
&p.1:Abstract 31P-Nuclear Magnetic Resonance (NMR) was
used to assess phosphate distribution in ectomycorrhizal
and nonmycorrhizal roots of Castanea sativaMill. as
well as in the mycorrhizal fungus Pisolithus tinctoriusin
order to gain insight into phosphate trafficking in these
systems. The fungus P. tinctoriusaccumulated high lev-
els of polyphosphates during the rapid phase of growth.
Mycorrhizal and nonmycorrhizal roots accumulate or-
thophosphate. Only mycorrhizal roots presented poly-
phosphates. The content in polyphosphates increased
along the 3 months of mycorrhiza formation. In mycor-
rhizal roots of plants cultured under axenic conditions,
the orthophosphate pool decreased along the culture
time. In nonmycorrhizal roots the decrease in the ortho-
phosphate content was less pronounced. The level of or-
thophosphate in mycorrhizal roots was significantly low-
er than in nonmycorrhizal ones, which indicates that this
system relies upon the fungal polyphosphates as a major
source of phosphate.
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Introduction

Ectomycorrhiza offer several advantages to plants, name-
ly increased root absorbing area (Bowen 1973; Harley
and Smith 1983) and enhanced nutrient uptake (Harley
and Smith 1983). Ectomycorrhiza can also increase nu-

trient content of plants growing in low nutrient soils,
thereby promoting growth (Jones et al. 1991). The im-
proved nutrient status of mycorrhizal plants, especially
in P and N nutrition, has been reported by several au-
thors (Bougher et al. 1990; Jones et al. 1990, 1991;
Finlay 1992; Botton 1996; Finlay et al. 1996). Increase
in net photosynthesis, following increase in N and P, was
reported for different species (Osman et al. 1977;
Longstreth and Nobel 1980; Swada et al. 1982; Reid et
al. 1983). Increased P and photosynthetic rates followed
by decreased N content of pine seedlings leaves were
also reported by Conjeaud et al. (1996). The increase in
phosphate concentration in mycorrhizal plants was also
correlated with increased photosynthetic rates, as the
phosphate level of the chloroplast influences photosyn-
thetic rates (Osmond 1981; Coombs 1985; Foyer and
Spencer 1986; Jakobsen 1991). However, increase of
phosphate content in nonmycorrhizal plants did not re-
sult in increased photosynthesis (Conjeaud et al. 1996).
According to these authors the stimulation of the net
photosynthetic rates by mycorrhizal infection is not re-
lated to nutrition, although the results obtained can be
consistent with the photosynthate source-sink concept.

Son and Smith (1988) studied the interactions be-
tween photon irradiance and phosphorus nutrition in my-
corrhizal and control plants. They suggest that at high ir-
radiance there is a positive mycorrhizal growth response
in plants grown without additional P. In contrast, a re-
duced or negative mycorrhizal growth response occurs
under low irradiance conditions, although the extent of
the infection was similar (Son and Smith 1988). Micro-
propagated chestnut plants showed increased growth and
photosynthetic rates following in vitro mycorrhization
with P. tinctorius(Martins et al. 1996, 1997).

Polyphosphates occur in a wide range of fungi as well
as in the fungal component of all types of mycorrhizal
associations examined so far (Chilvers et al. 1985;
MacFall et al. 1992; Ashford et al. 1994). It has been
suggested that it plays a role in plant nutrition by allow-
ing rapid accumulation of phosphate in an inactive form
when phosphate is abundant (Harley and Smith 1983;
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Ashford et al. 1994). In mycorrhiza, the uptake of P
seems to be first as a Pi pool, followed by accumulation
as polyphosphates (Grellier et al. 1989; MacFall et al.
1992). When phosphate level is low, it is slowly trans-
ferred to the partner (Harley and Smith 1983; MacFall et
al. 1992; Ashford et al. 1994). This is a selective advan-
tage in conditions where phosphate availability fluctu-
ates.

Currently there is a great interest in understanding the
role of the extramatrical mycelium in phosphate uptake
and transfer to the symbiont interface (Ashford et al.
1994). It was suggested that phosphate is translocated
along hyphae as polyphosphate granules inside vacuoles
(Cox et al. 1980). However, this contention has been
challenged, and these granules are most likely artifacts
(Ashford et al. 1994, Smith and Read 1997). Ectomycor-
rhizal hyphae actively growing in axenic culture are
thought to accumulate phosphate mainly as orthophos-
phate, in contrast to the fungal mantle and ectomycorrhi-
zal fungi during stationary phase, which store it as poly-
phosphates (Martin et al. 1985; Ashford et al. 1994).
Metachromatic vacuolar material can easily be observed
in several strains of P. tinctoriuswhen actively growing
in liquid medium or on agar (Ashford et al. 1994). Ac-
cording to the same authors, the vacuolar phosphate,
identified as polyphosphate, occurs in vivo in soluble
form counterbalanced by potassium ions. The occurrence
of polyphosphates has been demonstrated in beech my-
corrhiza by in vivo 31P-NMR (Loughman and Ratcliff
1984) as well as in ectomycorrhizal fungi in pure cul-
tures (Martin et al. 1985).

