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I. Introduction

Summary

Phosphorus (P) is an essential plant nutrient and one of the most limiting in natural
habitats as well as in agricultural production world-wide. The control of P acquisition
efficiency and its subsequent uptake and translocation in vascular plants is complex.
The physiological role of key cellular structures in plant P uptake and underlying mole-
cular mechanisms are discussed in this review, with emphasis on phosphate transport
across the cellular membrane at the root and arbuscular—mycorrhizal (AM) interfaces.
The tools of molecular genetics have facilitated novel approaches and provided one
of the major driving forces in the investigation of the basic transport mechanisms underly-
ing plant P nutrition. Genetic engineering holds the potential to modify the system
in a targeted way at the root—soil or AM symbiotic interface. Such approaches should
assist in the breeding of crop plants that exhibit improved P acquisition efficiency
and thus require lower inputs of P fertilizer for optimal growth. Whether engineering
of P transport systems can contribute to enhanced P uptake will be discussed.
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triphosphate (ATP)) and in the activation of metabolic
intermediates, as a component in signal transduction cascades

Phosphorus (P) serves various basic cellular functions in and the post-translational regulation of enzymes and as a

bioenergetics (coupled to the biosynthesis of adenosine  structural element in nucleic acids and phospholipids. P is a
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major limiting nutrient for plant productivity, mainly because
of its low mobility in soil. Like all other mineral nutrients, P
enters the biosphere predominantly via the pedosphere through
the root system of plants, where it is absorbed as inorganic
orthophosphate (Pi), which is the preferred form taken up by
plants. Following its uptake, Pi is distributed to various sink
tissues such as growing roots, developing leaves, flowers and
seeds. It circulates through the vascular network allowing
complex control mechanisms to co-ordinate the distribution
of Pi in planta. Important parameters in determining P
acquisition efficiency (i.e. unit P absorbed per unit of root
length) are related to root morphology, biochemistry and
physiology (Marschner, 1995). Root development is remarkably
sensitive to variations in the supply and distribution of P in
the soil (Wiersum, 1958; Forde & Clarkson, 1999; Forde &
Lorenzo, 2001) and roots respond in many ways to altering
P availability, for example by changes in root architecture
(Lépez-Bucio ez al., 2003), enhanced root secretory activities
(Neumann et al., 2000), modification of Pi transport systems
enhancing P uptake at low ambient concentrations, and
establishment of arbuscular—mycorrhizal (AM) symbioses
allowing capture of nutrients well beyond the rhizosphere
(Smith & Gianinazzi-Pearson, 1988; Marschner, 1995). Con-
siderable progress towards understanding the molecular basis
of these responses has been made (reviewed in Schachtman
et al., 1998; Raghothama, 2000; Rausch & Bucher, 2002;
Franco-Zorrilla et al., 2004; Karandashov & Bucher, 2005).
The advances in plant genomics research have provided many
useful tools to help unravel the complexity of the regulatory
pathways associated with the responses of the plant to
variation in P availability (including the development of the
mycorrhizal symbiosis). Recent findings in plant P nutrition
have brought the interdependence of cellular structures in
roots and the biochemical and molecular mechanisms
involved in Pi uptake to the forefront of plant science. This
review focuses on the role of root hair cells and mycorrhizal
cortical cells, which are both located at interfaces mediating
Pi uptake, and explores the molecular and biochemical
mechanisms involved in Pi transport at these interfaces.
While research over many years has broadened our under-
standing of the multilayered processes directing plant—
pathogen interactions (Schenk et 4/, 2000; Dangl & Jones,
2001; Hahlbrock ez al., 2003; Farmer & Schulze-Lefert, 2005;
Chisholm ez al,, 2006), our knowledge of the mechanisms
governing the establishment and functioning of the AM
symbiosis has only recently experienced such an impressive
expansion. This discrepancy is in contrast to the world-wide
distribution of the AM symbiosis and its beneficial effects for
plant nutrition and fitness. For example, in addition to
improving nutrient supply (see section III), colonization of
roots by AM fungi has been shown to protect plants against
pathogens (Cordier ez al., 1998), salt stress in arid and
semiarid areas (Al-Karaki, 2000), and moderate drought
stress (Subramanian ez al,, 1995; Auge, 2001); however, the
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mycorrhizal symbiosis has been largely neglected in crop
breeding. Modern agricultural soils are almost universally
maintained at high fertility and the selection of new cultivars
is usually made under these conditions. Selection will thus
not normally distinguish between plants varying in nutrient
efficiency (Stevens & Rick, 1986). Possibly as a consequence,
modern crop cultivars that do not exhibit high nutrient efficiency
are highly responsive to colonization by AM fungi in low-P
conditions. However, Toth ez 2/ (1990) suggested that present
breeding programmes for disease resistance in some crop plants
negatively affect the ability of plants to form mycorrhizas
which, presumably, negatively affects the nutrient acquisition
efficiency of these varieties. Thus, mycorrhizas may have potential
for improving crop nutrition (see sections III and V).

1. Mycorrhiza development

The term ‘mycorrhiza’ literally means ‘fungus root” and was
first used in 1885 (Frank, 1885) to describe the intimate
association between biotrophic mycorrhizal fungi and plant
roots. The AM symbiosis is the most common nonpathogenic
and soil-based symbiosis, being formed in the roots of 80% of
vascular plants (Smith & Read, 1997). Mycorrhizal associations
have evolved to improve the fitness of both plant and fungal
symbionts. In systems managed by humans, mycorrhizal
associations often improve plant productivity, but this is not
always the case and the symbiosis can span a wide range of
species interactions from mutualism to parasitism under
different environmental conditions (Johnson ez al, 1997).
Mpycorrhizal fungi can even be considered to be parasitic on
plants when the net cost of the symbiosis exceeds the net
benefits, for example in well-fertilized substrate with high
soluble Pi content. Because of the complexity of mycorrhizal
associations, an understanding of the several parameters
affecting mycorrhizal functioning, such as the morphology
and physiology of both symbionts, and biotic and abiotic
factors at the rhizosphere, community and ecosystem levels,
is required to construct predictive models of mycorrhizal
functioning ( Johnson ez al, 1997). In addition to this, an
appreciation of how mycorrhizas function in complex natural
systems is necessary for their management in agriculture,
forestry and restoration systems.

