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Abstract Seedlings of Pinus densiflora colonized by an
unidentified ectomycorrhizal fungus (TO1) were labelled
photosynthetically with 14C. Movement of 14C-labelled
photosynthates within the underground part of the seed-
lings was investigated by temporal autoradiography us-
ing an imaging plate. Within 1 day, 4C was transferred
from the shoot to the underground part that included
roots, mycorrhizae, and the extraradical mycelium; with-
in 3 days, the 14C in the underground part reached its
maximum density. Mycorrhizae and actively growing
root tips were large C sinks. Three days after 14C |abel-
ling, counts of 14C radioactivity in the underground part
of the mycorrhizal seedlings were 2.6 times those of
nonmycorrhizal seedlings. The mycorrhizae of mycorrhi-
zal plants accumulated 5.2 times the 4C counts in the
short-root tips of nonmycorrhizal plants. 14C counts in
various areas of the extraradical mycelium demonstrated
that all 14C-photosynthate transfer from the host root to
the extraradical mycelium occurred within 3 days after
14C labelling, and that there was only a short lag of
<1 day between 4C accumulation in the basal and distal
parts of the mycelium. Although more 4C accumulated
in the distal than in the basal parts, 14C counts per unit
hyphal biomass were similar between the two. These re-
sults suggest that 14C spread rapidly throughout the en-
tire mycelium. Thirteen days after 14C labelling, we esti-
mated 14C allocation to extraradical mycelia by taking
autoradiographs after removing host roots. About 24% of
14C counts in the underground part of the mycorrhizal
seedlings had been allocated to extraradical mycelia in
this system, indicating that the fugal mycelium is an im-
portant sink for photosynthates.
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Introduction

Ectomycorrhizal fungi play an important role in the C
cycle of forest ecosystems (Smith and Read 1997). Stud-
ies have shown that ectomycorrhizal fungi in symbiosis
with trees stimulate photosynthesis in host trees and ben-
efit from the organic compounds produced by them
(Ekwebelam and Reid 1983; Reid et al. 1983; Dosskey et
al. 1990; Nara and Hogetsu 1996). The stimulation of
photosynthesis in host trees is caused by the increased C
sink strength created by the fungal colonization (Smith
and Read 1997).

The extraradical mycelium is a dominant component
of soil microbial biomass in the forest ecosystem (Finlay
and Soderstrom 1992), where it plays important roles in
N, P and C cycles (Smith and Read 1997). Soderstrom
and Read (1987) demonstrated that approximately 30%
of total respiration was attributable to the mycorrhizal
mycelium, and when mycelial connections to the roots
were severed the respiration rate decreased considerably.
Rygiewicz and Andersen (1994) also showed that respi-
ration by mycorrhizal roots and mycelium led to an in-
crease in the amount of C alocated below ground. Esti-
mating the amount of C allocated by the plant to support
the growth and maintenance of its ectomycorrhizal my-
celium is important when determining C and nutrient cy-
cles (Smith and Read 1997).

Several researchers have studied how photosynthates
are allocated to the underground parts of mycorrhizal and
nonmycorrhizal plants using 4C-tracer experiments.
They have shown that more 4C accumulated in ectomy-
corrhizal roots than in nonmycorrhizal roots (Bevege et
al. 1975; Reid et al. 1983; Cairney et al. 1989). Using
Salix viminalis, either colonized by Thelephora terrestris
or grown in nonmycorrhizal conditions, Jones et a.
(1991) reported that the amount of C allocated below
ground was consistently greater in mycorrhizal than in
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nonmycorrhizal plants during a 98-day growth period. In
a more recent study using microautoradiography, it was
shown that the ectomycorrhizal fungus had a high capaci-
ty to attract 14C-labelled photosynthates (Blicking and
Heyser 2001). Although the amount of C allocation to ex-
traradical mycelium has been measured by scintillation
counting in previous studies (Miller et al. 1989,
Rygiewicz and Andersen 1994), the timing and spatia al-
location of fixed 14C to the shoots, roots, mycorrhizae
and extraradical mycelia remains uncertain. In the present
study, imaging-plate autoradiography (Nara and Hogetsu
1998; Wu et al. 2001) was used to examine the spatiotem-
pora transfer of 14C-labelled photosynthate from mycor-
rhizal Pinus densiflora seedlings to extraradical mycelia.

