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Evaluation of waste mushroom medium from cultivation of shiitake 
mushroom (Lentinula edodes) as feedstock of enzymic saccharifi cation

Abstract The feasibility of using waste mushroom medium 
(WMM) as a substrate for enzymic saccharifi cation to 
produce bioethanol or other bioproducts was investigated. 
WMM was broken up or left unbroken and stored at constant 
temperatures (5°, 15°, and 25°C) for 1 or 2 month(s) to accel-
erate lignin degradation by shiitake, which is a white rot 
fungus, and to increase the saccharifi cation ratio. When the 
physicochemical properties of WMM and stored WMM were 
investigated, it was evident that the mushroom medium 
(MM) lignocellulose had decomposed during shiitake culti-
vation and its subsequent storage at a constant temperature. 
WMM and stored WMM were more susceptible to attack by 
cellulase than MM. When the unbroken WMM that was 
stored at 25°C for 2 months was saccharized with meicelase 
at 5 FPU/g substrate, its saccharifi cation ratio was higher than 
that of unstored WMM. The maximum glucose yield of the 
stored WMM was 200.5 mg/g substrate, approximately 4.1 
times as large as the value for autoclaved MM under the 
same saccharifi cation condition. The saccharifi cation ratio of 
the constituent cellulose was approximately 60%.

Key words Waste mushroom medium · Lentinula edodes · 
Enzymic saccharifi cation · Lignocellulosic biomass · Con-
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Introduction

Shiitake mushroom (Lentinula edodes) is one of the most 
commonly produced edible mushrooms in the world.1 Total 
production was more than 1.6 million t in the world in 1997. 
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Shiitake production is currently increasing,2 and commer-
cially grown shiitake are cultivated on natural bed logs or 
synthetic media. The use of synthetic media is increasing in 
several countries such as China,3 Japan,4 and the United 
States.5 Approximately 79% of the 70,342 t of fresh shiitake 
that was harvested in Japan in 2008 was cultivated on syn-
thetic media.6 The fresh weight of waste mushroom medium 
(WMM) after the cultivation of shiitake is estimated to be 
in excess of 50,000 t/year.

Mushroom medium (MM) is composed of hardwood 
meal. It is expected that certain levels of cellulose, hemicel-
luloses, and lignin remain after cultivation.7 WMM can be 
regarded as a lignocellulosic biomass that could be used as 
a feedstock for enzymic saccharifi cation to produce bio-
ethanol or other bioproducts as an alternative to fossil 
resources, because lignocellulosic biomass is a renewable 
resource. However, lignocellulosic biomass has not been 
extensively used as such a feedstock, the main reason being 
the high cost for its transportation, storage, and conversion. 
Transportation for collecting this resource is costly because 
lignocellulosic biomass is bulky and has a low density.8,9 
Storage cost is incurred because lignocellulosic biomass has 
seasonal availability.9 Conversion cost is also high because 
of the rigid structure. Lignocellulosic biomass has a cellu-
lose-hemicellulose-lignin network that limits the access of 
enzymes such as cellulase and hemicellulase.10,11

WMM is more advantageous than other types of ligno-
cellulosic biomass because of its high density, availability 
throughout the year, and decreased structural rigidity 
resulting from the growth process of shiitake fungus. The 
shift from natural bed log cultivation to synthetic medium 
cultivation has consolidated scattered mushroom produc-
tion areas into narrow production zones in mushroom fac-
tories.12 The WMM obtained from these narrow zones 
therefore can be rapidly utilized. WMM can be supplied 
throughout the year because the shiitake mushroom is 
stably produced throughout the year in the mushroom fac-
tories.12 Therefore, WMM does not incur large transporta-
tion and storage costs. In addition, because steady amounts 
of WMM can be obtained, a biomass conversion facility 
could operate without interruption.
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Shiitake is a type of white rot fungi that can degrade 
lignin, cellulose, and hemicellulose.7 The enzymic sacchari-
fi cation ratio of the lignocellulose of WMM increases after 
cultivation of some white rot fungi such as maitake13 and 
enokitake.14 However, there are not many reports on the 
enzymic saccharifi cation ratio of shiitake WMM. The culti-
vation method of shiitake is signifi cantly different from that 
of maitake and enokitake; shiitake requires a longer cultiva-
tion period and allows multiple harvests, rather than the 
single harvest of maitake and enokitake. These differences 
may result in a higher ratio of lignin degradation and 
enzymic saccharifi cation.

Storing shiitake WMM could possibly enhance the 
enzymic saccharifi cation ratio. Enzymic saccharifi cation of 
maitake WMM stored at a constant temperature was higher 
than that not stored.15 However, there are few studies on 
shiitake WMM storage.

The aim of this work was to evaluate WMM of shiitake 
as a feedstock for enzymic saccharifi cation to produce bio-
ethanol or other biorefi ned products. Thus, we surveyed 
changes in the properties of synthetic media before and 
after cultivation, and the subsequent storage at a constant 
temperature. Broken and unbroken WMM were stored at 
three temperatures, and the enzymic saccharifi cation ratios 
of all treatments were compared.

