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ABSTRACT

The successful growth of fungal mycelia on sawdust-based media largely depends on the physicochemical characteristics
of the wood, particularly its lignocellulosic composition and secondary metabolites. Wood species with high extractive contents
are generally less favorable for fungal media. In this study, gas chromatography—mass spectrometry analysis was used to identify
the compounds present in hot-water- and ethanol-toluene-soluble extracts of mango (Mangifera indica), mahogany (Swietenia
mahagoni), black rosewood (Dalbergia latifolia Roxb.), and jackfruit (Artocarpus heterophyllus). The results demonstrated that
extracts from all four species inhibited the mycelial growth of wood ear mushrooms (Auricularia spp.) and lingzhi (Ganoderma
lucidum). The removal of extractives through hot water or ethanol—toluene extraction significantly enhanced the mycelial growth
rate and glucosamine content; however, the magnitude of improvement varied depending on the combination of wood and
mushroom species. Statistically, no significant differences were observed between the two mushroom species, whereas a
significant interaction was found between wood species and extraction method. Mango wood extracted with either hot water
or ethanol-toluene, as well as black rosewood extracted with ethanol-toluene, was suitable for supporting the growth of both
ear mushrooms and lingzhi. The highest mycelial growth rates of ear mushrooms and lingzhi were 7.41 and 7.40 mm day’,
respectively, while the highest glucosamine contents reached 866.9 and 786.4 ug g, respectively.
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1. INTRODUCTION

Mushrooms are widely regarded as a superfood,
serving not only as a nutritious and protein-rich dietary
source but also as an important resource for pharma-
ceutical applications (Ambhore et al., 2024; Magafia
Amaya and Shimizu, 2025). They play a vital role in

rural communities, particularly for mushroom farmers,
because of the significant economic benefits derived
from their cultivation and trade.

The cultivation of edible and medicinal mushrooms
on lignocellulosic materials is an important biotechno-
logical process that contributes to sustainable waste

management and high-value biomass utilization. Sawdust
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from various wood species is among the most widely
used substrates for mushroom cultivation because of its
suitable texture, high porosity, and availability as a
byproduct in the wood industry. Species, such as Auri-
cularia spp. (commonly known as wood ear mushrooms)
and Ganoderma lucidum (lingzhi or reishi mushrooms),
are well known for their ability to colonize woody subs-
trates and for their pharmacological properties, including
antioxidant, immunomodulatory, and anti-inflammatory
effects.

Indonesia is a tropical country with abundant forest
resources and a well-developed wood-based industry.
The country’s forests are rich in biodiversity, including
various wood species with high extractive content, which
is crucial for multiple industrial applications. Many
Indonesian wood species are known for their high
extractive content, which contributes to their natural
durability and aesthetic quality (Arisandi et al., 2025;
Fernandes et al., 2024; Iswanto et al., 2021). Sawmilling
generates substantial quantities of low-value wood resi-
dues. Through the fungal degradation of lignocellulosic
biomass, these residues can be converted into value-
added products (Gwak er al., 2022, 2024; Sneha and
Tomy, 2017; Sutapa et al., 2024; Zakaria et al., 2022).
The utilization of forest industry byproducts in specialty
mushroom cultivation effectively integrates forestry and
agricultural systems and supports the principles of a
circular economy (Grimm and Wosten, 2018). As a
lignocellulosic material rich in cellulose, hemicellulose,
and lignin, wood is an excellent carbon source for fungal
growth. The use of sawdust residues not only supports
mushroom production but also contributes to environ-
mental pollution mitigation (El-Ramady et al., 2022).

The successful growth of fungal mycelia on sawdust-
based media largely depends on the physicochemical
characteristics of the wood, particularly its lignocellu-
losic composition and secondary metabolites. Different
mushroom species prefer different substrates. For exam-

ple, medicinal mushrooms, such as shiitake and oyster

mushrooms (pearl and yellow varieties), grow better on
straw and other agricultural residues, whereas reishi and
maitake grow better on sawdust and logs. Conversely,
Agaricus mushrooms grow on manure, similar to button
mushrooms and portobello mushrooms (Olaniran et al.,
2024). In addition, mushrooms grown on substrates rich
in hemicellulose typically have low fat and high crude
fiber contents (Im and Han, 2023; Rawiningtyas et al.,
2023).

Among the chemical components of wood, wood
extractives—a diverse group of low-molecular-weight
organic compounds, including phenolics, tannins, resins,
fats, and terpenoids—play a critical yet often overlooked
role. These compounds vary greatly among wood species
and can either stimulate or inhibit fungal growth;
n-hexane-soluble extracts from teak inhibit mycelial
growth (Lukmandaru, 2015). This is consistent with the
observation that mushroom farmers often avoid certain
local wood residues as substrates, likely because of their
inhibitory extractive compounds, such as mahogany,
teak, jackfruit, mango, and black rosewood. However,
sawdust from these species is present in considerable
quantities. Nevertheless, not all extractives are detrimen-
tal; some have been reported to stimulate the mycelial
growth of Pleurotus florida (Atila et al., 2024). Con-
versely, enrichment with medicinal plants, such as le-
mongrass, neem, citrus lemon, and eucalyptus, at levels
of up to 4% for each component in the substrate
compost used for the cultivation of Pleurotus ostreatus
and P. florida, revealed that such addition not only
enhanced the yield but also reduced the incidence of
contaminants (Aparna et al., 2022). Certain phenolic
extracts may exhibit antimicrobial or antifungal activity,
thereby suppressing mycelial development, whereas
others may serve as additional carbon or energy sources
that enhance fungal metabolism (Suprianto et al., 2023;
Yoon and Kim, 2023).

Although several studies have investigated the effects

of lignin, cellulose, and hemicellulose in mushroom
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cultivation, research focusing specifically on wood ex-
tractives and their direct effects on mycelial growth re-
mains limited. This gap in understanding is particularly
relevant in tropical regions, where hardwoods typically
contain higher levels of extractives that may influence
mycelial growth. Moreover, the assessment of mycelial
growth on extracted wood using hot water and ethanol-
toluene extraction provides a controlled approach to
evaluate the biological response of fungi without inter-
ference from environmental variables. This study aimed
to evaluate the influence of wood extractives derived
from different wood species on the mycelial growth of
Auricularia spp. and Ganoderma lucidum. The findings
are expected to help determine the best combination of
wood meal pre-extraction methods and wood species
suitable for the cultivation of each mushroom species.
These findings are further supported by the potential
inhibitory or stimulatory effects of specific extractive
components on fungal development. This knowledge
will contribute to the optimization of substrate formula-
tions and the improvement of the efficiency and sus-

tainability of mushroom production systems.

