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Executive Summary: Brown-rot fungi destroy wood by selective 
removal of cellulose and hemicelluloses, without sigp.ificant depletion 
of the lignin component. These fungi have received little evaluation for 
biotechnological purposes, despite their ability to circumvent the lignin 
barrier in gaining access to polysaccharides. Moreover, its mechanism 
of wood decay, leaves a highly functionalized lignin. This final report 
describes the research carried out on the bioconversion of 
lignocellulosic materials to fermentable sugars, using brown-rot fungi. 
Specifically, we proposed to study the basic mechanism involved in the 
depolymerization of the structural polysaccharides of wood. The aim of 
this project pointed to the optimal utilization of lignocellulosic residues 
(Pinus radiata sawdust) due its high production generated from man 
made forest exploitation in Chile. As well as in Chile, in Guatemala, 
high amounts of lignocellulosic materials are produced every year 
(principally cane bagasse). Hence, joint research efforts were 
conducted by chilean an guatemalean research teams with the 
support of PSTC Program, in order to contribute solving wastes 
disposal by development of bioprocesses that would result in the 
alternative production of valuable products. 

The research was carried out in Chile at the Laboratory of 
Biotechnology under the direction of the main investigator Dr. Eduardo 
Agosin at the Institute of Nutrition and Food Technology (INTA), of the 
Universidad de Chile. In 1990, the main investigator moved to the 
Department of Chemical Engineering at the P. Universidad Cat61ica de 
Chile, so the project was prosecuted at the new Laboratory of 
Industrial Microbiology under the direction of Dr. E. Agosin. Research 
emphasis was directed towards elucidating cellulose depolymerization 
underlying brown-rot decay of softwoods, particularly Pinus radiata 
Specifically, investigations like the role of oxalic acid in cellulose 
depolymerization, the characterization and regulation of 
endoglucanases secreted by the fungus Gloeophyilum trabeum, the 
role of transition metals and the pattern of cellulose 
depolymerization by these fungi were conducted. 
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At the same time, the collaborator Marcela Olivares, a chemical 
engineer from the Faculty of Engineering of the P. Universidad Cat6lica 
de Chile, studied the extraction and utilization of the lignins remaining 
after brown-rot decay as part of crosslinking agents for the 
manufacture of particle-board panels. Also, part of the program was 
conducted in Guatemala by M. Sc. Roberto de Le6n, Director of the 
Fermentation Laboratory at the Central American Research Institute 
for Industry (ICAITI). This group evaluated the biological 
pretreatment of tropical lignocellulosic residues to foster microbial 
degradation and / or animal nutrition. 

Results obtained under this grant resulted in the publication of six
 
scientific papers, four already published and two 
 accepted for 
publication. Several communications were done at International and 
National Congresses, too. These activities assure the divulgation of the 
research en an international level with ample credit being given to the 
generous support by AID's Program. Also the project provided an
 
opportunity for training young scientists as well as the 
 possibility to 
visit and work at important centers of investigation in the United 
States (Forest Products Lab., Madison, Dept. of Plant Pathology, U. of 
Minnesota). Part of the work done under this grant, was conducted in 
collaboration with Dr. T. Kent Kirk. Three M.Sc. theses were done 
under the direction of the main investigator and two Ph.D. theses are 
currently in progress. 

Research Objectives: The mechanism of wood decay by brown-rot 
fungi, is characterized by a very rapid cellulose derolymerization 
during the early stages of plant tissue invasion. This happens before 
any significant loss in the weight of wood occurs (Agosin et al, 
1989). This makes them potential candidates for the direct 
bioconversion of wood polysaccharides into fermentable sugars. From 
a biotechnological point of view, the potential to release low cost 
fermentable carbon sources by fungal pretreatment of wood, give to 
this project an unexpected potentiality. Moreover, the development of 
basic research generated new and important information to 
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understand the chemistry and the biochemistry involved in cellulose
 
depolymerization by brown-rot fungi.
 

The current working hypothesis on the nature of the depolymerizing 
system, is that oxygen-derived radical species are responsible for the 
initial attack of the cellulose polymer. Indeed, Halliwell (1965), and 
Kirk et al. (1991) have shown that Fenton's reaction [a mixture of 
Fe(II) and H202, which is known to generate - OH radicals] causes a 
degradation of cellulose similar to that resulting from brown-rot decay 
(Rojas, 1989). Koenigs (1974) demonstrated that H202 is secreted by 
these fungi; the latter could react with the iron present in wood, 
making this hypothesis feasible. Oxalic acid is produced by brown-rot 
fungi in significant amounts in liquid cultures (Takao, 1965), as well as 
in semi-solid cultures (Espejo and Agosin, 1991). Schmidt et al. 
(1981), demonstrated that Fe(II) rendered Fe(lI) (one of the Fenton's 
reactive) after reduction by oxalic acid. On this view, we found that 
oxalic acid is secreted by brown-rot fungi and further degraded to C02 
in semi-solid cultures in vivo. Concomitantly, cellulose is strongly 
depolymerized. Extracellular extracts from these cultures were capable 
to degrade oxalic acid to CO 2, too. We are cufrently pursuing the 
identification of the responsible agent, possibly a novel extracellular 
oxalate oxydase. 

Classical fungal cellulolytic systems, thoroughly investigated in the 
soft-rot fungus Trichoderma reesei and in the white rot fungus 
Phanerochaete chrysosporium (Coughlan et al. 1988), contain three 
different types of enzymes: cellobiohydrolases (EC 3.2.1.91); endo-1,4­
B-glucanases (EC 3.2.1.4) and 1,4-6-glucosidase (EC3.2.1.21). Unlike 
these fungi, most brown-rot fingi do not possess cellobiohydrolase 
activity (Highley, 1988). Even though endoglucanases activity by 
brown-rot fungi has been reported in liquid media (Highley, 1973), 
they have been not thoroughly studied. There is only one report on the 
partial purification and characterization of an 1,4-f8-endoglucanase 
produced by the brown-rot fungus Lenzites trabea (syn. Gloeophyllum 
trabeum) (Herr et al. 1978). There are striking differences in the 
regulation of endocellulase production, too. We found that 

http:EC3.2.1.21
http:3.2.1.91
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Gloeophyllum trabeum produced endoglucanases in the presence of 
monosaccharides such as glucose or mannose as the only carbon 
source, but the proe action was higher in the presence of cellulose or 
cellobiose. We concluded that this kind of enzymes are not subject to 
catabolite repression in these fungi, but are inducibie by cellulose. 
Furthermore, cellobiose was found to be the best inducer studied so 
far (Cotoras and Agosin, 1992a; Cotoras and Agosin, 1992b). 
Currently, the purification, characterization and cloning of these 
enzymes is in progress. Milena Cotoras, a Ph.D. gradua:e student is 
doing her thesis in this field. 

Brown-rot fungi differ in their mechanism of cellulose 
depolymerization from white-rot fungi principally in two aspects: in 
the kind of cellulases produced, as mentioned above, and in the 
pattern of cellulose degradation. Brown-rot fungi, produce a rapid 
depolymerization, before a significant weight loss of wood occurs, The 
kinetics of cellulose depolymerization was studied, comparing 
modifications of cotton cellulose by a white-rot fungus (Phanerochaete 
chrysosporium) and a brown-rot fungus (Postia placenta) under semi­
solid culture conditions. The molecular size distribution during the 
changes of the degree of polymerization (DP) of cellulose during 
brown-rot attack, showed one major peak centered over a 
progressively lower DP than the starting substrate. On the other 
hand, P. chrysosporium, showed a continuous consumption of 
cellulose with a substantially different molecular size distribution 
pattern. This is the first report, that clearly shows the differences 
between brown- and white-rot decay of cellulose. From these results 
we conclude that the brown-vot fungus P. placenta cleaved 
completely through the cellulose microfibrils, whereas the white-rot 
fungus P. chrysosporium attacked the surfaces of the microfibrils 
(Agosin, E., Report 1983; Kleman-Leyer et al, 1991). 

Wood decay by brown-rot fungi, results in remotion of polysaccharides 
without significant depletion of lignin (Kirk and Highley, 1973). 
However, during wood attack this aromatic polymer suffers several 
chemical transformations (demethylations, hydroxylations, etc.) (Kirk 
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et al, 1975), leading to the accumulation of an oxydized 
polymeric lignin. Experiments with lignin model compounds 
catabolized by two brown-rot fungi (G. trabeum and W. cocos), 
showed the ability of this strains to modified these compounds. 
Moreover, some of these modifications were similar to that obtained 
through the generation of oxygen derived radicals generated by water 
radiolysis (Espejo, 1989; Espejo et al, 1990). The generation of a 
functionalized lignin by these fungi, makes it attractive for its 
utilization as part of modified phenolic resins in plywood adhesives, 
for example. This study is pertinent assuming that this aromatic 
polymer is currently subutilized and, according to porfessor H. Bungay, 
"lignin is the product of most value in biomass refining" (Bungay, 
1991). The study of the mechanism of lignin modification by fungal 
treatment could lend to the obtention of more valuable products from 
residual wastes. Sound lignin extracted from washing liquors of steam­
exploded wood chips, was applied to holocellulose semi-solid cultures 
inoculated with G. trabeum. After 45 days of incubation, the 
recovered lignin, showed 50% demethylation, witohut significant 
molecular weight modifications. Functionalized lignin was employed 
for the formulation of modified pheno!ic resins (see Hojas, 1991). 

Finally, in cooperation with the Industrial Fermentation Laboratory at 
ICAITI, Guatemala, the main z iroindustrial wastes in Guatemala, were 
used as substrates in semi-solid cultures inoculated with G. trabeum or 
W. cocos Results from this study, indicated a good correlation between 
aireation and degradation of ceilulose (see Final Report from ICAITI). 

References in bold correspond to publications generated under this 
project. 

Methods and Results: Methods and results of this project are 
extensively described in attached papers and reports. 

Impact, Relevance and Technology Transfer: Our first goal was 
to evaluate rumen digestibility in sacco of pine sawdust. A very 
important increase in digestibility of wood was found after only one 
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week fermentation with several brown-rot fungi, lending support to 
further studies on the potential of brown-rotted wood as an energetic 
substitute in animal feeding. New aspects of cellulose 
depolymerization of wood by brown-rot fungi have been discovered 
under this grant. Indeed, as mentioned before, the differences 
between brown-rot and white-rot cellulose depolymerization were for 
the first time demonstrated and reported, clearly showing the unique 
pattern of cellulose decay by brown-rot fungi. Also, we had obtained 
promisory results in the substitution of formaldehyde with 
functionalized lignin by brown-rot fungi, in order to utilize it as part of 
crosslinking resins in the manufacture of particle-board pane!s, a good 
example of the application of basic discoveries. The prosecution of this 
study is under progress in order to perform large-scale processes. 
Correct transfer of knowledge and the know-how of the utilization of 
brown-rot fungi for the degradation and utilization of tropical raw 
lignified materials under semi-solid culture conditions, was performed 
with Guatemalean investigators. 

Very good expertise was received by many worldwide reknown 
researchers, such as Dr. T.K. Kirk (USA) or Professor B. Halliwell (UK) . 
Furthermore, we were able to send young scientists to train in 
important laboratories from the USA, as well as to transfer our 
knowledge to scientists from Guatemala at the ICAITI and from 
Uruguay. Moreover, the moving from the P.I. to the Faculty of 
Engineering at the P. Universidad Cat6lica de Chile, one of the major 
Universities of Chile, potentiate the utilization of our findings in larger 
scale prograi lmes. 

Project ActivitieslOutputs: 

Publications: 

Scientific Journals 
1. 	 Eduardo Agosin, Sergio Jarpa, Eduardo Rojas and Eduardo Espejo. 

1989. Solid-state fermentation of pine sawdust by selected 
bronw-rot fungi. Enzyme and Microbial Technology, 11: 511-517. 



2. Eduardo Espejo, Eduardo Agosin and Rafael Vicuiia. 1990. 
Catabolism of 1,2- diarylethane lignin model compounds by two 
brown-rot fungi. Archives of Microbiology, 154: 370-374. 

3. Eduardo Espejo and Eduardo Agosin. 1991. Production and 
degradation of oxalic acid by brown-rot fungi. Applied and 
Environmental Microbiology, 57(7): 1980-1986. 

4. Karen Kleman-Leyer, Eduardo Agosin, Anthony H. Conner and T. 
Kent Kirk. 1992. Changes in molecular size distribution of 
cellulose during attack by white-rot and brown-rot fungi. Applied 
and Environmental Microbiology, 58(4): 1266-1270. 

5. Milena Cotoras and Eduardo Agosin. 1992. Regulatory aspects of 
endoglucanase production by the brown-rot fungus Gioeophyllum 
trabeum. Experimental Mycology, in press. 

Books 
1. 	 Milena Cotoras and Eduardo Agosin. 1992. Recent Advances in 

Wood Dezay by Brown-Rot Fungi. Biotechnology in Pulp and Paper 
Industry. Kuwahara and Shimada Ed., Uni Publishers Corp, Japan, 
in press. 

Theses
 
1. Eduardo Rojas. 1989. Sistema degradativo de residuos 

lignocelul6sicos por liongos de pudrici6n parda. Universidad de 
Concepci6n, Concepci6n, CHILE. 

2. Eduardo Espejo. 1989. Degradaci6n de compuestos modelo tipo 
lignina por hongos de pudrici6n parda. Universidad de Concepci6n, 
Concepci6n, CHILE. 
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3. 	 Maria S. Hojas. 1991. Bioconversi6n de eucaliptus explotado-uso 
en resinas modificadas. P. Universidad Cat6lica de Chile, Santiago, 
CHILE. 

Presentation to Congresses: 

International 
1. 	 Saccharificatin of pine sawdust by brown-rot fungi. Poster 

presented at the IVth International Conference on Biotechnology 
in the Pulp' and Paper Industry, Raleigh, North Carolina, USA, May, 
1989. 

2. 	 AID workshop on Biomass Utilization, Faisalabad, Pakistan, 
December, 1989. 

3. 	 Wood Decay by Brown-Rot Fungi: Mechanism and Potential for 
Saccharification of Lignified Biomass. Conference presented at the 
International Symposium on Biotechnology for Energy, organized 
by NIBGE & NIAB, Faisalabad, Pakistan, December, 1989. 

4. 	 Mecanismos de degradaci6n de la madera por hongos de pudrici6n 
parda. Conference held at the II Latin -American Congress of 
Biotechnology at La Habana, Cuba, July, 1990. 

5. 	 Recent advances in cellulose degradation by brown-rot fungi. 
Conference presented at the 5th International Conference in 
Biotechnology in the Pulp and Paper Industry in Kyoto, Japan, 
May, 1992. 

National 
1. 	 Estudio del mecanismo degradativo de lignocelulosas por hongos 

de pudrici6n parda. Poster presented at XXXI Meeting of the 
Chilean Society of Biology, La Serena, Chile, November, 1988. 
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2. 	 Sacarificaci6n de aserrin de pino por hongos de pudrici6n parda. A 
conference given at the IstCongress of Biotechnology, Talca, Chile, 
January, 1989. 

3. 	 Degradaci6n biol6gica de materiales lignocelul6sicos. A lecture 
presented the Conferences on Biotechnology, Valdivia, Chile, 
October 1989. 

4. 	 Catabolismo de compuestos modelo de lignina tipo 1,2-diariletano. 
A lecture presented by E. Espejo for his incorporation to the 
Chilean Society of Microbiology was presented at the XIII Chilean 
Society of Microbiology Congress, Vifia del Mar, Chile, April, 1990. 

5. 	 Degradaci6n de celulosa por hongos de pudrici6n parda. A lecture 
presented by E. Agosin for his incorporation to the Chilean Society 
of Microbiology was presented at the XIII Chilean Society of 
Microbiology Congress, Vifia del Mar, Chile, April, 1990. 

6. 	 Expresi6n de celulasas por hongos de pudrici6n parda. Poster 
presented at the XIV Chilean Society of Microbiology Congress, 
Santiago, Chile, April, 1991. 

7. 	 Depolimerizaci6n de celulosa por hongos de pudrici6n parda: rol 
del a'cido oxa'lico. A lecture held at XIV Chilean Society of 
Microbiology Congress, Santiago, Chile, April, 1991. 

Training : Eduardo Agosin spent four months at IMBT at the Forest 
Products Laboratory, Madison, Wisconsin, working with Dr. T.K. Kirk in 
the chatacterization of low molecular weight compounds secreted by 
brown-rot fungi (August- November, 1988). 

Eduardo Rojas (1988), Eduardo Espejo (1989) and Marisol Hojas (1991) 
obtained their Master's degree with a thesis entitled: "Degradative 
System of Lignocellulose by Brown-Rot Fungi", "Degradation of Lignin-
Related Model Compounds by Brown-Rot Fungi" and, "Bioconversion of 



Steam-Exploded Eucaliptus sp.- Utilization of Modified Phenolic 
Resins", respectively. 

Eduardo Espejo and Ver6nica Quifiones, both contracted under this 
grant, followed the International training course sponsored by UNDP, 
at the Biochemical Engineering Dept. of the Universidad Cat6lica de 
Valparaiso, Valparaiso, Chile, on "Enzymatic Hidrolysis of 
Lignocellulosic Materials" (9-16/7/89). 

Eduardo Agosin, followed an International training course by UNDP, at 
the Biochemical Engineering Dept. of the Universidad Cat6lica de 
Valparaiso, Valparaiso, Chile, entiltled "Solid-State Fermentation" (3­
6/10/89). 

M. Sc. Roberto de Le6n, Director of the Fermentation Laboratory at 
ICAITI, Guatemala, spent eight days in the P.I.'s Laboratory. He 
learned several techniques employed in the cultivation of brown-rot 
fungi and in the determination of cellulose depolimerization by these 
fungi (9-16/6/89). 

M. Wilkens, M. Cotoras, V. Wilhelm and A. Mufioz, postgraduate 
students of the Ph. D. programme on Microbiology of the Universidad 
de Chile, followed a three to six month's research training at the P.I.'s 
laboratory in relation with this project. 

Milena Cotoras, a post-graduate student is currently working on her 
Ph. D. thesis on the regulation of endoglucanases expression by the 
brown-rot fungus Gloeophyllum trabeum (March, 1990-...). 

Eduardo Espejo spent four months at the Institute of Microbial and 
Biochemical Technology at Forest Products Laboratory, Madison, 
Wisconsin. During his stay he has learned several techniques and 
prosecuted his work in the identification of the responsible agent of 
oxalic acid degradation by brown-rot fungi, under the supervision of 
Dr. T. K. Kirk. Also, he spent a week at the Dept. of Plant Pathology at 
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the University of Minnesota, working with Prof. Robert Blanchette on 
TEM and SEM techniques (Nov.1990-Feb. 1991). 

Milena Cotoras spent two months at the Institute of Microbial and 
Bit.zhemical Technology at Forest Products Laboratory, Madison, 
Wisconsin. She worked under the supervision of Drs. Dan Cullen and T. 
K. Kirk on molecular biology techniques in the identification of DNA 
sequences and synthesis of DNA probes for endoglucanases produced 
by G. trabeum (Dic, 1991- Feb. J.992). 

M. Sc. Mary Lopretti, Dept. of Biochemistry, PEDECIBA, Universidad de 
la Reptiblica, Montevideo, Uruguay, is currently working on her Ph. D. 
thesis with the P.I., on the "Mechanisms of Lignin Demethylation by 
Brown-Rot Fungi" (1991-...). 

Future Work: The development of a new research field and training 
of several investigators involved in the prosecution of this project, 
lent support to a promising area of basic and applied investigation, as 
well as, to the constitution of a multidisciplinary research group 
working in enzymology, molecular biology, semi-solid state 
fermentation, protein purification, down-stream processing, etc... 
under the direction of the P.I.. These features, would make feasible 
further investigations in the same area at the P.I. laboratory as well as 
in association with other national and international groups. As 
mentioned before, two Ph. D. theses are currently tinder way, one of it 
in cooperation with the Universidad de la Reptiblica, Montevideo, 
Uruguay. Both theses are the prosecution of the work initiated during 
the accomplishment of this project. Particularly, three important 
aspects of the mechanism of wood decay by brown-rot fungi are 
currently under study: the expression of endoglucanases, the agent 
responsible for cellulose depolymerization and the mechanism 
involved in lignin demethylation. Moreover, a chilean grant in 
collaboration with the Department of Molecular and Cellular Biology 
of the P. Universidad Cat6lica de Chile, concerning the characterization 
and purification of B-mannanases produced by brown-rot fungi was 



13 

recently obtained for these purposes. All these activities should allow 
to progress in the elucidation of the strategies employed by these 
fungi during attack to the different wood components. 
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PROJECT: 	 SACCHARIFICATION OF LIGNOCELULOSIC MATERIALS 
BY BROWN-ROT FUNGI: Mechanisms and Potential 
Applications. 

Project Number: 936-5542 

Grant Number: DPE-5542-G-SS-8076-00 

A.I.D. Grant Project Officer: John Kadyszewski 

Reception of USAID funds 

Date 	 cash advan,.es. 

April/1989 $ 38,885.00 
June/1989 $ 15,585.00 
Dec./1989 $ 30,790.00 
June/1990 $ 23,390.00 
July/1991 $ 37,132.00 
April/1992 $ 4,200.00 

$ 149,982.00 

http:149,982.00
http:4,200.00
http:37,132.00
http:23,390.00
http:30,790.00
http:15,585.00
http:38,885.00
http:advan,.es


Period Covered: 08/31/88 fo 05/31/92 

TOTAl. FUNDS ADI1NI!'T ERED 
EXPENDITURES PER YEAR STATEMENT 

f 1 /2 I -TOTAL"?" 

Period 	 8/31/318 8/31 /89 8/31 /90 a31/88 
8/31/89 3/.31/90 5/ 1/92 5/31 /92 

Total 	 43,679.00- 52,676.00 53,6181 16 149,973 16 

ITEM 	 TOTAL BUDGET EXP[III)I T1I!ES 

Salaries 44,600 00 ? , 4 6-.55 

Equipment "-3500.0JU -J7- 77 
Trevel 16,000.00 14,1 42.18 
5uppjie * -7100.0 0 1!I 9 
Literature 4,200.00 2,995.72 
Overhead L5,5 0 0SfJK>21 

Total 	 149,982.00 149, 9 82. 