Materials and methods

Materials

MM was prepared according to the instructions of Kinoko-
seisan Sougoukenkyusho, Hokkaido, Japan. MM was com-
posed of lignocellulose powder: 244 g (oven dry matter, 
ODM) of Quercus mongolica var. grosserrata, 105 g ODM 
of Betula platyphylla var. japonica, and 22 g ODM of buck-
wheat husk. The mixture was supplemented with 141 g 
ODM of a mixture of rice bran, wheat bran, hominy feed 
(Sunny Maize, Shizuoka, Japan), and Derutoppu (Mori, 
Gunma, Japan). Water was added to the mixture to obtain 
a moisture content of 61% and weight of 1,300 g. MM (fresh 
weight, 1,300 g) was packed in a plastic bag (approximately 
10 cm W × 9 cm D × 35 cm H; Miki-pack 1.3 × 380BF, Miki-
sangyo, Aichi, Japan) and then autoclaved at 121°C for 1 h 
(AMM).

WMM produced from the commercial cultivation of shii-
take Mori XR-1 (Mori) was supplied by Kinokoseisan Sou-
goukenkyusho. The mushrooms were cultured for 85 days 
(20°–25°C, ≈70% RH), after which the shiitake fruiting 
bodies were harvested. After the fi rst harvest, the medium 
was soaked in water, and subsequently cultured for 20 days 
(15°–20°C, > 80% RH), which was followed by fruiting body 
formation. This procedure was repeated twice. The fruiting 
bodies were harvested three times in total.

WMM (cylinder-shaped, approximate height 15 cm, ϕ 
10 cm) was stored under the following conditions. A total 
of 15 samples of WMM were manually broken into pieces 
less than 4 × 4 × 4 cm (BWMM), and the other 15 samples 
were left unbroken (UWMM). Both samples were packed 

in Miki-packs with two fi lters (MT-S25B; approximate 
19 cm W × 11 cm D × 40 cm H) and stored at a constant 
temperature. Room humidity was maintained at 60–80% 
RH. During storage, light was excluded from WMM, except 
once a week for observations. BWMM and UWMM were 
stored at 5°C for 2 months and at 15° or 25°C for 1 month 
or 2 months, respectively. BWMM stored at 15°C for 2 
months was designated as B15-2, UWMM stored at 25°C 
for 1 month was designated as U25-1, and so forth. All 
samples, except for MM, were prepared in triplicate. 
However, chemical analysis and enzymic saccharifi cation in 
MM was performed in triplicate.

Pulverization and sieving

All substrates were manually broken into pieces less than 4 
× 4 × 4 cm, then oven-dried at 50°–60°C until the moisture 
content of the sample became less than 10%. The pieces 
were milled with a Wiley mill (type 1029-08; Yoshida Sei-
sakusho, Tokyo, Japan) at 980 rpm using a 2-mm mesh 
grating. The substrates were screened with fi ve sieves with 
mesh sizes of 0.125, 0.25, 0.5, 1.0, and 2.0 mm, respectively. 
The percentage of the substrate remaining between the 
screens was determined with dry sieving apparatus accord-
ing to JIS Z 8815.

Chemical component analysis

Lignin and constituent polysaccharide (glucan, xylan, galac-
tan, arabinan, and mannan) content was determined using 
the method of Sluiter et al.16 with the following minor modi-
fi cations. Extraction with ethanol–benzene was omitted 
from the method because it had very little effect on deter-
mining the contents of lignin and sugars in preliminary 
analyses. The substrates were hydrolyzed with 72% sulfuric 
acid; the residue was used to determine the content of acid-
insoluble lignin and the supernatant was used to determine 
the content of acid-soluble lignin and the constituent sugars. 
Constituent sugar monosaccharides (d-glucose, d-xylose, 
d-galactose, l-arabinose, and d-mannose) were analyzed 
using an HPLC system (L2000 series; Hitachi High-
Technologies, Tokyo, Japan) equipped with an RI detector 
and a tandemly arranged Aminex HPX-87P × 2 (Bio-Rad 
Laboratories, Hercules, CA, USA). Column temperature 
was set at 80°C. The eluent was deionized water with a fl ow 
rate of 1 ml/min. Because the content of galactan, arabinan, 
and mannan was relatively small, they were combined and 
termed “minor sugars.”

The acid-soluble lignin content was estimated spectro-
photometrically at a maximum absorbance of 199–206 nm 
according to JISP 8008-1961 using a 228A spectrophotom-
eter (Hitachi, Tokyo, Japan).