Materials and methods

Mycorrhiza synthesis and preparation of observation rhizoboxes

Seeds of Pinus densiflora Sieb. et Zucc. were sown in a plastic pot
filled with a mixture (1:1, v/v) of Tanashi nursery soil (black sand
loam, pH 5.65) and Shibanome soil (volcanic sand, pH 5.8-6.0;
Setogahara, Gunma, Japan) that had been autoclaved at 121°C for
1 h. An unidentified basidiomycete fungal species (T01), isolated
from an ectomycorrhiza of P. densiflora grown in a nursery of the
University of Tokyo (Nara and Hogetsu 1996; Wu et al. 1999),
was used as the fungal symbiont. The fungal interna transcribed
spacer (ITS) sequence of the fungus did not match with ITS se-
quences of ectomycorrhizal fungi of species which formed spor-
ocarps in the nursery and those registered in the GenBank dat-
abase. Axenic fungal inocula were cultured in flasks at 25°C for
3 months in an autoclaved mixture of peat moss and vermiculite
(2:3, viv) moistened with modified Melin-Norkrans' medium
(Marx 1969). About 2 g inoculum was added to the centre of a
rectangular flat plate (230x80x15 mm; Eiken Kizai, Tokyo) filled
with the autoclaved soil mixture described above. One-month-old
pine seedlings were transplanted, one per plate, for inoculation of
the roots. Nonmycorrhizal seedlings were also prepared by plant-
ing seedlings in plates lacking the inoculum. The seedlings were
cultivated for 8 months in a temperature-regulated greenhouse at
25°C day/23°C night for mycorrhizal formation and development.

Flat rhizoboxes (140x205x15 mm) (Fig. 1) were each filled
with the autoclaved soil mixture and covered with a sheet of black
cotton cloth (140x195 mm) that had been sterilized with 70% eth-
anol, as described by Wu et al. (2001). Either a mycorrhizal or
nonmycorrhizal seedling grown for 8 months in the rectangular
flat plate was transferred onto each cloth sheet. The lid and base of
each rhizobox were held together using rubber bands. All boxes
were wrapped with aluminium foil, placed in the greenhouse, and
watered with tap water twice a week. After 4-5 weeks of cultiva-
tion, we selected three mycorrhizal seedling samples growing in
rhizoboxes for 14CO, labelling, in which fungal hyphae extended
far from mycorrhizae and formed advanced extraradical mycelia
on the surface of the cloth. The white mycelia grew preferentially
aong, and contrasted with, the black cloth surface, facilitating ob-
servation of mycelia growth. Three nonmycorrhizal seedlings
growing in rhizoboxes were also chosen from among those culti-
vated without the fungus for 1#CO, labelling.

14CO, labelling

Each seedling was photographed using a Pictrostat 330 machine
(Fuji Film, Tokyo) as described by Wu et a. (2001). The Pictrostat
produces full-size, high-resolution colour photographs of materials
placed on its upper, flat window, like an ordinary photocopier. The
seedlings and cloth sheets were then carefully transferred together
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Fig. 1 Diagram of the rhizobox

to an expanded polyphenol resin foam plate (Oasis Slab P-5770;
Smithers-Oasis, Tokyo) fitted into an empty rhizobox. A nutrient
solution (Hyponex; Hyponex Japan, Osaka), diluted 1,000-fold, was
added to the foam. Contamination of soil with 14C is prohibited in
the radioisotope laboratory of our university, and before 14C |abel-
ling, plant materials had to be transferred onto a nonsoil substrate.
14C labelling was performed in an illuminated growth chamber
(25-28°C, photosynthetically available radiation, 500 pmol m—2 s71).
14CO, was produced by adding 10% lactic acid with a syringe to
0.5 pumol N&,24CO;4 containing 925 kBq 14C in a silicon-plugged mi-
crotube. The microtube was then glued to the inside of a transparent
polyethylene bag. Each seedling shoot was enclosed in the polyeth-
ylene bag, containing about 100 ml air, and the silicon plug was re-
moved to release the 14CO, into the bag. After 2 h, unused 4CO,
was removed using atrap containing 1 N NaOH, and the bags were
removed from the shoots. These seedlings were cultivated in the
growth chamber at 15 h light/9 h dark during the experiment.

