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Abstract Tricholoma matsutake is a basidiomycete pro-

ducing edible fruiting bodies known as matsutake in

Japanese. Matsutake is one of the most valuable edible

mushrooms in Japan. Colony morphology on agar plates of

T. matsutake is known to vary depending on compositions

of media used, while the mechanism is still unknown. In

our present work, we have found Zn2? affects colony

morphology of T. matsutake. When Zn2? was added at

concentration more than 1 lM, colony got wrinkled and

aerial hyphae formation was activated. No such morpho-

logical changes have been confirmed without Zn2? addi-

tion or at concentration less than 1 lM, even when other

nutritional ingredients are provided sufficiently. None of

the Zn2? concentrations examined present has affected

colony diameter, dry weight, and water content. These

findings imply Zn2? is a key factor involved in colony

morphogenesis of T. matsutake such as colony wrinkling

and aerial hyphae formation. Metabolomic information

obtained with gas chromatography–mass spectrometry has

indicated that Zn2? deficiency has influences on carbohy-

drate and L-serine metabolisms.

Keywords Tricholoma matsutake � Colony morphology �
Zinc � Aerial hyphae � Metabolomics

Introduction

Fungi have a variety of morphologies from microscopic to

macroscopic, and they transform in response to various

stimuli from surroundings. One of the stimuli is an ingre-

dient of culture media. In this paper, we report Zn2? in

culture media works as a key factor of vegetative colony

morphogenesis in Tricholoma matsutake (S. Ito et Imai)

Singer.

T. matsutake is an ectomycorrhizal basidiomycete, the

fruiting body of which is known as matsutake in Japanese.

Its flavor has been fascinating the Japanese since ancient

times; therefore, matsutake is one of the most valuable

edible mushrooms in Japan like a truffle in Europe. Mat-

sutake has yet to be cultivated artificially, while major

edible mushrooms can be harvested from mushroom beds

now. Researchers have been trying to build fruiting bodies

of T. matsutake in vitro for more than 50 years, from the

aspects of vegetative growth [1–4] and enzymatic activity

[5]. Within those studies, several colony morphologies

have been observed, however, little have been discussed

the factors inducing the morphogenesis. Ogawa has esti-

mated that some organic nutrients would give morpho-

logical differences to T. matsutake colony in his book [6].

On the other hand, relevance of metal ions and fungal

colony morphologies has been reported using two fungal

species Rhizopus arrhizus Fischer and Trichoderma viride

Pers [7].

Our present work was carried out to find factors

involved in colony morphogenesis widely observed in T.

matsutake, that is, colony wrinkling and aerial hyphae

Our present work was partially presented in the 55th Annual Meeting

of The Mycological Society of Japan.

Electronic supplementary material The online version of this
article (doi:10.1007/s10086-016-1571-6) contains supplementary
material, which is available to authorized users.

& Tokuya Tasaki

p-fossa@agr.kyushu-u.ac.jp

1 Laboratory of Silviculture, Department of Agro-

environmental Sciences, Graduate School of Bioresource and

Bioenvironmental Sciences, Kyushu University, 6-10-1

Hakozaki, Higashi-ku, Fukuoka 812-8581, Japan

123

J Wood Sci (2016) 62:460–471

DOI 10.1007/s10086-016-1571-6

http://dx.doi.org/10.1007/s10086-016-1571-6
http://crossmark.crossref.org/dialog/?doi=10.1007/s10086-016-1571-6&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10086-016-1571-6&amp;domain=pdf


formation. First of all, we performed a screening of the

factors. As the result indicated relevance of Zn2?, we

examined an effective concentration of Zn2? to induce

colony morphological changes. We also carried out gas

chromatography–mass spectrometry (GC/MS) analysis of

methanol extracts of T. matsutake mycelia cultured on the

synthesized media with or without Zn2? addition, to

examine the influence of Zn2? deficiency on metabolic

profile of T. matsutake and speculate candidates of meta-

bolic pathway involved in the phenomena observed in

present.