The total content of α-glucan (starch and glycogen) in the 
substrate was measured according to the method of Hideno 
et al.13 α-Amylase (>1.5 U/mg, from Bacillus subtilis; Wako 
Pure Chemicals, Osaka, Japan) and glucoamylase (0.1 U/mg, 
from Rhizopus sp.; Wako Pure Chemicals) were used to 
hydrolyze the α-glucan. The hydrolysate was assayed using a 
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colorimetric kit (Glucose C2; Wako Pure Chemical) with a 
228 A spectrophotometer (Hitachi). The content of β-glucan 
was calculated by subtracting the content of α-glucan from 
that of total glucan. The content of “other components” was 
calculated by subtracting the sum of the amounts of acid-
insoluble lignin, acid-soluble lignin, β-glucan, xylan, minor 
sugars, and α-glucan from the dry weight of the substrate. The 
other component possibly included ash and extracts.

All lignin and sugars were calculated based on the dry 
weight of the substrate and expressed in weight percentages. 
Dry weight was calculated by drying a subsample of the 
substrate in an oven at 105°C for 24 h and weighing it to 
obtain an accuracy of ±0.1 mg.

Enzymic saccharifi cation

A commercial cellulase preparation (Meicelase; Meiji Seika, 
Tokyo, Japan) derived from Trichoderma viride was used to 
saccharize the substrates. Meicelase activity was expressed 
as fi lter paper units (FPU), based on the method of Adney 
and Baker.17 The substrate (240 mg ODM) was placed into 
a test tube, and meicelase (4.8 FPU) in 12 ml 0.1 M sodium 
acetate buffer (pH 4.8) was added. The tubes were incu-
bated at 50°C for 24 h on a shaker (Multi Shaker MMS-310; 
Tokyo Rikakikai, Tokyo, Japan) at 80 rpm.

Enzymic saccharifi cation of AMM, WMM, U15-1, and 
U25-2 was examined with different amounts of meicelase 
and for different incubation times. The combinations of 
enzyme activity (FPU/g ODM) for the substrate and incu-
bation time (FPU/h) were 5-48, 20-48, 50-48, 20-24, and 
20-72, respectively. These experiments were performed at 
40°C because no incubator able to keep the substrate at 
50°C was available. However, Teratani et al.18 showed that 
meicelase activity had little difference between 40°C and 
50°C of incubation temperature. In addition, the differences 
observed in the result of preliminary saccharifi cation analy-
ses between 40°C and 50°C were also small. Therefore, this 
change of cultivation temperature was considered to have 
little infl uence on the saccharifi cation.

Meicelase saccharifi cation of starch (starch, soluble; Kanto 
Chemical, Tokyo, Japan) was also examined in the same way 
as just described. The monosaccharides in the hydrolysate 
were analyzed using the HPLC system as described above.

The saccharifi cation ratio of β-glucan (S1) was calculated 
using Eq. 1:

S B C D A1 100 100(%) [{ ( )} ]= − × ×  (1)

where A is the content of β-glucan (mg), B is the amount 
of glucan hydrolyzed by meicelase (mg), C is the α-glucan 
content (mg), and D is the percentage rate in meicelase 
saccharifi cation of starch (%).

The saccharifi cation ratio of xylan or minor sugars (S2) 
was calculated using Eq. 2:

S E F2 100(%) ( )= ×  (2)

where E is the amount of xylan or minor sugars hydrolyzed 
by meicelase (mg) and F is the content of xylan or minor 
sugars (mg).

The β-glucan saccharifi cation yield (Y) was calculated 
using Eq. 3:

Y B C D G(%) [{ ( )} ]= − × ×100 100  (3)

where G is the content of β-glucan of MM (mg).

Statistical analysis

The homoscedasticity of particle size, chemical components, 
and saccharifi cation ratio of each substrate were assessed 
using Bartlett’s test. The difference among the substrates 
whose homoscedasticity was assumable was examined by 
one-way analysis of variance (ANOVA) and the Tukey–
Kramer test. The difference among the substrates whose 
homoscedasticity was not assumable was examined using the 
Games–Howell test. P < 0.05 was considered signifi cant.

Results and discussion

Distribution of particle size

When lignocellulose is saccharized with enzymes, its particle 
size signifi cantly infl uences saccharifi cation effi ciency.11,13,14 
As shown in Table 1, there are almost no differences in the 
size-class ratios between MM and AMM. The ratio of size-
class 1.0–2.0 mm of WMM and stored WMM was lower than 
that of MM and AMM. The ratio of size-class 0.5–1.0 mm 
of WMM and stored WMM, except for U15-1, was lower 
than that of MM and AMM. In contrast, the ratio of size-
class 0–0.125 mm of WMM and stored WMM was higher 
than that of MM and AMM. In addition, the ratio of size-
class 0.125–0.25 mm of WMM and stored WMM was higher 
than AMM. The ratio of size-class 0.125–0.25 mm of six 
stored WMM substrates (B5-2, B25-1, U5-2, U15-2, U25-1, 
U25-2) was higher than that of MM. Although the ratio of 
size-class 0.25–0.5 mm of WMM and six stored WMM sub-
strates was higher than that of MM or AMM, the difference 
in their averages was smaller than those of size-classes 
1.0–2.0 mm and 0–0.125 mm. Thus, autoclaving had rela-
tively little infl uence on the particle size whereas cultivating 
shiitake reduced the particle size. Thus, increase in the ratio 
of fi ner substrate powder indicated that WMM and stored 
WMM was ground more easily than MM and AMM for use 
for subsequent enzymic saccharifi cation.

