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Abstract The gene encoding the glycoside hydrolase
family 15 glucoamylase (7mGlul) in the ectomycorrhizal
fungus Tricholoma matsutake was cloned and character-
ized. After the culture of T. matsutake mycelia in media
containing different forms of starch as a carbon source,
increased extracellular glucoamylase activity in the culture
medium and a correspondingly higher transcriptional level
of TmGlul in mycelia were detected, particularly in amy-
lose-supplemented medium, when compared with those in
the glucose medium. These results suggest that starch,
especially amylose, affects the transcription of TmGlul and
downstream glucoamylase activity, which is directly rela-
ted to starch utilization. Similar results were obtained when
compound forms of starch were used to culture mycelia.
Glucoamylase genes from saprophytic and ectomycorrhizal
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fungi formed a single clade. The observed inducibility of
TmGlul and lack of distinct phylogenetic differences
among glucoamylase genes of saprophytic and ectomy-
corrhizal fungi suggest that glucoamylase may relate to
some common functions in these two types of fungi.

Keywords Amylose - GH15 protein - Glucoamylase -
Starch - Tricholoma matsutake

Introduction

The ectomycorrhizal fungus Tricholoma matsutake (S. Ito
et Imai) Sing is one of the most prized edible mushrooms in
Japan. The annual production of T. matsutake in Japan
reportedly was 12,000 Mg in 1941, 211 Mg in 1995
(Yamada 2005), and decreased substantially to only 24 Mg
in 2009. To date, attempts to cultivate 7. matsutake using
an artificial medium have been unsuccessful. However,
mature fruiting bodies of the ectomycorrhizal fungus
Lyophyllum shimeji (Kawamura) Hongo have been artifi-
cially cultivated in a cultivation medium containing barley
grain without a host plant (Ohta 1994). The successful
artificial cultivation of L. shimeji suggests that identifying a
suitable and sufficient quantity of starch, such as barley
grain, as a carbon source may permit the artificial culti-
vation of mature basidiocarps of other ectomycorrhizal
fungi, including T. matsutake.

Numerous mycorrhizal fungi exhibit a wide range of
starch-utilization abilities (Ohta 1997). Although several
enzymes have been identified that allow these fungi to
utilize starch as a growth substrate, the enzyme glucoam-
ylase (glucan 1,4-a-glucosidase; EC 3.2.1.3) is particularly
important as it catalyzes the release of f-pD-glucose units
from the non-reducing ends of starch, including amylose
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and amylopectin, and other polysaccharides (Sakaguchi
et al. 1992). Here, to clarify the direct relationship of the
glucoamylase gene and starch utilization in 7. matsutake,
the gene encoding glucoamylase was cloned in 7. matsu-
take NBRC 30773 and characterized in terms of its
expression and enzyme activity in media containing dif-
ferent forms of starch.

Materials and methods
Fungal strains and culture conditions

Tricholoma matsutake NBRC 30773 was used in this study.
The mycelia of T. matsutake NBRC 30773 were routinely
cultured on modified Hamada’s agar medium (0.5%
KH,POy,, 0.2% yeast extract, 2% glucose, and 1.5% agar,
pH 5.1) prepared with tap water (Hamada 1964). For the
preparation of genomic DNA, three square agar blocks
(5 x 5 x 5 mm) of fungal mycelia were cut and trans-
ferred into 20 ml modified Hamada’s liquid medium in a
100-ml Erlenmeyer flask and were then incubated at 25°C
for 30 days. Mycelia were then collected, lyophilized, and
used for genomic DNA extraction.

Measurement of enzyme activity

Tricholoma matsutake mycelia were inoculated into mod-
ified Hamada’s medium, which contained 1% (w/v) starch
from different sources (pure starch: corn starch, soluble
starch, wheat starch, potato starch, sweet potato starch, and
amylose; and compound starch obtained from rice, wheat,
barley, buckwheat, and corn) in place of 1% glucose.
Following incubation of the cultures at 25°C for 30 days,
the culture medium was filtered through filter paper (Toyo
Roshi, Tokyo, Japan) to remove mycelia, and the culture
filtrate was then lyophilized. The lyophilized powder was
dissolved in 50 mM MES buffer [2-(N-morpholino)eth-
anesulfonic acid, pH 5.5]. Glucoamylase activity was
measured with a Glucoamylase and «-Glucosidase Assay
kit (Kikkoman, Tokyo, Japan), and amylose was measured
with an Amylose and Amylopectin Assay Procedure kit
(Megazyme, Wicklow, Ireland). One unit of enzyme
activity was defined as the activity that produces 1 pmol
glucose per 1 min at 37°C. The total protein concentration
present in the freeze-dried culture filtrate was measured by
the Lowry method (Lowry et al. 1951).

