
1. Introduction

Tricholoma matsutake (S. Ito & S. Imai) Singer is a well-studied 
wild edible ectomycorrhizal mushroom that associates with Pina-
ceae trees in Asia and Europe (Aoki et al., 2022; Murata et al., 2023; 
Vaario et al., 2017; Yamanaka et al., 2020). The fungus forms a large 
extraradical mycelial area, called a shiro, which expands from the 
ectomycorrhizal root system. Although the shiro can be visible to 
the naked eye during the mycelial growing seasons (Yamada, 
2022), it is often challenging to determine the boundary between 
the front edge of the developing shiro mycelium and the outer re-
gion of the soil (Supplementary Fig. S1). Additionally, it is often 
unclear whether the older mycelium present in the area is living 
biomass or dead residue, i.e., necromass, despite the whitish color 

of those regions (Yamaguchi et al., 2016).
Multiple techniques are available to detect and quantify fungal 

biomass in environmental samples, including dilution plating, se-
lection medium cultivation, and the measurement of chemical 
compounds such as chitin, phospholipid fatty acids, ergosterol, and 
DNA (Baldrian et al., 2013). Kikuchi et al. (2000) developed a spe-
cific PCR primer pair, TmF/TmR, that amplified the nuclear ribo-
somal DNA (nuc rDNA) internal transcribed spacer (ITS) region of 
T. matsutake and was successfully used to detect the fungus in soil 
samples. Similarly, Yamaguchi et al. (2016) reported specific and 
quantitative PCR amplification of T. matsutake DNA by targeting a 
202-bp-long single-copy region with the primer pair M201f/M101r. 
Other DNA markers that target genotypes of T. matsutake can be 
applied for single-nucleotide polymorphism (SNP) analysis 
(Amend et al., 2009; Xu et al., 2007), simple sequence repeat analy-
sis (Lian et al., 2003), and long terminal repeat (LTR) retroelement 
analysis (Murata et al., 2005a, 2005b), all of which can also be used 
for the specific detection of T. matsutake DNA in environmental 
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samples. The copy number of the rDNA operon in T. matsutake 
and its related species is estimated to be approximately 100 (Murata 
et al., 2013; Yamaguchi et al., 2016), which makes ITS-based mark-
ers advantageous because they can detect T. matsutake in a limited 
amount of DNA template due to the high number of ITS copies 
present. However, the accuracy of such markers can be low due to 
the likely detection of phylogenetically closely related species. Be-
cause environmental samples may be accompanied by unknown 
factors that affect the detection of target fungal taxa in these sam-
ples by PCR-based methods, several sets of DNA markers are ex-
pected to be valid for the detection of specific taxa. However, in T. 
matsutake, only two DNA markers are available for its species-spe-
cific detection from soil samples as described above. Therefore, it is 
desirable to find another DNA marker that can be specifically and 
easily amplified from T. matsutake by PCR.

In the present study, we alternatively analyzed the intergenic 
spacer 2 (IGS2) region of the rDNA operon in T. matsutake to deter-
mine its accuracy for the detection of T. matsutake. The IGS2 re-
gion is estimated to be 4~5 kbp in length based on draft genome 
data but is otherwise poorly studied. Therefore, we first analyzed 
the basic structure of the IGS2 region to determine its suitability as 
a DNA marker for the genetic typing and specific detection of T. 
matsutake. After finding a promising partial sequence of the IGS2 
region, we developed specific primers and tested them on T. mat-
sutake samples collected in the field.

2. Material and methods

2.1. Tricholoma matsutake cultures and DNA extraction

We tested three dikaryotic sibling T. matsutake strains (#52, #84, 
and #99) obtained from a single basidioma using the spore isola-
tion technique (Horimai et al., 2020; Yamada et al., 2019), which 
were on MNC agar plates (Yamada & Katsuya, 1995). We extracted 
DNA from the cultured mycelia following the CTAB method (Gar-
des & Bruns, 1993; Horimai et al., 2020; Supplementary Table S1). 
For each strain, a 5 mm × 5 mm mycelial block grown on MNC agar 
plates was used for the DNA extraction, and the extracted DNA was 
dissolved in 30 µL of 0.1× TE buffer.