2. MATERIALS and METHODS

2.1. Materials

Wood residues in the form of sawdust from mango
(Mangifera indica) = W1, mahogany (Swietenia maha-
goni) = W2, black rosewood (Dalbergia latifolia Roxb.)
= W3, and jackfruit (Artocarpus heterophyllus) = W4
were collected from wood industries in the Bantul and
Sleman districts, respectively. Spawns of wood ear
mushrooms (Auricularia spp.; M1) and lingzhi or reishi
(Ganoderma spp.; M2) were supplied by a local supplier
(PT Volva Indonesia) in Yogyakarta, Indonesia. Specific
strain information was not available. Identification was
based on macroscopic morphological characteristics,

including pileus morphology, coloration, and texture,

following standard taxonomic keys (Kirk et al., 2008).
Molecular identification was not performed; therefore,

the samples were designated at the genus level.

2.2. Wood extractive pretreatment

To remove both polar and nonpolar compounds, 10 g
of sawdust from each species was subjected to Soxhlet
extraction with 250 mL of ethanol-toluene (1:2) for 6 h
(4-6 cycles per hour) until it was free of extractives,
based on ASTM standard D1107-96 (ASTM, 2007).

For the removal of water-soluble compounds, 10 g of
sawdust was placed in a 300 mL Erlenmeyer flask with
50 mL distilled water and then heated in a water bath
equipped with a reflux condenser for 3 h until the

extractives were eliminated.

2.3. Chemical analysis of wood

Sawdust was ground to 40-80 mesh and analyzed for
ethanol-toluene soluble extractives, hot-water soluble
extractives, holocellulose, @-cellulose (ASTM, 1984),
and Klason lignin (TAPPI 222 om-02). Extracts from the
ethanol-toluene fraction were further evaporated using a
rotary evaporator at 60C. The hot-water solution was
evaporated on a hot plate until the solvent had evapo-
rated. The extract was dried in an oven (103C + 20),
and the extractive content was quantified and analyzed
using gas chromatography-mass spectrometry (GC-MS;
Shimadzu QP2010, Shimadzu, Kyoto, Japan). The
samples (1 pL) were derivatized before injection, i.e.,
100 gL of pyridine and 100 gL of N,O-bis(trimethyl-
silyDtrifluoroacetamide with 1% trimethylchlorosilane
were combined with 2 mg of each dried ethanol-toluene
and hot-water extract. The resulting mixtures were then
heated to 103C for 30 min and ultrasonicated at room
temperature. Measurement conditions: RTx-5 capillary
column (30 m x 0.25 mm L.D., 0.25 gm); column tem-

perature 70T ; injection temperature 290C ; temperature
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programming;: initial temperature 50T (held for 5 min)
to final temperature 300C at a rate of 5C/min (held for
12 min); interface temperature 270TC; split ratio 1:0;
pressure 108.1 kPa; helium gas was used as the carrier
gas. Component identification was based on the National
Institute of Standards and Technology database library
(National Institute of Standards and Technology 11
library version). Quantification of each component was
based on the percentage area of each GC-MS peak. Ash

content and pH values were also determined.

2.4. Preparation of culture media

Media for M1 and M2 were formulated from wood
meal of each of the four wood species, rice bran (12.5%
w/w of oven-dry sawdust weight), calcium carbonate
(6% w/w), and water to adjust the moisture content to
70%. Each wood species was subjected to extraction
using hot water and ethanol-toluene to obtain hot-water-
extractive-free wood meal (treatment 1, T1) and ethanol-
toluene-extractive-free wood meal (treatment 2, T2),
respectively. The control consisted of a growth medium
prepared from untreated wood meal that retained its
natural extractives. Portions of 20 g were placed into 90
mm Petri dishes, compacted, and a central cavity was
made for inoculum placement. The media were sterilized
by autoclaving at 121C and 1 atm for 15 min. Each

treatment was replicated five times.

2.5. Measurement of mycelial growth rate

Sterilized media were inoculated with mushroom
spawn and incubated in the dark at 25C. Colony dia-
meter was measured every 2 d in four directions until
complete colonization of the Petri dish (Irawati et al.,
2012).

2.6. Determination of glucosamine content

The glucosamine content was used as an indicator of

mycelial biomass. This approach is based on the pre-
sence of glucosamine in the chitin of fungal cell walls,
which is correlated with the amount of fungal biomass
(Chysirichote et al., 2014). After 50 d of incubation, 1
g of dried medium was hydrolyzed with 5 mL of 5 M
HCI at 80C for 20 h to degrade chitin in fungal cell
walls into N-acetylglucosamine. The concentration was

quantified using the braid-and-line method (Ohga, 2000).

2.7. Data analysis

For chemical composition analysis, a completely ran-
domized design with a single factor (wood species) was
applied, and the data were subjected to one-way analysis
of variance using SPSS 16.0. For mycelial growth
analysis, a factorial completely randomized design was
employed with two factors: mushroom species and wood
species. The chemical component data from the GC-MS

analysis are presented descriptively.

3. RESULTS and DISCUSSION

3.1. Chemical components of wood

Four wood species commonly used in the Indonesian
wood industry were selected. Mango and jackfruit wood
originate from fruit trees that are widely cultivated by
local communities in home gardens and private planta-
tions. These species are characterized by their distinct
coloration—light pink for mango and yellow for
jackfruit—and are typically used to construct window
frames, doors, and other household components. They
are preferred because of their characteristic color and
high natural durability (Baliga et al., 2011; Sami et al.,
2025). Mahogany and black rosewood are also exten-
sively planted by communities as well as in private and
state-managed forests. Both are widely employed in the
wood industry for construction, furniture manufacturing,
and other applications because they are easy to process

and have excellent natural durability (Arunkumar et al.,
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2022; Yanti et al., 2019). Although these species pro-
duce large quantities of sawdust as an industrial bypro-
duct, this material is rarely used by mushroom growers
as a cultivation substrate because of its slow mycelial
growth. Several wood species with excessive levels of
extractives, particularly antifungal compounds, may sup-
press mycelial growth by creating a substrate environ-
ment that is not conducive to fungal development
(Bopenga Bopenga et al., 2020; Brocco et al., 2025;
Jung et al., 2025).