Here we report on the use of in vivo 31P-NMR to de-
termine phosphate distribution in ectomycorrhizal and
nonmycorrhizal plants of C. sativa in order to gain in-
sight into phosphate trafficking in these systems.

Materials and methods

Castanea sativamicropropagated plants were obtained as previ-
ously described (Martins et al. 1996). The fungus Pisolithus tinct-
orius (Pers.) Coker and Couch isolate 289/Marx kindly supplied
by Dr. Ingrid Kottke (Tübingen University) was maintained on a
MMN solid medium (Marx 1969).

Fungus production

Production of fungal inoculum for plant inoculation was made in
solid modified MMN medium (absence of malt extract, casamino-
acids) and with 0.9 mM (NH4)2HPO4, 1.8 mM KH2PO4. The
mycelia used for NMR analysis were produced in static liquid cul-
tures in 600 ml culture flasks with 100 ml half strength MS liquid
medium with 1.25 mM KH2PO4 and 10 g/l sucrose, to facilitate
fungus collection.

Mycorrhizal synthesis

Plant inoculation was performed in petri dishes plated in slant
with half strength MS solid medium with 0.625 mM KH2PO4 and
10 g/l sucrose. Fungus was inoculated 3 weeks before plant trans-
fer. In vitro mycorrhization of micropropagated plants was in-
duced 4–5 weeks after plant rooting, by transfer of rooted plants to

the petri dishes inoculated 3 weeks before with mycelium. A por-
tion of the petri dishes with roots was covered with aluminum foil
to prevent oxidation of root phenols by light. Control plants were
transferred to petri dishes without fungus and maintained under
the same conditions. Plants were maintained in a growth chamber
under a 16 h light period, ~100 mE m–2 s–1 quantum flux density,
25°C during light period and 19°C during dark period for 3 weeks
to 5 months for NMR trials.

Sample preparation for NMR

Samples of excised root systems of mycorrhizal or control plants
as well as samples of pure cultures of the fungus were prepared
for NMR analysis. The root systems of mycorrhizal and control
plants were excised on melting ice, cut in pieces about 1 cm long,
weighed and transferred to a 10 mm NMR tube 30 min after exci-
sion. Similar masses of material and similar packing were used in
the different experiments. A 1% sucrose solution saturated in O2
and containing 5% 2H2O was continuously circulated at a rate of
10 ml min–1, by using two peristaltic pumps and a perfusion de-
vice with gas-impermeable Tygon connecting tubes. Two glass
capillaries were fitted into the NMR tube, one positioned a few
millimeters from the bottom (inlet of medium) and the other just
above the cotton wool filter that was used to restrict the volume of
the biological material (outlet of medium). For the fungus grown
in pure culture, a 1% sucrose solution containing 5% 2H2O was
used for the perfusion medium.

NMR Spectroscopy

31P-NMR spectra were recorded on a Bruker AMX-500 spectrom-
eter using a quadruple nuclei probe head (10 mm) with the follow-
ing conditions: 45° flip angle, 0.7 s recycle delay, 8 K acquisition
data points and 20 kHz spectral width. The acquisition time of
each spectrum was approximately 40 min. Signal to noise was en-
hanced using a 16 Hz or 25 Hz exponential multiplication for the
spectra of plants and fungus, respectively. No 1H decoupling was
applied. Chemical shifts were referenced to external 85% H3PO4.
In all the experiments, the probe head temperature was kept at
25°C. Vacuolar pH was determined from the chemical shift of the
orthophosphate resonance and using a calibration curve obtained
with a solution containing 50 mM Mops, 1 mM magnesium chlo-
ride and 20 mM potassium phosphate.

Phosphate quantification

Extraction of total P from roots leaves and stems of mycorrhizal
and nonmycorrhizal plants was performed according to Bowman
(1988). Phosphate quantification was made 30, 40, 60 and 90 days
after mycorrhizal induction in vitro by the molybdenum blue
method according to John (1970).

Nitrogen quantification

Total nitrogen extraction and quantification were made according
to Keeney and Nelson (1982; in Forster 1995) 30, 40, 60 and
90 days after mycorrhizal induction in vitro.

