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Abstract: Phosphorus, acquired in the form of phosphate (Pi), is one of the primary
macronutrients for plants but is least available in the soil. Pi deficiency is a major factor
limiting plant growth, development and reproduction. Plants have developed a complex
signaling network to respond to Pi deficiency. The recent discovery of strigolactones, a
new class of plant hormones, has led to an emerging signaling module illustrating the
integrated control of Pi acquisition, plant-microbe symbiotic interactions and plant
architecture. This review article focuses on the recent findings of plant responses and roles
of strigolactones to Pi deficiency.
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1. Introduction

Unlike animals, plants are sessile and are constantly subjected to environmental challenges. As a
consequence, plants have evolved complicated yet precise mechanisms to respond and adapt to their
environment. One recent breakthrough in the field of plant biology was the discovery of strigolactones (SLs)
as a new class of plant hormones controlling shoot branching [1,2]. It appears that synthesis and
exudation of SLs is regulated by nutrient availability in soil [3-5] and SLs exuded by roots serve as
host recognition signals for symbiotic fungi [6]. Therefore, SLs are viewed as integrative signaling
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molecules coupling nutrient availability and microbial symbiosis to plant architecture and productivity.
In this article, we will present a brief overview of the current knowledge on phosphate (Pi) deficiency
in plants followed by a detailed discussion of how SLs help plants manage Pi deficiency.

2. Phosphorus Availability Is a Major Factor Limiting Plant Growth, Development
and Reproduction

Phosphorus (P) is an essential plant nutrients and is incorporated in numerous metabolites including
sugar phosphates, nucleotides and nucleic acids, phospholipids, phosphoproteins and energy-rich
compounds like adenosine triphosphate (ATP). In contrast to other essential nutrients such as carbon
(C) and nitrogen (N) that can be fixed from the atmosphere, the only natural source of P is weathering
of minerals in soils or atmospheric inputs [7]. P concentrations in crop plants range from 0.15% to
0.5% dry weight [8], but since typical Pi concentrations are below 10 puM in soils [9] or 1-3 uM
(dissolved Pi) in oceans [10], its availability in both terrestrial and aquatic ecosystems is limited. The
effects of soil fertilization are reduced because 80% of the applied P adsorbs to clays and Al/Fe oxides,
precipitates and forms Ca, Fe and Al phosphates, or is converted to organic phosphates (e.g., phytic
acid) that are not immediately available for plants [11-14]. Moreover, sources of P ores are
non-renewable and are being rapidly depleted by usage [15,16]. It is generally considered that N
limitation has a greater impact on biomass formation, directly followed by P. However, with
increasing soil age, particularly in tropical or subtropical regions, P limitation tends to become the
major limiting factor of plant productivity [17,18].

Inorganic P (Pi) is the main P-form that plant roots can absorb and after uptake, it either remains as
Pi or is assimilated by forming an ester with a hydroxyl group of a carbon chain (e.g., sugar
phosphates) or attaches to another Pi by forming an energy-rich pyrophosphate bond (e.g., ATP) [14].
Typical symptoms of Pi starvation in plants include stunted growth, dark green leaf colors caused by
accumulation of anthocyanins and leaf necrosis [19]. Lack of Pi usually correlates with decreased
levels of ATP, photosynthetic activity and stomatal conductance [20-24] that all result in reduced
biomass production. Under Pi deficient conditions, however, plants have evolved several strategies to
enhance Pi acquisition and reduce the need for Pi to act on multiple levels, including transcriptional
activation, biochemical adaptations, physiological responses and morphological changes.

3. Morphological, Physiological and Biochemical Responses of Plants to Pi Deficiency

Modifications of root growth and architecture are the most obvious and best-documented responses
of plants to Pi starvation [25-27]. Under Pi deficient conditions, root diameter decreases and the
number of root hairs as well as their length increases which help enhance Pi uptake by increasing soil
surface area contact [25,28—-34] (Figure 1). The importance of strategic root growth adjustments to
compensate for low Pi availability is underlined by directed root growth towards Pi-rich pockets
within soils [35,36]. As will be discussed in details below, mycorrhizal-mediated mineral acquisition
plays an important role in supplying nutrition for plants [37,38].

