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Tricholoma matsutake is one of the most highly valued ectomycorrhizal mushrooms, pri-

marily associated with conifers. Here, we examined the association of T. matsutake with

hemlock and fir species native to the subalpine forests of Japan. Basidiomata of T. matsu-

take were harvested from the forests of Honshu Island, Japan, along with two soil samples

directly beneath the basidiomata; ectomycorrhizal root tips were also collected, and used

for fungal isolation and molecular analyses. Mycorrhizal fungi were isolated from the roots

of Abies veitchii (Veitch's fir) and Tsuga diversifolia (northern Japanese hemlock). These fungi

were identified as T. matsutake based upon their production of whitish mycelial colonies on

nutrient agar media, and confirmed using molecular analyses; the ectomycorrhizal asso-

ciation between T. matsutake and A. veitchii was also confirmed by mycorrhizal synthesis

in vitro. This work represents the first description of T. matsutake ectomycorrhizations with

Abies and Tsuga species, as well as a detailed morphological description of these

associations.
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1. Introduction

Tricholoma matsutake (S. Ito & S. Imai) Singer [synonym: T.

nauseosum (A. Blytt) Kyt€ov.], commonly known as “matsu-

take”, is one of the most prized species of ectomycorrhizal

mushrooms. These fungi are commonly found throughout

Japan and China, along with parts of central and northern

Europe (Imazeki and Hongo 1987; Bergius and Danell 2000;

Matsushita et al. 2005; Murata et al. 2008; Yamada et al.

2010). The fungus belongs to section Caligata Konrad &

Maubl. ex Bon (Bon 1991), which includes other matsutake

mushroom species such as North American T. magnivelare

(Peck) Redhead, Mediterranean T. anatolicum H.H. Do�gan &

Intini, European T. caligatum (Viv.) Ricken, and Mexican

unidentified Tricholoma species (Ota et al. 2012; Murata et al.

2013b). More distantly related species, such as the Asian T.

bakamatsutake Hongo and T. fulvocastaneum Hongo, and the

European T. dulciolens Kyt€ov. also are occasionally grouped

with the matsutake mushrooms (Ota et al. 2012;

Christensen and Helmann-Clausen 2013; Murata et al.

2013a).

Annual sales of matsutake mushrooms are estimated at

¥30 billion yen in Japan alone (Suzuki 2005; Yamada 2005),

though the long-term viability of T. matsutake cultivation in

Japan remains uncertain. Numerous attempts have been

made to improve T. matsutake production in the Pinus densi-

flora Siebold & Zucc. forests, however the success of these

efforts has been limited due to extensive damage to forests

caused by the pine wilt disease, particularly those in the

western part of Japan, which have been severely affected in

recent decades (Kishi 1995; Suzuki 2004). Annual production

of matsutake in Japan peaked in 1941 at 12,000 tons (Ogawa

1978), but has since plummeted to as low as 50e100 tons in

recent years (Ministry of Agriculture, Fishery, and Forestry,

Japan). As a result of these shortfalls, over 95% of matsutake

mushrooms sold in Japan must now be imported from

abroad.

The host specificity of ectomycorrhizal fungi is an

important part of forest ecosystems, which can be used as a

method of managing forest resources (Marx et al. 2002; Smith

and Read 2008). Targeted cultivation of edible ectomycor-

rhizal fungi requires a thorough understanding of host

specificity and other environmental conditions (Hosford et al.

1997; Pilz and Molina 2002; Pilz et al. 2002). After identifying a

suitable pairing, fungi can then be used to inoculate mycor-

rhizal seedlings, allowing for the co-cultivation of trees and

fungi (Cairney and Chambers 1999; Hall et al. 2003; Guerin-

Laguette et al. 2014). Natural hosts of T. matsutake in Japan

include P. densiflora, P. pumila (Pall.) Regel, P. parviflora Siebold

& Zucc., P. thunbergii Parl., Picea glehnii Mast., P. jezoensis

Carri�ere, Tsuga sieboldii Carri�ere, T. diversifolia (Maxim.) Mast.,

Abies sachalinensis Mast. and A. veitchii Lindl. (Kobayasi 1939;

Kawamura 1955; Imazeki and Hongo 1957, 1987; Hamada

1964; Ogawa 1978; Murata and Minamide 1989). Other hosts

include P. sylvestris and P. abies in Scandinavia and the Alps

(Bergius and Danell 2000; Matsushita et al. 2005; Vaario et al.

2010), P. densiflora and Quercus mongolica Fisch. ex. Turcz. in

northeastern China and the Korean peninsula (Murata et al.
2008; Yamanaka et al. 2011), P. yunnanensis Franch., P. densata

Masters, P. wallichiana A.B. Jacks., P. armandii Franch., Casta-

nopsis orthacantha Franch., Q. aquifolioides Rehder & E.H. Wil-

son, Q. pannosa Hand.-Mazz., Q. guyavifolia H. L�ev., Q.

semecarpifolia Sm., Lithocarpus spp., and Pasania spp. in

southwestern China and Bhutan (Matsushita et al. 2005;

Yamanaka et al. 2011), and P. taiwanensis Hayata in Taiwan

(Kobayasi 1939; Ogawa 1978; Zhou and Zhang 2005).

Other conifers found within T. matsutake-endemic regions,

including P. parviflora var. pentaphylla (Mayr) A. Henry, P. kor-

aiensis Siebold & Zucc., P. jezoensis var. hondoensis (Mayr)

Rehder, A. mariesii Mast., A. homolepis Siebold & Zucc., A. firma

Siebold & Zucc., Larix kaempferi (Lamb.) Carri�ere and Pseu-

dotsuga japonica (Shiras.) Beissn., are either negative for T.

matsutake growth, or have yet to be confirmed in their natural

environments (Hamada 1964; Ogawa 1978; Shindo 2009;

Yamada et al. 2014). Of the symbiotic associations that have

been identified, only two include detailed descriptions of the

mycorrhizal structures in nature: P. densiflora (Masui 1927;

Yamada et al. 1999) and P. pumila (Ogawa 1976a). Five others,

P. glehnii (Ogawa 1976b), T. diversifolia (Ogawa 1977a), T. sieboldii

(Ogawa 1977b), A. sachalinensis (Murata and Minamide 1989),

and Q. semecarpifolia (Yamanaka et al. 2011) have also been

described, however it remains unclear whether these conifer

plants possess true ectomycorrhizal structures, due to a lack

of sophisticated anatomical characteristics; i.e., Hartig net

hyphae.

Examinations of ectomycorrhization of T. matsutake with

various conifers in vitro suggest a potential gradient of intra-

cellular colonization between plants at the roots cortex

(Yamada et al. 2014). While certain species, including P. den-

siflora, P. parviflora, P. koraiensis, P. sylvestris, P. glehnii, P. abies,

and T. diversifolia, exhibited clear ectomycorrhizal structures,

other conifers, such as P. thunbergii, P. jezoensis, L. kaempferi,

and A. veitchii exhibited more equivocal mycorrhizal struc-

tures; i.e., discontinuous Hartig net development; direct

observation of the root systems of these plants in their natural

environment will be necessary to establish definitive matsu-

takeeplant associations.

