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The majority of vascular flowering plants are ableto form
symbiotic associations with arbuscular mycorrhizal fungi.
These symbioses, termed arbuscular mycorrhizas, are mu-
tually beneficial, and the fungus delivers phosphate to the
plant while receiving carbon. In these symbioses, phos-
phate uptake by the arbuscular mycorrhizal fungusisthe
first step in the process of phosphate transport to the
plant. Previously, we cloned a phosphate transporter gene
involved in this process. Here, we analyze the expression
and regulation of a phosphate transporter gene (GiPT) in
the extra-radical mycelium of the arbuscular mycorrhizal
fungus Glomus intraradices during mycorrhizal associa-
tion with carrot or Medicago truncatula roots. These
analyses reveal that GiPT expression is regulated in re-
sponse to phosphate concentrations in the environment
surrounding the extra-radical hyphae and modulated by
the overall phosphate status of the mycorrhiza. Phosphate
concentrations, typical of those found in the soil solution,
result in expression of GiPT. These data imply that G. in-
traradices can perceive phosphate levelsin the external en-
vironment but also suggest the presence of an internal
phosphate sensing mechanism.

Arbuscular mycorrhizal (AM) fungi (Zygomycetes: order
Glomales) are ubiquitous soil fungi that participate in symbi-
otic associations with vascular flowering plants in order to de-
velop and complete their life cycle. Their dependency on these
associations is the result, at least in part, of a lack of saprotro-
phic abilities, and these obligate symbionts colonize the cortex
of plant roots to obtain carbon from their photoautotrophic
partner (Smith and Read 1997). Fossil evidence indicates that
arbuscular mycorrhizal fungi have associated with plants for
over 400 million years (Remy et al. 1994). Currently, arbuscu-
lar mycorrhizas exist in ecosystems throughout the world
(Smith and Read 1997).
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AM fungi have a significant impact on the health and min-
eral nutrition of their plant symbiotic partner and, although the
underlying mechanisms are largely unknown, it is clear that
AM fungi can translocate phosphate from the soil to the plant
root (Pearson and Jakobsen 1993b; Sanders and Tinker 1971).
Phosphate is essential for plant growth and development but is
often limiting (Holford 1997), thus access to additional phos-
phate transported via the AM fungi can have a significant effect
on growth and reproduction. Consequently, the AM symbiosis
is an important determinant of plant species composition in
terrestrial ecosystems (Van der Heijden et al. 1998) and is an
essential link for mineral nutrition in sustainable agricultural
systems (Jeffries 1987).

At the morphological level, the process of development of
the AM symbiosis has been well described (Bonfante-Fasolo
1984; Gianinazzi-Pearson and Gianinazzi 1988). The molecu-
lar events underlying the development or nutrient transfer,
however, remain to be elucidated (Gianinazzi-Pearson 1996;
Harrison 1997). Within the root cortex, the fungus proliferates
in the intercellular spaces and differentiates within the cortical
cells forming highly branched, terminally differentiated hyphae,
called arbuscules. Phosphate transfer between the symbionts
is assumed to occur over the arbuscule—cortical cell interface.
It is predicted that AM fungi contain an efflux mechanism(s)
to release phosphate from the arbuscule and that plants
possess a phosphate uptake system to transport phosphate into
the cortical cells (Smith 1993; Smith and Smith 1990). A
transporter that may mediate phosphate uptake at the ar-
buscular interface has been identified in tomato (Rosewarne et
al. 1999).

In addition to the intra-radical mycelium, the fungus devel-
ops an extra-radical mycelium that ramifies in the surrounding
soil (Friese and Allen 1991). Radiotracer studies have demon-
strated that the extra-radical mycelium is responsible for the
acquisition of phosphate, which is later translocated to the in-
tra-radical hyphae and then released to the plant (Jakobsen et
al. 1992). As might be anticipated, the obligate symbiotic na-
ture of the AM fungi, coupled with the fact that the symbiosis
develops below ground, has posed constraints on the analysis
of these fungi and, in particular, access to an intact extra-radi-
cal mycelium has been difficult. Consequently, the first kinetic
studies of phosphate uptake in AM fungi were performed on
hyphal germ tubes (Thomson et al. 1990). These analyses re-
vealed phosphate uptake activities consistent with the pres-



ence of high- (Km 1.8 to 3.1 uM) and low-affinity (Km 10.2
to 11.3 mM) phosphate transport systems, with kinetics
similar to those described previously in yeast and Neuro-
spora crassa (Beever and Burns 1977; Tamai et al. 1985). A
high-affinity phosphate transporter (GvPT) that shares struc-
tural and sequence similarity with the high-affinity, proton-
coupled phosphate transporters from yeast (PHO-84) (Bun-
ya et al. 1991) and N. crassa (PHO-5) (Versaw 1995) was
later cloned from an AM fungus, Glomus versiforme (Harri-
son and Van Buuren 1995). GVvPT shares 47.9% identity, at
the amino acid level, with the PHO84 from Saccharomyces
cerevisiae and 45% identity, at the amino acid level, with
PHO-5 from N. crassa. The phosphate transport activity of
GVPT was assayed in yeast where it showed a Km of 18 uM,
a value consistent with its designation as a high-affinity
transporter (Harrison and Van Buuren 1995). On the basis of
its phosphate transport activity and its expression in the ex-
tra-radical mycelium, it is proposed that GVPT plays a role
in phosphate acquisition from the soil and is potentially im-
portant for phosphate movement in the symbiosis (Harrison
and Van Buuren 1995).