Preparation of DNA and RNA
Genomic DNA was prepared from lyophilized mycelia of

T. matsutake strain NBRC 30773 using a GENEALL Plant
SV Mini kit (Toyobo, Osaka, Japan) according to the

manufacturer’s instructions. For RNA preparation, mycelia
of strain NBRC 30773 were harvested by filtration, frozen
in liquid nitrogen, and ground to a fine powder using a
mortar and pestle. Total RNA was extracted from the frozen
mycelia powder using an RNeasy Plant Mini kit (Qiagen,
Tokyo, Japan) according to the manufacturer’s instructions.
A 1:10 dilution of stock total RNA was used for real-time
reverse transcription-polymerase chain reaction (PCR).

Amplification of the T. matsutake glucoamylase gene

Initially, fragments of genomic DNA encoding the putative
glucoamylase protein (TmGlul) were amplified by PCR
with the degenerate oligonucleotide primer pair F15-GP2-
AF and F15-GP2-BR (Table 1). The F15-GP2-AF and
F15-GP2-BR primers were designed based on the amino
acid sequences GLGEPKF and FDLWEEI, respectively,
which are conserved in the glucoamylase proteins of
Lentinula edodes and several other basidiomycetes (Zhao
et al. 2000). PCR was performed in a 50-pl reaction con-
taining 1 x Ex Taq buffer (Takara Bio, Shiga, Japan), 50 ng
genomic DNA, 50 pmol each primer, 0.2 mM each dNTP,
and 1.25 U Ex Taqg polymerase (Takara Bio). The PCR
reaction was performed with a Takara PCR Thermal Cycler
Personal (Takara Bio) and consisted of an initial denatur-
ation for 3 min at 95°C, followed by 30 cycles of 30 s at
94°C, 2 min at 50°C, and 30 s at 72°C, and a final elon-
gation step at 72°C for 10 min. The amplified PCR frag-
ment (approximately 400 bp) was directly cloned into the
pT7Blue (R) T-vector (Novagen, Madison, WI, USA),
generating pTMGLUI. Partial sequences for TmGlul were
obtained from the amplified PCR fragment, and complete
nucleotide sequencing of the coding region of TmGlul was
conducted using cassette amplification by PCR with two
primer sets (30773-GP2-A1/30773-GP2-A2 and 30773-
GP2-S1/30773-GP2-S2) (Table 1). The primer sets were
designed based on the partial nucleotide sequences of
TmGlul obtained from the first PCR. Template DNAs for
cassette PCR were prepared with a Takara LA PCR
In Vitro Cloning kit (Takara Bio) according to the manu-
facturer’s instructions. Genomic DNA from 7. matsutake
was digested with HindIll and Sall; the fragments were
ligated with nucleotide linkers and used as templates for
PCR. For TmGlul, an approximately 2.0-kbp PCR product
from 30773-GP2-A2 to a HindIll site containing the
5'-untranslated region and a 2.0-kbp product from
30773-GP2-S2 to a Sall site containing the 3’-untranslated
region were cloned and sequenced. To amplify the entire
genomic sequence of TmGlul, oligonucleotide primers
T-M30773GP2F and T-M30773GP2R were designed based
on the nucleotide sequence of DNA fragment amplified by
the cassette PCR method. PCR reactions were performed
in a 100-ul mixture containing 1x Ex Taq buffer, 100 ng
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Table 1 Primers used for the identification of TmGlul sequences

Primer Sequence Remark
F15-GP2-AF 5'-GGNYTNGGNGARCCNAARTT-3' Used for initial amplification
F15-GP2-BR 5'-ATYTCYTCCCANARRTCRAA-3'

30773-GP2-S1
30773-GP2-S2
30773-GP2-Al
30773-GP2-A2
CaPrCl

CaPrC2
T-M30773GP2F
T-M30773GP2R
T-M30773GP2F2
T-M30773GP2R2
T-M30773GP2F3
T-M30773GP2R3
T-M30773GP2Fr1
T-M30773GP2Fr2
T-M30773GP2Rr1

