
Truffles, primarily belonging to the genus Tuber, are ascomyce-
tous ectomycorrhizal (EM) fungi that form symbiotic associations 
with diverse tree species (Pacioni & Comandini, 1999; Gryndler, 
2016). Several Tuber species, such as T. magnatum Picco (Italian 
white truffle), T. melanosporum Vittad. (Périgord black truffle), T. 
aestivum Vittad. (summer truffle), and T. borchii Vittad. (Bianchet-
to truffle), produce edible fruiting bodies with unique aromas (Hall 
& Haslam, 2012), and they are globally traded at high prices (Hall, 
Brown, & Zambonelli, 2007). Various trials have been conducted to 
develop the proper management of truffle production in fields 
(Delmas, 1978; Pacioni & Comandini, 1999; Hall et al., 2007). To 
date, artificial cultivation of several truffle species is accomplished 
using EM plants inoculated with ascospores or pure-cultured my-
celia of these species (Iotti, Piattoni, Leonardi, Hall, & Zambonelli, 
2016; Zambonelli & Bonito, 2012; Zambonelli, Iotti, & Murat, 2016; 
Bach et al., 2021).

Tuber japonicum Hir. Sasaki, A. Kinosh. & Nara is a white-col-
ored truffle, indigenous to Japan (Kinoshita, Sasaki, & Nara, 2016). 
As its fruiting bodies are promisingly edible with pleasant aromas 
(Shimokawa et al., 2020), attempts to develop artificial cultivation 

techniques for this Japanese truffle are currently in progress in Ja-
pan (Kinoshita, Obase, & Yamanaka, 2018; Furusawa et al., 2020; 
Nakano et al., 2020), and biological and ecological information 
have been accumulated; for example, the fruiting bodies of T. ja-
ponicum occur beneath a broad range of tree species, such as Abies, 
Carpinus, Lithocarpus, Pinus, and Quercus, from autumn to winter 
(Kinoshita, Sasaki, & Nara, 2011). In addition, habitats in which 
fruiting bodies of T. japonicum occur abundantly are characterized 
by acidic soils (pH 5.6–6.0) with poor nutrient status, and the mean 
annual temperature is between 13.9–15.8 °C (Furusawa et al., 
2020). However, the data related to the physiology of T. japonicum 
are limited (Nakano et al., 2020). Understanding how abiotic fac-
tors, such as pH, temperature, and nutrients, influence the growth 
of T. japonicum should contribute to designing the proper growth 
conditions of this fungus, which will facilitate the development of 
cultivation techniques for this Japanese truffle. Tuber species, in-
cluding T. japonicum, generally grow very slowly on nutrient me-
dia. Therefore, we first examined the growth response to the cul-
ture medium and temperature of T. japonicum to determine its 
suitable growth conditions. We further investigated the influence 
of sources of nitrogen (N) and carbon (C) on mycelial growth of T. 
japonicum. 

Five strains of T. japonicum were used in this study (Supple-
mentary Table S1). Vegetative mycelia were obtained by putting the 

Physiological characteristics of pure cultures of a white-colored truffle 
Tuber japonicum
Shota Nakanoa,d*, Akihiko Kinoshitab, Keisuke Obasea, Noritaka Nakamuraa, Hitomi Furusawaa, Kyotaro 
Noguchic and Takashi Yamanakaa,c

a Forestry and Forest Products Research Institute, 1 Matsunosato, Tsukuba, Ibaraki 305-8687, Japan
b Kyushu Research Center, Forestry and Forest Products Research Institute, 4-11-16 Kurokami, Chuo, Kumamoto, Kumamoto 860-0862, Japan
c Tohoku Research Center, Forestry and Forest Products Research Institute, 92-25 Nabeyashiki, Shimokuriyagawa, Morioka, Iwate 020-0123, Japan
d Mushroom Research Laboratory, Hokuto Corporation, 800-8 Shimokomazawa, Nagano, Nagano 381-0008, Japan

Short communication

ABSTRACT

A white-colored truffle Tuber japonicum, indigenous to Japan, is an ascomycetous ectomycorrhizal fungus. To clarify the physiological 
characteristics of this fungus, we investigated the influence of culture medium, temperature, and sources of nitrogen (N) and carbon (C) 
on the growth of five strains. Tuber japonicum strains grew better on malt extract and modified Melin–Norkrans medium, and showed 
peak growth at 20 °C or 25 °C. This fungus utilized inorganic (NH4

+ and NO3
−) and organic N sources (casamino acids, glutamine, peptone, 

urea, and yeast extract). Additionally, this fungus utilized various C sources, such as monosaccharide (arabinose, fructose, galactose, 
glucose, and mannose), disaccharide (maltose, sucrose, and trehalose), polysaccharide (dextrin and soluble starch), and sugar alcohol 
(mannitol). However, nutrient sources that promote growth and their effects on growth promotion widely varied among strains. This can 
result from the strain difference in enzyme activities involved in the assimilation and metabolism of these sources.