*U$ 4,200 extra funds obtained from USAI[j, '.,ere , d1ed to the U5- 33,106 origiral Supplie3 item. 
Detailed supporti ng i nformation if AID ray requi re ,'ill be fur mhed on request. 

http:149,982.00
http:2,995.72
http:4,200.00
http:16,000.00
http:52,676.00
http:43,679.00
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The research was performed by the scientific staff of the Department 
of Chemical Engineering, Faculty of Engineering, Universidad Cat6lica 
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INVESTIGACION Y TECNOLOGIA INDUSTRIAL 
(Guatemala, GUATEMALA). 
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PUBLICATIONS
 



PAPER I 

Solid-state fermentation of phne sawdust 
by selected brown-rot fmngi 
Eduardo Agosin, Sergio Jarpa, Eduardo Rojas aiid Eduiardo Espejo 

Laboratorio de Biotecnologia, Universidad de Chile, Santiago, Chile 

Tire effects of selected culture parameters on the solid-state frmentationi of radiata pire (Pinus
radiata) by the brown-rot fitngus Gloeophyllum trabeum were examined. Oxygen concentration is 
critical./or wood decay: a twofold increase i'as ob.%,e ved i'he 21% 0, it as emploved, as conmpared to 
5% 02. 11T highest yields Were obtained with pO: > 50%. A Ithrough ol,'imn plif'rfig'al groin/h it'as 
4.3, pH1 lower thai 4.0 appeared to be es.%e(ttial for wood degladatioli by rthem, fingi. Culture 
cotditions allowing the highest decay capac'itie.%tret e then emplo ed to follow the chemincal chan ges
occurring during decay of radiatapiln' by G. trabeuim, Lenlinus lcpidetis, and Wolliporia cocos and 
their eff'i'cs on rtnen digestibility were a.%.%e.%.wed. Drv matter dig e.%tihility ilcreasedfiol 0 to more 
thani 20% during the first week of wood colonization by the three tested fungi. Ten, after 4 weeks of 
incubation, digestibilityfell to less than 5%for W. cocos and L. lepideus. Increase in digestibility could 
be related to polysaccharide depolymerization, as well as to the alkali-solubilizable fiaction of 
structural polysaccharides atid lignin in decaycd wood. 

Keywords: Solid-s.ate fenmentation: sawdusi; fungus: (G1)'tphlhvltntIlobttn 

Introduction 

Traditional approaches to the utilization of lignocellu-
losic materials by microorganisms rely on disruption 
of the lignin barrier, followed by the conversion of 
cellulose to glucose. The high cost of these pretreat-
ments and the incomplete utilization of all wood 
fractions have hampered the economic viability of' 
such processes.' Furthermore, most of the studied 
processes show little response with softwoods. 1 

rownssesro fugictle respoccur prehsoftdo l o 
Brown-rot fungi, which occur predominantly oimpovesoftwoods, have scarcely been studied For biotechno- enzymc access 

logical purposes, despite their unique ability to remove 
structural polysaccharides in fully lignified native tis-
sties without significant depletion of' the lign in 1iac-
lion.4 This makes them potential candidates for the 
direct bioconversion of softwood polysaccharides into 
fermentable sugars.' Furthermore, the residue remain-
ing after decay-mainly lignin-has potential as i 
source of other valuable products, such as adhesives, 
Therefore, brown-rot fungi could provide a new sac-charification system f'or lignocellulosic substrates, 

Addr es% reprint reunests to Dr. F. Agosin. Ihoatorgo de Itiorec-
nologfa, Instituto de Nutrici6n y Tecnologfa de los Alinientos, 
INTA. UIniversidld de Ctile. Casilla 15138. Santiago II, Chile 
Received 6 June 1988; revised 8 August 1988 

which may allow the integral use of these abundant, 

low-cost materials. 7 
Cowling' and Cowling and Brown suggested that 

the basic mechanism employed by these fungi to decay 
wood is related to their capacity to depolymerize 
cellulose du ing the initial stages of decay. It has been 
proposed'- ' that cellulose depolymerization opens up 
the wood cell wall, allowing cellulolytic and hemicellu­
lolytic enzymes of the brown-rot fungi to reach their
substrates despite the presence of lignin. The use of 
to softwood polysaccharides-by rumen microor­

garnisms. for example-has riot been evahilted. 
Amoug structral polysacchanides, hemicelhloses,

and parliculaly glucomannmns. are preferentially de­
graded Hwving colonization of softwood by brown-rot 
fungi.4 lowever, tle mechanism employed by these 
in toeroenino the heoicelll e rc eid sr 
in the opening of the wood cell wall have received very 

The present study has the following specific objec­tives: (i) to determine cultal panametes important 
for semisolid fermentation of pine sawdust by brown­
rot ftrngi" (ii) to evaluate the potential of these Ingi as 
wood sacclmifying agents: and (iii) to provide infor­
mation on the alkali-soluble substances generaled dun'­
ing tile process. 
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Materials and methods Alkali solubility of decayed samples was deter-

Fuigiand ioctha mined after inculat ing 1.0 g of unextracted w6od wilh
25 ml of 2 Nt Na.) H (30'C, 4 I tinder nitrogen). I he 

The following brown-rot fungi wete used in this study: residue was thoroughly washed with distilled water, 
Wol.iporia cocos FP 90850-R, kindly provided by the dried at 60'C for 72 Ii, and weighed. Cell wall polysac-
Center for Forest Mycology Research, CFMR (Forest charides were determined in the residue, as above. 
Products Laboratory, Madison, USA), Gloeophvlhtm The molecular weight distribution of alkali-soluble 
trabetn.obtained by courtesy of Prof. K. E. Eriksson polysaccharides and lignin was determined by ap­
(STFI, Sweden), and Letinuts h'pidetus CIIi 67-03-A. plying I nil of tihe alkali-soluble substances extracted 
donated by Dr. C. Delatour (CNRF, France). fi1oIt decayed samples to a colunn (110 x 2.0 cin) 

Mycelial inocula were prepared as described else- of Fraktoeel TSK HW-55/F (Merck). equilibrated in 
where.1314 0.1 i Na(H. Polysaccharides were eiuted from the 

column with the alkali eluent according to their molec-
Selection ofoptinal culture parameters ular weight. Two-milliliter fractions were collected 
for brotn-rot decay and total sugais were determined in each tube usingthe orcinol-sulfuric acid method.' 9 Lignin was fol-
The effects of the following parameters on wood decay the t aci mehni wasb e s 

The column was calibrated Usinghave been tested: removal of extractive substances lowed at 280 nm. 
(extracted in a Soxhlet apparatus with ethanol/tolene pullulans (Shodex, Japan) with known molecular 

/ ), dry matter content (in grams odry wood/100 g of weights.
Icoten/ ). ry(i attr f drgrms wod! 0()g~Alkali-soluble galactoglconmnnan of sound radiata' 

humidified wood) (15, 20, 25, and 30% ), oxygen partial p n a isol ae acco g o m ela s 
pine was isolated according to Timell. 2" pressure (5, 21, 50. and 100% 02), and buffer concen-

tration (20 and 50 mM sodium L-tartrate, pH 4.5). The Dige. tibilitv studies 
strain Gloeoph yltnl Irabeun was employed in these 
experiments. Cultures were grown for 4 weeks under Replicate samples of fungus-trealed wood (2.0 g) veie 
the general conditions described below, except that weighed into nylon bags of 50-.tni poie size (Silk 
flasks were periodically flushed with humidified air. Bolting Cloth MFG Co. Ltd., Switzerland) and sus­

pended in the tumeen of three sheep (6 bags/sheep) 
Cultivationt methods fitted with a lumen-cannula, and maintained on alfalfa 
Culture expeiments were conducted with i1inus radi- hay. ()ne ieplicale of sound wood was incubatedCultauresext iment% were condte)drthe ptimai simtillanetisly with each series to allow compal isotis 
ata sawdust (5.4% [-() content) under the optimal between lite three sheep and between the different 
culture conditions determined above: 6.0 g of pine series. Ater 48 Ihincubation, the bags were removed 
sawdust (particle size <I mm) were added to a 500-nl fron the umen, extensively rinsed under cold water, 
conical flask and autoclaved with 12 ml of distilled pressed, nried,and weighed. 
water. Twenty replicate flasks per fungal strain were 
then inoculated with 12 ml of a filter-sterilized double­
strength mineral medium, 15 containing 0.1% glucose 
and 0.02% yeast extract, as well as the ground myceli- Results 
uml. 1 The flasks were stoppered with rubber stoppers lnfIll/elice of, culture parameters on/ 
and incubated at the optimal growth tempeiature of /rown-rt decay 0/l)11e 
each fungal strain (26°C for Lentinus lepide':s and 
28-30'C for the others). The flasks were flushed every The effects of different cultuie paiameters on solid­
2-3 days with a humidified mixture of nitrogen and state fermentation of pine sawdust by G. trahetmn are 
oxygen in a I/I ratio. illustrated in F"'igure /. Particle size was Ibund to have 

After 0, 1, 2, 4, 6, 8. and 10 weeks of cultivation, a pronontlced effect on pine decay. Maximum degia­
three cultures per fungus were harvested, the pH of dation was observed for pine with a I-mn particle 
the fermented samples was measured directly, and size. with substantial decrease in wood decomposition 
weight losses were determined after drying the resi- for higher or lower sizes. 
dues at 60'C for 72 i. The diy matter content o1 IcrmentLed wood ap­

peared to have little influence on decay between 15 
Extraction of' water-soluble substances and 25% dry matter, but higher contents were inhib-

Sawdust samples (3.0 g) were extracted at 80'C with 3 itory. 
hlie eifect of oxygen concentration on pine decom­x 40 nil of distilled water, dried at 60'C for 72 I, and 

weighed. Reducing sugars were determined as de- position was also examined. Results showed that 0, 
6 substant tialv stimulates pine decay: almost 60% in­scribed elsewhere. '

crease in weight loss was leached when the gaseouls 
omChemical analyses concentt ation of oxygen in the cultii es inci eased Ih 

5 to 21/,. 'I lie highest decomposition was observed 
Cellulose, hemicelluloses, and lignin were determined when oxygen pa:tial pressure was 50%. 
on extracted samples, essentially as described by lthanol/loltene (I/I) extractable pine components 
Effland' 7 and Monties.'8 weie found to have a significant effect on decay. 
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- Table 1 Effect of medium pH on growth of Gloeophyllum
0,o trabeurn" 

I ~ pHGrowth' 
" Initial Final (mg of dry mycelium) 

20 '. 

1 o3.0 2.87 38.6 ± 0.7I- - . -" =3.5 3.30 48.4 ± 1.5 
" 

IAg ,4.0 3.86 55.4 2.0
 
- I, 4.5 4.31 62.3± 5.6
 
it go 03- " , 5.0 4.65 53.1 3.3
 

IA 

'Seven day static liquid cultures in 250-ml conical flasks con­
taining 30 ml of mioeral salts medium with 2% glucose, 2.6 mM 
ammonium tartrate, and 50 mm sodium tartrate buffer 
b Mean ± s.d. of 2 liquid cultures 

PARTICLE DRY MATTER OXYGEN EXTRACTIVES pH 
SIZE 

Figure 1 Effect of some cultural parameters on degradation of 
pine sawdust by the brown-rot fungus Gloeophyllum trabeln incomplete removal of adhering rumen microor­
under semisolid conditions. Each 500-ml conical flask contained ganisms diuting the washing step.
6 g of radiata pine sawdust moistened with a mineral medium 
(20% final D.M.). Incubation period: 4 weeks at 30"C. Data 
represent the mean value for 3 replicates. All coefficients of Waler-soluble substances 
variation were lower than 5% 

All the fungi caused a rapid increase in the water­
sluble substances from 5% to nearly 10% of total dry 

Extracted wood showed substantially less decoin- matter diling the first days of incubation (Figure 3). 
position. compared to sound pine sawdust. After this time, changes inwater-sol)tble substances 

Finally, were considerably less, although G. trabemn solubi­the effect of pH on pine decay was as- lieamot1% fdcydpiefer8wksf 
sessed. Because the optimum pH for growth was 4.5, 
and substantial inhibition was observed for values fermentation. 
below pH 3.5 (Table I) we tested the effect of sodium Reducing sugars increased constantly during the 
tartrate buffer, pH 4.5, on pine decay. Our results first stages of decay. reaching a maximum of 12% of 
(Figim'e /)confirm thoe obtained invitro by Koenigs' total water-soluble substances after 4 weeks of culti­and Schmidt et al. inthat acidic pH iscritical for vation. After 4 weeks, reducing sugars decreased to 

polysaccharide degradation of pine sawdust by brown- less than 3%. 

rot fungi. 
Trhe culture conditions allowing the highest decay 

capacity of pine by G. trabettn were used in all 
subsequent experiments. These conditions ace de- 25 
scribed in Materials and Methods under Cultivation 
Methods. 

In situ dry mauer digestibility of DRY 
f'rineni-ed wood MATTER 1 -

The pattern of development of in sit dry matter DIGESTIBILITY 
digestibility of pine sawdust decayed by G. trabeun, t10. o 
W. cocos, and L. lepideus is illustrated in Figure 2. All 
three fungi produced a very rapid increase in dry 
matter digestibility during the first 2 weeks of incuba­
tion from 0 to 17-23%. These results were obtained 
before weight losses higher than 15% were achieved 
(Table 2). Thereafter, substantial decreases in digest- 0 , I I 
ibility occurred, particularly in the cases of W. cocos 4 6 8 
and L.lepideus, followed by slight increases. INCUBATION TIME tweeks) 

Polysacchaiides piesent in sound pine sawdtist ap- -5 
peared to be inaccessible to riien microorganisms, as 
shown by the negative values of dry matter digesti- Figure 2 Changes of in situ dry matter digestibility by rumen 
bility obtained after 48 h incubation of this substrate in microllora during solid-state fermentation of pine sawdust 

by the brown-rot fungi Gloeophyllum trabeum (0), Lentinusthe rumen. The higher weight obtained after runien lepideus (u), and Wolfiporia cocos (a). Each point is theincubation of the undecayed wood presumably reflects mean t s.d. of two replicates 
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Table 2 Evolution of pH, total weight, and structural components during solid-state fermentation of pine sawdust by three selected 
brown-rot fungi 

Strain 

Incubation 
time 

(weeks) 

Gloeophyllum trabeum 0b 

1 
2 
4 
8 

10 

Wolfiporia cocos 1 
2 
4 
8 

10 

Lentinus lepideus 1 
2 
4 
8 

Loss.c in 

pH Weight Cellulose Hemicellulose Lignin 

5.0 
3.6 

0 
11.9 

0 (45.4) 
10.8 

0 (28.7) 
192 

0 (25.7) 
3.3 

3.5 
3.4 

15.2 
23.3 

11.7 
20 5 

27.9 
40.4 

4.3 
6.6 

3.3 
3.3 

39.4 
47.1 

42.8 
55.8 

58.9 
64.3 

8.7 
12.2 

2.9 9.2 9.0 13.3 4.1 
3.6 
3.3 
3.2 
3.2 

118 
13.6 
17.8 
21.6 

9.2 
11.1 
14.9 
15.6 

21.3 
22.0 
34.7 
41.8 

5.0 
6.2 
3.8 
6.6 

4.0 9.7 6.2 17.0 5.0 
3.9 
3.6 
3.5 

12.8 
13.6 
21.9 

12.6 
12.8 
19.7 

19.9 
21.6 
34.3 

6.3 
7.0 
9.2 

aThe average coefficient of variation was lower than 6%
 
b Values in parentheses indicate the content of each structural component in sound wood
 
c Results are expressed in % of original component 

Evolution ofpH,dry matter, and 
slI'ttueralConiponenlts 

and truturl cmponntsdurng
Table 2 gives the temporal changes ininepH, dry matter,1bytheeca 

and structural components during pine decay by thie
three selected brown-rot fungi. G. Irabemn possess
the highest decay capability, reaching almost 50% 
weight loss after 10 weeks of cultivation. W. cocosand 
L. lepidells showed a very similar pattern of decay,
degrading only 22% of dry matter after 10 weeks of' 
incubation.

After tile first week of incubation, the cultuies 

" 

z 15 

Mlignin. 
no 

, E 10 

C., 

-a0 


o 
- I
 
l. 

0 1 2 4 acultures 
2 4 6 

INCUBATION TIME (weeks)
3 

Figure 3 Amount of water-soluble substances and reducing 
sugars (W) formed during solid-state fermentation of pine
sawdust by the brown-rot fungi Gloeophyllurn trabeum 0 i),
Lentinus lepideus ([j), and Wolhporia cocos (m) 

became inc easingly acidic, especially for pine fer­
mented with IV. coc-. As the incubation progiessed.
the PH slowly droppedl to pH 3.3-3.2. 
t ieh is tdicoppe to pe w 0.V2.The highest decay rate (between 0.9% for WV. cocos 
anI 1.1%per day ftu;- G. Iraheumn) was ob~served I,- thiethee slrains during (he first 2 weeks o decay. Upon
1w the inc uin, the decay rate decased. espe­
ciallv between 2 and 4 weeks of cultivation, alter 
ca ew ee n t egrson raton, re 

which anel increase in t e degradation rate occtn red. 
Iemicelluloses were degraded inpreleience lo cel­lulose by Ihle I I ee strains testedl. Thus. aftler a21-23%uoeIvtl hesranlsedTualrloss ill 223tolal dihy matter, twice as much of the hemicel­

luloses as cellulose had been removed by G. Itrahan 
and even moie in tile case of IV. cocos. Similal lestills 
have been published by Kink and tlighley.4 although 
these atlors Found (fhat loss of cellulose was always 
gi eater thm total weight loss. '1his was not the case 
with iadiata ;--!C at least tntil 30% dry matter degra­
dation was achieved. 

as shown also by otheis. ' was poorly
degraded by file brown-rot fungi. The slight depletion 
dete;mined could have resulted either from solubiliz­
alion ol ligunin during extraction of' walei-soluble sub­
stances. (0I'rom an increase in the acid-soluble lignin1fraction dming decay. 22 

Alkali-soluble slubsta'es 

Alkali-soluble substances substantially incieased in 
di ing decay. leaching ahlost 60% of the dry

mattcr (decayed weight basis) :ilter 401% weight loss 
(T(able 3). Although similar aiounts (10%) of eachstuctlui;al component ofr sound pine sawdust wvei 
released by sodiumn hydroxide. he rate sand etenl of 

-
 "
 
solulbili7dtion of these components during the decay
plocess weie rather different depending upon the 
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Table 3 Evolution of 2 M,sodium hydroxide-soluble structural components during decay of pine sawdust by two brown-rot fungi, 

Weight Total 
Strain loss (%) substances 

Gloeophyllum trabeum 0 9.8 
11.9 26.5 
15.2 28.9 
23.3 35.0 
39.4 58.1 

Wolfiporia cocos 9.2 15.5 
11.8 20.6 
13.4 21.3 
17.8 36.1 

'Results are expressed as % of each component in decayed wood 

fIungus. Thus, alter 12% weight loss, 22% of the 
remaining hernicelluloses in pine decayed by G. Irta-

beam were soluble in 2 M sodium hydroxide, whereas 
more than 31% of these carbohydrates were solubi-
lized in pine fermented by W. cocos. 

'[he changes in the molecular weight of alkali-solu-
ble polysaccharides released during brown-rot decay 
are illustrated in Figure 4. G. trabenmi strongly depo- 

A 200000 20000 35o 

EC 
o 0.5 
N 

z 0.3­

4.0 

23.0 

U) 

~2.0 
U) 

1.0­

50 100 150 200 250 300 
ELUTION 

Alkali-soluble 

Cellulose Hemicellulose Lignin 

8.6 9.8 11.6 
26.2 21.8 32.7 
28.2 34.7 27.8 
38.5 38.2 28.0 
61.1 67.5 46.0 

11.5 18.6 19.5 
14.5 31.2 20.5 
23.9 20.4 17.7 
38.9 43.1 26.0 

lynclized situctulal polysacchatides, as compared to 
sound pine hemicelluloses, during the first days of 
incubation. The average molecular weight of alkali­
soluble polysaccharides decreased from 25 000 (D.P. of 
150) after I week of incubation with G. trbetun to 
about 500)(D.P. of 30) after 8 weeks of incubation. In 
the case of' W. cocos, significant depolymerization 
occurred only after 4 weeks of decay. 

B 200000 20000 350 

I 

"
 

50 100 150 200 250 300 

VOLUME (ml) 

Figure 4 Molecular weight distribution of alkali-soluble polysaccharides and lignin released after 1 (,'),2 (A), 4 (0), and 8 (0) weeks 
incubation of pine sawdust with the brown-rot fungi Wolfiporia cocos (A) and Gloeophyllum trabeum (B). Fractions were eluted from a 
56 x 2 cm column packed with Fraktogel TSK HW 55/F (Merck) using 0.1 MNaOH as eluent. Lignin was monitored as the absorbance at 
280 nm and polysaccharides were followed by the orcinol method. Standards: pullulans of known M.W., pine galactoglucomannan 
(....), and milled pine wood lignin (-....) 
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A significant release of alkali-soluble lignin was 
observed after the first week of incubation, especially
for 	G. Irabeum (Table 3). Soluble lignin increased 
slightly during the next 3 weeks of decay, after which 
another substantial increase was found. These soluble 
fractions are polymeric and show two main elution 
peaks (Figure 4). Upon incubation, a relative increase 
in the peak for high molecular weight was seen (Fig 
ure 4). 

Discussion 

Results obtained in this work indicate that acidic pH
and 	high oxygen concentration are important cilture 
parameters for brown-rot decay of radiata pine tnder 
semisolid conditions. Acidic conditions (due to secre-
tion of oxalic acid) developed by brown-rot fungi
during wood decay have been related with F(Ill)
reduction to Fe(Jl). Tie Fe(ll) has been suggested to 
react with H102 geperating hydroxyl radicals, which 
depolymerize the cellulose.23  This hypothesis, 
however, has not been adequately explored. Indeed, 
HO2 could not be detected in liquid cultures of several 
brown-rot fungi. 24 Furthermore, several organic acids, 
and not exclusively oxalate, were detected in cultures 
of G. Irabetin and W. cocos (unpublished results). 1II 
any 	event, low pH, which could allow the expi ession 
o1 specific depolynierizing enzymes or potentiate oxy-
gen-reduced species, like superoxide, seem to be 
indispensable for wood degradation by these fungi.
Mote studies are required to better understand the role 
of secreted organic acids in brown-rot decay of wood. 