In this study, we focused on two subalpine conifers, A.

veitchii and T. diversifolia, to determine their potential for ecto-

mycorrhizal association with T. matsutake. In the subalpine

forests of Honshu Island, Japan, T. diversifolia is well-known

among commercial pickers of wild edible mushrooms as a

suitable host of T. matsutake (Hamada 1953; Ogawa 1978),

though the details of this association remain largely unchar-

acterized, with little knowledge regarding the environmental

conditions necessary to support ectomycorrhization. In

contrast, A. veitchii is one of the most abundant conifers found

on Honshu Island, but is not generally regarded as a host of T.

matsutake. AlthoughT.matsutake fruiting inpureA. sachalinensis

forests has been described on Hokkaido Island, Japan (Murata

and Minamide 1989; Murata et al. 2001), fir species are rarely

found to supportT.matsutake growthanywhere on theEurasian

continent. It is uncertain whether this lack of an association is

indicative of a poor growth environment, or is simply limited by

the lack of data regarding potential host-fungus interactions in

other geographic regions. To address these concerns, we per-

formed an extensive study of the subalpine forests of Honshu

http://dx.doi.org/10.1016/j.myc.2014.12.004
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Island, Japan, identifying new aspects in the host-fungus rela-

tionship both in vitro and in nature.
2. Materials and methods

2.1. Field sampling

Basidiomata of T. matsutake were collected from Mt. Yakush-

idake, Toyama, Japan on August 28, 2010, and from Mt. Nor-

ikuradake, Matsumoto, Nagano, Japan, on September 10, 2012

and October 13, 2013. At Mt. Yakushidake, a young T. matsu-

take basidioma S-2100828 was collected from amixed stand of

T. diversifolia and A. veitchii (~1930 m above sea level). At Mt.

Norikuradake, one young and two mature basidiomata (S-

2120910, S-2131013-1, and S-2131013-2, respectively) were

harvested from a mixed stand of A. veitchii, T. diversifolia, P.

koraiensis, P. jezoensis var. hondoensis (Mayr) Rehder, L. kaemp-

feri, and Betula ermanii Cham. (~1690 m above sea level).

Finally, an old T. matsutake basidiomata S-2131013-3 collected

from a mixed stand of T. diversifolia and Q. crispula Blume

(~1450 m above sea level). Specimens S-2120910 and S-

2131013-1 were sampled from almost exactly the same posi-

tion in the stand as the year before. At Mt. Norikuradake, soil

samples were also collected underneath the stipe bases of T.

matsutake basidiomata S-2131013-1 and S-2131013-3 on

October 18, 2013. A soil core (125 cm3) was cut out of the B-

layer soil sample, where whitish mycelium from the stipe

base of T. matsutake basidioma developed with probable

coniferous root system.

2.2. Preparation of sampled basidiomata and plant roots
for microscopy

Sampled basidiomatawere freeze-dried, incubated at 70 �C for

one night, and kept in the laboratory as dried specimens. A

portion of hymenium tissue was immersed in a drop of 70%

ethanol and then in distilled water for 1 h to prepare the ba-

sidiospores formicroscopy. Basidiospores were thenmounted

with lactic acid on a slide and observed under a differential

interference contrast (DIC) microscope (AXIO Imager A1, Carl

Zeiss Inc., G€ottingen, Germany) using a 100 � immersion

objective lens. Fifty spores from each specimen weremeasure

for size. Morphological identification of T. matsutake was

performed using the method of Imazeki and Hongo (1987).

One voucher specimen, S-2131013-1 (TNS-F-52263), was

deposited in the herbarium of the National Museum of Nature

and Science, Tokyo (TNS). Each sampled soil core was sieved

(mesh size: 0.5 mm) under the flow of tap water, and root

systems were recovered on a Petri dish. Five to seven mycor-

rhizal root tips were washed with distilled water under a

dissection microscope (Stemi 2000C, Carl Zeiss), hand-

sectioned with a razor blade both transversally and longitu-

dinally, and mounted with lactic acid on a glass slide for mi-

croscopy. Mycorrhizal preparations were observed under a

DIC microscope (AXIO Imager A1) using a 100 � immersion

objective lens. Ectomycorrhizal characterization was per-

formed based upon the guidelines set forth by Ingleby et al.

(1990). Several other mycorrhizal root tips were tested for

fungal isolation and molecular analysis as described below.
2.3. Fungal isolation from basidiomata and mycorrhizal
root tips

Hymenial isolation was performed using basidioma specimen

S-2131013-1. Five gills were cut out from the basidiomata and

gently washed with 100 ml of 0.005% polyoxyethylene sorbi-

tanmonooleate (Tween 80) solution for 1 h. Washed gills were

rinsed three times with distilled water and inoculated on

modified Norkrans C (MNC) medium (Yamada and Katsuya

1995) containing streptomycin (100 ppm) and tetracycline

(50 ppm). Inoculated plates were then incubated at 20 �C for 2

mo until mycelial growth was observed, followed by subcul-

ture on a fresh MNC agar plate.

Fungal isolation frommycorrhizal root tips was performed

as described previously (Yamada et al. 2001), with minor

modification. Briefly, 20 fresh mycorrhizal root tips presumed

to have been harvested from the root system of Abies (un-

derneath a basidioma S-2131013-1) were selected and vor-

texed for 1 min in 1.0 ml of 0.01% Tween 80; this washing

procedure was repeated three times replacing the superna-

tant with fresh Tween 80 solution after each wash. Next,

washed mycorrhizal root tips were observed under a dissec-

tion microscope to confirm the removal of soil particles, fol-

lowed by gentle washing for 30 min in 100ml of 0.005% Tween

80 solution. After washing, a subset of mycorrhizal root tips

were rinsed three times with distilled water (NS). The

remaining portion of samples were surface-sterilized with 1%

calcium hypochlorite solution for one (S1) or two (S2) min,

respectively, and rinsed three times in distilled water.

Next, we examined the roots of T. diversifolia, which we

collected in association with basidioma S-2131013-3. Five

mycorrhizal root tips were washed as described above, fol-

lowed by surface-sterilization for 2min (S2). Eachmycorrhizal

root tips was transversally sectioned into 5e10 pieces, and

inoculated onto MNC agar plates containing 100 ppm strep-

tomycin and 50 ppm tetracycline. Inoculated plates were then

incubated at 20 �C for 2 mo until mycelial growth was

observed, followed by subculture on a fresh MNC agar plate.

Isolation ratio in each mycorrhizal root tip was calculated as

the number of isolated/inoculated mycorrhizal root frag-

ments. This number was further refined using the mean

isolation ratio in each mycorrhizal treatment. Numerical data

were statistically analyzed by one-way analysis of variance

(ANOVA) (KaleidaGraph ver. 4.1.2, Synergy Software, Tokyo,

Japan). Tukey's honestly significant difference (HSD) post hoc

test was adopted at P < 0.05 to estimate significant difference

between treatments.