Keywords: carbon, culture medium, nitrogen, strain-specific variation, temperature

Article history: Received 4 October 2021, Revised 12 January 2022, Accepted 13 January 2022, Available online XXXX.

* Corresponding author: Mushroom Research Laboratory, Hokuto Corporation, 
800-8 Shimokomazawa, Nagano, Nagano 381-0008, Japan 
E-mail address: shota.nakano12@gmail.com (S. Nakano).

This is an open-access paper distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivative 4.0 international license
(CC BY-NC-ND 4.0: https://creativecommons.org/licenses/by-nc-nd/4.0/).

―  1  ―doi.org/10.47371/mycosci.2022.01.002

Mycoscience VOL.63 (2022) 00-00

CW6_A1031MYC564.indd   1 2022/01/21   8:56:08



gleba tissues of each fruiting body on the modified Melin–Nor-
krans agar medium (MMN: Marx, 1969) containing (L−1) the fol-
lowing: (NH4)2HPO4, 250 mg; KH2PO4, 500 mg; MgSO4·7H2O, 150 
mg; CaCl2, 50 mg; NaCl, 25 mg; 1% FeCl3, 1.2 mL; thiamine HCl, 0.1 
mg; glucose, 10 g; malt extract (ME), 3 g; agar, 15 g. These strains 
were deposited at the Forestry and Forest Products Research Insti-
tute (FFPRI), Tsukuba, Japan and maintained on MMN agar medi-
um in a Petri dish (90 mm diam) in darkness at 23 °C before use.

The fungal inoculum was prepared on the MMN agar medium 
in a Petri dish at 23 °C in darkness for 45–60 d of incubation. Myce-
lial disks (4.0 mm diam) of each strain were obtained with a cork 
borer from actively growing colonies on the MMN agar media. 
Each mycelial disk was placed in a 100 mL flask with 30 mL liquid 
medium prepared for the following incubation tests: culture medi-
um, temperature, and sources of N and C. Based on the observation 
by Nakano et al. (2020) that T. japonicum grows well at medium pH 
5.0–6.0, before autoclaving for 20 min at 121 °C, the pH value of the 
prepared media was adjusted to 5.5 with 1 N KOH after the addi-
tion of 50 mM 2-morpholinoethanesulfonic acid (Dojin Kagaku, 
Kumamoto, Japan) in these media. Five replicates were prepared 
for each treatment. The cultures were statically incubated at 23 °C 
in darkness unless otherwise noted.

Five different liquid media were used; MMN medium, ME me-
dium (Difco; Becton Dichinson Co., Sparks, MD, USA), Mu-
rashige–Skoog (MS) medium (M-5519; Sigma-Aldrich Co., St. 
Louis, MO, USA) containing 30 g/L sucrose (Murashige & Skoog, 
1962), potato dextrose broth (PDB) medium (Difco), and Hagem–
Modess (HM) medium (Modess, 1941) containing (L−1) the follow-
ing: KH2PO4, 500 mg; MgSO4·7H2O, 500 mg; NH4Cl, 500 mg; 1% 
FeCl3, 0.5 mL; glucose, 5 g; ME, 5 g.

The effect of temperature on the growth of T. japonicum strains 
was examined in the MMN liquid medium using a Multi Thermo 
Incubator (MTI-202B; EYELA, Tokyo, Japan) at 15 °C, 20 °C, 25 °C, 
30 °C, and 35 °C.

The basal liquid medium as the control treatment for N source 
was prepared by MMN medium, from which 250 mg di-ammoni-
um hydrogen phosphate [(NH4)2HPO4] was excluded, and 1.0 g in-
stead of 3.0 g ME was added for 1,000 mL media. The N sources 
tested were (NH4)2HPO4, ammonium chloride (NH4Cl), ammoni-
um sulfate [(NH4)2SO4], ammonium nitrate (NH4NO3), potassium 
nitrate (KNO3), sodium nitrate (NaNO3), asparagine, glutamine, 
glycine, phenylalanine, urea, casamino acids (N content: 8%) (Dai-
go; Nihon Pharmaceutical Co., Ltd., Tokyo, Japan), peptone (N 
content: 15.5%) (Difco), and yeast extract (N content: 10.9%) (Dai-
go). After sterilizing by filtration using a 0.2 µm membrane filter 
(Sartorius, Gottingen, Germany), each N source was added to the 
basal medium autoclaved at 121 °C for 20 min at the final N con-
centration of 53.0 mg/L. When each amino acid and urea were 
added to the basal medium, the amount of glucose in the medium 
was adjusted to give the final C:N ratio of 75:1 in the medium.

