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Abstract Edible mushroom fungi in the genera Lyo-
phyllum, Tricholoma, Leucopaxillus, Suillus, Rhizopo-
gon, Lactarius, and Morchella were tested for mycorrhi-
zation with Pinus densiflora in vitro. Most of the tested
fungi in the genera Lyophyllum, Tricholoma, Suillus,
Rhizopogon, and Lactarius formed ectomycorrhizas 2—4
months after fungal inoculation. Mycorrhizal seedlings
were then acclimatized in open-pot soil under growth-
chamber conditions. Almost all mycorrhizal seedlings
sustained their symbiont and developed new mycorrhizas
for 8-9 months after transplantation. Under these condi-
tions, more than half of the tested species formed pri-
mordia and Tricholoma flavovirens, Rhizopogon rubesc-
ens, and Lactarius akahatsu devel oped basidiocarps with
young host plants.

Keywords Edible mushrooms - Ectomycorrhizas -
Cultivation - In vitro synthesis - Basidiocarp

Introduction

Generally, cultivation of the mushrooms of edible ecto-
mycorrhizal fungi has not been very successful under
regulated environmental conditions. This is due to the
slow growth rate of the mycelium on nutrient media, the
large problem of fruit body formation without a host
plant, i.e. mycorrhiza formation, the difficulty of sustain-
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ing a mycorrhizal association with a host plant, and lack
of information on fruiting mechanisms (e.g. Hall and
Wang 1998a). The exceptional species are Lyophyllum
shimgji Hongo, Cantharellus cibarius Fr. Lactarius deli-
ciosus (L. ex. Fr.) S. F. Gray, Tuber maculatum Vittad,
and T. melanosporum Vittad. Although Lyophyllum
shimgji can form true ectomycorrhizas (Kawa 1997),
fruiting without a host plant was successful in conditions
similar to saprobic mushroom cultivation, i.e. a sawdust-
based substrate supplemented with oat grains as organic
nutrient (Ohta 1994b). Conversely, T. maculatum, T.
melanosporum, C. cibarius, and Lactarius deliciosus
fruited in association with young host plants under
greenhouse or special plantation conditions (Fassi and
Fontana 1969; Shaw et al. 1996; Guerin-Laguette 1998;
Hall and Wang 1998b; Danell 1999).

Considering general ectomycorrhizal associations, in-
cluding fungi other than edible mushrooms, fruiting in as-
sociation with young seedlings is not an unusual phenom-
enon. Various fungal genera used as inocula for nursery
seedlings in forest stations, e.g. Laccaria, Hebeloma,
Thelephora, Rhizopogon, Pisolithus, Scleroderma, often
form basidiocarps under open-pot soil and nursery condi-
tions (e.g. Brundrett et al. 1996; Castellano 1996). Envi-
ronmental factors that can affect basidiocarp formation in
vitro and in open-pot culture have been discussed for
Hebeloma cylindrosporum Romagnesi, H. sarcophyllum
(Peck) Sacc. and Laccaria bicolor (Maire) P. D. Orton
(Debaud and Gay 1987; Godbout and Fortin 1990, 1992;
Marmeisse et al. 1999). Several other Hebeloma species
and Chalciporus rubinellus (Peck) Sing., al of which are
putative ectomycorrhizal species, formed mature basidio-
carps on nutrient media even without host plants
(McLaughlin 1970; Bruchet 1973; Suzuki 1979; Ohta
1998; Marmeisse et a. 1999). Such an ability aso indi-
cates the saprobic nature of the isolated strains of these
species (Giltrap 1981). These reports on basidiocarp for-
mation may be applicable for the cultivation of edible
ectomycorrhizal mushrooms under regulated environ-
mental conditions with the formation of ectomycorrhizas,
similar to natural mycorrhizal associationsin forests.
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In this present study, we focused on diverse edible
ectomycorrhizal fungi associated with Pinus densiflora
Sieb. et Zucc., the primary host plant of Tricholoma
matsutake (S. Ito et Imai), one of the best-known mush-
rooms in the world (Hosford et al. 1997). Targeted fun-
ga genera were Lyophyllum, Tricholoma, Suillus, Rhiz-
opogon, and Lactarius, all of which are popular edible
mushrooms in Japan (Imazeki and Hong 1987, 1989).
Our main objectives were: (1) to establish ectomycorrhi-
zas under in vitro conditions, (2) to grow the mycorrhi-
zal seedlings in open-pot soil under regulated environ-
mental conditions, and (3) to induce fruiting structures,
i.e. basidiocarps. This study thus concerns the methodol-
ogy for producing mycorrhizal seedlings which may lead
to industrial mushroom cultivation of various edible
ectomycorrhizal fungi in the future.