2.4. Molecular identification of sampled basidiomata,
mycorrhizal root tips, and established cultures

Internal transcribed spacer (ITS) region sequencing of

genomic ribosomal RNA gene (rDNA) was used to identify

species of basidioma specimens, ectomycorrhizas, and

established culture isolates. The DNA extraction and poly-

merase chain reaction (PCR) procedures were performed as

described (Endo et al. 2013). Briefly, amplification of fungal ITS

by PCR was performed using primers ITS-1F (Gardes and

Bruns 1993) and LB-W (Tedersoo et al. 2008). To examine

plant ITS-2 regions by PCR, we used primers P5.8S

http://dx.doi.org/10.1016/j.myc.2014.12.004
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(50eGTCGAGGGCACGTTTGTCTGe30) and ITS-4 (Gardes and

Bruns 1993). The PCR reaction was performed on a GeneAmp

PCR System 2700 (Life Technologies Inc., Carlsbad, CA) under

the following cycling parameters: initial denaturation at 95 �C
for 3 min, followed by 30 cycles of denaturation at 95 �C for

30 s, annealing at 52 �C for 30 s, and extension at 72 �C for

1.5 min. Cycling was then terminated by incubation at 72 �C
for 10 min. Before sequencing, restriction fragment length

polymorphism (RFLP) analysis of amplified PCR products was

conducted by digestion with three endonucleases, HaeIII,

HinfI, and EcoRI, to confirm the amplification of target ITS re-

gions. PCR products were purified using the QIAquick PCR

Purification Kit (Qiagen Inc. Hilden, Germany). Cycle

sequencing reactions were performed on both forward and

reverse strands using a BigDye Terminator v. 3.1 Cycle

Sequencing Kit (Life Technologies Inc.). Reactions were per-

formed in a 10 ml volume containing 4 ml purified PCR product,

1 ml 1.6 mM primers (ITS-1, ITS-2, ITS-3, ITS-4), 2-ml

5 � sequencing buffer, 1 ml Dye Terminator Ready Reaction

Mix, and 2 ml distilled water. PCR cycling conditions were as

follows: 96 �C for 1 min, 25 cycles of 96 �C for 10 s, 50 �C for 5 s,

and 60 �C for 4 min. Reaction products (10 ml) were then pu-

rified with ethanol, and sequenced using an ABI Prism 3100

Genetic Analyzer (Life Technologies Inc.). Nucleotide se-

quences from each strand were assembled, and the compli-

mentary relationship between the strandswas confirmed. Full

ITS sequences were deposited in the DNA Data Bank of Japan

(DDBJ).

2.5. IGS analysis of sampled T. matsutake

PCR-RFLP analysis of the intergenic spacer regions (IGS) of

rDNA repeats in T. matsutake was conducted due to a greater

degree of intraspecies resolution in T. matsutake (Guerin-

Laguette et al. 2002). The Y1 strain of T. matsutake (¼NBRC

33136, ATCCMYA-919) was also used as a positive control (Ota

et al. 2012; Murata et al. 2013b). PCR was performed using

primers 5SA and CNL12 (Henrion et al. 1992) to amplify the

fungal IGS1 region (includes 28S and 5S rDNA regions), as

described above. Next, a 4 ml aliquot of PCR product was

digested with the HaeIII, MspI, or Cfr13I restriction enzyme

according to the manufacturer's recommendations (TaKaRa

Biochemicals Inc., Otsu, Japan; Guerin-Laguette et al. 2002).

Digested samples were then electrophoresed on a 3% agarose

gel (Nacalai Tesque Inc., Kyoto, Japan) for 1 h at 100 V (Mupid-

2plus, Advance Co. Ltd., Tokyo, Japan) and visualized by

ethidium bromide staining.

2.6. In vitro mycorrhizal synthesis of T. matsutake
with A. veitchii

A pure culture of T. matsutake AT-2081 (NBRC 110446, DDBJ

accession no. AB968618) isolated from a basidioma specimen

of T. matsutake S-145 was tested for mycorrhizal synthesis

in vitro. The T. matsutake S-145 strain was collected from a

small stand of T. sieboldii in Ooshika, Nagano, Japan, in Oct

2010. Cultured mycelia were inoculated on MNC agar plates

for 2 mo, axenically cut into 1 � 1 cm plugs, inoculated into

10 ml of MNC liquid medium, and then cultured for a further

1 mo to produce the inoculum for mycorrhizal synthesis.
Abies veitchii seeds were donated by the Forestry and Forest

Products Research Institute, Japan, and stored at 4 �C until

needed. Seeds were vortexed in 0.01% Tween 80 solution for

several minutes to wash the seed surface, followed by steril-

ization in a 5% calcium hypochlorite solution for 5 min under

gentle stirring. Sterilized seeds were then washed in a 0.05%

benomyl solution for 12 h to decrease the risk of ascomyce-

tous fungal contamination, rinsed with distilled water, placed

on sterilized filter paper to remove excesswater, and plated on

MNC agar. Plates were incubated at 20 �C under continuous

illumination at 140 mmol/m2/s in a growth chamber (Eyela FLI-

2000A, Tokyo Rikakikai Co. Ltd., Tokyo, Japan) for 3e4 wk until

germination.

A granite-based B-layer soil sample from a P. densiflora

stand in the experimental forests of Shinshu University, Ina,

Nagano, Japan was used for mycorrhizal synthesis. A 1000 mL

volume of air-dried soil sample and 1 g of dried yeast (Ebios,

Asahi Beer Inc., Tokyo, Japan) were mixed and watered to

adjust the relative water content to 75%, which corresponded

to ~17e20% water content (v/v). A 200 ml sample of prepared

soil substrate was then autoclaved at 121 �C for 45 min in a

polycarbonate wide-mouth jar (no. 2116-0250, Thermo Scien-

tific Inc., Rochester, NY).

Liquid cultured mycelia equivalent to ~0.3 g dry weight

were washed with distilled water, divided into several seg-

ments with fine forceps, and dispersed throughout the soil

substrate. Next, an axenically germinated A. veitchii seedling

was planted in each jar. A second autoclaved jar was inverted

and placed on the top of the planted jar so that the mouth of

both the top and bottom jarswere connected, then sealedwith

transparent polyvinyl chloride film (Riken Tape; Kyoei Plastic

MGF Co. Ltd., Tokyo). Four 6-mmaeration holes were punched

in the top jar, each of which was sealed with a fluorocarbon

membrane filter (pore size 0.45 mm; Milliseal, Millipore,

Yonezawa, Japan). The bottom jar was covered with

aluminum foil. Three replicates were made. The jars were

incubated at 20 �C and illuminated continuously at 140 mmol/

m2/s in a growth chamber (Eyela FLI-2000A) for 6mo. Jars were

supplemented with 15-ml distilled water each month to

compensate for evaporative water loss. Six mo after inocula-

tion, fir seedlings were removed from the jars and their root

systems were inspected microscopically.
3. Results

3.1. Identification of T. matsutake basidiomata

All five basidiomata samples exhibited a characteristic mat-

sutake odor, and showed external morphology of T. matsutake

(Fig. 1). Among the three basidiomata examined (Table 1),

basidiospore size was consistent with that of T. matsutake

(Imazeki and Hongo 1987); as basidioma specimens S-2100828

and S-2120910 were young, their basidiospores were not fully

observed. ITS sequencing of all five specimens (Table 1)

showed 100% identity (640/640; 100%) to T. matsutake speci-

mens TO-1 and TNS-F-12850 sampled from lowland P. densi-

flora forests of Nagano and Hiroshima Prefecture, Japan,

respectively (Ota et al. 2012); substantial homology (638/640;

99%) was also observed with the Y1 strain (Yamada et al. 1999;

http://dx.doi.org/10.1016/j.myc.2014.12.004
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Fig. 1 e Basidiomata specimens of Tricholomamatsutake collected from subalpine forests. A: S-2110828. B: S-2131013-1. C: S-