Another root-related response to Pi starvation is the formation of proteoid roots (or cluster roots) in
certain plant species, such as lupine and protaceae [39]. These clusters of rootlets are induced by
rhizosphere bacteria and are specialized in the synthesis and excretion of organic acids (e.g., citrate)
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that help mobilize Pi from Ca, Fe and Al salts [16,40—43]. Exudation of organic acids from roots is not
limited to proteoid roots but is a more general strategy to solubilize Pi by chelating Ca, Fe and Al
cations [25,44]. In addition, secretion of phosphatases or phytases by roots increases mobilization of Pi
bound to organic components (e.g., phytic acid) that are considered to form the greatest phosphorus
pool in soils [45-51].

Figure 1. Conceptual summary of morphological, physiological and biochemical
responses to phosphate (Pi) deficiency in plants. Besides the listed morphological changes
in root architecture, plant roots facilitate Pi uptake by expression of high affinity Pi
transporters and by exudation of organic acids, phosphatases and phytases to mobilize
additional Pi resources. The tonoplast plays an important role to maintain Pi homeostasis
during Pi deficient periods. Long-term Pi deficiency is compensated by metabolic
adjustments in order to lower Pi and ATP demands. A complex network of local and
systemic signaling pathways is involved in plant response to Pi deficiency (details are
given in the text) and strigolactones may act both at the local signaling and the systemic
signaling levels.
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The uptake of soluble or mobilized soil Pi needs to occur against a relatively high concentration
gradient because the cytoplasmic Pi concentrations usually exceed Pi concentration in soil by an order
of magnitude. Pi is likely absorbed in the most abundant forms, H,PO,~ or HPO,>", by high affinity
Pi/H" symporters that belong to the PHOSPHATE TRANSPORTERI (PHTI) gene family; a process
requires an H'-ATPase driven proton gradient across the plasma membrane [12,52—-54]. PHT1, PHT2
and PHT3 transporters also play important roles in intracellular Pi translocation or transport between
plant organs [55]. Up to 95% of the plant’s Pi is stored in the vacuole [24,25], which serves as a buffer
to maintain stable cytoplasmic Pi concentrations under varying levels of available Pi [56]. However,
the tonoplast is unable to sufficiently fulfill the cellular Pi demand under prolonged Pi starvation [57].
Pi starvation induces the expression of high-affinity Pi transporters increasing the potential for
enhanced Pi uptake from soils [12,13,55].

Besides the physiological and morphological adaptations, Pi starvation also causes striking
metabolomic changes in plants (Figure 1). In general, metabolic redundancies allow activation of
enzymes that do not require ATP or Pi as substrates, such as enzymes of the glycolytic and an alternate
respiratory pathway, or replacement of phospholipids with nonphosphorus galactolipids in
extraplastidic membranes [22,51,58-60]. Pi deficiency-caused reduction in ATP and ADP levels
inhibits glycolytic enzymes and Pi- and adenylate-independent enzymes that bypass classical
glycolysis are up-regulated [61]. Some of these enzymes use pyrophosphate (PPi) as an energy donor,
which also helps recycle Pi and restore ATP. PPi is formed as a byproduct of a wide range of
biosynthetic reactions (e.g., polymerization reactions) and is present at high concentrations of up to
300 uM in the cytosol [62]. Pi starvation induces PPi-dependent phosphofructokinase (replaces
ATP-dependent phosphofructokinase), phosphoenolpyruvate carboxylase and pyruvate Pi dikinases
(replace ADP-dependent pyruvate kinase) (reviewed in [51,55]).