We also extracted DNA from four phylogenetically related and 
potentially sympatric pine-associated Tricholoma species: dried 
basidioma specimens of T. robustum (Alb. & Schwein.) Ricken (AY-
2211102-002), T. auratum sensu Hongo (Imazeki & Hongo, 1987) 
(AY-2221104-005), and T. kakishimeji W. Aoki & A. Yamada (TUA-
164); and cultured mycelium of T. sejunctum (Sowerby) Quél. 
(Strain WA-Tpor; WA-201007-002). DNA was extracted as described 
above.

2.2. PCR amplification of the nuc rDNA IGS2 region

We developed and tested multiple PCR primer pairs to fully se-
quence the IGS2 region. We first attempted to amplify the full-
length IGS2 region (Supplementary Fig. S2) using the primer pair 
5SA’ (F)/TmI-4R (Supplementary Table S2) with the following cy-
cle parameters: initial denaturation at 95 °C for 3 min; 40 cycles of 
denaturation at 95 °C for 30 s, annealing for 30 s at the optimum 
temperature for each primer pair, and extension at 72 °C for 4 min; 
and final extension at 72 °C for 7 min. The revNS1 (R) primer, 
which partly overlapped with the TmI-4R primer, did not work 
well. Next, the IGS2 region was partially amplified by each of the 
primer pair (Supplementary Fig. S2, Supplementary Table S1) with 
the following cycle parameters: initial denaturation at 95 °C for 3 
min; 40 cycles of denaturation at 95 °C for 30 s, annealing for 30 s 

at the optimum temperature for each primer pair, and extension at 
72 °C for 1 min; and final extension at 72 °C for 7 min. PCR was 
conducted using the ProFlexTM PCR System (Applied Biosystems, 
Waltham, MA, USA). For PCR, 25 µL reaction mixtures were as-
sembled as follows: 2.5 µL 10× DreamTaq Buffer (Thermo Scientif-
ic, Waltham, MA, USA), 2.5 µL 2 mM dNTP mix, 2.5 µL 5 µM for-
ward primer, 2.5 µL 5 µM reverse primer, 0.125 µL DreamTaq DNA 
Polymerase, 0.5 µL template DNA, and 14.375 µL autoclaved dis-
tilled water. The size of PCR amplicons was determined using 
electrophoresis as described in Horimai et al. (2020).

2.3. Sequencing of the nuc rDNA IGS2 region

The amplified full-length IGS2 region (~4.5 kbp) was first se-
quenced directly. The purified PCR amplicon (single band) was 
extracted from the electrophoresis gel and purified using the QI-
Aquick Gel Extraction Kit (QIAGEN, Hilden, Germany) following 
the manufacturer’s instructions. The purified PCR amplicons were 
processed directly using the BigDye® Terminator v3.1 Cycle Se-
quencing Kit (Applied Biosystems, Waltham, MA, USA). We pre-
pared 10-µL reaction mixtures for cycle sequencing as follows: 1.5 
µL 5× Sequencing Buffer, 1.5 µL 1.6 µM primers (5SA’(F) or TmI-
4R), 1 µL BigDye Terminator v3.1 Ready Reaction Mix, 4 µL puri-
fied DNA amplicon, and 2.5 µL autoclaved distilled water. PCRs 
were conducted using the ProFlexTM PCR System (Applied Biosys-
tems) with the following cycle parameters: initial denaturation at 
96 °C for 1 min; 25 cycles of denaturation at 96 °C for 10 s, anneal-
ing for 5 s using the optimum temperature for each primer pair, and 
extension at 60 °C for 4 min. 

Since the inner region of the IGS2 contained sequence varia-
tion, cloning was conducted for the analysis. The PCR amplicon 
from the primer pair TmI-8F/TmI-5R (3.3–3.4 kbp) was cloned us-
ing the Mighty TA-cloning Kit (TaKaRa Bio, Kusatsu, Shiga, Ja-
pan), followed by colony PCR using the same primer pair and cycle 
sequencing using each primer individually. The PCR amplicons 
were sequenced using the Applied Biosystems 3130 Genetic Ana-
lyzer (Applied Biosystems). We designed new primers on the deter-
mined sequence and repeated PCR and sequencing to obtain the 
full complementary sequence in the IGS2 region. The sequences 
were aligned using ClustalW ver. 2.0 (Larkin et al., 2007) and 
MEGA7 (Kumar et al., 2016), and the consensus sequence of the 
full-length IGS2 region was assembled and deposited into the DNA 
Data Bank of Japan (DDBJ; LC761959–LC761964). Based on Basic 
Local Alignment Search Tool (BLAST) searches, the 543-bp-long 
amplicon generated using the primer pair TmSP-I-2F/TmSP-I-2R 
was unique to T. matsutake; therefore, we further tested the primer 
pair on its specificity for T. matsutake in environmental samples.