The ratios of size-class 0.5–1.0 and 0.25–0.5 mm of U15-1 
were higher than those of U15-2. In contrast, the ratio of 
size-class 0–0.125 mm of U15-1 was lower than that of 
U15-2. In addition, the ratios of size-classes 0.5–1.0 and 
0.25–0.5 mm of U25-1 were higher than those of U25-2. 
Thus, crushability may be improved by lengthening the 
storage period in UWMM.

Changes in components

The contents of lignin and sugars obtained from the sub-
strates and dry weight changes are shown in Table 2. The 
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Table 1. Changes in size-class ratios of the shiitake substrate after autoclaving, cultivation, and storage

Substratea Granulometry (%)

Size-class

1.0–2.0 mm 0.5–1.0 mm 0.25–0.5 mm 0.125–0.25 mm 0–0.125 mm

MM 6.0 ± 0.9 a 49.0 ± 2.3 a 28.3 ± 1.0 f 9.4 ± 1.2 de 7.3 ± 1.1 d
AMM 5.4 ± 0.9 a 49.9 ± 0.2 a 29.3 ± 0.6 ef 9.5 ± 0.2 e 6.0 ± 0.4 d
WMM 1.5 ± 0.1 b 32.2 ± 1.5 bcd 33.9 ± 1.1 abc 16.4 ± 0.6 cd 16.0 ± 1.7 abc
B5-2 1.3 ± 0.4 b 28.5 ± 1.2 bcd 33.4 ± 1.7 abc 17.8 ± 0.4 abc 19.1 ± 2.3 ab
B15-1 1.4 ± 0.3 b 30.1 ± 1.8 cd 33.5 ± 0.3 abc 17.1 ± 0.5 cd 18.0 ± 2.0 abc
B15-2 1.5 ± 0.3 b 28.9 ± 2.2 cd 31.1 ± 1.0 cdef 18.2 ± 1.7 abcd 20.3 ± 0.8 a
B25-1 1.1 ± 0.2 b 28.2 ± 0.9 cd 32.8 ± 0.3 bcd 18.0 ± 0.5 abc 20.0 ± 0.7 a
B25-2 1.3 ± 0.0 b 27.6 ± 3.4 cd 32.0 ± 2.0 cde 19.2 ± 2.5 abcd 19.8 ± 2.9 a
U5-2 0.9 ± 0.1 b 29.0 ± 1.9 cd 34.4 ± 0.2 abc 18.2 ± 0.4 ab 17.6 ± 1.6 abc
U15-1 1.0 ± 0.1 b 35.0 ± 3.0 ab 35.6 ± 1.5 ab 15.3 ± 0.9 abcd 13.2 ± 2.2 c
U15-2 1.4 ± 0.4 b 28.4 ± 0.5 cd 32.0 ± 0.8 cde 17.9 ± 0.3 abc 20.3 ± 1.1 a
U25-1 0.9 ± 0.2 b 32.6 ± 1.7 bc 36.3 ± 1.5 a 15.9 ± 0.7 bc 14.2 ± 2.3 bc
U25-2 1.3 ± 0.2 b 26.7 ± 1.0 d 32.8 ± 0.7 bcd 18.6 ± 0.4 a 20.7 ± 1.9 a

Values represent means of three repetitions ± SD
Numbers with different letters indicate signifi cant difference among substrates (P < 0.05)
Numbers after B and U are temperature (°C) and months of storage
Signifi cance in size-classes except for 0.25–0.125 mm according to Tukey–Kramer test, and in size-class 0.125–0.25 mm according to Games–
Howell test
a MM, mushroom medium of shiitake mushroom (Lentinula edodes); AMM, autoclaved MM; WMM, waste mushroom medium after cultivation 
of shiitake; B, WMM stored after it was fragmented; U, unbroken and stored WMM

Table 2. Content of lignin and sugars obtained from the substrates and dry weight changes

Substratea Component [% (w/w)]b Changes in dry 
weight 
[%(w/w-MM)]Acid-insoluble 

