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Abstract

Methane fermentation of Japanese cedar wood was carried out after pretreatment with four strains of white rot fungi, Ceri-
poriapsis subvermispora ATCC 90467, CZ-3, CBS 347.63 and Pleurocybella porrigens K-2855. These fungi were cultivated
on wood chip media with and without wheat bran for 4-8 weeks. The pretreated wood chip was fermented anaerobically with
sludge from a sewage treatment plant. Pretreatments with C. subvermispora ATCC 9467, CZ-3 and CBS 347.63 in the presence
of wheat bran for 8 weeks decreased 74-76% of B-0-4 aryl ether linkages in the lignin to accelerate production of methane.
After fungal treatments with C. subvermispora ATCC 90467 and subsequent 30-days methane fermentation, the methane yield
reached 35 and 25% of the theoretical yield based on the holocellulose contents of the decayed and original wood, respectively.
In contrast, treatment with the three strains of C. subverniispora without wheat bran cleaved 15-26% of the linkage and produced
6-9% of methane. There were no significant accelerating effects in wood chips treated with P. porrigens which has a lower
ability to decompose the lignin. Thus, it was found that C. subvermispora, with a high ability to decompose aryl ether bonds of
li promoted methane fermentation of softwood in the presence of wheat bran,
© Elsevier B.V. All rights reserved.
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1. Introduction port fuel or chemical feedstock. Residual wood in the
forest area, and wood waste are abundant lignocellu-

The forestry and wood industries supply renew- losic materials that could be fermented to methane,
able biomass that provides electrical/heat energy, trans- ethanol and other chemical products (Delgenes et al.,

1996; Kaygusuz and Tiirker, 2002; Palm and Zacchi,
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approximately equal amounts of methane and carbon
dioxide (Bingemer and Crutzen, 1988; Nozhevnikova
etal., 1993). In general, ferm ion of lignocellulosic
material requires several steps: hirstly, delignification to
liberate cellulose and hemicellulose from their com-
plex with lignin; secondly, depolymerization of the
carbohydrate polymers (cellulose and hemicelluloses)
to monosaccharides and fermentation (Aristidou and
?ttili 2000}. Lignin is the major factor determining

e extent of organic substrate degradation in anaerobic
conditions (Chandler et al., 1980). Due to the hetero-
geneity, lignin is resistant to biological attack by many
kinds of microorganisms. However, basidiomycetes
called white rot fungi are known as an aggressive lignin
degrader (Kirk and Farrell, 1887).

Pretreatments of wood include mechanical size
reduction, steaming, steam explosion, autohydrolysis,
alkali treatments, chemical pulping, solvent extraction,
fungal degradation and their combinations. The pre-
treatment B an essential step to decrease the amount
of lignin, maximize subsequent bioconversion yields
and minimize the formation of inhibitory compounds
{(Chynoweth and Jerge 85; Young and Frazer,
1987). The pretreatment increases the specific surface
area of cell wall polysaccharides to accelerate enzy-
matic hydrolysis (Gharpuray et al., 1983).

Enhanced production of methane on pretreatment
of Eucalyprus globulus wood chip by using steam,
NaOH and steam explosion was reported (Nakamura
and Godliving, 2003). The amount of methane gas
produced depended on a decrease in Klason lignin
of the treated wood chip (Nakamura and Godliving,
2003). However, there have been few reports demon-
strating effectiveness of fungal pretreatments of wood
for methane fermentation, We were interested to apply
white rot fungi to the pretreatments for methane fer-
mentation of wood. Methane fermentation is advan-
tageous for on-site energy supply. Methane gas can
be converted to electricity using fuel cells or turbine
systems, or combusted directly. Development of bio-
conversion system from wood to methane should accel-
erate the establishment of bioenergy-based societies
that use wood and forestry wastes to make electricity,
heat and fuels.

In the fungal pretreatments of woody biomass for
enzymatic saccharification and microbial fermentation,
the network of lignin must be degraded with mini-
mum loss of cell wall polysaccharides. Among the

1
numerous wood rot fungi so far isolated, a.white- rot
fungus, Ceriporiopsis subvermispora, is known as the
best biopulping fungus that can degrade lignin with-
out intensive damage of cellulose (Ak etal, 1992,
1998; Messner and Srebotnik, 1994). This fungus is
unique in its ability to cleave p-O-4 aryl ether link-
ages between lignin units without intensive weight loss
of cellulose in early stage of wood decay (Guerra et
al., 2002). In the present paper, fungal pretreatments
with several strains of C. subvermispora and Pleurocy-
bella porrigens on methane fermentation of Japanese
cedar (Cryptomeria japonica (LE) D.Don) were stud-
ied. Japanese cedar is the most important softwood
species in the Japanese forest industry, but it is dif-
ficult to decompose its cell wall structures by chemical
and biolo treatments. We herein report that pre-
treatment of Japanese cedar wood with a selective
white rot fungus, C. subvermispora, in the presence
of wheat bran increased production of methane. Cor-
relation between the fungal pretreatment effects and
changes in wood components including cleavage of B-
O-4 aryl ether linkages in lignin is discussed.