5'-CCTTCTCGCTCACAACAATGCTTC-3'
5'-TTGACTACGTGGCTTCGAACTGGA-3'
5'-CGAGAAGGTAATTTGCCCAGGTGA-3’
5'-CATATGCTAGGTTGAGCGTCCACT-3’
5'"TCGTTAGAACGCGTAATACGACTCA-3’
5'-CGTAATACGACTCACTATAGGGAGA-3'
5'-ATCTTCAAGCACACGCACGTAGTC-3’
5'-CATTTTCTGCCCTGCAACTTCACC-3'
5'-AACGGTATAGCTGCTGAA-3'
5'-AGACGGGAAACAGAGACA-3'
5'-GTAGACATGCTCATGGACACGTCA-3’
5'-AGCGTAACTCCAGCTAAGGTCAAC-3'
5'-AGAACACGAACGGTCACATACAGG-3’
5'-TTGCTGGGCCAGAAAACATACCGA-3'
5'-TGTAAGTCTGACTGCGCAGCTTTG-3

Used for cassette PCR

Used for cassette PCR

Used for amplification of complete
TmGlul and the flanking region

Used for direct sequencing

T-M30773GP2F4
T-M30773GP2R4
T-M30773Gp2-5RACEZ1
T-M30773Gp2-5RACEZ2
T-M30773Gp2-5SRACER1
T-M30773Gp2-5RACER2
T-M30773Gp2-5RACE2p
T-M30773Gp2-3RACELl

5'-TAGCCAAGGTCAACCTAC-3
5'-CCCGAATTGATTGCATAG-3
5'-AGAAGGTAATTTGCCCAGGTG-3
5'-CAAGGACCCGTAAAGGCAGTT-3
5'-TACGTTACCAGCAGTCTTTG-3
5'-CGACCTTGACTACGTGGCTT-3
5'-pCCTCCCAAAGATCAAATGTT-3'
5'-ATTACAACGGCAACCCTTGGTACT-3'

Used for 5-RACE

Used for 3’-RACE

T-M-R1 5'-AAGGCTGACGGTAATGCTC -3 Used for real-time RT-PCR

T-M-F1 5'-CGGTAAACTTCAATGTCCAGG-3’

Actin-R1 5'-GGCGACAATCTTGACCTTCAT-3' Used for real-time RT-PCR of actin
Actin-F1 5'-GCTGGCATCCACGAGACTAC-3’

Univ Act F1 5'-CARGGTGTCMTGGTYGGWATGG-3' Used for partial actin gene amplification

Univ Act R1

5'-CCGAYTCGTCGTAYTCYTGCTT-3

extracted genomic DNA, 100 pmol each primer, 0.2 mM
each dNTP, and 2.5 U Ex Taq polymerase. PCR reactions
were conducted using an initial denaturation at 94°C for
1 min, followed by 30 cycles of 30 s at 94°C and 5 min at
68°C. The amplified DNA fragments of TmGlul were
purified with a QIAquick PCR Purification kit (Qiagen)
according to the manufacturer’s instructions and used as a
DNA template for direct sequencing with oligonucleotide
primers. DNA sequencing was performed using an ABI
PRISM 3100 Genetic Analyzer (Applied Biosystems,
Tokyo, Japan) using the chain-termination procedure with
a BigDye Terminator Cycle Sequencing version 3.1 kit
(Applied Biosystems) according to the manufacturer’s
instructions. The nucleotide sequences of TmGlul and its
flanking regions from 7. matsutake NBRC 30773 have
been deposited in the DDBJ database under accession no.
AB604354.
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Analysis of nucleotide and protein sequences

Nucleotide and protein sequence data were analyzed using
GENETYX 9.0 (Genetyx, Foster City, CA, USA). Protein
motifs in the amino acid sequence of glucoamylase were
identified using the web-based MOTIF Search program
(http://motif.genome.jp/). Subcellular localization of glu-
coamylase was predicted by the PSORTII (Horton and
Nakai 1997; http://psort.ims.u-tokyo.ac.jp/form2.html) and
SOSUI programs (Hirokawa et al. 1998; http://sosui.
proteome.bio.tuat.ac.jp/sosuiframe(.html).