Materials and methods

Culture media preparation

All the culture media in Tables 1 and 3 were prepared

with special grade chemicals and ultrapure water

(18.2 MX cm). Those basal media compositions were

decided referring to Murashige and Skoog medium [9],

Modified Melin Norkrans medium [10], and Ohta agar

medium [8]. Disposable petri dishes ([ = 9 cm) were

used for present experiments. Media not containing Zn2?

were prepared without adding ZnSO4�7H2O, certainly

containing impurities levels of Zn2? of other reagents. All

of them were sterilized by autoclaving at 121 �C for

15 min. Carbon sources and amino acids were autoclaved

separately to avoid Maillard reaction.

Fungal strains

Fungal strains of T. matsutake used in present work were

TM3 (NBRC 109050), TM8 (NBRC 109051), and TM19

(NBRC 109052).

Screening process for a factor of colony

morphological changes

Largely three types of colony morphology are known in T.

matsutake; (1) flat circular form with or without tiny aerial

hyphae, (2) wrinkled and flat circular form with or without

a few bold aerial hyphae, and (3) wrinkled and flat circular

form with a lot of fine aerial hyphae (Fig. 1).

We considered minor metal ions as the candidates of

factors inducing colony morphology mentioned above by

comparing media ingredients of several synthesized media

and colony morphology cultured on those media. To

determine a metal ion involved in the morphogenesis,

morphologies of colonies cultured on synthesized media

with different metal ion compositions, Nos. 2–5 (Tables 1,

2), were compared. In this experiment, strain TM8 was

used. It had been precultured on the medium No. 1 at 25 �C

for 3 months in darkness. 5 mm square of the mycelium

was taken from the edge of precultured one. The fragment

was inoculated onto the media Nos. 2–5, and incubated at

25 �C for 2 months; then, colonies were observed. Each

experiment consisted of 3 replicates.

Confirmation of the effect of Zn21 on colony

morphological changes

To confirm that Zn2? is a factor of the colony morpho-

genesis, three strains, TM3, TM8, and TM19, were cul-

tured on Ohta agar medium (Table 1, [8]) and Zn2?-not

added one (Ohta_zNA). 5 mm square of mycelial fragment

was taken from the edge of the colonies precultured on the

medium No. 6 (Table 1) at 25 �C for 2 months, inoculated

onto Ohta agar and Ohta_zNA media, and incubated at

25 �C for 40 days. This experiment was carried out with

each 3 replicates.

The influence of folic acid and nicotinic acid

on Zn21-induced colony morphogenesis

A 7 mm square of mycelial fragment was cut out from each

colony of TM3 and TM8 precultured on a medium No. 9

(Table 3) for 2 months at 25 �C. The fragments were

inoculated on media Nos. 9–15, and incubated for around

1 month at 25 �C. After incubation, their colony mor-

phologies were observed. Concentrations of Zn2?, folic

acid, and nicotinic acid in those media, and colony mor-

phologies on each media are described in Table 4.

Effective concentration of Zn21 to induce colony

morphological changes

Fungal strains used and test media preparation

In this experiment, strains TM3, TM8, and TM19 were

used. A basal test medium was No. 8 in Table 1. Examined

concentrations of Zn2? were 0 (without Zn2? addition),

0.01, 0.1, 1, 10, 100 lM. They were prepared by adding 1

or 100 mM of ZnSO4�7H2O aqueous solutions. 1 mM

solution was used for preparing media with 0.01, 0.1, and

1 lM of Zn2?, and 100 mM one was for 10 and 100 lM.

Fungal colony biomass measurement and water content

calculation

To remove colonies easily, dry-heat sterilized cellophane

membrane (6 cm square, TEFCO Co., Ltd.) was laid on

each test medium prior to inoculation. A 5 mm in diameter

of mycelial disk was stamped out with a cork borer from

the colonies precultured on the medium No. 7 (Table 1) at

23 �C for 200 days, and then inoculated onto the center of
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Table 1 Media compositions used in the experiments of the influence of Zn2?