2131013-2. D: S-2131013-3.
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Murata et al. 2013b). Sequencing of T.matsutake strain AT-2154

(AB968619) was consistent with that of its parent specimen S-

2120910.
3.2. Identification of mycorrhizal root tips in both
symbionts and their morphological characteristics

Mycorrhizal root tips present in the soil sample collected un-

derneath T. matsutake basidioma specimen S-2131013-1 were

confirmed as a combination of T. matsutake (AB968612) and A.

veitchii (AB968613) by ITS sequencing, while mycorrhizal root

tips associated with basidioma specimen S-2131013-3 were

identified as T. matsutake (AB968616) and T. diversifolia

(AB968617). ITS2 sequences of A. veitchii were obtained using

the newly designed primer P5.8S, and exhibited complete

identity (208/208; 100%) to that ofA. veitchii sequence EF063713

(Xiang et al. 2009). ITS2 sequencingwas also used to confirm T.
Table 1 e Basidiospore size and shape of sampled Tricholoma

Specimen name Length � width (mm)a

S-2100828 ND

S-2120910 ND

S-2131013-1 6.6 (5.7e7.3) � 5.1 (4.7e5.6)

S-2131013-2 6.9 (6.0e7.7) � 5.6 (4.7e6.1)

S-2131013-3 6.4 (5.1e7.4) � 5.3 (4.4e6.2)

a Numerical data show means with rage between minimum and maxim
b Q ¼ Length/Width.
diversifolia, with complete identity (206/206; 100%) to that of T.

diversifolia sequence EF395494 (Havill et al. 2008).

The mycorrhizal root tips of A. veitchii and T. diversifolia

were 300e450 mm and 230e420 mm in diameter, respectively.

Roots were characterized as having a monopodial, slightly

curved, and white to brown appearance when young (Fig. 2A,

B), transitioning to blackish, especially in the basal position

due to carbonization of the cortex. The fungal mantle on the

mycorrhizal root tips of both hosts was generally thin without

differentiation into layers, with a wooly, hydrophobic, pros-

enchymatous appearance (Fig. 2C, D). Mantle thickness was

6e44 mm inA. veitchii and 4e33 mm in T. diversifolia. Contiguous

Hartig nets were evident on both hosts beginning at the root

cortex and extending to the boundary between the cortical

and endodermal cells (Fig. 2E, F). Within the Hartig nets, hy-

phal diameters ranged from 1.7 to 5.0 mm in A. veitchii and

1.7e7.3 mm in T. diversifolia, compared to 1.1e5.0 mm and
matsutake.

Q (ratio)a,b Accession number of ITS sequence

ND AB968609

ND AB968610

1.28 (1.18e1.41) AB968611

1.23 (1.08e1.45) AB968614

1.19 (1.02e1.29) AB968615

um values in parentheses.
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Fig. 2 e Morphological and anatomical characteristics of Tricholoma matsutake ectomycorrhizas on Abies veitchii and Tsuga

diversifolia. A, B: External view of the mycorrhizal root tips on A. veitchii and T. diversifolia roots sampled from underneath

basidioma specimens S-2131013-1 and S-2131013-3, respectively. C, D: Surface view of the felt prosenchymatous mantle of

mycorrhizas on A. veitchii and T. diversifolia, respectively. E, F: Longitudinal section showing Hartig nets on A. veitchii and T.

diversifolia, respectively. Bars: C, D 10 mm; E, F 20 mm. Ep: epidermal cell, Co: cortical cell, En: endodermal cell, N: plant

nucleus, Hn: Hartig net.
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1.8e5.3 mm, respectively, in the extraradical mycelium. Most

cortical cells were transparent, with visible nuclei in some of

the cells. Epidermal cells were sometimes brownish or

depressed.

3.3. Fungal isolation from mycorrhizal root tips and
identification of established cultures

Mycelial grow of T. matsutake on MNC agar was established

within 4e5 wk after inoculation for both A. veitchii and T.

diversifolia, producing large, whitish colonies. Among A.

veitchii samples, treatments NS and S1 exhibited significantly
higher isolation ratios than that of S2 (Table 2). A few bacterial

contaminants were observed in treatments NS and S1, along

with a dark septate endophyte-like fungus, which was iden-

tified as either Lecythophora mutabilis or Humicolopsis cepha-

losporioides based upon its ITS sequence (AB968620). Isolation

of T. matsutakemyceliumwas similar among S2 treatments for

both T. diversifolia and A. veitchii.

Species confirmation of established T. matsutake cultures

was performed using PCR-RFLP analysis of their ITS regions

(data not shown). Selected cultures AT-2195 (AB968622), AT-

2196, AT-2197, AT-2198, AT-2199, and AT-2200 from A.

veitchii, and AT-2193 (AB968621) and AT-2194 from T.

http://dx.doi.org/10.1016/j.myc.2014.12.004
http://dx.doi.org/10.1016/j.myc.2014.12.004


Table 2 e Isolation ratio of Tricholoma matsutake from mycorrhizal tips.

Host plant species Sterilization treatment
of mycorrhizal tips

Number of mycorrhizal root tips Mean isolation ratio (%)

Tested Produced T. matsutake
mycelia

T. matsutakea Other fungi Bacteria

Abies veitchii NS 7 7 63.2 (7.5) a, A 0 30.4

S1 5 4 44.7 (15.2) ab A 2.8 2.8

S2 5 1 2.2 (2.2) c, B 0 0

Tsuga diversifolia S2 5 2 10.0 (6.7) bc 0 0

a Number in parenthesis indicates standard error value. Different alphabets indicate significant difference between means at P < 0.05.
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diversifolia were then sequenced to confirm equivalence with

that of basidiomata S-2131013-1 and S-2131013-3, isolated

from under a mixed A. veitchii and T. diversifolia stands,

respectively. Two cultures, AT-2193 (NBRC110447) and AT-

2195 (NBRC110448), were deposited in the culture collection

of the Biological Resource Center, National Institute of Tech-

nology and Evaluation (NBRC), Japan.

3.4. PCR-RFLP analysis of IGS1 region

Amplification of the IGS1 region of all T. matsutake samples

produced a ~460-bp band which corresponded to that of the

Y1 strain, as well as other Japanese T. matsutake samples

(Guerin-Laguette et al. 2002; Matsushita et al. 2005). The RFLP

patterns of all IGS1 regions tested were similar to that of the

Y1 strain (Fig. 3); furthermore, the restriction pattern pro-

duced by digestion with Cfr13I was equivalent to the Type-A

pattern reported by Guerin-Laguette et al. (2002).

3.5. Ectomycorrhization of T. matsutake on A. veitchii
in vitro

Colonization of T. matsutake on lateral root tips of A. veitchii

was observed on two seedlings (Fig. 4AeC); the other one

seedling tested died 4 mo after germination. Continuous

Hartig nets were evident on the mycorrhizal root tips begin-

ning at the root cortex and extended to the boundary between

the cortical and endodermal cells (Fig. 4D). Fungal coloniza-

tion was also observed on the main root with Hartig net
Fig. 3 e RFLP patterns of rDNA IGS1 regions of Tricholoma mats

strain (lane 1), and those of tested samples digested with endo

HaeIII digestion, and 10¡13: MspI digestion. Lanes 2, 6, 10: Y1

root tip of Tsuga diversifolia, 4, 8, 12: AT-2195 strain isolated fro

basidioma specimen S-2100828 collected from Mt. Yakushidake
development at the cortex. The mean number of mycorrhizal

root tips per seedling was 8.5.
4. Discussion

This is the first report of T. matsutake ectomycorrhization with

A. veitchii and T. diversifolia in nature, with definitive confir-

mation via fungal isolation from field-sampled mycorrhizal

root tips. The external morphology and anatomy of T. matsu-

take ectomycorrhizas on A. veitchii and T. diversifolia were

similar to those on Pinus densiflora (Masui 1927; Yamada et al.