Unfortunately, the obligate biotrophic nature of the AM
fungi, coupled with the fact that they are asexual, multinucle-
ate organisms (Sanders 1999), makes it impossible to use tra-
ditional genetic approaches such as knockout mutants to
evaluate the contribution of this transporter to phosphate trans-
port in the symbiosis. Therefore, to further advance our under-
standing of phosphate transport by AM fungi, we initiated
analyses of the expression and regulation of a phosphate
transporter gene from Glomus intraradices (GiPT). G. intra-
radices was chosen for these studies because an in vitro my-
corrhiza culture system, that provides access to an intact ex-
tra-radical mycelium, has been developed for this species (St.
Arnaud et al. 1996). This in vitro system has proved useful for
biochemical and cell biology analyses and enabled insight into
aspects of metabolism and hyphal architecture (Bago et al.
1998; Pfeffer et al. 1999). Here, we report the analysis of the
expression and regulation of the GiPT gene in the extra-radi-
cal hyphae of G. intraradices during its symbiotic association
with plant hosts Medicago truncatula and Daucus carota L.
Our data indicate that G. intraradices is able to perceive and
respond to phosphate levels surrounding the extra-radical my-
celium, GiPT is expressed in response to low-phosphate con-
ditions, and the phosphate status of the mycorrhiza influences
expression of GiPT.

RESULTS

Phosphate uptake in M. truncatula—G. intraradices
or carrot—G. intraradices mycorrhizas
in thein vitro two-compartment plate system.

In the in vitro culture system developed by St. Arnaud et al.
(1996), mycorrhizas are established between transformed car-
rot roots and G. intraradices in one-half of a two-compart-
ment petri dish. As the mycorrhiza develops, extra-radical
hyphae proliferate in the medium, surrounding the roots, and
eventually grow into the second half of the plate where they
further ramify in the medium and later sporulate. To enable
manipulation of the environment surrounding the extra-radical
hyphae, we modified the system and replaced the solid me-
dium in the second compartment with liquid (Fig. 1). This en-

abled manipulation of the environment surrounding the extra-
radical hyphae and easy access to the hyphae.

The system developed by St. Arnaud et al. (1996) uses
Agrobacterium rhizogenes-transformed or “hairy” carrot roots.
Transformed roots have the advantage that they grow continu-
ously, as long as they are supplied with carbon. They have an
altered sensitivity to phytohormones, however, which might
impact the physiology of the mycorrhiza. Therefore, we felt it
was important to include experiments with mycorrhizas
formed from nontransformed roots. In addition, we wished to
evaluate GiPT expression during association of G. intraradi-
ces with a second plant host. Consequently, two systems were
selected: carrot roots (transformed) and M. truncatula roots
(nontransformed).

To establish conditions for experimentation, carrot roots or
M. truncatula roots were placed in the first compartment and
inoculated with G. intraradices spores. Subsequently, liquid
M media, which contains 35 pM phosphate, was added to the
second compartment. Four weeks later, mycorrhizas had been
established and the extra-radical hyphae had grown through-
out the media in the first compartment of the plate and into the
second compartment of the plate containing the liquid media.
At this time, the phosphate content of the liquid media was al-
most zero, indicating that the fungus had utilized almost all of
the available phosphate during this growth period (Fig. 2a).
The hyphae remained viable, as determined by nitroblue tetra-
zolium (NBT)-succinate staining (Schaffer and Peterson 1993).
The phosphate content of the M medium surrounding the my-
corrhizal roots also was zero at this time (data not shown).
The phosphate-depleted liquid media surrounding the extra-
radical hyphae was then removed and replaced with new me-
dia, and the phosphate content of the media was monitored
over the subsequent 48 h. In the M. truncatula-G. intraradices
mycorrhiza and the carrot-G. intraradices mycorrhiza, phos-
phate was taken up rapidly by the fungal hyphae and 48 h
later, phosphate was no longer detectable (Fig. 2b).

The inclusion of 3*[PJorthophosphate in the liquid media
confirmed that phosphate was taken up by the extra-radical
hyphae and revealed that it was transferred to the mycorrhizal
roots in the first compartment of the plate (Table 1). This ex-
periment demonstrates that phosphate is being transported
from the external hyphae to the interior of the root, as would
be expected for a functional mycorrhiza.
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Fig. 1. Photograph of the two-compartment petri dish culture system.
Plant roots inoculated with Glomus intraradices spores are cultured in
the first compartment. Extra-radical hyphae develop in the second com-
partment, which contains liquid medium. Arrows indicate mycorrhizal
roots and extra-radical hyphae.
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I dentification of the G. intraradices
phosphate transporter (GiPT) gene.

Initial analyses revealed that the GVPT gene hybridized
strongly with a transcript from G. intraradices. To clone the
G. intraradices phosphate transporter gene, a M. truncatula—
G. intraradices mycorrhiza cDNA library was screened with a
probe corresponding to the coding region of GVPT (U38650).
A partial cDNA clone (GiPT) of 1,423 bp was obtained (ac-
cession no. AY037894). The GiPT cDNA shares 86% identity
at the nucleotide level and 93% identity at the amino acid
level with GVPT. Although the cDNA library contained a high
percentage of full-length clones, as determined by analysis of
other genes, a full-length GiIPT ¢cDNA was not obtained. Sub-
sequently, the full-length GiPT gene was amplified with a
primer designed to the 5" end of the GVPT coding sequence
and a 3’ primer based on the GiPT cDNA sequence (accession
no. AF359112). The amplified product is 1,665 bp and, in the
region of overlap, is 100% identical with the partial-length
GiPT cDNA clone. The coding region of the full-length GiPT
shares 90% identity at the nucleotide level and 95% identity at
the amino acid level with the coding region of GvPT.