The basal liquid medium as the control treatment for C source 
was prepared by MMN medium, from which 10 g glucose was ex-
cluded, and 1.0 g instead of 3.0 g of ME was added for 1,000 mL 
media. To this medium, one of the following C sources was added 
to produce the final concentration of 4.0 g/L; arabinose, fructose, 
galactose, glucose, mannose, maltose, sucrose, trehalose, and man-
nitol. For dextrin and soluble starch (Difco), 3.0 g/L of each source 
was used. After sterilizing by filtration using a 0.2 µm membrane 
filter, each C source was added to the basal medium autoclaved at 
121 °C for 20 min.

For all treatments, the cultured mycelia after 50 d of incubation 
were collected by vacuum filtration using a 5.0 µm pore size mem-
brane filter (Omnipore; Merck, Darmstadt, Germany), freeze-dried 

at −85 °C, and weighed. The dry weight of mycelia was obtained by 
subtracting the dry weight of an inoculum agar disk from that of 
the collected mycelial dry weight. The final pH value of the medi-
um was measured with a glass electrode pH meter (SevenCompact 
pH meter S220; Mettler-Toledo, Greifensee, Switzerland).

All statistical analyses were performed using BellCurve for Ex-
cel (Social Survey Research Information, Tokyo, Japan). Two-way 
analysis of variance (ANOVA) was used to examine the significant 
interaction for the mycelial dry weight of T. japonicum between 
strain and each incubation condition: culture medium, tempera-
ture, and sources of N and C. To evaluate the N and C utilization 
ability of each strain, we used Dunnett’s test to compare the myce-
lial dry weight of the control and each N or C treatment. Tukey–
Kramer honestly significant difference tests were conducted to 
compare the mycelial dry weight of each strain at different culture 
media, temperatures, and inorganic N sources [e.g., KNO3, NaNO3, 
NH4Cl, and (NH4)2SO4]. For these tests, the significance threshold 
was set at 0.05.

A significant interaction for mycelial growth was observed be-
tween the culture medium and strain (Supplementary Fig. S1, two-
way ANOVA: culture medium, F = 67.72, p < 0.001; strain, F = 
65.32, p < 0.001; interaction, F = 18.46, p < 0.001). Except for the 
strain FFPRI 460514, which showed a similar dry weight in differ-
ent culture media, T. japonicum grew better on ME and/or MMN 
media compared with the other media tested. The strain FFPRI 
460515 had the greatest dry weight on MMN medium, the strains 
FFPRI 460516 and FFPRI 460517 on ME medium, and the strain 
FFPRI 460518 on ME and MMN media.

The mycelial dry weight of all strains was high at 20 °C and/or 
25 °C and significantly lower at 15 °C, 30 °C, and 35 °C (Supple-
mentary Fig. S2). The growth patterns at different temperatures 
varied among strains (two-way ANOVA: temperature, F = 143.7, p 
< 0.001; strain, F = 10.80, p < 0.001; interaction, F = 13.08, p < 
0.001). The optimal growth temperatures were 20 °C and 25 °C for 
the strains FFPRI 460514 and FFPRI 460517, 20 °C for the strains 
FFPRI 460515 and FFPRI 460516, and 25 °C for the strain FFPRI 
460518.

Tuber japonicum utilized inorganic (NH4+ and NO3−) and organ-
ic N sources (glutamine, urea, casamino acids, peptone, and yeast 
extract), except for asparagine, glycine, and phenylalanine. Howev-
er, the pattern of N utilization was different, depending on the 
strains used (Table 1, two-way ANOVA: N source, F = 69.05, p < 
0.001; strain, F = 141.1, p < 0.001; interaction, F = 18.57, p < 0.001). 
In inorganic N sources, the mycelial dry weight of the strain FFPRI 
460517 was significantly increased by all N sources [KNO3, NaNO3, 
NH4Cl, and (NH4)2SO4], whereas that of the strain FFPRI 460518 
was significantly increased by only NH4Cl. The dry weight of other 
strains was significantly increased by all inorganic N sources except 
for KNO3 in the strain FFPRI 460514, NH4Cl in the strain FFPRI 
460515, and (NH4)2HPO4 in the strain FFPRI 460516. For organic N 
sources, the dry weight of the four strains (FFPRI 460514–460517) 
was significantly increased by urea and casamino acid, and other N 
sources (i.e., glutamine, peptone, and yeast extract) showed differ-
ent effects on these strains. By contrast, the dry weight of FFPRI 
460518 was not significantly increased by any organic N sources 
(Table 1).