Materials and methods
Fungal isolates

The fungi were isolated from sporocarps collected in Ibaraki Pre-
fecture, Japan (Table 1) and included 12 putative mycorrhizal spe-
cies and three putative saprobic species. The latter fungi were in-
cluded in the experiments as negative controls for the experimental
conditions of mycorrhizal synthesis, but also because of indications

Table 1 Fungi tested for in vitro mycorrhiza synthesis

of the possibility for mycorrhization (Buscot 1992; Agerer and
Beenken 1998). Most of the sporocarps were lyophilized, heated
for 1 day at 60°C and stored in the Forest Center as proof speci-
mens in an air-conditioned room at 18°C. |solates were sustained
on dants of MNC and Hamadais media (Yamada and Katsuya
1995).

In vitro mycorrhizal synthesis

An open system of mycorrhizal synthesis was used in which the
host plant root system was aseptically incubated with a fungus in
vitro through the external plant shoot (Yamada et al. 1999). Axe-
nically germinated P. densiflora seedlings were incubated with dif-
ferent fungal isolates in wide-mouth polymethylpentene plastic
bottles (ca. 120 ml in volume) filled with a vermiculite/sphagnum
moss mixture moistened with MNC liquid medium without glu-
cose. Two replicate seedlings were set up for each fungal isolate.
Inoculated seedlings were incubated in a growth chamber at 20°C
and 5,000-7,000 Ix continuous light. Sterilized, distilled water
(20-30 ml) was added once to the substrate at the mid-point of the
incubation period to maintain the growth of plant roots and fungal
mycelium. After 4 months incubation, seedlings were removed
from the bottles and gently washed with tap water; the root system
was observed under dissecting and compound or binocular light
microscopes (Yamada et al. 2001).

Acclimatization of mycorrhizal seedlings in open-pot soil

Soil collected from a P. densiflora plantation at our institute
in Ibaraki, Japan consisted of brown forest soil with an organic

Species Isolate Origin of the isolate (sporocarp)
number
Year Vegetation; site
Lyophyllum semitale (Fr.) Kuhn. AT586 1997 Quercus serrata forest; Yamagata, |baraki
Lyophyllum shimeji (Kawam.) Hong AT608 1997 No record (commercially harvested); Daigo, |baraki
Lyophyllum fumosum (Pers.:Fr.) P.D. Orton LF-1 1991 Q. serrata forest; Daigo, Ibaraki
LF-2 1991 Q. serrata forest; Daigo, |baraki
Lyophyllum decastes (Fr.:Fr) Sing AT506 1992 Grassland; Kukizaki, Ibaraki
Tricholoma flavovirens (Pers.:Fr.) Lund. AT613 1997 Pinus densiflora forest; Yamagata, |baraki
AT614 1997 P. densiflora forest; Yamagata, | baraki
T. portensosum (Fr.) Quel. AT615 1997 P. densiflora forest; Yamagata, | baraki
T. saponaceum (Fr.) Kummer AT616 1997 P. densiflora forest; Yamagata, | baraki
Leucopaxillus giganteus (Sow.:Fr.) Sing. Lg-1 1992 No record (commercially harvested); Daigo, |baraki
Lg-2 1992 Q. serrata forest; Suifu, Ibaraki
AT571 1997 No record (commercially harvested); Satomi, Ibaraki
Suillus granulatus (L.:Fr.) O. Kunze AT108 1992 P. densiflora forest; Tsukuba, | baraki
AT577 1997 P. densiflora forest; Yamagata, | baraki
S luteus (L.:Fr.) S. F. Gray AT524 1992 P. densiflora forest; Kukizaki, Ibaraki
S bovinus (L.:Fr.) O. Kunze AT605 1997 P. densiflora forest; Yamagata, | baraki
AT606 1997 P. densiflora forest; Yamagata, | baraki
Rhizopogon rubescens Tul. AT517 1992 P. tunbergii forest; Kashima, Ibaraki
RU-1 1995 P. tunbergii forest; Ooarai, |baraki
AT630 1998 P. tunbergii forest; Kashima, Ibaraki
AT632 1998 P. densiflora forest; Naka, |baraki
Lactarius hatsudake Tanaka AT584 1997 P. densiflora forest; Naka, | baraki
AT121 1992 P. densiflora forest; Tsukuba, I baraki
AT124 1992 P. densiflora forest; Tsukuba, |baraki
Lactarius akahatsu Tanaka AT561 1997 P. tunbergii forest; Asahi, Ibaraki
AT583 1997 P. densiflora forest; Naka, | baraki
Morchella esculenta (L .:Fr.) Pers. AT102 1992 Q. myrsinaefolia forest; Tsukuba, |baraki
AT551 1997 Prunsu mume forest; Naka, |baraki
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Table 2 Results of mycorrhizal synthesisin vitro (N Number of mycorrhizal seedlings; numbers in brackets are seedlings which devel-

oped immature mycorrhizas, i.e. patched Hartig net formation)