14C radioactivity counting of autoradiography image

After removing the lid of each rhizobox and covering its surface with
Riken Wrap (Riken Vinyl, Tokyo) to prevent 14C contamination of
theimaging plate, it was exposed to an overlaid imaging plate (BAS-
SR2040; Fuji Film, Tokyo) for 90 min to produce an autoradiogra-
phy image. An image analyser (FLA-2000; Fuji Film) was used to
visualize radioactivity recorded on each exposed imaging plate. Pho-
to-stimulated luminescence (PSL) on the audioradiography image
was counted using MacBas V2.52 software (Fuji Film). Filter paper
circles (6 mm in diameter) containing 0, 1.45, 2.89, 5.78, 11.56 and
23.13 KBq of p-[14C(U)]-glucose, respectively, were simultaneously
exposed together with each sample to the imaging plate. The PSL
counts of filter paper circles were used to correct the errors of PSL
counts between images and to confirm if the PSL counts were linear-
ly related to the disintegrations per second (DPS).

Each rhizobox was repeatedly autoradiographed at intervals of
up to 13 days after labelling. After autoradiographic exposure at
13 days, each seedling was carefully removed from the cloth
sheet, retaining as much of the extraradical mycelium as possible.
Another autoradiograph was taken of each to determine 14C allo-
cation in the extraradical mycelium.

Determination of hyphal density

The Pictrostat photograph of each rhizobox was analysed using
MacBas V2.52 software. Relative hyphal density [auto unit mm—2
(AU mm-2)] in the extraradical mycelium was calculated from
white pixel density. Hyphal quantity (AU mm2), density of 4C
counts (PSL mm2), and the relation between the two were deter-
mined for 12 places (21.28 mm? each) in the extraradical myceli-
um of one rhizobox.



Results

Time course of 14C transfer from shoot
to the underground part of seedlings

Figure 2 shows the time course of fixed 4C movement
in a nonmycorrhizal seedling (Fig. 2a) and a mycorrhizal
seedling (Fig. 2b) up to 13 days after 14C labelling. Fixed
14C was confined to the shoot immediately (1 h) after
14C labelling. A considerable amount of fixed 4C was
transferred from the shoot to the underground part within
1 day. After 2 days, 14C radioactivity in the underground
part increased.

The 24C detected in filter paper circles as PSL by auto-
radiography using an imaging plate was directly propor-
tiona to the DPS (DPS=0.314xPSL, r2=0.998, n=6,
P<0.001). Tempora changes in the radioactivity of the
shoot and the underground part are shown in Fig. 3. My-
corrhizal seedlings photosynthetically fixed 3.5 times more
14C than nonmycorrhizal seedlings immediately after 14C
labelling. 14C reduction in the shoot and the increase in the
underground part occurred mostly within 3 days after 14C
labelling. In the underground part of mycorrhizal seed-
lings, 33.5+9.6%, 43.2+8.1%, and 46.5+8.6% of the total
counts of 14C radioactivity were present 1, 2, and 3 days
after 14C labelling, respectively. From 3 to 13 days after
14C labelling, almost no net shoot-to-root 4C transfer oc-
curred in either mycorrhizal or nonmycorrhizal seedlings.
Much more 14C was transferred from the shoot to the un-
derground part in mycorrhizal seedlings than in nonmycor-
rhizal seedlings, for example, underground 4C counts (in-
cluding those in roots, mycorrhizae, and extraradica myce-

Fig. 2 Time course of 14C distribution in Pinus densiflora seed-
lings grown in rhizoboxes after feeding shoots with 4CO,. Pic-
trostat photos (left) and autoradiographs (right) show a nonmy-
corrhizal seedling (a) and a TO1 mycorrhizal seedling (b). Scale
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Fig. 3 Tempora variation in counts of 4C radioactivity in the
shoot (a) and the underground part (b) of nonmycorrhizal and TO1
mycorrhizal P. densiflora seedlings up to 13 days after 14CO, la-
belling. Values are means+SD; n=3. m Nonmycorrhizal seedling;
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lia) in mycorrhizal seedlings were 2.6 times those in non-
mycorrhizal seedlings 3 days after 14C labelling.