The chemical composition of the residues from the
four wood species—mango, mahogany, black rosewood,
and jackfruit—used in this study is presented in Table 1,
along with the composition of rice bran, which served
as a nutritional supplement in the cultivation medium.
Statistically, only the acid-soluble lignin content showed
no significant differences among the four species.

The chemical profiles of the four wood species (W1~
W4) showed statistically significant differences across
all parameters. Hot-water extractives were significantly
higher in W1 and W4 (11.2 + 0.7-11.5 £ 0.3%). Ethanol

—toluene extractives were highest in W3 (10.0 £ 0.3%).
For structural carbohydrates, W3 exhibited the highest
holocellulose and @-cellulose contents (70.0 = 0.2% and
44.3 £ 0.3%, respectively), indicating a superior polysa-
ccharide composition, whereas W1 and W2 formed the
lowest statistical groups. Hemicellulose showed an
opposite pattern: W3 had the lowest value (25.7 +
0.1%), whereas W2 (319 + 0.2%) had the highest
among the wood species. Lignin content also differed
markedly, with W2 (27.1 £ 0.5%) forming the highest
statistical group. Acid-soluble lignin exhibited no
meaningful statistical trend owing to its very low
variation. Ash content varied significantly, with W2
(13.7 + 0.2%) showing the highest values. pH values
clustered into three groups: slightly acidic in W1 (5.5 +
0.03), moderately acidic in W3 (6.4 + 0.02), and neutral
in W2 and W4 (7.5 £ 0.02). Rice bran consistently
differed from all wood groups, with the highest holo-
cellulose, hemicellulose, lignin, and ash contents.

The chemical composition of the wood species

analyzed in this study was generally consistent with that

Table 1. Chemical content of four wood species and rice bran

Wood species

Chemical components Rice bran
Wi w2 w3 w4

Hot-water extractives (%) 115 + 0.3° 6.6  0.1° 93 + 0.6 112+ 0.7° 121 £ 0.5
Ethanol-toluene extractives (%) 48 + 0.1° 42 + 0.1° 10.0 + 0.3 6.4 + 03" 58 + 02
Holocellulose (%) 683 + 0.1° 681 £ 02°  70.0 £ 02° 688 + 02® 753 £ 02
a-Cellulose (%) 375+ 02° 363 £ 03 443 £ 03 406+ 03° 379 £ 0.1
Hemicellulose (%) 308 + 03° 319 +02° 257+ 0.0° 282+ 01° 373 + 02
Klason-lignin (%) 187 = 02° 271 £ 05% 242 £ 02° 260 £ 02° 384 % 02
Acid soluble lignin (%) 03 % 02 02 =02 0.1 £ 0.0 04 =02 03 £ 0.1
Ash (%) 107 + 0.0° 137 + 02° 118 + 04° 9.6+ 02° 218 £ 0.0
pH 55+ 003 7.5+ 0.04° 64+ 002° 7.5+ 0.02° -

The results are expressed as mean + SD of triplicate measurements.
"4 Means with different letters in the same row are significantly different (p < 0.05).
WI1: mango, W2: mahogany, W3: black rosewood, W4: jackfruit.
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in previous reports. The ethanol-toluene extractive and
holocellulose contents of mango wood were comparable
to those reported by Garcia-Mahecha et al. (2023). The
lignin content of mahogany wood was lower than that
of African mahogany (Santos et al., 2020). Similarly,
black rosewood exhibited lower holocellulose, a-
cellulose, and lignin contents than those reported for
Dalbergia oliveri (Wei et al., 2022). Jackfruit wood
showed lower ethanol-toluene extractive, holocellulose,
and a-cellulose contents but higher hot-water-soluble
extractive and lignin contents than those reported by
Chen et al. (2011).

Wood-decaying fungi typically utilize cellulose and
lignin as carbon sources. Wood extractives may exert
either positive (including soluble carbohydrates, vitamins,
and organic salts) or inhibitory (including polyphenols,
terpenoids, tropolones, and tannins) effects on fungal
growth (Molokoane ef al., 2023). In addition to the
proportion of extractives present in wood, the chemical
nature of these compounds influences mushroom mycelial
growth. Therefore, GC-MS analysis was conducted to
identify the chemical constituents of each extract.

The GC-MS analysis of the hot-water and ethanol-
toluene extracts from the four species is summarized in
Tables 2 and 3. Table 2 shows that the GC-MS chro-
matogram of W1 was dominated by 4-hydroxy-4-me-
thyl-2-pentanone (33.0%), indicating a high abundance
of hydroxy ketone derivatives. Carbohydrate-related
compounds, such as D-glucose derivatives (12.6%) and
4,6-benzylidene-@-methyl-D-glucoside (14.1%), also
appeared in substantial amounts, suggesting partial de-
polymerization of wood polysaccharides. Aromatic ester
derivatives, including benzoic acid thiazolidinyl ester
(12.7%), contributed to the remaining profile. No domi-
nant phenolic or resin acids were observed in W1. The
chromatogram of W2 showed a strong presence of
4-hydroxy-4-methyl-2-pentanone (28.1%). Several small
polar compounds, such as 1,3-dioxolane (20.6%), iso-
pentanal (10.1%), and 1,6-dideoxydulcitol (10.1%), were

identified as sugar degradation products and low-mole-
cular-weight volatiles. Trimethylsilylated silicic esters
and silylated benzoic acid derivatives (approximately
10%) suggested that inorganic-organic complexes were
formed during derivatization. W3 contained the highest
proportion of 4-hydroxy-4-methyl-2-pentanone among
all samples (34.1%). Notably, W3 also exhibited very
high peaks for 1,4,7-androstatrien-3,17-dione (37.9%), a
steroid-like compound, and 2,4,6-trimethyl-1,3-benzene-
dimethanol (23.6%). Minor amounts of B-hydroxy-iso-
valeric acid and silylated hydroxyphenyllactic acid
(~2%) were present. The dominance of steroidal and
aromatic diol compounds distinguished W3 from the
other wood species. The chromatogram of W4 displayed
a wide distribution of compounds, each present at 7.4%-
7.9%, with no single dominant peak. Its constituents
included anthraquinone derivatives, protocatechuic acid,
diphenylpropenone, hydroxymandelic acid, and steroidal
hydrocarbons. Many of these compounds are polyaro-
matic quinones and phenolics traditionally associated
with hardwood extractives. The presence of multiple
quinone compounds suggests high oxidative and antimi-
crobial potential.