Southern hybridization
Southern hybridization analysis of strain NBRC 30773 was

performed to determine the copy number of the glucoam-
ylase gene in T. matsutake. Genomic DNA (0.3-0.5 pg)
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from NBRC 30773 strain was digested for 5 h at 37°C in a
500-pl reaction mixture containing 20 U of restriction
enzymes BamHI and Pstl in the buffer supplied by the
manufacturer (Toyobo). The digested fragments were con-
centrated by ethanol precipitation, electrophoretically sep-
arated in a 1.0% agarose gel, and then blotted onto a nylon
membrane (Hybond-N+; Amersham Biosciences, London,
UK). A partial glucoamylase gene sequence was amplified
using primers T-M30773GP2F4 and T-M30773Gp2-
SRACEZI (see Table 1) and used as the DNA hybridization
probe, which was labeled and detected using a Dig-High
Prime DNA Labeling and Detection kit (Roche Diagnostics,
Tokyo, Japan). Nested PCR was used to label the probe.

Reverse transcription-PCR (RT-PCR)

Total RNA from 7. matsutake strain NBRC 30773 was
used as a template for all RT-PCR reactions performed in
this study. Amplification of full-length cDNA by RT-PCR
and 3’-rapid amplification of ¢cDNA ends (RACE)-PCR
were performed using a Takara RNA LA PCR kit (AMV)
(Version 1.1; Takara Bio). 5'-RACE PCR was performed
using a 5'-Full RACE Core Set (Takara Bio). All reverse
transcription reactions and PCR were performed according
to the manufacturer’s instructions. The amplified fragments
generated by these methods were subcloned into the
pT7Blue (R) T-vector and sequenced, as already described.

Real-time PCR assay

A real-time PCR assay was performed to monitor the
expression of the TmGlul gene using the actin gene as a
housekeeping gene. A partial actin gene fragment from T.
matsutake NBRC 30773 was amplified using the degen-
erate PCR primers UnivActFl and UnivActR1 (see
Table 1). Primers for 7TmGlul and actin used in the real-
time PCR assay were designed based on their cDNA
sequences using GENETYX 9.0 (Genetyx). In addition,
3-6 bases of the 3'-primer were designed to overlap the
intron—exon boundary of each target gene. All primers
were tested to ensure amplification of a single band without
the formation of primer dimers. The PCR products of the
partial actin gene and TmGlul were each ligated into
pT7Blue (R) T-vector. Plasmid extraction was performed
according to a modified method of Birnboim (1983). Four
10-fold dilutions of plasmid were made to construct stan-
dard curves. Real-time PCR was conducted using the one-
step RNA-direct SYBR Green Real-time PCR Master Mix
(Toyobo) and Linegene (BioFlux, Hangzhou, China). The
cycling parameters were 90°C for 30 s to activate ther-
mostable DNA polymerase, 61°C for 20 min for reverse
transcription, 95°C for 30 s pre-denaturation, and then 35
cycles of 95°C for 15 s, 68°C for 15 s, and 74°C for 30 s.

Each reaction was run twice using a LineGene Real-Time
Thermal Cycler (BioFlux). Melting curves were deter-
mined according to the manufacturer’s instructions. After
real-time RT-PCR, samples were run on a 1.5% agarose gel
to confirm amplification specificity. Relative gene expres-
sion was expressed as a ratio of transcript concentration of
the target gene (TmGlul) to that of the housekeeping gene
(actin), and values are reported as the mean level of gene
expression from at least two separate PCR experiments
using the same preparation of RNA. The level of tran-
scription was determined in triplicate for all tested media.

Results

Structure of the gene encoding glucoamylase (TmGlul)
in T. matsutake

To confirm the presence of a gene encoding glucoamylase
in the T. matsutake genome, extracted genomic DNA was
used as a template for PCR performed with degenerate
primers based on known fungal glucoamylase sequences. A
putative glucoamylase gene, designated TmGlul, with a
2,186-bp coding region (from ATG to the stop codon), was
successfully amplified and sequenced. The locations of
exons and introns were determined from the nucleotide
sequences of the PCR products amplified by 3’- and
5'-RACE PCR and RT-PCR. The coding region consisted
of nine exons and eight introns. All of the introns started
with the nucleotides GT and ended with AG. In the
southern hybridization performed using a partial 7mGlul
DNA fragment as a probe, one hybridization band was
detected in the strain NBRC 30773 genome (Fig. 1),
indicating that only a single copy of TmGlul exists in the
haploid genome of 7. matsutake NBRC 30773.