During mycorrhiza formation, the AM fungus undergoes
several developmental stages. In the asymbiotic stage, spores
germinate and AM fungi show limited hyphal development in
the absence of a host plant. However, in the presence of root
exudates, they switch to the presymbiotic stage which is char-
acterized by extensive hyphal branching (Fig. 1; Buee ez al,
2000). Subsequent to hyphal branching, the fungus contacts
the root surface via appressorium formation before hyphal
penetration of the root epidermis. This is followed by symbiotic
colonization of the root cortex tissue, which involves formation
of intracellular arbuscules (tree-like heavily branched structures)
or hyphal coils, and, concomitantly, the production of a
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Fig. 1 Development of a functional
arbuscular-mycorrhizal (AM) symbiosis.
AM symbiosis development is dependent
on the life cycle of the microbial symbiont,
which is a biotrophic AM fungus belonging
to the phylum Glomeromycota, and ranges
from asymbiotic (absence of plant effects)
to presymbiotic (plant-fungus cross-talk
before physical contact) to symbiotic growth
(root colonization). Fungal colonization of
a root cortical cell leads to development of
the symbiosome which is characterized by
the root-fungus interface, the site at ®
which nutrient exchange occurs. Chemical
cross-talk between the symbionts includes
release and perception of plant-derived
branching (BF) and fungus-derived
mycorrhiza factors (MF), respectively

(blue arrows). Fungal spores and hyphae are
depicted in brown and orange, respectively.
Membrane integral proteins are involved in
plant inorganic orthophosphate (Pi) uptake
(e.g. PHT for phosphate transporter, and the
P-type H*-ATPase). Fungal (FPM) and plant
(PPM) plasma membranes demarcate the
symbiotic interface. FCW, fungal cell wall;
IM, interfacial matrix.

el

asymbiotic

sporulative extraradical mycelium (Smith & Read, 1997).
Genre et al. (2005) presented a detailed intracellular view of
the structural changes in Medicago truncatula root epidermal
cells during early stages of root colonization by AM fungi.
This included the formation of a tunnel-like structure in a
root epidermal cell destined to be colonized by the fungus
before physical contact of the two symbionts. This clearly
showed that the host plant plays a key role in orchestrating the
AM infection process (Eckardt, 2005), and it is tempting to
speculate that similar changes occur during colonization of
cortical cells. Overall, these developmental processes require
molecular communication between the AM fungus and
the plant, including exchange and perception of signals by the
symbiotic partners. A major step forward in deciphering the
molecular cross-talk in the AM symbiosis was the identification
of a branching factor present in root exudates as a strigolactone,
(i.e. 5-deoxy-strigol) (Akiyama et 4/, 2005). Strigolactones are
a group of sesquiterpene lactones, which have an important
ecological role as seed-germination stimulants for the parasitic
weeds Striga and Orobanche. It is noteworthy that two different
groups of species, i.e. parasitic plants and symbiotic fungi,
perceive ‘positional information’ by sensing the same secreted
molecule which initiates such different responses as seed
germination and hyphal branching.

In root symbioses, the symbiosome is the cellular environ-
ment hosting the microbial symbiont where the mutual
exchange of nutrients and metabolites occurs. In AM this is
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the cortical cell lumen harbouring hyphal coils or arbuscules
surrounded by the perihyphal or periarbuscular plasma
membrane, respectively. Thus, despite intracellular accom-
modation of the microsymbiont, the cytoplasms of the
symbiotic partners never mix and are always separated by the
plant and microbial plasma membranes, thus demarcating the
symbiotic interface. Both the microbe- and the plant-derived
symbiosome membranes tightly regulate the exchange of com-
pounds, which is generally facilitated by membrane-integral
transport proteins. A single arbuscule has a short life span of
only a few days (Smith & Read, 1997). It is subsequently
degraded by the cortical cell which continues to live and can
eventually be infected by other hyphae. Collectively, these
results demonstrate that multiple processes are involved in the
AM fungus—plant interaction; however, the molecular com-
plexity of these processes is still far from being fully understood.

Extensive forward genetic approaches were used to dissect
the components of the signal perception and transduction
pathway(s) in the root nodule and the AM symbioses in
legume species. These approaches led to the identification of
several symbiosis genes, the corresponding plant mutants of
which are generally unable to support infection by both rhizobial
bacteria and AM fungi. This is clear evidence for the existence
of a common symbiotic pathway in legume species (Kistner &
Parniske, 2002). While rhizobial nodulation (Nod) factors
were shown to induce in their legume hosts the expression of
many genes and set in motion developmental processes leading
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to root nodule formation (Oldroyd & Downie, 2004), the
nature and function of mycorrhization (Myc) factors are still
an enigma. Myc factors are likely to be soluble, fungus-derived
compounds that trigger expression of mycorrhiza-responsive

genes (Kosuta ez al, 2003) and structural changes in host
roots (Olah ez al, 2005).

2. Mycorrhiza-specific gene expression at the
symbiotic interface

Mpycorrhiza formation results from a complex interaction
between the AM fungus and the host plant in which gene
expression of the root cells destined to be colonized by the
fungus is changed as a result of cell-to-cell contact and/or
diffusion of (presumably more than one) signal molecules.
The molecular basis underlying mycorrhizal symbiosome
formation and function has just begun to be elucidated.
Extensive transcript profiling has revealed numerous genes
that are reported to be up-regulated or repressed in mycorrhizas
(Journet et al, 2002; Liu etal, 2003; Wulf et al, 2003;
Brechenmacher ez al,, 2004; Guimil ez al, 2005; Hohnjec
et al., 2005; Kistner ez al., 2005). Experimental evidence also
exists for cell-specific localization of either transcripts (as
revealed by in situ hybridization of RNA) or promoter activity
(or both) of several genes involved in arbuscule function
(i.e. in P nutrition) and development. The encoded proteins
are likely to be operating at the root—fungus interface in cortical
cells. These include genes encoding P-type H*-ATPases (Moriau
et al., 1999; Krajinski ef al., 2002) and Pi transporter genes
from potato (Solanum tuberosum) and tomato (Lycopersicon
esculentum) (Rausch eral, 2001; Nagy eral, 2005),
M. truncatula (Harrison et al., 2002), Lotus japonicus (Maeda
et al., 2006), and the cereals barley (Hordeum vulgare), wheat
(Triticum aestivum) and maize (Zea mays) (Glassop et al., 2005).
Medicago truncatula serine carboxypeptidase (MtSCPI), a
gene sharing identity with Ser carboxypeptidase II proteins
from barley, wheat and Arabidopsis thaliana, and MtCell, a
gene encoding a membrane-anchored endo-1,4--p-glucanase-
like protein, have been shown to be up-regulated in the
root cortex upon colonization of M. truncatula with Glomus
versiforme (Liu et al., 2003). A mycorrhiza-specific class I1I
chitinase gene is similarly regulated in cells containing
developing or mature arbuscules (van Buuren ez al, 1999; Salzer
et al., 2000; Bonanomi ez al., 2001). Interestingly, several genes
have been identified that are induced both in mycorrhized
cortical cells and during rhizobial root colonization in legume
species, for example the early nodulin genes ENOD2, ENOD40
(van Rhijn ez al, 1997) and ENOD11 (Chabaud ez 4/, 2002),
the Vicia faba leghaemoglobin gene VFL629 (Vieweg et al.,
2004), and the gene calcium-binding protein 1 (Cbp 1), which
encodes a protein sharing similarities with calcium-binding
proteins (Kistner et al, 2005). This supports the model
already outlined for the common symbiotic pathway in AM
and rhizobium-induced nodule development using signal
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transduction based on conserved mechanisms. Italso provides
good support for the hypothesis that during evolution of
terrestrial plants nature has recruited components of an
ancient signalling pathway to optimize P and nitrogen (N)
nutrition, in the symbioses between roots and two different
microorganisms, i.e. AM fungi and rhizobial bacteria. It has
recently been reported that expression of ENODI1 is induced
by a diffusible factor secreted from AM fungal hyphae in
M. truncatula (Kosuta et al, 2003). This work is a cornerstone
in the identification of fungal signals involved in early steps of
the AM symbiosis development (Olah ez al., 2005).