The rapid depolymerization of cellulose, reported 
as the initial step of polysaccharide degradation by
brown-rot fungi, has been shown to be oxidative.. 9 -'2

Furthermore, lignin modifications resulting alter 
brown-rot are also largely oxidative.2'. 2 These facts 
suggest that oxygen concentration might be an itmpor-
tant factor for brown-rot decay of wood. The results 
obtained here confirmed that oxygen concentration is 
critical for brown-rot decay of pine and are in accord 
with oxidative reactions being involved in wood decay
by brown-rot fungi. Interestingly, the role of cellulose 
oxidizing enzymes in fungal degradation of this struc-
tural polysaccharide was emphasized 26some years 
ago by Eriksson and coworkers.26 These authors sug-
gested that insertion of uronic acid moieties in the 
cellulose chains leads to cellulose swelling, which 
could increase the accessibility of hydrolytic enzymes 
to the crystalline parts. Finally, inhibition of pine 
deconlposition by low oxygen levels, rather tlha stim-
ulation by high oxygen concentrations, should also be 
considered to explain our results. 

The effect on rumen or polysaccharidase digesti-
ility of wood decayed by btown-rot fungi has appar-

ently pieviously not been repoited. The signilicant
increase in rumen biodegiadability caused by these 
fungi in the fit st stages of decay is probably related to 
the rapid eaily depolymerization of structural carbo-7 	 2I ud17hydrates. Indeed, as shown by Puri, depolyier
ization should open tIp the cell walls, increasing the 
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specific surface area of wood, thus allowing rumen 
celiulolytic bacteria and their enzymes to gain access 
to the stluctural polysaccharides. 

The substantial increase in alkali-solubility of both 
polysacch, ides and lignin on the decay of pine is also 
piobably related to this improvement of digestibility. 
Indeed, the presence of ionizable gIoups in cellulose 
and hemicelluloses could increase their susceplibility 
to polysaccharide hydrolases. as discussed above. 
Furlhcrinoie, Agosin and ()dier 1ecenlly showed the 
existence of a close relationship between polymeric
water-soluble lignins, from white-rotted straw, and
improvement of dry matter digestibility. This solubi­
lizalion probably arose from oxidation of the lignin 
component. which resulted in the geneiation of hydro­
philic groups such as carboxyl groups. 2 Similar re­

-actions wei e found in brown-rolted lignirs 22 ' and 
included extensive lignin demcthylation22 and ring

9hydioxylation, " appaiently without depolymet i­
zation. 

All the results presented here suggest that brown­
lot fungi. or their polysacchatide degrading system,
have potential as saccharifying agents for lignified 
tissues. Research on the enzymes involved in this 
process is now in progress. 
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Abstract. The catabolism of' dimethoxybenzil, anisoin
and hydroanisoin in nitrogen-limited stationary cultures 
of the brown-rot fungi Wolfiporia cocos a nd Gloeophyvlhtn
trabetn was analyzed. These three 1,2-diarylethane lignin
modcl compounds, which differ in the degree of oxidation 
of the alkylic chain, gave rise to p-anisaldehyde in boti 
cultures, suggesting that cleavage between the two ali-
phatic carbons had occurred. In turn, both strains re-
duced dinethoxybenzil and anisoin to hydroanisoin,
whereas only IVofipolriacocos was able to oxidize hydro-
anisoin to anisoin. On the other hand, chemically derived 
hydroxyl radical, but not superoxide radical, produced 
p-anisaldehyde plus other unidentified compounds fromanisoin and hydroanisoin. Neither radical modified 
dirnethoxybenzil significantly. 

Key words: Brown-rot fungi - Lignin degradation -
Ligning model - Compounds - Anisoin - Oxygen
derived radical species 

Brown-rot fungi attack preferentially softwoods, where 
decay results in ienotion of polysaccharides without a 
significant depletion of' the lignin component (Kirk and 
Highley 1973). However, during wood decay this aro-
matic polymer suffers several chemical transformations 
(demethylations, hydroxylations, etc.) (Kirk 1975) which 
lead to the progressive accumulation ofan oxidized poly-
meric lignin residue (Agosin et al. 1989). 

The current working hypothesis f'or the mechanism
involved in this process is related with the production of 

* l're.sent address: I)cpartameno de ligenicria Quimica, Ponfilicia 
Universidad Cat6lica de Chile, Casilla 6177, Santiago, Chile 
Olf'nint requests to: E. Fspejo 
Abbreviations' IlG LN, high glucose, low nitrogen; I1(I !N, high 
glucose, high nilrogen: 11lC, high perrorn;mice liquid chrniaog-
raphy; ILC, thin layer chromatography; A, anisoin: IIA. hy-
droanisoin: DM B, dimethoxybenzil; H01-,Hydroxyl radical; 02 .
superoxide radical 

a low molecular weight oxidant during fungal atick of
wood. This agent would be able to penetrate the cell 
wall structure, accessing to the structtn al polysaccharides
during the early stages oi decay, despite the presence of 
the lignin barrier (K ocnigs 1974:11 ighley 1977,11 ighlcy
and M i nnnis 1985). In suppolt of this hypotiesis. Rei(­
berger has Found that hydroxyl radical promotcs dcme­
thoxylation as well as Ca-C/1 cleavage in the lignin model 
compound vet atrylglycetol-fl-gtaincyl cther (Rcilberger
and Gierer 1986). Furthermore. he a.suned that cleavage 
was only possible if' previous o-hydi oxylation of the aro­
matic ring had taken place. These modilications have also 
been found in brown-rotted lignins (Kit k 1975).

Ilie use of lignirn-model compounds farcilitates the 
identification of intermediate compounds and products 
generated by ligninolytic enzymes. 'lhis approach hasbeen particularly successful in the elticidation of Ihe lig­
ninolytic syslem pesent in Ile whic-iot Iungis i'haIweo­
c/acte (/r. '.sospornim(Weinsici a el al 1980: U.ellll et al. 
1983: Kirk and Tien 1983 'lien and Ki k 1984; Ki k ct 
al. 1986). Unfortunately, veiny Few studies using this type
of appioach have been utilized wilh hrown-ot I'ngi. In 
one of them, Enoki reported the dcgradialion of (I-I and 
/1-0-4 lignin model compounds by some brown-rot lungi,
although Ihe products der ived foii their ca talholism wee 
not identified (F.noki and llakalashi 1983; Inoki et al. 
1985). liven though the degiadation of these compounds 
was not as exteisive as that ,eported with whitc-l ot fini. 
it was indicative that hrown-rot fungi can attack liginin
sbostructues and possibly clave some inter monoier ic 
bonds. 
- suitable ligniri ioel conipound o" the iI-I isanisoin. It is beenllutilized both in fun1gal (Shinlada andi

(of([I 1983) and bacterial (( o zfle'1C7 c a1 1986) lignin 
biodcgradalion studies. onBas cd Ihis evidence, we de­
cidcd()'//i/lorittto o1examine tile capacity twococos anmd (;h(/Iocltllhum biown-rot lulwi, 

, 'ttim.to macli­'oieaisoin d ooli (m he ni I 'lielast 
o lc ni oinh ll isoillllt d i eth ox il "!h e 

two difrIi oi arisoin ii the degiec ofoxidhmtioif one
of thea Iphatic cai bons.'I lie act io of' speciltic ox%get ­
dctii d radical species onl these lignin model coma pltids 



371 
OH OH0 NO 0 0 OH 

OC0 CH 3 .- OCH 3 .- ' 

CH3 OCH 3 	 OCH 3 
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R 

~AC R= COOHALC R=CH20 H Fig. I. Molecular Formulae of the lignin-model compounds mentioned in this work. ,A:ALD R- CHO anisoin; /A: hydroanisoin; DAIt :dimicthoxybenzil; Bz: bcnzoin; AC: anisic acid; ALC:
OCH 3 anisyl alcohol; ALD: p-anisaldchyde 

was also studied, in order to compare the products Table 1. Metabolic transFormation ofanisoin by Il'olliporia cotosobtained with those generated in vivo from these diaryl- and Gloce,hiwnt trabeum alter 20 days of incubation in stationaryethane structuies. liquid cultures 

Fungal Culture Percentagea 
strain

Materials a"d methods conditions 
Transl'orned Iraiisiried 

alnisoii a isoi/mgChemicals 
imyceliuln 

Gloolhalllmp-Anisoin 12-hydroxy-1, 2-bis(4'-melhoxypienyl)-eliaionic], "' dime-	 IIGI.N 25uGh N 	 I.1thoxybenzil [I, 2-bis( 4 '-methoxybenzil).etlhanedione, 	 36 1.0
benzoin 12­hydroxy-l,2-diphenyl-etlianone, anisic acid, anisyl alcohol and p- lWfoiporiaanisaldehyde 	 IIGLN 28were from Aldrich. Ilydroanisoin 1l,2-bis(4'-	 1.8 

cocos IIGIINmelhoxyphenyl)-l,2-etliaieliol] 41 1.4
 
was prepared From anisoin accord­ing to a previously described procedure (Gonlezet al. 1988). The Anisoin was quantilied by I IPLC Following (he procedure indi­structures of these compounds are shown in Fig. 1. 
 cated in Materials and methods
 

Fungal strains 
in neltuiol for high perlormance liquid chromatography (I'IPLC)
 
and tlin layer chronmatography ( I LC) analyses.
I lie Following strains or brown-rot fungi were used in this study:


Wo~ipotia cocos FP 90850-R, kindly provided by the Center

Forest Mycology Research, CFMR (Forest 

For
 
Products Laboratory,Madison, USA) and Gloeo;,hyllun trahewn, obt:ained by courtesy Chcmicail (analysesof Prof. K. E. Eriksson (STI, Sweden). Mycelial inocula were

prepared as described elsewhere (Agosin and Odier 1985). TI.C analyses were per Formed in 4.0 x 4.0 cii silica gel plates (F254, 

Merck. I)armnstadl. FRG). which were run in a solvent systemCulture mnedia 	 consisting of (ichloromellhane:nmethanol 95:5 v/v. 1 lie spots werevisualized with a 254 nin UV lamp. When required for spectropho-

The liquid culture media employed in the present work have been 

tometric analyses. spots were scrapped 
 From the 1 L.C plates andpreviously described (Espejo 1989). Thcy contained 0.11 IM glucose 	
resuspended in methanol. Alter centrifugalion to remove the silica, 

plus either 2.16 mM animonium tartrate (high glucose, low nitrogen 	
spectra were taken directly from Ihe supernalants and co ipaied to

those oblainied with
medium, I IG LN) or 21.6 mM amonium larlrate (high glucose, high 

nethanol solutions f tlulhcntic sltandalds 
nitrogen medium, HGHN), as carbon and nitrogen sources, respec-

I!11I.C analyses were carried out in a Waters apparatus equipped
with a 25 x ) 39 cmtively. The buffer used was 50 mM disodium 	

i.d. column packed with a C-18 LiClirosphertartrate, pH1 4.50. (Merck) support, 10 lin particle sieMineral salts were added as reported by Kirk (Kirk et al. 1986). 	
I lie solvent employed wasniethanol:water (60:40 v/v) at a flow rate of 1.0 ml/nin. 1lie cluent 

was monitored with a IJV-detector. set at 280 ani. 
Mycelial nial weight was determined gravinetrically aler dry-Degradation of f#-1 lignin model compounds ness (Espejo 1989). 

50 Ill of a 2.0% solution of the lignin related compound in N­N-dimethyl fornamide were added to 100 ml Erlenmeyer flaskscontaining 10 ml of culture medium. After inoculation, static cul- Generation oi radical speciestures were incubated at 25'C in the dark and flushed every 3 dayswith a mixture of oxygen/nitrogen 1 :1. Mycelial mats were sepa- Specilic oxygen-derived radical species. i.e. 01 land O.rated by vacuum filtration through filter paper (Whitman N" 3). 	 atel 
were gener-

Supernatants were acidified with 2 M 	
by )-radiolysis ofoxygen-raturated walter as described by IlkerICI to pll 1.0-2.0 and ex- (hlaker and Gebicki 1986) andtracted three times with 	 I)avies (l)avies 1987) A dosis of"an equal volume of ethyl acetate. The 940 rad/mnin was applied to 0.1(1 mM solutions (7.0 ml) of the ligninextracts were evaporated under nitrogen to dryness and resuspended 	 model compound during 30 min. . 
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Fig. 2A-F. HPLC chromatogratms of supernatants of HGLN cul-
tures of Wolfiporiacocos (A- C) and Gloeophylhintraheuin (D - F) 
containing diarylethanc lignin-model compounds. A and C: with 
DM B; B and E: A; C and F: I IA. Arrois show peaks identiticd by 
coelution with co.responding standards 

Results 

Degraldation of 1,2-diarriethanemodel compounIs 
and ienti/cation ofcatabolic internwdiate 
in cultures oj"Woiiporia cocos and Gloeophylhon trabeuin 

Table 1 shows the extent of anisoin transformation by 
both strains after 20 days of incubation under different 
culture conditions. Limited catabolism of the dimer was 
obtained in both media, being lower under the nitrogen 
limited conditions. However, calculation of the specific 

catabolic activities, i.e. pclcentagc (f" transfotn c(I 
a nisoin/mg nmyceliurn I cveled that tile chlia loll Ol Itungal 
biomass to transformed anisoin is umore or less constant, 
regardless the composition of the medium. 

Catabolic intermediates were detected with both 
strains after two days of incubation in the 1IGLN cultumes 
and at Ihe fourth day of' incubation in the HGI IN cul­
ltres. In order to identify then. supeinal tanIs wcre 
11analy7ed as indicaled in Methods. TLC analyses could 
only be done with samples withdrawn From Rod/ 'm'ia 
cocos cultures, since Glocolhrrilhini tralu'wn secretes sev­
eral aromatic cotipounds that iIterfere with the visualisa­
lion of the bands cot responding to 1,2-diarylethane cata­
bolic intermediates (resulls not shown). 

Preliminary identification performed by I LC f(I­
lowed by spectrophotonmctry showed lhe lot n'ition of p­
anisaldehyde from te Iehrce double ring struclutcs. In 

anisoin and hydroanisoin were fota nd in cut­
tures containing dimethoxyben7il. indicating the capacity 
of IIo/iporia cocos to reduce carbonylic groups. The 
opposite reaction was also observed, namely the oxi­

of hydroanisoin to anisoin. Similar modifications 
of anisoin were also found in HGIN cultures of 
tlo/poriacocos (data not shown). 

These results we;e ronfirned by IIPLC atalyses 
(Fig. 2). Both strains showed peaks corresponding to 
anisoin, hydroanisoin and P-anisaldchyde from tie ca­
tabolism 6f dimethoxyhenzil (Fig. 2A. D). It is note­
worthy that only 14Iofipoiia cwos showed the capacity 
to oXidi7e hydroanisoin to atnisoit1 (Fig. 2C). 

Catabolic act.vity against anisoin appenred to be in­
ducible: anisoin reducion and cleavage begun only 18 Ih 
after this compound was incorporated to tie medium 
in I IN coniiions. Puthet n1e, dciadatiol slaited 
only aftlet both fungi had leached secondary metabolism 
(data not shown). 

E'ctIl ox g('I-deri ''d li(1l species 

on 1,2-diarlethaneCOmlpi)mVl 

Hydroxyl radicals generated by the Fenton reaction have 
been suggested to be involved in the first steps of wood 
decay by browti-rot fungi (Koenigs 1974). Furthc tore, 
Illtnan (Illman et at. 1988) and Inoki (1Iliok i e al. 1989), 
have shown that these radicals are generated iii liquid 
cultures. Based on these observations, (lie effcct of tie 
specific oxygen radical species -I0 and 02 (itn 1.2­
diatylcthane compounds was invesligatcd. 'I lie tesulIs 

showed thait only those fl-1 dinicric comipounds contain­
ing one or both alkylic carbons in a reduced, forti wetec 
alfected by these ladicals (Table 2). 1lydiottnisoin 
showed the highest extent of breakdown w.heteca tle 
Iliole elffctive agent was that gtietalcd by )-Iadiolysis 
of fortniate lice solution, i.e. OIL. )imetloxybcnil re 
namined altiost unchanged. I -Anisaldchyde was iden 
tilied hv IIPI.C (data not shown). Sevelal othel 111111 
peaks with lowet ietenlion tiics also appeared, althougl 
they were not identilied. 
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Table 2. Effect of 'OHand O2 on diflbrcnt fl-I lignin model com- ,'SYielding the s11c prodUCtS (( hitt7ale7 a1d Viculi37pounds 1989). Whether or not this reaction is enzynatic ill
Model Sample Percentage' brown-rot fungi remains to be established. Afteni-ts to 

reproduce it in vitro with concentrated extracelular fluidSubstrate p-Anisaldehyde and with crude ex(racts prepared Iroln mycclia have been 
A Control 96.0 unsuccessful so far. On the other hand, the eliect obtained- with "O1-l. besides conlirning earlier results reported byS9011+02 73.0 2.9 Kitk (Kiik et al.1985). points to Ilie posible patici-

S Co9t7.0 - pation of' this ,adical species illtile productionH A Control 87.0 - of p­
anisaldehyde ficlilO +" .81.7 -

anisoin. Motcover, when the sithnedosis of radiation was applied in the presence ofgalacto­gluconiannan or carboxymethylcelluloseDM13 Control 99.0 - instead ol'a lig­nin nodel conpound, extended depolynierization took 
OH 98.0 - place (Rojas et al. 1988), which reflects the fate of cellwall structural polysaccharides as comparedSubstrates and p-anisaldehyde were quantified as mentioned in 

to lignin
during wood decay by brown-rotters.

Table I
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Based on the formation of hydroanisoin from anisoin Referccnes


and dimethoxybenzil, reduction 
of carbonylic groupsseems to be a prominent reaction catalyzed by these Agosin F.Odier F.(1985) Solid statewerlealtin. lignini dcgradlti­strains, although Wolfiporia cocos can also oxidize hy- ed while-rot migi. Ai)pl Microbiwl Ilirchnol 21: 397-se03droanisoin to anisoin. On the other hand, white-rot fungi 
 Agosin F.Jarpa S.Rojas I, IEspejo 1: (1989)Solid-sta te fermenlation
tend to oxidize both lignin and model compounds at of pine :"1wdust by selected brown-rot fungi. En7yme Microbthe Cc position (Fenn and Kirk 1984). The transient lechnol 11:511-517accumulation of hydroanisoin (or anisoin), together with Bhker MS. Gebicki SNI (1986 ] he effect ofpll (ioniels of hydroxyltile results obtained with radical species, suggest that tlie chelatorsrandicals produced from suleroxide by polential biological iron\rch liochenpresence of at least one hydroxyl group inthe aliphatic Davies KJA (1987) 
Iliphys 246:581I'rolein daimage degradation -by588ox)gen radica.chain is a requirement for C-Cfl cleavage. Once pro- J Iliol ('Chem 262:9895-9901duced, anisaldehyde was tile only single-ring aromatic tinoki A. lakahashi NJ (1983) Meta bliqn of lio.nin-related corn­conpound identified, confirlming the observation of' pinnid by various wood-dccomrposing fungi. li: Iliguchi I.
Enoki (E:ioki et al. 1985). In contrast, anisyl alcohol has ('Ctang II-in. Kirk 'IK ted) Recent adt.annces it lignin hiodegra­been found in culture supernatants during degradation dalion rescarch. UNI Ilublisiers, "tokyo,pp 119- 131
of fl-f model compounds by white-rot fungi (Shinada lEnoki A. "lakahtshi v. 1anaka II. Fuse ( (1985)i'ni-cl(hcd cotmpotunq Dctr;dalion oftd wodand Gold 1983; Enoki et al. 1985). Phenolic conipouttds, i't ilintils by whilc-roland b in-otl fungi. MNokt,,:ii (;ak k.i,;hi 3! •397 -,108either monomeric or dinieric, could not be detected inl Enoki A. lanaka II. Fu;( (1989) Icltionshi1 be(%%cen de'rrdatIi-IWolliporiacocos cultures. Being demethylation one of the ott ofwood and pro(duction of Il2(),-producing or one eletronmost characteristic effiects of brown-rot fungi on lignin oxitfases by bron n-rol fungi. Woond Sci Ichnol 23'1 - 12
(Kirk 1975), this was unexpected. One explanation coult 
 Eslicio 1:(1989) I hesis" "l)egr anlaciont ecconnptUesh)o. mtnhelo lililig, iin1pr hoiltgos de puthici0n parda". Univcrsidad dieColl­be that tile denlethylating systen operates only under low tecHini, Ctahilewater activity levels, as it has been recently showni for the letin 11,Kirk I K (1984) lIlects ol the (' in the fungal metabolismcellulose depolynerizing system of these fungi (I lighley Ol lignin I Wond ('iencn Icchn,ii ' 11 -- 1,18personal cominunication). Another possibility is that Uleon 1K. Nlorgin NIA. Mvlicld Ni11. Kina;nr. NI. (iold NIIsingle niethoxyl group it tie para position does not con-l (1983 At esnraclllr ):-t eitthiig t'rztine p trtrn in­stitute a suhable substrate for demethylation (Haider and v'ok ed in ligin tbiodcgnl;hiotn by tie %%hile rot haidioti*sceleTrojanowski 1980). 