1999, 2006, 2010, 2014; Gill et al. 2000), with a thin fungal

mantle with a felt prosenchymatous organization and hy-

drophobic nature, carbonization of the mycorrhizal root tips

when matured, and continuous Hartig net structure. These

features are therefore considered to be common characteris-

tics of T. matsutake ectomycorrhizas on conifers. Our only

concern was that we did not find chlamydospore-like struc-

tures in the present mycorrhizal samples, as both Ogawa

(1978) and Yamada et al. (1999, 2006) have described

chlamydospore-like structures for T. matsutake on the

mycorrhizal root tips and in the shiro mycelium. As the

mycorrhizal samplings described here were performed only

twice, these small cellular structures may have been lost

during the mycorrhizal preparation procedure.

In the mycorrhizal association between A. veitchii and T.

matsutake, Yamada et al. (2014) observed discontinuous Hartig
utake collected from subalpine forests. PCR amplicon of Y1

nucleases (lanes 2¡13). Lanes 2¡5: Cfr13I digestion, 6¡9:

strain, 3, 7, 11: AT-2193 strain isolated from a mycorrhizal

m a mycorrhizal root tip of Abies veitchii, and 5, 9, 13:

.
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Fig. 4 eMorphological and anatomical characteristics of Tricholoma matsutake ectomycorrhizas on Abies veitchii in vitro. A: A

mycorrhizal root system. B: External view of an ectomycorrhizal root tip C: Surface view of a felt-like prosenchymatous

mantle with a terminally swollen hyphae. D: Longitudinal section showing Hartig netting. Bars: C 10 mm; D 20 mm. Sw:

terminally swollen hyphae, Fm: fungal mantle, Co: cortical cell, En: endodermal cell, N: plant nucleus, Hn: Hartig net.
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net structures in vitro, suggesting that this incomplete struc-

tural development may be due to the shorter incubation

period of 5 mo in genera such as Tsuga, Picea, and Abies. In the

present study, we used a granite-based soil for mycorrhizal

synthesis, as this soil more closely replicates the natural

habitat of T. matsutake (Ogawa 1978), and may provide the

shiro-like structures necessary to promote ectomycorrhiza-

tion with P. densiflora in vitro (Yamada et al. 2006; Kobayashi

et al. 2007). This methodological approach may also affect

in vitro ectomycorrhization of T. matsutake with A. veitchii.

Having confirmed A. veitchii as a host of T. matsutake both

in vitro and in nature, we must therefore consider this rela-

tionship in light of existing knowledge regarding T. matsutake

as an ectomycorrhizal species (Ogawa 1978; Yamada et al.

2010, 2014). The matsutake�fir association was first clearly

described from Hokkaido Island, Japan, where natural and

man-made pure A. sachalinensis forests can produce T. mat-

sutake fruiting bodies with shiro structures present among the

host root systems (Murata and Minamide 1989; Murata et al.

2001). Prior to this observation, the primary hosts of T. mat-

sutake in Hokkaido Island were considered to be P. glehnii and

P. pumila (Hamada 1953; Imazeki and Hongo 1973, 1987; Ogawa

1978). Such a dramatic change in the interpretation of a fun-

gus' host range implies a fundamental lack of data regarding T.

matsutake ecology. Expansion to T. matsutake ectomycorrh-

ization to include A. veitchii implies a common background

underlying the matsutake�fir association in Hokkaido Island.
On Honshu Island, T. matsutake appears to prefer T. diver-

sifolia as a primary host rather than A. veitchii in the subalpine

forests, as T. diversifolia stands are themost common source of

T. matsutake fruiting bodies among commercial pickers. Based

on the finding of A. veitchii as a host of T. matsutake and the

apparent host preference of T. matsutake for T. diversifolia, we

predict that T. matsutake may also have ectomycorrhizal as-

sociations with another fir, A. mariesii, in the subalpine forests

of Honshu Island. As there have been no verifiable reports of T.

matsutake fruiting under P. pumila in the alpine forests of

Honshu Island, despite reports of such an association on

Hokkaido Island (Ogawa 1978; Matsushita et al. 2005), further

research is necessary to clarify the biogeography of this

fungus.

Throughout the more temperate regions of Japan, P. den-

siflora acts as the primary host of T. matsutake (Hamada 1964;

Ogawa 1978; Imazeki and Hongo 1987); T. sieboldii is also a

common host in the natural vegetation, especially in cooler

temperate regions. Alternatively, neither A. firma nor A.

homolepis, both common fir species throughout these regions,

have ever been reported as hosts for T. matsutake. As the

temperate forests of Honshu Island are used by a large num-

ber of people for a wide range of activities, the habitats of T.

matsutake within these areas are relatively well-known

compared to those of the subalpine natural forests. Assump-

tions regarding viable T. matsutake�fir combinations in

temperate climates may therefore not be applicable in colder

http://dx.doi.org/10.1016/j.myc.2014.12.004
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climates, even when only a single island is considered. In this

respect, in vitro mycorrhization studies will facilitate deter-

mination of the potential host range of T. matsutake, which

can then be confirmed in nature.

Tricholoma matsutake cultures were readily obtained from

both coniferous hosts tested in this study. Recovery of hyphal

growth from mycorrhizal inocula on MNC agar plates was

slower than that reported for P. densiflora (Yamada et al. 2001).

The cause of this difference is unclear; however, a direct

comparison between isolates for both hyphal growth rate and

optimum temperature may be useful to identify differences

within natural T. matsutake populations.

Subalpine coniferous forests are known to have a thicker

humic layer with more saprobic soil microorganisms; com-

bined with the larger diameter of fir mycorrhizal root tips

compared to that of pine, we hypothesized that an aggressive

sterilization procedure; i.e., S2 treatment, would provide bet-

ter outcomes in T. matsutake isolations. Sterilization for 2 min,

however, appears to have badly affected the outcome due to

the thin and undifferentiated felt prosenchymatous fungal

mantle of T. matsutake, along with the potential for inner

sterilization of the mycorrhizal root tips. As only limited

fungal and bacterial contamination was observed in the

absence of surface sterilization, such efforts are likely un-

necessary. Yamada et al. (2001) reported that the risk of

contamination during T. matsutake isolation from pine my-

corrhizas is lowerwhen the experimentwas conducted in cool

climate seasons such as winter. As subalpine forests show

lower soil temperature annually, season may not be an

important factor for T. matsutake isolation from mycorrhizal

root tips in that location.

Genetic properties of the rDNA IGS1 regions of subalpine T.

matsutake were subjected to RFLP analysis to identify differ-

ences between local populations (Bruns et al. 1991; Bridge

et al. 1998; Guerin-Laguette et al. 2002; Saito et al. 2002; Mat-

sushita and Suzuki 2005; Schnabel et al. 2005). However, all

subalpine T. matsutake samples tested in this study exhibited

the same RFLP pattern, equivalent to that of the common

Type-A T. matsutake originally isolated from the lowland P.

densiflora forests of central and eastern Honshu Island and the

subalpine forests of Hokkaido Island (Guerin-Laguette et al.