Table 3 shows that the ethanol-toluene extractives of
W1 displayed a highly diverse chemical composition
characterized by numerous compounds with relatively
balanced peak intensities. The major constituents inclu-
ded benzene derivatives, such as 1,3-dimethylbenzene
(16.74%) and benzaldehyde (15.87%), as well as the
aliphatic hydrocarbon nonane (14.27%). Several oxyge-
nated aromatic and phenolic derivatives were also detec-
ted, including benzyl alcohol (9.58%) and multiple tri-
methylsilyl esters of benzoic acid. The presence of both
aromatic hydrocarbons and oxidized phenolics indicates
that W1 contains a mixture of lignin-derived volatiles
and partially oxidized aromatic compounds. Aliphatic
hydrocarbons (octane isomers and dodecane derivatives)
and siloxanes were observed in moderate proportions.

W2 was dominated by a smaller group of compounds
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Table 2. Chemical compounds from GC-MS analysis of hot-water extractives of four wood species

Wood species Chemical compound Percentage
4-Hydroxy-4-methyl-2-pentanone 33.0
Hexestrol, di-TMS 13.5
2-Methyl-2-phenyl-1,3-propanediol 14.0
Mango
D-Glucose, 3-O-methyl-, diethyl mercaptal 12.6
4,6-Benzylidene- @-methyl-D-glucoside 14.1
Benzoic acid, 4-(5-methyl-4-oxo-2-phenyl-3-thiazolidinyl)-, ethyl ester 12.7
2,2,4-Trimethyl-1,3-dioxolane 20.6
4-Hydroxy-4-methyl-2-pentanone 28.1
1,6-Dideoxydulcitol 10.1
Mahogany Isopentanal 10.1
Silicic acid, diethyl bis(trimethylsilyl) ester 10.2
Benzoic acid, 5-methyl-2-trimethylsilyloxy-, trimethylsilyl ester 10.5
4-Hydroxyphenyllactic acid, ethyl ester, di-TMS 10.4
4-Hydroxy-4-methyl-2-pentanone 34.1
B-Hydroxyisovaleric acid 2.3
Black rosewood 2,4,6-Trimethyl-1,3-benzenedimethanol 23.6
1,4,7-Androstatrien-3,17-dione 379
4-Hydroxyphenyllactic acid, ethyl ester, di-TMS 2.3
6,11-Dihydroxy-5,12-naphthacenequinone-1-carboxylic acid 7.4
Silicic acid, diethyl bis(trimethylsilyl) ester 7.4
(E)-1,3-Diphenyl-2-propen-1-one 7.4
Protocatechuic acid (TMS) 7.5
Jackfruit 9-Anthracenepropanoic acid, 10-ethyl-9,10-dihydro-, cis- 7.5
1,8-Dimethoxyanthraquinone 7.6
Hexestrol, di-TMS 7.9
3-Methyl-1-cholanthrenol 7.6
m-Hydroxymandelic acid, tris(trimethylsilyl)- 7.8

GC-MS: gas chromatography-mass spectrometry.

with highly skewed relative abundances. The most resulting in a profile dominated by xylene isomers and
abundant constituents were p-xylene (65.15%), o-xylene sugar alcohol derivatives. Other benzoic acid trimethyl-
(27.11%), and 2(R),3(S)-1,2,3,4-butanetetrol (26.45%), silyl esters were also present at lower concentrations.
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Table 3. Chemical compounds from GC-MS analysis of ethanol-toluene extractives of four wood species

Wood species Chemical compound Percentage

2,2-Dimethyl-3-hydroxypropionaldehyde 7.106

Benzoic acid, 2,5-bis(trimethylsiloxy)-, trimethylsilyl ester 7.576
1,2-Benzenediol, 3,5-bis(1,1-dimethylethyl)- 7.316

Cinnamic acid, 3,4-dimethoxy-, trimethylsilyl ester 7.366
2,5-Dimethylbenzophenone 7.826

Benzoic acid, 3-methoxy-4-[(trimethylsilyl)oxy]-, trimethylsilyl ester 7.396
Benzoic acid, 3,4-bis[(trimethylsilyl)oxy]-, trimethylsilyl ester 8.496
2,5-di-tert-Butyl-1,4-benzoquinone 8.386
Octamethylcyclotetrasiloxane 7.666
4H-1-Benzopyran-4-one, 2-(3,4-dimethoxyphenyl)-3,7-dimethoxy- 8.296
Mango Hexamethylcyclotrisiloxane 8.126
9,10-Dihydrophenanthren-2-butyric acid 7.126
(1a,28,4)-1,2,4-Trimethylcyclohexane 10.688
2-Methyloctane 10.628

3-Methyloctane 8.358
1,3-Dimethylbenzene 16.738
Nonane 14.268

3-Cyclohexyldodecane 7.628
Benzaldehyde 15.868

1-Chlorotetradecane 6.258

Benzyl alcohol 9.578

3-Methylcholanthrene 16.33

Benzoic acid, 4-[(trimethylsilyl)oxy]-, trimethylsilyl ester 16.63
Octamethylcyclotetrasiloxane 22.67
2(R),3(S)-1,2,3,4-Butanetetrol 26.45

Hydrocinnamic acid, p-(trimethylsiloxy)-, trimethylsilyl ester 17.92
1-Decene 3.86

0-Xylene 27.11

Mahogany p-Xylene 65.15
Benzoic acid, 3-methoxy-4-[(trimethylsilyl)oxy]-, trimethylsilyl ester 0.67
Silanol, trimethyl-, 2-aminobenzoate 0.71
1,3-Diphenyl-2-propen-1-one 0.4
Octamethylcyclotetrasiloxane 0.54
Pregna-5,16-dien-20-one, 3-(acetyloxy)-, (38)- 0.35
Octamethylcyclotetrasiloxane 0.81

1,4-Benzenediol, 2,5-bis(1,1-dimethylethyl)- 0.4
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Table 3. Continued

Wood species Chemical compound Percentage
Black rosewood 1-(2-Methylpropoxy)-2-propanol 10.06
2,6-Dimethoxyphenyl-3-phenylpropionate 89.94
1,6-Heptadiyne 1.04
o-Xylene 26.5
p-Xylene 64.9
Ethylbenzene 1.02
¢-Cumene 1.85
Silicic acid, diethyl bis(trimethylsilyl) ester 0.84
Benzoic acid, 4-methyl-2-trimethylsilyloxy-, trimethylsilyl ester 0.99
Jackfruit 1,1,3,3,5,5,7,7,9,9-Decamethylpentasiloxane 1.09
Octamethylcyclotetrasiloxane 0.85
Hexestrol, di-TMS 0.90
Benzoic acid, m-(trimethylsiloxy)-, methyl ester 19.89
Silicic acid, diethyl bis(trimethylsilyl) ester 20.33
1-Pentene, 1,3-diphenyl-1-(trimethylsilyloxy)- 19.16
Hexestrol, di-TMS 18.08
Silicic acid, diethyl bis(trimethylsilyl) ester 22.53

GC-MS: gas chromatography-mass spectrometry.