Putative Fungal species Isolate Mycorrhiza N Remarks
ecology formation
Mycorrhizal Lyophyllum semitale 586 Present 2
Lyophyllum shimeji 608 Present 2
Lyophyllum fumosum LF1 Absent Fungal growth incomplete
LF2 Absent Fungal growth incomplete
Tricholoma flavovirens 613 Present 1(2)
614 Present 1(2
T. portensosum 615 Present
T. saponaceum 616 Present 2
Suillus granulatus 108 Present 2
577 Present 2
S luteus 524 Present 2
S bovinus 605 Present 1
606 Absent Fungal growth incomplete
Rhizopogon rubescens 517 Present 2
RU-1 Present 2
630 Present 1(2
632 Present 1(2
Lactarius hatsudake 121 Absent Fungal growth incomplete
124 Absent Fungal growth incomplete
584 Present 2
Lactarius akahatsu 561 Present 2
583 Present 2
Saprobic Lyophyllum decastes 506 Absent
Leucopaxillus giganteus Lg-1 Absent Root growth inhibited
Lg-2 Absent Root growth inhibited
571 Absent Root growth inhibited
Morchella esculenta 102 Absent
551 Absent

layer and a pH of 5.8. Large debris (roots, twigs, stones) was re-
moved from the soil before it was mixed and homogenized and
put in transparent polycarbonate plastic pots with a lid (800 ml
in volume). The filled pots were autoclaved (121°C) for 1 h and
stored in a refrigerator until use. Mycorrhizal seedlings were
transplanted into plastic pots with this soil following mycorrhi-
zal examination. Each pot was amended with 50-100 ml distilled
water twice a week and incubated in an air-conditioned room at
(day) 23°C, RH 65% and 5,000-7,000 Ix light intensity for 18 h
or (night) 18°C, RH 75% and darkness for 6 h. After 9 months
incubation, seedlings were removed from the pots and the root
systems were observed together with those from in vitro seed-
lings. Shoot heights of seedlings were measured as an index of
growth.

Results
In vitro mycorrhizal synthesis

Most of the putative mycorrhizal fungi formed ectomy-
corrhizas during the incubation period (Table 2). Seed-
lings inoculated with Lyophyllum fumosum (all four
seedlings), S. bovinus (one of two seedlings) and Lactar-
ius hatsudake (four of eight seedlings) did not form my-
corrhizas and inoculated mycelia did not grow well over
the substrate. The three saprobic species did not form
mycorrhizas, athough they produced intensive mycelia
and colonized the root surface. In the case of M. escu-
lenta, indefinite-shaped brown sclerotia were observed
on long roots. Lyophyllum decastes did not form a Hartig

net or other types of fungal infection in the root cortex,
despite the formation of an ectomycorrhiza-like external
structure.

Most inoculated seedlings grew vigorously, i.e. 50%
had developed two-needles by the fourth month of incu-
bation. Root systems of the seedlings grew throughout
the substrate in the bottles. Seedlings inoculated with
three Leucopaxillus giganteus isolates were inhibited in
both shoot elongation and foliage development by the
second month. Their root systems were only 2-3 cm
long and had few branches at the end of the incubation
period.

Acclimatization of mycorrhizal seedlings
in open-pot soil

Most seedlings used in the mycorrhizal synthesis were
transplanted into open-pot soil conditions. Seedlings in-
oculated with two Lyophyllum fumosum isolates or Lac-
tarius hatsudake isolate AT124 were not transplanted
due to unsuccessful fungal infection in vitro. Seedlings
inoculated with Lyophyllum decastes and M. esculenta
were transplanted because they had developed infective
mycelia and subsequent mycorrhization could possibly
occur under different soil conditions.