Ingredients Media

Ohtaa No. 1 No. 2 No. 3 No. 4 No. 5 No. 6 No. 7 No. 8

Content (mg/l)

Glucose 10,000 8000 8000 8000 8000 8000 10,000 10,000 10,000

Fructose 12,000 12,000 12,000 12,000 12,000

KH2PO4 1000 1000 1000 1000 1000 1000 1000 1000 1000

FeCl3�6H2O 100 50 50 50 50

FeCl3 50 50 81.2 81.2

CaCl2 50 50 50 50 50 50 50 50

CaCl2�2H2O 50

NaCl 25 25 25 25 25 25 25 25

MgSO4�7H2O 1000 150 150 150 150 150 150 200 200

FeSO4�7H2O 30 30 30 30

MnSO4�nH2O 25 25 5 5 5

MnSO4�4H2O 0.5

ZnSO4�7H2O 3 8 8 0.1

CuSO4�5H2O 1 0.0125 0.0125 0.025

Na2MoO4�2H2O 0.125 0.125

CoCl2�6H2O 0.0125 0.0125

CoSO4�7H2O 0.5

KI 0.04 0.04

NiSO4�6H2O 2

HEPES 7000

Acetyl acetone 30 ll

Citric acid 1000 500 500 500 500 1000 305 305

Ammonium tartrate 1000 1000

Cystine 50 10 10 10 10

Glycine 540 200 200 200 200

L-Alanine 50 300 300 300 300

L-Arginine 360 150 150 150 150

L-Citrulline 420 100 100 100 100

L-Glutamine 520 300 300 300 300

L-Ornithine 470 200 200 200 200

L-Serine 2000 800 800 800 800 1500 1500

L-Valine 280 400 400 400 400

Thiamine HCl 3 3 3 3 3 3 1 1 1

Nicotinic acid 0.05 0.5 1 1 1 1 1

Folic acid 0.03 4 1 1 1 1 0.05

Biotin 0.05

Pyridoxine 0.005

Carnitine chloride 0.01

Adenine H2SO4�2H2O 0.03

Choline chloride 0.03

Agar 15,000 15,000 15,000 15,000

Gelrite 5000 6000 6000 6000 6000

pH 5.1 5.0 5.0 5.0 5.0 5.0 5.1 5.1 5.1

a Ohta [8]
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the cellophane membrane-laid medium. After 2-month

incubation at 23 �C, each colony was removed from the

cellophane membrane, weighed, wrapped in dry weight-

known aluminum foil, and dried at 70 �C for 3 days in an

electric oven. Dried foil-wrapped colonies were cooled in a

desiccator and weighed. Colony dry weight was calculated

by subtracting dry weight of aluminum foil from that of

foil-wrapped colony.

Water content was calculated by the following formula.

Water contentð Þ ¼ Fresh weightð Þ� Dry weightð Þf g=
Fresh weightð Þ:

These experiments were carried out with each 5

replicates.

Colony diameter measurement and morphology

observation

Another 6 replicates of each test medium were prepared for

colony diameter measurement and morphology observa-

tion. Cellophane membrane was not used in this experi-

ment. Fungal inoculation and culture were the same as

mentioned in the section of ‘‘Fungal colony biomass

measurement and water content calculation’’. After

2-month culture, colony diameters were measured in two

directions crossed at a right angle. All the colonies were

photographed from right above and the lateral side.

GC/MS analysis

Fungal sample preparation

Medium No. 8 (Table 1, without Zn2? addition) and No. 8

with 10 lM of Zn2? addition (No. 8_z) were, respectively,

prepared in twenty-four disposable petri dishes of 9 cm in

diameter. A sheet of dry-heat sterilized cellophane mem-

brane was laid on each test media as mentioned in the

section of ‘‘Fungal colony biomass measurement and water

content calculation’’. A 5 mm in diameter of mycelial disk

was stamped out from a precultured T. matsutake strain

TM19 with a cork borer, and it was inoculated on the

center of the each media. The preculture medium was a

glucose-yeast extract medium containing 2 % of glucose

and 0.2 % of yeast extract solidified with 1.5 % agar.