When inorganic N utilization of this fungus was examined us-
ing two different salts for each ammonium and nitrate N source 
(Fig. 1), the mycelial dry weight of the strain FFPRI 460516 was 
significantly increased by only nitrate N sources (KNO3 and 
NaNO3), whereas that of the strains FFPRI 460514 and 460518 was 
significantly increased by only ammonium N sources [NH4Cl and/
or (NH4)2SO4]. On the other hand, the dry weight of the two strains 
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Table 1 Mycelial dry weight of Tuber japonicum on modified Melin–Norkrans liquid medium containing different nitrogen sources.

Strain Control
Inorganic nitrogen source Organic nitrogen source
(NH4)2HPO4 NH4Cl NH4NO3 KNO3 Asp Glu Gly Phe Urea Cas Pep Yea

FFPRI 460514 0.5 (0.1) 1.8 (0.4)*** 1.6 (0.2)*** 1.2 (0.3)*** 0.7 (0.2) 0.7 (0.1) 1.1 (0.2)*** 0.4 (0.1) 0.6 (0.1) 0.8 (0.1)* 1.0 (0.2)*** 0.6 (0.2) 0.8 (0.2)*

FFPRI 460515 0.6 (0.1) 1.9 (1.1)** 1.0 (0.2) 3.1 (0.5)*** 6.7 (0.9)*** 0.9 (0.1) 1.8 (0.5)** 0.8 (0.1) 1.0 (0.3) 1.9 (0.5)** 2.0 (0.8)*** 1.6 (0.3)* 1.4 (0.1)
FFPRI 460516 0.8 (0.3) 1.2 (0.4) 1.5 (0.5)* 4.0 (0.7)*** 3.7 (0.5)*** 0.9 (0.2) 1.3 (0.3) 0.7 (0.2) 0.8 (0.1) 3.7 (0.9)*** 1.7 (0.3)* 2.3 (0.2)*** 1.8 (0.3)**

FFPRI 460517 0.4 (0.2) 4.5 (0.4)*** 4.7 (1.3)*** 3.5 (0.5)*** 6.5 (1.3)*** 0.8 (0.2) 3.9 (2.1)*** 0.7 (0.2) 1.0 (0.2) 3.9 (0.7)*** 1.9 (0.5)* 1.5 (0.4) 2.1 (1.0)*

FFPRI 460518 0.8 (0.1) 1.2 (0.3) 1.4 (0.5)* 0.8 (0.2) 0.7 (0.1) 0.9 (0.1) 0.9 (0.3) 0.7 (0.2) 0.7 (0.1) 0.9 (0.2) 0.9 (0.2) 0.9 (0.2) 1.3 (0.7)

Each value represents a mean with standard deviation (n = 5) of the mycelial dry weight (mg). *, **, and *** indicate significant differences between control and each nitrogen 
source (Dunnett’s tests) at p < 0.05, p < 0.01, and p < 0.001, respectively. The final pH value of the medium was ca. 5.5 after 50 d of incubation. Asp: Asparagine; Glu: Glutamine; 
Gly: Glycine; Phe: Phenylalanine; Cas: Casamino acids; Pep: Peptone; Yea: Yeast extract. Significant interaction was found between nitrogen source and fungal strain (two-way 
ANOVA: N source, F = 69.05, p < 0.001; strain, F = 141.1, p < 0.001; interaction, F = 18.57, p < 0.001).

Fig. 1 – Mycelial dry weight of Tuber japonicum on modified Melin–Norkrans liquid medium containing different inorganic nitrogen sources.
Each value represents a mean with standard deviation (n = 5). Different letters indicate significant differences among inorganic nitrogen sources in each 
strain (Tukey–Kramer test, p < 0.05). The final pH value of the medium was ca. 5.5 after 50 d of incubation.
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FFPRI 460515 and 460517 was significantly increased by ammoni-
um and nitrate N sources, and the greatest growth was recorded in 
KNO3 for FFPRI 460515 and in (NH4)2SO4 for FFPRI 460517.

Tuber japonicum utilized various C sources, such as monosac-
charide (arabinose, fructose, galactose, glucose, and mannose), di-
saccharide (maltose, sucrose, and trehalose), polysaccharide (dex-
trin and soluble starch), and sugar alcohol (mannitol) (Table 2). 
The dry weight of all strains was significantly increased by glucose, 
dextrin, and starch. However, the growth response to other C 
sources varied among strains (Table 2, two-way ANOVA: C source, 
F = 40.60, p < 0.001; strain, F = 296.4, p < 0.001; interaction, F = 
8.660, p < 0.001). The dry weight of the strain FFPRI 460517 was 
significantly increased by all C sources tested. A similar tendency 
was observed in the strain FFPRI 460515, whereas that of the strain 
FFPRI 460514 was significantly increased by glucose, dextrin, and 
starch. The dry weight of the strain FFPRI 460516 was not in-
creased by galactose, mannose, and mannitol, and that of the strain 
FFPRI 460518 was not increased by monosaccharide, except for 
glucose.

