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Abstract Our finding demonstrates, for the first time, that
the roots of mature pine trees can be successfully inoculat-
ed with a symbiotic ectomycorrhizal fungus, the valuable
matsutake mushroom. Long root segments (ca. 5-10 mm
in diameter, ca. 50 cm in length) of 50-year-old Pinus
densiflora trees were excavated, washed, auxin-treated
(2-5 mg indole butyric acid, IBA, per root) and incubated
in moist Spagnum moss. Twelve months later, short roots
were regenerated, of which approximately 90% were free
of mycorrhizae. Mycorrhiza-free short roots were inoc-
ulated with mycelial pieces of Tricholoma matsutake and
incubated further in a sterilized substrate. Four-and-a-half
months later, roots putatively colonized by Matsutake
were sampled near the inoculation points. A 7. matsutake-
specific ITS-rDNA fragment was amplified by nested PCR
from approximately 80% of the root samples analyzed,
whereas approximately 66% of the root samples pro-
cessed for staining with Chlorazol black E displayed
characteristic 7. matsutake Hartig net structures. These
results confirm the symbiotic infection of mature P. den-
siflora roots by matsutake.
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Introduction

In Japan, matsutake [ Tricholoma matsutake (S. Ito et Imai)
Sing.] is a highly sought after edible mushroom with ex-
ceptional commercial value (Hall et al. 2003). This mush-
room is more than a seasonal delicacy as it is part of the
Japanese culture (Hosford et al. 1997). Despite many at-
tempts, the cultivation of T matsutake has not been possible
(Wang et al. 1997). Commercial demand is therefore met by
harvesting fruit bodies that grow spontaneously in pine
forests, mainly under Pinus densiflora (Japanese red pine).
Although forest management procedures have been suc-
cessfully developed to enhance matsutake production in
existing fruiting sites (Ogawa 1982), Japanese production
has decreased from 12,000 tons in 1941 to less than 400
tons per year since 1991. The decline is probably due to
post-World War II urban development, pine wilt disease
and environmental disturbances, which might have created
conditions unfavorable to pine species and/or to some
fungal symbionts (Hosford et al. 1997; Hall et al. 2003).
Fruit bodies of the same or related species [7. magnivelare
(Peck) Redhead, T. nauseosum (Blytt) Kytovuori] are ex-
ported to Japan from the Northern hemisphere, having a
total annual monetary value of more than 120 million euros
(Ito 2000).

After many years of controversy, the ectomycorrhizal
status of 7. matsutake has been fully evidenced (Suzuki
2005) both in nature (Yamada et al. 1999a; Gill et al. 2000)
and under laboratory conditions where pine seedlings were
successfully infected in vitro (Yamada et al. 1999b; Guerin-
Laguette et al. 2000a; Vaario et al. 2000) and tree growth
stimulated (Guerin-Laguette et al. 2004). However, the
infection did not spread and even regressed after transplan-
tation into sterilized substrate under non-sterile conditions
(Wang 1995; A. Yamada, personal communication; A.
Guerin-Laguette, unpublished data). Seedlings successfully
infected in situ (e.g., inside the Shiro zone, Shiro referring
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to the dense mat of fungal filaments that matsutake forms in
soil in association with pine roots and soil particles) also
failed to propagate the infection after being transplanted
(Hosford et al. 1997).

Hence, we hypothesized that inoculating aged trees with
T. matsutake, a species known to fruit only in mature forests
(described as “late stage™), might be a way to overcome this
pitfall. Indeed, the mature forest ecosystem is expected to
provide a suitable rhizosphere environment, including mi-
croorganisms potentially involved in tripartite relationships
(Hall et al. 2003) and the appropriate flow of carbon and
other metabolites from the host to the fungus. However, this
approach, the inoculation of mature roots, is challenging
due to the abundance of indigenous fungal competitors in
forest soil.

To overcome that difficulty, root generation was induced
by an auxin treatment of segments of long roots of 50-year-
old P. densiflora trees. The treated roots grew, ramified, and
produced new short roots of which approximately 90%
were mycorrhiza-free. In this report, we bring evidence
that these short roots can then be successfully infected by
T. matsutake under controlled inoculation conditions.