Inoculated fungi were incubated at 23 �C in darkness for a

Fig. 1 Colony morphological types observed in T. matsutake when

cultured on agar plates. Type 1 flat circular form with or without tiny

aerial hyphae, type 2 wrinkled and flat circular form with or without a

few bold aerial hyphae, type 3 wrinkled and flat circular form with a

lot of fine aerial hyphae. Two photographs in each of the types

indicate examples of colony morphologies

Table 2 Minor metal ions compositions and colony morphologies of

T. matsutake

Metal ions Media

No. 2 No. 3 No. 4 No. 5

Co2? � � – –

Cu2? � � – �
Mn2? – � � –

Mo6? � � – –

Zn2? � – � –

Strain Colony morphologies

TM8 Wrinkled Flat Wrinkled Flat

� means included, – means not added
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month. Those fungi were removed from the cellophane

membrane. Among 24 samples of each test group, every 8

colony was frozen together with liquid nitrogen and ground

in a mortar, except a part of inoculated disk. Those three

sets of ground mycelia were then lyophilized immediately.

Metabolome extraction

About 30 mg of lyophilized mycelial powder was taken

from each three set of both test groups, and put them into

2.0 ml polypropylene conical tube; detailed amounts of

each mycelial powder were 30.10, 29.82, 30.79 mg from

the group of medium No. 8_z, and 30.38, 29.98,

30.13 mg from that of medium No. 8. A thousand micro

litter of cold methanol (-30 �C) containing 20 ppm of

ribitol as an internal standard was added into each

mycelial powder, and stirred at 1500 rpm for 1 min with

a tube mixer (CM-1000, Biomedical Science Co., Ltd.,

Tokyo, Japan). They were centrifuged at -5 �C,
13,0009g for 20 min, and each of the supernatant was

collected in a 1.5 ml glass conical tube. Five hundred

micro litter of the cold methanol was added into each of

the residues, and the same extraction procedure was

performed. The collected supernatants were centrifugal

evaporated at 55 �C, and then chemical derivatization

was proceeded. The derivatization procedure consisted of

methoximation (50 ll of methoxyamine hydrochloride

dissolved in pyridine at 20 mg/ml) and trimethylsilylation

(100 ll of MSTFA, N-acetyl-N-(trimethylsilyl)-trifluo-

roacetamide, with 1 % TMCS, chlorotrimethylsilane).

The former procedure was performed at room tempera-

ture for 60 min, being stirred at 1500 rpm, and the latter

Table 3 Media compositions

used to confirm the effects of

folic acid and nicotinic acid on

colony morphologies

Ingredients Media

No. 9 No. 10 No. 11 No. 12 No. 13 No. 14 No. 15

Content (mg/l)

Glucose 10,000 10,000 10,000 10,000 10,000 10,000 10,000

KH2PO4 1000 1000 1000 1000 1000 1000 1000

FeCl3�6H2O 50 50 50 50 50 50 50

CaCl2 50 50 50 50 50 50 50

NaCl 25 25 25 25 25 25 25

MgSO4�7H2O 150 150 150 150 150 150 150

MnSO4�nH2O 5 5 5 5 5 5 5

ZnSO4�7H2O 0.1 5 0.1 0.1 5 5

Citric acid 1 1 1 1 1 1 1

Ammonium tartrate 1 1 1 1 1 1 1

Thiamine HCl 1 1 1 1 1 1 1

Nicotinic acid 1 1 1

Folic acid 0.05 0.05 0.05

Agar 12,000 12,000 12,000 12,000 12,000 12,000 12,000

pH 5.1 5.1 5.1 5.1 5.1 5.1 5.1

Table 4 Concentrations of

Zn2?, folic acid and nicotinic

acid in the test media (lM), and

colony morphologies observed

on them

Ingredients Media

No. 9 No. 10 No. 11 No. 12 No. 13 No. 14 No. 15

Zn2? 0.35 17.4 0.35 0.35 17.4 17.4 –

Folic acid – – 0.11 – 0.11 – 0.11

Nicotinic acid – – – 8.12 8.12 8.12

Strains Colony morphologies

TM3 Flat and

sparsea
Flat

and

dense

Flat

and

dense

Flat

and

dense

Wrinkled and dense

with fine aerial

hyphae

Wrinkled and dense

with fine aerial

hyphae

Flat

and

sparse

TM8 Flat and

sparse

Flat

and

dense

Flat

and

dense

Flat

and

dense

Wrinkled and dense Wrinkled and dense Flat

and

sparse

a Transparent enough to see its background
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was done at room temperature for 3.5 h, being stirred at

1200 rpm.

