ChenX,HeY,HongG, Li J, Li L, SunZ, ZhangX. 2021. SPX4 interacts with both

PHR1 and PAP1 to regulate critical steps in phosphorus-status-dependent

anthocyanin biosynthesis. New Phytologist 230: 205–217.
Chen YF, Li LQ, Xu Q, Kong YH, Wang H, Wu WH. 2009. The WRKY6

transcription factor modulates PHOSPHATE1 expression in response to low Pi
stress in Arabidopsis. Plant Cell 21: 3554–3566.

Chiou TJ, Aung K, Lin SI, Wu CC, Chiang SF, Su CL. 2006. Regulation of

phosphate homeostasis by MicroRNA in Arabidopsis. Plant Cell 18: 412–421.
Das D, Gutjahr C. 2022.Old dog, new trick: the PHR-SPX system regulates

arbuscular mycorrhizal symbiosis.Molecular Plant 15: 225–227.
Das D, Paries M, Hobecker K, Gigl M, Dawid C, Lam H-M, Zhang J, Chen M,

Gutjahr C. 2022. PHOSPHATE STARVATION RESPONSE transcription

factors enable arbuscular mycorrhiza symbiosis. Nature Communications 13: 477.
DelauxP-M,RadhakrishnanGV, JayaramanD,Cheema J,MalbreilM,Volkening

JD, Sekimoto H, Nishiyama T,MelkonianM, Pokorny L. 2015. Algal ancestor

of land plants was preadapted for symbiosis.Proceedings of theNational Academy of
Sciences, USA 112: 13390–13395.

D�ıaz-Gonz�alez S, Mar�ın P, S�anchez R, Arribas C, Kruse J, Gonz�alez-Melendi P,

Brunner F, Sacrist�an S. 2020.Mutualistic fungal endophyte Colletotrichum
tofieldiae Ct0861 colonizes and increases growth and yield of maize and tomato

plants. Agronomy 10: 1493.
Dindas J, DeFalco TA, Yu G, Zhang L, David P, Bjornson M, Thibaud MC,

Cust�odio V, Castrillo G, Nussaume L et al. 2022. Direct inhibition of

phosphate transport by immune signaling in Arabidopsis. Current Biology 32:
488–495.

Dong J,MaG, Sui L,WeiM, Satheesh V, ZhangR,Ge S, Li J, ZhangTE,Wittwer

C et al. 2019. Inositol pyrophosphate InsP8 acts as an intracellular phosphate

signal in Arabidopsis.Molecular Plant 12: 1463–1473.
Elias KS, Safir GR. 1987.Hyphal elongation of Glomus fasciculatus in response to

root exudates. Applied and Environmental Microbiology 53: 1928–1933.
Emerich DW, Krishnan HB. 2014. Review article symbiosomes: temporary

moonlighting organelles. Biochemical Journal 460: 1–11.
Eshraghi L, Anderson JP, Aryamanesh N, McComb JA, Shearer B, Hardy GSJE.

2014. Suppression of the auxin response pathway enhances susceptibility to

Phytophthora cinnamomi while phosphite-mediated resistance stimulates the

auxin signalling pathway. BMC Plant Biology 14: 68.
Fabia�nska I, Gerlach N, Almario J, Bucher M. 2019. Plant-mediated effects of soil

phosphorus on the root-associated fungalmicrobiota inArabidopsis thaliana.New
Phytologist 221: 2123–2137.

Feng F, Sun J, Radhakrishnan GV, Lee T, Bozs�oki Z, Fort S, Gavrin A, Gysel K,

ThygesenMB, Andersen KR et al. 2019.A combination of chitooligosaccharide

and lipochitooligosaccharide recognition promotes arbuscular mycorrhizal

associations inMedicago truncatula. Nature Communications 10: 5047.
Ferro CJ, Ritz E, Townend JN. 2015. Phosphate: Are we squandering a scarce

commodity? Nephrology Dialysis Transplantation 30: 163–168.
Finkel OM, Salas-Gonz�alez I, Castrillo G, Spaepen S, Law TF, Teixeira PJPL,

Jones CD, Dangl JL. 2019. The effects of soil phosphorus content on plant

microbiota are drivenby theplant phosphate starvation response.PLoSBiology17:
e3000534.

Floss DS, Gomez SK, Park H-J, MacLean AM, M€uller LM, Bhattarai KK,

L�evesque-Tremblay V, Maldonado-Mendoza IE, Harrison MJ. 2017. A

transcriptional program for arbuscule degeneration during AM symbiosis is

regulated by MYB1. Current Biology 27: 1206–1212.
Franco-Zorrilla JM, Gonz�alez E, Bustos R, Linhares F, Leyva A, Paz-Ares J. 2004.

The transcriptional control of plant responses to phosphate limitation. Journal of
Experimental Botany 55: 285–293.

Franco-Zorrilla JM, Valli A, Todesco M, Mateos I, Puga MI, Rubio-Somoza I,

Leyva A,Weigel D, Garc�ıa JA, Paz-Ares J. 2007.Target mimicry provides a new

mechanism for regulation ofmicroRNAactivity.NatureGenetics 39: 1033–1037.
Frerigmann H, Gigolashvili T. 2014.MYB34, MYB51, and MYB122 distinctly

regulate indolic glucosinolate biosynthesis in Arabidopsis thaliana.Molecular
Plant 7: 814–828.

Frerigmann H, Piotrowski M, Lemke R, Bednarek P, Schulze-Lefert P. 2021. A

network of phosphate starvation and immune-related signaling and metabolic

pathways controls the interaction between Arabidopsis thaliana and the beneficial
fungus Colletotrichum tofieldiae.Molecular Plant–Microbe Interactions 34:
560–570.

New Phytologist (2023) 239: 29–46
www.newphytologist.com

� 2023 The Authors

New Phytologist� 2023 New Phytologist Foundation

Review Tansley review
New
Phytologist42



Fujii H, Chiou TJ, Lin SI, Aung K, Zhu JK. 2005. A miRNA involved in

phosphate-starvation response in Arabidopsis. Current Biology 15: 2038–2043.
Garcia K, Delaux PM, Cope KR, An�e JM. 2015.Molecular signals required for the

establishment and maintenance of ectomycorrhizal symbioses. New Phytologist
208: 79–87.

Genre A, ChabaudM, Balzergue C, Puech-Pag�es V, NoveroM, Rey T, Fournier J,

RochangeS,B�ecardG,BonfanteP et al. 2013.Short-chain chitin oligomers from

arbuscular mycorrhizal fungi trigger nuclear Ca2+ spiking inMedicago truncatula
roots and their production is enhanced by strigolactone. New Phytologist 198:
190–202.