Growth conditions such as culture medium and temperature of 
Tuber species that mainly originate from Europe have been studied 
(Bonfante & Fontana, 1973; Michaels, 1982; Mamoun & Olivier, 
1991; Pirazzi, 1988; Mischiati & Fontana, 1993; Giomaro, Sisti, & 
Zambonelli, 2005; Leonardi et al., 2017). The MMN medium is 
suitable for the mycelial growth of T. magnatum (Mischiati & Fon-
tana, 1993), whereas the potato dextrose basal medium supports 
the growth of T. borchii (Michaels, 1982). In addition, T. aestivum, 
T. borchii, T. melanosporum, and T. rufum Picco can grow within 
the temperature range of 5–34 °C with the optimal temperature 
between 15–26 °C (Bonfante & Fontana, 1973; Michaels, 1982; 
Leonardi et al., 2017). In this study, although the growth pattern of 
the T. japonicum strain varied on the different media tested, the 
ME and MMN media were suitable for the mycelial growth of this 
fungus. The optimal growth temperatures of T. japonicum were 20 
°C and 25 °C.

Several studies have reported that T. melanosporum grows bet-
ter on NH4+ than NO3− as an inorganic N source (Bonfante & Fon-
tana, 1973; Mamoun & Olivier, 1991), but the reverse is also true for 
this fungus (Michaels, 1982). These studies, however, were con-
ducted by using only one or two T. melanosporum strains. In this 
study, we demonstrated that several utilization patterns existed for 
inorganic N in T. japonicum. The utilization and assimilation of 
inorganic N in EM fungi, including Tuber species, are involved in 
several enzyme activities (Smith & Read, 2008; Amicucci et al., 
2016), and strain-specific variations of these activities have been 
reported in another EM fungus Hebeloma cylindrosporum (Wagner, 
Gay, & Debaud, 1988, 1989). Our results, therefore, imply that these 
activities of T. japonicum vary at strain-specific levels. Mamoun 
and Olivier (1991) reported that NH4NO3 promoted the growth of 
T. melanosporum, and the same is the case for T. japonicum. As an 
organic N source, T. japonicum poorly utilized asparagine, glycine, 

and phenylalanine, whereas this species utilized glutamine, urea, 
casamino acids, peptone, and yeast extract. The results showed that 
T. japonicum can utilize various organic forms of N, which is in 
agreement with the result of a previous study on T. melanosporum 
(Bonfante & Fontana, 1973).

Several studies on the C utilization by several Tuber species have 
been reported (Bonfante & Fontana, 1973; Mamoun & Olivier, 
1991; Saltarelli et al., 1998, 1999; Ceccaroli, Saltarelli, Cesari, Zam-
bonelli, & Stocchi, 2001; Bedade et al., 2018). For instance, T. mela-
nosporum utilizes various C sources, such as monosaccharide 
(arabinose, fructose, galactose, glucose, and mannose), disaccha-
ride (lactose, maltose, and sucrose), polysaccharide (dextrin and 
starch), and sugar alcohol (mannitol) (Bonfante & Fontana, 1973; 
Mamoun & Olivier, 1991). In addition, the C utilization ability of T. 
borchii varies among different strains (Saltarelli et al., 1999; Cecca-
roli et al., 2001). This is true for T. japonicum. Several enzymes are 
involved in the utilization and metabolism of C sources by Tuber 
species (Ceccaroli et al., 2011; Amicucci et al., 2016), and these ac-
tivities vary among strains; one T. borchii strain, which grows well 
in mannitol, showed all enzyme activities of the mannitol cycle, 
but another strain, which grows poorly in mannitol, lacks mannitol 
phosphatase and exhibits low mannitol dehydrogenase activity 
(Ceccaroli et al., 2001). Among the C sources tested, all T. japoni-
cum strains showed relatively good growth with glucose, dextrin, 
and starch, indicating that these are effective C sources for the 
growth of T. japonicum, along with T. melanosporum (Mamoun & 
Olivier, 1991) and T. maculatum Vittad. (Bedade et al., 2018).