14C in the extraradical mycelium was estimated by
measuring 14C counts in the autoradiograph taken after
carefully removing roots from the cotton cloth. After re-
moval, 31.1+9.4% and 6.7+0.4%, respectively, of the 14C
counts in the underground parts of mycorrhizal and non-
mycorrhizal seedlings remained on the cloth sheet. Thus,
the 14C remaining after mycorrhizal seedling removal
was mostly accounted for by the allocation of 14C to the
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Fig. 4 a Pictrostat photo of the underground part of a mycorrhizal
P. densiflora seedling. b Autoradiograph of area shown in a 3 days
after 14C labelling. Circles show the places for measuring hyphal
density and counts of 14C radioactivity. Scale bars 2 cm

Table1 Density of 14C counts (photo-stimulated luminescence
mm-2) of different parts within the underground part of mycorrhi-
zal and nonmycorrhizal Pinus densiflora seedlings 3 days after
14CO, labelling

Mycorrhizal Nonmycorrhizal
Lateral root 6.61+4.19 4.19+0.13
Short root tip 25.09+0.59
Growing root tip 129.25+8.13 124.50+0.71
Mycorrhiza 129.80+22.63 -
Mycelium 0.33~15.00 -

Within nonmycorrhizal seedlings, relatively large 14C
counts were accumulated in actively growing root tips
and short roots. In mycorrhizal seedlings, 14C was de-
tected throughout extraradical mycelia, as well as in ac-
tively growing root tips and mycorrhizae (Table 1). My-
corrhizae accumulated 5.2 times more 1C counts than
did short root tips in nonmycorrhizal seedlings. Extra-
radical mycelia accumulated 0.33-15 PSL mm-2 of 14C
counts.

Temporal change in radioactivity within the mycelium
More 14C was detected in the dense hyphal front of ex-

traradical mycelia than in the more basal parts (Fig. 4).
Figure 5 shows that the mycelial front (30 mm from my-
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Fig. 5 Tempora variation in density of 14C counts (a) and 14C
counts per unit hyphal biomass (b) at various places in the extra-
radical mycelium up to 13 days after 14CO, labelling. We took
measurements at 3 mm (1), 15 mm (m), and 30 mm (s) from my-
corrhizae. Values are meanstSD; n=3

corrhizae) accumulated more 14C than the middle or bas-
a parts (15 and 3 mm from mycorrhizae, respectively).
One and 2 days after 14C labelling, 14C counts density
at 3, 15, and 30 mm came to 59.7+12.9%, 41.1+12.2%
and 26.5+9.3% and 88.0+10.2%, 69.9+10.51% and
81.0+4.0% of their maximal values, respectively. How-
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Fig. 6 Relationship between hypha density and density of 14C
counts of extraradical mycelia 3 days after 14CO, labelling

ever, radioactivity throughout the mycelia reached or ap-
proached the maximum 3 days after 14C labelling. The
density of 4C counts tended to diminish in the mycelia
front 3-13 days after 14C labelling (Fig. 5a), perhaps be-
cause of hyphal respiration. 14C counts per unit hyphal
biomass did not differ significantly among regions
(Fig. 5b). The density of 4C counts in extraradical
mycelia was positively correlated with hyphal density, as
shown in Fig. 6; mycelia regions with higher hyphal
density accumulated more 14C counts.

Discussion

Autoradiography using an imaging plate enabled the spa-
tiotemporal alocation of 4C-labelled photosynthate
from seedlings to ectomycorrhizal mycelia to be simulta-
neously visualized and quantified. The method is quite
similar to that used in a recent study by Leake et al.
(2001) using instant digital autoradiography, and has sig-
nificantly improved spatiotemporal alocation of 14C
compared with previous studies using either liquid scin-
tillation counting (Reid et al. 1983; Cairney et al. 1989;
Miller et al. 1989; Rygiewicz and Andersen 1994) or X-
ray film autoradiography (Brownlee et a. 1983; Finlay
and Read 1986; Cairney et al. 1989; Bending and Read
1995). Images which showed good resolution of 14C in
the mycelial system were captured by imaging plates
with an exposure of only 90 min.