We used endonucleases to determine how the IGS2 region re-
tains sequence variation between and within T. matsutake strains. 
We reacted AfaI, AluI, AsuI, HaeIII, HinfI, MspI, TaqI, MaeIII, 
CviRI, and XapI (TaKaRa Bio) with PCR amplicons according to 
the manufacturers’ recommendations.

2.4.  Preparation on environmental samples of T. matsutake 
and DNA extraction

Two types of T. matsutake samples (ectomycorrhizae and soil 
mycelium) were collected at an experimental plot in Matsumoto, 
Nagano Prefecture, Japan, where T. matsutake grows in a Pinus 
densiflora forest (Fig. 1; Furukawa et al., 2021). In previous studies, 
T. matsutake-colonized P. densiflora seedlings were generated in 
vitro (Horimai et al., 2021), and non-mycorrhizal P. densiflora 
plants were air-layered (Kawai, 1997); these had been outplanted in 
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the plot in May and Oct 2016, respectively. Air layering is a tech-
nique for propagating cloned plants from the branches of a tree 
under field conditions (Kawai, 2019; Lerner & Dana, 2001). The 
outplanting procedures of the ectomycorrhizal seedlings and 
air-layered non-mycorrhizal pine plants followed Kobayashi et al. 
(2015) and Kawai (2019), respectively. In Oct 2017, during the fruit-
ing season of T. matsutake, five to ten pine ectomycorrhizal root 
tips were collected from the root systems of outplanted pine seed-
lings and air-layered pine plants, along with rhizosphere soil sam-
ples (2~3 mL/sample) for DNA analyses. Additionally, eight 2-y-old 
juvenile pine seedlings naturally grown on the front zone of the 
shiro area of T. matsutake were sampled in Jun 2016 for DNA anal-
yses. The sampled materials were stored at −20 °C in the laboratory 
until processing.

For each sample, a few ectomycorrhizal root tips or 0.2 mL of 
soil were crushed using a bead cell disrupter (MS-100; TOMY, To-
kyo, Japan), following the manufacturer’s instructions with minor 
modifications. Specifically, 1 mg of sample, a small amount of 
1-mm-diam zirconia beads, and 600 µL of CTAB buffer (Supple-
mentary Table S1) were placed in a 1.5-mL microtube. The micro-
tube was then placed in the bead cell disrupter and centrifuged at 
5,000 rpm for 3 min. The subsequent DNA extraction steps fol-
lowed Horimai et al. (2020).

2.5.  Accuracy of the TmSP-I-2F/TmSP-I-2R primer pairs for 
environmental samples of T. matsutake

We compared the accuracy of the TmSP-I-2F/TmSP-I-2R primer 
pair targeting the nuc rDNA IGS2 region with that of other PCR 
primers that target different loci in the T. matsutake genome, 
namely the nuc rDNA ITS region (primer pairs TmF/TmR and 
ITS1/ITS4B), the nuc rDNA IGS1 region (primer pair CNL12 (F)/

5SA (R)), the LTR retroelement marY1 (pS1 primer, primer pair 
pS48/pL281), and a T. matsutake-specific genomic DNA region 
(primer pair MY201f/MY101r) (Supplementary Table S3). Of these 
targeted regions, the primer pairs ITS1/ITS4B (targeting the ITS 
region) and CNL12 (F)/5SA (R) (targeting the IGS1 region) are 
supposed to be universal for at least basidiomycetous fungi, where-
as the others are specific to T. matsutake. The amplification effi-
ciency of nuc rDNA regions in T. matsutake is approximately 100 
tandem repeats of the operon, but the MY201f/MY101r region is a 
single copy (Murata et al., 2013; Yamaguchi et al., 2016).