In conclusion, we demonstrated the physiological characteris-
tics of T. japonicum strains. The data in this study should contrib-
ute to the design of proper growth conditions of this fungus. ME 
medium or modified MMN medium with NH4+ and NO3− (e.g., 
NH4NO3) as N sources and with glucose, dextrin, and starch as C 
sources at between 20 °C and 25 °C can support the good growth of 
this fungus in vitro. In addition, such information can be partially 
used in greenhouses under controlled conditions. Given that the 
form of N supplied and temperature in the soil can influence the 
growth of T. japonicum, the growth substrates containing weakly 
acidic soils supplied with NH4+ and NO3− (e.g., NH4NO3) at tem-
peratures ranging from 20 °C to 25 °C can also support the good 
growth of this fungus in nursery containers. This study would lead 
to the development of cultivation techniques of this Japanese truf-
fle species.
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Table 2 Mycelial dry weight of Tuber japonicum on modified Melin–Norkrans liquid medium containing different carbon sources.

Strain Control
Monosaccharide Disaccharide Sugar alcohol Polysaccharide
Arabinose Fructose Galactose Glucose Mannose Maltose Sucrose Trehalose Mannitol Dextrin Starch

FFPRI 460514 1.0 (0.3) 1.2 (0.6) 1.2 (0.5) 1.1 (0.2) 1.9 (0.4)** 1.4 (0.2) 1.3 (0.2) 1.2 (0.3) 1.1 (0.6) 1.3 (0.2) 3.3 (0.5)*** 2.7 (0.5)***

FFPRI 460515 2.1 (0.5) 4.3 (1.3)* 6.4 (2.1)*** 3.9 (0.9) 4.3 (0.5)* 7.8 (1.1)*** 4.0 (0.9) 5.7 (0.8)*** 5.1 (0.6)** 9.7 (2.6)*** 10.1 (1.7)*** 8.8 (0.7)***

FFPRI 460516 1.4 (0.9) 3.4 (1.2)** 3.2 (0.7)* 1.8 (1.1) 5.0 (0.7)*** 1.7 (0.7) 4.0 (1.1)*** 2.9 (0.8)* 4.8 (1.0)*** 2.7 (1.0) 4.9 (0.9)*** 4.8 (1.3)**

FFPRI 460517 2.1 (0.7) 5.4 (1.4)** 5.9 (1.7)*** 4.6 (1.6)* 5.5 (1.6)** 5.3 (2.4)** 7.4 (1.9)*** 7.6 (0.3)*** 5.0 (0.4)** 5.9 (0.7)*** 10.4 (1.3)*** 8.9 (0.9)***

FFPRI 460518 0.6 (0.2) 0.4 (0.2) 1.2 (0.6) 0.6 (0.1) 3.2 (0.4)*** 0.9 (0.1) 2.4 (0.4)*** 3.1 (0.5)*** 3.7 (0.4)*** 2.4 (0.5)*** 2.4 (0.2)*** 2.1 (0.3)***

Each value represents a mean with standard deviation (n = 5) of the mycelial dry weight (mg). *, **, and *** indicate significant differences between control and each carbon source 
(Dunnett’s tests) at p < 0.05, p < 0.01, and p < 0.001, respectively. The final pH value of the medium was ca. 5.5 after 50 d of incubation. Significant interaction was found between 
fungal strain and carbon source (two-way ANOVA: C source, F = 40.60, p < 0.001; strain, F = 296.4, p < 0.001; interaction, F = 8.660, p < 0.001).

―  4  ―doi.org/10.47371/mycosci.2022.01.002

S. Nakano et al. / Mycoscience VOL.63 (2022) 00-00

CW6_A1031MYC564.indd   4 2022/01/21   8:56:09



Acknowledgments

We thank Mr. Hideo Hara, Mr. Yasushi Namba, Ms. Megumi 
Chishiki, Mr. Mitsuo Nabe, Mr. Tatsuya Saiki, Ms. Haruko Saiki, 
Ms. Michiyo Nabe, Mr. Masahito Taniguchi, and Ms. Hideko Miwa 
for collecting samples. This study was financially supported by a 
grant from the Ministry of Agriculture, Forestry and Fisheries of 
Japan entitled, “Technology development for the optimal use of 
forest resources.”

References
Amicucci, A., Arshakyan, M., Ceccaroli, P., Palma, F., Piccoli, G., Saltarelli, R., Stoc-

chi, V., & Vallorani, L. (2016). A proteomic view of truffles: aspects of primary 
metabolism and molecular processes during their life cycle. In: A. Zambonelli, 
M. Iotti, & C. Murat (Eds.), True truffle (Tuber spp.) in the world: Soil ecology, 
systematics and biochemistry (pp. 409–426). Berlin: Springer-Verlag.