Results and discussion

31P-NMR spectra of the fungus samples, either in pure
culture or extramatrical hyphae collected from petri dish-
es containing 1-month-old mycorrhizas, showed the
presence of resonances due to the vacuolar orthophos-
phate pool and the polyphosphates pool (Fig. 1) as al-
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ready reported for P. tinctorius(Ashford et al. 1994) and
for other fungi (Martin et al. 1983, 1985; Chilvers et al.
1985). The spectrum of a 15-day-old mycelium was
dominated by the strong polyphosphates resonance at
–22.3, but a resonance due to intracellular inorganic
phosphate was also clearly observed at 0.79 ppm. Reso-
nances due to the terminal and penultimate groups of
polyphosphates as well as UDP-hexoses were also de-
tected. The intensity of the resonance due to polyphos-
phates increased considerably from day 7 to day 15 of
culture and then decreased in 46-day-old mycelium. It is
well known that the NMR visibility of polyphosphates
changes considerably with the degree of mobility of the
polymer. Therefore, this decrease in the intensity of the
polyphosphates resonance may reflect a higher degree of
immobilization of the polymer in the late growth phase.

The NMR spectra obtained for P. tinctoriusconfirm
the presence of both orthophosphate and polyphosphates
as reported for other fungi, especially when rapidly
growing in axenic culture (Grellier et al. 1989; Cairney
and Smith 1992; Ashford et al. 1994). According to
Ashford et al. (1994), phosphates are transported in fun-
gi as soluble polyphosphates. Changes in polyphosphate
distribution will have a low effect on the osmotic poten-

tial of the cell. Polyphosphates are high-energy com-
pounds, which can directly phosphorylate compounds
such as ADP, and so polyphosphate transfer along hy-
phae involves the transfer of energy as well as of phos-
phate.

Maintenance of a relatively constant internal Pi con-
centration has been described for fungi growing in pure
culture, polyphosphates acting as a sink for removal of
Pi (MacFall et al. 1992). When there is excess of intra-
cellular Pi, the synthesis of polyphosphates acts as a
mechanism for removal and storage of Pi. When present
in a P-limiting medium, the stored polyphosphates are
hydrolyzed, releasing Pi and maintaining Pi concentra-
tion within the fungal cell (Martin et al. 1985; MacFall et
al. 1992).

The spectra obtained for mycorrhizal chestnut roots at
different mycorrhization times as well as those obtained
for control plants (no induction of mycorrhization) are
compared in Fig. 2. The intracellular pH of the vacuolar
compartment was 5.2 for the mycorrhizal and for the
control plants which is the characteristic pH of the vacu-
ole. The most striking difference between the two sets of
spectra is the presence of polyphosphates in the mycor-
rhizal roots resulting from the presence of the fungus in

Fig. 1 31P-NMR spectra of the fungus Pisolithus tinctoriusgrown
in axenic conditions with different ages: (a) 7 days, (b) 15 days
and (c) 1.5 months. Pi, intracellular orthophosphate; tP, terminal
phosphate; UDP-Hexose, uridine diphosphate hexose; PP, penulti-
mate phosphate; polyP, polyphosphates&/fig.c:

Fig. 2 31P-NMR spectra of control (A) and mycorrhizal (B) chest-
nut roots at different mycorrhization times: (a) 3 weeks after my-
corrhizal induction; (b) 1 month after mycorrhizal induction; (c) 3
months after mycorrhizal induction. Pi, intracellular orthophos-
phate; polyP, polyphosphates&/fig.c:
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the root detectable after 3 weeks of mycorrhizal synthe-
sis.

The roots of control plants, cultivated under the same
axenic conditions, showed a progressive decrease of or-
thophosphate content with age. A sharper decrease is ob-
served in mycorrhizal roots. Comparing the root NMR
spectra of mycorrhizal and control plants for identical
culture times it is observed that orthophosphate is signif-
icantly lower in mycorrhizal roots (containing polyphos-
phates), with the exception of the shortest time of mycor-
rhization tested (3 weeks). In that case, the levels of or-
thophosphate in mycorrhizal and control roots are simi-
lar. This result is not surprising since the degree of my-
corrhization at this stage, as judged from the intensity of
the polyphosphates resonance, is low (Fig. 2B); conse-
quently, the metabolism of the plant may have not yet
been significantly affected.

Chestnut mycorrhizas are able to accumulate phos-
phate, mostly in the form of polyphosphates, in contrast
to nonmycorrhizal roots, which accumulate only ortho-
phosphate (Fig. 2). This demonstrates the ability of my-
corrhizal fungi to accumulate phosphate in an osmotical-
ly inactive form when phosphate is abundant and the ca-
pacity to transfer this nutrient to the Angiosperm partner
when is not available in the medium (Harley and Smith
1983; Ashford et al. 1994).

The decrease of the orthophosphate pool in mycorrhi-
zal plants can be due to a higher consumption of phos-
phate by the plants resulting from an increased metabo-
lism due to mycorrhizal association or to a decreased or-
thophosphate accumulation by these plants, since they
can use the polyphosphates pool provided by the fungus.
This ability would confer a selective advantage to my-
corrhizal plants in the case of phosphate availability fluc-
tuation.