PCR amplification was performed using EmeraldAmp® MAX 
PCR Master Mix (TaKaRa Bio) for each DNA region (Supplementa-
ry Table S3). The PCR cycle parameters were as follows: initial de-
naturation at 96 °C for 2 min; 40 cycles of denaturation at 96 °C for 
30 s, annealing at 61 °C for 30 s, and extension at 72 °C for 1 min; 
and final extension at 72 °C for 5 min. The 20-µL reaction mixture 
for PCR included the following components: 5.5 µL autoclaved 
distilled water, 2 µL 5 µM forward primer, 2 µL 5 µM reverse prim-
er, 10 µL 2× EmeraldAmp® Premix, and 0.5 µL template DNA solu-
tion. If no amplicon was detected in a DNA extraction sample, a 
portion of the stored residual environmental sample was subjected 
to DNA extraction again. If PCR amplification was unsuccessful 
twice, the DNA extraction procedure was repeated three times. To 
test the effect of bovine serum albumin (BSA) on PCR, each DNA 
extraction sample was tested with or without BSA in the reaction 
mixture. In samples containing BSA, 1 µL of 0.1% BSA solution re-
placed an equal volume of distilled water.

PCR amplification was performed on other DNA regions using 
DNA extraction samples that showed an approximately 550-bp-
long band with the TmSP-12F/TmSP12R primer pair. The composi-
tion of the PCR reaction mixtures was the same as that used for the 
IGS2 region. The cycle parameters for PCR were almost the same as 

Fig. 1 – Map showing the sampling points in the experimental plot. Dotted large circle: mature pine tree, dotted intermedi-
ate circle: pine tree ca. 1–2 m in height, dotted small circle: pine seedlings ca. 2–5-y-old, closed lined circle: outplanted pine 
ectomycorrhizal seedling, triangle: outplanted air-layered pine tree. The plants analyzed in terms of their root system are 
highlighted in yellow, and their sample names are provided (fungal strain number is in parentheses in the case of mycorrhi-
zal seedlings). In the brown area enclosed with the dotted black line, there was whitish soil in the soil B-layer (observed on 
May 24, 2016), suggesting the shiro area of Tricholoma matsutake. The fruit body icon shows where a basidioma of T. mat-
sutake occurred in the autumn in 2015 or 2016.
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those used for the IGS2 region, except for the extension step, which 
was increased to 1.5 min for the LTRs. The ITS1/ITS4B primer pair 
was used to amplify the IGS1 and ITS regions, and restriction frag-
ment length polymorphism (RFLP) analysis was performed to 
confirm the specific pattern of T. matsutake (Horimai et al., 2020, 
2021). After the RFLP analyses, all ITS and IGS1 amplicons were 
sequenced, and the fungal taxa were identified using BLAST. For 
other PCR primers, the presence or absence of DNA amplicons was 
confirmed using electrophoresis (Horimai et al., 2020, 2021).

3. Results

3.1. Structure of the full-length IGS2 region

The PCR amplicons using the 5SA’ (F)/TmI-4R primer pair 
showed bands around 5 kbp (Supplementary Fig. S3). Tricholoma 
matsutake strains #52 and #84 showed almost identical band size. 
We sequenced the full-length IGS2 region directly from both sides, 
i.e., approximately 400 bp from the 5SA’ (F) primer and approxi-
mately 900 bp from the TmI-4R primer. We then designed and 
tested the primers TmI-3F, TmI-8F, TmI-8R, and TmI-5R. The 
primer pair TmI-8F/TmI-5R provided a single PCR amplicon with 
an expected fragment size of approximately 3.3 kbp, which showed 
no diverse heterogeneity (Supplementary Fig. S4). Finally, we se-
quenced the full-length IGS2 regions in strains #52 and #84. The 
full length of the IGS region between TmI-3F and TmI-4R was 4.5 
kb in strain #52 (DDBJ accession numbers: LC761959 and 
LC761960) and 4.6 kbp in strain #84 (LC761961–761964; Supple-
mentary Fig. S7). The sequence from base positions 2424 to 2521 in 
strain #84 was not present in strain #52. The other regions were 
approximately 99% identical between the two strains. In total, 50 
SNPs were detected between the strains, most of which were base 
substitutions. Half of these polymorphic sites showed polymor-
phism between cloned sequences in each strain. For #99, we se-
quenced part of it, i.e., the first 380 bp and the last 1.76 kbp (Sup-
plementary Fig. S7).