Materials and methods
Short-root generation on mature pines

The study site (34°37'N, 132°20'E, 390 m altitude) is lo-
cated in Kake-cho, Hiroshima Prefecture, Japan. In October
2001, 50 distinct long root segments (ca. 40—60 cm in
length, ca. 5-10 mm in diameter) from 17 distinct 50-year-
old P. densiflora trees were dug out, while still connected
upstream and downstream to the tree root systems, and
water washed. Lateral roots were shortened with unster-
ilized scissors to a few centimeters in length and the long
root segment was gently slashed using an unsterilized cut-
ter. The trimmed long root segments were then treated with
auxin (Okishiberon powder 0.5, Shionogi Co., Osaka, Japan)
and 2-5 mg of indole butyric acid (IBA) per root before
being wrapped in moist Sphagnum moss, covered with a
plastic sheet, and buried for 12 months.

In situ inoculation of T. matsutake

The PCR-identified (Guerin-Laguette et al. 2002) T2 iso-
late of T matsutake (S. Ito et Imai) Sing. is maintained in
the laboratory culture collection (Vaario et al. 2002). Agar
plugs (5 mm in diameter) from stock cultures were sub-
cultured 25 days on Ohta (1990) agar medium in the dark
at 23°C. Colonies were then cut into small pieces (ca. 5—
10 mm®) and transferred to sterile 100-ml flasks (half a
colony per flask) containing 10 ml of 5% liquid medium
(Guerin-Laguette et al. 2000b) and incubated 4 weeks as
still culture. In October 2002, thalli were thoroughly rinsed

in sterile water and approximately 1-cm? pieces were gently
tied using white cotton thread onto newly formed, non-
mycorrhizal short roots of the most ramified root segments.
Each tied mycelial piece is hereafter referred to as an inoc-
ulation point. Eight to 12 inoculation points were done
on approximately 20-cm-long portions of the auxin-treated
root segments, forming an inoculated portion. Each inoc-
ulated portion was imbedded into 350 ml of a sterile mix-
ture of soil/vermiculite/P. densiflora bark 5:5:1 (v/v/v)
(Guerin-Laguette et al. 2004), wrapped in a plastic sheet
and buried. Six inoculated portions were positioned on five
distinct treated root segments belonging to one tree. Three
20-cm-long portions of auxin-treated roots from nearby
trees were left non-inoculated and were imbedded and
wrapped similarly as a control treatment.

Morphological and molecular analyses of both
inoculated and non-inoculated root portions

Inoculated root portions were collected four-and-a-half
months after inoculation. Under a dissecting microscope,
remaining inoculum fragments (I), roots putatively colo-
nized by T. matsutake (R) and Shiro-like extraradical hy-
phae (SL) were sampled.

A nested PCR amplification was carried out on DNA
extracts (DNeasy Plant kit, Qiagen, Hilden) from each kind
of sample: I (2-5 mg each), R (one to five tips pooled), and
SL (e.g., soil-hyphae aggregates, 5 to 15 mg each, or fungal
hyphae scraped from the root surface). Amplification using
fungal-specific primers ITS1/ITS4 (White et al. 1990) was
followed by reamplification using Matsutake-specific prim-
ers TmF/TmR (Kikuchi et al. 2000). The PCR mixtures
were 50 mM of each ANTP (Applied Biosystems, Foster
City, CA), 0.2 mM of each primer (Kurabo, Osaka, Japan),
1 unit of Taq polymerase, and 1x PCR buffer supplied by
the manufacturer (Perkin-Elmer, Norwalk, CT). Reactions
were run in a Perkin-Elmer GeneAmp 9600 thermocycler
as described by Kraigher et al. (1995). A control of no DNA
template was used in each experiment. The PCR products
were separated by electrophoresis on 2% agarose gel
(Agarose S, Nippon Gene, Tokyo, Japan) in 0.5x TBE for
2hat4Vcem . The gels were stained with ethidium bro-
mide and photographed with an EDAS 290 system (Kodak,
New York, NY), using the program 1D Image Analysis
Software (Kodak). A 100-bp DNA molecular weight mark-
er (Takara, Shiga, Japan) was used as the size standard.

Additional R root samples (one to five ramified root
segments, ca. 3-5 cm long, near each inoculation point)
were cleared and stained for up to 3 h at 90°C with Chlor-
azol black E as described in Gill et al. (1999) and observed
with an Olympus BH2 microscope fitted with standard
bright-field optics.

Control non-inoculated root portions were collected and
processed similarly.