Il. Phosphate uptake and its regulation

1. Phosphate uptake mechanisms at the root-soil
interface

Mathematical models of nutrient uptake from the soil
indicate that root growth and extension into unexploited
volumes of soil are of great significance in acquiring nutrients
that diffuse slowly in the soil, such as P, zinc (Zn), and to a
certain extent potassium (K) (Clarkson, 1985). Competition
between roots depends on their density in the soil (root length
per unit volume of soil) and the pattern of their distribution.
Root architecture is determined by an interplay between the
genetically inherited developmental programme and external
biotic and abiotic stimuli (Schiefelbein & Benfey, 1991;
Aeschbacher, 1994; Lynch, 1995; Zobel, 1996). Typical root
structures that occur in most vascular plants are the root hair
cells (trichoblasts), which are tubular in shape and extend from
root epidermal cells via tip growth (Gilroy & Jones, 2000).
The isolation of several A. thaliana mutants with altered root
hair elongation has demonstrated that hair elongation is under
genetic control (Schiefelbein & Somerville, 1990; Grierson
etal., 1997). A genetic model for root hair morphogenesis
that defines the roles of several genes and includes functional
relationships between genes was proposed by Parker ez al.
(2000). The formation of root hairs considerably increases
the root diameter of a plant with relatively little dry matter
investment. These tubular structures make up between 70
and 90% of the total root surface area (Bates & Lynch, 1996),
and play a dominant role in a number of root functions. Root
hairs represent the most distant outpost of the root symplast,
and are among the first cells that come into contact with the
soil solution. Numerous studies have reported the importance
of these structures in nutrient acquisition processes (Gilroy &
Jones, 2000). In addition, root hairs are instrumental in the
anchorage of plants in the soil (Bailey e# @/, 2002), in water
uptake, and in the establishment of Rhizobium symbiosis in
legumes (Kalsi & Etzler, 2000; Cullimore ez al., 2001). Both
root hair length and density increase in response to iron (Fe)
and P deficiencies, affecting, for example, the Pi acquisition
efficiency of the plant by enhancing nutrient uptake from the
soil into the root at the level of the root epidermis (Bates &
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Lynch, 1996; Ma et al., 2001; Schmide & Schikora, 2001;
Zimmermann ¢t al., 2003). In the model plant A. thaliana,
low P availability stimulates root hair elongation by a factor of
about 3 as a result of increased growth duration and rate
(Bates & Lynch, 1996) and root hair length and density
correlate with Pi acquisition efficiency in different A. thaliana
accessions (Narang et al, 2000). Similarly, root hairs are
abundant in rape (Brassica napus), spinach (Spinacia oleracea)
and tomato at low P concentrations (< 10 pm), but are absent
or rudimentary at high P (> 100 pm) (Féhse & Jungk, 1983).
When the Pi or K* uptake rates of different plant species are
compared, a close positive correlation can be demonstrated
between the uptake rate per unit root length and the volume
of the root hair cylinder (Itoh & Barber, 1983; Marschner,
1995). The study of root-hairless mutants has revealed an
important role of root hairs in Pi uptake from the soil
solution; in a low-P environment, the hairs are important in
P acquisition and plant survival, but they might be
dispensable under high-P conditions (Bates & Lynch, 2000;
Gahoonia etal, 2001). A study including barley genotypes
differing in root hair length showed that long-hair genotypes
are better adapted to low-P soils and express high yield
potentials in both low- and high-P soils (Gahoonia &
Nielsen, 2004). Complementary to these observations, the
use of molecular biological tools allowed the localization of
nutrient transport systems for N, B, K, sulphur (S) and Fe to
the root epidermal layer, including the root hair cells
(Mimura et al., 1990; Lagarde et al., 1996; Lauter et al., 1996;
Daram et al., 1998; Hartje eral, 2000; Takahashi ez al,
2000; Chiou et al, 2001; Vert et al, 2002; Zimmermann
et al., 2003).

The development of a barrier such as the cellular plasma
membrane and later the endomembrane systems was a pre-
requisite for the development of life, and enabled single cells
to support metabolic, reproductive and developmental
activities under stable physicochemical conditions (Buchanan
et al., 2000). The hydrophobic nature of the plasmalemma
and the endomembranes allows accumulation of hydrophilic
compounds, such as most nutrients and metabolites, on either
side of the membrane. Maintenance or establishment of these
biochemical gradients requires a selective transport of com-
pounds across the membrane barriers. Inward currents of several
ions (i.e. K*, Cl~ and Ca?*) have been measured in root hairs
(Schiefelbein et al., 1992; Felle, 1994; Gassmann & Schroeder,
1994; Grabov & Béttger, 1994; Kochian ez al., 1994), which
indicates the presence of transport systems for plant nutrients
at the root—soil interface. Plants and fungi use a P-type H*-
ATPase pump to generate an electrochemical gradient across
the plasma membrane at the expense of ATP. The driving
force for Pi influx is the proton gradient generated by this H*-
ATPase (Ullrich-Eberius ez al, 1984; Thibaud et al, 1988;
Daram et al., 1998; Sze et al., 1999; Karandashov & Bucher,
2005). Consequently, the large membrane potential difference
with a negative potential of the cytoplasm (=150 to =200 mV)
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allows cotransport of Pi and other anions with protons in a
secondary transport process. Weisenseel ez al. (1979) measured
H* currents entering the root hair tip of barley, whereas
Kochian et al. (1994) measured H* influx near the tip and
efflux at the basal region of root hairs from Limnobium stolo-
niferum. The findings of these studies on the localization of
H*-ATPase activity in root hairs are supported by immunolo-
calization of the protein in rhizodermal cells (Parets-Soler
et al, 1990) and histochemical localization of H*-ATPase
gene expression in root hairs (Moriau ez al., 1999).