2. Materials and methods
2.1, Reagenis

Acetic anhydrate, tetracosane and pyridine were
obtained from Nacalai Tesque (Kyoto, Japan). Acetyl
bromide (AcBr), zinc dust and trans-cinnamyl alco-
hol were purchased from Wako Chemical Industries
(Tokyo, Japan). All of the reagents vsed were of ana-
Iytical grade.

2.2, Fungal pretreaiments

C. subvermispora ATCC 90467, CZ-3 (ATCC
96608), CBS 347.63 and P. porrigens K-2855 (a strain
obtained from Takara Shuzo Co. Lid., Kyoto, Japan)
were cultured on a PDA plate at 28 °C for 1 week. Four
pellets of inocula from the precultures were added to
10g of Japanese cedar wood chip media containing
30ml Milli-Q™ water and 1 g of wheat bran (Nis-
shin Flour Milling Inc.. Tokyo) in a 300-ml Erlenmeyer
flask. The flasks were incubated at 28 °C with 70% rel-
ative humidity for 4-8 weeks. The wood chips were
used without pre-extraction. Wood media without the
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wheat bran were also cultured. After the incubation, the
cultures were autoclaved and subjected to methane fer-
mentation. For component analysis, the cultures were
air-dried, and milled to 40-60 mesh by an Iwatani
portable miller IFM-170G.

2.3. Determinarion of wood component

Moisture content, weight decrease, content of holo-
cellulose, a-cellulose and Klason lignin were analyzed
as described (Itoh et al., 2003).

2.4. Determination of B-O-4 aryl ether linkage by
the derivative followed by reductive and cleavage
method (DFRC)

Cleavage of B-0-4 aryl ether linkages of lignin in
Japanese cedar by fungal pretreatments was determined
by DFRC method (Lu and Ralph, 1997, 1998) (Fig. 1).
Japanese cedar wood meal (20 mg) was reacted with
an AcBr reagent (AcBrfacetic acid mixture, 2:8, viv,
2.5ml) at 50°C for 3 h. Acetic acid wgfJemoved after
reaction. The brominated wood meal was dissolved in
an acidic reduction solution (dioxane/ acid/water
mixture, 5:4:1, vfv, 2.5 ml). Then, 50 mg zine dust was
added and the mixture was stirred at room tempera-
ture for 30 min. The reaction mixture was transferred
to a separatory funnel, and partitioned between satu-
rated NaCl (10.0 ml) and CH2Clz (10.0 ml) containing
an internal standard (0.2 mg tetracosane). The water
phase was extracted twice with additional CH2Cl, (2x
5.0 ml). The organic layer was dried over Na;S0y and
evaporated. The sample was acetylated, and subjected
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to GC-MS. Tetracosane was used as an internal stan-
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-MS analysis was performed on a Shimadzu
QP-5 mass spectrometer with a SPB™.-5 cap-
illary column (30m x 0.20mm i.d., film thickness
0.2 pm; Supelco, PA, USA). Electron impact mass
spectra (EIMS) we corded at an ionization energy
of 70 eV. The column oven temperature was maintained
at 160 °C for 1 min and raised to 300 °C at 3 °C min~'
and maintained at 300 °C for 15 min.

2.5. Methane fermentation

Methane fermentation of Japanese cedar was car-
ried out in a 500 ml Erlenmeyer flask. The fermentation
system consists of 12¢g of pretreated and untreated
Japanese cedar wood chips and 400ml of digested
sludge (58: 2.2%) from the Noshiro sewage treatment
plant (Noshiro, Akita Pref, Japan). The fermentation
flasks were purged with argon gas and incubated at
35°C for 60 days. Biogas produced was collected in a
measuring cylinder submerged under saturated sodium
chloride. The volume of gas produced was measured
periodically. Composition of the gas produced was ana-
lyzed by gas chromatography. Gas production from
flasks containing the sludge without wood chips and
wheat bran was measured. Anaerobic fermentation of
the wheat bran (25 g) without wood chips was also car-
ried nutm&g the sludge.