4. Complex Signaling Network Underlying Plant Response to Pi Deficiency

Although a complete picture of how plants sense external (and internal) Pi concentrations and
transduce this information into the abovementioned morphological, physiological and biochemical
responses is still lacking, the past decade has brought significant progress towards the understanding of
the complex signaling pathways underlying plant responses to Pi deficiency. Here we only briefly
describe the major components of the signaling network responsible for sensing and responding to Pi
starvation. For a comprehensive overview of signaling networks related to Pi availability, readers are
referred to recent review articles [63—67].

In general, the Pi-deficiency signaling network can be subdivided into two parts, (1) local and
(2) systemic or long distance signaling. Sensing of external Pi concentrations likely takes part at the
root tip and induces changes in root architecture. There is evidence to support that Pi itself acts as
signaling molecule [68,69]. Analysis of phosphate deficiency response 2 (pdr2), an Arabidopsis
mutant with exaggerated Pi-deficient root phenotype resulting from an impaired P5-type ATPase, as
well as mutants with altered sensitivity to Pi starvation [low phosphorus insensitive (Ipi), low
phosphate root 1 (Iprl), Ipr2 and Pi starvation-induced (psi)] revealed that inhibition of primary root
growth accompanied by lateral root formation in response to low external Pi is likely regulated by cells
within the root tip [70-74]. There is a genetic interaction between PDR2 and the multicopper-oxidases
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LPR1/PSI and LPR2 where PDR2 acts upstream and negatively regulates the responses of LPR1/PSI
and LPR2. Moreover, PDR2, located in the endoplasmic reticulum, is involved in the expression
regulation of SCARECROW, a transcription factor regulating root patterning and stem cell
maintenance. Although a detailed model depicting the local signaling pathway from sensing external
Pi concentrations to transcriptional responses in root tips is still lacking, it has been shown that this
process is dependent on the auxin receptor TRANSPORT INHIBITOR RESPONSEI1 (TIR1) [75,76]
and MORE AXILLARY GROWTH 2 (MAX2), a key signaling component in the strigolactone
pathway (further discussed below).

Several systemic signaling pathways have been proposed to be involved in Pi-deficiency signaling
and it is likely they act in an interconnected manner [63,66]. There is evidence to support a role of
plant hormones in Pi signaling. For example, auxin and ethylene treatments and Pi deficiency cause
similar phenotypic changes in plant roots [32,77]; endogenous levels of cytokinin and cytokinin
receptors decrease under Pi-starvation and reduction in cytokinin concentrations is a prerequisite for a
proper Pi starvation response [78], and gibberellins can repress root morphological changes under Pi
starvation via a DELLA transcription factor-dependent signaling mechanism [79]. Because sugar
signaling is closely related to multiple plant hormones [80], it is not surprising that crosstalk also exists
between Pi status and sugar signaling [81].

One of the better-understood Pi-dependent systemic signaling pathways involves the micro-RNA
miR399. PHOSPHATE 2 (PHO2) is an ubiquitin-conjugating enzyme likely involved in targeting the
abovementioned PHT Pi transporters for proteolytic degradation. Micro-RNA miR399 not only directs
the cleavage and degradation of PHO2 mRNA, it also acts as a systemic signal moving from shoots to
roots via the phloem. Under Pi-deficient conditions, expression of miR399 is strongly induced
resulting in down-regulation of PHO2 mRNA, decreased proteolytic degradation of PHT proteins and
enhanced Pi uptake [82—86]. Recently, it has been demonstrated that SLs act as long-distance signals
to transport from roots to shoots (e.g., opposite direction to the movement of miR399) during Pi
deficiency to inhibit shoot branching to help plants adapt to Pi deficient conditions by reducing Pi
utilization but also to enhance Pi acquisition through stimulation of symbiotic interactions with
arbuscular mycorrhizal fungi (AMF). In the second part of this review, we specifically focus on
discussing the recent progress indicating SL as a key signaling molecule in plants under Pi
deficiency stress.