Gonz�alez E, Solano R, Rubio V, Leyva A, Paz-Ares J. 2005. PHOSPHATE

TRANSPORTERTRAFFICFACILITATOR1 is a plant-specific SEC12-related

protein that enables the endoplasmic reticulum exit of a high-affinity phosphate

transporter in Arabidopsis. Plant Cell 17: 3500–3512.
Graham JH, Leonard RT, Menge JA. 1981.Membrane-mediated decrease in root

exudation responsible for phosphorus inhibition of vesicular-arbuscular

mycorrhiza formation. Plant Physiology 68: 548–552.
Gu M, Xu K, Chen A, Zhu Y, Tang G, Xu G. 2010. Expression analysis suggests

potential roles of microRNAs for phosphate and arbuscularmycorrhizal signaling

in Solanum lycopersicum. Physiologia Plantarum 138: 226–237.
Guan Z, Zhang Q, Zhang Z, Zuo J, Chen J, Liu R, Savarin J, Broger L, Cheng P,

Wang Q et al. 2022.Mechanistic insights into the regulation of plant phosphate

homeostasis by the rice SPX2–PHR2 complex.NatureCommunications13: 1–10.
Guether M, Neuhauser B, Balestrini R, Dynowski M, Ludewig U, Bonfante P.

2009. A mycorrhizal-specific ammonium transporter from Lotus japonicus
acquires nitrogen released by arbuscular mycorrhizal fungi. Plant Physiology 150:
73–83.

GulabaniH,GoswamiK,Walia Y, Roy A,Noor JJ, Ingole KD,KaseraM, LahaD,

Giehl RFH, Schaaf G et al. 2022. Arabidopsis inositol polyphosphate kinases
IPK1 and ITPK1 modulate crosstalk between SA-dependent immunity and

phosphate-starvation responses. Plant Cell Reports 41: 347–363.
Guti�errez-Alan�ıs D, Ojeda-Rivera JO, Yong-Villalobos L, C�ardenas-Torres L,
Herrera-Estrella L. 2018.Adaptation to phosphate scarcity: tips fromArabidopsis
Roots. Trends in Plant Science 23: 721–730.

Haag AF, ArnoldMFF,MykaKK,Kerscher B,Dall’Angelo S, ZandaM,Mergaert

P, Ferguson GP. 2013.Molecular insights into bacteroid development during

Rhizobium-legume symbiosis. FEMS Microbiology Reviews 37: 364–383.
Hacquard S, Kracher B, Hiruma K, M€unch PC, Garrido-Oter R, Thon MR,

Weimann A,DammU,Dallery JF, HainautM et al. 2016. Survival trade-offs in
plant roots during colonization by closely related beneficial and pathogenic fungi.

Nature Communications 7: 1–13.
Harrison MJ, Dewbre GR, Liu J. 2002. A phosphate transporter fromMedicago
truncatula involved in the acquisition of phosphate released by arbuscular

mycorrhizal fungi. Plant Cell 14: 2413–2429.
He J, Zhang C, Dai H, Liu H, Zhang X, Yang J, Chen X, Zhu Y, Wang D, Qi X

et al. 2019. A LysM receptor heteromer mediates perception of arbuscular

mycorrhizal symbiotic signal in rice.Molecular Plant 12: 1561–1576.
He Q, Lu H, Guo H, Wang Y, Zhao P, Li Y, Wang F, Xu J, Mo X, Mao C. 2021.

OsbHLH6 interacts with OsSPX4 and regulates the phosphate starvation

response in rice. The Plant Journal 105: 649–667.
Hern�andezG,Vald�es-L�opezO,Ram�ırezM,GoffardN,WeillerG, Aparicio-Fabre

R, Fuentes SI, Erban A, Kopka J, UdvardiMK et al. 2009.Global changes in the
transcript and metabolic profiles during symbiotic nitrogen fixation in

phosphorus-stressed common bean plants. Plant Physiology 151: 1221–1238.
Hinsinger P, Gobran GR, Gregory PJ,WenzelWW. 2005.Rhizosphere geometry

and heterogeneity arising from root-mediated physical and chemical processes.

New Phytologist 168: 293–303.
HirumaK,GerlachN, Sacrist�anS,NakanoRT,HacquardS,KracherB,Neumann

U, Ram�ırez D, Bucher M, O’Connell RJ et al. 2016. Root endophyte
Colletotrichum tofieldiae confers plant fitness benefits that are phosphate status
dependent. Cell 165: 464–474.

Hood MI, Skaar EP. 2012. Nutritional immunity: transition metals at the

pathogen–host interface. Nature Reviews Microbiology 10: 525–537.
HoystedGA, Field KJ, Sinanaj B, Bell CA, BidartondoMI, Pressel S. 2023.Direct

nitrogen, phosphorus and carbon exchanges betweenMucoromycotina ‘fine root

endophyte’ fungi and a flowering plant in novel monoxenic cultures. New
Phytologist 238: 70–79.

Hu B, Jiang Z,WangW,Qiu Y, Zhang Z, Liu Y, Li A, Gao X, Liu L, Qian Y et al.
2019. Nitrate–NRT1.1B–SPX4 cascade integrates nitrogen and phosphorus

signalling networks in plants. Nature Plants 5: 401–413.
Hu B, Zhu C, Li F, Tang J, Wang Y, Lin A, Liu L, Che R, Chu C. 2011. Leaf tip

necrosis1 plays a pivotal role in the regulation of multiple phosphate starvation

responses in rice. Plant Physiology 156: 1101–1105.
Huang G, Zhang D. 2020. The plasticity of root systems in response to external

phosphate. International Journal of Molecular Sciences 21: 1–12.
HuangKL,MaGJ, ZhangML, XiongH,WuH, Zhao CZ, Sen LC, Jia HX, Chen

L, Kjorven JO et al. 2018.The ARF7 and ARF19 transcription factors positively
regulate PHOSPHATE STARVATION RESPONSE1 in Arabidopsis roots. Plant
Physiology 178: 413–427.

Isidra-ArellanoMC, Pozas-Rodr�ıguez EA, del Roc�ıo Reyero-SaavedraM, Arroyo-

Canales J, Ferrer-Orgaz S, del Socorro S�anchez-Correa M, Cardenas L,

Covarrubias AA, Vald�es-L�opez O. 2020. Inhibition of legume nodulation by Pi

deficiency is dependent on the autoregulation of nodulation (AON)pathway.The
Plant Journal 103: 1125–1139.