2002), and also seen in isolates from China and Europe

(Matsushita et al. 2005). This result suggests a relatively low

degree of genetic variation present in the T. matsutake popu-

lation of central Honshu Island and Hokkaido Island, and even

in the more divergent populations of western Honshu Island

(Guerin-Laguette et al. 2002). However, as IGS1 sequence

variation corresponds to no geographic pattern with regard to

the populations of Japan, Korean, and northeastern China

(Matsushita et al. 2005), analysis of further variable DNA re-

gions will be necessary to better understand the frequency

and distribution of genetic variation in T. matsutake.
Acknowledgments

We are indebted to several matsutake pickers and owners of

mountain huts, for their invaluable insights into the habitats

of subalpine T. matsutake, as well as providing support for our
field sampling efforts. We would also like to thank the

Research Center for Human and Environmental Science,

Shinshu University for their technical support in DNA

sequencing. Part of this study was supported by a Grant-in-

Aid (No. 23380083) from the Ministry of Education, Culture,

Sports, Science, and Technology of Japan.
r e f e r e n c e s

Bergius N, Danell E, 2000. The Swedish matsutake (Tricholoma
nauseosum syn. T. matsutake): distribution, abundance and
ecology. Scandinavian Journal of Forest Research 15: 318e325.

Bon M, 1991. Les tricholomes et ressemblants. Tricholomataceae
(Fayod) Heim (1�ere partie). Doc Mycol, M�emoire hors s�erie no 2. In:
Flore mycologique d'Europe, vol 2. Edit�e par l'association
d'�ecologie et mycologie, Lille, France.

Bridge DK, Arora DK, Reddy CA, Elander RP, 1998. Applications of
PCR in Mycology. CABI International, Wallingford, UK.

Bruns TD, White TJ, Taylor JW, 1991. Fungal molecular
systematics. Annual Review of Ecology and Systematics 22:
525e564.

Cairney JWG, Chambers SM, 1999. Ectomycorrhizal fungi: key genera
in profile. Springer, Berlin.

Christensen M, Helmann-Clausen J, 2013. The genus tricholoma. In:
Fungi of Northern Europe, vol 4. The Danish Mycological Society,
Hornbæk, Denmark.

Endo N, Gisusi S, Fukuda M, Yamada A, 2013. In vitro
mycorrhization and acclimatization of Amanita caesareoides
and its relatives on Pinus densiflora. Mycorrhiza 23: 303e315;
http://dx.doi.org/10.1007/s00572-012-0471-x.

Gardes M, Bruns TD, 1993. ITS primers with enhanced specificity
for basidiomycetes-application to the identification of
mycorrhizae and rusts. Molecular Ecology 2: 113e118; http://
dx.doi.org/10.1111/j.1365-294X.1993.tb00005.x.

Gill WM, Guerin-Laguette A, Lapeyrie F, Suzuki K, 2000.
Matsutakedmorphological evidences of ectomycorrhiza
formation between Tricholoma matsutake and host roots in a
pure Pinus densiflora forest stand. New Phytologist 147: 381e388;
http://dx.doi.org/10.1046/j.1469-8137.2000.00707.x.

Guerin-Laguette A, Cummings N, Butler RC, Willows A, Hesom-
Williams N, Li S, Wang Y, 2014. Lactarius deliciosus and Pinus
radiata inNewZealand: towards the development of innovative
gourmet mushroom orchards. Mycorrhiza 24: 511e523; http://
dx.doi.org/10.1007/s00572-014-0570-y (in press).

Guerin-Laguette A, Matsushita N, Kikuchi K, Iwase K, Lapeyrie F,
Suzuki K, 2002. Identification of a prevalent Tricholoma
matsutake ribotype in Japan by rDNA IGS1 spacer
characterization. Mycological Research 106: 435e443.

Hall IR, Wang Y, Amicucci A, 2003. Cultivation of edible
ectomycorrhizal mushrooms. Trends in Biotechnology 21:
433e438.

Hamada M, 1953. Matsutake (in Japanese). Shizen 8: 56e64.
Hamada M, 1964. General introduction to Tricholoma matsutake (in

Japanese). In: The Matsutake Research Association (ed)
Matsutake (Tricholoma matsutake Singer) e its fundamental
studies and economic production of the fruit-body. The Matsutake
Research Association, Kyoto, p 6.

Havill NP, Campbell CS, Vining TF, LePage B, Bayer RJ,
Donoghue MJ, 2008. Phylogeny and biogeography of Tsuga
(Pinaceae) inferred from nuclear ribosomal ITS and
chloroplast DNA sequence data. Systematic Botany 33: 478e489;
http://dx.doi.org/10.1600/036364408785679770.

Henrion B, Le Tacon F, Martin F, 1992. Rapid identification of
genetic variation of ectomycorrhizal fungi by amplification of
ribosomal RNA genes. New Phytologist 122: 289e298.

http://refhub.elsevier.com/S1340-3540(14)00109-0/sref1
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref1
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref1
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref1
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref2
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref2
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref2
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref2
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref2
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref2
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref2
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref2
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref2
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref3
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref3
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref4
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref4
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref4
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref4
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref5
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref5
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref6
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref6
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref6
http://dx.doi.org/10.1007/s00572-012-0471-x
http://dx.doi.org/10.1111/j.1365-294X.1993.tb00005.x
http://dx.doi.org/10.1111/j.1365-294X.1993.tb00005.x
http://dx.doi.org/10.1046/j.1469-8137.2000.00707.x
http://dx.doi.org/10.1007/s00572-014-0570-y
http://dx.doi.org/10.1007/s00572-014-0570-y
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref11
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref11
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref11
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref11
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref11
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref12
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref12
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref12
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref12
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref13
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref13
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref14
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref14
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref14
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref14
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref14
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref14
http://dx.doi.org/10.1600/036364408785679770
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref16
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref16
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref16
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref16
http://dx.doi.org/10.1016/j.myc.2014.12.004
http://dx.doi.org/10.1016/j.myc.2014.12.004


myc o s c i e n c e 5 6 ( 2 0 1 5 ) 4 0 2e4 1 2 411
Hosford D, Pilz D, Molina R, Amaranthus M, 1997. Ecology and
management of the commercially harvested American matsutake
mushrooms. USDA Forest Service PNG-GTR-412. USDA Forest
Service, Washington, DC.

Imazeki R, Hongo T, 1957. Colored illustrations of fungi of Japan (in
Japanese). Hoikusha, Osaka.

Imazeki R, Hongo T, 1973. Color nature Guide: mushrooms (in
Japanese). Hoikusha, Osaka.

Imazeki R, Hongo T, 1987. Colored illustrations of mushrooms of Japan
I (in Japanese). Hoikusha, Osaka.

Ingleby K, Mason PA, Last FT, Fleming LV, 1990. Identification of
ectomycorrhizas. HSMO, London.

Kawamura S, 1955. Icons of Japanese fungi, vol 4 (in Japanese).
Kazamashobo, Tokyo.