3.2.  PCR amplification of the partial IGS2 region of T. mat-
sutake using the primer pair TmSP-I-2F/TmSP-I-2R

The primer pair TmSP-I-2F/TmSP-I-2R amplified a region of 
543 bp in #52 and #84 or 544 bp in #99 (Supplementary Figs. S5–
S7) that showed low homology with other fungal species. The near-
est sequence identified via a BLAST search was Hypsizygus marmo-
reus, a basidiomycetous agaric fungus phylogenetically related to 
Tricholomataceae, the family to which T. matsutake belongs 
(Matheny et al., 2006). The query cover was only 29%, and the per-
cent identity was 82.5% (GenBank accession number: KC832881). 
Therefore, we selected the primer pair TmSP-I-2F/TmSP-I-2R as a 
potential specific PCR primer for T. matsutake in environmental 
samples. We conducted additional comparative analysis using four 
taxonomically related Tricholoma species potentially present in T. 
matsutake habitats: T. robustum, T. auratum, T. portentosum, and 
T. kakishimeji. PCR with the TmSP-I-2F/TmSP-I-2R primer pair 
showed distinct amplicons of the IGS2 region in T. robustum and T. 
auratum but no amplicon in T. portentosum and T. kakishimeji 
(Supplementary Fig. S9). The amplified bands of T. robustum and 
T. auratum were different in size compared to that of T. matsutake.

3.3.  Detection of T. matsutake in environmental samples using 
the primer pair TmSP-I-2F/TmSP-I-2R

Out of seven pine mycorrhizal seedlings that had been inoculat-

ed with T. matsutake strains and outplanted to the experimental 
forest site 17 months prior to DNA analysis, we detected the IGS2 
region of T. matsutake in root samples from four seedlings (Table 
1). In addition, we detected the IGS2 region of T. matsutake in soil 
samples (extraradical mycelium) from two pine mycorrhizal seed-
lings (Nagano 106, Ibaraki 1). Among the air-layered pine plants, 
we detected the IGS2 region of T. matsutake in the ectomycorrhizal 
root tips of two out of three individuals. Furthermore, we detected 
the IGS2 region of T. matsutake in the ectomycorrhizal root tips of 
one naturally grown juvenile pine seedling.

The addition of BSA to the reaction mixture for PCR increased 
the amplification frequency of the IGS2 region. The IGS2 region of 
T. matsutake was not detected in ectomycorrhizal root tips that had 
distinct rhizomorphs exhibiting suilloid-type colonization. In total, 
22 out of 121 samples were positive for the IGS2 region of T. mat-
sutake. 

3.4.  Detection of T. matsutake by commonly used PCR primer 
pairs that targeted DNA loci other than IGS2

To evaluate the accuracy of the primer pair TmSP-I-2F/TmSP-I-
2R for the PCR-based detection of T. matsutake, we tested five other 
primer pairs and a single primer on nine samples in which we de-
tected the IGS2 region of T. matsutake using the primer pair TmSP-
I-2F/TmSP-I-2R (Table 1). As shown in Table 2 and Fig. 2, four 
specific primers, namely TmF/TmR (targeting the ITS region), 
MY201f/MY101r (targeting the LTR-related region), and pS1 and 
pS48/pL281 (targeting the LTR retroelement marY1), yielded sig-
nificantly lower detection frequencies. The universal primer ITS1/
ITS4B (targeting the ITS region) yielded a lower detection frequen-
cy, whereas CNL12 (F)/5SA (R) (targeting the IGS1 region) had 
approximately the same detection frequency as TmSP-I-2F/TmSP-
I-2R. For pS1 and pS48/pL281, two samples showed a single un-
known band (Fig. 2). All of the tested primers detected T. mat-
sutake in two mycorrhizal samples collected from the root system 
of an air-layered pine (Nara-blue-2). These samples were associated 
with actively growing shiro mycelium, which was also associated 
with a fruiting body of T. matsutake when the root samples were 
collected.

For the 112 IGS2-negative samples using the TmSP-I-2F/TmSP-
I-2R primer pair without BSA for PCR (Table 1), the TmF/TmR 
primer pair was used for confirmation PCR. No samples showed 
amplification (data not shown).

4. Discussion

We showed that our newly designed primer pair TmSP-I-2F/
TmSP-I-2R, which targets a partial, 543-bp-long sequence of the 
nuc rDNA IGS2 region of T. matsutake, effectively detected T. mat-
sutake in field samples. The primer pair has a better combination of 
amplification efficiency and specificity compared to any other 
known specific PCR primers for this fungus. Therefore, we recom-
mend targeting the IGS2 region for the detection of T. matsutake in 
soil from forests with various conditions, as well as in pot cultiva-
tion experiments.