The prevalence of xylenes suggested a strong contri-
bution from lignin-derived aromatic fragments, whereas
sugar alcohols reflected holocellulose-derived degrada-
tion products. Minor peaks included siloxanes and struc-
turally complex aromatic steroids, but their contributions
were < 1%. W3 exhibited a very simple chemical profile
dominated almost entirely by a single compound,
2,6-dimethoxyphenyl-3-phenylpropionate (89.94%), with
only one additional compound present at notable levels,
1-(2-methylpropoxy)-2-propanol (10.06%). This domi-
nance suggests highly specific extractive chemistry,
likely originating from specialized phenolic esters. Com-
pared with the other species, W3 contained far fewer
GC-MS-detectable components. W4 showed a more
complex profile, similar to that of W1 but with a
different distribution pattern. The dominant compounds
were p-xylene (64.9%) and o-xylene (26.5%), which

together accounted for more than 90% of the total peak

area. Several benzoic acid trimethylsilyl esters and
siloxane derivatives were also detected in the range of
19% to 22%, although these appeared to represent over-
lapping or repeated peaks of similar chemical identities
within the dataset. Minor peaks included ethylbenzene,
cumene, and other aromatic or siloxane derivatives. This
profile indicated that the W4 extractives were strongly
dominated by simple alkyl benzenes and aromatic esters.

Extractives can be divided into lipophilic and
hydrophilic fractions, although their boundaries are often
indistinct. Lipophilic compounds include fats, waxes,
terpenes, terpenoids, and long-chain aliphatic alcohols,
which are typically isolated using nonpolar solvents,
such as diethyl ether or dichloromethane. Hydrophilic
compounds comprise phenolics (tannins, lignans, stil-
benes), soluble carbohydrates, proteins, vitamins, and

inorganic salts (Candelier et al., 2020).
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3.2. Mycelial growth rate

Mycelial growth was evaluated using 20 g of the
cultivation medium in Petri dishes. Measurements were
performed using a digital caliper every 2 d along four
radial directions. The observations were terminated when
the mycelial front reached the edge of the Petri dish.
The mycelial growth rates of M1 and M2 are shown in
Table 4.

The average mycelial growth rate of M1 ranged from
0.91 to 7.41 mm day . The highest mycelial growth was
observed on substrates derived from WIT1, WIT2,
W3T2, WAT1, and WA4T2. Mycelial growth on pre-
treated substrates was 2.08-6.94 times faster than that
on untreated substrates. The highest enhancement was
observed for W2T1, indicating that untreated W2C was
the least suitable substrate for M1, whereas hot-water
extraction markedly improved its suitability.

Similarly, the mycelial growth rate of strain M2
ranged from 0.79 to 7.40 mm day . The highest mycelial
growth rates were observed in W1TI1, WIT2, W2TI,
and W3T2. Growth enhancement ranged from 1.64 to

9.42 times compared with that on untreated substrates,
with the highest increase observed in W3T2. These
findings indicate that W3 was initially unsuitable for M2
cultivation but became favorable after ethanol-toluene
extraction.

Mycelial growth rate represents the speed of hyphal
extension and is influenced by factors, such as substrate
rigidity and environmental conditions. This parameter is
commonly used to assess growth inhibition in culture
media. Research on Shorea sp. wood reported a mycelial
growth rate of 3.33 mm day™ for A. polytricha (Irawati
et al., 2012), which is higher than that observed on
untreated substrates in the present study but lower than
that on extracted substrates. This enhancement is likely
attributable to the removal of inhibitory extractive com-
pounds (Schoder et al., 2024).

No statistically significant differences were observed
between the two mushroom species used in this study.
However, within the same mushroom species, both
wood species and extraction treatments had pronounced
effects on mycelial growth. Statistical analysis revealed

significant effects of wood species, pretreatment method,

Table 4. Mycelial growth rate of wood ear mushroom and lingzhi (mm day™) and the corresponding increase

(fold)
Hot-water Ethanol—toluene Increasing of mycelia growth rate
Mushroom Wood Wood | d q d d
species species ood mea extracted wood  extracted woo Hot-water extracted Ethanol-toluene
meal meal wood meal extracted wood meal
Wil 2.55 £ 0.28 741 £ 0.05 7.31 £ 0.01 2.90 2.86
Ear w2 091 + 0.06 6.34 £ 0.04 419 £ 0.72 6.94 4.58
mushroom W3 1.33 + 0.06 2.77 + 0.20 7.38 + 0.02 2.08 5.54
W4 1.91 £ 0.76 7.01 £ 0.54 741 £ 0.03 3.66 3.87
Wi 3.74 £ 0.63 6.20 + 0.19 7.05 £ 0.61 1.66 1.88
Lingzhi or w2 1.17 £ 0.20 7.37 £ 0.06 561 £ 1.19 6.28 4.78
reishi w3 0.79 + 0.04 1.28 + 0.10 7.40 £ 0.07 1.64 9.42
W4 1.77 £ 0.87 5.17 £ 0.62 3.59 + 0.73 2.92 2.03
WI1: mango, W2: mahogany, W3: black rosewood, W4: jackfruit.
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and their interaction at the 1% significance level. This
indicates that the most appropriate extraction treatment
may differ depending on the wood species used. Post
hoc Tukey’s honestly significant difference (HSD) analy-
sis identified specific combinations of wood species and
extraction methods that differed significantly, as illust-
rated in Fig. 1.