Isidra-Arellano MC, Reyero-Saavedra MDR, S�anchez-Correa MDS, Pingault L,

Sen S, Joshi T,Girard L, Castro-GuerreroNA,Mendoza-CozatlDG, LibaultM

et al. 2018. Phosphate deficiency negatively affects early steps of the symbiosis

between common bean and Rhizobia. Genes 9: 498.
Javot H, Penmetsa RV, Terzaghi N, Cook DR, Harrison MJ. 2007. AMedicago
truncatula phosphate transporter indispensable for the arbuscular mycorrhizal

symbiosis. Proceedings of the National Academy of Sciences, USA 104: 1720–1725.
KarandashovV,NagyR,Wegm€uller S, AmrheinN,BucherM.2004.Evolutionary

conservation of a phosphate transporter in the arbuscular mycorrhizal symbiosis.

Proceedings of the National Academy of Sciences, USA 101: 6285–6290.
Karthikeyan AS, Varadarajan DK, Jain A, Held MA, Carpita NC, Raghothama

KG. 2007. Phosphate starvation responses are mediated by sugar signaling in

Arabidopsis. Planta 225: 907–918.
Khan GA, Bouraine S, Wege S, Li Y, De Carbonnel M, Berthomieu P, Poirier Y,

Rouached H. 2014. Coordination between zinc and phosphate homeostasis

involves the transcription factor PHR1, the phosphate exporter PHO1, and its

homologue PHO1;H3 in Arabidopsis. Journal of Experimental Botany 65: 871–
884.

Kistner C, Parniske M. 2002. Evolution of signal transduction in intracellular

symbiosis. Trends in Plant Science 7: 511–518.
Kobae Y, Hata S. 2010. Dynamics of periarbuscular membranes visualized with a

fluorescent phosphate transporter in arbuscular mycorrhizal roots of rice. Plant
and Cell Physiology 51: 341–353.

Krajinski F, Courty P-E, Sieh D, Franken P, Zhang H, Bucher M, Gerlach N,

Kryvoruchko I, Zoeller D, UdvardiM. 2014.TheH+-ATPaseHA1 ofMedicago
truncatula is essential for phosphate transport and plant growth during arbuscular
mycorrhizal symbiosis. Plant Cell 26: 1808–1817.

Laluk K, Luo H, Chai M, Dhawan R, Lai Z, Mengiste T. 2011. Biochemical and

genetic requirements for function of the immune response regulator BOTRYTIS-

INDUCEDKINASE1 in plant growth, ethylene signaling, and PAMP-triggered

immunity in Arabidopsis. Plant Cell 23: 2831–2849.
Lambers H, Shane MW, Cramer MD, Pearse SJ, Veneklaas EJ. 2006. Root

structure and functioning for efficient acquisition of phosphorus: matching

morphological and physiological traits. Annals of Botany 98: 693–713.
Landeweert R, Hoffland E, Finlay RD, Kuyper TW, Van Breemen N. 2001.

Linking plants to rocks: ectomycorrhizal fungi mobilize nutrients fromminerals.

Trends in Ecology and Evolution 16: 248–254.
Li C, Li C, Zhang H, Liao H, Wang X. 2017. The purple acid phosphatase

GmPAP21 enhances internal phosphorus utilization and possibly plays a role in

symbiosis with rhizobia in soybean. Physiologia Plantarum 159: 215–227.
LiaoD, SunC, LiangH,WangY, BianX,DongC,NiuX, YangM,XuG,ChenA.

2022. SlSPX1–SlPHR complexes mediate the suppression of arbuscular

mycorrhizal symbiosis by phosphate repletion in tomato. Plant Cell 34: 4045–
4065.

Lin W, Huang TK, Chiou TJ. 2013a. NITROGEN LIMITATION
ADAPTATION, a target of MicroRNA827, mediates degradation of plasma

membrane-localized phosphate transporters to maintain phosphate homeostasis

in Arabidopsis. Plant Cell 25: 4061–4074.
LinW, Lu D, Gao X, Jiang S, Ma X, Wang Z, Mengiste T, He P, Shan L. 2013b.

Inverse modulation of plant immune and brassinosteroid signaling pathways by

� 2023 The Authors

New Phytologist� 2023 New Phytologist Foundation

New Phytologist (2023) 239: 29–46
www.newphytologist.com

New
Phytologist Tansley review Review 43



the receptor-like cytoplasmic kinase BIK1. Proceedings of the National Academy of
Sciences, USA 110: 12114–12119.

Lindahl BD, Tunlid A. 2015. Ectomycorrhizal fungi – potential organic matter

decomposers, yet not saprotrophs. New Phytologist 205: 1443–1447.
Liu TY, Huang TK, Tseng CY, Lai YS, Lin SI, Lin WY, Chen JW, Chioua TJ.

2012. PHO2-dependent degradation of PHO1 modulates phosphate

homeostasis in Arabidopsis. Plant Cell 24: 2168–2183.
LiuW,KohlenW,LilloA,OpdenCampR, Ivanov S,HartogM,LimpensE, Jamil

M, Smaczniak C, Kaufmann K, Yang WC, Hooiveld GJ, Charnikhova T,

Bouwmeester HJ, Bisseling T, Geurts R. 2011. Strigolactone biosynthesis in

Medicago truncatula and rice requires the symbiotic GRAS-type transcription

factors NSP1 and NSP2. Plant Cell 23: 3853–3865.
LiuY,XieY,WangH,MaX,YaoW,WangH.2017.Lightandethylenecoordinately

regulate the phosphate starvation response through transcriptional regulation of

PHOSPHATE STARVATION RESPONSE1. Plant Cell 29: 2269–2284.
Liu Z, Wu Y, Yang F, Zhang Y, Chen S, Xie Q, Tian X, Zhou JM. 2013. BIK1

interacts with PEPRs to mediate ethylene-induced immunity. Proceedings of the
National Academy of Sciences, USA 110: 6205–6210.

L�opez-R�aez JA, Charnikhova T, G�omez-Rold�an V, Matusova R, Kohlen W, De

Vos R, Verstappen F, Puech-Pages V, B�ecard G, Mulder P et al. 2008. Tomato

strigolactones are derived from carotenoids and their biosynthesis is promoted by

phosphate starvation. New Phytologist 178: 863–874.
Lota F,Wegm€uller S, Buer B, Sato S, Br€autigamA,Hanf B, BucherM. 2013.The

cis-actingCTTC–P1BSmodule is indicative for gene function of LjVTI12, aQb-

SNARE protein gene that is required for arbuscule formation in Lotus japonicus.
The Plant Journal 74: 280–293.