The result showed that 14C was transferred to the root,
mycorrhiza, and extraradical mycelium within 3 days,
after which no net 4C transfer to the root system oc-
curred. An explanation for this could be that 14C loss by
respiration in the mycelium is the same or more than its
input, although the respiration of the fungal mycelium
was not measured in our experiment. However, because
14C counts in the shoot and underground part did not re-
duce significantly from 3 to 13 days, 14C may not be me-
tabolized by respiration after 3 days, but may be incor-
porated into structural compounds. A model of 14C parti-
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tioning after pulse labelling (Swinnen et a. 1994)
showed that 14C fixed in spring wheat shoots was incor-
porated entirely into structural compounds within 5 days,
and the transfer of 14C from shoot to root was complete
at this time. Since several studies have reported that
ectomycorrhizal hyphae often contain abundant insolu-
ble polysaccharides (Ling-Lee et al. 1977; Piché et al.
1981), 14C transferred to fungal hyphae in our study may
also have been transformed to such insoluble com-
pounds, thus halting further 14C transfer.

The ratio of the mean density of 14C counts in mycor-
rhizal versus nonmycorrhizal short roots was 5.2:1 in
this study (Table 1), smaller than other reported ratios of
15:1 for Pinus radiata infected with Rhizopogon rose-
olus (Bevege et al. 1975) and 18.8:1 for Eucalyptus pilu-
laris infected with Pisolithus tinctorius (Cairney et al.
1989). These data suggest that the photosynthate-attract-
ing capacity of afungal partner may be according to the
host and fungal symbiont species. There was only a brief
lag in the accumulation of 4C counts between the basal
and middle parts and between the middle and distal parts
of extraradical mycelia, indicating that 14C moves rapid-
ly from the base to the front of mycelia. Although fronts
with mycelial fans of higher hyphal density received
more 14C, 14C counts per unit hyphal biomass were inde-
pendent of position in the mycelium. This makes sense,
given the rapid spread of 14C compounds throughout the
whole mycelium.

Seedling removal left 31.1+9.4% of 14C counts in the
underground part of mycorrhizal seedlings on the cloth
sheet. Even after nonmycorrhizal seedlings were re-
moved, a small amount of 4C counts (6.7+0.4% of the
14C counts in the underground part), considered root
exudates, remained on the cloth sheet. Assuming that
mycorrhizal seedlings excrete the same amount of 14C
on the cloth as nonmycorrhizal seedlings, we estimate
that about 24% of the 14C counts in the underground
part remained in the extraradical mycelia. This value,
however, would be an overestimate of the real value.
Because of quenching of the 14C signal in the plant and
fungal tissues, the counting efficiency of 14C detected
by the imaging-plate method varies in a tissue-specific
manner. Leake et al. (2001) measured the counting effi-
ciency of radioactivity in pine roots and mycorrhizal hy-
phae. According to their measurements, although the
counting efficiency of 4C radioactivity in plant tissue
varies considerably from tissue to tissue, the counting
efficiency in fungal hyphae is approximately 1.5 times
higher than that in plant roots. Given the same situation
of counting efficiency in our system, about 17% of total
radioactivity in the underground part was calculated to
be present in fungal mycelia. The result indicates that
the fungal mycelium is an important sink for photosynt-
hates besides mycorrhiza. Although the results from ex-
perimental symbiotic systems do not necessarily reflect
the true situation in nature, the present results suggest
that C flow to the extaradical mycelium cannot be ig-
nored in investigations on C allocation in ectomycorrhi-
zal plants.



88

Acknowledgements This work was supported in part by a
grant from PROBRAIN and Grants-in-Aid (nos. 09NP0901 and
10460064) from the Ministry of Education, Science, Sports, and
Culture of Japan.

References

Bending GD, Read DJ (1995) The structure and function of the
vegetative mycelium of ectomycorrhizal plants. V. Foraging
behaviour and translocation of nutrients from exploited litter.
New Phytol 130:401-409

Bevege DI, Bowen GD, Skinner MF (1975) Comparative carbohy-
drate physiology of ecto- and endo-mycorrhizas. In: Sanders
FE, Mosse B, Tinker PB (eds) Endomycorrhizas. Academic
Press, London, pp 149-174

Brownlee C, Duddridge JA, Malibari A, Read DJ (1983) The
structure and function of mycelial systems of ectomycorrhizal
roots with special reference to their role in forming inter-plant
connections and providing pathways for assimilate and water
transport. Plant Soil 71:433-443