S. Strigolactones: Physiological Roles, Biosynthesis and Signaling

SLs are terpenoid lactones derived from carotenoids [87,88], which were originally isolated from
plant root exudates and recognized as germination stimulants for root parasitic plants such as Striga,
Orobanche and Phelipanche [89]. Subsequently, SLs were also identified as stimulants of hyphal
branching and root colonization of symbiotic AMF [6,90]. More recently, it has been demonstrated
that SLs act as long-distance signaling molecules that can be transported from roots to shoots to exert
its specific functional control on shoot branching [1,2,91]. The transport of SLs from roots to shoots is
partly mediated by ATP-binding cassette (ABC) transporters [91,92]. In addition to their founding role
acting as host recognition signals for parasitic weeds and AMF and their newly-discovered role acting
as a key suppressor of shoot branching, recent studies demonstrate that SLs also regulate many other
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processes in plant growth and development including primary root growth, lateral root formation,
adventitious root formation, root hair development, seed germination, photomorphogenesis, stress
response, nodulation and protonema branching in moss (Figure 2). These other aspects of SL
physiological roles and signaling have been thoroughly covered by a number of recent review
articles [93—101] and readers are strongly encouraged to refer to these articles and references therein
for details. Here we only briefly describe the key components involved in SL biosynthesis
and signaling.

Figure 2. Summary of strigolactone biosynthetic and signaling pathways. The biosynthesis
involves two carotenoid cleavage dioxygenases, CCD7 (MAX3, RMSS5, D17/HTDI,
DAD3) and CCD8 (MAX4, RMS1, D10, DAD1), one cytochrome P450 monooxygenase
(MAXT) and one novel iron-containing protein (D27) [88,93,102—-107]. In Medicago, SL
biosynthesis also requires GRAS-type transcription factors NODULATION SIGNALING
PATHWAY1 (NSP1) and NSP2 [108]. SL signaling involves MAX2/RMS4/D3 [109], an
F-box leucine-rich protein and DWARF14 (D14)/DAD2/D88/HTD2 [110-112], a member
of o/B-fold hydrolase superfamily. Potential downstream component in the SL pathway,
such as members of the TCP family of transcription factors, are not shown in the chart.
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Genetic analysis of branching mutants has been particularly important in uncovering genes involved
in SL biosynthesis and signaling pathways. These include more axillary growth (max) mutants of
Arabidopsis, ramosus (rms) mutants of Pisum sativum, dwarf (d) or high tillering dwarf (htd) mutants
of Oryza sativa and decreased apical dominance (dad) mutants of Petunia. Analysis of these mutants
has revealed that SL biosynthesis involves two carotenoid cleavage dioxygenases, CCD7 (MAX3,
RMSS, D17/HTD1, DAD3) and CCD8 (MAX4, RMS1, D10, DADI1), one cytochrome P450
monooxygenase (MAX1) and one novel iron-containing protein (D27) [88,93,102—107]. In Medicago,
it was shown that SL biosynthesis also requires the GRAS-type transcription factors NODULATION
SIGNALING PATHWAY1 (NSP1) and NSP2 that are essential for rhizobium Nod factor-induced
nodulation [108].