For W1 and W4, comparable improvements in myce-
lial growth were observed in substrates extracted with
either hot water or ethanol-toluene, suggesting that the
extractives removed by both treatments exerted similar
effects on fungal growth. By contrast, for W2, higher
mycelial growth rates were recorded for both M1 and
M2 on hot-water-extracted substrates. This result indi-
cates that hot-water-soluble extractives, particularly 4-
hydroxy-4-methyl-2-pentanone (Table 2), strongly inhibit
mycelial development. 4-hydroxy-4-methyl-2-pentanone
may inhibit mycelial growth by inducing solvent stress
and altering membrane permeability, thereby disrupting
fungal metabolism. Although it is not a strong antifungal
compound, its presence may enhance inhibitory effects
when acting synergistically with other wood extractives
(Cowan, 1999). The opposite trend was observed for

W3, where substrates prepared from ethanol-toluene-ex-

tracted wood showed more rapid mycelial growth than
those extracted with hot water. This suggests that
ethanol-toluene-soluble extractives in W3, notably
2,6-dimethoxyphenyl-S3-phenylpropionate (Table 3),
exert inhibitory effects on the mycelial growth of both
Ml and M2. This observation agrees with previous
reports that identified toxic extractives in Dalbergia
latifolia that inhibit fungal activity (Masendra et al.,
2020).

3.3. Glucosamine content

The glucosamine concentration serves as a proxy for
estimating fungal biomass (Ohga, 2000). The quantity of
mycelia was estimated by measuring the glucosamine
content. The glucosamine content in samples incubated
for 50 d was measured to evaluate mycelial quantity
immediately before flushing. A high mycelial biomass
indicates a dense, robust mycelial network, which may
develop at different rates depending on the conditions.

The average glucosamine content of M1 ranged from
40.4 to 866.9 pug g' (Table 5). The highest absolute
glucosamine concentration was observed in W2T1 sam-

ples. However, the greatest relative increase in glucosa-
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Fig. 1. Histogram of mycelial growth rate of wood ear mushroom (a) with HSD = 1.06 and lingzhi (b) with
HSD = 1.69. “° The same letters above the histogram bars denote nonsignificant differences at the 5% level.

HSD: honestly significant difference.
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Table 5. Glucosamine content (zg g') of wood ear mushroom and lingzhi mycelia and the corresponding

increase (fold)

Increasing of mycelia growth rate

Hot-water Ethanol-toluene
Mushroom Wood Wood | d d d d
species species ood mea extracte IWOO extracte lwoo Hot-water extracted Ethanol-toluene
mea mea wood meal extracted wood meal

Wi 122.0 + 21.8 4849 + 55.1 563.4 + 130.1 3.97 4.62
Ear w2 112.1 = 12.9 866.9 + 84.3 412.6 + 25.0 7.73 3.68
mushroom w3 404 + 346 1524 + 559 5303 + 972 3.77 13.12
w4 79.1 + 24.7 763.7 £ 150.2 573.7 £ 146.1 9.65 7.25
Wi 104.3 + 16.8 629.4 + 189 598.5 + 34.1 6.04 5.74
Lingzhi or w2 108.8 = 19.9 478.7 + 49.2 7162 £ 72.6 4.40 6.58
reishi w3 36.6 + 245  619.1 + 189  786.4 + 21.8 16.91 21.48
w4 36.6 £ 2.6 520.0 = 68.2 4322 + 40.3 14.21 11.81

WI1: mango, W2: mahogany, W3: black rosewood, W4: jackfruit.

mine content (13.12-fold) occurred in W3T2 compared
with W3C. Hot-water extraction enhanced glucosamine
levels in substrates derived from W2 and W4, whereas
for W1 and W3, ethanol-toluene extraction resulted in
greater increases than hot-water treatment.

For M2, glucosamine content ranged from 36.6 to
7864 pg g . In contrast to MI, the highest glucosamine
concentration in M2 was recorded on substrates pre-
pared from W3T2. The largest increase in glucosamine
content was also observed in W3T2, reaching a
21.48-fold increase. Substrates derived from W3 and W4
that were subjected to either hot water or ethanol-
toluene extraction were generally suitable for M2
growth. These findings indicate that the most effective
extraction treatment depends not only on the wood
species but also on the mushroom species and therefore
cannot be generalized across substrates.

A high mycelial growth rate does not necessarily
correspond to high glucosamine content (Magaiia Amaya
and Shimizu, 2025). In addition to identifying growth
inhibition factors, this analysis reflects the nutritional

suitability of the cultivation medium. Rapid radial

expansion may result in a sparse hyphal network and
low biomass, whereas slower growth may produce a
dense and compact mycelial mat with higher biomass
accumulation. Studies on Falcataria molucana wood
substrates reported relatively slow mycelial growth of 4.
polytricha accompanied by high glucosamine content
(860 pg g'; Irawati et al., 2012), a value comparable
to that observed for M1 grown on W2T1 in the present
study.

No statistically significant differences were detected
between the two mushroom species examined. However,
within each mushroom species, both wood species and
extraction treatments exerted a significant influence on
glucosamine content. Statistical analysis revealed signi-
ficant effects of wood species, pretreatment method, and
their interaction at the 1% significance level. This indi-
cates that the most suitable extraction treatment may
vary depending on the wood species used. Post hoc
Tukey’s HSD analysis identified specific combinations
of wood species and extraction treatments that differed
significantly, as illustrated in Fig. 2.

Fig. 2 shows that suitable substrates for M1 growth
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Fig. 2. Histogram of glucosamine content of wood ear mushroom (a) with HSD = 250.2 and lingzhi (b) with
HSD = 112.8. “* The same letters above the histogram bars denote nonsignificant differences at the 5% level.

HSD: honestly significant difference.

include W1T2, W2T1, W3T2, and W4T1. By contrast,
the optimal substrates for M2 growth were WITI,
W2T2, W3T1, or W3T2.

4. CONCLUSIONS

Wood extraction treatments significantly improved the
suitability of wood residues as substrates for mushroom
cultivation. The maximum mycelial growth rates of M1
and M2 reached 7.41 and 7.40 mm day, respectively,
while the highest glucosamine contents were 866.9 and
7864 pug g, respectively. Mycelial growth of Ml
increased by up to 6.94-fold in W2 following hot-water
extraction, whereas M2 growth increased by up to
9.42-fold in W3 after ethanol-toluene extraction. Simi-
larly, glucosamine content increased by 13.12-fold and
21.48-fold for M1 and M2, respectively, in ethanol-
toluene-extracted W3. The compound 2,6-dimethoxy-
phenyl-3-phenylpropionate present in W3 extractives

was identified as a major growth-inhibitory component.