GiPT isexpressed in the extra-radical mycelium
in response to micromolar levels of phosphate.

A series of two-compartment plates containing developed
carrot—G. intraradices mycorrhizas with extra-radical hyphae
in the second compartments were established, as outlined
above. The phosphate-depleted liquid media surrounding the
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extra-radical mycelium was then removed and replaced with
new media containing 0 uM, 35 puM, or 3.5 mM phosphate.
The extra-radical hyphae were sampled at the time of addition
of phosphate and, again, 24 h later. GiPT transcripts were as-
sayed by ribonuclease protection assay (RPA), and the RNA
content of each sample was normalized, relative to an 18S
rRNA control. This analysis revealed that GiPT transcripts
were present in the extra-radical hyphae that received 35 uM
phosphate but not in the extra-radical hyphae that received
3.5 mM phosphate nor in those that received no phosphate.
Transcripts were not detected prior to the addition of phos-
phate (Fig. 3a). Over this 24-h period, phosphate was taken up
by the extra-radical hyphae and, at the time of harvest, the
plates that received low (35 pM) and high (3.5 mM) phos-
phate contained 1.2 uM and 2.9 mM phosphate, respectively.
Similar GiPT expression patterns were observed in the M.
truncatula-G. intraradices mycorrhiza. Additional analysis of
GiPT transcript levels at intervals following the addition of
35 uM phosphate to the extra-radical hyphae of a M. trunca-
tula-G. intraradices mycorrhiza revealed that GiPT transcript
levels were elevated at 24 and 48 h post addition of the phos-
phate (Fig. 3b). The phosphate content of the media surround-
ing the extra-radical hyphae decreased over time, indicating
that phosphate is being taken up by the fungus. These experi-
ments indicate that the expression of GiPT is influenced by
the concentration of phosphate surrounding the extra-radical
hyphae and that the gene is expressed in response to micromo-
lar concentrations of phosphate. The similarity in the results
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Fig. 2. A, Phosphate concentrations in liquid medium in the second compartment at the time of the addition of M medium (containing phosphate) as
well as 4 weeks later when extra-radical hyphae have grown extensively in the medium. Data are derived from three replicates. B, Phosphate concentra-
tions in the media surrounding the extra-radical hyphae following the addition of 35 uM phosphate. Phosphate levels in the medium surrounding the extra-
radical hyphae of a Medicago truncatula-Glomus intraradices mycorrhiza (open circles) and carrot root—G. intraradices mycorrhiza (closed circles).

Table 1. Phosphate translocation from the hyphae to the mycorrhizal roots®

[P orthophosphate taken up from liquid medium (%)

Time post addition Phosphate

of phosphate (h) 3Pin liquid medium (%) in liquid medium (uM) In extra-radical hyphae In mycorrhizal roots
0 100 35

6 82.8 28.9

18 77 26.9

24 64.4 22.5

30 533 18.6

42 25.2 8.8

48 21.9 7.6 36 10.9

2 M media containing 35 uM phosphate and 0.5 uCi [**P] orthophosphate was added to liquid medium surrounding the extra-radical hyphae of a carrot
root-Glomus intraradices mycorrhiza. Liquid medium was sampled over the subsequent 48 h, and the extra-radical hyphae and mycorrhizal roots
were sampled at 48 h post addition of phosphate. Relative amounts of [**P] orthophosphate in the medium and tissues are shown.
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obtained with the two plant hosts indicates that this response
is not dictated by the plant nor the transformed—nontrans-
formed nature of the roots. Rather, the data support the hy-
pothesis that the fungus has a mechanism via which it can
sense phosphate levels and that the GiPT gene is regulated ac-
cordingly. As a result of the ease of handling the carrot hairy
roots, subsequent experiments were performed with the car-
rot—G. intraradices arbuscular mycorrhizas.

GiPT transcript levelsincrease in response to phosphate
concentrationstypically found in the soil solution.

The concentration of phosphate in the soil solution is typi-
cally 10 uM or less (Bieleski 1973) and considerably lower
than that used in the initial experiments. To determine whether
concentrations of phosphate lower than 35 uM would be suffi-
cient to induce GiPT expression, plates were prepared and liquid
media containing phosphate at concentrations of 1 to 35 uM
was placed in the compartment containing the fungal extra-
radical hyphae. The extra-radical hyphae were harvested at 6,
12, and 24 h following the addition of phosphate, and GiPT
transcript levels were assayed by RPA. These assays revealed
that GiPT transcript levels do not change in hyphae that re-
ceive zero phosphate but are elevated by 6 h post addition of
1, 5, 10, 20, or 35 uM phosphate (Fig. 4). GiPT transcript
levels are clearly higher when the hyphae receive 20 to 35 uM
phosphate and, consistent with earlier experiments, GiPT tran-
script levels remain elevated over the next 18 h. On the basis
of phosphate concentrations in the media at 6, 12, and 24 h
post addition of phosphate, it is clear that the phosphate is
consumed fairly rapidly by the extra-radical hyphae. Conse-
quently, in the plates receiving low phosphate treatments, the
phosphate concentration in the media falls to zero very rapidly
and elevated GiPT transcript levels are not maintained.