All seedlings grew shoots and roots 1 month after
transplanting into the open pots and these continued to
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Table 3 Mycorrhizal acclimatization and formation of fruiting structures in open-pot soil (H Height in mm, N number of mycorrhizal

seedlings/number of seedlings tested, W width in mm)

Putative field Species Isolate N Distribution  Seedling Fruiting structures
ecology height
(cm) Type H w
Mycorrhizal Lyophyllum semitale 586 2/2 Upper half 7.3 Primordium 4
Lyophyllum shimeji 608 22 Overall 85 None
Tricholoma flavovirens 613 2/2 Overall 7.0 None
614 2/2 Overall 85 Primordium 2
T. portensosum 615 2/2 Overall 8.2 Basidiocarp 18
T. saponaceum 616 2/2 Overall 7.9 Basidiocarp 12
Suillus granulatus 108 2/2 Overall 10.2 None
577 11 Overall 12.2 Primordium 3
S luteus 524 2/2 Overall 7.7 Primordium 25
S. bovinus 605 1/2 Overall 6.6 None
Rhizopogon rubescens RU-1 2/2 Overall 121 None
630 U1 Overall 105 Basidiocarp 10
632 2/2 Overall 125 Basidiocarp 10
Lactarius hatsudake 121 0/2 None 7.3 None
584 2/2 Overall 8.3 Primordium 3
Lactarius akahatsu 561 2/2 Overall 8.3 None
583 2/2 Overall 7.1 Basidiocarp 38
Saprobic Lyophyllum decastes 506 0/2 None 6.7 Basidiocarp 10
Morchela esculenta 551 0/2 None 6.9 None

Table4 Comparison of mean height (cm+SE) of mycorrhizal
seedlings inoculated with fungi from different genera. Different
letters attached to values indicate significant differences between
the means (P<0.05)

Genus Number of Height
seedlings

Lyophyllum 4 7.88(0.74) a

Tricholoma 8 7.9(1.01) a

Suillus 5 9.7 (1.96) b

Rhizopogon 5 11.7(1.47) c

Lactarius 6 7.85(0.32) a

develop throughout the incubation period (Table 3).
Most of the in vitro mycorrhizal seedlings developed
new mycorrhizas al over the pot soil, but development
was limited to the upper half of the soil column in the
case of Lyophyllum semitale. No mycorrhizas were ob-
served on seedlings inoculated with Lactarius hatsudake
AT121 (two seedlings), S. bovinus AT605 (one seedling),
or the putative saprobic fungi (Lyophyllum decastes and
M. esculenta). Seedling heights varied between and
within inoculated isolates (5.5-13 cm) (Table 3). The
mean shoot height of mycorrhizal seedlings (8.9 cm,
n=28) was significantly greater than that of non-mycor-
rhizal seedlings (6.8 cm, n=8) (one-way ANOVA,
P <0.05). At the fungal genus level, mean shoot heights
were aso significantly different (P <0.05) (Table 4).

Primordium and basidiocarp formation
Under in vitro conditions, the mycorrhizal fungi formed

neither primordia nor basidiocarps. Under open-pot con-
ditions, several species formed primordia and basidio-

carps in association with a host plant at late stages of in-
cubation (Table 3, Figs. 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11,
12, 13). Five months after transplanting into the pot
soil, R. rubescens AT630 developed a small but mature
basidiocarp, i.e. basidiospore formation, on the surface
of the soil ca. 10 days after formation of a primordium
(Figs. 12, 13). Tricholoma portentosum (AT615) (Figs. 2,
3), T. saponaceum (AT616) (Fig. 4), and Lactarius aka-
hatsu (AT583) (Figs. 7, 8, 9, 10) also produced basidio-
carps 6-9 months after transplantation. Several primor-
dia were produced subsequently with their basidiocarps
but did not develop fully into basidiocarps. Several other
fungal species also formed primordia after 4-9 months
incubation in the soil, but no basidiocarps developed
(Figs. 1, 5, 6, 11). Production of basidiocarps and pri-
mordia differed between and within species (Table 3).
The putative saprobic Lyophyllum decastes formed pri-
mordia in vitro and basidiocarps in pot soil without form-
ing amycorrhizal association with roots of P. densiflora.

Fig. 1 A primordium (P) and a mycorrhizal tip (M) of Tricholoma
flavovirens. The arrow indicates a rhizomorph
Fig. 2 Tricholoma portentosum basidiocarp

Fig. 3 Tricholoma portentosum basidiocarp. Longitudinal section
of the basidiocarp with distinct gills (arrow)

Fig. 4 Tricholoma saponaceum basidiocarp with a distinct pileus
(arrow)

Fig. 5 Primordium of Suillus granulatus

Fig. 6 Primordium of Suillus luteus

Figs. 7-10 Lactarius akahatsu

Fig. 7 Surface of the pileus of the basidiocarp

Fig. 8 Reverse side of the pileus

Fig. 9 Growing basidiocarp in association with a host plant
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Fig. 10 Basidiospores; bar 20 um

Fig. 11 Lactarius hatsudake primordium with a differentiated
pileus (Pi)and stipe ()