Tricholoma matsutake strain NBRC 30773 was origi-
nally isolated by a fruiting-body tissue isolation method;
there is no report whether 7. matsutake isolated from the
fruiting body is heterokaryotic or homokaryotic. Our
Southern hybridization analysis using a partial TmGlul
DNA fragment as probe detected only one hybridization
band in strain NBRC 30773. Thus, we cannot rule out the
possible existence of an allelic copy of TmGlul in NBRC
30773 if this strain was heterokaryotic. In future experi-
ments, we will attempt to isolate the allelic 7mGlul gene in
strain NBRC 30773.

The identified TmGlul gene was predicted to encode a
glycoside hydrolase protein of 576 amino acids and contain
4 signatures of family 15 glycoside hydrolases and 2
starch-binding domains. The PSORT II program predicted
that this protein is extracellular or anchored in the cell wall
(probability = 55.6%). The first 15 amino acids in the
N-terminal region functioning as a putative signal peptide
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Fig. 1 Hybridization of a TmGlul probe to Tricholoma matsutake
genomic DNA. Genomic DNA (1 pg) from 7. matsutake was digested
with either BamHI or Pstl, as indicated above each lane. The blot was
probed with PCR products of TmGlul labeled with digoxigenin. The
marker sizes correspond to the fragments of ADNA digested with
EcoRI and HindIII

was also predicted. Moreover, the SOSUI program esti-
mated that the TmGlul protein is water soluble.

The deduced protein sequence of the strain NBRC
30773 glucoamylase had 69% identity and 83% similarity
with the glycoside hydrolase family 15 protein of Laccaria
bicolor (Maire) P.D. Orton (Martin et al. 2008) and 67%
identity and 81% similarity with the glucoamylase protein
of L. edodes (Zhao et al. 2000). The phylogenetic tree of
fungal glucoamylases constructed by the unweighted pair
group method with arithmetic mean (UPGMA) clustering
method is shown in Fig. 2. The glucoamylase from the
ectomycorrhizal basidiomycetes 7. matsutake and Laccaria
bicolor and several saprophytic basidiomycetes, including
Lentinula edodes and Athelia rolfsii, formed a single clade,
which was distinct from that formed by ascomycete fungi.

Effect of pure starch on glucoamylase production
and gene expression

To investigate the ability of T. matsutake NBRC 30773 to
utilized pure starch as a growth substrate, glucoamylase
activity was measured after incubation of mycelia for
30 days in liquid media containing several different sole
carbon sources. The results showed that the glucoamylase
activity in medium corn starch (8.0 mU/ml), soluble starch
(6.2 mU/ml), wheat starch (8.3 mU/ml), and amylose
(16.1 mU/ml) was higher compared to that in media con-
taining glucose (1.5 mU/ml) (Fig. 3). The total protein
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concentration in the culture broth after 30 days of incu-
bation was also measured (Fig. 3). The highest protein
concentration was observed in the amylose-supplemented
medium (6.7 mg/ml).

To determine the reasons for the increased glucoamylase
activity in the media containing pure starch as a carbon
source, real-time PCR was used to monitor the expression
of TmGlul mRNA in mycelia cultured in the different
media. When mycelia were cultured in medium supple-
mented with glucose for 30 days and then transferred into
medium containing a different starch carbon source for
2 days, no obvious increases in the transcription level of
TmGlul were detected (data not shown).

In contrast, when mycelia were initially cultured in
medium containing different types of starch for 30 days,
higher relative gene transcripts (compared to actin) were
detected in the medium supplemented with corn starch (rel-
ative gene expression was 0.005, 1.808 times that of glucose
medium), soluble starch (0.006, 2.199), wheat starch (0.009,
3.129), and amylose (0.012, 4.216) (Fig. 4). These analyses
revealed that both glucoamylase activity and the expression
level of TmGlul in T. matsutake NBRC 30773 were highest
in medium containing amylose compared with media sup-
plemented with the other examined starch compounds.