The results obtained for phosphate and nitrogen con-
tents of mycorrhizal and nonmycorrrhizal plants showed
that mycorrhizal plants have higher contents of both
phosphate and nitrogen than nonmycorrhizal ones, either
in roots, leaves or stems (Tables 1, 2). Phosphate and ni-
trogen contents decrease with time. The increased phos-
phate and nitrogen content in whole mycorrhizal plants
results not only from the presence of the mycorrhizal
fungus in the root system, but also from their increased

content in leaves and stems following their translocation
from roots.

As already reported, micropropagated chestnut plants
showed increased growth and photosynthetic rates fol-
lowing in vitro mycorrhization with P. tinctorius
(Martins et al. 1996, 1997). The higher phosphate con-
tent in these plants revealed by both NMR and chemical
analysis is in agreement with our previous results. This
suggests a relationship between phosphate content and
photosynthetic rates as also reported by other authors
and for other mycorrhizal systems (Osmond 1981;
Coombs 1985; Foyer and Spencer 1986; Jakobsen 1991).
The stimulation of the net photosynthesis following my-
corrhizal infection can however, be independent of a nu-
tritional effect since an increase in phosphate content in
nonmycorrhizal plants did not result in increased photo-
synthesis (Conjeaud et al. 1996). C. sativamycorrhizal
plants show increased growth rates following increased
contents of P (Table 1) and of total N (Table 2) as report-
ed for pine (Reid et al. 1983). These results are different
from those reported by Conjeaud et al. (1996) for pine
seedlings. The phosphorus content of mycorrhizal and
nonmycorrhizal plants along mycorrhizal establishment
is similar to that obtained from 31P-NMR analysis. The
NMR analysis showed that the orthophosphate is the
phosphate form that mainly decreases in mycorrhizal
plants along the experimental time.

From the results reported we can consider that P.
tinctorius is able to accumulate phosphate as polyphos-
phates as already reported for P. tinctorius (Ashford et
al. 1994) and other fungi species by several authors
(Chilvers et al. 1985; Martin et al. 1983, 1985; Tillard et
al. 1989). Polyphosphates can already be detected in my-
corrhizal roots after 3 weeks of mycorrhizal synthesis in
vitro. Mycorrhizal chestnut plants can use polyphos-
phates as a pool for their own metabolism along the my-
corrhizal establishment.

The differences in phosphate content between mycor-
rhizal and nonmycorrhizal plants decreased with time.
The maintenance of the mycorrhizal system under in vit-
ro conditions, without external nutrient supply, may be
responsible for the decrease in the differences on phos-
phate contents of both mycorrhizal and nonmycorrhizal
chestnut plants.

Table 1 Phosphate content (µmol/g dw) of roots, leaves stems and
total plant of nonmycorrhizal (CR, CL, CS, CT) and mycorrhizal
(MR, ML, MS, MT) plants after 30, 40, 60 and 90 days of mycor-
rhizal synthesis. Mean values within a sampling followed by dif-
ferent letters are significantly different at P<0.05&/tbl.c:&tbl.b:

µmol/g dw 30 days 40 days 60 days 90 days

CR 154.0 a 114.0 a 75.0 a 53.0 a
MR 224.0 b 172.0 b 79.0 b 63.0 b
CS 133.0 a 109.0 a 61.0 a 56.0 a
MS 143.0 b 123.0 b 72.0 b 60.0 b
CL 95.0 a 110.0 a 51.0 a 45.0 a
ML 108.0 b 126.0 b 60.0 b 49.0 b
CT 127.0 a 111.0 a 63.0 a 54.0 a
MT 156.0 b 142.0 b 70.0 b 61.0 b

&/tbl.b:

Table 2 Nitrogen content (µmol/g dw) of roots, leaves stems and
total plant of nonmycorrhizal (CR, CL, CS, CT) and mycorrhizal
(MR, ML, MS, MT) plants after 30, 40, 60 and 90 days of mycor-
rhizal synthesis. Mean values within a sampling followed by dif-
ferent letters are significantly different at P<0.05&/tbl.c:&tbl.b:

µmol/g dw 30 days 40 days 60 days 90 days

CR 107.9 a 79.1 a 79.8 a 96.0 a
MR 154.2 b 141.1 b 98.0 b 105.8 b
CS 140.5 a 92.0 a 106.8 a 92.9 a
MS 140.7 a 136.7 b 131.5 b 101.4 b
CL 106.0 a 106.3 a 98.2 a 91.9 a
ML 154.4 b 130.6 b 119.1 b 144.1 b
CT 119.5 a 95.9 a 97.3 a 93.7 a
MT 140.4 b 134.5 b 118.2 b 121.1 b

&/tbl.b:
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