CONFLICT of INTEREST

No potential conflict of interest relevant to this article

was reported.

ACKNOWLEDGMENT

The authors are grateful to the Direktorat Penelitian
dan Pengabdian kepada Masyarakat, Direktorat Jenderal
Riset dan Pengembangan, Kementerian Pendidikan
Tinggi, Sains, dan Teknologi Republik Indonesia for
funding support provided through the Program Penelitian
Fundamental Reguler Tahun 2025 under contract num-
bers 067/C3/DT.05.00/PL/2025 and 2458/UNI1/DITLIT/

Dit-Lit/PT.01.03/2025.

REFERENCES

Ambhore, J.P., Adhao, V.S., Rafique, S.S., Telgote, A.A.,
Dhoran, R.S., Shende, B.A. 2024. A concise review:
Edible mushroom and their medicinal significance.
Exploration of Foods and Foodomics 2: 183-194.

Aparna, R.S., Heera, G., Susha, S.T., Sreeja, S.J. 2022.
Effect of medicinal plant extracts on mycelial
growth of Pleurotus florida. Mushroom Research
31(1): 109-112.

Arisandi, R., Lukmandaru, G., Sawitri, Sunarti, S.,

- 304 -



J. Korean Wood Sci. Technol. 2026, 54(3): 292-307

Nirsatmanto, A. 2025. Characterization of wood
extractives and antioxidant activity in Acacia hybrid
(Acacia mangium x Acacia auriculiformis) grown in
Wonogiri, Indonesia. Journal of the Korean Wood
Science and Technology 53(5): 480-500.

Arunkumar, AN., Warrier, R.R., Kher, M.M., Teixeira
da Silva, J.A. 2022. Indian rosewood (Dalbergia
latifolia Roxb.): Biology, utilisation, and conser-
vation practices. Trees 36(3): 883-898.

American Society for Testing and Materials [ASTM].
1984. A Standards Test Method for Alpha-Cellulose.
ASTM D1103-60. ASTM International, West
Conshohocken, PA, USA.

American Society for Testing and Materials [ASTM].
2007. Standard Test Method for Ethanol-toluene
Solubility of Wood. ASTM DI1107-96. ASTM
International, West Conshohocken, PA, USA.

Atila, F., Ogutcu, H., Bilginoglu, E., Kazankaya, A.,
Kumar, P, Fayssal, S.A. 2024. Effect of pheno-
lic-rich forest and agri-food wastes on yield, anti-
oxidant, and antimicrobial activities of Ganoderma
lucidum. Biomass Convers Biorefin 14(20): 25811-
25821.

Baliga, M.S., Shivashankara, A.R., Haniadka, R., Dsouza,
J., Bhat, H.P. 2011. Phytochemistry, nutritional and
pharmacological properties of Artocarpus hetero-
phyllus Lam (jackfruit): A review. Food Research
international 44(7): 1800-1811.

Bopenga Bopenga, C.S.A., Dumargay, S., Edou Engonga,
P., Gérardin, P. 2020. Relationships between chemi-
cal composition and decay durability of Coula edulis
Baill as an alternative wood species in Gabon.
Wood Science and Technology 54(2): 329-348.

Brocco, V., Costa, L., Monteiro de Castro, M.C., Xavier
Barbosa, A.V., da Costa Lyra, PH., Alves Cruz da
Conceigdo, R.C. 2025. Antifungal and antitermitic
potential of extracts of industrial wood waste from
Central Amazon, Brazil. Maderas. Ciencia y
tecnologia 27: e0825.

Candelier, K., Thévenon, M.F., Collet, R., Gérardin, P.,
Dumarcay, S. 2020. Anti-fungal and anti-termite
activity of extractives compounds from thermally
modified ash woods. Maderas. Ciencia y tecnologia
22(2): 223-240.

Chen, CJ., Yang, X.T., Luo, J.J., Qin, W. 2011. Study
on chemical compositions and elements of Arto-
carpus heterophyllus Lam wood. Advanced Mate-
rials Research 168-170: 805-808.

Chysirichote, T., Reiji, T., Asami, K., Ohtaguchi, K.
2014. Quantification of the glucosamine content in
the filamentous fungus Monascus ruber cultured on
solid surfaces. Journal of Basic Microbiology 54(5):
350-357.

Cowan, M.M. 1999. Plant products as antimicrobial
agents. Clinical Microbiology Reviews 12(4): 564-
582.

El-Ramady, H., Abdalla, N., Fawzy, Z., Badgar, K.,
Llanaj, X., Torés, G., Hajda, P., Prokisch, J. 2022.
Green biotechnology of oyster mushroom (Pleurotus
ostreatus L.): A sustainable strategy for myco-re-
mediation and bio-fermentation. Sustainability 14(6):
3667.

Fernandes, A., Erwin, E., Wahyudianto, A., Kuspradini,
H. 2024. Effect of keruing and meranti wood
extracts on the nail corrosion rate. Journal of the
Korean Wood Science and Technology 52(6): 555-
564.

Garcia-Mahecha, M., Soto-Valdez, H., Peralta, E.,
Carvajal-Millan, E., Madera-Santana, T.J., Lomeli-
Ramirez, M.G., Colin-Chavez, C. 2023. Production
and characterization of cellulosic pulp from mango
agro-industrial waste and potential applications.
Polymers 15(15): 3163.

Grimm, D., Wosten, H A.B. 2018. Mushroom cultivation
in the circular economy. Applied Microbiology and
Biotechnology 102(18): 7795-7803.

Gwak, K.S., Shin, J.H., Yoon, C.H., Choi, I.G. 2024.

Conversion characteristics of chemical constituents

- 305 -



Denny IRAWATI et al.

in Liriodendron tulipifera and their influences on
biomass recalcitrance during acid-catalyzed organo-
solv pretreatment. Journal of the Korean Wood
Science and Technology 52(2): 101-117.

Gwak, K.S., Yoon, C.H., Kim, J.C., Kim, J.H., Cho,
YM., Choi, L.G. 2022. Conversion of glucose and
xylose to S5-hydroxymethyl furfural, furfural, and
levulinic acid using ethanol organosolv pretreatment
under various conditions. Journal of the Korean
Wood Science and Technology 50(6): 475-489.

Im, 1.G., Han, G.S. 2023. Environmental suitability for
conservation and the risk period for fungal damage
of wooden cultural heritages in Korea. Journal of
the Korean Wood Science and Technology 51(4):
295-308.