2. The phosphate transporter (Pht7) gene family

It was the pioneering work of Emmanuel Epstein (Epstein &
Hagen, 1952; Epstein et al., 1963) that demonstrated that ion
uptake processes across the plasma membrane follow Michaelis—
Menten kinetics comparable to those of enzymatic processes.
This concept allowed the calculation of the functional
parameters of nutrient uptake systems such as pH optima,
the Michaelis constant K, the uptake velocity V_ _, and the
minimal concentration of the ion at which transport occurs
(e C .
plant roots using a radiotracer medium-depletion method
(Cogliatti & Clarkson, 1983; Drew et al., 1984) revealed that
Pi uptake kinetics in plants are generally hyperbolic and
monophasic at low Pi concentrations (pM range) in the

). Analysis of the kinetics of nutrient uptake into

medium and biphasic at high Pi concentrations (mMm range).
Most interpretations concerning the kinetics of Pi uptake into
plant cells under varying Pi concentrations propose the
presence of two independent Michaelis—-Menten-type systems,
a high- and a low-affinity transport mechanism, although the
presence of up to seven transport kinetics has been suggested,
for example for Pi uptake into maize roots (Ullrich-Eberius
et al, 1984; Nandi et al, 1987; Furihata et al., 1992). However,
in suspension-cultured tobacco (Nicotiana tabacum) cells, only
one Michaelis—Menten-type Pi transport system exhibiting a
high affinity for Pi has been described, with no evidence for low-
affinity Pi transport (Shimogawara & Usuda, 1995). Moreover,
concentration-dependent Pi influx of barley mesophyll
protoplasts shows a combination of Michaelis—-Menten-type
kinetics at low Pi concentrations and a linear increase at higher
Pi concentrations (Mimura ¢ al, 1990). Taken together, the
diverse biochemical data on Pi uptake in whole plants and in
cells have revealed the necessity for the identification and
detailed molecular and biochemical characterization of the
respective Pi transport systems to establish an overall picture
of plant Pi acquisition and its regulation.

With the growing number of Pi transporter sequences from
plants, a new nomenclature was introduced classifying plant
Pi transporters into three families: Phtl, Pht2 and Pht3
(Bucher ez al,, 2001; Mudge ez al., 2002; Poirier & Bucher,
2002; Rausch & Bucher, 2002). The following sections
explore the molecular physiology of Pi uptake and the regula-
tion of the PhtI genes involved and their encoded proteins.
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The first cDNA clones and genes encoding vascular plant
Pi transporters of the Phtl family were isolated based on
sequence information from an A. thaliana expressed sequence
tag clone (Muchhal ez al., 1996; Leggewie ez al., 1997; Mitsu-
kawa et al., 1997; Smith ez al, 1997; Daram ez al., 1998; Liu
et al., 1998b), which became available in 1995 from the Ara-
bidopsis Biological Resource Center (Columbus, OH, USA)
and exhibited homology to the yeast high-affinity Pi transporter
PHO84 (Bun-Ya et al., 1991). A BrasT search of the databases
available on the National Center for Biotechnology Informa-
tion server at htep://www.ncbi.nih.gov performed in August
2006 revealed that the Phtl family presently consists of
> 100 proteins from both monocot and eudicot species.
Plant Phtl transporters are secondary transporters belonging
to the phosphate:H* symporter (PHS) family within the major
facilitator superfamily (MFS). The MES consists of at least 17
distinct families present in bacteria, archaea, and eukarya, each
of which generally transports a single class of compounds.
Work by Pao et al. (1998) supported the hypothesis that an
internal tandem gene duplication event gave rise to a primor-
dial MES protein before divergence of the family members.
The three-dimensional structures of oxalate (OxIT), lactose
(LacY) and glycerol-3-phosphate/inorganic phosphate (GlpT)
transporters from Oxalobacter formigens and Escherichia col,
respectively, have been elucidated; these demonstrate the
presence of 12 transmembrane domains, substantiating the
structural model of MES proteins (Hirai et al, 2002;
Abramson et al., 2003; Huang ez al., 2003). It can be assumed
that Phtl proteins share structural similarities with these three
well-characterized MES proteins; however, experimental
evidence clarifying the computational Phtl protein topology
is still lacking. Multiple alignments of Phtl and homologous
nonplant transporters have revealed the presence of several
highly conserved sites for post-translational modification, as
well as a highly conserved region, the Phtl signature
GGDYPLSATIXSE, in the fourth putative transmembrane
domain (Karandashov & Bucher, 2005); however, the func-
tion of these sequences is presently unknown. Functional
complementation of different yeast mutants defective in their
own Pi transport activities and overexpression of a Phtl
protein in tobacco cells have demonstrated great variability in
affinity for Pi, ranging from 3 to ~700 pm. This also supports
the presence of both high- and low-affinity Pi transporters within
the Phel family in plants (Harrison et @/, 2002; Rausch &
Bucher, 2002; Rae ¢t al., 2003; Nagy ez al., 2005).

Expression analysis and suggestions on the proposed
function of Phtl genes in different plant species have been
published and extensively discussed (Schachtman ez 4., 1998;
Raghothama, 1999, 2000; Smith ez 4/, 2000; Bucher ez al.,
2001; Poirier & Bucher, 2002; Rausch & Bucher, 2002;
Karandashov & Bucher, 2005) and therefore, to prevent
reiteration, the next section focuses on the most recent find-
ings which are increasing our understanding of the molecular
regulation of Pi transport.
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3. Regulation of Pi uptake

The haploid A. thaliana genome contains nine genes which
form the A. thaliana Phtl gene family, and this in turn
belongs to the inorganic solute cotransporter gene families
which consist of 84 members. Comparison of the haploid
A. thaliana genome with those of various other species shows
differing numbers of Phtl genes. For example, the haploid
rice (Oryza sativa) genome contains 13 Phtl genes (Paszkowski
et al., 2002) and to date eight Phz!I genes have been cloned in
barley (Schunmann ez al, 2004a), whereas maize has been
shown to contain at least five homologous genes (Nagy ez al.,
2006). At least five Phtl genes are expressed in potato and
tomato (Nagy et al., 2005), four in tobacco (Kai ez al., 2002),
and three in M. truncatulaand L. japonicus (Liu et al., 1998b;
Harrison et al, 2002; Maeda ez al, 2006). Recently, the
phylogenetic relationships among Phz1 genes from different
families have been reviewed (Karandashov & Bucher, 2005).
Most Pht1 genes are strongly expressed in roots, especially in
rhizodermal cells including root hair cells, in the root cap, and
in the outer cortex (Daram et al, 1998; Liu et al, 1998a;
Chiou ez al, 2001; Karthikeyan e 4/, 2002; Mudge ez al.,
2002; Schunmann ez al., 2004a). Expression has also been
observed in other organs such as leaves and pollen, suggesting
roles for Phtl proteins in addition to Pi uptake at the root—
soil interface, for example remobilization of stored Pi from
leaves via the phloem (Rae ez al., 2003), or Pi uptake in
the elongating pollen tube (Mudge ¢t al., 2002; Nagy ez al.,
2006). The rather diverse pattern of Phtl gene expression
indicates that these genes must be regulated by distinct
mechanisms conferring organ- or tissue-specific expression
dependent on environmental or internal cues. This view was
substantiated by a detailed analysis of promoter regions of the
barley Phti;1 gene which revealed that distinct regulatory
domains serve different functions, i.e. expression in root
epidermal cells including root hair cells, expression in the
root tip, and induction of expression in response to low P
(Schunmann et al., 2004b). A regulatory element, such as the
P1BS element, for which there is evidence of a functional role
in plants, has been identified in six barley Phtl promoters
(Schunmann ez al, 2004a). A P-responsive P1BS element
(GnATATnC) was first identified by Rubio ez 4/ (2001) in
A. thaliana. A MYB transcription factor, phosphate starvation
response 1 (PHR1), was found to bind to the P1BS element,
indicating that this element is associated with the P-starvation
response (Rubio ez al, 2001). In the same work, A. thaliana
plants carrying a mutant phr! allele were shown to exhibit
impaired P-regulated expression of a range of Pi-starvation
responsive genes with little effect on Phtl;1 expression.
Therefore, the presence of P1BS-like elements in the
promoters of Phtl genes suggests that the motif carries out
regulatory functions in Pi transport, allowing finely tuned
expression of the transporters in response to the internal and
external P conditions. Detailed elucidation of the regulatory
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network, including the ¢/s- and #rans-acting factors involved
in the regulation of Pi transport across membranes, would be
useful. A setof 111 transcription factors from A. thalianahave
been shown to be up- or down-regulated by Pi starvation,
including PHR1 (Wu ez al., 2003). Interestingly, leaves and
roots have largely nonoverlapping sets of transcription factors,
implying distinct regulatory changes in leaves and roots
during Pi deprivation stress.