GiPT isregulated in response to changesin phosphate
concentration in the surrounding environment.

To follow the expression of GiPT in the extra-radical hy-
phae in response to a series of changes in phosphate concentra-
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tion, plates were prepared and liquid medium containing 35 uM
phosphate was added to the compartment with the extra-
radical hyphae. A sample of hyphae was removed 24 h later
and the medium was then replaced with new medium con-
taining 3.5 mM phosphate. After 48 h, a sample of extra-
radical hyphae was harvested and the hyphae remaining in the
plates were washed to remove as much residual phosphate as
possible. New medium lacking phosphate was applied. As a
result of residual phosphate in the plates, the phosphate con-
centration of the medium, at this point, was 40.7 uM phos-
phate. A final sample of extra-radical hyphae was removed 48 h
later. RPA analyses revealed that GiPT transcript levels in-
crease dramatically following treatment with low phosphate,
then decrease in response to high phosphate, and finally in-
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Fig. 4. Graphical representation of transcript levels of the phosphate
transporter gene from Glomus intraradices (GiPT) in extra-radical hy-
phae of carrot-G. intraradices mycorrhizas following exposure to phos-
phate at concentrations of 1 to 35 uM. Fold induction is relative to the
basal level at time zero, which was set as 1. Numbers adjacent to the
points on the graph indicate the concentration of phosphate in the me-
dium at the time of harvest. Orthophosphate concentrations (uUM): aster-
isks, 0; closed triangles, 1; closed circles, 5; open squares, 10; open tri-
angles, 20; and open circles, 35.
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Fig. 3. A, Ribonuclease protection assay detects the phosphate transporter gene from Glomus intraradices (GiPT) transcripts in the extra-radical hyphae
of carrot—G. intraradices mycorrhiza prior to (lane 1) and following treatment for 24 h with 0 uM (lane 2), 35 uM (lane 3), and 3.5 mM (lane 4) phos-
phate. The level of 18S rRNA was used to normalize RNA levels in each sample. Numbers in brackets indicate the concentration (uM) of phosphate in
the medium at the time of harvest. B, Ribonuclease protection assay detects GiPT transcripts in the extra-radical hyphae of a Medicago truncatula-G.
intraradices mycorrhiza at O (lane 1), 12 (lane 2), 24 (lane 3), and 48 (lane 4) h following treatment with 35 uM phosphate. The level of 18S rRNA was
used to normalize RNA levels in each sample. Numbers in brackets indicate the concentration (uM) of phosphate in the medium at the time of harvest.

Vol. 14, No. 10, 2001 / 1143



crease again as the phosphate concentration decreases (Fig. 5).
In a control experiment, high-phosphate conditions were main-
tained around the extra-radical hyphae and there was no
subsequent increase in GiPT transcripts (data not shown).

These data further indicate that GiPT is regulated according to
the phosphate conditions surrounding the extra-radical hyphae and
support the hypothesis that G. intraradices can perceive phosphate
in the environment surrounding the extra-radical hyphae.

The phosphate status
of the mycorrhiza influences expression of GiPT.

To determine whether the phosphate status of the my-
corrhiza affects induction of the GiPT gene, plates were pre-
pared and 3.5 mM phosphate was applied to the compartment
containing the mycorrhizal roots. The plates were incubated
for 48 h, at which point medium containing 35 uM phosphate
was added to the compartment containing the extra-radical hy-
phae. Control plates received media containing no phosphate
in the mycorrhizal root compartment for 48 h and then re-
ceived media with 35 uM phosphate in the compartment con-
taining the extra-radical hyphae. The hyphae were sampled
over the subsequent 48 h, and GiPT transcript levels were as-
sayed by RPA. In the control plates where the mycorrhizal
roots were pretreated with media containing zero phosphate,
GIiPT transcripts increased in the extra-radical hyphae follow-
ing the addition of 35 uM phosphate, as observed in previous
experiments (Fig. 6). GIPT transcript levels increased 21-fold
at 3 h post addition of phosphate and remained at an elevated
level of 12- to 16-fold induction for the following 48 h. As in
previous experiments, the phosphate content of the media
declined and, at 24 h post addition of phosphate, the phos-
phate concentration in the media surrounding the hyphae was
6.6 uM. In the plates where the mycorrhizal roots were pre-
treated with 3.5 mM phosphate for 48 h, GiPT transcripts
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Fig. 5. Ribonuclease protection assay detects transcripts of the phos-
phate transporter gene from Glomus intraradices (GiPT) in the extra-
radical hyphae of a carrot—G. intraradices mycorrhiza following a series
of phosphate treatments. Extra-radical hyphae was sampled (lane 1) and
then exposed to 35 pM phosphate, and a hyphae sample was removed
after 24 h (lane 2). Remaining hyphae were then exposed to 3.5 mM
phosphate, and a second hyphae sample was removed 48 h later (lane 3).
Finally, the medium surrounding the hyphae was removed and replaced
with media containing no phosphate. Residual phosphate from the pre-
vious high-phosphate treatment resulted in a phosphate concentration of
40.7 uM. Hyphae were sampled 48 h later (lane 4). Values in brackets
indicate the phosphate content of the medium at the time of harvest.
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showed a sixfold induction at 3 h post addition of phosphate.
Transcripts remained at the same level over the subsequent 48 h,
and the phosphate levels in the medium surrounding the extra-
radical hyphae remained approximately 40 uM. Although the
GiPT gene was induced, the fold induction was significantly
lower than those plates that did not receive a high phosphate
treatment. These data suggest that, if the mycorrhizal roots
have sufficient phosphate, then GiPT is not induced to the
same levels as seen if the system is deprived of phosphate.
Additionally, phosphate is not taken up from the media sur-
rounding the extra-radical hyphae.