Fig. 12 Basidiocarp of Rhizopogon rubescens
Fig. 13 Basidiospores of Rhizopogon rubescens; bar 20 ym

Discussion

Eleven edible mushroom species formed ectomycorrhi-
zas in vitro with Pinus densiflora in the present study.
The mycorrhizal status of Lyophyllum semitale, T. por-
tentosum, T. saponaceum, Lactarius hatsudake, and Lac-
tarius akahatsu was demonstrated experimentally for the
first time. Mycorrhiza synthesis with other species and
various host plants has been reported elsewhere (Lamb
and Richards 1971; Chu-Chou 1979; Molina and Trappe
1982, 1994; Malgiczuk et al. 1982; Danielson 1984;
Ingestad et al. 1986; Yamada and Katsuya 1995; Parladé
et a. 1996; Kawa 1997; Hall and Wang 1998a).
Although Nezzar-Hocine et al. (1998) suggested that in
vitro mycorrhizal synthesis is relatively difficult in the
genus Tricholoma, al three Tricholoma species formed
well-developed mycorrhizas in this study. Yamada and
Katsuya (1995) also reported mycorrhizal synthesis be-
tween P. densiflora and 21 fungal species, including two
species of Russula, which are aso difficult to manipulate
in vitro (Taylor and Alexander 1989). These results high-

light the suitability of P. densiflora for mycorrhiza syn-
thesis with diverse fungal speciesin vitro.

With Lyophyllum shimeji and Lyophyllum decastes,
which are taxonomically allied and are both root-colo-
nizing fungi, this study yielded contrasting results. The
results support the ecological characteristics of these
species, i.e. the former as putative ectomycorrhizal and
the latter as saprobic in Japan (Imazeki and Hong 1987).
However, L. decastes forms ectomycorrhizas in Europe
(Parladé et al. 1996; Agerer and Beenken 1998). Japa-
nese populations of this species may be quite different
from those in Europe. Furthermore, the root epiparasitic
fungus Morchella esculenta (Buscot 1992) formed no
ectomycorrhizas, despite colonization of pine roots and
formation of sclerotia in vitro. This suggests that the
ecologically non-mycorrhizal fungi tested here served
successfully as negative controls. The growth inhibitory
effect of Leucopaxillus giganteus probably derived to
some extent from the nutrient deficiency of the pine
seedlings, because this fungus grew aggressively all over
the substrate in vitro but not on the surface of roots.

Several putative mycorrhizal isolates did not form
ectomycorrhizas in vitro. This was most likely due to in-
sufficient growth of the mycelium on the substrate, espe-
cialy in the case of Lactarius hatsudake AT121 and
AT124. The vermiculite/sphagnum moss substrate used
in the present study may be unsuitable for mycorrhizat-
ion with some fungus/plant combinations (Peterson and
Chakravarty 1991; Nezzar-Hocine et a. 1998). The fail-



ure of mycorrhization may aso be explained by host
specificity in the case of Lyophyllum fumosum, which
was collected in hardwood forests. It is, however, diffi-
cult to evauate the effect of host specificity in a simple
experiment (Molina et al. 1992; Massicotte et al. 1994)
and further studies are necessary.

All seedlings that formed mycorrhizas in vitro devel-
oped new mycorrhizas in open-pot soil; non-mycorrhizal
seedlings did not form new mycorrhizas. This suggests
that the environmental setting was suitable for acclimati-
zation of the in vitro mycorrhizas and that the mycorrhi-
zal status is stable under both in vitro and open-pot soil
growth conditions (Tables 2, 3). Mycorrhiza disappear-
ance and succession (contamination) to another symbiont
is problematic in the cultivation of mycorrhizal mush-
rooms. In this study, the tested mycorrhizal fungi com-
peted with air-borne microorganisms such as sporulating
microfungi, bacteria, and mites, as well as algae on the
soil surface, all of which were observed microscopicaly.
An important aspect of the practice of acclimatization is
to protect the inoculated fungus from competitive air-
borne mycorrhizal fungi in greenhouse conditions
(Mamoun and Olivier 1996; Guerin-Laguette 1998;
Selosse et al. 1998).

Mycorrhizal associations in pot soil were regarded as
symbiotic in view of the significantly better growth of
mycorrhizal relative to non-mycorrhizal seedlings. Of
the fungi tested, S. granulatus and R. rubescens were as-
sociated with the highest shoot growth. Suillus spp., R.
rubescens, and Lactarius spp. are ecologically specific to
pine forests, while Lyophyllum spp. and Tricholoma spp.
fruit in pine, mixed pine-Fagaceae, and Fagaceae for-
ests in Japan (Imazeki and Hongo 1987). Although my-
corrhization effects on plant growth vary with the experi-
mental growing conditions, it is interesting to note that
pine-specific fungi led to better host growth in open-pot
cultures.