The nuc rDNA IGS1 region and the ITS region are established 
DNA barcoding regions for the identification of fungi at the species 
level (Aoki et al., 2022; Guerin-Laguette et al., 2002; Henrion et al., 
1992; Horimai et al., 2020; Matsushita et al., 2005). However, due to 
the length of the full-length IGS2 region of approximately 5 kbp 
and the heterogeneity of sequences among tandem repeat copies in 
the nuc rDNA operon, limited data on the full-length IGS2 region 
in T. matsutake are available, even though next-generation se-
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quencing techniques have recently covered this region. The full 
length of the 4.5–4.6 kbp IGS2 region can only be sequenced with-
out cloning at both ends, i.e., approximately the first 0.4 kbp and 
last 0.9 kbp, but the inner region requires cloning. Therefore, some 
regions showed a low level of query cover percentage in BLAST 
results of T. matsutake based on short-read next-generation se-
quencing (Ichida et al., 2023; Kurokochi et al., 2023). We also found 
that the length of the IGS2 region differed by 100 bp between 
strains #52 and #84. In addition, the IGS2 region was approximate-
ly 500 bp longer in strain #99 than in strains #52 and #84. These 
intraspecific variations might be valuable for specifying strains and 
individuals or for detecting chromosomal recombination events 
during reproduction.

The nuc rDNA IGS2 region was amplified using the primer pair 
TmSP-I-2F/TmSP-I-2R, which targets the last region (Supplemen-
tary Fig. S2). This sequence showed only a few base substitutions 

between strains (#52, #84, and #99) and between clones within the 
strain. Therefore, we selected this site as a simple DNA marker for 
detecting T. matsutake using electrophoresis of PCR amplicons. 
Additionally, the site can be digested by the restriction enzymes 
CviRI (Supplemetntary Fig. S5) and XpoI (Supplementary Fig. S6), 
and probably also by ApoI, AfaI, and HincII, making RFLP analysis 
available for species-level discrimination between Tricholoma mat-
sutake and related species in the genus.

The use of the TmSP-I-2F/TmSP-I-2R primer pair has advantag-
es in detecting T. matsutake from environmental samples with low 
fungal biomass, i.e., low template DNA levels compared with the 
primer pairs TmF/TmR and MY201f/MY101r. The TmF/TmR 
primer pair (Kikuchi et al., 2000), targeting the ITS region, showed 
less amplification efficiency than the TmSP-I-2F/TmSP-I-2R prim-
er pair. Meanwhile, the primer pair MY201f/MY101r targets a sin-
gle-copy region in the nuclear genome of T. matsutake (Yamaguchi 

Table 1. PCR amplification of the partial IGS2 region of Tricholoma matsutake using the TmSP-I-2F/
TmSP-I-2R primer pair.

Sample 
group of 

pine plants
Name of pine plant Sample name3 N

Number of replicated 
samples detected 

T. matsutake
−BSA +BSA Total

Outplanted 
mycorrhizal 
seedling1

Nagano 106
(AT-0740)

EMRT 23 0/23 1/23 1
ERM in soil 2 0/2 0/2 0
ERM in soil 5 0/5 2/5 2
EMRT (not T. matsutake) 1 0/1 0/1 0

Nagano 139
(SI-001) 

EMRT 26 1/26 9/25 10
EMRT (not T. matsutake) 1 0/1 0/1 0

Ibaraki 1
(AT-638) 

EMRT 3 0/3 0/3 0
ERM in soil* 9 1/9 0/8 1
ERM in soil 1 1/1 ND 1
EMRT (not T. matsutake) 1 0/1 0/1 0

Ibaraki 4
(AT-638) 

EMRT 5 0/5 0/5 0
ERM in soil 3 0/3 0/3 0
EMRT (not T. matsutake) 1 0/1 0/1 0

Ibaraki 9
(AT-638) EM root tips 4 0/4 0/4 0

Shindai-spore+

(# 84)
EMRT 3 1/3 0/2 1
EMRT (not T. matsutake) 1 0/1 0/1 0

Shindai-spore−

(# 84)
EMRT 2 0/2 1/2 1
EMRT (not T. matsutake) 2 0/2 0/2 0

Outplanted 
non-
mycorrhizal 
air-layered 
plant1

Nara-blue 1 EMRT 3 1/3 0/2 1

Nara-blue 2
EMRT** 3 3/3 ND 3
EMRT (not T. matsutake) 1 0/1 0/1 0
EMRT on oak tree 1 0/1 0/1 0