Grafting experiments have demonstrated that MAX2/RMS4/D3, an F-box leucine-rich protein [109],
is an important signaling component of the SL pathway. In other plant hormone signaling pathways
(e.g., auxin, gibberellin and jasmonic acid), ubiquitin-mediated protein degradation of negative
regulators is a key regulatory step, which involves F-box proteins [113]. It is likely that a similar
process is operating in the SL signaling pathway via MAX2. Rice dwarfl4 (dI4) is an
SL-insensitive mutant that displays accelerated outgrowth of tiller phenotype [110]. Similarly, a
loss-of-function mutation in the Arabidopsis D14 ortholog, AtDI14, also conferred increased shoot
branching and SL-insensitivity [111]. D4 encodes a protein of the o/B-fold hydrolase superfamily.
Because some members of this family, such as GID1 [114], have been found to act as a receptor for
plant hormones, these findings raise the possibility that D14 may be a component of an SL receptor
complex. Computational-based structure analysis using homology modeling and molecular dynamic
simulation and crystal structure analysis support this view [115,116]. More recently, it was found that
PhDAD?2, a Petunia ortholog of D14, interacts with PAIMAX2A in a GR24 (a synthetic SL analog)
concentration-dependent manner [112]. Furthermore, DAD2 binds and hydrolyzes GR24 and a
mutation in the catalytic triad of DAD2 abolished both its hydrolase activity and its ability to interact
with PAIMAX2A. It has also been demonstrated that D14 can directly bind GR24 [117]. These studies
provide strong evidence to support the view that DAD2/D14 is a part of SL perception complex and
that DAD2/D14 is a SL receptor itself. One potential downstream component in the SL signaling
pathway is FINE CULMI1 (FC1), which is a member of the TCP transcription factor family [118,119].
Consistent with this view, it recently was found that the Pisum sativum TCP transcription factor
PsBRC1, a homolog of the maize TEOSINTE BRANCHEDI [120] and the Arabidopsis
BRANCHEDI1 (AtBRC1) [121], acts downstream of MAX2 to control shoot branching [122].

Because the topics on the physiological roles of SLs have been thoroughly covered by a number of
recent review articles [93—101], we will not reiterate them here. Instead, we briefly summarize the
roles of SLs in three processes that will be further discussed below relevant to Pi deficiency: (1) Shoot
branching: SLs function as negative regulators of shoot branching, which is supported by large amount
of genetic studies using SL-deficient and SL-responsive mutants as well as the studies using GR24 in a
number of plant species (summarized extensively in abovementioned review articles); (2) Hyphal
branching in AMF: SLs function as positive regulators in this process, which has been demonstrated
both chemically where hyphal branching can be directly stimulated by both root-exuded SLs and
GR24 [6] and genetically where plants deficient in SL showed reduced mycorrhizal colonization of the
root and GR24 application enhanced mycorrhizal development in both wild-type plant and SL-deficient
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mutants [1,92,123]. However, under high Pi conditions, SLs alone are not sufficient to enhance
mycorrhizal colonization in some plant species [123—125], suggesting the existence of additional
signals controlling the differentiation of hyphopodia. (3) Root development: Compared with shoot
branching in which SLs play a major role, the roles of SLs in the regulation of root development are
relatively moderate. Nonetheless, accumulating evidence supports that SLs modify every aspect of
root architecture including primary root growth, lateral root formation, adventitious root formation and
root hair development. For example, the length of primary roots of Arabidopsis SL-deficient and
-insensitive mutants are shorter due to a reduction in meristem cell number, which could be rescued by
application of GR24 in all genotypes except in the SL-insensitive mutant [126]. Under Pi-sufficient
conditions, SL-deficient and -insensitive mutants displayed increased lateral root density than
wild-type [127]. GR24 application suppressed lateral root primordial development and lateral root
forming potential, leading to a reduction in lateral root density and number of lateral roots in SL-deficient
mutants but not in SL-insensitive mutants [126,127]. Under low Pi conditions, SL-deficient and
SL-insensitive mutants display reduced root hair density compared with wild-type and GR24 treatment
can recover such defects in SL-deficient mutant, but not in SL-insensitive mutant [75]. GR24
treatment also led to an increase in root-hair length in wild-type and SL-deficient mutants, but not in
SL-insensitive mutants [127]. Furthermore, the treatment of SL biosynthesis inhibitor AbamineSG
reduced the root hair density of wild-type plants to levels that were similar to those in non-treated
SL-deficient mutants [75]. Finally, both SL-deficient and SL-signaling mutants showed enhanced
adventitious roots formation and GR24 treatment suppressed adventitious roots formation in wild-type
plants [128]. In summary, SLs inhibit primary root growth, lateral root formation and adventitious root
formation and promote root hair formation. Because the effect of SLs on modification of root system is
relatively mild, it is likely that SLs play a modulatory role in this process by modulating signaling of
other plant hormones such as auxin and ethylene, which are known to be major regulators of root system.