GC/MS analytical condition

GC/MS analysis was performed with Agilent 7890GC/

5975MSD. Agilent HP-5 ms column was used (0.25 mm

I.D. 9 30 m, df = 0.25 lm). Sample injection volume was

1 ll. Other settings were as shown in Table 5. Identifica-

tion of metabolite peaks of interest was performed by mass

spectral library search using NIST08 (mass spectral match

[90 %). Peaks of carbohydrates, which have many can-

didates of structural isomers with the same spectral match,

were identified by retention time of those chemical stan-

dards analyzed by the same GC/MS analytical condition.

Statistical analysis

Differences in mean values of colony diameter and dry

weight were assessed with Scheffe’s F test, and those of

peak area ratios of metabolites per peak area of internal

standard, acquired by GC/MS analysis, were evaluated

with Student’s t test. Both statistical analyses were per-

formed using Statcel version 2 (OMS Ltd.) on Microsoft

Excel for Mac 2011.

Results

Factors of colony morphological changes

Shown in Fig. 2 are photographs of the colony morpholo-

gies when cultured on the media with different minor metal

composition. Colony grew flat and sparse when cultured on

the media without Zn2? addition (Fig. 2b, d). From this

result, we considered Zn2? is essential for wrinkled colony

morphology.

To confirm the hypothesis, Ohta agar medium, a synthe-

sized medium used for culturing mycorrhizal fungi, and

Ohta_zNA (zNA: without Zn2? addition) medium were used

for culture test. Colony morphologies of the strains TM3,

TM8, and TM19 cultured on those media for 40 days are

Table 5 GC/MS analytical settings

Inlet temperature 280 �C
Split ratio 1:5

Column oven 80 �C (3 min)–10

�C/min–320 �C (10 min)

Transfer line temperature 280 �C
Carrier gas He (1 ml/min)

Septum purge 3 ml/min

Solvent delay 5 min

Minor ion detection On

Ion source temperature 230 �C
Quadrupole temperature 150 �C
Scan m/z span 50–1000

Gas chromatography–mass spectrometry

Fig. 2 Colony morphologies of

T. matsutake strain TM8

(NBRC 109051) cultured on

media with different

compositions of metal ions.

Culture media were as follows.

a No. 2, b No. 3, c No. 4, d No.

5. Full media compositions are

shown in Table 1, and those of

minor metal ions are in Table 2
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shown in Fig. 3. Colonies of TM3 and TM8 on Ohta agar

medium got wrinkled, and fine aerial hyphae covered on the

surface. They were elastic like rubber and difficult to be

stamped out by a cork borer. Colony of TM19 on Ohta agar

medium formed a lot of fine aerial hyphae on the wrinkled

colony surface. On the other hand, no wrinkled form and

active aerial hyphae formation were confirmed on Ohta_zNA

medium in all the strains used, and the colonies were easily

stamped out with a cork borer. Thus Zn2? can be considered

as a key factor to give toughness, wrinkled form, and active

aerial hyphae formation to the colony of T. matsutake.

Shown in Figs. 4 and 5 are colony morphologies of the

strains TM3 and 8 cultured on the media with different

compositions of Zn2?, folic acid, and nicotinic acid

(medium Nos. 9–15 in Table 3). When cultured on

0.35 lM of Zn2? without both folic acid and nicotinic acid,

colonies got flat and sparse, and transparent enough to see

its background (Figs. 4a, 5a). When given 17.5 lM of

Zn2? without both folic acid and nicotinic acid or 0.35 lM
of Zn2? with folic acid or nicotinic acid, they got flat and

dense (Figs. 4b–d, 5b–d). Furthermore, when supplied

17.5 lM of Zn2? with folic acid or nicotinic acid, colonies

Fig. 3 Colony morphologies of T. matsutake strains TM3 (NBRC

109050), TM8 (NBRC 109051), and TM19 (NBRC 109052) cultured

on Ohta agar and Ohta_zNA (without Zn2? addition) media. a–

c TM3, TM8, and TM19 cultured on Ohta agar medium respectively.

d–f TM3, TM8, and TM19 cultured on Ohta_zNA medium

respectively

Fig. 4 Colony morphologies of T. matsutake strains TM3 (NBRC 109050) cultured on media with different compositions of Zn2?, folic acid,

and nicotinic acid. As for those compositions, please refer to Tables 3 and 4. Media used in photographs a–g were Nos. 9–15 respectively

466 J Wood Sci (2016) 62:460–471
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got wrinkled (Figs. 4e, f, 5e, f). Without Zn2?, colonies

remained flat and sparse even when both folic acid and

nicotinic acid were provided (Figs. 4g, 5g).