11 't17ha1 o.nol nar. Iiltho Iii phys Res .on intiThe initial reactions involved in tile catabolisni of' Gon,,il CI i i((1989) l1en71:dcht tleli;ie. a tio~el thiamiteanisoin by these fungi, as well as the location of the agents P'li-rMqttir ing cn1y)tn,. fr0 11PVC11barsfiotcsce..s biovar I.involved in it t are presently unknown. Hydroanisoin is J If;tctcit l 171:2401 - 2405cleaved extracellularly by lignin peroxidase from G0ontle7'I If.Merino A. Alncida NI. VictlfiaPhanerochaete chri'sosporitun yielding two noleculles 
R(1986) ('omtn at;tti e

of gowht Itmin:n;I balcterin c 5 a 1atediiilaoteson i2ui Ihnit-r-anisaldehyde (Shinimada and Gold 1983), whereas anisoin o1ntjiu7 1I.()AI (u.' nrt Vicliot R(19.4)ID' 1 tal:i8ofcan be cleaved by a specific thialline-pyrophosphate te- diarvlellme ,ructtres by /' uadanruuuat./lrwu..u-.ns biosarquiring intracellular enzyme fron Pseudomonas fluor-
I. 
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Our results show that all of the brown rot fungi tested produce oxalic acid it liquid as well as In semisolidcultures. Gloeophyllum trabeum, which accumulates the lowest anount of oxalic acid during decay of pine
holocellulose, showvJ the highest polysaccharide-depolymerizing activity. Semisolid cultures inoculated with
this fungus rapidly converted 14C-labeled oxalic acid to CO2 during cellulose depolymerization. The otherbrown rot fung! also oxidized "4C-labeled oxalic acid, although less rapidly. In contrast, semisolid cultures 
Inoculated with the white rot fungus Coriolus versicolor did not significantly catabolize the acid and did not
depolymerize the holocellulose during decay. Semisolid cultures of G. trabeum amended with desferrioxamine, 
a specific iron-chelating agent, were unable to lower the degree of polymerization of cellulose or to oxddize14C-labeled oxalic acid to the extent or at the rate that control cultures (lid. These results suggest that both iron 
and oxalic acid are involved in cellulose depolymerizatlon by brown rot fungi. 

One of the most destructive forms of wood decay is reduction significantly increased the cellulose-depolymeriz­
caused by fungi that cause brown rots. During the early ing activity of an iron-H 20 " system.
stages of colonization, fungal hyphae invade wood cells and However. the role of oxalic acid in wood decay by brown 
secrete agents that bring about a rapid decrease in the rot fungi in vivo is not fully understood. Kocnigs (23)
number of glucosyl residues per cellulose chain, from 10,000 demonstrated that isolates of Gl'ophylltmi traheum that

to 15,000 to about 200 (6, 7). The latter corresponds to the caused extensive decay lowered the pH of wood, 
 whereas average size of cellulose crystallites (11). those that resulted in low amounts of decay (lid not. In this


Highley (17) has reported that an oxidative system is regald. Agosin et al. 
 (1) showed that the acidic conditionsinvolved in cellulose depolymerization by brown rot fungi, developed by biown rot frngi are essential for wood decay.
showing that there was a significant increase of carbonyl and However. 
 Micales and Highley (26) could not establish acarboxyl groups in the cellulose during decay. Since most of correlation between the wood-decaying ability of various
the pore sizes in sound wood are too small to allow cellu- isolates of Pot in placenta (Postia placenta) and their oxalic
lolytic enzymes to penetrate the wood, only low-molecular- acid production.
weight molecules could be responsible for this depolymer- The impoitance of oxalic acid (illing the invasion of host
ization (7, 12). The current working hypothesis on the nature tissue by phytopatlhogenic fungi has been repotted previ­of the depolymerizing agent is that oxygen-derived radical ously (5. 24, 25, 33). It has been suggested that the oxalic
species are responsible for the initial attack of the cellulose acid pioduced by Sclerotitm rollvii dtiing pathogenesis actspolymer. Indeed, Halliwell (16), and Kirk et al. (21) have syncrgistically with endopolygalacturonase, lowering the pHshown that Fenton's reaction [a mixture of Fe(Ii) and HO,, of the infected tissues to a level optimal for the activity ofwhich is known to generate "OH radicals] causes a degrada- this enzyme. Furthermore, the calcium present in structural
tion of cellulose similar to that resulting from brown rot pectates can be strongly chelated by oxalic acid. As adecay. Koenigs (23) demonstrated that H,O, is secreted by consequence, plant tissues are rendered more susceptible to 
brown rot fungi and that wood contains enough iron iors las invasion by this fungus (29).
Fe(iII)J to make this hypothesis feasible. Moreover, Gut- The aim of the present work, therefore, was to investigate
teridge (13) found ihat iron(IIl) salts in the presence of a further the possible role of oxalic acid in the cellulosechelator (EDTA) and a superoxide-generating system could depolymie izing system of brown rot fungi. First, the produc­
oxidize several neutral sugars in reactions dependent on the tion of oxalic acid by various brown rot fungi under liquidreduction of Fe(lIt) to Fc(II) by superoxide. and semisolid culture conditions was studied, and its rela-Oxalic acid also has been implicated in the wood-decaying lionship with celiulose depolymer ization was assessed.system of these fungi. Takao (34) demonstrated that brown "1hen, 'C-oxalic acid was added at different stages of wood
rot fungi secrete significant amounts of oxalic acid in liquid decay to determine the relationship between CO, production
cultures, whereas white rot fungi apparently do not. 'Ihe and cellulose depolymerization. Finally, to assess the par­latter was attributed to the presence of an intracellular ticipation of iron salts in the depolymeri7ation of cellulose by
oxalate decarboxylase in white rot fungi which decomposes these fungi, semisolid fungal cultures were incubated in theoxalate to CO, and formate. This enzyme could not be presence of the siderophore desi'erioxamine (14) and thedetected in cultures of brown rot fungi (32). Later, Schlidt late of '4 C-oxalic acid was followed. 
et al. (31) demonstrated in vitro that oAalic acid could reduce 
Fe(ll), normally present in wod, to Fe(li), with oxalic acid MATERIALS AND METHODS 
simultaneously oxidized to CO 2. Furthermore, this iron 

Fungi. 'Ilie brown rot fungi IP.placenta (MAD-698). G. 
trabemn (NI Al) 617-R), and Wolfipom ia cocos (FP 90850-R)
and te white fungus Coriolts versicolor (7ramnetes% rot 

* Corresponding author. versicolor) (INTA 9A) were used in these experiments. 

1980 ­ 2 
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These fungi were maintained in malt-yeast extract agar 
slants at 28"C. Inocula were grown in agitated liquid cul-
tures, and the resulting mycelial pellets were centrifuged, 
washed, and ground before inoculation, as described else-
where (2). 

Liquid cultures. Static liquid cultures were conducted in 
100-mil Erlenmeyer flasks with 10 nil of mineral medium (20) 
containing 55 mM glucose and 2.2 mM ammonium tartrate as 
carbon and nitrogen sources, respectively. The medium was 
buffered with 50 mM sodium 2,2-dimethylsuccinate, pH 
4.50. 

Semisolid cultures. (i) Cultivation methods. All decay stud-
ies were performed in specially designed glass columns (30) 
which were filled with 1.2 g of pine (Pinots radiata) holocel-
lulose, prepared by the method of Timell (35), and humidi-
fled to a final moisture content of 75% (wt/wt) with a mineral 
medium containing the inoculum (20). During incubation at 
28°C, the columns were constantly oxygenated through the 
bottom with humidified air at a flow rate of 3.2 ml/m.in 

(i) Radiolabeling studies. 1
4C-oxalic acid, 5.55 x 10' dpm, 

(50 tI), was fed to semisolid cultures after 0, 7, and 30 days 
of decay by applying it with a 50-,Ll Hamilton syringe to the 
batch at several sites. Decarboxylation of "4C-oxalic acid 
was followed after trapping "4C02 from the outlet air flow 
column in 10 ml of 2-phenylethylamine scintillation solution, 
as described by Kadam and Drew (19). All experiments were 
conducted in at least four replicates. 

To s'udy tile role of iron in the breakdown of oxa!ic acid. 
desferrioxamine (Desferal; Ciba-Geigy, Basel, Switzerland), 
a specific iron-chelating agent, was added to semisolid 
cultures at a concentration of 15 mg/g of holocellulose. Alter 
7 days of decay, 50 p.i of '4 C-oxalic acid was fed, and tie 
evolution of 4C() 2 was followed. The amount of desferriox-
amine added to the cultures was calculated considering the 
average iron content of pine wood (11). 

Miscellaneous methods. The degi ee of polymerization (DP) 
of cellulose was determined viscosimetrically (6) after solu-
bilization of holocellulose with cupriethylenediamine hy-
droxide solvent. Cupriethylenediamine was prepared by a 
standard procedure of the American Society for Testing and 
Materials (4). 

The amount of free oxalic acid present in holocellulose-
decayed samples was enzymatically determined on superna-
tants of thoroughly water-extracted material, using an ox-
alate kit (Sigma Chemical Co., St. L.ouis, Mo.). Calcium 
oxalate was solubilized by 0.2 N HCI from the water-
extracted solid residue and determined as free oxalic acid as 
described above. For liquid cultures, oxalic acid was directly 
deter mined from an aliquot of the cell-free culture medium, 
using tile same piocedure. 

The capacity of brown and white rot fungi to soltubilize 
calcium oxalate was assayed in a semisolid agar culture 
medium containing 0.5% (wt/vol) calcium oxalate, 0.1% 
(wt/vol) glucose, and basal mineral salts. The pit of tie 
medium was buffered as described above. Oxalate degraders 
were detected in this medium by tile formation of clear zones 
around the fungal colonies (8). 

The pH of tile samples was determined by using an 01 ion 
pH recorder, model SA 720. 

Mycelial growth in liquid cultures was determined giavi-
metrically (11). 

Weight loss was followed by determining the amount of 
carbon lost as CO2. For this purpose, CO2 was coitinuously 
trapped during cultivation in 10 ml of 0.5 N NaOll and 
quantified every 2 (lays by titration of the residual NaOH 
with 0.2 N HCI (2). 
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Crude extracts were obtained from 1.2 g of holocellulose 
semisolid cultures decayed by G. trabewn for 7 days. The 
extraction process was done with 2.5 ml of water (three 
times), squcczing and soaking through a 0.2-pim-pore-size 
membrane filter. "4 C-oxalic acid, 10,000 (pm, was added to 
I mi ofthe water extracts, and the mixture was incubated for 
24 I at 25"C. Oxalic acid oxidation was measured after 
trapping and counting tile 14C0 2 produced. 

RESULTS 

Liquid cultures. (I) Production or oxalic acid by brown and 
white rot fungi. Oxalic acid was secreted into the culture 
medium from the first day of incubation and increased with 
growth (Fig. 1). IV. cocos and P. placenta accumulated the 
highest amounts of oxalic acid, reaching 2.00 and 0.95 mg/ml 
(standaid deviation, <±0.05), respectively, after 4 days of 
cultivation. As a consequence, the pil of these futigal 
cultures rapidly dropped to around pH 3.0, even though tile 
culture medium was initially buffered at pH 4.5 with 50 mM 
2,2-sodium dimethylsuccinate. In contrast, the culturcs in­
oculated with G. irabetir exhibited only a limited produc­
tion ofoxalic acid, reaching a maximum of0.20 ± 0.04 mg/mIl 
after 5 days of incubation. Finally, only trace amounts of the 
acid were detected in the cultures of the white rot fungus C. 
versicolor. 

(ii) Oxalic acid and groIlh. Liquid cultmies containing 
oxalic acid is the only carbon source sblowed limited, if any, 
growth. indicating that oxalate is not utilized after its secre­
tion (data not shown). C. vel.i'olor was tile only species 
studied that was able to metabolize calcium oxalate crystals, 
as shown by its ability to produce clear zones in a calcium 
oxalate agar ledium. 

Semisolid cultures. (i) Oxalic acid productiol an( cellulose 
depolynierization by brown and iihife rot fungi. Changes ill 
the DI) of holocellulose incubated with thie bown rot fungi 
under semisolid culture conditions aie illustiated in Fig. 2. 
G. tnabetn showed the highest rate of depolymerization, 
reaching a leveling DP after 15 days of cultivation. In 
contra,, C. versicrlot, a while rot fungus, caused only a 
vei y limited decrease in the D) of the holoccllulose dill ing 
decay. althmough an appleciable degladation of the cellulose 
occtiied (22.0% ± 0.5% weight loss after 25 days of incu­
bation). 'Ilie holocelltilose cultures of all three brown rot 
fungi rapidly liopped to pil values of ao ound 3.0 after 3 to 5 
days of cultivation and then remained constant. The DI) 
decrease observed during tile eaily phases of decay is 
inversely coit elated with the increase in ox.-lic acid content 
oftile semisolid cultures of P'. plea nta anid . etos. ()xalic 
acid cont(en decreased after tile ontset of cellilo,,e depoly­
nier izaliOn. however, reaching a plateau after 15 days of 
decay. Smpi,ingly. in culturcs of G. otabeamn oxal", acid 
content as well as calcium oxalate were low throughout the 
experiment (see Fig. 6, closed symbols), although this fun­
gus showed tile highest cellulose depolyrreri7ing activity 
(Fig. 2). The lowering of pl! by G. nabettn could he due to 
the piloductior of other unident ified acidic compounds fiorn 
the metabolism or catabolism of this fungris, as we detlected 
by high-piessur e liquid chionatography with an anionic 
exchange column (data not hown). 

Fiinally, as expected, tie while rot fungus C. versicalordid 
not lowcr the p11 of the semisolid cultures, nor did it 
accuriulate oxalic acid during decay. 

(ii) Fate of "4C-oxalic acid at diferent stMges of celllose 
dcpoil lnie; i ral 'byI}I'O\U alnd while rol fungi. The late of 
radiohabeled oxalic acid diing holocellulose decay is illus­
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FIG. 1. Oxalic acid production in liquid cultures by the brown rot fungi P. placenta, G. trabewin, and W. cocos. The white rot fungus C. 

versicolor was used as a control. x, pH; 0, oxalic acid; 0, growth. 

trated in Table 1and Fig. 3. When 14C-oxalic acid was added 
at the beginning of incubation, G. trabeum and P. placenta 
generated 14C0 2 after lags of 2 and 4 days, reaching maxima 
of 85% ± 4% and 55% ± 6% mineralization of the oxalic acid 
added after 14 and 16 days of incubation, respectively, 

When 7-day-old brown-rotted cultures were fed with the 
4C-oxalic acid, a very high mineralization rate was ob-
tained, especially by G. trabeum (Table 1 and Fig. 3). 
Furthermore, no lag in the onset of 14 C0 2 release was 
observed for either fungus. In contrast, C. versicolorshowed 
only a limited ability for degradation of the radiolabeled 
substrate (Fig. 3). Although both brown rot fungi rapidly 
reached a maximum for 14C0 2 production, complete oxida-
ion of the '4C-oxalic acid added was not achieved. 

Finally, when cellulose had already reached its lowest DP 
about 200), i.e., after 30 days of degradation, the ability to 
)xidize "4C-oxalic acid to 14C0 2 was still present, although 
,oa reduced extent (Table 1). 
(iii) of desferrioxamine on the celluloseEffect addition 

lepolymerizing sys(em ol G. trabeum,. Our assays showed that 
27.trabenaccumulates low quantities of oxalic acid but has 
i high cellulose depolymerizing activity and a high ability to 
)xidize oxalic acid to CO2. The involvement of iron in the 
legradation of oxalic acid was examined by testing the 
iction of the Fe(IIl) chelator desferrioxamine. The effect of 
lesferrioxamine on cellulose depolymerization is shown in 

Fig. 4. A substantial inhibition of cellulose dcpolymerization 
was obtained in the presence of (he siderophore. Desferri­
oxamine also caused a marked inhibition of 1

4C0 2 release 
from "4 C-oxalic acid (Fig. 5). Even though a lower weight
loss (determined as carbon loss) was found for cultures 
containing deslerrioxamine, a similar extent of decay in 
cultuies without the iron chelator produced a leveling off of 
the DP of the cellulose component to about 200 (Fig. 4). 

Figuie 6 shows a significant increase in oxalate and oxalic 
acid content in cultures containing the h on chelator. suggest­
ing that the low levels of oxalic acid observed in cultures of 
G. trabetmn result from its consumption during cellulose 
depolymieization rather than from low production. 

(iv) In vitro mineralization of "C-oxalic acid. We found 
that water extracts of 7-day-old pine holocellulose semisolid 
cultures, decayed by G. Iralettn', could oxidize 14(C-oxalic
acid tip to 9%. This oxalic acid-oxidizing activity was 
destroyed when the extiact was boiled for 30 min at 100'C. 

DISCUSSION
 

The mechanism implicated in the depolyrnerization of 
cellulose during wood decay by blown rot fungi suggests the 
participation of an oxidative agent of lov molecular weight. 
The current working hypothesis is that highly reactive 
oxygen-derived radicals are involved in this process. fly­
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FIG. 2. Evolution of pH (X), oxalic acid (0), and cellulose depolymnerization (0) during decay of pine holocellulose by wood-decaying 
fungi under semisolid culture conditions. 

TABLE 1. Characteristics of mineralization rate of "C-oxalic 

acid during the decay of pine holocellulose 


by two brown rot fur.gi 


Incuba- wt "CO2 production 
Strain tiion loss nitial IInitial rate 1ol 14Cimes DP 

(days) (days) h'), 1"C)" 
Staain s Lag IniCia (%total 

G. traboum 0 1,0m1) 2 0.34 85 
7 3.2 3901 28.00 80 

30 29.0 200 5.42 40 

P. placenta 0 1,00 4 0.16 55 
7 3.2 500 1.91 65 

30 20.2 298 1.88 20 

" Incubation time at which the "'C-oxalic acid (50,000 dpm) was added to 
the cultures.

b Determined as CO2 produced from the oxidation of holocellulose by the 
action of these fungi (as percenltgc of initial carbon substrate).

"'CO2 produced by the fungus from "C-oxalic acid (as percentage of total 
"4C added). 

droxyl radicals could be generated in wood by the Fenton 
reaction, Fe~ll) + H10 2 -+ Fe(Ill) + 0OH + OH-. The 
resulting Fe011l) mnight be converted back to Fefll) for 
further • OH generation by the oxalic acid secreted by this 
type of fungus (23).

Our results confirm previous work by Takao (34) concern­

ing the produclion of oxalic acid by brown rot fungi during 
growth in liquid cullure, and only trace amounts of oxalicacid could be fotnd in white rot fungal cultures, presumably 
as a consequence of the presence of an intracellular oxalate 

decatlboxylase produced by these fungi (32) or due to the 
involvement of oxalic acid in the lignin pcroxidase system of 

11hancrrrWhaete ('chtsosporitmn, as described recently by 
Akaniatsu cl al. (3) and Popp et al. (27). 

Oxalic acid was also secreted by brown rot fungi (luring 
the decay of pine holocelltlose under semisolid culture 
conditions. Our data indicate that oxalic acid production is 
associated with tile drop in culture pH during the first stages 
of decay: mnoicover, oxalic acid concentration decreases in
parallel to cellulose depolynierization. G. trahetit, which 
exhibited the highest rate of cellulose depolymcrization,shwed th lowest atai ccuulon. *lherfo, 
showed tit lowest oxalic acid accumhltion. Therefore, the 

d '"CO2 recovered after 35 days of incubation, 	 drop of culture pH should be associated with other com­ -4 
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FIG. 3. Mineralization of "4C-oxalic acid in semisolid cultures of 
pine holocellulose by the wood-decaying fungi G. trabewn (x), P. 
placenta (A), and C. versicolor (0). 1 C label was added after 7 days 
of incubation. 

pounds, other organic acids produced by this fungus, 2nd/or 
sugar acids from the catabolism of polysaccharides (21).
Moreover, the onset of cellulose depolymerization in semi-
solid cultures inoculated with this fungus was found to occur 
at the beginning of cultivation. Our experiments with "4C-
oxalic acid clearly demonstrate that brown rot fungi possess 
the ability to oxidize oxalic acid at a very high rate, in 
contrast to previous reports by Takao (34), although the 
latter reports concerned liquid rather than semisolid cul-
tures. G. trabemn showed the highest 4 C0 2 release rate 
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FIG. 5. Mineralization of "'C-oxalic acid in semisolid cultui s of pine holocellnlose decayed by G. traberon in the presence (N) or 

absence (0) of desferrioxamine. '4C-oxalic acid was added after 7 
days of incubation. 

from "4C-oxalic acid. This high oxidation rate may wellexplain the low amounts of oxalic acid detected in semisolid 
cultures as a result of the participation of oxalic acid in 
cellulose depolymerization. P. placenta showed a similar 
pattern of degradation. Finally, as expected, the white rot 
fungtus C. versicolorshowed avery limited ability to release 
"4COb from '4C-oxalic acid or to depolymerize holocellulose 
during decay. 

Experiments conducted in the presence of the siderophore 
desferrioxamine indicated that sequestration of iron signifi­
cantly inhibited cellulose depolymerization. At the same 
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pine holocellulose degradation by tile brown rot fungus G. trahetti holocellulose degiadation by the brown rot fingus G. tra/hctin in tie 
in tie presence (open symbols) or absence (closed symbols) of presence (open symbols) or absence (closed symbols) of desferriox­
desferrioxamine. amine. / > 0.05 by t test. 
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time, oxalic acid and oxalate concentrations were higher in 
the presence of desferrioxamine than in the control, and the 
production of 14C0 2 from 14C-oxalic acid was decreased. 
Transition metals (including iron) accumulate during brownrot eca of ottncelulse (2).23:1-12.
rot decay of cotton cellulose (22). 

Overall, these results support the proposal that oxalic acid 
oxidation is iron dependent, presumably causing reduction 
of Fc(lll) to Fe(II), and that the latter is effectively involved 
in 	cellulose depolymerization, perhaps by generating OH 
radicals in a Fenton reaction. 

The Fenton reaction requires H 20 2 (16, 21, 31). Detection 
of H 20 2 in brown rot cultures has been difficult (18, 23, 
36), perhaps because of its high consumption rate. In this 
respect, another possible explanation for the role of oxalic 
acid could be that there is an extracellular oxalate oxidasecapable of both oxidizing oxalic acid and generating H 20 2. 
Indeed, Enoki et al. (9) recently reported the presence of 
an extracelhuar one-electron oxidizing activity in wood-
decaying cultures of brown rot fungi, but the ability of 
this enzymatic system to oxidize oxalic acid was not re-
ported. 