6. Pi Deficiency Stimulates SL Biosynthesis and Exudation

The biosynthesis of SLs is regulated by both abiotic and biotic factors. Levels of SLs in roots are
significantly increased in a number of plant species when plants are grown under Pi deficient
conditions [2-5,129,130]. While Pi starvation-dependent stimulation of SL production appeared to be
specific in red clover [4], in sorghum, 5-deoxystrigol content was increased by both Pi and N
deficiency [3]. Consistent with the view that Pi deficiency stimulates SL production, the expression
levels of genes encoding enzymes involved in SL biosynthesis depend on Pi status. Microarray
analyses of transcriptional changes associated with elevated Pi supply in Petunia revealed that genes
encoding enzymes involved in carotenoid and apocarotenoid biosynthesis are generally suppressed and
the expressoion of DADI encoding SL biosynthetic enzyme CCD8 was suppressed [123].

Because Pi deficiency stimulates SL biosynthesis, one would expect that similar phenotypic
changes are observed in plants grown under Pi deficient conditions and SL-treated plants. It was found
that elevated SL levels in plants grown under Pi deficient conditions are normally accompanied by a
suppression of bud outgrowth and shoot branching [2-5,91,129], one of the best characterized
phenotypic traits regulated by SLs. Furthermore, the suppression of Oryza sativa tiller bud outgrowth [5]
and Arabidopsis shoot branching [91] under Pi deficient conditions does not occur in SL-deficient and
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-insensitive mutants. These findings support the view that Pi deficiency stimulates SL biosynthesis
which in turn modifies plant growth.

In addition to stimulating de novo SL biosynthesis, Pi deficiency can also stimulate the exudation of
SLs from roots. After biosynthesis, some SLs are readily available to be exuded into the rhizosphere. It
has been shown that SL exudation is negatively correlated with Pi supply in Trifolium pratense [4] and
Solanum Ilycopersicum [129,131]. When Pi starved plants were transferred to medium containing
sufficient Pi, SL exudation dropped within 24 h [4]. Umechara et al. [5] demonstrated a negative
correlation between SL concentration in root exudates and the number of outgrowing tillers in
Oryza sativa. In this case, the SL levels in root exudates gradually decreased and the number of
outgrowing tillers increased in response to increasing concentrations of Pi in the media [5].

Initially, it appeared that in nodulating leguminous plants, SL exudation is promoted only under Pi
deficiency whereas in other mycotrophic plants it occurs under both Pi and N deficient conditions. For
example, in Trifolium pratense, Pi deficiency, but not N deficiency, promotes SL exudation [4]
whereas in Sorghum plants, both Pi and N deficiency could enhance 5-deoxystrigol and sorgomol
exudation [3]. Similarly, in Oryza sativa, both Pi [5] and N deficiency [5,132] promoted SL exudation.
However, an examination and comparison of SL exudation between a number of legumes and
non-legumes indicated that plant response to SL exudation to nutrient availability does not directly
relate to the plant’s ability to form symbiotic relationships with root nodule bacteria [133]. It was
proposed that N deficiency alters SL production and exudation, mainly by altering Pi levels in
shoots [133]. When shoot Pi levels were low, SL exudation was promoted; when shoot Pi levels were
high, SL exudation was suppressed in plants grown under N deficient conditions, implying that
N deficiency may regulate P metabolism and/or P transport from roots to shoots.

Yoneyama et al. [134] analyzed the root exudates in low Pi condition from 13 Asteraceae species
and found that, except for Helianthus annuus, all plants examined exuded known SLs. Orobanchyl
acetate and orobanchol were the two major SLs exuded by these Asteraceae species but 5-deoxystrigol
and 7-hydroxyorobanchyl acetate were also detected in root exudates from several species. These
findings implied that a general SL biosynthesis pathway is conserved in these species but it may
involve species-specific modifications.