GiPT transcript levelsincrease in response to vanadate.

In order to obtain information about the nature of the mole-
cule inducing GiPT expression, vanadate, a transition-state
analog of phosphate, was tested for its ability to influence ex-
pression of GiPT. Plates were prepared, and the compartment
containing the extra-radical hyphae was treated with liquid
media containing 35 pM vanadate or 35 uM phosphate. Extra-
radical hyphae were harvested 24 and 48 h later. RPAs revealed
that GiPT transcripts were not present at the time of the
treatment (0 h) but were detected in the extra-radical hyphae
treated with vanadate or phosphate at 24 and 48 h post addition
of these components (Fig. 7). These data indicate that vanadate
can induce expression of GiPT to similar levels as phosphate.

DISCUSSION

Phosphate uptake by AM fungi and its subsequent transport
and release to the plant partner in the AM symbiosis is a
unique process that has significant impact on plant mineral
nutrition and health. Although most plants can obtain phos-
phate directly from the soil via phosphate transporters in their
roots, some studies indicate that in an AM symbiosis, a condi-
tion considered the norm in natural environments (Gianinazzi-
Pearson 1996), the fungal contribution to phosphate uptake by
arbuscular mycorrhizal plants may be significantly higher than

Fold induction of GiPT

transcripts

050 1 3 6 12 24 48
Time (hours)

Fig. 6. Graph showing fold induction of transcripts of the phosphate
transporter gene from Glomus intraradices (GiPT) in the extra-radical hyphae
of carrot-G. intraradices mycorrhizas following pretreatment of the
mycorrhizal roots with high phosphate or no phosphate. Mycorrhizas were
established, and the first compartment containing the mycorrhizal roots were
treated for 48 h with M media containing 3.5 mM phosphate or no phosphate.
Extra-radical hyphae were then treated with 35 uM phosphate, and samples of
hyphae were removed over the following 48 h. Black bars represent the fold
induction of GiPT transcripts in plates pretreated with no phosphate. Grey
bars represent the fold induction of GiPT transcripts in the plates pretreated
with high phosphate. Numbers above the bars indicate the phosphate
concentration in the medium at the time of harvest.



that of the plant itself (Pearson and Jakobsen 1993a). The
finding that plants down regulate their high-affinity root phos-
phate transporters in an AM symbiosis is consistent with these
studies, and together these data imply that plants may rely
heavily on phosphate transport via the fungal symbiont during
an AM symbiosis (Chiou et al. 2000; Liu et al. 1998).

As a first step in the analysis of phosphate transport in the
AM symbiosis, we cloned a phosphate transporter gene (GvPT)
from the AM fungus G. versiforme (Harrison and Van Buuren
1995). Here, we analyzed the expression and regulation of
GiPT, a homolog of GVPT from a related fungus, G. intraradi-
ces. These studies were facilitated by an in vitro arbuscular my-
corrhiza culture system developed for G. intraradices (St. Ar-
naud et al. 1996), which we modified slightly to enable
manipulation of the phosphate conditions surrounding the extra-
radical fungal hyphae and repeated sampling of the hyphae with
minimal disturbance to the mycorrhiza. In this system, the my-
corrhizas formed between transformed carrot or M. truncatula
roots and G. intraradices were functional in terms of phosphate
transport, and phosphate taken up by the extra-radical hyphae
could be detected later in the mycorrhizal roots. Ribonuclease
protection assays revealed that, in both mycorrhizal systems,
GIiPT transcript levels increase in the extra-radical hyphae in re-
sponse to micromolar levels of phosphate in the surrounding
environment. The response is quite rapid and, in some instances,
changes in transcript levels could be detected within 3 h. There
is some variation between the plates in the magnitude and tim-
ing of induction of GiPT and the timing of depletion of phos-
phate by the extra-radical hyphae. Overall, however, the expres-
sion patterns were very consistent. For example, treatment with
35 uM phosphate always resulted in a 10- to 30-fold induction
of GiPT transcripts within 24 h of addition of phosphate. GiPT
transcripts were not detected in the absence of phosphate or in
response to millimolar levels of phosphate in the surrounding
medium. This result also was very reproducible and seen in
multiple experiments. These data indicate that the fungus
regulates expression of GiPT in response to phosphate condi-
tions surrounding the extra-radical hyphae. Regulation of
expression appears to be a dynamic process, as indicated by the
increase and decrease in GiPT transcript levels in response to a
series of changes in phosphate concentration. These data also
imply that G. intraradices has a mechanism of sensing phos-
phate in the environment surrounding the extra-radical hyphae.

The increase in GiPT transcripts in both arbuscular mycorrhi-
zas is accompanied by a decrease in phosphate concentration in
the media, which is consistent with phosphate uptake via this
transporter. However, as it is not known whether other phos-
phate transporters are operating in the extra-radical hyphae, it is
not possible to say definitively whether this uptake is entirely
the result of GiPT. The fact that phosphate is taken up by the ex-
ternal hyphae at high phosphate concentrations when GiPT tran-
scripts are absent (Fig. 5) clearly indicates the presence of an-
other phosphate transport system. Under these conditions,
phosphate uptake is probably occurring via a low-affinity phos-
phate transport system such as the one predicted by Thomson et
al. (1990) in Gigaspora margarita, which shows a Km in the or-
der of 10 mM. Such transport systems also exist in yeast and N.
crassa, although the molecular nature of the transport proteins is
still unknown (Beever and Burns 1977; Tamai et al. 1985).