In this study, half of the tested mycorrhizal fungi
formed basidiocarps and some of the others formed pri-
mordia in association with a host plant (Table 3). Thus,
aside from mycorrhizal acclimatization in open-pot soil,
the environmental conditions were suitable for the for-
mation of fruiting structures. Godbout and Fortin (1990)
reported that a shift to a shorter photoperiod from 18 to
12 h per day strongly favored basidiocarp formation in
Laccaria bicolor (Maire) Orton. Since we used an 18-h
photoperiod, a reduction might induce efficient fruiting
of our test fungi. With regard to temperature, Debaud
and Gay (1987) reported a significant effect of thermal
shock (£6°C as against the 18°C control) on the rate of
fruiting body production in Hebeloma cylindrosporum
Romagnesi associated with Pinus pinaster (Sol.) in vitro.
Tricholoma matsutake fruits in the autumn when the soil
temperature is below 19°C in natural pine forests in Ja-
pan (Kinugawa 1963). This supports the results obtained
here with the three Tricholoma spp. and other fungi test-
ed. Kawai (1997) suggested the importance of host plant
aging in relation to the fruiting of Lyophyllum shimeji
and other mycorrhizal fungi. However, most reports of
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fruiting under various experimental conditions, and aso
the results of the present study, suggest that carbon avail-
ability, i.e. efficient CO, fixation, allows development of
mycorrhizas on host-plant roots and fruiting structure de-
velopment irrespective of host age (Lamhamedi et al.
1994). In fact, provision of exogenous organic nutrients
in the substrate can support the fruiting of ectomycorrhi-
zal fungi even in the absence of a host plant (Ohta
19944, b).

To characterize the biochemistry and molecular biolo-
gy of primordium formation and subsequent basidiocarp
formation, it is necessary to identify specific signals in-
ducing these developmental switches under simple ex-
perimental conditions (Moore 1998). There have been
few such studies to date. Of 35 Lyophyllum shimeji
strains screened, three formed primordia when incubated
at 15°C in an axenic culture without a host plant (Ohta
1994a); they aso developed mature basidiocarps under
the same conditions (Ohta 1994b). Thus temperature
is an important factor in the fruiting response of my-
corrhizal as well as saprobic fungi. In Hebeloma
vinosophyllum, formation of primordia and basidiocarps
was induced in response to a nutrient deficiency in the
growth medium in the absence of a host plant (Suzuki
1979). Under field conditions, various factors related to
meteorology and biological community can affect fruit-
ing. Fluctuation in rainfall has a marked effect on the
production of sporocarps of various fungi in forests
(Fogel 1976; Selosse et al. 1998; Agerer 1985; Selosse et
al. 1998). Despite the difficulty of controlling fruiting
under natural meteorological conditions, Guerin-
Laguette (1998) succeeded in inducing basidiocarp for-
mation of Lactarius deliciosus in association with con-
tainer-grown European red pine seedlings. Thus the two
Lactarius species we tested may be able to acclimatize in
semi-natural conditions and form fruiting structures.
This could lead to production of their mushrooms under
greenhouse or semi-natural plantation conditions as
reported for Cantharellus cibarius and Tuber spp. (Shaw
et a. 1996; Hall and Wang 1998a; Danell 1999).

Acknowledgements We thank Alexis Guerin-Laguette (L aborato-
ry of Forest Botany, University of Tokyo), Markus Thormann (Bio-
logical Science Department, University of Alberta) and two anony-
mous reviewers for their helpful suggestions on the manuscript.

References

Agerer R (1985) Zur Okologie der Mykorrhizapilze. Bibl Mycal,
97. Cramer, Vaduz

Agerer R, Beenken R (1998) Lyophyllum decastes (Fr.) Sing. +
Quercusrobur L. In: Agerer R, Danielson RM, Egil S, Ingreby
K, Luoma D, Treu R (eds) Description of ectomycorrhizae,
3rd edn. Einhorn, Schwabisch-Gmiind, pp 43-47

Bills GF, Holtzman GI, Miller OK Jr (1986) Comparison of ecto-
mycorrhizal basidiomycete communities in red spruce versus
northern hardwood forests of West Virginia. Can J Bot
64:760-768

Brundrett M, Bougher N, Dell B, Grove T, Malgjczuk N (1996)
Working with mycorrhizas in forestry and agriculture. Pirie,
Canberra