GC was performed on a Shimadzu GC-14A
equipped with a TCD detector. Separation was per-
formed on a stainless column, Porapak Q (2.0m x
3.0mm i.d., 80/100 mesh; Water Associates Inc., MA,

PR =R*=H

GR'=H, R = OMe
SR'=R*- OMe

Fig. 1. Selective cleavage of aryl ether bonds in lignin by DFRC method, releasing diagnostic monomers 4-acetocinnamyl acetate (P), coniferyl
diacetate (G) and sinapyl diacetate (S) monomers from p-hydroxylphenyl, guaiacyl and syringy! units (Lu and Ralph, 1997, 1998).
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USA) using Ar as a carrier gas at a flow rate of
30 ml min~". Temperatures of the column, injector and
detector were 30°C. Conversion yield of hollocellu-
lose to methane was calculated based on the theoreti-
cal vield from cellulose and hemicellulose to methane
reported by Kobayashi et al. (2004).

3. Results and discussion

3.1, Changes in wood components during fungal
pretreatments

Effects of fungal pretreatments of Japanese cedar on
production of methane were investigated. A number of
fungal strains have been screened for biodelignification
prior to pulping. C. subvermispora is characterized as
one of the best biopulping fungi (Akhtar et al., 1992;
Messner and Srebotnik, 1994). Effectiveness of the fun-
gus in the pretreatments of beech wood for ethanol
fermentation was demonstrated (Itoh et al., 2003). This
attracted our interest in the use of this fungus for the
pretreatment of wood for methane fermentation. In the
present study, three strains of C. subvermispora ATCC
90467, CZ-3 and CBS 347.63 were used, together with
a white rot fungus P porrigens which is known as a
saprophytic fungus for Japanese cedar wood.

Weight loss of the Japanese cedar wood after cul-
tivation of C. subvermispora ATCC 90467, CZ-3,
CBS 347.63 and P porrigens K-2855 on the Japanese
cedar/wheat bran media for 8 weeks were 159, 15.1,
13.2 and 10.3%, respectively (Table 1). Weight loss
of the Japanese cedar wood cultured with wheat bran
by C. subvermispora for 8 weeks was two to four
times higher than that found in the wood cultures
without wheat bran. In addition, the weight of lignin
decreased much faster by addition of wheat bran for
all the fungi examined. After 4 weeks of cultivation,
lignin content decreased by 0.8-2.1% without wheat
bran but addition of wheat bran in the wood medium
decreased the lignin content by 9.6-15.9%. No sig-
nificant differences were found for decrease in lignin
content among the three strains of C. subvermispora
{Table 2).

3.2, Cleavage of §-0-4 aryl ether linkages

Effects of fungal pretreatments on cleavage of B-0-4
aryl ether bonds in Japanese cedar lignin were inves-
tigated. From the analysis of DFRC monomeric prod-
ucts, it was found that aryl ether linkages of Japanese
cedar lignin were cleaved during the fungal pretreat-
ments (Fig. 2). Decreased values in the B-0-4 aryl
ether bonds by cultivation of C. subvermispora without

Table 1
Decrease in total weight of Japanese cedar wood after fungal treatment™
Fungal strain 4 weeks 8 weeks
Wood Wood + wheat bran Wood Wood + wheat bran
. subvermispora ATCC 90467 0.9x0.1 1.3£01 26£0. 15.9£ 1.0
C. subvermispora CZ-3 1L.1£0.0 B6L00 28400 151403
C. subvermispora CBS 347 .63 0800 6.1 0.6 3106 13201
P porrigens K-2853 0100 52£06 04x 06 10301
* Walues are expressed as percent decrease based on the weight of original wood.
Table 2
Decrease in Klason lignin content of Japanese cedar wood afier fungal treatmemt®
Fungal strain 4 weeks B weeks
Wood Wood + wheat bran Wood Wood + wheat bran
C. subvermispora ATCC 90467 08+1.1 13.7 £ 0.7 99 402 282407
C. subwvermispora CE-3 16+0.06 159 + 0.8 1.1 + 0.2 28.24+0.0
C. subvermispora CBS 347.63 21=+1.1 142 + 0.6 11.2 + 0.0 282402
P porrigens K-2855 08+ 1.0 96 + 1.7 6.8 + 0.0 16.7+ 0.3

* Walues are expressed as percent decrease based on the weight of lignin in onginal wood,
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Fig. 2. Decrease in B-0-4 aryl ether linkages in lignin of Japanese
cedar wood afier fungal pretreatments.

and with wheat bran for 4 weeks were 6.0 and 38.4%,
respectively.

The highest loss of aryl ether was found in the sam-
ple treated by C. subvermispora in the presence of
wheat bran after pretreatment for 8 weeks. In this case,
cleavage of B-0-4 aryl ether linkages reached 74-76%
after 60 days (based on lignin content). The present
results indicate that C. sfvermispora decomposed the
lignin accompamied by cleavage of B-0-4 linkages in
lignin.