Lu D, Wu S, Gao X, Zhang Y, Shan L, He P. 2010. A receptor-like cytoplasmic

kinase, BIK1, associates with a flagellin receptor complex to initiate plant innate

immunity. Proceedings of the National Academy of Sciences, USA 107: 496–501.
LuM,ChengZ, ZhangXM,Huang P, FanC, YuG, Chen F, XuK,ChenQ,Miao

Y et al. 2020. Spatial divergence of PHR-PHT1 modules maintains phosphorus

homeostasis in soybean nodules. Plant Physiology 184: 236–250.
Lu YT, Li MY, Cheng KT, Tan CM, Su LW, LinWY, Shih HT, Chiou TJ, Yang

JY. 2014. Transgenic plants that express the phytoplasma effector SAP11 show

alteredphosphate starvationanddefense responses.PlantPhysiology164: 1456–1469.
Luginbuehl LH, Oldroyd GED. 2017.Understanding the arbuscule at the heart of

endomycorrhizal symbioses in plants. Current Biology 27: R952–R963.
Lundmark M, Kørner CJ, Nielsen TH. 2010. Global analysis of microRNA in

Arabidopsis in response to phosphate starvation as studied by locked nucleic acid-
based microarrays. Physiologia Plantarum 140: 57–68.

LvQ, Zhong Y,Wang Y,WangZ, Zhang L, Shi J,WuZ, Liu Y,MaoC, Yi K et al.
2014. SPX4 negatively regulates phosphate signaling and homeostasis through its

interaction with PHR2 in rice. Plant Cell 26: 1586–1597.
Ma Y, Chen R. 2021. Nitrogen and phosphorus signaling and transport during

legume–rhizobium symbiosis. Frontiers in Plant Science 12: 1199.
Maillet F, Poinsot V, Andr�e O, Puech-Pag�es V, Haouy A, GueunierM, Cromer L,

Giraudet D, Formey D, Niebel A et al. 2011. Fungal lipochitooligosaccharide
symbiotic signals in arbuscular mycorrhiza. Nature 469: 58–64.

Malus�a E, Russo MA, Mozzetti C, Belligno A. 2006.Modification of secondary

metabolism and flavonoid biosynthesis under phosphate deficiency in bean roots.

Journal of Plant Nutrition 29: 245–258.
Martin F,Kohler A,MuratC,Veneault-FourreyC,HibbettDS. 2016.Unearthing

the roots of ectomycorrhizal symbioses. Nature Reviews Microbiology 14: 760–
773.

Medici A, Szponarski W, Dangeville P. 2019. Identification of molecular

integrators shows that nitrogen actively controls the phosphate starvation response

in plants. Plant Cell 31: 1171–1184.
Meixner C, Ludwig-M€uller J, Miersch O, Gresshoff P, Staehelin C, Vierheilig H.

2005. Lack of mycorrhizal autoregulation and phytohormonal changes in the

supernodulating soybean mutant nts1007. Planta 222: 709–715.
MiuraK, Rus A, SharkhuuA, Yokoi S, KarthikeyanAS, RaghothamaKG, BaekD,

Koo YD, Jin JB, Bressan RA et al. 2005. The Arabidopsis SUMOE3 ligase SIZ1

controls phosphate deficiency responses. Proceedings of the National Academy of
Sciences, USA 102: 7760–7765.

Morcillo RJ, Singh SK, He D, An G, V�ılchez JI, Tang K, Yuan F, Sun Y, Shao C,

Zhang S et al. 2020.Rhizobacterium-derived diacetyl modulates plant immunity

in a phosphate-dependent manner. EMBO Journal 39: e102602.

Morcuende R, Bari R, Gibon Y, Zheng W, Pant BD, Bl€asing O, Usadel B,

Czechowski T, UdvardiMK, StittM et al. 2007.Genome-wide reprogramming

of metabolism and regulatory networks of Arabidopsis in response to phosphorus.
Plant, Cell & Environment 30: 85–112.

M€uller LM, Flokova K, Schnabel E, Sun X, Fei Z, Frugoli J, Bouwmeester HJ,

Harrison MJ. 2019. A CLE–SUNNmodule regulates strigolactone content and

fungal colonization in arbuscular mycorrhiza. Nature Plants 5: 933–939.
Nair MG, Safir GR, Siqueira JO. 1991. Isolation and identification of vesicular-

arbuscular mycorrhiza-stimulatory compounds from clover (Trifolium repens)
roots. Applied and Environmental Microbiology 57: 434–439.

Nakano M, Mukaihara T. 2018. Ralstonia solanacearum type III effector RipAL

targets chloroplasts and induces jasmonic acid production to suppress salicylic

acid-mediated defense responses in plants. Plant and Cell Physiology 59: 2576–
2589.

NguyenNNT, Clua J, Vetal PV, VuarambonDJ, De Bellis D, PerventM, Lepetit

M, UdvardiM, Valentine AJ, Poirier Y. 2021. PHO1 family members transport

phosphate from infected nodule cells to bacteroids inMedicago truncatula. Plant
Physiology 185: 196–209.

Nilsson L, Lundmark M, Jensen PE, Nielsen TH. 2012. The Arabidopsis
transcription factor PHR1 is essential for adaptation to high light and retaining

functional photosynthesis during phosphate starvation. Physiologia Plantarum
144: 35–47.

Nilsson L, M€uller R, Nielsen TH. 2007. Increased expression of the MYB-related

transcription factor, PHR1, leads to enhanced phosphate uptake in Arabidopsis
thaliana. Plant, Cell & Environment 30: 1499–1512.

Nouri E, Breuillin-Sessoms F, Feller U, Reinhardt D. 2014. Phosphorus and

nitrogen regulate arbuscularmycorrhizal symbiosis inPetunia hybrida.PLoSONE
9: e90841.

Okuma N, Kawaguchi M. 2021. Systemic optimization of legume nodulation: a

shoot-derived regulator, miR2111. Frontiers in Plant Science 12: 682486.
O’Hara GW. 2001. Nutritional constraints on root nodule bacteria affecting

symbiotic nitrogen fixation: a review. Australian Journal of Experimental
Agriculture 41: 417–433.

Oldroyd GED. 2013. Speak, friend, and enter: signalling systems that promote

beneficial symbiotic associations in plants.Nature ReviewsMicrobiology 11: 252–263.
Pant BD, Burgos A, Pant P, Cuadros-Inostroza A, Willmitzer L, Scheible WR.

2015a. The transcription factor PHR1 regulates lipid remodeling and

triacylglycerol accumulation in Arabidopsis thaliana during phosphorus
starvation. Journal of Experimental Botany 66: 1907–1918.

Pant BD, Pant P, Erban A, Huhman D, Kopka J, Scheible WR. 2015b.

Identification of primary and secondary metabolites with phosphorus status-

dependent abundance in Arabidopsis, and of the transcription factor PHR1 as a

major regulator ofmetabolic changes during phosphorus limitation.Plant, Cell &
Environment 38: 172–187.