66

Bruchet G (1973) Contribution a I’ étude du genre Hebeloma (Fr.)
Kumm. (Basidiomycetes-Agaricales). Essai taxinomique et
ecologique. PhD thesis, University of Lyon, Lyon, France

Buscot F (1992) Mycorrhizal succession and morel biology. In:
Read DJ, Lewis DH, Fitter AH, Alexander 1J (eds) Mycorrhi-
zas in ecosystems. CAB, Wallingford, pp 220-224

Castellano MA (1996) Current status of outplanting studies
using ectomycorrhiza-inoculated forest trees. In: Pfleger FL,
Linderman RG (eds) Mycorrhizae and plant health. APS,
St. Paul, Minn, pp 261-281

Chu-Chou M (1979) Mycorrhizal fungi of Pinus radiata in
New Zealand. Soil Biol Biochem 11:557-562

Danell E (1999) Cantharellus. In: Cairney JWG, Chamber SM
(eds) Ectomycorrhizal fungi. — Key genera and profile.
Springer, Berlin Heidelberg New York, pp 253-268

Danielson RM (1984) Ectomycorrhizal associations in jack pine
stands in northeastern Alberta. Can J Bot 62:932-939

Debaud CD, Gay G (1987) In vitro fruiting under controlled con-
ditions of the ectomycorrhizal fungus Hebeloma cylindrospo-
rum associated with Pinus pinaster. New Phytol 105:429-435

Fassi B, Fontana A (1969) Sintesi micorrizica tra Pinus strobus e
Tuber maculatum. Il. Sviluppo dei semenzali trapiantati e
produzione di ascocarpi. Allionia 15:115-120

Fogel R (1976) Ecological studies of hypogeous fungi. Il. Sporo-
carp phenology in a western Oregon Douglas-fir stand. Can J
Bot 54:1152-1162

Giltrap NJ (1981) Formation of primordia and immature fruiting
bodies by ectomycorrhizal fungi in culture. Trans Br Mycol
Soc 77:204-205

Godbout C, Fortin JA (1990) Cultural control of basidiome forma-
tion in Laccaria bicolor with container-grown white pine
seedlings. Mycol Res 94:1051-1058

Godbout C, Fortin JA (1992) Effects of nitrogen fertilization and
photoperiod on basidiome formation of Laccaria bicolor asso-
ciated with container-grown jack pine seedlings. Can J Bot
70:181-185

Guerin-Laguette A (1998) Les Lactaires a lait rouge: Mycorhizat-
ion controlée des pins et caractérisation moléculaire. Applica-
tion a liétude de la compétence écologique et de la compétiti-
vité diisolats de Lactarius deliciosus. PhD thesis, Ecole
Nationale Supérieure Agronomique de Montpellier, University
of Montpellier I, France

Hal IR, Wang Y (1998a) Methods for cultivating edible ectomy-
corrhizal mushrooms. In: Varma A (ed) Mycorrhiza manual.
Springer, Berlin Heidelberg New York, pp 99-114

Hall IR, Wang Y (1998b) Commercia production of Tuber melan-
osporumin New Zealand. Abstracts of the Second I nternation-
a Conference on Mycorrhiza. Uppsala, Sweden, 5-10 July,
pp 77-78

Hosford D, Pilz D, Molina R, Amaranthus M (1997) Ecology and
management of the commercially harvested American Matsu-
take mushroom. PNW-GTR-412. USDA Forest Service, Port-
land

Imazeki R, Hongo T (1987) Colored illustrations of mushrooms of
Japan, . Hoikusya, Osaka

Imazeki R, Hongo T (1989) Colored illustrations of mushrooms of
Japan, I1. Hoikusya, Osaka

Ingestad T, Arveby AS, Jahr M (1986) The influence of ectomy-
corrhiza on nitrogen nutrition and growth of Pinus sylvestris
seedlings. Physiol Plant 68:575-582

Kawai M (1997) Artificial ectomycorrhizal formation on roots of
air-layered Pinus densiflora saplings by inoculation with Lyo-
phyllum shimeji. Mycologia 89:228-232

Kinugawa K (1963) Ecological studies on the development of
fruit-bodies in Armillaria matsutake Ito et Imai: an analysis of
growth curves. Bull Univ Osaka Prefect Ser B 14:27—60

Lamb RJ, Richards BN (1971) Some mycorrhizal fungi of Pinus
radiata and P. elliottii var. elliottii in Australia Trans Br
Mycol Soc 54: 371-378

Lamhamedi MS, Godbout C, Fortin JA (1994) Dependence of
Laccaria bicolor basidiome development on current photosyn-
thesis of Pinus strobus seedlings. Can J For Res 24:1797-1804