The association of AMF with plant roots is one of the most important symbiotic relationships
between plants and microorganism. Approximately 80% land plants form symbiotic association with
AMF [135]. The symbiotic fungi obtain water and nutrients, primarily Pi and N, from the soil and
translocate them to the host plants helping their growth and development [6,136]. In return, AMF
obtain carbohydrates from the host plants to promote their growth. AMF spores treated with root
exudates from plants grown under Pi starvation were found to have more hyphal branching activity
than those treated with exudates from Pi sufficient plants [137]. Moreover, increased soil Pi levels
resulted in a decreased AMF colonization of the roots [135]. SLs exuded from roots are perceived by
AMF and induce hyphal branching, a step necessary to establish mycorrhizal symbiosis [6]. This
view is supported by recent genetic studies in which SL-deficient plants were found to display reduced
mycorrhizal colonization of the roots and GR24 treatment enhanced mycorrhizal development in both
SL-deficient mutants and wild-type plants [1,92,123]. Since AMF helps plants acquire Pi from soil, the
exudation of higher levels of SLs under Pi starvation conditions is a beneficial strategy for plant
adaptation and survival [4]. Little is known about how SLs are perceived by AMF resulting in
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stimulation of spore germination and hyphal branching. This process involves the activation of
mitochondria [90]. It was shown that SLs stimulate cell proliferation of the AM fungus Gigaspora,
increase the density and movement of mitochondria [90] and rapidly activate oxidative metabolism [138].
Within the host plants, it was found that the F-box protein, DWARF3 (D3) which is an ortholog of
MAX?2, but not D14 or D14-like, is required for establishing AM symbiosis [139]. Because D14 acts
as a receptor for SLs [112,115-117], this finding demands further investigation on SL signaling
pathway in AM symbiosis, both in the host and in the AMF.

The exudation and transport of SLs require PhPDR1, an ATP-binding cassette (ABC) transporter
which has been recently identified as a cellular SL exporter in Petunia hybrida [92]. PhPDRI is
predominantly localized in the plasma membrane of individual sub-epidermal cells of lateral roots [92].
pdrl mutants are defective in SL exudation from roots and such plants display reduced AMF
symbiosis. The expression of PAPDRI in roots was induced by Pi starvation, AMF colonization and
GR24 treatment. Overexpression of PAPDR1 in Arabidopsis resulted in an increased tolerance to high
concentrations of GR24, consistent with increased export of SLs from the roots. Interestingly, the
closest homolog of PhPDRI in Arabidopsis is ABCG40 that transports abscisic acid [140], a plant
hormone that is also derived from carotenoids.

It should be noted that the stimulation of SL biosynthesis and exudation by Pi deficiency is also
conserved in plants that are not hosts for AMF, e.g., Arabidopsis [91]. The physiological function of
root-exuded-SLs by non-AMF-host plants remains unclear. It has been speculated that this may be a
relic of an ancestral trait of most land plants [91]. It is also possible that root-exuded-SLs may act as a
signal for other unidentified microorganisms. It should also be noted that in some plant species, such
as Lupinus albus [130], Pi deficiency does not lead to stimulation of SL exudation. On the other hand,
application of GR24 failed to increase mycorrhizal colonization in Pisum sativum and Petunia under
high Pi conditions [123,124]. Further, Pisum sativum SL-insensitive mutant rms4 was still able to
respond to Pi levels during mycorrhizal colonization [125]. These findings suggested that SLs are not
the only limiting factor for mycorrhizal colonization which may require additional stimulators. There
may be a species-specific mechanism underlying stimulation of SL exudation by Pi deficiency and SLs
may have other roles yet to be described.