Park BS, Seo JS, Chua NH. 2014.NITROGEN LIMITATION ADAPTATION

Recruits PHOSPHATE2 to target the phosphate transporter PT2 for degradation

during the regulation of Arabidopsis phosphate homeostasis. Plant Cell 26: 454–
464.

ParniskeM.2018.Uptakeof bacteria into livingplant cells, the unifying anddistinct

feature of the nitrogen-fixing root nodule symbiosis. Current Opinion in Plant
Biology 44: 164–174.

Paszkowski U, Kroken S, Roux C, Briggs SP. 2002. Rice phosphate transporters

include an evolutionarily divergent gene specifically activated in arbuscular

mycorrhizal symbiosis. Proceedings of the National Academy of Sciences, USA 99:

13324–13329.
P�eret B, Desnos T, Jost R, Kanno S, Berkowitz O, Nussaume L. 2014. Root

architecture responses: in search of phosphate. Plant Physiology 166: 1713–1723.
Popp C, Ott T. 2011. Regulation of signal transduction and bacterial infection

during root nodule symbiosis. Current Opinion in Plant Biology 14: 458–467.
Puga MI, Mateos I, Charukesi R, Wang Z, Franco-Zorrilla JM, De Lorenzo L,

IrigoyenML,Masiero S, Bustos R, Rodr�ıguez J et al. 2014. SPX1 is a phosphate-
dependent inhibitor of Phosphate Starvation Response 1 in Arabidopsis.
Proceedings of the National Academy of Sciences, USA 111: 14947–14952.

Pumplin N, Zhang X, Noar RD, Harrison MJ. 2012. Polar localization of a

symbiosis-specific phosphate transporter is mediated by a transient reorientation

of secretion. Proceedings of the National Academy of Sciences, USA 109: E665–
E672.

New Phytologist (2023) 239: 29–46
www.newphytologist.com

� 2023 The Authors

New Phytologist� 2023 New Phytologist Foundation

Review Tansley review
New
Phytologist44



Qin L, Zhao J, Tian J, Chen L, Sun Z, Guo Y, Lu X, GuM, Xu G, Liao H. 2012.

The high-affinity phosphate transporterGmPT5 regulates phosphate transport to

nodules and nodulation in soybean. Plant Physiology 159: 1634–1643.
Radtke AL, O’Riordan MXD. 2006. Intracellular innate resistance to bacterial

pathogens. Cellular Microbiology 8: 1720–1729.
Raghothama KG. 2005. Phosphorus and plant nutrition: an overview. Phosphorus:
Agriculture and the Environment 46: 353–378.

Rausch C, Bucher M. 2002.Molecular mechanisms of phosphate transport in

plants. Planta 216: 23–37.
RauschC,DaramP, Brunner S, Jansa J, LaloiM, LeggewieG, AmrheinN, Bucher

M. 2001. A phosphate transporter expressed in arbuscule-containing cells in

potato. Nature 414: 462–466.
ReijndersL. 2014.Phosphorus resources, their depletion and conservation, a review.

Resources, Conservation and Recycling 93: 32–49.
Rico-Res�endiz F, Cervantes-P�erez SA, Espinal-Centeno A, Dipp-�Alvarez M,

Oropeza-Aburto A, Hurtado-Bautista E, Cruz-Hern�andez A, Bowman JL,

Ishizaki K, Arteaga-V�azquez MA et al. 2020. Transcriptional and morpho-

physiological responses ofMarchantia polymorpha upon phosphate starvation.

International Journal of Molecular Sciences 21: 1–25.
RiedMK,WildR,Zhu J, Pipercevic J, SturmK,BrogerL,HarmelRK,Abriata LA,

Hothorn LA, Fiedler D et al. 2021. Inositol pyrophosphates promote the

interaction of SPX domains with the coiled-coil motif of PHR transcription factors

to regulate plant phosphate homeostasis. Nature Communications 12: 1–13.
Rolfe SA, Griffiths J, Ton J. 2019.Crying out for help with root exudates: adaptive

mechanisms by which stressed plants assemble health-promoting soil

microbiomes. Current Opinion in Microbiology 49: 73–82.
Rouached H, Secco D, Arpat B, Poirier Y. 2011. The transcription factor PHR1

plays a key role in the regulation of sulfate shoot-to-root flux upon phosphate

starvation in Arabidopsis. BMC Plant Biology 11: 1–10.
RuanW,GuoM,WangX,GuoZ,XuZ,XuL, ZhaoH, SunH,YanC, YiK. 2019.

Two RING-finger ubiquitin E3 ligases regulate the degradation of SPX4, an

internal phosphate sensor, for phosphate homeostasis and signaling in rice.

Molecular Plant 12: 1060–1074.
Rubio V, Linhares F, SolanoR,Mart�ın AC, Iglesias J, Leyva A, Paz-Ares J. 2001.A

conserved MYB transcription factor involved in phosphate starvation signaling

both in vascular plants and in unicellular algae.Genes and Development 15: 2122–
2133.

Sa TM, Israel DW. 1991. Energy status and functioning of phosphorus-deficient

soybean nodules. Plant Physiology 97: 928–935.
Schachtman DP, Reid RJ, Ayling SM. 1998. Phosphorus uptake by plants: from

soil to cell. Plant Physiology 116: 447–453.
Schnabel E, Journet EP, De Carvalho-Niebel F, Duc G, Frugoli J. 2005. The

Medicago truncatula SUNN gene encodes a CLV1-like leucine-rich repeat

receptor kinase that regulates nodule number and root length. Plant Molecular
Biology 58: 809–822.

Schnug E, Haneklaus N. 2015. Uranium in phosphate fertilizers – review and

outlook. In: Merkel B, Arab A, eds. Uranium – Past and future challenges. New

York, NY, USA: Springer, 123–130.
Sch€unmann PHD, Richardson AE, Smith FW, Delhaize E. 2004a.

Characterization of promoter expression patterns derived from the Pht1
phosphate transporter genes of barley (Hordeum vulgare L.). Journal of
Experimental Botany 55: 855–865.

Sch€unmann PHD, Richardson AE, Vickers CE, Delhaize E. 2004b. Promoter

analysis of the barley Pht1;1 phosphate transporter gene identifies regions
controlling root expression and responsiveness to phosphate deprivation. Plant
Physiology 136: 4205–4214.

Shen Q, Bourdais G, Pan H, Robatzek S, Tang D. 2017. Arabidopsis
glycosylphosphatidylinositol-anchored protein LLG1 associates with and

modulates FLS2 to regulate innate immunity.Proceedings of theNational Academy
of Sciences, USA 114: 5749–5754.

Shi J, Zhao B, Jin R, Hou L, Zhang X, Dai H, Yu N, Wang E. 2022. A phosphate

starvation response-regulated receptor-like kinase, OsADK1, is required for

mycorrhizal symbiosis and phosphate starvation responses. New Phytologist 236:
2282–2293.

