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Marmeisse et al. 1992; Ogawa et al. 1998; Orihara et al.
2005). Such a method, if developed, will facilitate molecular
genetic analysis of T. matsutake to elucidate the biological
functions involved in symbiosis, the unique colonization in
the rhizosphere forming a massive aggregate called shiro,
and fruit-body production, information that may be useful
in the development of artificial culture practice. In the
present study, we developed an Agrobacterium-mediated
transformation system to generate recombinants of T.
matsutake.

The T-DNA vector pHHM203 was constructed based on
the plasmid pIGA0200 and pLC1-hph (Igasaki et al. 2000;
Ogawa et al. 1998). pIGA0200 is derived from pSMAH704,
which was designed to transform the plant Robinia
pseudoacacia (Igasaki et al. 2000). pIGA0200 contains ori+-
ColE1 required for the replication in Escherichia coli and
ori+-pVS1 for the replication in Agrobacterium tumefaciens,
spectinomycin resistance marker (Spcr), sta+ required for
plasmid stability, and a multiple cloning site (BglII, PstI,
HindIII, SalI, XbaI, KpnI, EcoRI) within the T-DNA
region. pLC1-hph is a pUC19 derivative containing
hygromycin B resistance marker (Hygr), which consists of a
promoter region of the ras gene from the wood-rotting
basidiomycete Lentinula edodes (Pras), hygromycin
phosphotransferase gene from E. coli (hph), and a termina-
tor region of the priA gene from L. edodes (TpriA) (Ogawa
et al. 1998). The EcoRV-MunI fragments containing Pras-
hph-TpriA of pLC1-hph and the HindIII-XbaI digests
of pIGA0200 containing all the elements required for
agroinfection were blunt-ended by KOD DNA polymerase
reaction (Toyobo, Osaka, Japan), and ligated together to
generate the T-DNA vector plasimd pHHM203 (Fig. 1).
pHHM203 was introduced into A. tumefaciens strains
AGL-1 and EHA105, which were provided by Mark
Guiltinan at the Pennsylvania State University through
electroporation.

A method described by Hanif et al. (2002) was modified
to transform T. matsutake Y1, Y4, and F1, the strains widely
used in scientific research as a model of the species
(Yamada et al. 1999). Agrobacterium tumefaciens carrying
the vector plasmid was precultured on minimal salts–0.2%

Abstract Using agroinfection with a T-DNA vector carry-
ing a hygromycin resistance marker, the recombinants were
generated for the first time from the ectomycorrhizal basidi-
omycete Tricholoma matsutake, which produces commer-
cially valuable fruit bodies, matsutake, during association
with Pinus sp. plants. The transformation system may be
useful in the genetic analysis of T. matsutake.

Key words Agrobacterium · Ectomycorrhizal fungi · Trans-
formation; Tricholoma matsutake

Tricholoma matsutake is an ectomycorrhizal basidiomycete
that produces economically important edible mushrooms,
matsutake, in association with Pinus sp. plants in the North-
ern Hemisphere (Hosford et al. 1997). Although the ecol-
ogy of T. matsutake has been elucidated, the analysis of
biological function based on molecular genetics has been
hampered by technical barriers in this symbiont (Guerin-
Lagette et al. 2002, 2004; Hosford et al. 1997; Murata et al.
2005; Yamada et al. 1999). A major constraint in such an
analysis is the lack of a transformation system in T.
matsutake, in contrast to other basidiomycetes. In fact,
many transformation systems developed so far in basidi-
omycetes were for wood-rotting basidiomycetes and the
common mushroom, whereas only a few cases have been
reported in ectomycorrhizal basidiomycetes (Burns et al.
2005; Chen et al. 2000; Hanif et al. 2002; Ma et al. 2001;
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glucose (SGc) agar containing 100µg/ml spectinomycin
(Spc; Sigma, St. Louis, MO, USA) at 28°C (Murata et al.
1991). Then, bacterial cells were inoculated into a SGc liq-
uid medium containing Spc and 200µM 4-hydroxy-3,5-
dimethoxy acetophenone (acetosyringone or Acs; Aldrich
Japan, Tokyo, Japan), and grown in a 28°C rotary shaker to
the midexponential growth phase (OD600 ≅ 0.9) to be used
for transformation. Tricholoma matsutake mycelia were
grown to the diameter of ∼ 1 cm on a nylon membrane (1.5
× 1.5cm, pore size = 20µm; e.g., Hybond-N; Amersham
Pharmacia Biotech, Buckinghamshire, UK) overlaid on the
modified MMN containing 1.5% V8 juice (Campbell Soup,
Camden, NJ, USA) agar at 25°C (MMN-V8; Murata et al.
1999). Mycelia on the membrane were dipped in the culture
of A. tumefaciens carrying a vector for 10min and then
placed on MMN-V8 agar containing Acs. After incubation
at 25°C for 6 days on the agar plate containing Acs, mycelia
on the membrane were washed once in sterile 100µg/ml
cefotaxime (Cef; Wako Pure Chemical, Osaka, Japan) solu-
tion, and placed on MMN-V8 containing 100µg/ml
hygromycin B (Hyg; Wako Pure Chemical) and Cef, and
incubated at 25°C. As a control, T. matsutake mycelia were
treated with A. tumefaciens AGL-1 and EHA105 without
the plasmid in the same way as done for agroinfection.
Six replicates were made for each agroinfection with A.