Spatial and temporal patterns of PhzI gene promoter activities,
Phtl transcript abundances and encoded protein accumulation
in the plasma membrane indicated primarily transcriptional
control of Pi transport in plants (Muchhal & Raghothama,
1999; Chiou et al, 2001; Misson et al, 2004; Shin et al,
2004). AtSIZ1 is a plant small ubiquitin-like modifier
(SUMO) E3 ligase involved in proteolysis in A. thaliana and
was shown to be involved in the control of Pi starvation-
dependent responses (Miura ez al., 2005). Sumoylation is a
novel post-translational modification system biochemically
analogous to, but functionally distinct from, ubiquitinylation.
Sumoylation involves the covalent attachment of a SUMO to
substrate proteins. This modification system plays crucial
roles in many different biological processes, including protein
localization and stability, transcriptional activities, nucleo-
cytoplasmic signalling and transport, and genome replication,
as well as the regulation of gene expression (Wilson, 2004).
AtSIZ1 was localized to the nucleus and loss of AtSIZ1 func-
tion resulted in exaggerated Pi starvation responses, including
a moderate increase in Phtl;4 transcript abundances at the
onset of Pi starvation, and increased shoot Pi concentrations
in conditions of high P. The MYB transcriptional activator
PHRI of Pi starvation response genes is an AtSIZ1 sumoylation
target. These results indicated that sumoylation is a control
mechanism that acts on different Pi deficiency responses.
However, it is noteworthy that, in the phrI mutant, expres-
sion of Arabidopsis Pht1;1 was not significantly different from
that in the wild-type control, in contrast to the reduced
expression of two other Pi starvation-induced genes, A#/PSI
and A#4 (Rubio et al, 2001). Shin et al. (2006) have shown that
aknock-outin the A. thaliana gene A4, which is characterized
by the absence of a single long open-reading frame in its tran-
scripts, resulted in a slightly higher Pi content in the shoot in
low-P conditions, concomittant with weak up-regulation of
several Phtl genes. In addition, it was speculated that Ar4
transcript abundances in the wild type might be adjusted at
the post-transcriptional level by the activity of a micro-RNA
(miRNA; Shin e al,, 2006). miRNA is typically 21-23 nucleo-
tides long, and is thought to regulate the expression of target
genes. For that purpose, a miRNA is complementary to part
of one or more mRNAs to which it can anneal. The primary
mode of action of plant miRNAs is to facilitate cleavage of the
mRNA. In addition, miRNAs may also inhibit protein trans-
lation, or target methylation of genomic sites that correspond
to targeted mRNAs. miRNA399 (miR399)-dependent post-

transcriptional regulation of a gene encoding a putative
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ubiquitin-conjugating enzyme (UBC) was shown to be involved
in the regulation of Pht1;1 gene expression by Pi availability
(Fujii ez al., 2005). Overexpression of miR399 in A. thaliana
resulted in down-regulation of UBC and exaggerated accu-
mulation of Pi in the shoot (Chiou et al, 2006). Subse-
quently, Aung et /. (2006) and Bari ez al. (2006) showed
that a mutation in a miR399 target gene is responsible for the
Pi overaccumulator phenotype in the pho2 mutant (Delhaize
& Randall, 1995). Taken together, these data indicate that
regulation of plant Pi transporters, although mainly transcrip-
tional, also involves post-transcriptional and post-translational
modification of regulatory components.

4. Subcellular targeting of phosphate transport proteins

In the yeast Saccharomyces cerevisiae, transcription of a
secreted acid phosphatase, PHOS3, is repressed in response to
high concentrations of extracellular inorganic phosphate (Lau
et al., 1998). To investigate the signal transduction pathway
leading to transcriptional regulation of PHOS5, a genetic
selection for mutants that express PHOS constitutively was
carried out. Within five complementation groups, mutations
were found in genes required for the 77 vivo function of the Pi
transport system (PHO84, a Pi transporter and PHOS86), the
respective mutants being defective in high-affinity phosphate
uptake. It has now been shown that PHO86 is an endoplasmic
reticulum (ER) resident protein which is required for
packaging of PHO84 into coat protein II (COPII) vesicles,
allowing ER exit and subsequent localization in the plasma
membrane (Lau ez al,, 2000). Phtl proteins in plants share
relatively high homology to PHO84, suggesting that a similar
system for Phtl protein targeting and therefore a functional
PHO86 homologue could exist in plants. However, comparison
with sequences deposited in GenBank did not reveal homo-
logy of PHO86 with plant proteins, indicating that the gene
encoding the plant protein cannot be identified via heterologous
screening of plant cDNA libraries. This obstacle was overcome
by screening the mutant population that also yielded the
identification of PHRI (see section II. 3). Mutation of the PHFI
gene resulted in ER retention and reduced accumulation of
the plasma membrane Phel;1 transporter in A. thaliana. By
contrast, other membrane proteins involved in the Pi starvation
response were not mislocalized, indicating that plants have
accessory proteins specific for selected plasma membrane
proteins, allowing their exit from the ER. PHFI encodes
a plant-specific protein structurally related to the SEC12
proteins of the early secretory pathway, thus representing the
PHOB86 analogue (Gonzalez et al, 2005). An intriguing
aspect of the cell biology of Pi transport is the asymmetric
distribution of Phtl proteins in the plasma membrane of
root hair cells, with increasing protein abundance being
found towards the tip of the root hair (Chiou ez al, 2001;
Gordon-Weeks ez al., 2003). This raises important questions
with respect to the subcellular targeting mechanism of transport
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proteins, a topic that is presently being intensively studied,
for example in work on the proteins involved in short- and
long-distance auxin distribution (Blakeslee ez al., 2005).