7. Model: A Dual Role of Strigolactones in Pi Acquisition and Utilization under Pi
Deficiency Conditions

Under the current working conceptual model, Pi deficiency stimulates SL biosynthesis and
exudation in roots. Elevated levels of SLs can act locally by modifying root architecture for increasing
root coverage that provides more surface area to explore more soil volumes and allow higher Pi
uptakes. But SLs are also transported through the xylem to suppress shoot branching [91], a means to
reduce Pi utilization (Figure 3). SL exudation to soils also serves as a rhizosphere signal for symbiotic
interaction between the host plant and AMF, a means to increase Pi acquisition (Figure 3). Therefore,
SLs play multiple roles in the adaptation to Pi deficient conditions. When Pi supply is sufficient, lower
levels of SLs allow plants to initiate multiple branching events and to sustain the subsequent growth
and development of new branches. In contrast, under Pi deficient conditions, higher levels of SLs
allow plants to maximize Pi acquisition through modified root system and symbiotic interaction with
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AMF and to minimize the production of new branches thereby directing the limited Pi resource to
already existing shoots and not growth of new branches.

Figure 3. A model illustrating a dual role of strigolactones (SLs) in the modulation of Pi
acquisition and utilization under Pi deficient conditions. Under Pi deficiency, plants need
to minimize the production of new shoot branches and direct limited Pi resources to
already existing shoots while maximizing Pi acquisition from soil. Pi deficiency stimulates
SL. biosynthesis in roots and exudation to soil. Elevated SLs (acting as endogenous
hormones) act locally by modifying root system to increase root coverage that provides
more surface area to explore more soil volumes and allow higher Pi uptakes. SLs are also
transported through the xylem to suppress shoot branching [91], a means to reduce Pi
utilization. SL exudation to soil serves as rhizosphere signal for symbiotic interaction
between some host plants and arbuscular mycorrhizal fungi (AMF), a means to increase Pi
acquisition. Note: approximately 80% land plants form symbiotic association with AMF.
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Exudation of SL to soil SLs in roots e
AMEF branching and \l/ Shoot branching and
root colonization plant architecture
Modified root system
\l/ (primary roots, $

Plant-microbe lateral roots, . .

symbiosis and root hairs) Biomass production
Pi acquisition Pi utilization

In addition to modifying plant architecture including shoot branching and root development and
stimulating symbiotic interaction with AMF to minimize Pi utilization and maximize Pi acquisition,
SLs act as a positive regulator of leaf senescence [105,141,142], a phenotypic response also observed
in plants grown under Pi deficient conditions [143]. For example, the Arabidopsis oresara9 (ore9)
mutant exhibited delayed leaf senescence [141]. Genetic mapping revealed that this phenotype was
caused by a single base pair change leading to the early termination of translation of ORE9 which is
identical to MAX2 [141]. Similarly, mutations in DWARF3 (D3), an Oryza sativa ortholog of
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MAX2/ORE9, led to delay in darkness-induced senescence in leaf [142]. Leaf senescence allows
plants to reallocate nutrients from old tissues where nutrients are no longer required to younger
tissues where development is still occurring. Therefore, under Pi deficient conditions, SLs act as
signaling molecules to mediate multiple levels of morphological, physiological and biochemical
responses as part of re-programing its adaptation and survival strategies to help plants manage
Pi deficiency.

While all of the above represents an attractive model, many questions remain unanswered: (1) Why
is the induction of SL biosynthesis and exudation by Pi deficiency not universally found in all species
examined? Do species’ differences reflect alternate nutrient acquisition strategy? (2) What determines
the nutrient deficiency specificity (e.g., P deficiency vs. N deficiency)? (3) What are other factors
required for mycorrhizal colonization? (4) What are the roles of SLs exuded by non-AMF-host plants?
(5) What are the exact roles of SLs in root development? How do SLs interact with other plant
hormones, such as auxin and ethylene? Does Pi deficiency modify root system solely by regulating SL
biosynthesis? (6) How is D3 (an Oryza sativa ortholog of MAX2), but not D14 (a receptor for SLs),
required for establishing AM symbiosis? Future studies will be needed to address these questions and
to provide insights into SLs regulation of Pi deficiency at the mechanistic level. It is apparent
that acquiring a comprehensive understanding of SL biosynthesis and its regulation, as well as a
complete picture of SL signal transduction network, will require significant efforts across multiple
disciplinary fields.
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