Bach, C., Beacco, P., Cammaletti, P., Babel-Chen, Z., Levesque, E., Todesco, F., Cot-
ton, C., Robin, B., & Murat, C. (2021). First production of Italian white truffle 
(Tuber magnatum Pico) ascocarps in an orchard outside its natural range distri-
bution in France. Mycorrhiza, 31, 383–388. https://doi.org/10.1007/s00572-020-
01013-2

Bedade, D., Deska, J., Bankar, S., Bejar, S., Singhal, R., & Shamekh, S. (2018). Fer-
mentative production of extracellular amylase from novel amylase producer, 
Tuber maculatum mycelium, and its characterization. Preparative Biochemistry 
and Biotechnology, 48, 549–555. https://doi.org/10.1080/10826068.2018.147687
6

Bonfante, F. P., & Fontana, A. (1973). Sulla nutrizione del micelio di Tuber melano-
sporum Vitt. in cultura. Atti della Accademia delle Scienze di Torino, 107, 731–
741.

Ceccaroli, P., Buffalini, M., Saltarelli, R., Barbieri, E., Polidori, E., Ottonello, S., 
Kohler, A., Tisserant, E., Martin, F., & Stocchi, V. (2011). Genomic profiling of 
carbohydrate metabolism in the ectomycorrhizal fungus Tuber melanosporum. 
New Phytologist, 189, 751–764. https://doi.org/10.1111/j.1469-8137.2010.03520.x

Ceccaroli, P., Saltarelli, R., Cesari, P., Zambonelli, A., & Stocchi, V. (2001). Effects of 
different carbohydrate sources on the growth of Tuber borchii Vittad. mycelium 
strains in pure culture. Molecular and Cellular Biochemistry, 218, 65–70. 
https://doi.org/10.1023/A:1007265423786

Delmas, J. (1978). Tuber spp. In: S. T. Chang, & W. A. Hayes (Eds.), The biology and 
cultivation of edible mushrooms (pp. 645–681). New York, NY: Academic Press.

Furusawa, H., Yamanaka, T., Kinoshita, A., Nakano, S., Noguchi, K., & Obase, K. 
(2020). Soil properties in Tuber himalayense and Tuber japonicum habitats in 
Japan. Bulletin of the Forestry and Forest Products Research Institute, 19, 55–67.

Giomaro, G. M., Sisti, D., & Zambonelli, A. (2005). Cultivation of edible ectomycor-
rhizal fungi by in vitro mycorrhizal synthesis. In: S. Declerck, D. G. Strullu, & J. 
A. Fortin (Eds.), In vitro culture of mycorrhizas (pp. 253–267). Berlin: Spring-
er-Verlag.

Gryndler, M. (2016). True truffle host diversity. In: A. Zambonelli, M. Iotti, & C. 
Murat (Eds.), True truffle (Tuber spp.) in the world: Soil ecology, systematics and 
biochemistry (pp. 267–299). Berlin: Springer-Verlag.

Hall, I. R., Brown, G. T., & Zambonelli, A. (2007). Taming the truffle. The history, lore, 
and science of the ultimate mushroom. Portland, OR: Timber Press.

Hall, I. R., & Haslam, W. (2012). Truffle cultivation in the Southern Hemisphere. In 
A. Zambonelli, & G. M. Bonito (Eds.), Edible ectomycorrhizal mushrooms, cur-
rent knowledge and future prospects (pp. 191–208). Berlin: Springer-Verlag. 

Iotti, M., Piattoni, F., Leonardi, P., Hall, I. R., & Zambonelli, A. (2016). First evidence 
for truffle production from plants inoculated with mycelial pure cultures. My-
corrhiza, 26, 793–798. https://doi.org/10.1007/s00572-016-0703-6

Kinoshita, A., Obase, K., & Yamanaka, T. (2018). Ectomycorrhizae formed by three 
Japanese truffle species (Tuber japonicum, T. longispinosum, and T. himalay-
ense) on indigenous oak and pine species. Mycorrhiza, 28, 679–690. https://doi.
org/10.1007/s00572-018-0860-x

Kinoshita, A., Sasaki, H., & Nara, K. (2011). Phylogeny and diversity of Japanese 
truffles (Tuber spp.) inferred from sequences of four nuclear loci. Mycologia, 
103, 779–794. https://doi.org/10.3852/10-138

Kinoshita, A., Sasaki, H., & Nara, K. (2016). Two new truffle species, Tuber japoni-
cum and Tuber flavidosporum spp. nov. found from Japan. Mycoscience, 57, 
366–373. https://doi.org/10.1016/j.myc.2016.06.006

Leonardi, P., Iotti, M., Zeppa, S. D., Lancellotti, E., Amicucci, A., & Zambonelli, A. 
(2017). Morphological and functional changes in mycelium and mycorrhizas of 
Tuber borchii due to heat stress. Fungal Ecology, 29, 20–29. https://doi.
org/10.1016/j.funeco.2017.05.003

Mamoun, M. & Olivier, J. M. (1991). Influence du substrat carboné et de la forme 
d’azote minéral sur la croissance de Tuber melanosporum (Vitt) en culture pure. 
Application à la production de biomasse mycélienne. Agronomie, 11, 521–527. 
https://doi.org/10.1051/agro:19910609

Marx, D. H. (1969). The influence of ectotrophic mycorrhizal fungi on the resistance 
of pine roots to pathogenic infections. I. Antagonism of mycorrhizal fungi to 
root pathogenic fungi and soil bacteria. Phytopathology, 59, 153–163. 