Due to the minute amounts of hyphae obtained from this
system, it is currently not possible to analyze the GiPT protein

levels, and we can only assume that the GiPT transcript levels
reflect the protein levels. Previous studies of plant and fungal
phosphate transporters suggest that this is a reasonable as-
sumption, and recent studies of the PHOS84 transporter indi-
cate that, under high phosphate conditions, the PHO84 protein
is removed rapidly from the plasma membrane by endocytosis
(Chiou et al. 2000; Lau et al. 2000).

In most experiments, the extra-radical hyphae were initially
exposed to 35 uM phosphate. Phosphate was not maintained at
this concentration, however, and decreased as it was taken up
by the extra-radical hyphae. Additional experiments revealed
that concentrations of phosphate as low as 1 to 5 uM are suffi-
cient to induce expression of GiPT; however, in these cases,
phosphate was depleted entirely from media surrounding the
hyphae within a few hours and the elevated GiPT transcript
levels were not maintained. These data indicate that micromo-
lar levels of phosphate are required not only to induce expres-
sion of the GiPT gene but also to maintain expression. This
decline in transcript levels also implies that GiPT transcripts
turn over relatively quickly. The phosphate concentrations that
result in induction of GiPT are consistent with its designation
as a high-affinity transporter and with the phosphate concen-
trations of the soil solution, which are estimated, in most
cases, to be less than 10 uM (Bieleski 1973).

Based on the expression patterns observed here, GIPT ap-
pears to be expressed in a similar manner to the high-affinity
phosphate transporters from yeast and N. crassa. The yeast
PHOB84 and N. crassa PHO5 genes are derepressed in re-
sponse to phosphate-limiting conditions and repressed in re-
sponse to high-phosphate conditions (Tamai et al. 1985;
Versaw 1995). In yeast, the phosphate signaling pathways
have been analyzed extensively and PHO84 was found to be
under control of the PHO regulatory system (Oshima 1982),
with transcription activated by PHO4 and PHO2 (Tamai et al.
1985). Under high phosphate conditions, the PHO4 protein is
phosphorylated by a complex formed between a cyclin-
dependant kinase (PHO85) and cyclin (PHO80) (Kaffman et
al. 1994). This results in the export of PHO4 to the cytoplasm,
thus PHOB84 is not transcribed (O’Neill et al. 1996). Under

phosphate (35pM)  vanadate (35pM)
o 24 48 0 24 48 hours
L -

GiPT

| e e - - | 155 (RNA
(35) (15.1) (7.8)

Fig. 7. Ribonuclease protection assay detects transcripts of the phosphate
transporter gene from Glomus intraradices (GiPT) in extra-radical hy-
phae of carrot—G. intraradices mycorrhizas exposed to 35 uM phosphate
or 35 uM vanadate. Extra-radical hyphae was sampled 0, 24, and 48 h
following addition of phosphate or vanadate. Numbers in brackets indi-
cate the phosphate concentration in the medium at the time of harvest.
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low phosphate conditions, a cyclin-dependent kinase (CDK)
inhibitor PHOB8L inhibits the activity of the PHO85-PHO80
complex and PHO4 is no longer phosphorylated, remaining in
the nucleus where it activates expression of the PHO84 gene
(Schneider et al. 1994). A similar system exists in N. crassa
where the transcriptional activator Nucl is maintained in the
cytoplasm during growth in high phosphate conditions and
moves to the nucleus under low phosphate conditions (Peleg
et al. 1996). Although the mechanisms of regulation of the
GiPT gene are entirely unknown, it is feasible that control is
mediated via a similar system.

AM fungi not only acquire phosphate for their own use but also
release significant quantities to their plant host, a process unique to
these fungi. As shown here, GIPT expression is influenced by the
phosphate concentration surrounding the extra-radical hyphae and
by the phosphate status of the mycorrhizal root system. When the
mycorrhizal roots in the first compartment of the petri dish were
pretreated with high levels of phosphate prior to the addition of 35
UM to the extra-radical hyphae, GiPT was slightly induced in the
extra-radical hyphae but to a lesser extent than the control, which
had not received a high phosphate pretreatment. In addition,
phosphate was not taken up by the extra-radical hyphae. These
data indicate that the phosphate status of the mycorrhizal root
influences phosphate uptake by the extra-radical hyphae and GiIPT
expression. It is not possible to distinguish between an influence
from the plant or the fungus because plant and fungal structures in
the mycorrhizal roots and extra-radical hyphae surrounding the
roots (first compartment) were exposed to high phosphate. In a
previous experiment, however, exposure of the extra-radical
hyphae to 3.5 mM phosphate did not alter the subsequent
expression of GiPT and the gene was still induced in response to
low phosphate. Consequently, in this experiment, it seems likely
that the phosphate status of the root and/or intra-radical fungal
structures impact expression of GiPT. This might occur via a
source—sink effect such that phosphate efflux at the arbuscule
feedback regulates phosphate uptake in the extra-radical hyphae.
Alternatively, a signal from the plant might be involved in
regulating GiPT.