5. Functional genomics of direct phosphate uptake
in plants

In addition to resolving gene regulation mechanisms in
response to internal and external cues, the elucidation of gene
function is of prime scientific interest. The individual roles
and contribution to direct Pi uptake of Phtl proteins in the
plant have just started to be elucidated in the model plant
A. thaliana. Eight out of the nine Phtl genes in A. thalianaare
expressed in roots, including the strongly expressed Phti;1
and Phtl;4 genes, the expression patterns of which show
extensive overlap (Muchhal ez al, 1996; Karthikeyan ez al,
2002; Mudge et al., 2002; Misson et al., 2004; Shin ez al.,
2004). Pi-starved phtl;4 mutant plantets exhibit a strongly
reduced (40%) Pi uptake capacity without apparent changes
in the expression of the other Phtl genes (Misson et al,
2004). However, the Pi content of mutant seedlings grown
on Pi-deficient or -sufficient medium was not significantly
different from that of the corresponding wild-type controls.
Furthermore, no obvious growth defects or visible phenotypes
were associated with the mutants when plants were grown at
low Pi concentration. Intriguingly, analysis of a Phz1;1-Pht1;4
loss-of-function mutant clearly revealed that Phtl;1 and
Phtl;4 are responsible for a significant proportion of the total
Pi uptake capacity of A. thaliana roots under both low- and
high-Pi concentrations (Shin ez al., 2004). Measurements
of Pi uptake from a low- and a high-Pi solution revealed
significant differences between wild-type and double knock-
out plants in their capacity to exploit a high-Pi source and to
rapidly accumulate Pi in both roots and shoots following a
period of starvation. Rates of Pi uptake were always higher in
the wild type than in the double knock-out, indicating that
both transporters contributed to Pi uptake at low and high Pi
concentrations. Loss of Phtl;1 and Phtl;4 activity also led to
increased elongation of root hairs and lateral roots, reduced Pi
content in shoots, and anthocyanin accumulation. This is
unequivocal evidence for a key role of Phtl proteins in plant
P uptake and thus the regulation of the Pi starvation response
pathway via the control of plant P homeostasis.

lll. Phosphate uptake assisted by the AM
symbiosis

1. The route of symbiotic Pi uptake

In the ecologically and agriculturally important AM associations,
the host plant mainly derives P and other minerals (including
K, S, N, Zn and copper (Cu)) from the fungus, which in turn
benefits from plant-based photosynthetic assimilates, namely

glucose (Marschner, 1995; Smith & Read, 1997). Strongly
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Fig. 2 Schematic representation of the two inorganic
orthophosphate (Pi) uptake pathways into a mycorrhiza. In the direct
Pi uptake pathway, Pht1 transporters (yellow circles) located at the
epidermis, located in root hairs and other parts of the epidermis, are
involved in Pi uptake from the soil solution directly into root cells. The
rate of uptake usually exceeds the rate of diffusion of Pi, which
supports rapid formation of a depletion zone (blue zone) close to the
root surface, thus limiting the rate of direct Pi uptake. The mycorrhizal
uptake pathway involves uptake of Pi from the soil solution by
arbuscular-mycorrhizal (AM) fungal transporters (red circles) located
in extraradical hyphae. Pi is subsequently translocated towards the
root and eventually to the symbiotic interface in the root cortex. Pht1
transporters located at this interface (black circles) are involved in
absorbtion of Pi in root cortical cells.

reduced mobility of Pi in the soil and rapid direct Pi uptake
into the root lead to the development of a Pi depletion zone
around the root hair cylinder and a rapid decline of Pi
acquisition over time (Marschner, 1995; Roose & Fowler,
2004). Whereas in nonmycorrhizal roots the extension of
the Pi depletion zone is closely related to root hair length
(Marschner & Dell, 1994), in mycorrhizal roots the depletion
zone of Pi greatly exceeds the root hair cylinder (Jungk &
Claassen, 1989). This indicates that Pi, which is not directly
available to the plant, is being delivered by the fungal hyphae.
Thus, the presence of the Pi depletion zone in the rhizosphere
is a major factor contributing to the advantage of plants
forming mycorrhizal associations. Strictly speaking, a
mycorrhized plant does not constitute a rhizosphere, but
rather a mycorrhizosphere, composed of the rhizosphere and
the hyphosphere. In this symbiotic system, the fungus bridges
the mycorrhizosphere and Pi is transported (mainly in the
form of polyphosphates) from the AM fungus—soil interface
to the intraradical symbiotic interface (Fig. 2).

Only a few reports indicate that AM fungi produce
ectoenzymes, which provide host plants with the potential
to access organic P forms that are normally unavailable to
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nonmycorrhizal roots. Extraradical hyphae of carrot (Daucus
carota) mycorrhizas with Glomus intraradices in monoxenic
cultures in the absence of other soil microorganisms trans-
ferred significantly more P to roots when they had access to
phytate as the organic P source than when they did not
(Koide & Kabir, 2000). This showed unequivocally that
extraradical hyphae of G. intraradices can hydrolyse organic
D, and can transport the resultant inorganic P to host roots.
Moreover, a study on Zagetes patula in symbiosis with Glomus
etunicatum proposed a new strategy for acquisition of P in AM
associations in which the fungal partner activates components
of the low-P adaptation system of the host plant, namely
phosphatase secretion, and thus improves the overall effi-
ciency of P uptake (Ezawa et al., 2005).

Research including the quantification of Pi uptake and
transport by fungal hyphae in the soil to the plant has improved
our understanding of a functional mycorrhiza (Smith ez al,
2003). Differences among plant species in the benefit derived
from AM colonization have often been attributed to differences
in root physical properties, especially in root hair development.
Analysis of the growth response to P in five pasture species
that differed significantly in the length of their root hairs
demonstrated a beneficial effect of AM symbiosis on P acqui-
sition. This was inversely related to the root hair length of the
host plant, but was not closely correlated to root diameter,
root length per plant or root:shoot ratio. It has been suggested
that root hairs and the external hyphae of the AM symbiosis
act as alternative but similar ways of shortening the distance
for the diffusion of P in soils (Schweiger ¢t al., 1995). Accord-
ingly, the root-haitless barley mutant, bald root barley (brb),
was clearly more responsive to mycorrhization than the corre-
sponding wild type (Jakobsen ez al., 2005). Root hairs thus
represent important cellular structures involved in the ‘direct
uptake pathway’ of nutrients as opposed to the ‘mycorrhizal
uptake pathway’ expanding from extraradical fungal hyphae
to the symbiosomes (Figs 1, 2). It was demonstrated that the
mycorrhizal Pi uptake pathway could dominate Pi supply to
plants irrespective of whether colonized plants exhibited
improved growth and/or total P uptake (Smith ez 4/, 2003,
2004). The fact that the AM fungal contribution to plant Pi
uptake is greater in a root-hairless mutant than in its wild type
indicates that fine tuning of both uptake pathways is required
to meet the needs of the plant for this important nutrient

(Jakobsen et al., 2005).