Shi J, ZhaoB,Zheng S,ZhangX,WangX,DongW,XieQ,WangG,XiaoY,Chen

F. 2021.Aphosphate starvation response-centered network regulatesmycorrhizal

symbiosis. Cell 184: 5527–5540.

Shimoda Y, Han L, Yamazaki T, Suzuki R, Hayashi M, Imaizumi-Anraku H.

2012. Rhizobial and fungal symbioses show different requirements for

calmodulin binding to calcium calmodulin-dependent protein kinase in Lotus
japonicus. Plant Cell 24: 304–321.

SmithF,Mudge SR,RaeAL,GlassopD. 2003.Phosphate transport in plants.Plant
and Soil 248: 71–83.

Smith S, Smith FA, Jakobsen I. 2003.Mycorrhizal fungi can dominate phosphate

supply to plants irrespective of growth responses. Plant Physiology 133: 16–20.
Smith SE, Smith FA. 2011. Roles of arbuscular mycorrhizas in plant nutrition and

growth: new paradigms from cellular to ecosystem scales. Annual Review of Plant
Biology 62: 227–250.

StegmannM, Monaghan J, Smakowska-Luzan E, Rovenich H, Lehner A, Holton

N, Belkhadir Y, Zipfel C. 2017. The receptor kinase FER is a RALF-regulated

scaffold controlling plant immune signaling. Science 355: 287–289.
Stetter MG, Benz M, Ludewig U. 2017. Increased root hair density by loss of

WRKY6 in Arabidopsis thaliana. PeerJ 2017: e2891.
Stracke S, Kistner C, Yoshida S,Mulder L, Sato S, Kaneko T, Tabata S, Sandal N,

Stougaard J, Szczyglowski K et al. 2002.A plant receptor-like kinase required for

both bacterial and fungal symbiosis. Nature 417: 959–962.
Suzaki T, Yoro E, Kawaguchi M. 2015. Leguminous plants: inventors of root

nodules to accommodate symbiotic bacteria. International Review of Cell and
Molecular Biology 316: 111–158.

Taghinasab M, Imani J, Steffens D, Glaeser SP, Kogel KH. 2018. The root

endophytesTrametes versicolor andPiriformospora indica increase grain yield andP
content in wheat. Plant and Soil 426: 339–348.

Tang J,WuD,Li X,WangL,XuL, ZhangY,Xu F, LiuH,XieQ,Dai S et al. 2022.
Plant immunity suppression via PHR1-RALF-FERONIA shapes the root

microbiome to alleviate phosphate starvation. EMBO Journal 41: e109102.
Thomson BD, Robson AD, Abbott LK. 1986. Effects of phosphorus on the

formation of mycorrhizas by Gigaspora calospora and Glomus fasciculatum in

relation to root carbohydrates. New Phytologist 103: 751–765.
Val-Torregrosa B, Bund�oM,MallavarapuMD, Chiou TJ, Flors V, San SB. 2022.

Loss-of-function ofNITROGEN LIMITATION ADAPTATION confers disease

resistance in Arabidopsis by modulating hormone signaling and camalexin

content. Plant Science 323: 111374.
VottaC, Fiorilli V,Haider I,Wang JY,Balestrini R, Pet�r�ık I, Tarkowsk�a D,Nov�ak
O, Serikbayeva A, Bonfante P et al. 2022.Zaxinone synthase controls arbuscular
mycorrhizal colonization level in rice. The Plant Journal 111: 1688–1700.

Wang E, Yu N, Bano SA, Liu C, Miller AJ, Cousins D, Zhang X, Ratet P, Tadege

M, Mysore KS. 2014. A H+-ATPase that energizes nutrient uptake during

mycorrhizal symbioses in rice andMedicago truncatula.PlantCell26: 1818–1830.
Wang F,DengM,Xu J, ZhuX,MaoC. 2018.Molecularmechanisms of phosphate

transport and signaling in higher plants. In: Seminars in Cell & Developmental
Biology. London, UK: Elsevier, 114–122.

Wang JY,Haider I, JamilM, Fiorilli V, Saito Y,Mi J, Baz L, Kountche BA, Jia KP,

Guo X et al. 2019. The apocarotenoid metabolite zaxinone regulates growth and

strigolactone biosynthesis in rice. Nature Communications 10: 1–9.
Wang L, Zhang L, George TS, Feng G. 2022. A core microbiome in the

hyphosphere of arbuscular mycorrhizal fungi has functional significance in

organic phosphorus mineralization. New Phytologist 238: 859–873.
Wang P, Snijders R, Kohlen W, Liu J, Bisseling T, Limpens E. 2021.Medicago
SPX1 and SPX3 regulate phosphate homeostasis, mycorrhizal colonization, and

arbuscule degradation. Plant Cell 33: 3470–3486.
Wang W, Shi J, Xie Q, Jiang Y, Yu N, Wang E. 2017. Nutrient exchange and

regulation in arbuscular mycorrhizal symbiosis.Molecular Plant 10: 1147–1158.
WangX,WangHF,ChenY, SunMM,WangY,ChenYF. 2020.The transcription

factor NIGT1.2 modulates both phosphate uptake and nitrate influx during

phosphate starvation in Arabidopsis and maize. Plant Cell 32: 3519–3534.
Wang Y, Wang F, Lu H, Liu Y, Mao C. 2021. Phosphate uptake and transport in

plants: an elaborate regulatory system. Plant and Cell Physiology 62: 564–572.
WangY,YangZ,KongY, LiX, LiW,DuH,ZhangC. 2020.GmPAP12 is required

for nodule development and nitrogen fixation under phosphorus starvation in

soybean. Frontiers in Plant Science 11: 450.
WangZ, RuanW, Shi J, Zhang L, XiangD, YangC, Li C,WuZ, Liu Y, Yu Y et al.
2014. Rice SPX1 and SPX2 inhibit phosphate starvation responses through

interacting with PHR2 in a phosphate-dependent manner. Proceedings of the
National Academy of Sciences, USA 111: 14953–14958.

� 2023 The Authors

New Phytologist� 2023 New Phytologist Foundation

New Phytologist (2023) 239: 29–46
www.newphytologist.com

New
Phytologist Tansley review Review 45



Werner GDA, Cornelissen JHC, Cornwell WK, Soudzilovskaia NA, Kattge J,

West SA, Toby KE. 2018. Symbiont switching and alternative resource

acquisition strategies drive mutualism breakdown. Proceedings of the National
Academy of Sciences, USA 115: 5229–5234.