tumefaciens AGL-1 carrying pHHM203 (= AGL-1/
pHHM203), EHA105 carrying pHHM203 (= EHA105/
pHHM203), AGL-1, or EHA105. Transformation effi-
ciency was expressed as the percentage of replicates having

Fig. 1. Schematic representation of the T-DNA region of pHHM203.
Open boxes indicate features of the T-DNA region including LB (left
border) and RB (right border). Solid lines depict multiple cloning sites
of pIGA0200. Relevant restriction sites are given: B, BamHI; E,
EcoRV; H, HindIII; K, KpnI; M, MunI; S, SacI; X, XbaI; ( / ), the blunt-
end ligation site after flashing the protruding ends with KOD DNA
polymerase. Arrows indicate primers for polymerase chain reaction
(PCR) analysis

Table 1. Occurrence of Hygr recombinants from Tricholoma matsutake through agroinfection

T. matsutake strain Number of replicates showing Transformation
Hygr recombinantsa efficiencyb

Agrobacterium tumefaciens strain (plasmid)
(%)

AGL1 (pHHM203) EHA105 (pHHM203)

Y1 3 3 50
Y4 4 4 67
F1 6 4 83
a Six replicates were made for each agroinfection; no growth was noted in any T. matsutake
mycelia treated with A. tumefaciens without the vector plasmid
b Transformation efficiency (%) was expressed as the percentage of replicates showing Hygr

recombinants relative to total replicates of each fungal specimen tested for agroinfection

Fig. 2. Expression of the Hygr trait in Tricholoma matsutake. 1, T.
matsutake Y1 carrying pHHM203 after agroinfection; 2, T. matsutake
Y1 dipped in the culture of Agrobacterium tumefaciens without the
plasmid; 3, T. matsutake Y4 carrying pHHM203 after agroinfection; 4,
T. matsutake Y4 dipped in the culture of A. tumefaciens without the
plasmid;. 5, T. matsutake F1 carrying pHHM203 after agroinfection; 6,
T. matsutake F1 dipped in the culture of A. tumefaciens without the
plasmid. Please note that fresh white mycelia are growing from dark-
ened inocula after agroinfection with pHHM203. Photograph was
taken 46 days after treating with A. tumefaciens
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cloned genes than in analysis through insertion mutagen-
esis. It is interesting to test how T. matsutake behaves when
genes involved in biodegradation from wood-rotting basidi-
omycetes were introduced. By introducing autofluorescent
protein expression systems into T. matsutake, we may be
able to prove experimentally heterologous mycelial interac-
tions during the formation of shiro (Babasaki et al. 2003;
Murata et al. 2005; Yamada et al. 2006).

To carry out such an analysis, we are currently develop-
ing a binary vector containing the Hygr marker and a cas-
sette that allows the expression of a given gene by using two
different promoters and terminators to drive hph and a
gene of interest, respectively. Please note that the HindIII
and KpnI sites outside of Pras and the SacI site outside of
TpriA can be used in inserting another expression cassette
(see Fig. 1). Once a binary vector is developed, genetic
analysis of the ectomycorrhizal symbiosis will significantly
advance. The Agrobacterium-mediated transformation sys-
tem described here is, however, a great step toward genetic
analysis of commercially valuable but yet uncultivable
matsutake.
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