Effective concentration of Zn21 to induce colony

morphological changes

Shown in Fig. 6 are photographs of colonies of TM3 and

TM19 cultured on synthesized media with 0–100 lM of

Zn2?. Wrinkled colony was observed at 10 and 100 lM of

Zn2? in the strain TM3 (Fig. 6e, f), however, differences

were not so clear. On the other hand, colony morphological

changes of TM19 were apparent. Colony wrinkling and

aerial hyphae formation were observed when cultured on

the media with more than 1 lM of Zn2? (Fig. 6j–l).

The influence of Zn21 on the growth of T. matsutake

Colony diameters when cultured at each Zn2? concentra-

tion are shown in Fig. 7, and shown in Fig. 8 are colony

dry weight and water content. Statistical significances are

detected between bars or points of line graph with different

alphabets (Scheffe’s F test, P\ 0.05). Colony diameter of

TM3 tended to get larger when cultured on the media with

more than 1 lM of Zn2?, while that of TM19 had

decreasing tendency. Colony dry weight and water content

of TM3 did not so fluctuate by Zn2? concentrations con-

trary to TM19.

The influence of Zn21 on metabolic profile

To discuss the colony morphological changes caused by

Zn2? deficiency in terms of metabolic pathways, we

obtained metabolic profiles of T. matsutake mycelia

cultured on media with or without Zn2? addition, using

GC/MS. The obtained chromatograms are shown in Fig. S1

(supplementary figure). Peak area ratios of six metabolites

to that of internal standard (ribitol) were found to have

statistically significant differences (P\ 0.05). As shown in

Table 6, they are L-serine (library spectral match: 95),

glycerol-3-phosphate (library spectral match: 94), D-fruc-

tose (identified by the standard chemical: Wako

127-02765), D-glucose (identified by the standard chemi-

cal: Wako 049-31165), D-mannitol (identified by the stan-

dard chemical: Wako 133-00845), and D-trehalose (library

spectral match: 94). L-Serine (P = 0.0005), D-fructose

(P = 0.000001), D-glucose (P = 0.001), D-trehalose

(P = 0.01) were detected with higher abundance in the

sample of without Zn2? addition than that of with Zn2?

addition. Glycerol-3-phosphate (P = 0.02) and D-mannitol

(P = 0.0009) were detected more in the sample of with

Zn2? addition.

Discussion

In present work, we set out to determine a key factor

regulating colony morphogenesis such as wrinkling and

aerial hyphae formation of T. matsutake. As shown in

Figs. 2 and 3, Zn2? is apparently a key factor of such

morphogenesis. Ohta agar medium is a synthesized one

containing a variety of nutrients; minor and major metal

elements, a diversity of vitamins, a nitrogen source, and a

carbon source [8]. Even on this nutritionally rich medium,

colony wrinkling and aerial hyphae formation did not occur

just by not adding Zn2? (Fig. 3). This also support that

Zn2? is a key substance to induce colony morphogenesis in

T. matsutake.

Fig. 5 Colony morphologies of T. matsutake strains TM8 (NBRC 109051) cultured on media with different compositions of Zn2?, folic acid,

and nicotinic acid. As for those compositions, please refer to Tables 3 and 4. Media used in photographs a–g were Nos. 9–15 respectively
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Fig. 6 Colony morphologies of

T. matsutake strains TM3

(NBRC 109050) and TM19

(NBRC 109052) cultured on a

series of media No. 8 with

different Zn2? concentrations.

a–f TM3 cultured at 0, 0.01, 0.1,

1, 10, and 100 lM of Zn2?