Effects of compound starch on glucoamylase activity
and TmGlul expression

Because of the high cost of preparing pure starch, com-
pound starch sources such as rice, wheat, and barley grains
represent cheap and potentially suitable carbon sources for
the artificial cultivation of 7. matsutake. Here, the gluco-
amylase activity and total protein amount in culture med-
ium and the transcriptional level of TmGlul in mycelia
after incubation for 30 days in media containing several
types of compound starch powder were also investigated.
Compared with the glucose-supplemented medium, the
total amount of extracellular protein in the media supple-
mented with the compound starch sources showed no
marked differences; however, a higher level of glucoam-
ylase activity was detected in the media of all examined
compounds, particularly in the barley (4.6 mU/ml) medium
(Fig. 3). In addition, increased transcription of TmGlul
was detected in the mycelia cultured using wheat (relative
gene expression was 0.004, 1.429 times that of glucose
medium), barley (0.006, 2.230), buckwheat (0.005, 1.847),
and corn (0.005, 1.850) compared to that of rice (0.003,
1.101) and glucose (0.003) (Fig. 4). Although there was no
significance between transcription levels in wheat and rice,
there were significant differences between three compound
starches (barley, buckwheat, corn) and glucose. These
results suggest that the media containing barley, buck-
wheat, and corn affected glucoamylase production.
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Fig. 2 Phylogenetic tree constructed by the UPGMA method based
on the amino acid sequences of fungal glucoamylases showing the
bootstrap values from 1,000 replicates. Protein sequences of gluco-
amylase proteins from Lentinula edodes (Zhao et al. 2000), Laccaria
bicolor (Martin et al. 2008), Coprinopsis cinerea, Athelia rolfsii
(Curzi) C.C. Tu & Kimbrough (Nagasaka et al. 1995), Postia
placenta (Fr.) M. J. Larsen & Lombard (Martinez et al. 2009),
Neurospora crassa Shear & B.O. Dodge (Stone et al. 1993),
Aspergillus fumigatus Fresenius (Fedorova et al. 2008), Sclerotinia
sclerotiorum (Libert) de Bary, Schizophyllum commune Fries, Pha-
eosphaeria nodorum (E. Muller) Hedjaroude, Penicillium chrysoge-
num Thom (Van den Berg et al. 2008), Thielavia terrestris (Apinis)
Malloch & Cain (Rey et al. 2003), and Fomitopsis palustris (Berkeley

Discussion

In the present study, a single copy of a gene encoding
glucoamylase was identified and characterized in the
T. matsutake NBRC 30773 genome and was found to be
induced in the presence of starch.

In fungal fruiting bodies, carbohydrates are mainly
present as polysaccharides and glycoproteins, ranging in
content from 50% to 90%; the most abundant polysac-
charides are glucans that are synthesized from glucose
(Wasser 2002; Synytsya et al. 2008). Glucose can also be
used as an energy source by fungal cells and is a common
metabolic intermediate. To obtain glucose, fungi produce
enzymes to degrade complex molecules such as cellulose
and starch. In the course of cellulose degradation, fungi
synthesize cellobiohydrolases, which are divided into two
groups: glycoside hydrolase family 6 (GH6) and glycoside

& Curtis) Teixeira (Yoon et al. 2006) are listed in the DNA database
under accession numbers Q9P4C5, BOCVI1, A8SNSGI, Q12596,
B8PI57, P14804, EDP53734.1, XP001588171, XP003030591,
XP001805434, XP002560481, AAE85601, and AB239766, respec-
tively. Protein sequences of glucoamylase proteins from Pleurotus
ostreatus (Jacquin: Fries) Kummer and Agaricus bisporus (Lange)
Imbach are listed in the DOE Joint Genome Institute (JGI) database
on the location scaffold_05:2170159-2172303 and  scaf-
fold_5:607527-609814. Protein sequences of glucoamylase proteins
from Cryptococcus neoformans (Sanfelice) Vuillemin and Ustilago
maydis (DeCandolle) Corda are listed in the broad institute database
on the location CNAG_02283.2 and UM04064.1