Nara-blue-rest EMRT 10 0/10 0/10 0
EMRT (not T. matsutake) 2 0/2 0/2 0

Growing 
wild 
seedling2

No label EMRT 8 1/8 0/7 1

Total 121 9 13 22
1 These mycorrhizal seedlings and air-layered non-mycorrhizal plants were planted in May 2016 and 
Oct 2016, respectively, at a point 10-15 cm from the front zone of the shiro area of naturally colo-
nized T. matsutake in the forest site.
2 The pine seedlings were 2-y-old when collected in Jun 2016, and grew naturally in the front zone of 
the shiro area of naturally colonized T. matsutake in the forest site.
3EMRT: ectomycorrhizal root tips on the transplanted plant; ERM: extraradical mycelium around the 
root system of the transplanted plant.
* Adult pine ectomycorrhizal root tips were included in each sample.
** A fruiting body of T. matsutake occurred during sampling (Supplementary Fig. S2), and the shiro 
mycelium was associated with the ectomycorrhizal root tip samples.
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Fig. 2 – Electrophoresis bands of PCR amplicons using different primers. A: primer 
pair TmF/TmR (targeting the ITS region), B: primer pair MY201f/MY101r (targeting 
the marY1 region), C and D: primer pS1 and primer pair pS48/pL281 (targeting the LTR 
region), respecitvely. Lane 1: EMRT of Nagano 139, Lane 2: ERM of Ibaraki 1, Lane 3: 
ERM (including ectomycorrhizae of adult pine tree) of Ibaraki 1, Lane 4: EMRT of 
Shindai-spore+, Lane 5: EMRT of Nara-blue 1, Lanes 6–8: EMRT of Nara-blue 2, Lane 
9: EMRT of a seedling (no label), NC: negative control (no template DNA); PC: positive 
control (extracted DNA from T. matsutake strain #84). The abbreviations are the same 
as in Table 1.

Table 2. PCR detection of Tricholoma matsutake DNA by the known specific and universal primers from 9 samples in 
which the fungal DNA was detected by the TmSP-I-2F/TmSP-I-2R primer pair as shown in Table 1.

Plant name Samples1

Detection of T. matsutake using the 
following specific PCR primers2

Homology of the sequence obtained 
using the following universal PCR primer 

pair with T. matsutake #84 sequence3

TmF/
TmR

MY201f/
MY101r pS1 pS48/

pL281
ITS1/
ITS4B

CNL12 (F)/
5SA (R)

Nagano 139
(seedling) EMRT ND ND ND − ND 411/412 (99.8 %)

Ibaraki 1
(seedling)

ERM − − − − ND 410/412 (99.5 %)
ERM* − − ND ND 635/664 (95.6 %)** 420/422 (99.5 %)

Shindai-spore+

(seedling) EMRT − − − − ND ND

Nara-blue 1
(air-layered 

tree)
EMRT − − ND − 791/792 (99.9 %) 455/456 (99.8 %)

Nara-blue 2
(air-layered 

tree)

EMRT + + + + 787/789 (99.7 %) 422/423 (99.8 %)
EMRT + + + + 746/748 (99.7 %) 422/423 (99.8 %)
EMRT − + ND ND 741/743 (99.7 %) 423/424 (99.8 %)

Growing wild 
seedling EMRT − − − − 746/748 (99.7 %) 413/420 (96.0 %)