Malajczuk N, Molina R, Trappe JM (1982) Ectomycorrhizal for-
mation in Eucalyptus. |. Pure culture synthesis, host specificity
and mycorrhizal compatibility with Pinus radiata. New Phytol
91:467-482

Mamoun M, Olivier IM (1996) Receptivity of cloned hazels to ar-
tificial ectomycorrhizal infection by Tuber melanosporum and
symbiotic competitors. Mycorrhiza 6:15-19

Marmeisse R, Gryta H, Jargeat P, Fraissinet-Tachet L, Gay G,
Debaud J-C (1999) Hebeloma. In: Cairney WG, Chamber SM
(eds) Ectomycorrhizal fungi — Key genera and profile.
Springer, Berlin Heidelberg New York, pp 89-128

Massicotte HB, Molina R, Luoma DL, Smith JE (1994) Biology
of the ectomycorrhizal genus Rhizopogon. |1. Patterns of host-
fungus specificity following spore inoculation of diverse hosts
grown in monoculture and dual culture. New Phytol 126:677—
690

McLaughlin DJ (1970) Environmental control of fruit-body devel-
opment in Boletus rubinellus in axenic culture. Mycologia
62:307-331

MolinaR, Trappe JM (1982) Pattern of ectomycorrhizal host spec-
ificity and potential among Pacific northwest conifers and fun-
gi. For Sci 28:423-458

Molina R, Trappe JM (1994) Biology of the ectomycorrhizal ge-
nus Rhizopogon. |. Host associations, host-specificity and pure
culture synthesis. New Phytol 126:653-675

Molina R, Massicotte H, Trappe JM (1992) Specificity phenome-
na in mycorrhizal symbioses: community-ecological conse-
quences and practical implications. In: Allen MF (ed) Mycor-
rhizal functioning. Chapman & Hall, New York, pp 357-423

Moore D (1998) Fungal morphogenesis. Cambridge University
Press, Cambridge, UK

Nezzar-Hocine H, Perrin R, Halli-Hargas R, Chevalier G (1998)
Ectomycorrhizal association with Cedrus atlantica (Endl.)
Manetti ex Carriere. |. Mycorrhizal synthesis with Tricholoma
tridentinum Singer var. cedretorum Bon. Mycorrhiza 8:47-51

Ohta A (1994a) Some cultural characteristics of mycelia of a my-
corrhizal fungus, Lyophyllum shimeji. Mycoscience 35:83-87

Ohta A (1994b) Production of fruit-bodies of a mycorrhizal fun-
gus, Lyophyllum shimeji, in pure culture. Mycoscience 35:
147-151

Ohta A (1998) Fruit-body production of two ectomycorrhizal
fungi in the genus Hebeloma in pure culture. Mycoscience
39:15-19

Parladé J, Alvrarez IF, Pera A (1996) Ability of native ectomycor-
rhizal fungi from northern Spain to colonize Douglas-fir and
other introduced conifers. Mycorrhiza 6:51-55

Peterson RL, Chakravarty P (1991) Technique in synthesizing
ectomycorrhiza. In: Norris JR, Read DJ, Varma AK (eds)
Methods in microbiology, vol 23. Academic, London, pp
75-106

Selosse MA, Jacquit D, Bouchard D, Martin F, Le Tacon F (1998)
Temporal persistence and spatial distribution of an American
inoculant strain of the ectomycorrhizal basidiomycete Lacc-
aria bicolor in aFrench forest. Mol Ecol 7:561-573

Shaw PJA, Lankey K, Jourdan A (1996) Factors affecting yield of
Tuber melanosporum in a Quercus ilex plantation in southern
France. Mycol Res 100:1176-1178

Suzuki A (1979) General review on environmental factors affect-
ing primordium formation in Homobasidiae. Trans Mycol Soc
Jpn 20:253-265

Taylor AFS, Alexander 1J (1989) Ectomycorrhizal synthesis with
an isolate of Russula aeruginea. Mycol Res 92:103-107

Yamada A, Katsuya K (1995) Mycorrhizal association of isolates
from sporocarps and ectomycorrhizas with Pinus densiflora
seedlings. Mycoscience 36:315-323

Yamada A, Maeda K, Ohmasa M (1999) Ectomycorrhiza forma-
tion of Tricholoma matsutake isolates on seedlings of Pinus
densiflora in vitro. Mycoscience 40:455-463

Yamada A, Ogura T, Ohmasa M (2001) Cultivation of mushrooms
of edible ectomycorrhizal fungi associated with Pinus densi-
flora by in vitro mycorrhizal synthesis. 1I. Morphology of
mycorrhizas in open-pot soil. Mycorrhiza 11:67-81