lignin
Acid-soluble 
lignin

β-Glucan Xylan Minor 
sugarsc

α-Glucan Other 
componentsd

MM 24.3 ± 0.5 abc 3.4 ± 0.3 b 28.5 ± 1.6 abc 13.3 ± 1.2 a 6.7 ± 0.5 a 5.7 ± 0.3 a 18.1 ± 3.2 100
AMM 24.5 ± 0.8 ab 3.2 ± 0.4 b 28.2 ± 2.3 abc 13.8 ± 0.3 a 8.3 ± 3.8 abc 5.0 ± 0.5 a 17.0 ± 0.7 98.3 ± 1.1 a
WMM 17.8 ± 1.7 cdef 7.4 ± 1.1 a 27.1 ± 3.4 abcd 11.1 ± 1.3 b 7.1 ± 5.0 abc 1.2 ± 0.3 bc 28.4 ± 5.4 46.8 ± 2.5 bc
B5-2 18.9 ± 3.3 bcdef 7.6 ± 0.8 a 23.7 ± 3.4 bcde 9.1 ± 1.1 bcd 4.9 ± 1.4 abc 1.5 ± 0.8 bcd 34.3 ± 1.2 44.4 ± 5.4 bcd
B15-1 19.1 ± 0.7 bcdef 8.5 ± 1.1 a 24.3 ± 0.5 abcde 9.9 ± 1.2 bc 6.2 ± 2.3 abc 1.3 ± 0.3 b 30.8 ± 5.2 41.1 ± 3.3 bcd
B15-2 22.4 ± 3.5 abcde 8.1 ± 1.2 a 19.7 ± 1.7 e 8.0 ± 0.7 cd 3.5 ± 0.7 bc 0.9 ± 0.3 bc 37.5 ± 1.7 33.7 ± 1.4 d
B25-1 23.1 ± 2.6 abcd 7.6 ± 0.1 a 21.1 ± 1.3 de 8.4 ± 0.6 cd 3.1 ± 0.6 bc 0.8 ± 0.7 bcd 35.9 ± 0.8 34.9 ± 2.3 cd
B25-2 27.6 ± 4.7 a 7.2 ± 0.5 a 17.9 ± 2.0 e 7.3 ± 0.5 d 3.0 ± 1.0 c 0.8 ± 0.1 c 36.2 ± 0.9 26.9 ± 1.5 e
U5-2 17.1 ± 1.6 def 7.3 ± 0.6 a 30.4 ± 0.3 a 9.8 ± 0.4 bc 3.1 ± 0.1 abc N.D. d 32.2 ± 1.2 43.8 ± 5.1 bcd
U15-1 15.9 ± 1.0 f 7.6 ± 0.2 a 29.4 ± 2.4 abc 9.5 ± 0.4 bcd 4.2 ± 0.3 b N.D. d 33.5 ± 1.3 47.5 ± 5.1 b
U15-2 19.7 ± 0.9 bcdef 7.7 ± 0.1 a 23.5 ± 1.3 cde 8.3 ± 0.2 cd 3.2 ± 0.7 bc 0.4 ± 0.5 bcd 37.2 ± 1.3 33.4 ± 0.3 d
U25-1 16.7 ± 2.4 ef 7.4 ± 0.3 a 30.0 ± 2.9 ab 9.5 ± 0.3 bcd 3.2 ± 0.3 c 0.1 ± 0.2 d 33.1 ± 0.3 41.1 ± 8.4 bcd
U25-2 16.5 ± 0.3 ef 6.3 ± 1.6 a 29.9 ± 1.1 ab 7.9 ± 0.4 cd 3.5 ± 0.4 c N.D. d 35.9 ± 1.1 34.3 ± 1.6 cd

Values represent means of three repetitions ± SD
Numbers with different letters indicate signifi cant difference among substrates (P < 0.05)
Signifi cance in the components except for minor sugars and α-glucan according to Tukey-Kramer test, and in minor sugars and α-glucan accord-
ing to Games–Howell test
N.D., not detected
a See Table 1 for identifi cation of substrates
b Percentage of weight of lignin and sugars on the basis of dry weight of each substrate
c Total content of galactan, arabinan, and mannan
d Dry weight minus the amount sum of acid-insoluble lignin, acid-soluble lignin, β-glucan, xylan, minor sugars, and α-glucan

dry weight of AMM and WMM was 489.8 ± 5.3 g and 233.0 
± 12.5 g (mean ± SD), respectively. When the fruiting bodies 
were harvested, 52% of the raw substrate had been con-
sumed. The dry weight of B15-2, B25-2, and U15-2 was 
lower than that of WMM; the dry weight of B25-2 was the 
lowest of all stored WMM substrate. Thus, decrease in dry 
weight depends on temperature and the period of storage.

The acid-insoluble lignin content of WMM was lower 
than that of AMM, which indicates that the weight decrease 
of acid-insoluble lignin was more than the entire weight 

decrease of AMM from shiitake cultivation. The acid-insol-
uble lignin of U15-1, U25-1, and U25-2 was lower than that 
of B15-2, B25-1, and B25-2, respectively. This result showed 
that acid-insoluble lignin content differed according to the 
storage method. The acid-soluble lignin content of WMM 
and stored WMM was greater than that of MM and AMM. 
In addition, lignin degradation by shiitake enzymes might 
contribute to the increase in acid-soluble lignin.