Irawati, D., Hayashi, C., Takashima, Y., Wedatama, S.,
Ishiguri, F., lizuka, K., Yoshizawa, N., Yokota, S.
2012. Cultivation of the edible mushroom Auricu-
laria polytricha using sawdustbased substrate made
of three Indonesian commercial plantation species,
Falcataria moluccana, Shorea sp., and Tectona
grandis. Micologia Aplicada International 24(2):
33-41.

Iswanto, A.H., Tarigan, F.O., Susilowati, A., Darwis, A.,
Fatriasari, W. 2021. Wood chemical compositions of
raru species originating from Central Tapanuli,
North Sumatra, Indonesia: Effect of differences in
wood species and log positions. Journal of the
Korean Wood Science and Technology 49(5): 416-
429.

Jung, J.H., Kwon, S.L., Yoon, S.M., Shin, J., Lee, HM.,
Hwang, W.J., Choi, Y.S. 2025. Evaluation of the
natural durability of twelve Korean major domestic
wood species. Journal of the Korean Wood Science
and Technology 53(5): 471-479.

Kirk, P, Cannon, P, Minter, D., Stalpers, J. 2008.
Ainsworth & Bisby's Dictionary of the Fungi. 10th
ed. CABI, Wallingford, UK.

Lukmandaru, G. 2015. Chemical characteristics of teak

wood attacked by Neotermes tectonae. BioResources
10(2): 2094-2102.

Magafia Amaya, J.A., Shimizu, N. 2025. Digital analysis
of mycelium growth and mycelium density in vitro
of Pleurotus ostreatus with submerged fermentation
as substrate treatment. Mycobiology 53(2): 214-224.

Masendra, M., Irawati, D., Ridlo, A.S., Lukmandaru, G.
2020. Phenol contents and antioxidant activity of
Sonokeling (Dalbergia latifolia Roxb) wood. Wood
Research Journal 11(1): 27-34.

Molokoane, T.L., Kemboi, D., Siwe-Noundou, X.,
Famuyide, .M., McGaw, L.J., Tembu, V.J. 2023.
Extractives from Artemisia afra with anti-bacterial
and anti-fungal properties. Plants 12(19): 3369.

Ohga, S. 2000. Influence of wood species on the
sawdust-based cultivation of Pleurotus abalonus
and Pleurotus eryngii. Journal of Wood Science 46:
175-179.

Olaniran, S.O., Oluronbi, T.I., lyiola, E.A., Olasupo,
0.0. 2024. Assessment of the effect of substrates
from different wood species on the cultivation of
edible mushroom. Journal of Forest and Environ-
mental Science 40(1): 64-71.

Rawiningtyas, S., Purnomo, A.S., Fatmawati, S. 2023.
Evaluation of nutrient content and antioxidant acti-
vity of wood ear mushroom (Auricularia auricula-
Judae) in the addition of reeds (Imperata cylindrica
(L.) Beauv) as a cultivation medium. HAYATI
Journal of Biosciences 30(2): 224-231.

Sami, A., Haider, M.Z., Shafig, M., Irfan, U., Bhatti,
M.H.T., Zafar, Z.B., Shahid, M.A. 2025. Mango:
Botany, Importance, and Uses. In: Handbook of
Research on Mango Fruit: Postharvest Science,
Production, Nutrition, and Processing Technology,
Ed. by Hussain, S., Nahar, K., Rajwana, LA,
Ercisli, S., and Ahmad, S. Apple Academic Press,
Palm Bay, FL, USA. pp. 59-88.

Santos, L.H.O., Alexandre, F.S., de Mendoza, ZM.S.H.,
de Souza, E.C., Borges, PH.M., Mariano, R.R,,

- 306 -



J. Korean Wood Sci. Technol. 2026, 54(3): 292-307

Nunes, C.A. 2020. Chemical and physical charac-
teristics of African mahogany wood (Khaya ivorensis
A. Chev.). Nativa 8(3): 361-366.

Schoder, K.A., Kriimpel, J., Miiller, J., Lemmer, A.
2024. Effects of environmental and nutritional con-
ditions on mycelium growth of three basidiomycota.
Mycobiology 52(2): 124-134.

Sneha, C., Tomy, M. 2017. Yield Evaluation of Oyster
Mushroom on Dust Waste of Some Common
Timber Species. In: Wood is Good, Ed. by Pandey,
K., Ramakantha, V., Chauhan, S., and Arun Kumar,
A. Springer, Singapore. pp. 391-395.

Suprianto, A., Oramahi, H.A., Diba, F., Hardiansyah, G.,
Anwari, M.S. 2023. The antitermitic and antifungal
activities and composition of vinegar from durian
wood (Durio sp.). Journal of the Korean Wood
Science and Technology 51(4): 283-294.

Sutapa, J.P.G., Lukmandaru, G., Sunarta, S., Pujiarti, R.,
Irawati, D., Arisandi, R., Dwiyanna, R., Nurullah,
R.D., Priyambodo, R.D. 2024. Conversion of shoot
waste of fast-growing teak into activated carbon and
its adsorption properties. Journal of the Korean
Wood Science and Technology 52(5): 488-503.

Wei, L., Ma, R., Fu, Y. 2022. Differences in chemical
constituents between Dalbergia oliveri heartwood
and sapwood and their effect on wood color. Mole-
cules 27(22): 7978.

Yanti, H., Massijaya, M.Y., Cahyono, T.D., Novriyanti,
E., Iswanto, A.H. 2019. Fundamental properties of
composite board made with oriented strand board
and three different species of veneer. Journal of the
Korean Wood Science and Technology 47(2): 239-
248.

Yoon, J., Kim, T.J. 2023. Synergistic growth inhibition
of herbal plant extract combinations against Candida
albicans. Journal of the Korean Wood Science and
Technology 51(2): 145-156.

Zakaria, Z., Seng, T.T.C., Zailani, S.N., Zabidi, K.A.A,,
Salim, S.K. 2022. Utilization of spent mushroom
compost in grey oyster mushroom cultivation. In:
Shukor, H., Abdul Halim, H.N., Lin Ong, H., Lee,
B.B., and Mohd Pisa, M.H. (eds), Online
Conference, Proceedings of the 2nd International
Conference on Biomass Utilization and Sustainable
Energy (IcoBiomasSE), pp. 269-278.

- 307 -