respectively. g–l TM19 cultured

at the same Zn2? concentration

with TM3 respectively
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Fig. 7 Colony diameter of T. matsutake strains TM3 (NBRC 109050)

and TM19 (NBRC 109052) cultured on a series of media No. 8 with

different Zn2? concentrations. a TM3, b TM19. Values: mean ± SD

(standard deviation), n = 6. Statistical significance evaluated by

Scheffe’s F test is between bars with different alphabets (P\ 0.05)
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In the experiment of effective concentration of Zn2?,

using the medium No. 8 with a series of Zn2? concentra-

tion, T. matsutake strain TM3 did not show a drastic colony

morphological change as observed in TM19 (Fig. 6),

whereas when using Ohta agar, in which nearly 10 lM of

Zn2? is included, apparently different colony morphologies

from those observed on the medium No. 8 with 10 lM of

Zn2? addition were confirmed (Fig. 3). This difference in

the extent of Zn2? influence is believed to be due to syn-

ergistic effects with other nutrients. Some or one, organic

or inorganic ingredients in Ohta agar medium can affect the

influence of Zn2?. Present results of the influence of folic

acid and nicotinic acid on colony morphologies can support

the hypothesis (Figs. 4, 5).

Colony diameter, dry weight, and water content did not

fluctuate depending on Zn2? concentrations (Figs. 7, 8).

Usual colony expansion speed of T. matsutake, when cul-

tured under an optimum condition, is 1.0–1.5 cm a month,

which supports the strains used in present study were not

inhibited to grow by the applied concentrations of Zn2?.

Thus Zn2? can be considered to have an influence on

morphogenesis, not on the growth evaluated by diameter,

dry weight, and water content.

Present metabolomic data of methanol extract of T.

matsutake mycelia cultured with or without Zn2? addition

has indicated that Zn2? deficiency influences carbohydrate

and L-serine metabolisms. Fructose-bisphosphate aldolase

(E.C. 4.1.2.13), which catalyzes a reaction that converts

fructose-1,6-bisphosphate into dihydroxyacetone phos-

phate and glycerol-3-phosphate (G3P), is known to have

Zn2? as a cofactor. Thus, smaller content of G3P in the

mycelia cultured without Zn2? addition (Table 6) may be

caused by the inhibition of the enzyme. Biosynthesis of D-

mannitol also seems to have been inhibited by Zn2? defi-

ciency (Table 6). One of the reactions of mannitol

biosynthesis is catalyzed by NADP (nicotinamide adenine

dinucleotide phosphate)-dependent mannitol dehydroge-

nase (E.C. 1.1.1.138) from D-fructose. Zn2? is a cofactor of

NADPH (reduced form of NADP) dehydrogenase (E.C.

1.6.5.2), thus inhibition of mannitol dehydrogenase due to

lack of NADP caused by Zn2? deficiency could lead

smaller content of mannitol in the mycelia cultured without

Zn2? addition, and D-fructose accumulation in those cul-

tured with Zn2? addition (Table 6; Fig. 9). As for L-serine

metabolism (Fig. 10), its accumulation under Zn2? defi-

cient condition can be caused by inhibition of pyridoxal

Fig. 8 Colony dry weight and water content of T. matsutake strains

TM3 (NBRC 109050) and TM19 (NBRC 109052) cultured on a series

of media No. 8 with different Zn2? concentrations. A line graph

indicates water content, and a bar graph is of dry weight. a TM3,

b TM19. Values: mean ± SD (standard deviation), n = 6. Statistical

significance evaluated by Scheffe’s F test is between bars or points of

the line graph with different alphabets (P\ 0.05)