Bicking H, Heyser W (2001) Microautoradiographic localization of
phosphate and carbohydrates in mycorrhizal roots of Populus
tremulaxPopulus alba and the implications for transfer process-
esin ectomycorrhizal associations. Tree Physiol 21:101-107

Cairney JWG, Ashford AE, Allaway WG (1989) Distribution of
photosynthetically fixed carbon within root systems of Euca-
lyptus pilularis plants ectomycorrhizal with Pisolithus tinct-
orius. New Phytol 112:495-500

Dosskey MG, Linderman RG, Boersma L (1990) Carbon-sink
stimulation of photosynthesisin Douglas fir seedlings by some
ectomycorrhizas. New Phytol 115:269-274

Ekwebelam SA, Reid CPP (1983) Effect of light, nitrogen fertili-
zation, and mycorrhizal fungi on growth and photosynthesis of
lodgepole pine seedlings. Can J For Res 13:1099-1106

Finlay RD, Read DJ (1986) The structure and function of the veg-
etative mycelium of ectomycorrhizal plants. 1. Translocation
of 14C-labeled carbon between plants interconnected by a
common mycelium. New Phytol 103:143-156

Finlay RD, Soderstrom B (1992) Mycorrhiza and carbon flow to
the soil. In: Allen MF (ed) Mycorrhizal functioning. Chapman
and Hall, London, pp 134-160

Jones MD, Dural DM, Tinker PB (1991) Fluxes of carbon and
phosphorus between symbionts in willow ectomycorrhizas and
their changes with time. New Phytol 119:99-106

Leake JR, Donnelly DP, Saunders EM, Boddy L, Read DJ (2001)
Rates and quantities of carbon flux to ectomycorrhizal myceli-
um following 14C pulse labeling of Pinus sylvestris seedlings:
effects of litter patches and interaction with a wood-decom-
poser fungus. Tree Physiol 21:71-82

Ling-Lee M, Ashford AE, Chilvers GA (1977) A histochemical
study of polysaccharide distribution in eucalypt mycorrhizas.
New Phytol 78:329-335

Marx DH (1969) The influence of ectotrophic mycorrhizal fungi
on the resistance of pine roots to pathogenic infections. I. An-
tagonism of mycorrhizal fungi to root pathogenic fungi and
soil bacteria. Phytopathology 59:153-163

Miller SL, Durall DM, Rygiewicz PT (1989) Tempora allocation
of 14C to extramatrical hyphae of ectomycorrhizal ponderosa
pine seedlings. Tree Physiol 5:239-249

Nara K, Hogetsu T (1996) Effects of inoculation with ectomycor-
rhizal fungus to seven Pinus species including several foreign
pines (in Japanese). Trans Jpn For Soc 107:227-228

Nara K, Hogetsu T (1998) Phosphate dynamics in symbiosis be-
tween trees and ectomycorrhizal fungi (in Japanese). Trans Jpn
For Soc 109:287-288

Piché Y, Fortin JA, Lafontaine JG (1981) Cytoplasmic phenols
and polysaccharides in ectomycorrhizal and nonmycorrhizal
short roots of pine. New Phytol 88:695-703

Reid CPP, Kidd FA, Ekwebelam SA (1983) Nitrogen nutrition,
photosynthesis and carbon allocation in ectomycorrhizal pine.
Plant Soil 71:415-432

Rygiewicz PT, Andersen CP (1994) Mycorrhizae alter quality
and quantity of carbon allocated below ground. Nature 369:
58-60

Smith SE, Read DJ (1997) Mycorrhizal symbiosis, 2nd edn. Aca-
demic Press, London, p 605

Soderstrém B, Read DJ (1987) Respiratory activity of intact and
excised ectomycorrhizal mycelial systems growing in unsteril-
ized soil. Soil Biol Biochem 19:231-236

Swinnen J, Van Veen JA, Merckx R (1994) Rhizosphere carbon
fluxes in field-grown spring wheat: model calculations based
on 14C partitioning after pulse-labeling. Soil Biol Biochem 26:
171-182

Wu B, Nara K, Hogetsu T (1999) Competition between ectomy-
corrhizal fungi colonizing Pinus densiflora. Mycorrhiza 9:
151-159

Wu B, Nara K, Hogetsu T (2001) Can 14C-labeled photosynthetic
products move between Pinus densiflora seedlings linked by
ectomycorrhizal mycelia? New Phytol 149:137-146