β-Glucan content in WMM and stored WMM, except 
for B15-2, B25-1, and B25-2, did not signifi cantly decrease 



433

compared to that in MM and AMM. Xylan content in WMM 
was less than that in MM and AMM. Xylan content in 
B15-2, B25-2, U15-2, and U25-2 was less than that in WMM. 
Thus, longer storage periods at high temperatures decreased 
xylan content. Minor sugars in B15-2, B25-1, B25-2, U15-1, 
U15-2, U25-1, and U25-2 were less than those in MM, indi-
cating that storage at high temperatures decreased the 
content of these minor sugars. α-Glucan content in WMM 
and stored WMM was much less than that in MM and 
AMM. The decrease in the ratio of α-glucan was larger than 
that of acid-insoluble lignin, β-glucan, and xylan from 
WMM. Thus, in the substrates where mycelia or fruiting 
bodies had grown, α-glucan was the fi rst component to be 
consumed.

Enzymic saccharifi cation

The saccharifi cation ratio of MM, AMM, WMM, and stored 
WMM is shown in Fig. 1A. The saccharifi cation ratio of 
xylan and minor sugars (S2) of each substrate was rather 
low. Meicelase has a relatively low xylanase activity,14,19 
explaining the low saccharifi cation ratio of xylan.

The saccharifi cation ratio of β-glucan in WMM was 
approximately 2.8 times higher than that of AMM, indicat-
ing that shiitake cultivation increases the saccharifi cation 
ratio of the substrate. There were signifi cant differences in 
saccharifi cation ratio between the substrates stored under 
different conditions. The saccharifi cation ratio of U25-1 and 
U25-2 was higher than that of B25-1 and B25-2. Especially, 
the saccharifi cation ratio of U25-2 was 6.4 times as high as 
that of B25-2. The saccharifi cation ratios of B15-2, B25-1, 
and B25-2 were lower than those of B5-2 and UWMM. The 

residual ratio of β-glucan of B15-2, B25-1, and B25-2 was 
low (see Table 2). In addition, the acid-insoluble lignin 
content in B25-1 and B25-2 was higher than that of U25-1 
and U25-2 (Table 2). It has been reported that the large 
content of residual lignin limits enzymic saccharifi cation.20 
Thus, low content of β-glucan and high content of lignin are 
considered to have caused lower saccharifi cation ratios of 
β-glucan in B25-1 and B25-2 compared to U25-1 and U25-2. 
Mold was observed in BWMM, especially under high tem-
perature and long storage conditions, which suggests that 
mold caused the low saccharifi cation yield. Negligible mold 
was observed in UWMM. WMM of shiitake had a layer 
composed of mature mycelia on the substrate surface; this 
layer appeared to protect the substrate from mold growth. 
In this study, the interiors of the plastic storage bags were 
under humid, unsterilized, and slowly permeable conditions 
during storage. The moisture content of WMM was 50–70%, 
and that of stored WMM was maintained at 50–70%. Such 
a storage method was adopted for practical use. In terms of 
practical storage, WMM, which would be not packed in 
plastic bags or be unsterilized, could be stacked in stock-
yards. When WMM is piled up, most of this pile of WMM, 
except for its surface, will be stored in conditions such that 
the permeability of air will be low and the humidity will be 
high.

The residual ratio of β-glucan and the saccharifi cation 
ratio in BWMM were low, indicating that WMM should be 
stored in the unbroken state.

The amounts of glucose obtained by enzymic saccharifi -
cation from MM, AMM, WMM, B5-2, B15-1, B15-2, B25-1, 
B25-2, U5-2, U15-1, U15-2, U25-1, and U25-2 were 
23.5 ± 0.6, 43.5 ± 0.1, 116.7 ± 19.1, 108.0 ± 15.0, 88.5 ± 12.3, 
51.2 ± 19.3, 55.8 ± 11.1, 14.0 ± 0.8, 134.3 ± 7.7, 145.1 ± 25.7, 
91.7 ± 9.9, 153.5 ± 36.6, and 159.2 ± 14.7 g/g substrate ODM 
(mean ± SD), respectively. There was a signifi cant difference 
only between MM and AMM examined using the Games–
Howell test.

Effects of saccharifi cation conditions

To increase the low saccharifi cation ratios of β-glucan (less 
than 50%; see Fig. 1A), various enzymic saccharifi cation 
conditions were examined. Figure 2 shows the effect of pro-
cessing time on the saccharifi cation ratio of β-glucan in 
AMM, WMM, U15-1, and U25-2. Saccharifi cation ratios 
were signifi cantly different between WMM and U25-2 at 
24 h. The saccharifi cation ratio of U25-2 at 72 h was 60.3% 
± 2.0% (mean ± SD). The glucose obtained from U25-2 
under this saccharifi cation condition was 200.5 ± 13.3 mg/g 
substrate (mean ± SD). Although the saccharifi cation ratio 
tended to increase when the time was increased to 72 h, the 
inclination of the graph appeared to tail off. Therefore, even 
if the saccharifi cation time is extended from 72 h, it is 
unlikely to have a signifi cant effect on saccharifi cation ratio.