Kishi Y, 1995. The pine wood nematode and the Japanese pine sawyer.
Thomas Company Limited, Tokyo.

Kobayashi H, Watahiki T, Kuramochi M, Onose K, Yamada A,
2007. Production of pine seedlings with shiro-like structure of
the matsutake mushroom (Tricholoma matsutake (S. Ito et Imai)
Sing.) in a large culture bottle (in Japanese). Mushroom Science
and Technology 15: 151e155.

Kobayasi Y, 1939. Armillaria matsutake Ito et Imai (in Japanese). In:
Asahina Y (ed) Nippon Inkwasyokubutu Dukan. Sanseido, Tokyo,
pp 554e555.

Marx DH, Marrs LF, Cordell CE, 2002. Practical use of the
mycorrhizal fungal technology in forestry, reclamation,
arboriculture, agriculture, and horticulture. Dendrobiology 47:
27e40.

Masui K, 1927. A study of the ectotrophic mycorrhizas of woody plants.
In: Memoirs of the College of science, Kyoto Imperial University,
Series B III, vol 2 152e279.

Matsushita N, Kikuchi K, Sasaki Y, Guerin-Laguette A, Lapeyrie F,
Vaario L-M, Intini M, Suzuki K, 2005. Genetic relationship of
Tricholoma matsutake and T. nauseosum from the Northern
Hemisphere based on analyses of ribosomal DNA spacer
regions. Mycoscience 46: 90e96; http://dx.doi.org/10.1007/
s10267-004-0220-x.

Matsushita N, Suzuki K, 2005. Identification of Armillaria species
in Japan using PCR-RFLP analysis of rDNA intergenic spacer
region and comparisons of Armillaria species in the world.
Journal of Forest Research 10: 173e179; http://dx.doi.org/10.1007/
s10310-004-0121-z.

Murata H, Babasaki K, Saegusa T, Takemoto K, Yamada A, Ohta A,
2008. Traceability of Asian matsutake, specialty mushrooms
produced by the ectomycorrhizal basidiomycete Tricholoma
matsutake, on the basis of retroelement-based DNA markers.
Applied and Environmental Microbiology 74: 2023e2031; http://
dx.doi.org/10.1128/AEM.02411-07.

Murata Y, Minamide T, 1989. Occurrences of Tricholoma matsutake
in Hokkaido (in Japanese). Hoppo Ringyo 41: 293e299.

Murata H, Ota Y, Yamada A, Ohta A, Yamanaka T, Neda H, 2013a.
Phylogenetic position of the ectomycorrhizal basidiomycete
Tricholoma dulciolens in relation to species of Tricholoma that
produce “matsutake” mushrooms. Mycoscience 54: 438e443.
http://dx.doi.org/10.1016/j.myc.2013.02.003.

Murata H, Ota Y, Yamaguchi M, Yamada A, Katahata S, Otsuka Y,
Babasaki K, Neda H, 2013b. Mobile DNA distributions refine
the phylogeny of “matsutake” mushrooms, Tricholoma sect.
Caligata. Mycorrhiza 23: 447e461; http://dx.doi.org/10.1007/
s00572-013-0487-x.

Murata Y, Takahashi Y, Horahiro K, Adachi Y, 2001. Productivity
of Matsutake in a natural forest of Todo-fir and environmental
improvement for its occurrence. Bulletin of the Hokkaido Forestry
Research Institute 38: 1e22.

Ogawa M, 1976a. Microbial ecology of ‘Shiro’ in Tricholoma
matsutake (S. Ito et Imai) Sing. and its allied species. II:
Tricholoma matsutake in Pinus pumila var. yezoalpina forest.
Transactions of the Mycological Society of Japan 17: 176e187.
Ogawa M, 1976b. Microbial ecology of ‘Shiro’ in Tricholoma
matsutake (S. Ito et Imai) Sing. and its allied species. III:
Tricholoma matsutake in Picea glehnii and Picea glehnii-Abies
sachalinensis forests. Transactions of the Mycological Society of
Japan 17: 188e198.

Ogawa M, 1977a. Microbial ecology of ‘Shiro’ in Tricholoma
matsutake (S. Ito et Imai) Sing. and its allied species. IV:
Tricholoma matsutake in Tsuga diversifolia forests. Transactions of
the Mycological Society of Japan 18: 20e33.

Ogawa M, 1977b. Microbial ecology of ‘Shiro’ in Tricholoma
matsutake (S. Ito et Imai) Sing. and its allied species. V:
Tricholoma matsutake in Tsuga sieboldii forests. Transactions of
the Mycological Society of Japan 18: 34e46.

Ogawa M, 1978. The biology of matsutake (in Japanese). Tsukiji-
shokan, Tokyo.

Ota Y, Yamanaka T, Murata H, Neda H, Ohta A, Kawai M,
Yamada A, Konno M, Tanaka C, 2012. Phylogenetic
relationship and species delimitation of matsutake and allied
species based on multilocus phylogeny and haplotype
analyses. Mycologia 104: 1369e1380; http://dx.doi.org/10.3852/
12-068.

Pilz D, Molina R, 2002. Commercial harvests of edible mushrooms
from the forests of the Pacific Northwest United States: issues,
management, and monitoring for sustainability. Forest Ecology
and Management 155: 3e16.

Pilz D, Norvell L, Danell E, Molina R, 2002. Ecology and
management of commercially harvested chanterelle mushrooms.
USDA Forest Service PNG-GTR-576. USDA Forest Service,
Washington, DC.

Saito T, Tanaka N, Shinozawa T, 2002. Characterization of
subrepeat regions within rDNA intergenic spacers of the
edible basidiomycete Lentinula edodes. Bioscience Biotechnology
and Biochemistry 66: 2125e2133; http://dx.doi.org/10.1271/
bbb.66.2125.

Schnabel G, Ash JS, Bryson PK, 2005. Identification and
characterization of Armillaria tabescens from the southern
United States. Mycological Research 109: 1208e1222; http://
dx.doi.org/10.1017/S0953756205003916.

Shindo K, 2009. Cultivation studies on Tricholoma matsutake:
establishment of mycorrhizal synthesis techniques under non-sterile
conditions and analysis of the effects of surfactants on the mycelial
growth promotion (in Japanese). PhD thesis of the University of
Tokyo.

Smith S, Read DJ, 2008. Mycorrhizal symbiosis, 3rd edn. Academic
Press, London.

Suzuki K, 2004. Pine wilt and the pine wood nematode. In:
Burlery J, Evans J, Youngquist JA (eds), Encyclopedia of forest
science. Elsevier, Oxford, pp 773e777.

Suzuki K, 2005. Ectomycorrhizal ecophysiology and the puzzle of
Tricholoma matsutake (in Japanese). Journal of the Japanese
Forestry Society 87: 90e102.

Tedersoo L, Jairus T, Horton BM, Abarenkov K, Suvi T, Saar I,
K~oljalg U, 2008. Strong host preference of ectomycorrhizal
fungi in a Tasmanian wet sclerophyll forest as revealed by
DNA barcoding and taxon-specific primers. New Phytologist
180: 479e490; http://dx.doi.org/10.1111/j.1469-
8137.2008.02561.x.

Vaario LM, Pennanen T, Sarjala T, Savonen EM, Heinonsalo J,
2010. Ectomycorrhization of Tricholoma matsutake and two
major conifers in Finland: an assessment of in vitro
mycorrhiza formation. Mycorrhiza 20: 511e518. http://dx.doi.
org/10.1007/s00572-010-0304-8.