Michaels, T. (1982). In vitro culture and growth modeling of Tuber spp. and inocula-
tion of hardwoods with T. melanosporum ascospores (PhD thesis), Oregon 
State University, Corvallis, OR.

Mischiati, P., & Fontana, A. (1993). In vitro culture of Tuber magnatum mycelium 
isolated from mycorrhizas. Mycological Research, 97, 40–44. https://doi.
org/10.1016/S0953-7562(09)81110-6

Modess, O. (1941). Zur kenntnis der mykorrhizabildner von kiefer und fichte. Sym-
bolae Botanicae Upsalienses, 5, 1–146.

Murashige, T., & Skoog, F. (1962). A revised medium for rapid growth and bio assays 
with tobacco tissue cultures. Physiologia Plantarum, 15, 473–497. https://doi.
org/10.1111/j.1399-3054.1962.tb08052.x

Nakano, S., Kinoshita, A., Obase, K., Nakamura, N., Furusawa, H., Noguchi, K., 
Yamanaka, T. (2020). Influence of pH on in vitro mycelial growth in three Jap-
anese truffle species: Tuber japonicum, T. himalayense, and T. longispinosum. 
Mycoscience, 61, 58–61. https://doi.org/10.1016/j.myc.2019.12.001

Pacioni, G., & Comandini, O. (1999). Tuber. In: J. W. G. Cairney, & S. M. Chambers 
(Eds.), Ectomycorrhizal fungi. Key genera in profile (pp. 163–186). Berlin: 
Springer. 

Pirazzi, R. (1988). Micorrizazione artificiale con miceli isolati ‘in vitro’ di Tuber 
melanosporum Vitt. e T. magnatum Pico. In: M. Bencivenga & B. Granetti 
(Eds.), Atti del Secondo Congresso Internazionale sui Tartufo. (pp. 173–184). 
Spoleto: Comunità Montana Monti Martani Serano e Subasio.

Saltarelli, R., Ceccaroli, P., Cesari, P., Zeppa, S., Potenza, L., & Stocchi, V. (1999). 
Strain differences in the mycelium of the ectomycorrhizal Tuber borchii. Myco-
logical Research, 103, 1524–1528. https://doi.org/10.1017/S0953756299008898

Saltarelli, R., Ceccaroli, P., Vallorani, L., Zambonelli, A., Citterio, B., Malatesta, M. & 
Stocchi, V. (1998). Biochemical and morphological modifications during the 
growth of Tuber borchii mycelium. Mycological Research, 102, 403–409. https://
doi.org/10.1017/S0953756297004875

Shimokawa, T., Kinoshita, A., Kusumoto, N., Nakano, S., Nakamura, N., & Yamana-
ka, T. (2020). Component features, order-active volatiles, and acute oral toxicity 
of novel white-colored truffle Tuber japonicum native to Japan. Food Science 
and Nutrition, 8, 410–418. https://doi.org/10.1002/fsn3.1325

Smith, S. E., & Read, D. J. (2008). Mycorrhizal symbiosis (3rd ed.). London: Academ-
ic Press.

Wagner, F., Gay, G., & Debaud, J. C. (1988). Genetical variability of glutamate dehy-
drogenase activity in monokaryotic and dikaryotic mycelia of the ectomycor-
rhizal fungus Hebeloma cylindrosporum. Applied Microbiology and Biotechnol-
ogy, 28, 566–571. https://doi.org/10.1007/BF00250413

Wagner, F., Gay, G., & Debaud, J. C. (1989). Genetic variation of nitrate reductase 
activity in mono- and dikaryotic populations of the ectomycorrhizal fungus, 
Hebeloma cylindrosporum Romagnési. New Phytologist, 113, 259–264. https://
doi.org/10.1111/j.1469-8137.1989.tb02402.x

Zambonelli, A., & Bonito, G. M. (2012). Edible ectomycorrhizal mushrooms current 
knowledge and future prospects. Berlin: Springer-Verlag. 

Zambonelli, A., Iotti, M., & Murat, C. (2016). True truffle (Tuber spp.) in the world. 
Berlin: Springer-Verlag.

―  5  ―doi.org/10.47371/mycosci.2022.01.002

S. Nakano et al. / Mycoscience VOL.63 (2022) 00-00

CW6_A1031MYC564.indd   5 2022/01/21   8:56:09