Wild R, Gerasimaite R, Jung JY, Truffault V, Pavlovic I, Schmidt A, Saiardi A,

Jacob Jessen H, Poirier Y, Hothorn M et al. 2016. Control of eukaryotic
phosphate homeostasis by inositol polyphosphate sensor domains. Science 352:
986–990.

Wilson MSC, Livermore TM, Saiardi A. 2013. Inositol pyrophosphates: between

signalling and metabolism. Biochemical Journal 452: 369–379.
WipfD, Krajinski F, vanTuinenD, RecorbetG, Courty PE. 2019.Trading on the

arbuscular mycorrhiza market: from arbuscules to common mycorrhizal

networks. New Phytologist 223: 1127–1142.
WuM, Wei Q, Xu L, Li H, Oelm€uller R, Zhang W. 2018. Piriformospora indica
enhances phosphorus absorption by stimulating acid phosphatase activities and

organic acid accumulation in Brassica napus. Plant and Soil 432: 333–344.
Xu Y, Zhu S, Liu F, WangW, Wang X, Han G, Cheng B. 2018. Identification of

arbuscularmycorrhiza fungi responsivemicroRNAs and their regulatory network

in maize. International Journal of Molecular Sciences 19: 3201.
Xue L, Klinnawee L, Zhou Y, Saridis G, Vijayakumar V, Brands M, D€ormann P,

Gigolashvili T, Turck F, BucherM. 2018.AP2 transcription factor CBX1with a

specific function in symbiotic exchange of nutrients in mycorrhizal Lotus
japonicus. Proceedings of the National Academy of Sciences, USA 115: E9239–
E9246.

Xue Y, Zhuang Q, Zhu S, Xiao B, Liang C, Liao H, Tian J. 2018. Genome wide

transcriptome analysis reveals complex regulatory mechanisms underlying

phosphate homeostasis in soybean nodules. International Journal of Molecular
Sciences 19: 2924.

XueYB, Xiao BX, Zhu SN,MoXH, LiangCY,Tian J, LiaoH. 2017.GmPHR25, a
GmPHR member up-regulated by phosphate starvation, controls phosphate

homeostasis in soybean. Journal of Experimental Botany 68: 4951–4967.
Yadav V, KumarM,DeepAK,KumarH, SharmaR, Tripathi T, TutejaN, Saxena

AK, Johri AK. 2010. A phosphate transporter from the root endophytic fungus

Piriformospora indica plays a role in phosphate transport to the host plant. Journal
of Biological Chemistry 285: 26532–26544.

Yang SY, Grønlund M, Jakobsen I, Grotemeyer MS, Rentsch D, Miyao A,

Hirochika H, Kumar CS, Sundaresan V, Salamin N et al. 2012.Nonredundant

regulation of rice arbuscular mycorrhizal symbiosis by two members of the

PHOSPHATE TRANSPORTER1 gene family. Plant Cell 24: 4236–4251.
YanoK,YoshidaS,M€uller J, SinghS,BanbaM,VickersK,MarkmannK,WhiteC,

Schuller B, Sato S. 2008. CYCLOPS, a mediator of symbiotic intracellular

accommodation. Proceedings of the National Academy of Sciences, USA 105:

20540–20545.
Ye Q, Wang H, Su T, Wu WH, Chen YF. 2018. The ubiquitin E3 ligase PRU1

regulatesWRKY6 degradation tomodulate phosphate homeostasis in response to

low-Pi stress in Arabidopsis. Plant Cell 30: 1062–1076.
Yoneyama K, Xie X, Kusumoto D, Sekimoto H, Sugimoto Y, Takeuchi Y,

Yoneyama K. 2007a. Nitrogen deficiency as well as phosphorus deficiency in

sorghum promotes the production and exudation of 5-deoxystrigol, the host

recognition signal for arbuscularmycorrhizal fungi and root parasites.Planta227:
125–132.

Yoneyama K, Yoneyama K, Takeuchi Y, Sekimoto H. 2007b. Phosphorus

deficiency in red clover promotes exudation of orobanchol, the signal for

mycorrhizal symbionts and germination stimulant for root parasites. Planta 225:
1031–1038.

Yu P,Wang C, Baldauf JA, Tai H, Gutjahr C, Hochholdinger F, Li C. 2018.Root

type and soil phosphate determine the taxonomic landscape of colonizing fungi

and the transcriptome of field-grown maize roots. New Phytologist 217: 1240–
1253.

Yuan J, Zhang Y, Dong J, Sun Y, Lim BL, Liu D, Lu ZJ. 2016. Systematic

characterization of novel lncRNAs responding to phosphate starvation in

Arabidopsis thaliana. BMC Genomics 17: 1–16.
YueW, Ying Y, Wang C, Zhao Y, Dong C, Whelan J, Shou H. 2017.OsNLA1, a

RING-type ubiquitin ligase, maintains phosphate homeostasis inOryza sativa via
degradation of phosphate transporters. The Plant Journal 90: 1040–1051.

Zhang H, Huang L, Hong Y, Song F. 2016. BOTRYTIS-INDUCED

KINASE1, a plasma membrane-localized receptor-like protein kinase, is a

negative regulator of phosphate homeostasis in Arabidopsis thaliana. BMC
Plant Biology 16: 1–14.

Zhang Q, Wang C, Tian J, Li K, Shou H. 2011. Identification of rice purple

acid phosphatases related to posphate starvation signalling. Plant Biology 13:
7–15.

Zhao H, Sun R, Albrecht U, Padmanabhan C, Wang A, Coffey MD, Girke T,

WangZ,CloseTJ, RooseM et al. 2013. Small RNAprofiling reveals phosphorus

deficiency as a contributing factor in symptom expression for citrus

huanglongbing disease.Molecular Plant 6: 301–310.
Zhong Y, Wang Y, Guo J, Zhu X, Shi J, He Q, Liu Y, Wu Y, Zhang L, Lv Q et al.
2018. Rice SPX6 negatively regulates the phosphate starvation response through

suppression of the transcription factor PHR2. New Phytologist 219: 135–148.
Zhou F, Emonet A, Tendon VD,Marhavy P,WuD, Lahaye T, Geldner N. 2020.

Co-incidence of damage and microbial patterns controls localized immune

responses in roots. Cell 180: 440–453.