2. Pht1 genes involved in the AM symbiosis and
evolutionary conservation of their regulation

Arabidopsis thaliana, the model plant widely used in forward
and reverse genetics studies, does not form mycorrhizal
associations and therefore is not amenable to the analysis
of AM fungus-root interactions. In contrast to A. thaliana
and other Brassicaceae, legumes such as M. runcatula and
L. japonicus (Young et al., 2003) and solanaceous plants
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establish mutualistic AM symbioses under natural conditions
(Bhattarai & Mishra, 1984; Barker e al., 1998) and can thus
be used as experimental systems for molecular-genetic work in
mycorrhizas. Interestingly, an H*-ATPase gene exhibited
arbuscule-specific expression in mycorrhizal tissue of
M. truncatula (Krajinski ez al., 2002), and a H*-ATPase
protein was localized in the plant membrane around arbuscule
hyphae in a tobacco mycorrhiza, which corroborated the
existence of nutrient transport activities at the interface
between the two symbiotic organisms (Gianinazzi-Pearson
et al., 2000). The identification of the potato Pi transporter
gene StP73, which is expressed in cortical cells colonized by
AM fungi, represented a starting point for a detailed analysis
of Pi transport at the AM symbiotic interface in solanaceous
species (Rausch ez al, 2001). The StPT3 promoter directs
mycorrhiza-specific gene expression similarly in transgenic
roots of distantly related plant species carrying a chimeric
StPT3 promoter-reporter gene including potato, petunia
(Putunia hybrida), carrot, M. truncatula and L. japonicus,
indicating a high degree of conservation of the signal
recognition and transduction pathways in AM symbiotic Pi
transport (Karandashov ez al, 2004). The identification of
mycorrhiza-specific rice OsPT11 (Paszkowski e al., 2002)
and M. truncatula MtPT4 (Harrison et al, 2002) Pi trans-
porters, both nonorthologous to StPT3, recently indicated
the presence of a second mycorriza-specific Pi uptake system
in vascular plants. This was subsequently substantiated by the
cloning of four mycorrhiza-specific Pi transporters nonorth-
ologous to StPT3 from both potato (StPT4 and 5) and
tomato (LePT4 and 5) (Nagy ez al,, 2005). In summary, the
group of orthologous Pi transporters including OsPT11,
MtPT4, and the solanaceous orthologues comprise subfamily
I within the Phtl family, thus including members from both
dicot and monocot species. Several new members of this
subfamily were added, namely Pht1;8 from barley and Pht1;6
from maize (Glassop et al, 2005; Nagy ez al., 2006). By contrast,
potato StPT3, tomato LePT3 (accession number AY804011)
and the recently identified LjPT3 from L. japonicus (Maeda
et al., 2006) cluster in Phtl subfamily III which is evolution-
arily younger than subfamily I, because it contains proteins
solely from dicotyledonous species, including nonmycorr-
hizal A. thaliana (Karandashov eral., 2004; Nagy et al,
2005). While StPT3 was clearly defined as a high-affinity
transporter (Rausch ez al, 2001), it was demonstrated that
subfamily I transporters exhibit low affinity for Pi (Harrison
et al., 2002). However, the latter should be handled with
some care as the currently available yeast mutants used for
functional complementation with PhzI genes do not seem to
be particularly suitable for the analysis of low-athnity Pi
transporters (Harrison et al, 2002; Paszkowski ez al., 2002;
Nagy et al., 2005, 2006).

With respect to the specificity of the symbiotic interaction
and Pi transport, it has been demonstrated that the regulatory
mechanism(s) controlling expression of S$¢P73 and subfamily
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I genes becomes operative when cortical cells are colonized by
fungal species from the phylum Glomeromycota but not from
other phyla (Karandashov ez al, 2004; Paszkowski ez al., 2002).
Opverall, StP73 promoter activation attributes a functional
parameter with predictive value to the taxonomy of AM fungi
and the phylum Glomeromycota with respect to Pi transport.
Phylogenetic footprinting has led to the identification of can-
didate regulatory elements in promoter sequences of StP73,
StPT4, LePT4 and MtPT4 (Karandashov ez al., 2004). It can
therefore be hypothesized that evolutionarily conserved regu-
latory mechanisms, including perception of signal molecules,
form the basis of mycorrhiza-specific Pi transport within at
least the dicotyledonous species.

3. Functional genomics of mycorrhizal Pi transport

Despite the large number of mycorrhiza-inducible Pi
transporters identified to date, the functional genomics of Pi
transport at the symbiotic interface between AM fungi and
host plants is less well understood. The MtPT4 protein has
been shown to accumulate in the membrane fraction of
mycorrhizas in M. truncatula. Immunolocalization studies
were consistent with a location of the protein on the periar-
buscular membrane, i.e. in the host plant plasma membrane
around fine branches of an arbuscule (Harrison et 4/, 2002),
reflecting (as discussed in section II. 4) the asymmetric
distribution of Phtl proteins. This finding regarding subcellular
distribution is consistent with a function of MtPT4 in
symbiotic Pi uptake.

The first functional study in the literature of a mycorrhiza-
inducible Pi transporter, LePT4 from tomato, revealed con-
siderable redundancy between Phtl proteins at this interface
in a solanaceous species, and showed that under the chosen
experimental conditions LePT4 was dispensable (Nagy ez 4L,
2005). Thus, the situation at the symbiotic interface of
tomato and potato is comparable to that at the root—soil inter-
face of A. thaliana in terms of redundancy of Pi transport
systems, and can be explained by a genome duplication giving
rise to two highly similar paralogues, LePT4/LePT5 and
StPT4/StPTS, respectively. In a study investigating the
tomato reduced mycorrhizal colonisation (rmc) mutant, which
is resistant to colonization by most AM fungi except one
G. intraradices isolate (Barker ez al., 1998), development of
arbuscules and vesicles in the 7mc cortex coincided with
greatly increased transcript abundance of the mycorrhiza-
inducible Pi transporters LeP73 and LePT4 and concomitant
symbiotic P transfer (Poulsen ez @/, 2005). Thus, in colonized
roots of tomato, high abundance of LeP73 and LePT4 trans-
cripts is a reliable marker for a functional mycorrhizal uptake
pathway in 77c. Similarly, AM-specific MtPT4 expression in
M. truncatula correlated with arbuscule formation rather than
with fungal colonization (Isayenkov ez al., 2004), indicating
that the arbuscule is an important site of symbiotic Pi uptake.
By contrast, St#73 promoter studies in potato revealed the
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expression of this Pi transporter gene in cells harbouring
arbuscules and also in cells containing branched or coiled
hyphae (Karandashov ez al.,, 2004). Branched or coiled hyphae
are characteristic of the Paris morphological type of AM, which
has been reported to be more common than the Arum type,
which carries mainly arbuscules (Cavagnaro ez al, 2003).
Thus S¢P73 induction is triggered by fungal colonization of
cortical cells independent of the type of fungal structures
formed, indicating that, in both types of AM symbiosis,
symbiotic Pi transport occurs.