Hydroxyl radicals are highly reactive and combine with 
the molecules present at or very close to their site of 
formation (15, 28). If they are responsible for cellulose 
depolymerization, then they must be generated adjacent to 
the cellulose chains. The mechanism by which the required
iron for this reaction is translocated to the sites where 'OH 
generation is required remains to be determined. 
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The kinetics of cottou cellulose depolyniierizaliol Ili he bioisn rot Iinges I'otiaplacenta and the %shile rot 
fungus Phaanerochactechrysosporium were investigated i illt solid-state cultures. 'Ihe degree or polyuierizaflit 
(I)1; tile average number of glucosjl residues per celuhle molecule) of celltulose removed from soil-block 
cultures during degradation by 1'. placenta ssas first determined viscsime'rii'ally. ('hanges Ii i olectiar Si7e 
distribution of cellulose attacked by either ltulgis isi e thei (lelermined by size exclusioi chruur:atograplhy as 
tile Iricarbanilate derivative. The first siltlly isilth i'. placenta revealed two phases of"(leIl3 merizatioln: a rapid 
decrease to a )11of approximately 8111 and Ihen a sloim er decrease to a )1' of airtioxiCiilcl. 259. Almost all 
depolyinerization occurred before weight loss. Iclet.imination of fhe mnleciur sire dist ri1t ion (fcellulose 
during attack by the brosin rot fiungs revealed single mai'ur peaks cenlered oser piogeqsihely tosser Is. 
Cellulose attacked by P. chrysosporitrit vias conitlitoly cosunied nod shied a dillerenl pattern of change 
li molecular size distribution than cellulose allacked by 11. placenta. At first, a broad peak i hich shiftelld at a 
slightly lower average 1)1 appeared, bu as attack pfoo,, essed Ile pealk nai'rovied andlie a' tnage I)l' hic eased 
sliglltly. From these results, it Is apparent that tile neclanisi of ellulose degradatin dillers hnmiraneni ally 
between brown and while rot Fungi, as reliresented Ili' fle species studied here. We conclde that the Iboirin 
rot fungus cleaved completely through file amorlplous regims of the cellulose microlibrils, is hereas (he shile 
rot fungus attacked the surfaces of the inicrolibrils, resulting in a progressive erosion. 

Brown rot fungi compiise a liniited i ftibcr of %otod- dclilonll;led Iliatoxalic acid. which is secelced [IN hrmow 
-
decaying basidiomycetes that damage wood by rapidly lie- rot fungi in liquid cultures (21), reduces Fe' ' to Fe undc
 

polymerizing the cellulose component. Gen cally, dtpcoly- ccIlain Collditiolls.
 
merization occurs hefoie significant loss in the weight )f Recenlly, Shimada ci al. (20l)pi oseI all ;iltcrnale rot
 
wood. At advanced stages of decay, slructutal lilysaccha- hoi oixalic acid in cellulose dpol yi'izatlimi by blown r(
 
rides are quantitatively removed, and a modilied lignil Imgi. "lhcy rcpoilcd that o xalic acid (1% Iph1 1.31. 35'C.
 
residue remains (4, 14). weeks) alone reduces tie viswosity of %s%(oid pulp tl 61"%I
 

The biochemistry of the celtulolytic system (fhiown l( fhe otigimial amd alcfoiclie diiectly involved in tI may 
fungi has received little attention, dlespite tire alppmlitit ctlhltosc-deotlviemizing ploce,,. 
uniqueness of the mechanisn involved and ihle ecolirMliC oki et at. (6) suggested that ioo-coitainiig glycopel 
importance of brown rot. Blccause pores insontl wood II t ides which are able to ox idizc 2-keto-.l-t Iioii hbnttyriby

thecn I1.,aid o eth eblii 0 pre e o aeoi tili nitoo small to allow cellulolytic enzymes to pencltate, it 4cems 

probable that lie agent responsible for initial cell ids i acid to cvolcn egill te ictinc1cl (ifI!,(), i. Iolliethoe 
evttt tl \\n t lugi. I h)%%cvcdepolymerization is not a classical cellulase (5). Fl thuiov ct illvolvcd ill atil b'b l 

al. (8) recently studied changes in lie pore si7c of wool it has yet to be establiqhed whether tihese glycoproteins ar 

during decay by tIhe brown rot ftngts I'o.stia liacer'ta. 'I hey involved in celluose dletlyfiluetizalitn. 

concluded that the agent responsible for cellulose dclioh- Although blown rolt fungi pow %velliii chemriically deiline 

merization has a mtlccutlar radius of less than 38 (3.8 niti) iedia. liquid cultrie ctuidilions in wvlich Ihe llefitIcli iill 

and probably not greater than 15 A (1.5 nir). s)sin is deimonslralile have nIo( becn lriritir. Ilol%'tvc 

In discussing the nature of tile cellulose-depolymecri/iug Ilighlcy has shown Ihal the system is delir lonsralie i 

agent, Cowling and Brown (5) noted that G. altiwell (1t) solid-state (soil-block) cultuies (I1) 'iad in cultures over a 
had described the depolynrerization of cellulose by Feilon's agat medium (12).

1 2reagent (Fe + 11202, which generates a hydroxyl alical Research on the celilulytic system1of himoks n rot fungi lap 
or similar oxidant 191). Subsequently, t ocnigs (16. 17) tichind iescatch olo that of tIre wood-degdinin %%lute r( 
demonstrated that in is cdt fungi. "1lie celtuolyic s"tem) tlhtatter gno1.,illlcellulose Wotid dCIIOtlyllicli by (t is a cla,,sic: 
Fenton's reagent, that biown rot fingi p oduce extracclltilr (lilt Compllised oWciido- alld exoglucllasc' alld Itglilco; 
F207,and that wood containis cnough Fe (Fe"' ) to make Ire nl'rss. Sevei al cclhlist' coilrlpo rlrl of vhile rit i1lgi ha' 
hypothesis reasonable. Suppor I for he tylpolhcsis ot :ill ticcl isoltdl and ctiri ;rcteri/ed. and fit. re ;peCtivc gene 
oxidative systeim was later fitov(Il iy I lighlcv (11) adllI ave iccn cloned arid ct imCed pievitusy (7). Mot1 l llo% 
Kirk et al. (15), who obtaincd evidencc ihatcelulhre ,lui- it flngi 1iti;Css cidgluctineaae anid 1,ghltlcoidlasc acliviti 
jected to brown rot fungi is oxidized. Schmidt el al. (](;) but lit exogl rcai.irsc :rctii' (7. 12, 18). 

'te l p nlof 1 stlutl' N%;1; t crnlilrr te\s, kiitlics, 
cctlse dcrise ctizr : llitin liwin :rr1d M ilet t i llitr i i tptl by 

Corresponding author. the solid-statc system. ()u ltirirate go alis to tontidelrstld tl 
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chemistry and biochemistry involved in cellulose depoly-
merization by brown rot fungi. 

MATERIALS AND METllODS 

Fungal strains, maintenance, and ioculum preparation. P.placenta (Fr.) M. Lars. et Lomb. (MAD-698; ATCC no. 
11538) was maintained at 27°C on mall agar siants. Bits of 
mycelium-covercd agar from 3 to 4-week-old slants were 
used to seed petri plates of [he same medium. Phanerocha-
etc choysosporium (BKM-F-1767; ATCC no. 11538) was 
maintained at 30'C on yeast-malt-peptone-glucose agar. 
Mycelium-covered agar from 7- to 10-day-old slants wasused to seed petri plates of malt agar. Ten-millimeter-square
sections from the petri dish cultures (<3 weeks old) were 
used to start the experimental soil-block cultures with bothfungi.Da 

Cellulose. Cotton cellulose was purified Type A-6110 from 
loltili Vale Manuiacturing Co., Ltd. (Lancaster, England).

After incubation with te lungus, cellulose samples werc 
ground in a Wiley mill to pass a 30-mesh screen. 

Cellulose depolyinerization studies. Cellulose was exposed 
to the Iungi in soil-block bottles (1) that were incubated at
27°C with 711% relative humidity. Weighed balls of cellulose 
(approximately 100t ing [dry weightl) were placed directly onmycclium-covercd wood leeder strips, which in turn rested 
on sterile, moist soil in French square bottles. The cottoiballs were rapidly invaded by the hyphae. Triplicate balls 
were removed after various incubation times, the surface 
mycelia were removed, and the residual cellulose was dried 
at 60'C for 48 h before weighing. 

Cellulose analyses. Solubility in 1%sodium hydroxide was 
determined as described in Technical Association of the Pulp
and Paper Industry standard "r212 om-83 (22). In the initial 
experiment, the average degree of polymerization (DP; the 
average number of glucosyl residues per cellulose molecule) 
was measured viscosinetrically (2) alter cellulose solubili-zation in cupricthyleriedlianine (GFS Chemicals, Columbus, 

Ohio). In subsequent experiments, molecular size distribu-
tions of the samples were determined by size exclusion 
chromatography (SEC) of the tricarbanilate derivatives dis-
solved in tetrahydrofuran (24). Increased amounts o)f deriva-
tizing reagent 1(5.0 ml of pyridine plus 1.5 ml of phenyliso-
cyanate) per 5.0 mg of cottonj were used to derivatize 
cellulose exposed to P. chqysosporinm because of the excess 
amount of fungal material present in the samples. The 
number-, weight-, and viscosity-average degrees of polymer-

ization (DP.,, DP., and D)P,, respectively) were calculated
 
from the SEC data. (The SEC analysis of the cellulose
sample most excessively attacked by the white rot fungus 

was complicated because 
 the sample did not completely 
dissolve during the workup. This was most likely because oftile pescnce of Iu gal mycelia, which were partially inter-
dispersed with the cellulose and could not be removed 
completely. The presence of an insoluble residue was also
observed when the mycelia alone were analyzed as a con-
trol.) 

REStIIITS 

Initial experiments determined the depolymerization of
cellulose by the brown rot fLungus P. placenta in the soil-block cultures as a function ol time. The DP was measured 
by the viscosimetric procedure. Residual cellulose was fur-
tlier characterized by its solubility in alkali. In subsequent 
experiments with both I: placenta and P. cltys'Joriun, 
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FIG. 1. Time course study of cellulose depolymerization by P.placenta in soil-block cultures. Three samples were removed every4 days, and the DP (0) was determined viscosimetrically. The
solubility 	of the remaining cellulose in 1% NaOlI (0) was 	also 
evaluated. The arrow indicates the onset of weight loss in the 
cellulose, and the vertical lines are the standard deviations. 

d ges in the molecular size distribution of cellulose were 
determined. 

Kineticsofcellulo se depolyierization. epolymerization of
cellulose by P: placenta (Fig. 1) occurred in two phases as 
seen by the viscosimetric assay: a phase in which a rapid
decrease in the DP from 2,200 to approximately 80) (0 to 5 
lays) occuried and a slower phase lasting approximately 15 

days during which the I)P decreased to about 250). Further 
decrease in the DP was negligible. The solubility of the 
residual cellulose in 1%sodium hydroxide was not biphasic;
rather, it increased in a roughly linear manner throughout the 
incubation period and reached approximately 33% by thetermination of the experiment. Almost all depolymerization 
occured before any weight loss occurred. The first loss in 
weight was observed at day 16, and only 20% of the cellulose 
was consumed after 42 days.

In a similar experiment with P. chrysosporium, the DP of 
Cellulose determined by SEC remained relatively high (DP,
in Table 1). Also, in contrast to results with the brown rot 
fungus, a continuous weight loss of the cellulose was ob­
served; a maximum of 50% loss was seen after 24 days
(Table 1). Solubility in 1% NaOlI was not determined but 

TABLE 1. Changes in molecular size distribution of cotton 
cellulose degraded by brown and white rot fungi 

tnci atiyiotime Weigts DIW DP P lp t 
t% 

Brown rot fungus 
0 1,150 2,111 2,044 1.84 

5 0 676 1,717 1,642 2.34 
14 0 2,14 754 710 3.09 

Mdays 	 (Po.dpciy 

22 6 86 454 422 5.2742 201 	 65 293 273 4.49 

White rot 	fungus 
0 0 1,057 2,009 1,925 1.90 
8 9 293 1,134 1,054 3.87 

12 21 745 1,433 1,367 1.92 
2 
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FIG. 2. Changes in molecular size distribution of cotton cellulose FIG. 3. 'ianges, in the molecular ,ize distriblitiun of cotton 
during degradation by the brown rot fungus P. placenta. Ilieareas P. clvipl.celtuloe during degraidat ion by the white rot fungii, 
under tie curves have been adjusted to reflect weight loss due to tim. 'The areas curve,; have hcin atned to reledtonder tile 
fungal activity. 'ie nunbers next to the arrows are tile weight tittoefungal activiy. he number%next towsnumbers of aor r v o tile a 
days during which cellulose was exposed to (he fungus. tenumbers of days during which cellulose was exposed toarc tle tlie 

fungus. 

had been shown earlier by ltighlcy (12) to increase very 
slightly during decay. In addition. I lighlcy (12) repottcd Ihat a number o blown lot 

Molecular size distril)ution of cellulose decayed by I'. pi- fungi depolymerized cottontibclorc any weight 1,),lscci icd. 
centa. Cellulose clepolymerization by the brown rot fungus lDepolymet ization before utili7ation ,,uggcsts that the svtCn 
was investigated in detail by examining the change in mo- rcspon,ible for ttilization (i) acts only otn low-nlolccular-size 
lecular size distributions during the course of degradation Iragments produced lat diing deplynicri/aliin. (ii) is 
(Fig. 2). Single major peaks were resolved for each sample, inthibited diiing initial dlepolymcri/ation, (iii) is itiduced by 
irrespective of the length of time of incubation. With time, late-dcpolvmcrization products, ot (iv) is simply inellicient. 
the peaks became broader and were centered at piogres- The fact that the solubilily of the cellulose in 1% NaOil 
sivcly lower )1 values. In addition, by day 14 a shoulder increased in an appioximatcly lineal manier dui ing att1ick 
representing low-molecular-size components (I)!I, <60) ap- hv the b own lot fungus ildicalc that sii;ill (soluble) liag­
peared; its contribution increased with time, although it was niei s wete piiduced and accumulated dung dep dymer­
never a major component. A gradual increase inthe poly- ization; thus, possibilities (ii) and (iv) ;le moc likely than (i) 
dispersity of the samples (DP,,/DP,,,which is an indication o or (iii). Cowling (4 showed that 1' N( lI solubility of 
the range of molecular sizes) was observed and is explained htoloccltilosc isolated Iront wood alackcd 1by brown liit 
by the increase in the proportion of lower-molecular-size fungi also increased during degradation. I.ikcvic. Ilighlcy 
components (Table 1). Both )P,, (=DPJ,) and DP,,decreased observed an increase in alkali solubility of cotton ccllulose 
progressively with tite (Table 1; Fig. 2). attacked by several brown iot fungi (12). lowever, our 

Molecular size distribution of celltlose decayed by 1'. chry- results show that alkali solubility of ccllulosc dlecayed by I." 
sosporium. The changes in the patterns of molecular size pla',nti does not directly corclale vith dcpolymerizalion 
distribution du'ing attack by . cluy.so. porttln (Fig. 3) and conscEqtiently cannot be used as a simple assay for 
differed greatly from those observed for P.placenta. I lie dclolymle i/ation. 
nmolecular-size-distribtition curve broadened initially kitt 'I lie kinetic curve of cellulose dellyncli alion by the 
narrowed as the cellulose was attacked. Single major peaks brown rot fungus revealed tvo phasc, of de(polyiClizaliin. 
were resolved for each sample and were centered at a resulting in an eventual drop in the I)P to alpiroxinialcly 25t0. 
slightly lower average DP than that of starting material. This nay be inlctpctcl as; a biphasic modc of tlepolynicr-
Unlike the observations with the brown rot fungus, both ization, buta linear relationship is olbscivcd when tlie log 
1P),,(= DP,)and DP,, decreased by day 8 but then giadually (I)II - 250) is plotted agaiiisl time, suggesting thatdeply­
increased to near control values thereafter (Table 1; Fig. 2). met i7alion is simply filsI order. 
The polydispersity of the residual cellulose changed in a Cessation at a IlRlof 251) suggcsts Ihat extensive cleavages 
similar manner. ocCuried vilhin the nonctystallinc (amorphous) tcgion;, 

pioducing crystallites. This is analogous to the "leveling 
DISCUSSION oil" I)P of cellulose observed upon acid hydi olysis in which 

ctyslallilcs are released (3). I lighlicy c al. (13) ,howcd llmt 
Our study of cellulose depolymerizaition by I. p'acenta the overall crystallinity of resithal cellulosc inciease.; during 

shows that the DP decreased substantially before any weight depolfymcrization by ]itown ot hngi.f Appaicntly, Ihe depo­
loss (utilization) occurred. Cowling (4) also observed this lymcrizing agent is able to cleave lliiough the aimotphls 
phenomenon in experiments with wood blocks Irom which regions of the cellulose but nol Ihiugh the cellulose ciys­
holoceltlose was isolated during decay by this fungus talliles (4, 15). (Although the )' vl:ue of appoxiniately 250 
(which was classified at the time as Poniamonticola Muir.). was near the detection limit of our viscosimncric assay [I)l = 
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I'I. 4. Illuslratio (i the apparelly diflerent modes of dega-

datiti of cellulose by 1'. ilacenta and I'. chtyso)Solutnim. Wt.,weight. 

1961, that it was reached was verihied by the molecular sizedistribution of (lie depolymerized cellulose [Fig. 2; Table 1 

The molecular size distribution of the depolymerized
cellulose indicated that tle increase in polydispersity (I)P,/
DP,,) during atlack by the brown rot fungus was due to an 
increasing contribution of fragments of low molecular size. 
The appearance and accuniulation of these fragments indi-
cated that P. placenta did not consume the fragments as 
efliciently as it produced them. The polydispersity calcula-
tions gave values higher than those previously reported (13,
15, 24), which is explained by the fact that (lie cellulose 
samples prepared in tile previous studies were washed withNaOl-H befre analysis, resulting thein removal of low-
molecular-size nmolecules and therefore leading to lower 
polydispersity. Peak shifts in the molecular size distributions 
of cellulose during decay by P. placenta signify randlm 
cleavage complltely through (lie microlibrils at a given site 
(presulmalbly an anoifphous iegion). That is, the agent
worked all (lie way through tle microlibril once it began its 
attack. Thompson (23) concluded that the same pattern 
occurs during depolymerization of cellulose by supetoxide 
anion in dimethyl sulfoxide, but we not of anyare aware
biological precedent. 

The time course study of cellulose depolymerization by
the white rot fungus . chy.So.sporitn gave markedly dilfer-
cnt results froni those obtained with P. placenta, indicating 
a 	dillcrcni mcchaiiisnl of cellulose degradation, as first
recognized by Cowling (4). Unlike P. placeita, P. clt,y.w-
0Ii1t liicontinually ConlSUnIcd the cellulose without substan-

tially decreasing the average chain length oft the lesidual
celllose. In accordance with this, Highley (11) reported a 
decrease in the DP from 2,200 to approximately 1,3(11
(determiied viscosimetrically) in a similar cellulose depoly-

slUdy will] several white rot fungi in solid-state 
cultures. Changcs in the molecular size distribution of cel­
lulose in our study during decay by P. cl/iysosporium
suggest that initial attack involved the generation of frag­ments s.vcral hundred glucose units long. With time, these 
were consumed without accumlation of a substantial pro­
portion of liagments ol lower DP values. Removal of low­n(Iclctilatr-wcight material resulted in low polydispersity 
values as decay occurred. This suggests that the white rot 
fungus picierentially consumed the small molecules before 
generating more. 

these results, it is apparent that the mechanism of
cellulose degradation differs markedly between P. placenta 
and P. chiy.oS;.V) Oiittin. The brown rot fungus cleaves en­
tirely thlough the cellulose microlibrils, presumably in the 
amorphous regions, before utilizing the cellulose, whereas
the white rot fungus attacks te surfaces of the microtibrils,
constuning the cellulose as it is degraded. These two modesof degradation are illustrated in Fig. 4. 
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Regulation of endoglucanase formation by the brown-rot fungus 

Gloeophyllum trabeum wits investigated. This fungus produced 

endoglucanases in the presence of monosaccharides such as glucose or 

mannose as the sole carbon source, but the expression of these 

enzymes was four to five times higher in the presence of cellulose or 

cellobiose. In a lactose or glucose-containing medium, endoglucanase 

production was induced" by cellobiose. Glucose and glycerol did not 

repress enzyme production. We concluded that endoglucanase 

production by' brown-rot fungi is inducible by cellulose and not 

subject to catabolite repression. Cellobiose is the most effective 

inducer of the system. 

Index Descriptors: Gloeophyllum Irabeum ; brown-rot fungi; 

cellulases; endoglucanase expression; endoglucanase inducers; 

cellobiose. 



3 

COTORAS AND AGOSIN 

Ceilulose is degraded by an extracellular cellulase system, that 

catalyzes the hydrolysis of this polymer to glucose. The cellulolytic 

systems of the soft-rot fungus Trichoderma reesei and white-rot 

fungus Phanerochaete chrysosporium have been thoroughly 

investigated (Coughlan and Ljungdahl, 1988). They consist of three 

basic classes of enzymes: 1,4-B-D-ceilobiohydrolases (EC 3.2.1.91), 

which release cellobiosyl units from the nonreducing end of cellulose 

chains; endo-1,4-t3-D-glucanases (EC 3.2.1.4), which cleave internal 

glycosidic bonds; and 1,4-13-D-glucosidases (EC 3.2.1.21), which 

hydrolyze cellobiose and cellooligosacchiarides into glucose. 

The expression of the cellulolytic system in T. reesei is subject to 

control by both induction and catabolite repression (Merivouri et al, 

1984). Cellulose is the inducer of the expression of cellulases. Small 

amounts of constitutive cellulases are secreted releasing the "true" 

inducer, a low molecular weight compound (EI-Gogary el al, 1989). 

The identity of this true inducer is still in dispute: it has been 

postulated that sophorose is the inducer (Mandels et al, 1962; 

Sternberg and Mandels, 1979), but this disaccharide does not induce 

all the cellulolytic system components (Messner et al, 1988). Other 

cellulose metabolizing products have also been shown to promote 

T. reesei cellulase formation like cellobiono-1,5-1actone (lyayi el al, 

1989) or oxidized cellulose (Kubicek-Pranz et al, 1990). Also, under 

special physiological conditions, cellobiose has been shown to be an 

inducer (Fritscher et al, 1990). 