New Phytologist (2023) 239: 29–46
www.newphytologist.com

� 2023 The Authors

New Phytologist� 2023 New Phytologist Foundation

Review Tansley review
New
Phytologist46


	 Summary
	I. Introduction
	II. The Pi starvation response system in plants
	 The role of PHR proteins and their regulatory targets
	nph18933-fig-0001
	 The role of SPX domain proteins

	III. The role of the PSR system in AM symbiosis
	nph18933-fig-0002
	 The PSR system directly regulates AM development and functioning
	 Regulation of Pi transporter genes during AM symbiosis

	IV. The role of the PSR in other beneficial plant-fungal associations
	 Interactions with Colletotrichum species
	 Interactions with Serendipita indica

	V. The role of the PSR system in root nodule symbiosis
	 The role of the plant Pi status in nodulation
	 The plant Pi status influences the autoregulation of nodulation

	VI. The role of the PSR system in plant immunity
	 A microbial effector manipulates the PSR system
	 Modulation of plant immunity through the plant Pi status and the PSR system
	nph18933-fig-0003
	 Defense regulators modulate Pi uptake
	nph18933-fig-0004

	VII. Conclusion and outlook
	 Acknowledgements
	 Competing interests
	 Author contributions
	 References
	nph18933-bib-0001
	nph18933-bib-0002
	nph18933-bib-0003
	nph18933-bib-0004
	nph18933-bib-0005
	nph18933-bib-0006
	nph18933-bib-0007
	nph18933-bib-0008
	nph18933-bib-0009
	nph18933-bib-0010
	nph18933-bib-0011
	nph18933-bib-0012
	nph18933-bib-0013
	nph18933-bib-0014
	nph18933-bib-0015
	nph18933-bib-0016
	nph18933-bib-0017
	nph18933-bib-0018
	nph18933-bib-0019
	nph18933-bib-0020
	nph18933-bib-0021
	nph18933-bib-0022
	nph18933-bib-0023
	nph18933-bib-0024
	nph18933-bib-0025
	nph18933-bib-0026
	nph18933-bib-0027
	nph18933-bib-0028
	nph18933-bib-0029
	nph18933-bib-0030
	nph18933-bib-0031
	nph18933-bib-0032
	nph18933-bib-0033
	nph18933-bib-0034
	nph18933-bib-0035
	nph18933-bib-0036
	nph18933-bib-0037
	nph18933-bib-0038
	nph18933-bib-0039
	nph18933-bib-0040
	nph18933-bib-0041
	nph18933-bib-0042
	nph18933-bib-0043
	nph18933-bib-0044
	nph18933-bib-0045
	nph18933-bib-0046
	nph18933-bib-0047
	nph18933-bib-0048
	nph18933-bib-0049
	nph18933-bib-0050
	nph18933-bib-0051
	nph18933-bib-0052
	nph18933-bib-0053
	nph18933-bib-0054
	nph18933-bib-0055
	nph18933-bib-0056
	nph18933-bib-0057
	nph18933-bib-0058
	nph18933-bib-0059
	nph18933-bib-0060
	nph18933-bib-0061
	nph18933-bib-0062
	nph18933-bib-0063
	nph18933-bib-0064
	nph18933-bib-0065
	nph18933-bib-0066
	nph18933-bib-0067
	nph18933-bib-0068
	nph18933-bib-0069
	nph18933-bib-0070
	nph18933-bib-0071
	nph18933-bib-0072
	nph18933-bib-0073
	nph18933-bib-0074
	nph18933-bib-0075
	nph18933-bib-0076
	nph18933-bib-0077
	nph18933-bib-0078
	nph18933-bib-0079
	nph18933-bib-0080
	nph18933-bib-0081
	nph18933-bib-0082
	nph18933-bib-0083
	nph18933-bib-0084
	nph18933-bib-0085
	nph18933-bib-0086
	nph18933-bib-0087
	nph18933-bib-0088
	nph18933-bib-0089
	nph18933-bib-0090
	nph18933-bib-0091
	nph18933-bib-0092
	nph18933-bib-0093
	nph18933-bib-0094
	nph18933-bib-0095
	nph18933-bib-0096
	nph18933-bib-0097
	nph18933-bib-0098
	nph18933-bib-0099
	nph18933-bib-0100
	nph18933-bib-0101
	nph18933-bib-0102
	nph18933-bib-0103
	nph18933-bib-0104
	nph18933-bib-0105
	nph18933-bib-0106
	nph18933-bib-0107
	nph18933-bib-0108
	nph18933-bib-0109
	nph18933-bib-0110
	nph18933-bib-0111
	nph18933-bib-0112
	nph18933-bib-0113
	nph18933-bib-0114
	nph18933-bib-0115
	nph18933-bib-0116
	nph18933-bib-0117
	nph18933-bib-0118
	nph18933-bib-0119
	nph18933-bib-0120
	nph18933-bib-0121
	nph18933-bib-0122
	nph18933-bib-0123
	nph18933-bib-0124
	nph18933-bib-0125
	nph18933-bib-0126
	nph18933-bib-0127
	nph18933-bib-0128
	nph18933-bib-0129
	nph18933-bib-0130
	nph18933-bib-0131
	nph18933-bib-0132
	nph18933-bib-0133
	nph18933-bib-0134
	nph18933-bib-0135
	nph18933-bib-0136
	nph18933-bib-0137
	nph18933-bib-0138
	nph18933-bib-0139
	nph18933-bib-0140
	nph18933-bib-0141
	nph18933-bib-0142
	nph18933-bib-0143
	nph18933-bib-0144
	nph18933-bib-0145
	nph18933-bib-0146
	nph18933-bib-0147
	nph18933-bib-0148
	nph18933-bib-0149
	nph18933-bib-0150
	nph18933-bib-0151
	nph18933-bib-0152
	nph18933-bib-0153
	nph18933-bib-0154
	nph18933-bib-0155
	nph18933-bib-0156
	nph18933-bib-0157
	nph18933-bib-0158
	nph18933-bib-0159
	nph18933-bib-0160
	nph18933-bib-0161
	nph18933-bib-0162
	nph18933-bib-0163
	nph18933-bib-0164
	nph18933-bib-0165
	nph18933-bib-0166
	nph18933-bib-0167
	nph18933-bib-0168
	nph18933-bib-0169
	nph18933-bib-0170
	nph18933-bib-0171
	nph18933-bib-0172
	nph18933-bib-0173
	nph18933-bib-0174
	nph18933-bib-0175
	nph18933-bib-0176
	nph18933-bib-0177
	nph18933-bib-0178
	nph18933-bib-0179
	nph18933-bib-0180
	nph18933-bib-0181
	nph18933-bib-0182
	nph18933-bib-0183
	nph18933-bib-0184
	nph18933-bib-0185
	nph18933-bib-0186
	nph18933-bib-0187
	nph18933-bib-0188
	nph18933-bib-0189
	nph18933-bib-0190
	nph18933-bib-0191
	nph18933-bib-0192
	nph18933-bib-0193
	nph18933-bib-0194
	nph18933-bib-0195
	nph18933-bib-0196
	nph18933-bib-0197
	nph18933-bib-0198
	nph18933-bib-0199
	nph18933-bib-0200
	nph18933-bib-0201