Figure 3A shows the effects of the amount of meicelase 
on the saccharifi cation ratio of β-glucan of AMM, WMM, 
U15-1, and U25-2. The saccharifi cation ratio did not signifi -
cantly increase, even when the amount of meicelase added 

Fig. 1. Saccharifi cation ratio of MM, AMM, WMM, and stored WMM 
to each constituent polysaccharide by meicelase [20 fi lter paper units 
(FPU)/g substrate] at 50°C for 24 h (n = 3; error bar, standard devia-
tion). Open bars, β-glucan; solid bars, xylan; diagonal striped bars, 
minor sugars. Substrates: MM, mushroom medium of shiitake mush-
room (Lentinula edodes); AMM, autoclaved MM; WMM, waste mush-
room medium after cultivation of shiitake; B, WMM stored after it was 
fragmented; U, unbroken and stored WMM. The signifi cance of sac-
charifi cation ratio of β-glucan among the substrates was examined 
using the Tukey-Kramer test. Different letters of saccharifi cation ratio 
of β-glucan indicate signifi cant differences among substrates (P < 0.05)
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Fig. 2. Time-course change in saccharifi cation ratio of AMM, WMM, 
U15-1, and U25-2 by meicelase (20 FPU/g substrate) at 40°C when 
processing time changed (n = 3; error bar, standard deviation). Signifi -
cance among the substrates was examined using the Tukey–Kramer 
test. Different letters indicate signifi cant differences among substrates 
(P < 0.05)

Fig. 3. Hydrolysis of AMM, WMM, U15-1, and U25-2 at 40°C for 48 h 
by adding different amounts of meicelase (n = 3; error bar, standard 
deviation). A Saccharifi cation ratio to each constituent polysaccharide. 
B Saccharized glucose (mg) per dry weight of the substrate (g). Shaded 
bars, AMM; horizontal striped bars, WMM; vertical striped bars, U15-1; 
stippled bars, U25-2. Signifi cance was examined using the Tukey–
Kramer test. Different letters indicate signifi cant differences among 
substrates (P < 0.05)

was increased from 20 FPU/g substrate to 50 FPU/g sub-
strate. When meicelase was added at 20 and 50 FPU/g sub-
strate, the saccharifi cation ratio only differed signifi cantly 
between AMM and the other substrates. When meicelase 
was added at 5 FPU/g substrate, the saccharifi cation ratio 
differed signifi cantly between WMM and U25-2 in addition 
to that between AMM and the other substrates. When the 
amount of meicelase added was decreased from 20 to 5 
FPU/g substrate, the decrease in the saccharifi cation ratio 
of β-glucan differed between stored and unstored WMM: a 
signifi cant decrease in the saccharifi cation ratio of β-glucan 
in U25-2 was not detected whereas it was detected in WMM 
and U15-1. This result suggests that storing WMM at 25°C 
for 2 months was effective in decreasing the amount of cel-
lulase required.

The β-glucan saccharifi cation yield (Y), which was based 
on β-glucan content in MM, was calculated for AMM, 
WMM, U15-1, and U25-2 to compare the saccharifi cation 
ratios tempered with the weight change caused by cultiva-
tion or storage. The β-glucan saccharifi cation yields of 
AMM, WMM, U15-1, and U25-2 were 9.5% ± 1.0%, 17.2% 
± 2.0%, 21.5% ± 3.2%, and 17.6% ± 1.6% (mean ± SD), 
respectively, when meicelase was added at 5 FPU/g sub-
strate and the substrates were saccharized at 40°C for 48 h. 
The β-glucan saccharifi cation yield only differed signifi -
cantly between AMM and the other substrates (P < 0.05, 
Tukey–Kramer test).

Figure 3B shows the amounts of glucose obtained by 
enzymic saccharifi cation of AMM, WMM, U15-1, and U25-2 

when amount of meicelase added was varied. U25-2 yielded 
193.5 ± 21.8 g (mean ± SD) glucose under the following 
saccharifi cation conditions: meicelase added at 20 FPU/g 
substrate, saccharifi cation for 48 h, and saccharifi cation 
temperature at 40°C. There were no signifi cant differences 
between WMM and stored WMM when the added amount 
of meicelase was 20 and 50 FPU/g substrate. However, when 
meicelase was added at 5 FPU/g substrate, the amount of 
glucose obtained from U25-2 was more than that from 
WMM. Hence, storing WMM is an effective way of reducing 
the required amount of the enzyme and increasing the 
amount of glucose obtained from a substrate. It is very 
important for the practical use of the enzymic saccharifi ca-
tion process of lignocelluloses, because the decrease in the 
amount of the enzyme addition lowers the cost of the 
process.

The saccharifi cation ratio of β-glucan in shiitake WMM 
was nearly 50% (see Fig. 2), was similar to that of maitake 
WMM.13 When WMM was saccharized for 24 and 48 h with 
meicelase at 20 FPU/g substrate, the total saccharifi cation 
ratios of all the constituent polysaccharides of shiitake 
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WMM were calculated to be 28% and 36%, respectively. 
These values were higher than the corresponding values of 
about 18% and 24%, respectively, for enokitake WMM.14 
Hence, shiitake increased the saccharifi cation ratio of the 
polysaccharides in MM to similar or better levels than other 
white rot fungi.