,( 

http:3.2.1.21
http:3.2.1.91
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Brown-rotted wood is characterized by extensive degradation of 

cellulose and hemicellulose but limited degradation of lignin 

(Eriksson el al, 1990). It has been suggested that brown-rot fungi 

employ a different mechanism for cellulose degradation than that 

operating in white-rot or soft-rot fungi. Indeed, unique features of 

cellulose degradation by these fungi have been reported, such as a 

rapid depolymnerization of cellulose during the early stages of wood 

decay (Kleman-Leyer et al, 1992). Highley (1977) has reported that 

an oxidative system is involved in the initial attack on 

cellulose, showing that there was a significant increase of carbonyl 

and carboxyl groups in the cellulose during decay. Because pores in 

sound wood are too small to allow conventional cellulolytic enzymes to 

penetrate, it seems probable that the agent responsible for initial 

cellulose depolymerization is non enzymatic. In this respect, oxygen­

derived radical species have been suggested to be implicated in the 

depolymerizing process. The latter could be produced by the Fenton' s 

reaction (Fe (11) + H202) which generates hydroxyl radicals (Halliwell, 

1965; Koenigs, 1974' Halliwell and Gutteridge, 1988). 

The enzymatic cellulolytic system of brown-rot fungi has not been 

thoroughly studied, even though some interesting features have been 

reported. Brown-rot fungi produce endo-1,4-13-D-glucanases, but no 

reports exist on the production of exo-l,4-f-glucanases (Highley, 

1973). Thus, these fungi do not seem to degrade crystalline cellulose 

by the synergistic action between endo- and exo-glucaiiases, as is 
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the case in T. reesei or P. chrysos~poritu. l-iidoglucaniases 

produced by the brown-rot fungi Polyporus schweinitzii FR and 

Lenzites trabea (syn: Gloeophyllum trabeum ) have been purified 

and partially characterized (Bailey et al, 1969; Keilich et al, 1969; Herr 

et al, 1978). These enzymes have a molecular weight of 45,000 and 

29,000 D, respectively. 

Striking differences in the regulation of cellulase formation have 

also been reported; indeed, brown-rot fungi produce cellulases on 

glucose-grown cultures as the sole carbon source; furthermore, the 

expression of these enzymes has been claimed to be constitutive 

(Highley, 1973). In the present work, some regulatory aspects of the 

synthesis of endoglucanases by the brown-rot fungus G. trabeum 

have been further investigated. The enzymatic production in different 

carbon sources as well as the effect of glucose, glycerol and cellobiose 

on the kinetics of cellulase expression in liquid cultures was evaluated. 
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MATERIALS AND NETIlOI)S 

G i g an is i 

The fungal strain used throughout this study was G. trabeum 

MAD 617-R, kindly provided by the Center for Forest Mycology 

Research, CFMR (Forest. Products Laboratory, Madison, USA). The 

fungus was maintained on malt-yeast extract agar slants. Mycelial 

inocula were prepared, as described elsewhere (Agosin and Odier, 

1985). 

Conditions of cultivation 

G. trabeuin was cultivated on 25mM ammonium tartrate, using 

the carbon sources at initial concentrations of 55 iM, except 

carboxymethylcellulose (CMC) and galactomannan which were added 

at 10 g/l. The buffer used was 50mM disodium tartrate, pH 4.5. Mi­

neral salts were added as reported by Kirk et al (1986). After ino­

culation, cultures were incubated on a rotary shaker (150 rpm, 28 'C). 

Biomass production was determined as follows: 0.5 ml of a fungal 

suspension -equivalent to 5 mug dry weight- were added to 100 ml 

Erlenmeyer flasks containing 50 ml of culture medium. After three 

days cultivation, cultures were filtered on previously tared filter 

paper, washed with distilled water, and dried to constant weight at 

105 0C. 
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In order to study the effect of different carbon sources on tie 

expression of endoglucanases by G. trabeun, replacement cultivations 

were used. Pregrown mycelia were obtained inoculating I nil of a 

fungal suspension (corresponding to 10 ng, dry weight) in 250 ml 

Erlenmeyer flasks containing 100 nl of the same medium 

supplemented with 1% (w/v) galactomannan (Sigma) and 0.1% (w/v) 

carbopol. Locust bean galactomanna, was employed as carbon source 

for biomass production, because the highest growth yields were 

obtained with this polysaccharide (see Table 1). Carbopol, a 

polymethacrylate derivative, was employed to obtain smaller pellets 

(Jones et al , 1988). After five days, the myceliun was harvested by 

centrifugation and washed three times with sterile water. Then, 

mycelium was resuspended in fresh medium without nitrogen and 

carbon sources and left overnight at 4 'C. Pregrown mycelium was 

then centrifuged and transferred to the same medium, without 

nitrogen, using the appropriate carbon source. 

The effect of different carbon sources on the production of 

endoglucanase was studied, employing glycerol, monosaccharides 

(glucose, mannose, galactose, fructose and xylose), disaccharides 

(lactose and cellobiose) or celluloses (carboxymethylcellulose (CMC) 

and avicel). All these compounds were added at initial concentrations 

of 55mM, except celluloses which were added at lOg/l. 

\Ac( 
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For induction studies, the pregrown mycelium was transferred to 

1% (w/v) CMC-, 1%(w/v) lactose- or 1%(w/v) glucose-containing 

cultures. The inducer was added at the time and concentration 

indicated. 

In order to determine the effect of glucose and glycerol on 

cellulase formation, pregrown mycelia were transferred to media 

with 1%(w/v) CMC or 1%(w/v) CMC supplemented with 5.5mM of 

glucose or 5.5raM glycerol. 

The white-rot fungus P. chrysosporium BKMF 1767 was used as a 

reference. It was grown under similar conditions to those enplo­

yed for G. Irabeurn, although the incubation temperature was 39 'C. 

Assay of endoglucanases 

The endoglucanase activity of the culture supernatants was 

determined by viscosity at 30 'C, using 6ml of 0.5% (w/v) 

carboxymethylcellulose (low viscosity CMC, Sigma) in 50am sodium 

acetate, pH 4.5 and 1 ml of 50mM sodium acetate containing dilutions 

of the culture supernatants. The measurements of viscosity were 

done in an Ostwald viscometer (Water efflux time at 30 'C: 179 sec), 

submerged in a water bath at 30 'C. One unit (1 U) of enzyme activity 

is the amount of enzyme that decreases the relative viscosity in 0.01, 

per minute, in defined conditions of temperature and p1. The relative 

viscosity is defined as the ratio between the efflux time of the solution 

and the efflux time of the buffer. 
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RES ULTS 

Biomass production on different carbon sources 

The effect of different carbon sources on biomiass 

production by G. trabeum is shown in Table 1. When glycerol, xylose, 

cellobiose, maltose, lactose and CMC were used as carbon source, low 

biomnass yields were obtained. Higher biomiass yields were found for 

glucose and mnannose, although the highest one was on galactomannan. 

On the other hand, galactose and fructose were not metabolized, because 

the fungus did not grow when these monosaccharides were employed as 

carbon sources. 

Production of endoglucanases on different carbon sources. 

Replacement experiments were used to study the effect of 

different carbon sources on the productioi of eidog'ucamases by 

G. trabeum. Pregrown mycelia were transferred to media containing 

different carbon sources. Endoglucanases were produced in all the 

carbon sources tested (Fig.1); however, the level of enzymatic activity 

was different. Three different groups of ciidoglucanase activity caii be 

distinguished. The highest level was reached oil cellobiose, CMC and 

Avicel (between 20 and 48 U/nd). An intermediate level of production 

was obtained oil glucose, mannose and lactose (about 7 U/jifl). 

Finally the lowest yield of cellulases was obtained on fructose, 

611 
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galactose, xylose and glycerol (1 U/ml). The highest activity was 

obtained on cellobiose (48.1 U/nil). On glucose, mannose and lactose the 

endoglucanase activity was significant, although these activities were 

about five to six times lower than those obtained on cellobiose. 

Induction of endoglucanase production. 

It was reported that the expression of endoglucanases in brown­

rot fungi is constitutive (Highley, 1973). We reinvestigated this 

asssumption by studying the effect of cellobiose on the production 

of these enzymes by G. trabeum. Pregrown mycelia were transferred 

to CMC or lactose-containing media. When cellobiose was added to a 

CMC-containing culture, no further stimulation of endoglucanase 

production was found (Fig 2a). However, when cellobiose was added to a 

lactose-containing medium a significant induction of endoglucanase 

production was observed (Fig. 2b). The induction occurred about one 

hour after cellobiose was added to the cultures. If glucose was added 

instead of cellobiose no induction occurred. (Data not shown) 

Catabolite repression studies of endoglucanase production. 

Since the level of G. trabeum endoglucanase production, on glucose 

and glycerol-containing media was lower than on cellulose, we studied if 

these compounds repressed the production of the enzymes when the 

fungus was placed in a CMC-containing medium. (Fig. 3a). Pregrown 

6>
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mycelia were transferred to media with CMC or CMC supplemeted 

with glucose or glycerol. Both, glycerol and glucose, retarded the 

production of endoglucanases. Although the retarding effect of 

glucose is higher, similar levels of enzymatic activity were reached 

after ten hours of cultivation. Moreover, we verified that glucose and 

glycerol at a concentration of 5.5 mM did not inhibit the enzymatic 

activity of G. trabeum endoglucanases (data not shown). 

As a reference, the same experiments were conducted with the 

white-rot fungus P. chrysosporium (Fig. 3b). In this fungus, the 

expression of endoglucanases was totally repressed by glucose, but not 

by glycerol. 

To confirm that the endoglucanase production was not subject to 

catabolite repression, increasing concentrations of glucose (5-40miM, 

final concentration) were added to five hour old cultures induced by 

cellobiose (Fig. 4). Addition of glucose to induced cultures did not 

decrease the expression of endoglucanases. Likewise, when cellobiose 

was added to a glucose-containing medium (Fig 5), there was 

induction. Therefore glucose did not suppress the stimulatory effect of 

cellobiose. However, the induction was slower than that observed on a 

lactose-containing medium. Indeed, on lactose, the slope of the 

inductive curve is two times higher than on glucose. 
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DISCUSSION 

The regulation of the cellulase expression has been extensively 

studied in T. reesei . The expression of these enzymes is under 

catabolite repression, i.e. cellulases are repressed in the presence of 

easily metabolizable carbon sources, like glucose, glycerol, etc..., and can 

be induced by growth on cellulose (Merivuori et al, 1984). Glucose also 

represses the expression of - cellulases in P. chrysosporium . It is evident 

from our results that there are striking differences in the regulation of 

endoglucanase expression in white-rot or soft-rot fungi, as compared to 

the brown-rot fungus G. Irabeum. 

Early studies postulated that the production of endoglucanases in 

brown-rot fungi was constitutive (Highley, 1973). In this work, we have 

showed that endoglucanase production by G. trabeun is inducible. 

Indeed, although this basidioniycete produces endoglucanases in all the 

carbon sources tested, three different levels of enzyme formation were 

observed. The lowest level was obtained on galactose, fructose, xylose 

and glycerol. Galactose and fructose were not employed as carbon 

sources by the fungus, possibly because the fungus has not an active 

transport system for these sugars; hence, the expression level observed 

on the latter would correspond to the conistitutive level of expression of 

endoglucanases in G. trabeum, which is many times higher than that 

reported for T. reesei. 

Among the sugars that sustain fungal growth, mannose, glucose 
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and lactose allowed a significantly higher induction level of 

endoglucanases than xylose and glycerol. Even though the inducer(s) 

has not been identified yet. we can speculate that some relationship 

should exist between some of these sugars or their 

oxidized/transglycosilated products and the induction of endoglucanase 

expression. Indeed, cellulase production has been shown to be 

stimulated by a low content of oxidized end groups in the cellulose 

(Kubicek-Pranz et al, 1990), probably related with the presence of a 

constitutive cellulose oxidizing enzyme identified by Vaheri (1983). 

During the initial hydrolysis of this oxidized cellulose, cellobiono-lactone, 

another inducer of cellulase formation in T. reesei , would be released 

(Iyayi et al, 1989). This could be related with the generation of oxidized 

low molecular weight compounds during cellulose depolymerization by 

brown-rot fungi, which occurs before significant loss in the weight of 

the polymer ( Kleman-Leyer et al, 1992). Some of these oxidized 

compounds could mediate induction of cellulase synthesis in these 

fungi. In this respect, it is noteworthy that the addition of cellobiose, 

mannose or glucose - but not xylose - to crystalline cellulose, resulted in 

a drastic reduction of the degree of polymerization of the cellulose by 

the brown-rot fungus Postia placenta (Highley, 1977). Thus, the 

induction or onset of the depolymerizing system of brown-rot fungi by 

these sugars is extended here to endoglucanase formation. 

The most effective induction was obtained with avicel, CMC and 

cellobiose. Cellobiose is an effective inducer even when the fungus is 

/
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grown on lactose or glucose as the sole carbon sources. However, when 

cellobiose was added to cultures with CMC no further stimulation of' 

endoglucanases production was observed. These results could be 
explained by a saturation of the inductive system in a CMC-containing 

medium. Similar effects were observed in T. reesei grown in cellulose 

and induced by sophorose (Fritscher et al, 1990) 

On the other hand, in other cellulolytic fungi, as P. chrysosporium, 

it has also been shown that cellobiose is the inducer (Eriksson et al, 

1978). In contrast, in T. reesei , sophorose is the most potent cellulase­

inducing compound identified (Mandels et al., 1962; Sternberg and 

Mandels, 1979). However, it was recently shown that cellobiose can 

induce the expression of cellulases, but only when the hydrolysis of this 

compound is artificially decreased by nojirimycin (Fritscher et al, 1990). 

One important difference between the brown-rot fungus 

G. trabeum , and the other systems described, i.e. 7'. reesei and 

P. chrysosporium , is that in the presence of glucose, G . trabeum 

expresses endoglucanases; moreover, glucose added to induced 

cultures at concentrations of 40mM or higher, did not repress the 

production of endoglucanases. On the other hand, we were able to show 

that induction of the endoglucanases was )ossible with cellobiose, when 

the mycelia were in the presence of glucose. Indeed, when glucose was 

added to the cultures from the beginning, a retardation of the 

stimulatory effect of the inducer was observed. One of the reasons that 

could explain this retardation is a competition between glucose and the 

inducer for their transport inside the cell, and not to catabolite 
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repression. Therefore, we call argue that the production of 

endoglucanases ill G. trabeum is not under catabolile repiession 

and that the lower levels of expression observed on glucose or lactose 

resulted from the absence of a good inducer. 

Recently, a similar conclusion was obtained by Messner and 

Kubicek (1991). They observed that T. reesei produced 

cellobiohydrolase I in the presence of glucose when the mycelia were 

pregrown on lactose. The level of enzymatic expression was, however, 

very low and the enzyme could only be detected using inionoclonal 

antibodies . These authors suggested that the expression of cellulases in 

T. reesei is not under catabolite repression and that these enzymes have 

a low expression on glucose due to the absence of the inducer. lowever, 

these authors did not explain the results obtained by EL-Gogary et al, 

(1989), where a catabolite repression effect is clearly observed. Indeed, 

EL-Gogary et al (1989) demostrated that T. reesei did not produce 

cellobiohydrolase I gene transcripts when the fungus was grown on 

Avicel for 21 hours and then exposed to glucose for 1 hour. 

In T. reesei , cellulose or sophorose induce the expression of 

cellulases at the transcriptional level (EL-Gogary et al, 1989). In our 

induction studies by cellobiose, we observed that the inductive effect 

had a lag of approximately one hour after the inducer was added. The 

latter suggests de novo RNA and/or protein synthesis. Current 

experiments are directed towards the study whether the regulation of 

endoglucanases expression occurs at the transcriptional or translational 

level. 
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Figure 1: Effect of different carbon sources on the production of 

endoglucanases by Gloeophyllum trabeurn . 25 ml (corresponding to 

170 mg, dry weight) of pregrown mycelia were transferred to media 

without nitrogen and with different carbon sources. The carbon 

sources used were Glycerol (Gly), Glucose (Glc), Mannose (Man), 

Fructose (Fru), Galactose (Gal), Xylose (Xyl) Cellobiose (Cel), Lactose 

(Lac), Carboxymethylcellulose (CMC) and Avicel (AVI) . These were 

added at initial concentration of 55mM, except for the celluloses, CMC 

and Avicel, which were added at 1% (w/v). The endoglucanase 

activity was measured after 18 hrs of cultivation. 

Figure 2: Effect of cellobiose on the production of endoglucanases 

by Gloeophyllum trabeum. (a) Pregrown mycelia were transferred to 

media containing 1% (w/v) of CMC ( 13 ); and 1% (w/v) CMC plus 

5.5mM cellobiose ( * ) . (b) Pregrown mycelia were transferred to 

media containing 1% (w/v) lactose ( [ ). At the time indicated by the 

arrow 5.5mM cellobiose was added ( * ). Samples were taken each 

one hour. 

Figure 3: Production of endoglucanases during cultivation of 

Gloeophyllum trabeun (a), or Phanerochaele chrysosporium (b); in 

the presence of 1% (w/v) CMC ( 0 ) , 1% (w/v) CMC plus 5.5mM 

glucose (o ) and 1% (w/v) CMC plus 5.5mM glycerol ( * ). 
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Figure 4: Effect of glucose on endoglucanase production in 

cellobiose-induced cultures. Pregrown mycelium was transferred to 

incubation medium containing 1% (w/v) lactose. After three hours of 

cultivation, cellobiose was added at a concentration of 5.5mM. Then, at 

the time indicated by the arrow, increasing concentrations of 

glucose were added. (E3) 5mM glucose; (U) 20mM glucose and 

( < ) 40mM glucose. 

Figure 5: Effect of cellobiose in the endoglucanase production on a 

glucose-containing medium. Pregrown mycelium was transferred to a 

medium containing 1% (w/v) glucose ( 3 ). Celiobiose (5.5 mM) was 

added at the time indicated by the arrow ( * ). 
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TABLE I 

Biomass production by Gloeolyllurn trabgm 
on different carbon sources 

Carbon source Mycelial dry weight 
(mg) 

Glycerol 13.9 

Fructose 4.3
 
Galactose 4.7
 
Xylose 18.9
 
Glucose 42.4
 
Mannose 45.6
 

Cellobiose 18.8 
Maltose 25.8 
Lactose 22.7 

Carboxymethylcellulose 24.3
 
Galactomannan 164.6
 

The concentration of all the studied carbon sources was 55mM, except 
for CMC and galactomannan which were 1% (w/v). In each case, the 
mycelium was harvested after three days of cultivation. 
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EFFECT OF CELLOBIOSE ON ENDOGLUCANASE
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PRODUCTION OF ENDOGLUCANASES DURING CULTIVATION OF
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EFFECT OF GLUCOSE ON ENDOGLUCANASE PRODUCTION'BY
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Regulation of endo-1,4-13-D-glucanase formation by the brown-rot fungus 

Gloeophyllum trabeum was investigated. Restlts showed that the fmgus pitoduced 
several enzymes with endoglucanase activity in the presence of glucose or mannose 

as the sole carbon source, even though the exli ession of these enzymes was much 

higher with cellobiose or cellulose. Moticover, glucose did not repless enzyme 

production. We concluded that endoglucanase ploduction in this fungus is not 

subject to catabolite repression, but it is inducible by cellulose. lutthei niore, 

cellobiose is a very effective inducer of the system. 

1. IN'TRODUCTION 

The most destructive form of wood decay, blown rot, is causcd by a limited number of 

basidiomycetous fungi that damage wood by taI)idly dCl)olylnerizing tile cellulose compIlonenlt. 

Generally, polysaccharile didcolynlieriztiol occul s he!otte significant loss in the weight of wood. 

At advanced stages of (lecay, structural polysacchar ides ate quantitatively rcllIoved, and amodif ied 

lignin residue remains 1,2 ,3. Hence, brown ltot Iungi might possess a unique celltulolytic system 

which enable these fungi to circutmve t tile ligllin Iam tier ill gai ing access to jpolysacclmi ides. 
lignin contents ill,Furthermore, the cellulolytic system might temain active towaids inceasing 

decaying wood. 

The biochemistry and physiology of the cellulolytic system of blowut lot lungi has icceived 

little attention, despite the uniqueness of cellulose degiadation by these fungi. Oxidative 
.Consideringdepolymerization ofcellulose during the eai ly stalges oFldccay has been deinmonstrated 4 

that pores of sound wood are too smnall to allow "classical" cellulases to penetrate, a noli enzynittic 

mechanism related with the generation of oxygen-derived radicals has been suggested to be 

responsible for the depolytnerizing process 5 '6 . 

The enzymatic cellulolytic system ofhi o'wn-Itt fun1gi has not )Cen tlmlot ougllly studiCd, even 

though soInme inteiesting features have beent t lpot ted. Blown-lot fungi p loduce ctid)- 1,4-l,-l)­
7ioII ot)e xo- I - gIucaI -sCs . "lhIts, tIeseo( theI I)I'od ItgIltcanaHscs, but 110 rel)trts ale avail able 

fungi do not seem to degrade crystalline cellulose I))' tie syn: gistic action between etido- and exo­

glucanases, as is the case in 7'. reesei or 1'. cl'.s,)-sot iwm. A 



Striking differences in the regulation ofcellulase formation have also been reported; indeed,brown-rot fungi produce cellulases on glucose-grown cultures as tie sole carbon source; furthermore,the expression of these enzymes has been claimed to be constitutive 7. In the present work, someregulatory aspects of endoglucanase synthesis by the brown-rot fungus G. trabeum have beenreassessed. N-terminal aminoacid sequence and homology of the major endoglucanases secreted
by the fungus in liquid cultures was also determined. 

2. MATERIALS AND METHODS 

2.1 	 ORGANISM 
Gloeophyllum trabeum MAD 617-R, kindly provided by the Center for Forest MycologyResearch (Forest Products Laboratory, Madison, USA) was used throughout this study. 

2.2 CONDrIONS OF CULTIVATION 
G. trabeun was cultivated on 25mM ammonium tartrate, using the carbon sources at initialconcentrations of 55 miM, except carboxymethylcellulose (CMC) which was added at 10 g/I. 'hebuffer used was 50mM disodium tartrate, pH 4.5. After inoculation, cultures were incubated on a 

rotary shaker (150 rpm, 28 'C). 