1 Abbreviation is as in Table 1.
2+: detection of T. matsutake, −: no detection of T. matsutake, ND: not determined due to unknown amplification pattern.
3All sequences obtained were highly identical to T. matsutake sequences by BLAST search.
* Ectomycorrhizal root tips from adult pines were included in each sample.
** The sequence was also highly matched to the T. matsutake sequence by BLAST search.
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et al., 2016), explaining its lower amplification efficiency. These 
detection efficiencies were demonstrated in two mycorrhizal sam-
ples from an air-layered pine plant (Nara-blue-2), in which all test-
ed primers detected T. matsutake. As these samples were associated 
with developed T. matsutake mycelium occurring in a fruiting 
body, the mycelial biomass at the ectomycorrhizal root tips was 
likely higher than in other samples. Therefore, to validate the de-
tection of T. matsutake from the environment, it might be recom-
mendable to use both TmSP-I-2F/TmSP-I-2R and MY201f/MY101r 
primer pairs because environmental samples can potentially in-
clude unexpected and unknown factors. Especially in the DNA-de-
graded environmental samples, MY201f/MY101r might be pre-
ferred for its ability to detect T. matsutake DNA because its PCR 
amplicon length is less than half (approximately 200 bp) that of 
TmSP-I-2F/TmSP-I-2R.

Based on the detection data of T. matsutake, we present new 
findings on fungal ecophysiology. The outplanted pine mycorrhizal 
seedlings showed different detection patterns of T. matsutake (Ta-
ble 1). The Ibaraki-1 seedling, in which we detected T. matsutake 
only from the rhizosphere soil, suggests that the detected fungus 
was a native genet, not the inoculated strain in the mycorrhization 
experiment in vitro. However, it was unclear whether we detected 
native or introduced T. matsutake in the other four seedlings (Na-
gano 106, Nagano 139, Shindai-spore+, and Shindai-spore–). Out-
planted seedlings showed limited growth of T. matsutake-associat-
ed ectomycorrhizal root tips on their root system 1.5 y after 
outplanting. Kobayashi et al. (2015) reported that outplanted pine 
seedlings previously inoculated with T. matsutake in vitro sus-
tained the fungal colonization status for 2 y, but the newly devel-
oped root systems were colonized with suilloid fungi. Therefore, it 
is necessary to monitor outplanted seedlings for a longer period to 
determine whether introduced T. matsutake genets adapt and grow 
on the forest site, as has been reported in the transplantation of T. 
matsutake-colonized pine seedings established under in situ exper-
imental conditions (Ka et al., 2006, 2010; Kareki & Kawakami, 
1985).

By contrast, two out of three outplanted non-mycorrhizal 
air-layered pine plants were colonized by native T. matsutake ge-
nets within a year. In particular, we detected T. matsutake in all 
three tested mycorrhizal samples from one seedling (Nara-blue-2) 
that were connected with densely developed whitish mycelium, 
resulting in a fruiting body. This suggests that if a pine root system 
encounters infective T. matsutake mycelium at a specific time, ecto-
mycorrhization can progress quickly in situ. In vitro experiments 
suggest that only 2 wk are necessary for T. matsutake mycelium to 
establish ectomycorrhizal colonization (Vaario et al., 2000). Addi-
tionally, a naturally grown 2-y-old juvenile pine seedling in the 
shiro area was colonized by T. matsutake at the experimental site. 
This suggests that row thinning of pine trees might serve as forest 
management for T. matsutake cultivation in relation to tree age 
because open sites in the pine forest provide the next generation of 
offspring by maintaining the shiro mycelium among tree genera-
tions.

In the present study, our first aim was to compare the detection 
efficiency of T. matsutake in soil using different PCR primers. 
While LTR retroelement marY1 target primers, namely pS1 and 
pS48/pL281, showed a detection frequency of T. matsutake similar 
to that of the primer pair MY201f/MY101r (Table 2), both pS1 and 
pS48/pL281 detected different T. matsutake genets in the root sys-
tem of an air-layered pine plant (Nara-blue-2) (Supplementary Fig. 
S9C, D). This demonstrates how different mycelial genets of T. 
matsutake colonize a small root system in situ. It remains to be 
tested whether both genets compete on a host root system or share 

the root system to improve survival and growth. Another advan-
tage of being able to distinguish T. matsutake genets in soil is that it 
can be determined whether an introduced T. matsutake genet has 
been successfully established in an outplanted forest site. In the 
past, reports of successful outplantation of pine seedlings that had 
previously been colonized by T. matsutake and subsequent fruiting 
from the outplanted host pines were conducted in forest sites 
where native T. matsutake genets were already present (Ka et al., 
2018; Kareki & Kawakami, 1985). The analysis of LTR DNA mark-
ers can help to determine whether an introduced T. matsutake 
genet has taken root among outplanted hosts, whether genet alter-
nation has occurred, and whether introduced and native genets are 
mutually associated with each other.
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