To date, the most intriguing study on the functional role of
mycorrhiza-specific Pi transporters originates from work on
StPT3-like LjPT3 from L. japonicus (Maeda et al., 2006). In
this work, clear experimental evidence was provided for a
mycorrhizal Pi transport function of the transporter. Knock-
down of the ZjP73 gene resulted in reduced growth of plants
carrying transformed roots which were colonized by a mycor-
thizal fungus, reduced allocation of radiotracer Pi in the
shoot, and decreased fungal colonization of mycorrhizas.
Additionally, when Mesorhizobium loti was inoculated in
combination with the mycorrhizal fungus Glomus mosseae,
necrotic root nodules were observed in roots of knock-down
plants. This is strong evidence for an important role of LjP73
expression, and probably its corresponding transport activity,
in the development and functioning of the two root symbioses.
Moreover, it is tempting to speculate that mycorrhizal Pi trans-
port is involved in self-nonself recognition in mycorrhizas
and nodules.

4. Functional diversity in mycorrhizal phosphate uptake

Different crop cultivars exhibit different Pi uptake efficiencies
depending on the AM fungal species associated with them
(Bryla & Koide, 1998; Olsen ez al., 1999). This functional
diversity is also reflected in the observation that the con-
tribution of the direct Pi uptake pathway and the mycorrhizal
uptake pathway to total P uptake can vary dramatically,
depending on the associated plant and fungal species (Smith
et al., 2003, 2004). The observed differences in Pi transport
between AM fungi and their various host plants may be
caused by numerous factors. Evidence was provided for the
concurrent operation of the direct and the mycorrhizal Pi
uptake pathways based on Pi delivery via both pathways and
simultaneous expression of the respective Pi transporter genes
involved (Poulsen eral, 2005). It is of great interest to
establish whether plant Pi transporters, their expression
pattern, and/or biochemical properties play an important role
in determining functional diversity. Certainly, many other
parameters should be considered, including the acquisition
efficiency of the host plant (which influences the esta-
blishment of the Pi depletion zone), root architecture, root
colonization and AM fungal proliferation into the soil, the
activity of fungal nutrient transporters in the extraradicle
hyphae (i.e. the fungus—soil interface), the P translocation
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processes within the hyphae, transfer of Pi across the AM
interfacial matrix, and the influence of plant processes
including root exudation in relation to metabolism and Pi
starvation (Plaxton, 1998; Raghothama, 1999).

IV. Agricultural potential

In recent years, knowledge of the molecular and biochemical
mechanisms of Pi uptake in plants has greatly increased. Have
these scientific achievements created sufficient capacity to
exploit the potential of biotechnology for the improvement of
Pi efficiency in sustainable agriculture?

Overexpression of the A. thaliana Phtl;1 high-affinity Pi
transporter gene in cultured tobacco cells resulted in enhanced
cell growth under Pi-limited conditions (Mitsukawa ez al.,
1997). By contrast, overexpression of a Phtl transporter in
barley did not enhance the Pi uptake rate in transgenic plants
under any conditions tested (Rae ez a/, 2004). This suggests
either that Pi transport activity is regulated by post-translational
mechanisms or, alternatively, that Pi availability at the root—
soil interface is usually the rate-limiting step in Pi acquisition
in nonmycorrhized plants, rather than the Pi transport rate
across the plasma membrane of rhizodermal cells. The latter
hypothesis does not contradict the data of Mitsukawa and
colleagues, and is supported by studies on the engineering of
root secretory processes where enhanced secretion of acid
phosphatases (phytases) and organic acids was shown to
improve plant P nutrition in low-P conditions via an increase
in soil Pi availability (Koyama ez 4/, 2000; Lépez-Bucio et al.,
2000; Richardson et al, 2001; Mudge ez al., 2003; Zimmer-
mann et al., 2003; Xiao et al., 2005).

Alternatively, the generation and subsequent ectopic
expression of mutated genes encoding engineered Pi trans-
porters with optimized biochemical parameters could benefit
plant growth under low-P conditions. These parameters could
include affinity for Pi or the minimal concentration of Pi at

which a transporter is still active (C_. ). However, because of

min
the rapid establishment of a Pi depletion zone in the rhizo-
sphere, it seems likely that changes at the level of Pi transport
activity need to be accompanied by optimization of root traits
related to soil Pi availability. Moreover, it could be fruitful to
investigate how to improve the efficiency of both the direct
and the mycorrhizal Pi uptake pathways. To this end, a better
understanding of the mechanisms underlying functional
diversity in AM symbiosis is certainly required. The answer to
the question posed in the first paragraph of this section is thus
a definite ‘not yet, as further basic research is clearly needed
before Pi acquisition efficiency can be engineered in crop
plants.

V. Conclusions and perspectives

During growth under conditions of Pi limitation, plants
undergo radical adaptive changes at the cell, organ and plant
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system levels to guarantee reproductive success. Root cell
types involved in Pi uptake from the root environment
include epidermal cells, such as root hair cells, root cap cells
at the tip, and cortical cells in mycorrhizas. These cell types are
the prominent sites of Pi transporter gene expression in roots,
and are therefore the sites at which Pi transport across the
plasma membrane occurs. Physiological, molecular, cell
biological and genetic work on Pi uptake in vascular plants
allows us to conclude that soil Pi availability and the
formation of Pi depletion zones around roots and mycorrhizas
are the major physical parameters determining plant Pi
acquisition efficiency. The efficiency of a plant in mining the
soil for soluble Pi at low cost (i.e. low investment of carbon)
largely depends on the root (or mycorrhiza) absorptive surface
area, which is strongly influenced by root architecture and the
ability to establish a functional mycorrhizal symbiosis. Another
important factor, which has only briefly been mentioned in
this review, is the production of root exudates which are
involved in mobilizing otherwise immobile phosphates. In
fundamental research, our knowledge of the molecular
regulation of the Pi starvation response and the expression of
Pi transporters provides molecular tools with which to
elucidate how plants sense Pi depletion or colonization by AM
fungal hyphae, which eventually trigger respective response
pathways. These tools will be instrumental for the establishment
and screening of suitable plant populations to identify regulatory
mutants. Continued investigations into how activation of
Phtl gene promoters occurs in response to the biotic and
abiotic environment of the root will help to identify and
understand gene regulatory networks including cis- and mrans-
acting elements, and the gene module of coregulated genes in
a single cell. The post-transcriptional regulation of Pi transport,
including the control of protein translation, cellular targeting,
transport activity and proteolysis, is presently not well
understood and offers great potential for innovative research.

Functional genomics studies of Pi uptake need to be
directed to all PhtI genes involved in either the direct or the
mycorrhizal Pi uptake pathway, or in Pi allocation in the
plant. In this work, suitable single and multiple gene loss-
of-function mutants will be extremely helpful. Moreover,
functional diversity in mycorrhizal Pi uptake in different
plant—AM fungus combinations and the control mechanisms
involved are likely to be dependent on the molecular cross-talk
between plant and fungal symbiont. To improve our know-
ledge of the role of fungal and plant metabolic status, elucidation
of the chemical signals that orchestrate Pi transporter gene
expression will possibly be the critical step towards a systems
view of Pi uptake dynamics. Understanding of the ecology
and functioning of the AM symbiosis in the natural or agri-
cultural ecosystem is essential for developing sound strategies
for improvement of plant growth and productivity via con-
trolled activity of the symbiotic partners. We are obviously
just beginning to unravel the complexity of the biology of
plant Pi uptake.
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