In order to study the effect of different carbon sources on the expression of endoglucanases
by G. trabeum, replacement cultivations employing pregrown mycelia were used. This inoculum was transferred to the different culture media containing the appropriate carbon source, but without 
nitrogen. 

For induction studies, the pregrown mycelium was transferred to 1% (w/v) CMC-, l%(w/v)lactose- or 1%(w/v) glucose-containing cultures. The inducer was added at the time and concentration 
indicated. 

2.3 	 ASSAY OF ENDOGLUCANASFS 
Endoglucanase activity was determined viscosimetrically in an Ostwald viscometer at 30C,using 6mnl of 0.5% (w/v) carboxymethylcellulose (low viscosity CMC, Sigma) in 50mM sodium 

acetate, pH 4.5. 

2.4 	 Eu,-c'Nn-onu .ni ti 'WMINATION OF EIR (NOLUCANASES.

Culture supernatants were analyzed by PAGE in non-denaturing conditions. After protein
separation (3h at 4C, 1OmA current), polyacrylamide gels were preincubated in 50miM sodium
acetate p1­ 1 4.5 and laid over an agarose gel containing 0.3% CVIC.Endoglucanases wete visualized 

as described by Bertheau et a18 . 

For identification of the two major endoglucanases, the bands showing endoglucanaseactivity were eluted from the non-denaturing gel and precipitated with 10% TCA. Also,extracelhular px'oteins produced on different culture media were concentrated 100x by ultrafiltration,employing 3,000 or 10,()OOD cut off polysulfonated membranes. Concentrated supernatants, aswell as eluted endoglucanases, were separated by SDS-PAGE on gels containing 12% acrylaniideand 0. 1%SDS, according to Laemnili 9 . Proteins were stained using the Coomassie blue method. 

2.5 	 Di R-'r;NiINAT'ON OF N-'I'FRMVlINAL ANIINOACII) SEQUE.NCE o1 ENI)(;LUCANASES
The N-terminal amino acid sequence of the two major endoglucanases was determined afterprotein transfer to a PVDF membrane as described by Matsudaira 10 . 



3. RESULTS AND DISCUSSION
 

3.1 IENIX(;LUCANASIS I'ROI)UCED ON I)IF;I IENT CARIION SOURCES. 

Non-denaturing PAGE of culture supernatants of G. trabeun grown on different carbon 
sources showed that two major endoglucanases were produced in mono-, di- and polysaccharides, 
as well (Fig. 1). Three other minor bands are also seen in the gel, at least for cellobiose, CMC and 
Avicel. These results confirm and extend those fiom Highley 7 concerning endoglucanase formation 
on glucose-containing media by brown-rot fungi. 

12345 6 7
 

Figure 1. Endoglucanases produced by Gloeoplhyllum irahetun dillerent carbonon sources. Crude culture 
supernaanins (Ioul) were applicd lo cach lane. L.anes 1-6, GIoephyluin irabewm grown on CMC (I),
glucose (2), I'ructose (3), lactose (4), ccllohiose (5)al Aviccl (6). Lane 7,Phanerochaeie chrysosporium 
grown on Avicel. 

3.2 INDUCTION AND CA'iAltOLII'I REI'ESSION OF I'NI)o(;IUCANASFE FORMATION 

The effect ofcellobiose oni the kinetics of endoglucanase forniatioo, by G.trabeian was studied. 
When cellobiose was added to a CMC-containing culture, no further stimulation was found 
(Fig.2a). However, when cellobiose was added to a lactose-containing medium, a very high 
induction of endoglucanase production was observed (lig.2b). One possible explanation for this 
difference could be that the inductive system is saturated in [he CMC-medium, as shown for 7'. 
reesei grown on cellulose 1 1. In all cases the induction occurred about 1 hour after cellobiose 
addition, suggesting de novo RNA and/or protein synthesis. 

Cellobiose induction was also found in a glucose-contaning medium (Fig.2c). Thus, glucose
did not suppress the stimulatory effect of cellobiose, even though induction was slower than oni the 
lactose-containing medium. Competition for uptake of these sugars inside the cell - and not 
catabolite repression - can explain this retardation, as recently described for',reesei 12. Therefone, 
we can argue that production of endoglucanases in G. irabetun is not under catabolite repression.
This could be related with the unique mechanism of early decay of wood developed by brown-rot 
fungi, which results in the release of increasing aniounts of low molecular weight carbohydrates 

.during cellulose depolymerization 13

/\ 
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Figure 2. Effect of cellobiose on erndoglucanasc production by Glocophiyllumn trabewn on CMvC (A), lactose (B)
an(I glucose (C). A.- I1%CMC to); 1%CMC and 5.5ra Mccl lobiose (4). Cellohiose and CMC wcrc added 
at the same tiiie. B.- 1% lactose(,-); I% lactose anid 5.5iaM CclIOIiose. C.- I%glucoseco); l%glucosc
and 5.5rm cellolbiose (4). Cellobiosc was a(dded at tihe time indicatcd by thme arrow. 

3.3 N-TEII iNAl. ANIINOACID) SErQUENCES ()F TIII, TW() MAJOR ENIJO(GLUCANASES 
N-terminal aminoacid seqluences of the two major endoglucanases were compared. For this 

purpose, we took advantage of previous results 14 which showed that only tiny amounts of 
endoglucanases are expressed when galactose is employed as the culture carbon source. Hence, the 
proteins secreted in cellobiose and galactose were compared by SDS-PAGE (Fig. 3). Proteins 
corresponding to bands 1and 2 are mainly expressed in cellobiose growing cultures, indicating that 
these proteins might correspond to the majorendoglucanases. Toconfirnm this presulmption, the two 
adjoining major endoglucanase activities were ehuted separately from non-denaturing gels and run 
in parallel with concentrated suiper'natants. Resulits clearly showed that band 1 (;orr'esponlds to EG 
1 (Fig. 3). Unfortunately, EGI! could never be visualized in tile gels. However, SDS/Westermi 
blotting/inmunostaining techniques using polyclonai antibodies against EG 1ofP. chrysosporiwn 
mainly reacted withl band 2 (Cotoras, M., ulllublished results). Hence, it is very likely that EG 1 
and EG 11 cor'responld to bands 1 alld 2, r'espectively. Tlheir molecular weighlt, as estimated from 
SDS-PAGE, was 36,000)( and 32,000Da, respectively. 
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Figure 3. 	 SDS-page on filtrates front cellobiose and galactose culture media of Gloeophyllum trabeum. 
Lane 1,3,0(0) D cut off cellobiosc stpernatant; Lane 2, 10,0(X) D cut off cellobiose supernatant; 
Lane 3, inarker proteins; Lime 4, ccllobiose cultures; Lane 5, glactose; Lane 6, EGI cluted from 
non-denaturaly gels; Lane 7, idcm. 

N-terminal 	aminoacid sequences of the two major endoglucanases secreted by G. trabewn 
are identical (Fig. 4). Thus, it is very likely that EGII arises from EG I by proteolytic modification 
or partial deglycosylation of the former. This type of events has recently been proved for EG-IlI 
of T. reesei15. Furthermore, it is noteworthy that a region comprising 10 consecutive aminoacids 
of the N-terminal of EG from G. trabewn is homologous to a region close to the O-glycosylated. 
domain of EG Ill of T. reesei 16 (Fig. 5). These results also indicate that the N-terminal region of 
EG I of G. trabeum would not contain a cellulose-binding domain. 

EG I: 

5 10 15 20 25 30 
V-T 
 -V-S -G-a 

EG II: 

5 10 15 20 25 30 
V-T-G-P-A-P-L-K-F-A-G-V.N.I.A.G.F.D.F.G.G.G.I-d.G.T.X.H.V-S.G-a
 

Figure 4 	 N-terrinial aminoacid sequence of two major cndoglucanascs secreted by Glocophyllurn trabeun. 

to 	 20 30 

EG-I G. trabsum VTGPAPLKFAGVN IAGFDFGGGTDGTXHVSG 

PPTSSGVRFAGVN IAGFIJFGCTTDGTCVTSK 
EG-III T. reesei
 

go 100 110
 

Figure 5 Homology between the sc(uecs of EU-I Iromn Glocophyllum irabewn and EG-Ill front Trichodernma 
reesei. 



CONCLUSIONS
 

1./The cellulolytic system of the brown-rot fungus G. irabewn is clearly inducible by cellulose 
,and cellobiose. The possibility that more than one inducer could mediate the induction of 
endoglucanase synthesis is currently under investigation. 

2./The cellulolytic system ofG. trabeuz is not subject tocatabolite repression. This"deregulation" 
could be related with the early non-specific release of low-molecular weight compounds during 
initial depolymerization of cellulose by these fungi. 

3./Identical N-terminal aminoacid sequences were obtained for the two major endoglucanases 
secreted by G. trabeum,suggesting post-traductional modifications from a single major enzyme. 
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BUHARY
 

The degradation of lignocellulosic material by brown­

rot fungi produce an extensive depolymerization of polysacchari­
des without removal of lignin. This characteristic make them
 
potential candidates for the direct bioconversion of wood
 

polysaccharides In fermentable sugars. The mechanism employed by
 
these fungi to produce this characteristic degradation is not
 

known yet. The capability to evade the lignin-polysaccharide
 
network, should indicate that the depolymerizing agent could be a
 
low molecular weight chemical compound.
 

In order to verify this mechanism a solid fermentation
 
of pine sawdust with two strains of brown rotters, Gloeophyllum
 
trabeum and Wolfiporia cocos was made. The results of these
 

experiments showed the characteristic degradation of polysaccha­
rides and the slight removal of lignin. Using pine holocellulose
 
(delignified sawdust) as sustrate, a strong depolymerization of
 
polysaccharides was observed.
 

The strong decrease of pH observed during the pine
 
sawdust biodegradation is due to organic acids produced by fungi.
 
G. trabeum, in liquid cultures, preduced glycolic and /or
 
glyoxalic acid and a non identified acid. However, W. cocos
 

produced large amounts of oxalic acid in addition to glycolic
 
and/or glyoxalic acid.
 

The oxidatives changes produced by the depolymerizing
 
sistem of brown-rot fungi were not detected using decoloration of
 
Remazol brilliant blue R test. It is due to the low sensitivity
 
of the Remazol test.
 

The generation oxygen derivated free radicals showed
 
that *OH is highly reactive. Hydroxiethylcellulose and
 
crystalline cellulose were strongly depolymerizated by this
 
specie. H02o depolymerized crystalline cellulose sligthy and
 
singlet oxygen made no changes in the degree of polymerization of
 
hydroxllethylcellulose.
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SUMMARY
 

Brown-rot fungi, which occur predolilnantly in softwoods, 
possess the unique ability to remove structural pol-ysacchdrf.des in 
native fully lignified tissues with only a slight depletion of 
lignin. However, this slight degradation is accompanied by
largely oxidative events, principally demethylation of phenolic 
and non phenolic units. The mechanismt employed by these fungi to 
remove the polysaccharide frdcLion in spite of the barrier of 
lignin is unknown. This phenomenon makes them potential agents
for the direct bioconversion of softwood polysaccharides Into 
fermentable sugars. 

In order to clarify the rea(:tions produced during the 
procei.s oit lignin degradation. the mntdbolitmsm ot lignin-iwdel
compounds by two species of brown-rot fungi (Wlliroria cocos and 
GloeophvlluIM trabeum) was investigated using low-nitrogen media. 
Stationary liquid cultures were employed to study their substrate 
degrading abilities. Three dimers with a 0-1 linkige and three. 
different stages of oxidation Ini the alkylic chain were utilized
 
(dimethoxybenzil (VI), antioin (IV), dihydroanisoin (V)). From 
the cLdbol. im of thtse iiodel:i, l)-dinlltsi.-hyde cird dl hyclroarilnoln 
were iu1eintitied. 'T'le LIrsL compound recuulLed Lrom Lhe rupture oi. 
the Co-CO linkage and the secotid comupouid came from the drilsoln 
reduction.
 

The generation ot radi'alS species der'.fqd from oxygen, 
showed the high reactivity of the oil. This t>i::cal produced the 
rupture of anlson and dlhydrodnitsoln wit), LtlP, production of )­
anisaldehyde and other unidentitled compounds, but it had no 
action against dimetoxybenzil. Superoxide was not able to produce 
modi fications of these modeL compounds. 
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RESUMEN
 

Los hongos de pudrici6n parda se caracterizan por la capacidad de degradar los 
polisacLidos de la madera sin degradar mayormente el polfmero de lignina. Sin embargo, 

se ha determinado que este polimero aromitico, sufre principalmente modificaciones de 
car-cter oxidativo, de preferencia demetilaci6n del anillo arom~itico. Este fen6meno, los 
convierte en agentes potenciales para la modificaci6n de la lignina y su posterior uso en 

resinas fen6licas rnodificadas. 

Para estudiar este sistema demetilante y las dernas modificaciones de la lignina, 
6sta se aisl6 de madera de eucaliptus previamente explotada, para facilitar su extracci6n, 

obteni6ndose un rendimiento de extracci6n de lignina del 44,5%. Este sustrato, junto cen 
holocelulosa de pino, fue fermentado bajo distintas condiciones de aireaci6n y contenido 

de lignina en el n,-.dio. Estos estudios mostraron que el sistema demetilante alcanza un 
grado de demetilaci6n de 50%, a la vez que presenta caracter'sticas oxidativas. 

La lignina funcionalizada present6 una extensa demetilaci6n, mientras que 
conserv6 su peso molecular, lo cual la hace atractiva para su utilizaci6n en resinas 
fen6licas modificadas. Se formul6 una resina con 15% de reemplazo de fenol por lignina 

funcionalizada en forma natural, la cual se ajust6 a las normas requeridas. 
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INTRODUCTION
 

Brown-rot fungi are represented by a limited number of
 
basidlomycetes that damage wood structure primarily by causing a
 
rapid depolymerization of the cellulose component. This happens
 
before any substantial loss in the weight of wood occurs.
 
At advanced stages of decay, structural polysaccharides are
 
quantitatively removed, but lignin accumulates (Cowling, 1961).'
 

Tile biological components of the cellulolytic system of
 
brown-rot fungi have received little attention, despite the
 
uniqueness of tile mechanism involved. However, since most of the
 
pore sizes in sound wood are too small to allow cellulolytic
 
enzymes to penetrate inside wood, it is very probable that tLhe
 
agent responsible for initial cellulose depolymerization was
 
non-enzymatic. Furthermore, Flournoy at al (1989) have recently
 
studied the increase in the pore volume available during wood
 
decay by Poria placenta and concluded that the agent responsible
 
for opening up the wood structure during brown-rot decay should
 
have a molecular weight of less than 6,000.
 

Brown-rotted cellulose has been shown to contain high 
amounts of carboxyl and carbonyl residues (IHighley, 1977) 
suggesting that the diffusable agent is strongly oxidant. Koenigs 
(1974) proposed that the latter arises from H202, which, in the
 
presence of Fe (II), breaks down into hydroxyl radicals (011.).
 
This oxygen-derived radical species has been shown to duplicate
 
the brown-rot chemistry (Halliwell, 19651 1978; Kirk et al,
 
1989). Simetrical molecular weight distribution of a highly
 
decayed cellulose sample, indicating random cleavage of all
 
the cellulose fibers, is also consistent with a possible role of
 
the Fenton reagent in cellulose depolymerization by brown-rot
 
fungi (Highley et al, 1989).
 

Despite the importance of wood decay by these fungi and the
 
potential of their unique cellulolytic system for efficient
 
saccharification of fully lignified substrates (Agosin et al,
 
1989), / the cultural conditions controlling cellulose
 
depolymerizatlon have not been determined yet. However, it has
 
been shown that liquid cultures do not allow the active
 
depolymerizing system to develop (1lghley, 1973); Furthermore, 
recent experiments where cotton was placed In contact with the 
agar medium in order to saturate the sample, neither allowed tile 
expression of the depolymerizing system (ighley et al, 1989). 

The aim of this work was to Identify and partially 
characterize the low molecular wt.ight compounds secreted during 
the active phase of cellulose depoiynerIzatIon by the brown-rot 
fungus Poria plaicenta in order to assess their possiblP role In 
the mechanism of bro'n-rtt decay of wood. The threshold of water 
activity necessary for depolyrerizing cellulose, as w(.ll as the 
evolution of the m.olecular size distribution of cellulose during 
decay were also investigated. 



MATERIALS AND METHODS 

Funqs. The brown-rot futkgus Poria placenta (MAD-698) was

employed In all the experiments. The fungus was grown at 280C in
 
a malt-yeast extract agar medium before 
Inoculation.
 

Cellulose decay studies. All decay studies of 
cellulose (purified
 
cotton type A-600, Hercules) were conducted following the 
 soil
 
block procedure of 
the American Society for Testing and Materials
 
(1971), as described by lfighley (1977).
 

Effect of water content. 
 The effect of dry matter content on
 
cellulose depolymerization was tested In triplicate using the
 
following system: after a 
4 weeks decay period, colonized wood
 
blocks were tr.ansferred from the culture bottles 
to Petri dishes
 
and placed 
in contact with 200mg of cotton cellulose at various
 
dry matter contents (2, 10, 20, 30 and 40% 
w/v). During the
 
experiment, 
 Petri dishes were maintained in a thermorregulated
 
chamber at a 90% humidity level, in order to avoid 
 sample
 
dessication. After 4 weeks of Incubation at 200C, the cellulose
 
was removed, dried at 
80oC and the resulting DP was determined as
 
described below.
 

Radlolabeling techniques. 
 4 x 100mg cotton "balls" were
 
equidistantly 
placed at each corner of a 4 weeks-decayed feeder
 
strip. 
 After 10 days of cellulose colonization. i.e. when the
 
cultures were strongly depolymerizing the cellulose, l5ul 
 of
 
14C-glucose (ICN; specific 
 activity 10.9mCi/mmol) containing

7.5xi06 dpm, were fed at the center 
 of the feeder strip, at I­
1.5 cm distance of each cotton ball. 
 Aerial mycellum was gently

removed at this place before feeding. A total of 10 culture
 
bottles were radiolabeled under these conditions. Another 20
 
cultures without 14C-glucose were also run under the 
 same
 
conditions. Every 2 days, the radioactive cultures were flushed
 
during 15 mmn with air Into a C02 trapping fluid ( ) and
 
14CO2 was measured in a scintillation counter.
 

Separation of low molecular weight (MW) compounds. 
 The secretion 
of (14C)-low MW compounds during cellulose depolymerization was 
follow'ed by randomly harvesting 6 cotton balls from the "hot" 
cultures at 1, 3 and 7 days after the addition of the label,

i.e. 11, 13 and 
 17 days of cellulose decay. The 14C-labeled
 
samples were mixed with 4xlOOmg r:el]ulose from "cold cultures"

.(total weight: 1,0g) and extracted twice with 4 and 
2 ml of 500mM
 
NaCi solution, respectively. After each extraction (2h, ?0oC),

the sample was squeezed, centrifuged and 50u1 of supernatant Were
 
taken for 14C measurement.
 

The clarified supernatant (1.5 ml) was applied 
 to a 50xl(*m

Sephadex G-25 column. Distilled water was used as eluent and lmL
 



fractions were collected. Cach tube was assayed [or 14C,
 
absorbance at 280nm and nlnhydiin reaction. Transition metals
 
were determined by atomic emission spectrometry on 3ml pooled
 
eluted fractions of supernatants extracted from cellulose decayed
 
for 17 days. Oxydized insulin chain A (1W-2530), ferrichrome A 
(MW=1l00) and veratryl alcohol (MW=165) were employed to 
calibrate the column. 

For comparison, the low molecular weight compounds present in a
 
highly decayed brown-rotted cellulose (50 days incubation) were
 
also separated by gel permeation chromatography following the
 
same procedure.
 

Mycellaneous procedures
 

The solubility of cellulose in 1% sodium hydroxyde was tested as
 
described in the TAPPI Standard T 4m-44.
 

The average degree of polymerization (DP) was measured
 
viscosimetrically (cowling, 1960) after cellulose solubilization
 
with cupriethylenediamine hydroxide solvent (Ecusta Paper Corp.)
 

The evolution of the molecular weight distribution of cotton
 
cellulose during brown-rot decay was followed by size
 
exclusion chromatography of cellulose tricarbanilate derivatives,
 
as described by Wood et al (1986).
 

The presence of primary amines in the column eluent was assayed 
with the ninhydrin reagent (Moore and Stein , iq47). 

RESULTS
 

1. Effect of d_ matter content on cellulose depolymeriz.ation by 
Poria placenta 

The effect of dry matter content on cellulose depolymerization is 
shown in Table 1. Depolymerization was significantly higher for 
cellulose containing at least 30% dry weight than for lower dry 
matter contents. Furthermore, no difference was found In the 
extent of cellulose depolyrmerizatlon among dry natter contents 

higher than 30%, as well as for those that conttalned less thii 
30% dry matter. This suggests that the threshold for an 
effective action of the ayent respon3ible for celluoe 

is at least 30% dry matter of ti e decyincJdepolymerIzatIon 



2. Kinetics of cellulcse depolymerization
 

The course study of cellulose depolymerization by Porla
 
placenta Is illustrated In Figure 1. Two phases in the
 
depolymerization of cellulose were observed. The first phase
 
was very rapid: after 5 days of decay, cotton cellulose was
 
depolymerized up to a DP of 800. Then, a slower phase of
 
depolymerization developed, during which cellulose DP decreased
 
linearly. Finally, the levelling off degree of polymerization for
 
cotton cellulose, i.e. a DP of 200-250, was reached after 21
 
days incubation, and remained constant up to 42 days of
 
decay. Solubility in 1% sodium hydroxide increased linearly till
 
21 days, after which time, although increase still linear, the
 
rate was slowered. A maximum of 32% alkali-soluble compounds was
 
reached after 42 days of incubation.
 

The occurence of two different rates in ce]lulose
 
depolynmerization was further investigated by examining the
 
molecular size distribution of the cellulose during
 
decay (Figure 2). Only one main.peak was resolved for all
 
assayed samples, irrespectively of the extent of
 
depolymerization achelved. However, with decay time, the peak
 
broadened and evolved to the zone of lower DP. In addition,
 
since day 14, increasing amounts of low molecular weight
 
compounds (DP<60) accumulated. Polydispersity (DPw/DPn) Increased
 
gradually with colonization, reaching a maximum after 22 days of
 
decay and then slightly decreased (Table 2).
 