Table 6 Peak area ratio of 6

metabolites to the internal

standard (ribitol) obtained with

GC/MSb

Metabolites Peak area ratio to the internal standarda P value of

Student’s t test
With Zn2? addition Without Zn2? addition

L-Serine 1.64 ± 0.215 5.41 ± 0.611 5.4E-04

Glycerol-3-phosphate 1.83 ± 0.312 1.08 ± 0.104 1.6E-02

D-Fructose 0.19 ± 0.027 1.35 ± 0.035 1.4E-06

D-Glucose 2.04 ± 1.100 9.39 ± 1.161 1.3E-03

D-Mannitol 15.8 ± 0.358 9.51 ± 1.183 8.9E-04

D-Trehalose 12.3 ± 2.390 18.6 ± 1.123 1.5E-02

a Values ± SD (standard deviation), n = 3
b Gas chromatography–mass spectrometry
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kinase (E.C. 2.7.1.35), a cofactor of which is Zn2?. This

enzyme catalyzes a conversion from pyridoxal into pyri-

doxal-5-phosphate (P5P). Most of the enzymes relating to

serine metabolism are pyridoxal phosphate enzymes: E.C.

2.1.2.1, E.C. 2.6.1.45, E.C. 4.2.1.20, E.C. 4.2.1.22, and

E.C. 4.3.1.17. Thus, we are speculating that inhibition of

the metabolic pathways due to the insufficient supply of

P5P has resulted in the accumulation of L-serine. As

L-serine is a starting metabolite of cysteine and methionine

metabolism, the inhibition of serine metabolism can also

bring about lack of the sulfur containing amino acids. This

will affect biosynthesis of proteins with disulfide bonds

such as hydrophobins, which are reported to play an

important role in building aerial structures of fungi

[11, 12]. Folic acid and nicotinic acid have been reported to

promote pyridoxine biosynthesis [13]. Thus, synergistic

effect of Zn2?, folic acid and nicotinic acid on the colony

morphological changes makes sense (Fig. 10).

Zn2+

Cofactor

Mannitol dehydrogenase

Fructose-1,6-bisphosphate

D-Fructose

NADPH NADP

D-Mannitol

Glycerol-3-phosphate

Cofactor

Cofactor

NADPH dehydrogenase

Fructose-bisphosphate aldolase

Fig. 9 Putative metabolic pathway involved in D-fructose accumu-

lation and inhibition of biosynthesis of glycerol-3-phosphate (G3P)

and D-mannitol under Zn2? deficient condition. In this pathway,

insufficient supply of Zn2? can inhibit fructose-bisphosphate aldolase

and NADPH (reduced form of NADP: nicotinamide adenine

dinucleotide phosphate) dehydrogenase as it is a cofactor of both

enzymes. The inhibition of the former enzyme causes smaller amount

of G3P content, and that of the latter one results in D-fructose

accumulation and inhibition of D-mannitol biosynthesis as insufficient

Zn2? can inhibits NADPH dehydrogenase, which leads insufficient

supply of NADP, a cofactor of mannitol dehydrogenase

Folic acid

Pyridoxal Pyridoxal-5-phosphate

Nicotinic acid Zn2+

L-Serine L-Cysteine

Pyridoxine

biosynthesis

Cofactor
Promotion

Cofactor

Pyridoxal kinase

Serine sulfhydrase

Fig. 10 Putative metabolic pathway involved in L-serine accumula-

tion. Serine sulfhydrase is shown as an example of pyridoxal

phosphate enzymes. In this pathway, L-serine can be accumulated

when the supply of pyridoxal-5-phosphate (P5P) is insufficient, which

is caused by Zn2? deficiency. As nicotinic acid and folic acid have

been reported to promote pyridoxine biosynthesis [14], synergistic

effect of Zn2?, nicotinic acid, and folic acid on colony morphology

observed in present is accountable if this pathway is involved in the

morphogenesis

470 J Wood Sci (2016) 62:460–471

123



Lanfranco et al. have reported mM order of Zn2?

increases hyphal branching and chitin production, using an

ericoid fungus [14]. As another candidate of the mecha-

nism of present phenomena, such micro scale or molecular

level alternation could be considered to give toughness and

wrinkled form to the colony.

These are all indirect evidence to explain present phe-

nomena. Thus of course more experiments are necessary to

conclude the mechanism, however, we believe present

results will be an opportunity to discuss the fungal

morphogenesis.

As T. matsutake produces valuable edible fruiting bod-

ies, an artificial cultivation is expected. Fruiting body

building is also a morphological change. Thus next our

mission will be to investigate relevance of Zn2? to fruiting

using other fungi widely studied.
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