Fig. 1 Characteristic 7. matsu-
take mycorrhizal infection of
roots artificially induced to grow
on 50-year-old P. densiflora
trees. a Long root wrapped in
Sphagnum moss and showing
new branching roots, 12 months
after auxin treatment. Scale bar,
5 cm. b Detail of the induced
mycorrhiza-free short roots
(arrows). Scale bar, 2 cm. ¢ and
d Examples of samples in which
matsutake DNA was detected: a
soil-hyphae microaggregate

(¢, scale bar, 2.9 mm), charac-
teristic dichotomic root tip re-
cently infected by matsutake,
with anchored hyphae (d, scale
bar, 0.9 mm). e Typical

T. matsutake Hartig net palmettis
observed within colonized root
tips. Scale bar, 12 um
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SL
SL

SL
SL
SL
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Fig. 2 Two-step, nested PCR on DNA extracts from various sam-
ples. a First step: amplification with the primer pair ITS1/ITS4. Note
that faint matsutake-specific ITS fragments were seen from I samples
only (arrow), as well as non-matsutake ITS products from a few R
samples (arrowheads). b Second step: reamplification of the pre-
ceding samples in the same order, using the matsutake specific primer
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100 bp
100 bp
100 bp

100 bp
T2
H,0*
H,0
100 bp

pair TmF/TmR. Note that the control products of the first ampli-
fication step have been reamplified and shown to be free of any
matsutake fragment (*). R, SL, and I: roots putatively colonized by
matsutake, Shiro-like hyphae, and remaining inoculum samples,
respectively. DNA extracts of pure matsutake culture (isolate T2) are
inserted for size comparison. bp base pair
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Results and discussion
Mycorrhiza-free short-root generation

Of the 50 long root segments treated with auxin, 76%
successfully generated new branching roots (Fig. 1a). The
other treated roots did not branch abundantly, did not show
any significant growth, or died. Based on visual observa-
tions, 34 root segments bearing new branching roots were
mycorrhiza-free (Fig. 1b) and four root segments showed
patches of unidentified ectomycorrhiza of white/cream mor-
photypes. These root segments colonized by native propa-
gules were discarded.

Matsutake mycorrhizal colonization

Hyphae were observed extending a few centimeters from
the inoculation points into the extraradical matrix, form-
ing soil microaggregates (Fig. 1c¢) and colonizing roots
(Fig. 1d). DNA analysis confirmed the presence of T.
matsutake in 17 of 21 roots putatively colonized by mat-
sutake (R samples), as well as in seven of ten Shiro-like
extraradical hyphae samples or soil-hyphae aggregates (SL
samples), and in two of two remaining inoculum fragments
(I samples) (Fig. 2). No T. matsutake-specific band was
amplified from root or soil samples of the control non-
inoculated root portions. Hartig net palmettis typical of
T. matsutake mycorrhiza (Fig. 1e), similar to those in nature
(Gill et al. 2000) or synthesized in vitro (Guerin-Laguette
et al. 2000a, 2003; Vaario et al. 2000), were observed in
approximately two of three R root samples. Matsutake
Hartig net structures were observed on R root samples of
five of the inoculated root portions.

Although this first study was limited to a single tree, the
results clearly demonstrate the feasibility of mature tree
inoculation with 7. matsutake. Twelve other branching root
segments used in inoculation trials in June and August 2002
gave similar results but with less Hartig net structures
formed due to shorter (5—-10 weeks) incubation periods
(unpublished data). The localized inoculation technique
was a key step in the process to obtain early-stage matsuta-
ke symbiotic structures in situ on a mature tree. Future work
should focus on scaling up the inoculation trials in situ and
on monitoring the persistence of matsutake mycorrhiza.
Innovative inoculation techniques such as the recent “mat-
sutake sheet” technique (Yoshimura 2004) could be helpful
for the inoculation of matures trees in forest, and could
be extended to other late-stage edible mycorrhizal fungi,
such as Boletus edulis, Cantharellus cibarius, and Amanita
caesarea, which are not so far domesticated.

Furthermore, techniques based on seedling inoculation
before plantation, as with Tuber melanosporum, require
several years before yielding fruit bodies (Wang and Hall
2004). Inoculation of mature trees might shorten time to
fruiting and be of value for mushrooms only occurring in
mature forests.
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