Xiang QP, Xiang QY, Guo YY, Zhang XC, 2009. Phylogeny of Abies
(Pinaceae) inferred from nrITS sequence data. Taxon 58:
141e152.

Yamada A, 2005. Toward the cultivation of Tricholoma matsutake:
recent status and future perspectives (in Japanese). Techno
Innovation 15: 24e28.

http://refhub.elsevier.com/S1340-3540(14)00109-0/sref17
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref17
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref17
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref17
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref18
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref18
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref19
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref19
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref20
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref20
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref21
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref21
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref22
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref22
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref23
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref23
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref24
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref24
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref24
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref24
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref24
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref24
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref25
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref25
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref25
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref25
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref26
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref26
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref26
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref26
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref26
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref27
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref27
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref27
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref27
http://dx.doi.org/10.1007/s10267-004-0220-x
http://dx.doi.org/10.1007/s10267-004-0220-x
http://dx.doi.org/10.1007/s10310-004-0121-z
http://dx.doi.org/10.1007/s10310-004-0121-z
http://dx.doi.org/10.1128/AEM.02411-07
http://dx.doi.org/10.1128/AEM.02411-07
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref31
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref31
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref31
http://dx.doi.org/10.1016/j.myc.2013.02.003
http://dx.doi.org/10.1007/s00572-013-0487-x
http://dx.doi.org/10.1007/s00572-013-0487-x
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref34
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref34
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref34
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref34
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref34
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref35
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref35
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref35
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref35
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref35
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref36
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref36
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref36
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref36
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref36
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref36
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref37
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref37
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref37
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref37
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref37
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref38
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref38
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref38
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref38
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref38
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref39
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref39
http://dx.doi.org/10.3852/12-068
http://dx.doi.org/10.3852/12-068
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref41
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref41
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref41
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref41
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref41
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref42
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref42
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref42
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref42
http://dx.doi.org/10.1271/bbb.66.2125
http://dx.doi.org/10.1271/bbb.66.2125
http://dx.doi.org/10.1017/S0953756205003916
http://dx.doi.org/10.1017/S0953756205003916
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref45
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref45
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref45
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref45
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref45
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref46
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref46
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref47
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref47
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref47
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref47
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref48
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref48
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref48
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref48
http://dx.doi.org/10.1111/j.1469-8137.2008.02561.x
http://dx.doi.org/10.1111/j.1469-8137.2008.02561.x
http://dx.doi.org/10.1007/s00572-010-0304-8
http://dx.doi.org/10.1007/s00572-010-0304-8
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref51
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref51
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref51
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref51
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref52
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref52
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref52
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref52
http://dx.doi.org/10.1016/j.myc.2014.12.004
http://dx.doi.org/10.1016/j.myc.2014.12.004


my c o s c i e n c e 5 6 ( 2 0 1 5 ) 4 0 2e4 1 2412
Yamada A, Endo N, Murata H, Ohta A, Fukuda M, 2014. Tricholoma
matsutake Y1 strain associated with Pinus densiflora shows a
gradient of in vitro ectomycorrhizal specificity with Pinaceae
and oak hosts.Mycoscience 55: 27e34; http://dx.doi.org/10.1016/
j.myc.2013.05.004.

Yamada A, Kanekawa S, Ohmasa M, 1999. Ectomycorrhiza
formation of Tricholoma matsutake on Pinus densiflora.
Mycoscience 40: 193e198; http://dx.doi.org/10.1007/BF02464298.

Yamada A, Katsuya K, 1995. Mycorrhizal association of isolates
from sporocarps and ectomycorrhizas with Pinus densiflora
seedlings. Mycoscience 36: 315e323; http://dx.doi.org/10.1007/
BF02268607.

Yamada A, Kobayashi H, Murata H, Kalmis E, Kalyoncu F,
Fukuda M, 2010. In vitro ectomycorrhizal specificity between
the Asian red pine Pinus densiflora and Tricholoma matsutake
and allied species from worldwide Pinaceae and Fagaceae
forests. Mycorrhiza 20: 333e339; http://dx.doi.org/10.1007/
s00572-009-0286-6.

Yamada A, Maeda K, Kobayashi H, Murata H, 2006.
Ectomycorrhizal symbiosis in vitro between Tricholoma
matsutake and Pinus densiflora seedlings that resembles
naturally occurring “shiro”. Mycorrhiza 16: 111e116; http://
dx.doi.org/10.1007/s00572-005-0021-x.

Yamada A, Ogura T, Degawa Y, Ohmasa M, 2001. Isolation of
Tricholoma matsutake and T. bakamatsutake cultures from field-
collected ectomycorrhizas. Mycoscience 42: 43e50; http://
dx.doi.org/10.1007/BF02463974.

Yamanaka K, Aimi T, Wan J, Cao H, Chen M, 2011. Species of host
trees associated with Tricholoma matsutake and closely allied in
Asia (in Japanese). Mushroom Science and Technology 19: 79e87.

Zhou WN, Zhang DZ, 2005. Mushrooms of Taiwan (in Chinese).
Yuan-Liou Publishing, Taipei.

http://dx.doi.org/10.1016/j.myc.2013.05.004
http://dx.doi.org/10.1016/j.myc.2013.05.004
http://dx.doi.org/10.1007/BF02464298
http://dx.doi.org/10.1007/BF02268607
http://dx.doi.org/10.1007/BF02268607
http://dx.doi.org/10.1007/s00572-009-0286-6
http://dx.doi.org/10.1007/s00572-009-0286-6
http://dx.doi.org/10.1007/s00572-005-0021-x
http://dx.doi.org/10.1007/s00572-005-0021-x
http://dx.doi.org/10.1007/BF02463974
http://dx.doi.org/10.1007/BF02463974
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref59
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref59
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref59
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref59
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref60
http://refhub.elsevier.com/S1340-3540(14)00109-0/sref60
http://dx.doi.org/10.1016/j.myc.2014.12.004
http://dx.doi.org/10.1016/j.myc.2014.12.004

	Ectomycorrhization of Tricholoma matsutake with Abies veitchii and Tsuga diversifolia in the subalpine forests of Japan
	1. Introduction
	2. Materials and methods
	2.1. Field sampling
	2.2. Preparation of sampled basidiomata and plant roots for microscopy
	2.3. Fungal isolation from basidiomata and mycorrhizal root tips
	2.4. Molecular identification of sampled basidiomata, mycorrhizal root tips, and established cultures
	2.5. IGS analysis of sampled T. matsutake
	2.6. In vitro mycorrhizal synthesis of T. matsutake with A. veitchii

	3. Results
	3.1. Identification of T. matsutake basidiomata
	3.2. Identification of mycorrhizal root tips in both symbionts and their morphological characteristics
	3.3. Fungal isolation from mycorrhizal root tips and identification of established cultures
	3.4. PCR-RFLP analysis of IGS1 region
	3.5. Ectomycorrhization of T. matsutake on A. veitchii in vitro

	4. Discussion
	Acknowledgments
	References