How G. intraradices senses phosphate and whether it senses
external or internal phosphate concentrations or concentrations of
a metabolite such as ATP or polyphosphate is unknown. The
finding that vanadate, a transition-state analog of phosphate, also
induces expression of GIPT is consistent with the idea that
phosphate itself is responsible for the initiation of the signaling
cascade that leads to induction of GiPT rather than a downstream
metabolite. It is clear that G. intraradices regulates GiPT
expression in response to external phosphate concentrations.
Phosphate sensing, however, could occur via external or internal
sensing mechanisms. The observation that GiPT expression is
influenced by factors other than the concentration of phosphate
surrounding the extra-radical hyphae lends additional support to
the existence of an internal phosphate sensing component. The
mechanisms of phosphate sensing in fungi are unknown but,
taking hints from nutrient sensing in bacteria, internal and external
sensing mechanisms are possible.

MATERIALS AND METHODS

M. truncatula—G. intraradices and transformed carrot roots—
G. intraradices arbuscular mycorrhizal cultures.

M. truncatula seeds were sterilized and germinated as re-
ported previously (Trieu et al. 2000). Excised roots from 3-
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week-old seedlings were placed on M minimal medium (Bécard
and Fortin 1988) containing 20 g of sucrose per liter in one
compartment of a two-compartment petri dish (Fisher Scientific,
Pittsburgh, PA, U.S.A.). After 2 weeks, roots were inoculated
with G. intraradices spores, as described previously (St. Arnaud
et al. 1996). At 3 weeks after inoculation, M liquid medium
without sucrose was added to the second compartment. Liquid
M medium is the same as described by St. Arnaud et al. (1996)
but lacks the solidifying agent. The plates were incubated in the
dark at 25°C. It is important not to disturb the plates in order to
obtain optimal growth of the extra-radical hyphae. After 4
weeks, extra-radical hyphae developed around the roots in the
first compartment and grew into the liquid media in the second
compartment. At this point, phosphate was depleted from the
liquid and solid media (Fig. 2a) and the mycorrhizas were in a
phosphate-depleted state. Plates of this age and phosphate
condition were used in all experiments.

The transformed carrot root—G. intraradices arbuscular my-
corrhizal system corresponds to the system reported previ-
ously by Bécard and Fortin (1988). The carrot hairy root line
is DC1. Two-compartment petri dishes containing transformed
carrot root—G. intraradices arbuscular mycorrhizas were set
up as described above. At 4 weeks after the addition of M liquid
medium to the second compartment, extra-radical hyphae had
developed, as described above. At this stage, colonization of
the roots was estimated by the modified grid-intersect method
(McGonigle et al. 1990) and the average colonized root length
was 40.6%, with an average deviation from the mean of 10%.

In the M. truncatula and carrot mycorrhizal systems, the
roots looked healthy and remained viable throughout the ex-
perimental period. Viability was assessed by NBT-succinate
staining (Schaffer and Peterson 1993). Approximately 12 weeks
after transfer to the plates, the M. truncatula excised roots
began to show symptoms of senescence. In contrast, the trans-
formed carrot roots remained viable for a much longer period.
All experiments were completed within 10 weeks of trans-
ferring the roots to the plates.

Cloning the GiPT.

M. truncatula-G. intraradices mycorrhizas were established in
pot cultures, as described previously (Van Buuren et al. 1999).
RNA was prepared from M. truncatula-G. intraradices
mycorrhizal roots at 35 days postinoculation, also as described
previously (Harrison and Dixon 1993), and mRNA was prepared
from total RNA via an Oligotex mRNA kit (Qiagen, Valencia,
CA, US.A). cDNA was prepared with the Uni-ZAP XR
synthesis system (Stratagene, La Jolla, CA, U.S.A.) and cloned
into the Lambda-ZAP II (Stratagene). The library was screened
with a *?P-labeled probe corresponding to the coding region of the
GVPT gene, according to standard molecular biology procedures
(Sambrook et al. 1989). A partial cDNA clone comprising 85% of
the GiPT gene was obtained (GenBank accession no. AY037894).

RNA was prepared from extra-radical hyphae isolated from
carrot-G. intraradices mycorrhizas in two-compartment
plates with the Purescript RNA isolation kit (Gentra Systems,
Minneapolis, MN, U.S.A.). The extra-radical hyphae were
treated with 35 uM NaH,PO, for 12 h prior to harvest to
induce the GIiPT gene. The GiPT gene was amplified via
reverse transcription-polymerase chain reaction (PCR). Total
RNA (180 ng) was reverse transcribed with the SuperScript
first-strand synthesis system (Life Technologies, Gathersburg,



MD, U.S.A.). PCR amplification was performed with Taq
polymerase (Roche Diagnostics, Mannheim, Germany), with
use of an upstream primer corresponding to the GVPT coding
sequence 5-ATGTCTACATCCGATAGAGTAAC-3" and a
downstream primer based on the GIiPT c¢DNA clone 5'-
GGATTTTTATATTCTCCCAATTTATCG-3’. The PCR cycle
included 34 cycles, with denaturing at 95°C for 30 s,
annealing at 50°C for 30 s, and extension at 72°C for 90 s.
The full-length GiPT sequence has been deposited at
GenBank as accession no. AF359112.

Transport of [*¥P]orthophosphatein arbuscular mycorrhizas
in two-compartment plate systems.