hydrolase family 7 (GH7) enzymes. During starch degra-
dation, glucoamylase functions to directly break down
polymeric starch to glucose (Phillips and Caldwell 1951).
The genes encoding GH6 or GH7 enzymes have been
identified and characterized in the saprophytic fungi
Coprinopsis cinerea (Schaeff) (Yoshida et al. 2009; Stajich
et al. 2010) and L. edodes (Lee et al. 2001). Moreover,
glucoamylase genes have also been cloned and character-
ized in these two saprophytic fungal species (Stajich et al.
2010; Zhao et al. 2000). In the ectomycorrhizal fungus
Laccaria bicolor, a gene for glucoamylase, but not cello-
biohydrolase, has been identified (Martin et al. 2008). Also,
in this study, the gene encoding glucoamylase was cloned
in 7. matsutake NBRC 30773 and induced by starch. Basis
on phylogenetic tree results, the lack of distinct phyloge-
netic relationships in the predicted glucoamylase protein
between saprophytic and ectomycorrhizal fungi indicate
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Fig. 4 Transcription levels of
TmGlul in T. matsutake mycelia
when cultured using either
glucose or different types of
starch as the carbon source. The
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that the evolution of glucoamylase did not influence the
relationships of saprophytic and ectomycorrhizal fungi.
These findings also suggest that, in these two types of
fungi, glucoamylase may relate to some common func-
tions, for example, mycelium growth and fruit body for-
mation. However, these details are not yet clear.

From a survey of much work on growth of ectomycorrh-
izae (ECM) fungi in artificial medium, Harley and Smith
(1983) concluded that most ECM fungi have at most a lim-
ited ability to use lignin and cellulose as substrates for their
growth. Later, Smith and Read (2008) concluded that
monosaccharides such as glucose, mannose, and fructose are
usually good carbon sources for growth, whereas pectic
substances (polygalacturonic acid) can be used for growth by
some ECM fungi but not others. The potential to use different
sources of carbon clearly varies between fungal species and
could possibly be related to fungal survival in soil (Smith and
Read 2008). Also, in this study, we cloned the glucoamylase
gene in T. matsutake NBRC 30773 and confirmed that the
glucoamylase gene can be induced by starch. We speculated
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that in the natural habitat, host plants supply short-chain
starch molecules to ectomycorrhizal fungi, and glucoamy-
lase is therefore required to directly degrade this short-chain
starch to glucose, which the fungi require for growth.

Here, we found that glucoamylase activity and expres-
sion of the TmGlul gene in T. matsutake NBRC 30773
were highest in medium containing amylose compared
with media supplemented with other forms of starch. This
finding suggests that amylose may strongly induce the
expression of TmGlul, further increasing glucoamylase
activity. Moreover, in the media containing different types
of compound starch, glucoamylase activity was highest in
medium supplemented with barely, which also had a higher
content of amylose than that of rice, wheat, and buckwheat.
A similar phenomenon was discovered in a study involving
several species of ectomycorrhizal fungi cultured using
starch and related substrates as carbon sources (Ohta 1997).
Ohta suggested that amylose in barley grains may be
preferentially decomposed by the ectomycorrhizal fungi.
Thus, we also measured the content of amylose in the four
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types of compound starch. Barley (0.107%) contained a
higher content of amylose than that of rice (0.084%), wheat
(0.095%), or buckwheat (0.097%). This finding may
explain the higher extracellular glucoamylase activity and
transcription level of TmGlul in the barley-supplemented
medium than that of wheat, rice, and buckwheat. Although
corn contained the highest level of amylose (0.115%), only
a slight increment of extracellular glucoamylase activity
and no obvious increase of TmGlul transcription by
mycelia were detected in the corn-supplemented medium.
It is possible that other components in the corn also affect
the utilization of starch.

In the present study, we also detected no obvious
increases in the transcription level of 7mGlul when
mycelia were cultured in medium supplemented with glu-
cose for 30 days and then transferred into medium con-
taining a different starch carbon source for 2 days. The
reason for this difference may be the indirect induction of
glucoamylase gene expression by starch in 7. matsutake
mycelium. During mycelium growth, enzymes related to
glucoamylase are secreted that convert a portion of the
available starch to oligosaccharides, which can easily enter
the cell and induce TmGlul expression.

In several ectomycorrhizal fungi, such as Lyophyllum
shimeji, artificial cultivation has been achieved using bar-
ley grain as a carbon source. However, the characteristics
of glucoamylase activity and expression that affect the
utilization of carbon source and the formation of fruiting
bodies are unclear. In a future study, we will focus on the
glucoamylase in L. shimeji, as it may provide further
insight into successful artificial cultivation approaches for
ectomycorrhizal fungi.
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