In this study, the saccharifi cation ratio of β-glucan from 
lignocelluloses in shiitake MM, which mainly consists of 
hardwoods, was 7.4% ± 0.4% (mean ± SD). Some pretreat-
ments are required to obtain a high saccharifi cation ratio 
from lignocellulosic biomass, including hardwoods.10,20 
Various pretreatments of hardwoods have been examined 
using acid,21,22 alkaline,23 or high-pressure ethanol,24 and 
thus, high saccharifi cation ratios (70% to nearly 100%) have 
been obtained. However, such pretreatment is usually costly 
in terms of equipment and energy. Because 50–60% glucose 
was easily obtained from WMM and stored WMM, such as 
U15-1, U25-1, and U25-2, with only rough pulverizing and 
no pretreatment, these substrates could be used as cost-
effective feedstocks for enzyme saccharifi cation to produce 
bioethanol or other bioproducts.
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 9. Ekşioğlu SD, Acharya A, Leightley LE, Arora S (2009) Analysing 
the design and management of biomass-to-biorefi nery supply 
chain. Comput Ind Eng 57:1342–1352

10. Octave S, Thomas D (2009) Biorefi nery: toward an industrial 
metabolism. Biochimie 91:659–664

11. Lee S, Teramono Y, Endo T (2010) Enhancement of enzymatic 
accessibility by fi brillation of woody biomass using batch-type 
kneader with twin-screw elements. Bioresour Technol 101:769–
774

12. Yamauch T, Eda K, Ayusawa S, Nagashima A, Matsumoto K, Iizuka 
K, Yokota S, Ishiguri F, Yoshizawa N (2010) Cultivation properties 
of the strain for sugi (Cryptomeria japonica) wood in sawdust-
based cultivation of Lentinula edodes (in Japanese). Mokuzai 
Gakkaishi 56:113–121

13. Hideno A, Aoyagi H, Isobe S, Tanaka H (2007) Utilization of spent 
sawdust matrix after cultivation of Grifola frondosa as substrate 
for ethanol production by simultaneous saccharifi cation and fer-
mentation. Food Sci Res 13:111–117

14. Shimokawa T, Nakamura M, Nagasawa N, Tamada M, Ishihara M 
(2007) Effect of gamma-ray irradiation on enzymatic hydrolysis of 
spent corncob substrates from edible mushroom, enokitake (Flam-
mulina velutipes) cultivation. Bull FFPRI 6:27–34

15. Shimoda T, Baba Y, Nishibori K (2008) Ethanol conversion of spent 
mushroom culture medium by the ball-vibration simultaneous sac-
charifi cation and fermentation system (in Japanese). Mokuzai 
Gakkaishi 54:340–345

16. Sluiter A, Hames B, Ruiz R, Scrarlata C, Sluiter J, Templeton D, 
Crocker D (2008) Determination of structural carbohydrates and 
lignin in biomass. Technical Report NREL/TP-510-42618

17. Adney B, Baker J (1996) Measurement of cellulase activities. Tech-
nical Report NREL/TP-510-42628

18. Teratani F, Tanzawa S, Ogawa Y, Kai Y, Nishida T, Maezawa E 
(1997) Hydrolysis of water-soluble cellulose acetate prepared from 
waste newspapers by immobilized cellulase. Mokuzai Gakkaishi 
43:956–964

19. Koreihi M, Imanaka H, Imamura K, Kariyama M, Nakanishi K 
(2009) Effi cient ethanol production from wheat bran by enzymatic 
saccharifi cation using commercially available enzyme products and 
fermentation using bakers’ yeast (in Japanese). Seibutsu-kogaku 
Kaishi 87:216–223

20. Hendriks ATWM, Zeeman G (2009) Pretreatments to enhance the 
digestibility of lignocellulosic biomass. Bioresour Technol 100:10–
18

21. Pristavka A, Kodituvakky PA, Kozlov YP, Zacchi G, Berezin IV, 
Rabinovich ML (2000) High-solids enzymatic hydrolysis of steam-
exploded willow without prior water washing. Appl Biochem 
Microbiol 36:122–130

22. Jensen JR, Morinelly JE, Gossen KR, Brodeur-Campbell MJ, Shon-
nard DR (2010) Effect of dilute acid pretreatment conditions on 
enzymatic hydrolysis monomer and oligomer sugar yields for 
aspen, balsam, and switchgrass. Bioresour Technol 101:2317–2325

23. Zhang X, Qin W, Paice MG, Saddler JN (2009) High consistency 
enzymatic hydrolysis of hardwood substrates. Bioresour Technol 
100:5890–5897

24. Teramoto Y, Lee SH, Endo T (2008) Pretreatment of woody and 
herbaceous biomass for enzymatic saccharifi cation using sulfuric 
acid-free ethanol cooking. Bioresour Technol 99:8856–8863



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