Phosphate transport in the symbiosis was followed with
[*PJorthophosphate as a tracer. Plates were established, the media
surrounding the extra-radical hyphae was removed, and the hy-
phae were rinsed three times with M medium lacking phosphate.
M medium (10 ml) containing 35 uM KH,PO, and 0.5 pCi
[**PJorthophosphate (3,000 Ci per mmol) (NEN Life Sciences,
Boston, MA, U.S.A.) was then added to the extra-radical hyphae.
The media surrounding the extra-radical hyphae was sampled over
the subsequent 48 h and analyzed by scintillation counting. The
mycorrhizal roots from the first compartment and the extra-radical
hyphae were harvested 48 h after the addition of the
[**PJorthophosphate. It was not possible to harvest all of the roots
because they were embedded in the agar, and approximately 25%
of the roots remained in the plate. The roots and hyphae were im-
mersed in 5 ml of UltimaGold scintillation fluid (Packard Biosci-
ence, Groningen, The Netherlands), and the [**PJorthophosphate
content was counted in a scintillation counter (Beckman Instru-
ments, Fullerton, CA, U.S.A.).

Manipulation of the phosphate content surrounding
the extra-radical hyphae or around the mycorrhizal roots.

Plates containing extra-radical hyphae in the second com-
partment were established. The phosphate-depleted medium
surrounding the extra-radical hyphae was then removed, and
the hyphae rinsed twice with fresh M medium lacking phos-
phate. Phosphate treatments were applied to the compartment
containing the extra-radical mycelium in 15 ml of M media.
For treatments lacking phosphate, KH,PO, was replaced with
K,SO,. In experiments involving a series of treatments, the
extra-radical mycelium was washed with M medium lacking
phosphate between treatments. The residual amounts of phos-
phate after washing were taken into account before proceeding
to the next treatment. The extra-radical hyphae were sampled
by cutting small sections of hyphae with a small pair of scis-
sors or scalpel and holding the rest of the hyphal network with
a fine forceps to avoid separating the hyphal connection to the
root system. Care was taken to minimize the disturbance to
the system. The phosphate content of the medium was meas-
ured before and after the addition of new medium and, at the
time of harvest, with the use of a phosphomolybdate colori-
metric reaction, in accordance to Chen et al. (1956).

All experiments, except for the [**Plorthophosphate (Table
1) and phosphate—vanadate (Fig. 7), were replicated, and sin-
gle representative data sets are shown. The experiment shown
in Figure 3a was repeated five times with the same results.

Ribonuclease protection assays.
RPAs were performed with the Direct Protect System (Am-
bion, Austin, TX, U.S.A.) on an aliquot of extra-radical hy-

phae. Approximately 5 to 10 mg of extra-radical hyphae could
be obtained from a single plate. In a number of experiments,
multiple samples were taken from a single plate and, in those
cases, the amount of hyphae sampled was 200 pg to 1 mg. An-
tisense RNA probes were synthesized by in vitro transcription
with the MaxiScript kit (Ambion) and labeled homogeneously
with ¥P-UTP (NEN Life Sciences). The G. intraradices phos-
phate transporter transcripts were detected with an antisense
probe corresponding to nucleotides 602 to 1,063 of the G. in-
traradices phosphate transporter gene (accession no.
AF359112). To create the probe, an internal fragment from the
GiPT gene was amplified with primers (5-CTG CTG TTG
ATT ATT GTT GGC-3" and 5-GAA CGG TTC CCA TAA
TAG TG-3’) and cloned into the pGEM-T-easy vector (Pro-
mega, Madison, WI, U.S.A.). The plasmid was digested with
Ncol, and an antisense probe was created by in vitro tran-
scription from the SP6 promoter. The probe protects a frag-
ment of 461 nucleotides. In the experiment shown in Figure 4,
an antisense probe corresponding to the same region of the
GVPT gene was used. To create the probe, a 592-bp internal
EcoRI-KpnlI fragment from the GVPT gene (Harrison and Van
Buuren 1995) was cloned into pBluescript SKII* (Stratagene).
The plasmid was digested with Pstl, and an antisense probe
was created by in vitro transcription from the T; promoter.
The probe protects the same nucleotide fragment as the GiPT
probe but is three nucleotides shorter (458 instead of 461 bp).
The G. versiforme probe shares 86% identity at the nucleic
acid level with the GiPT over this region, and both probes
gave identical RPA patterns. Surprisingly, in all of the RPAs,
in addition to the 461-bp protected fragment, a second lower-
molecular-weight protected band was present. This region of
the gene is highly adenine-thymine rich, which can result in
weak hybrids that are nicked and, subsequently, digested
(Alonso-Prados et al. 1998; Sambrook et al. 1989). The G. in-
traradices 18S rRNA transcript was detected via an 18S
rRNA probe from G. versiforme. The probe protects a frag-
ment of 590 bp (Maldonado-Mendoza et al., in press). The G.
versiforme and G. intraradices 18S rRNA sequences are iden-
tical in the probe region.

RPAs were carried out according to the manufacturer’s instruc-
tions (Ambion), except that RNase digestion was performed for 1
h at 37°C, and samples were separated by electrophoresis on non-
denaturing acrylamide gels, as reported previously (Maldonado-
Mendoza et al. 1997). To minimize the differences in hybridiza-
tion efficiencies, the probes were incubated overnight for 16 h
with Direct Protect extracts. The RNase protected bands were
quantified by phosphorimager analysis with the Phosphorimager
SF (Molecular Dynamics, Sunnyvale, CA, U.S.A).
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