Lignin contains a variety of linkages such as B-O-
4, B-B. B-5@B% | and 5-5 (Guerra et al 2, 2004).
Among the C—C and C—0-C bonds, p aryl ether
linkage is the most frequent bond inter-linking the
phenylpropan units. C. subvermispera is effective to
decompose the principal linkages of lignin even in early
stage of wood decay when weight loss of the lignin
is not prominent. This observation is consistent with
previous reports by Guerra et al. (2002, 2004). They
concluded that B-0-4 aryl ether cleavage was a signifi-
cant route for lignin degradation during the solid-state
fermentation of P, taeda by C. subvermispora,

3.3. Effects of fungal pretreatmenis on methane
Sermenration

The effects of fungal pretreatments of Japanese
cedar on methane fermentation were evaluated. Pre-
treatments were carried out to increase susceptibility
of polysaccharides to microbial degradation by decom-
posing a network of lignin surrounding the polysac-
charides. Fungal pretreatments with a selective lignin
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Fig. 3. Methane production from Japanese cedar wood after fungal
pretreatments in the presence of wheat bran, and subsequent methane
fermentation for 60 days. Cultivation of white rot fungi was carried
out on wood/wheat bran media for: (A) 4 weeks and (B) 8 weeks,
C, subvermisporg ATCC 90467 (W), CZ-3 (0), CBS 347.63(00), P
porrigens K-2855 (&), Control 1 (untreated wood) (@) and Control
2 (without wood and wheat bran) { = ).

degrading fungus, C. subvermispora, significantly
increased production of biogas and methane from the
wood (Figs. 3 and 4). Methane production increased
with increase in the cultivation time and reached
plateau after 30 days. The wood cultures with wheat
bran produced a higher amount of methane (Fig. 3) than
those without wheat bran (Fig. 4). The yield of methane
from the wood chips pretreated with C. subvermispora
in the presence of wheat bran for 8 weeks reached
21-25% of the theoretical yield based on holocellu-
lose content of the original wood (Fig. 5). However,
production of methane after fungal treatments with
C. subvermispora in the absence of wheat bran was
6-9%. The maximum yield, 25%, was obtained by the
treatment with C. subvermispora ATCC 90467 in the
presence of wheat bran for 8 weeks. This comresponds
to 35% of the theoretical yield based on holocellulose
in the decayed wood. Production of methane from the
sludge in the absence of wood and wheat bran was neg-
ligible. Without inoculation of white rot fungi, around
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Fig. 4. Methane production from Japanese cedar wood after fungal
pretreatments in the absence of wheat bran, and subsequent methane
fermentation for 60 days, Cultivation of white rot fungi were carried
out on wood media for: (A) 4 weeks and (B) 8 weeks. C. subver-
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Fig. 5. Conversion ratio of holocellulose of Japanese cedar wood 1o
methane and after fungal pretreatments for 8 weeks and subsequent
methane fermentation for 30 days. Values are expressed as percentage
hased on the weight of holocellulose in the original wood.

200ml of methane was produced from a mixture of
the intact Japanese cedar wood chips, wheat bran and
sludge. This volume was ascribed to production of
methane from the wheat bran. Wheat bran is known as
a good substrate for various white rot fungi including
C. subvermispora (Fukushima and Kirk, 1995). It pro-
motes cell growth and production of hemicellulolytic
and ligninolytic enzymes such as xylanase, laccase and
manganese peroxidase. In the present study, addition
of wheat bran accelerated the degradation of Japanese
cedar wood @found in the weight loss, Klason lignin
content and cleavage of B-O-4 aryl ether linkages in
the lignin (Tables | and 2; Fig. 2).

The enhancement of methane production by the
effective fungal pretreatments is explained by the
breakdown of @Rl wall structure. The lignin degrada-
tion increased the surface area offfxposed cellulose
to increase its susceptibility to microbes and their
enzymes (Komilis and Ham, 2003). The present results
indicate that cleavage of B-O-4 aryl ether linkages eval-
uated by the DFRC method in the lignin of Japanese
cedar has a correlation with the biogas production. This
suggests that extent of B-0-4 aryl ether bond cleavage is
a good parameter to estimate the pretreatment effects of
wood by white rot fungi for methane fermentation. The
accelerating effects of C. subvermispora for methane
fermentation are in accordance with our recent finding
that C. subvermispora ATCC 90467 was the best white
rot fungus to increase in vitro ruminal digestibility of
Japanese cedar wood (Okano et al., 2003).

In conclusion, fungal pretreatments by C. subver-
mispora ATCC 90467, CZ-3 and CBS 347.63 are use-
ful not only for biopulping but also for pretreatments
of softwood for methane fermentation. Wheat bran is
a good accelerator for the fungal delignification and
subsequent methane fermentation. Because yields of
enzymatic saccharification and fermentation increased
by the combination of white rot fungi with steam explo-
sion (Sawada et al., 1995) or ethanolysis (Itoh et al.,
2003), combination of C. subvermispora and thermo-
chemical pretreatments is attractive to increase the
methane yields.
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