3. 	 Pulse-labeling of 14C-9lucose during cellulose
 
depolymer izat ion
 

An experiment was performed in which 14C-glucose was fed to
 
to the feeder strip during the most active phas e of
 
depolymerization of cotton cellulose, as determined In the
 
previous experiment of this study. The fate of radioactivity was
 
followed after 1, 3 and 7 days of radiolabeling. Almost 70% of
 
the fed 14C-glucose was converted to 14CO2 after seven days of
 
inculation. However, 42% mineralization was achelved duzling the
 
first 20 hours after adding radioactivity (results not shown).
 

Fungal translocation of 14C-ylucose from the feeder ntrip to 
cotton cellulose was very efectlve. 5.3, 7.9 and 1.4% total 
radioactivity was recovered In celllose extracts after 1, 3 and 
7 days of labeling, respective]y. Typical results obtained after 
separat:ion of the labeled low mo]ecu]ar weight compouiic-":-creted 
during cellulose decay, as a result of fungal translocatinr arid 
transfornation of 14C-glucos:,, are shown In FIgure 3. Data 
obtained for 3 days of labellrlg Is shown as an cxarwiple . The 
results of this experiment Fhow',ed tlhat only a mlinor peak of 14 C 
radioactlvity was pres_nt at th'e excluslon volu-'e of the c olu.I 
(HW>4.000). Low, but significant :ndog iuca I,.e activity :', s 
det:ermIned on thls fract in by r,-ai of vIscor-etr Ic net hudz (,\ 
(results not shown). However, no exoglucanase activity could be
 
E-und. 



On the contrary, tk.o low MW compounds, with apparent MW of
 
2,000 and 1,000D, were actively synthesized during this stage of
 

depolymerization. The latter were strongly radiolabeled during
 
the first day of feeding. Essentlally the same profile for all
 
14C compounds shown in Figure 3 was found in labeled samples,
 
whatever was the harvesting time. Furthermore, preliminary
 
experiments where 14C-glucose was added only after 3 days of
 

incubation with cotton cellulose, revealed that the same two
 
low MW compounds were been actively synthetized even at this
 
early stage of decay.
 

On the opposite, these two compounds could be quantitated by
 
(MW
their absorbaice at 280nm only after 13 (MW of 2000) and 17 


of 1000) days of decay, i.e. when cellulose DP had almost reached
 

Its lowest value (Figure 4). Furthermore, in highly depolymerized
 
cellulose (50 days of decay), a new compound absorbing at 280nm,
 

with an approximate MW of 1500 (fraction 35) developed (Figure
 

4). Recent experiments where 14C-glucose was pulse-labeled to
 

cultures at different incubation times, showed
depolymerizIng 

that the onset of the synthesis of the latter begun only after 20
 

days of decay. only after Finally, the peak showing the lowest
 

molecular weight has strong absorbances at both 280 and 400nm. It
 

the samples and eluted at the inclusion volume
was present In all 

of the column. It is Interesting to point out that apparently no
 

cotton
14C-glucose diffused through the feeder strip to the 

radioactivity In tile
cellulose, as shown by the absence of 


fractions eluted at the corresponding molecular weight, i.e. the
 

Inclusion volume of the column (Fig. 3).
 

amine residues in extract
The presence of primary 

components was also determined by assaying all the collected
 

As illustrated in Fig. 3, the
fractions for ninhydrin reaction. 

MW of was the only one to give a
compound with an apparent 1.000 


positive reaction to ninhydrin.
 

a
Elemental analysis of a cellulose sample harvested at 

stage of active depolymerization showed substantial accumulation 

of Ca and Mg (Table 3). Among transItion metals, only Mn and Fe 

were found to accumulate. Furthermore, more than 50% of total Mg 

and Mn, and 30% of total Fe, appeared to be extracellular and 

water-soluble. Figure 5 shows the results obta Ined for the 
soluble extract of this sample afterelemental analysis of the 


separation by gel permeation chromatography. Sodium, calclium,
 

zinc and copper eluted at the Nclus1on volume of tile colunn,
 
. A -harp and unlquei.e. after fraction 413 (results not shown) 

peak 	 of manganese and magnesium wais found at fraction -10;
 
that these cations co-eluted with th, maln
therefore, it seems 


low MW peak radiolabeled during the l.iC-pu]se (see Fig. 3). Iron
 

was also found in this fraction. The rcsnltlreg g:.n:Fen ratio was
 

10:4:1. FlIaly, it is noteworthy that the second 1.-.l that 

resolved for iron (fractlon 31) co-e ute.d with the SeCond low MW 

compound which appeared radlolateled after feeding 14C glucose 
to the depolymerizIng cultures.
 



DISCUSSION
 

The experirents carried out here on the effect of water content
 
on cellulose depolymerization showed that at least a 30% dry
 
matter content is necessary to permit significant
 
depolymerization of cellulose by the brown-rot system. The
 
reasons for this threshold In water content, as well as for the
 
effect of water on the depolymerizing system, are unclear. One
 
possible explanation is that high water concentrations repressed
 

the synthesis of the depolymerizing system. Another possibility
 
is that, although the system Is activated, the agent responsible
 
for depolymerization was diluted In the medium and therefore
 
could not rise Its target, cellulose; It Is also possible that
 
the agent simply reacts preferentially with water than with
 

cellulose or the other structural polymers. Finally, cellulose
 
recrystallization, which has been described to occur In aqueous
 

media (Bertran and Dale, 1985) could also have been partially
 

responsible for the limited depolymerization observed at low dry
 
matter contents. Indeed, while alcohols do not produce 
recrystallization of amorphous cellulose, water promotes the 
recrystallization process as a consequence of its high surface 
tension and hydrogen bonding capacity (Wadhiera and Manley, 

1965). Therefore, as the oxidative agent attacks cellulose chains
 
within the amorphous regions (Kirk et al, 1989), water could
 

reduce cellulose depolymerization by decreasing the number of
 
areas susceptible for cleavage.
 

Since the early stages of decay, molecular weight distribution of
 

the cellulose samples resolved in only one main peak (Figure 3).
 
This confirmed previous results of Highley et al (1989),
 
concerning random cleavage within cellulose chains by the brown­

rot system. However, polydispersity calculations gave much higher
 
results than those reported by Highley et al (1989), as well as
 
for that obtained on acid prehydrolysis (Wood and Conner, 1988).
 

These differences could be explained by the fact that brown­
rotted cellulose samples prepared by these authors were
 
previously washed with 14aOhI before analysis, resulting In the
 
removal of low molecular weight molecules, leading therefore to
 
lower DPw/DPn values. Furthermore, the method employed by these
 
authors to recover cellulose tricarbanilate derivatives
 
(Schroeder and lHalgh, 1979) leads to sample frac-tionat!on, and
 
ther-fore to the loss of the low molecular weight fraction (Wood
 
et al, 1986).
 

The accumulation of a cellulose-derived low molecular veight
 
fraction, concomitantly to the decrease In cellulos-,e len-th 
during decay (Figure 3) could result either from the sequential 
action of the depolymerizing agent , as well as from enql'c.in.:: 
activity, which develop In paral I to the re duction in moleCutlar 
s ize . I nide.d, a fter the ox IdIt IV--% % nt hs3 "o1"v :'d" th1" 
cellu ose f lhern, endoglucri, -, :hvnl]ln he able to )1nd and 
partIalIy hydrolize depolym(rI-.d cellulose near the sIte vwhr" 
the oxidative cleavaqe took Place. Anyv.y, this occurs wIthIn the 

http:enql'c.in


amorphous, regions of the polymer, as discussed above, and Is 
consistent with the increase In cristallinity of brown-rotted, 
as compared to sound, cellulose (llghley et al, 1989). 

Fenton reagent has been implicated in cellulose
 
depolymerization by brown-rot fungi (Cowling nad Brown, 1969;
 
Koenigs, 1974). Results of elemental analysis indicated that iron 
Is contained in two low M.W. compounds secreted by P. plac:enta 
during cellulose depolymerization. NinhydrIne posItive reaction 
of the lowest MW compound suggests that this compeund could be 
related to siderophore activity. Furthermore, manganese, another 
transition metal was also found to be associated with iron within 
the same molecule. To our knowledge, specific mangznese bearers 
have only been described in Bacillus subtilIs, although 
structural characterization and regulation have not been 
reported. The possible role of this bimetallic compound on 
cellulose depolymerization has not been assessed, but is 
currently under investigation. 
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Table 1: Effect of dry matter content on the depolymerization
 
of cotton cellulose by Porlia placenta.
 

% dry matter DP 

2 760 
10 720 
20 750 
30 350 
40 320 

Table 2: 	Evolution of average molecular weight and polydispersity
 
of cotton cellulose during its incubation with the
 
brown-rot fungus Porla placenta
 

Incubation time MW Polydispersity 
(days) (DPw/DPn) 

0 2044 1.84 

5 1642 2.34 
14 710 3.09 
22 422 5.27 
42 273 4.49 



INCOTTON 	CELLULOSETABLE 31 	 ELEMENTAL CONCENTRATIONS (ft/G COTTON) 
AFTER 17 DAYS OF DECAY BY PORIA PLACEUTA 

ELEMENTS 

P CA M'G ZtN 4.1 [E CU Co 

TOTAL 43,0 220,1 61,5 18,0 31,9 32,7 ND NiD 

SOLUBLE EXTRACT (%) 18 19 63 36 56 32 - -

N .1).: ,-,o" -~kL 



f; Kinetics of Cellulose Depolymerization by P.placenta 
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1. Visit of Dr Eduardo Agosin to ICAITI in Guatemala
 

During the week of the 29th of may to the 2nd of June, Dr
 
Eduardo Agosin visited ICAITI to carry on the
 
arrangements for the collaborating study. As it is stated in
 
the work plan of the project, ICAITI was to contribute to the
 
project by attempting brown rot fungi isolation and test
 
local agroindustrial residues in solid state fermentation at
 
laboratory level with strains donated by Dr Agosin.
 

During his stay Dr. Agosin gave a lecture on the work
 
carried out by the Biotechnology Unit at the Institute of
 
Nutrition and Food Technology (INTA) in Santiago, Chile. Also
 
some highlights of the Congress on Biodegradation of
 
Lignocellulosics that took place in North Czrolina, USA, the
 
preceding week.
 

Also time was devoted to some attempts of isolation cf
 
brown rot fungi. Several sites were visited of different
 
clime conditions, however the season is the driest for the
 
year in Guatemala and it was decided to repeat the isolations
 
during the rainy season.
 

An agreement was written to define the activities to be
 
taken by ICAITI.
 

P. Visit of Roberto de Le6n to the Biotechnology Unit at INTA 

During the week of the 10th to the ltth july, 1989,
 
Roberto de Le6n made a visit to the Biotechnology Unit (BU)
 
at INTA in Santiago, Chile. The main purpose was to get
 
familiar with the procedures of solid state fermentation
 
carried out in samples of wood chips. At the B.U., an initial
 
preparation for wood is made by extraction with
 
ethanol:toluenp, followed by a thermal treatment at 65- C
 
with acetic acid and sodium hypochlorite.
 

Solid State fermentation is carried out by using the glass
 
columns designed years ago in France, with an air inlet
 
inserted in a glass tube containing water, to humidy the
 
incomming air. The whole system is placed in a incubator so
 
the temperature is up to 351 C. Glass wool is used to avoid
 
any enzymic action on cellulose in the case of using cotton.
 
The column system is aerated by using an aquarium pump. The
 
whole system is incubated from 6 to 2 weeks . Afterwards, or
 
during the incubation period, the evaluation of the attack is
 
made. This includes the measurement of the degree of
 
polymerization according to the TAPPI method.
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Other activities during the visit included getting in
 
touch with the Chemical Engineering group working in
 
collaboration with the B.U. for this project and in charge of
 
making tests for the lignin utilization. Another activity was
 
to present a lecture to the B.U. personnel on ICAITI's
 
research activities
 

Additional training was taken for column preparation, soil
 
biock techniques and the method for carboxylic group
 
determination.
 

From the visit to the B.U. eleven strains of brown rot
 
fungi were brought to Guatemala.
 

Strain Culture collection No
 

-Poria placenta MAD-698-R
 
-Glorophyllum trabeum STPI-Suecia
 
-Lentinus lepideus CTB 67-03-A
 
-Wolphiporia cocos FP-40580-R
 
-Glorophyllum trabeum 6M-R
 
-Lactiporus sulphureum OKM-9051-S
 
-Serpula lacrymans CBS-751.79
 
-Poria monticola HHB 1195-SP
 
-Coniophora puteana CBS 132.71
 
-Inonatus weiri CBS 663.85
 
-Phaseolus schweinitzii 14.854-5
 

3. Collection trips
 

During the stay of Dr Eduardo Agosin in Guatemala two main
 
attempts of isolation of strains were done. One in the nearby
 
areas of Guatemala city, at the local camp site of the boy
 
scouts association and the other in the mountains surrounding
 
lake AmatitlAn, both sites within a range of 15 km of the
 
city. The first site visited was a park were intensive
 
maintenance is given and rests of decaying wood are readily
 
taken away. The second site was a forest near coffee
 
plantations by the edge of a small stream of water, some
 
samples were taken because more evidences of fungal growth
 
were found here.
 

A second collection trip was done to a University Park
 
located about 120 km to the north. This is a place were the
 
forest is left untouched, actually it ,was created to preserve
 
a natural habitat for the national bird, the Quetzal. However
 
less evidences of brown rot fungi were found, perhaps because
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it is a kind of forest of the "rain type" were plants live
 
shorter lifes and are made of more soft wood.
 

After the departure of Dr Agosin, collection trips were
 
initiated again until the rminy season appeared. This time
 
the trips were made into forests of 1500 to 1200 m above sea
 
levol. On this occasion, a forest with new and young trees
 
was found about 30 km east from the city and were old trees
 
were chopped down for firewood, however the old stumps
 
remained there and they were attacked and presented decaying
 
symptoms. Samples were collected and isolations were
 
attempted ",rom this.
 

Another collection trip was done to the west on the highlands
 
of Guatemala. A visit made in 1990, to promote a mushroom
 
project, put us in contact with people who harvest mushrooms
 
in the forest and they collected and showed us samples of
 
decaying wood. Again populated areas are difficult for this
 
kind of collection due perhaps to the demand for firewood. It
 
is difficult to find samples of trees old enough to present
 
the type of attack that we were looking for.
 
From all the isolates obtained in the collection trips, the
 
Bavendam test was performed but only two isolates were
 
considered potential brown rot fungi.
 

4. Experiments with materials available in Guatemala.
 

In the agreement between ICAIFI and Dr E. Agosin the tests
 
for biodegradation were to performed on agroindustrial wastes
 
such were considered to be: sugar cane bagasse, citronela and
 
lemon tea bagasse, oil palm bagasse, wheat straw , pine and
 
eucaliptus sawdust. These are the main agroindustrial waste
 
of lignocellulosic nature that would be available in the
 
country. Experimentes were to be carried out with the two
 
main strains of briwn rot fungi that were brought from INTA
 
Biotechnology Uni. in Chile.
 

4.1. Experimental set up
 

The experimental design was carried out in columns aireated
 
at the bottom with the air passing through a glass tube
 
filled with water. The set-up was placed in an incubator room
 
with the controlled at 39-" C, therefore temperature of the
 
material and the water was equilibrated. Twelve columns were
 
used for each treatment, two were taken every two weeks for
 
analysis.
 

The columns, plastic tubings and accessories, were
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sterilized at 121r- C for twenty mi-utes. Air came from the
 

central system of the institute that uses a compressor that
 

maintains pressures of 70 to 100 psi; with the help of a
 
regulator, the pressure was dropped to five psi and then
 

conducted via a Tygon plastic tube to the incubator room.
 
There it went through a glass wool filter and bubbled in
 

sterile water to saturate it with moisture.
 

The samples were taken every two weeks and they were analyzed
 
for celiulose, hemicellulose, lignin, degree of
 
polymerization and total sugars. A preliminary run was made
 

with sugar cane bagasse. With sugar cane, three levels of
 
nitrogen were assayed because of previous experiments with
 
white rot fungi showed low activity oF the tested strains due
 
to low levels or unavailability of nitrogen; the levesl were
 

no supplementation, and supplementation to the ratio of 12:1,
 
and 25:1, carbon to nitrogen.
 

Analysis performed on the residues were
 

-Degree of polymerization (according to the method Viscosity
 

of pulp T-230 om-82) TAPPI, 1988
 

-Lignin-acid-detergent, according to USDA, 1979
 

-Neutral detergent, according to TAPPI, 1900
 

-Lignin permanganate, cellulose, insoluble ash
 

4.2. Results
 

4.2.t Preliminary Degradation of agroindustrial residues 

The first trials were made on sugar cane bagasse. This is one
 

of the most important lignocellulosic residues available for
 

many reasons and one of them is their abundance and easiness
 

to collect due to its accumulation in the sugar factories.
 

Because of previous assays with white rot fungi, two levels
 

of nitrogen supplementation were tested against no
 
supplementation.
 

Results are presented in Figures 1-10 and in Tables 1-5 in
 

Annex I and Annex II respectively. Results after eight weeks
 

of incubation gave some interesting hints, apparently no
 

supplementation was neccesary in the case of G. trabeum and
 

did some effect with W. cocos. For G. trabeum the best
 

results were obtained for decreasing the DP in 43.8 % with no
 

added nitrogen (C:N ratio of 180:1), for C:N, 25:1, 11.8 % in
 

reduction of DP and for 25:1, C:N, a reduction of 17.3%.
 

6
 



Cellulose digestion for 180:1 C:N, was of 43.77 % from the
 
original whereas for 25:1 C:N, 11.6 % and for a C:N of 12:1,
 
17.3 % of cellulose digestion when compared to the original
 
concentration. The tendencies in lignin and hemicellulose
 
were much the same.
 

For W. cocos, the change in DP was of 15.3 % when not
 
nitrogen supplemented whereas in 25:1 and 12:1 the change was
 
of 46.16 and 42.79 % respectively. Cellulose degradation was
 
of 15.5 % -for no supplementation and 42.8 % for 12:1 and 45.9
 
for 25:1 ratios of C-N. Hemicellulose and Lignin were
 

increased as they are fractionA not really touched in this
 
kind of biodegradation.
 

The second part of the assays, based on the results obtained
 
with sugar cane bagasse, were made in lemon grass, oil palm
 
bagasse and wheat straw.
 

Results are presented in Figures 11- 20 and in Tables 6-25 in
 
Annex I and Annex II respectively.
 

The obtained results show a similar activity in the three
 
substrata, lemon grass, oil palm and wheat straw when treated
 
with Glorophyllum trabeum and Wolphiporia cocos.
 

We will revise the results by components, the first one,
 

cellulose, is presented in Figure 11 for the treatment with
 
G. trabeum and in Figure 12 for the treatment with W. cocos.
 
In six weeks in all cases of substrates, G. trabeum ends up
 
with about 22 % of cellulose as % dw begining with values in
 
the range, of 33 to 38 %; action on sugar cane seems more
 
constant than the other substrates where the final two weeks
 
worked better. The results with W. cocos are more diverse,
 
lemon grass and wheat straw cellulose seem more degraded,
 
followed by oil palm specially in the last two weeks, whereas
 
in sugar cane the decrease is much smaller; final cellulose
 
concentrations however never got down from 20 % in both
 
strains of brown rot fungi.
 

In the case of hemicellulose, we can see in Figure 13 that G.
 
trabeum had some effect on wheat straw hemicellulose and
 
apparently little effect on the other substrates, sugar cane
 
hemicellulose is not affected and actually increases from an
 
initial value of 26.62 %, to 37.9%, lIkely from the loss in 
cellulose. In Figure 14, W. cocos has a similar effect 
either in sugar cane as well as with the other substrates.
 

In Figure 15 we find the results obtained with 6. trabeum on
 
the concentration of lignin, G. trabeum leaves the lignin at
 
34.6% from an initial value of 20.77% in the case of sugar
 
cane (a 66.6% increase) the next best substrate is lemon
 
grass with an increase of 54%, oil palm though not having an
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effect of more than 29.31% of increase, ends at six weeks
 
with 32 % dw of lignin roughly the same as lemon grass.
 
W. cocos as noticed in Figure 16 has a minor effect in sugar
 
cane with only 21 % of increase, whereas for wheat straw the
 
increase is in the order of 60 % to a final concentration of
 
36.87 %, the highest of the tests.
 

The highest decrease in the degree of polimerization was
 
obtained in the sugar cane bagasse with 20.56 %, when this
 
substrate was treated with G. trabeum and for the other
 
substrate the effect was small.
 

When W. cocos was used, the effect was similar but in the
 
case of sugar cane it was a matter only of 15%
 

The presence of total sugars was evident only in the case of
 
lemon grass treated with W. cocas lemon grass with an
 
increase of 93.85% .
 

The behavior in the concentration of total sugars was
 
definitively a consequence of its liberation during the
 
incubation time as well as its consumption.
 

The overall impression is that for these strains of fungi,
 
sugar cane bagasse seems a better substrate, and particularly
 
if it compares well even for the non nitrogen supplemented
 
data.
 

4.2.2. Optimization of conditions
 

From the above experiments it was noticed that the most
 
promising substrate was sugar cane bagasse. For the tested
 
strains, no nitrogen supplementation was made at this time.
 
A first condition was to optimize aeration, which was being
 

provided in the first two sets of experiments by the central
 
air unit of the laboratories and though equipped with a
 
regulator, the flow was extremely variable; by using aquarium
 
pumps and a manifold with keys that could regulate the flow
 
more precisely. Every two days the flow was checked and
 
corrected to the value of one volume of air for volume of
 
substrate per minute (VVM).
 

Results are presented in Figures 21-24 and Tables 26-29 in
 
Annex I and Annex II respectively. For DP, there was an
 
improvement for G. trabeum because we obtained a change of
 
43.69% in the first assay and with a regulated aeration of I
 
VVM, 51.19 % , however, for W. cocos the response without
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nitrogen supplementation was of 15 % and with I VVM, the
 
change was of 21.74%.
 

Cellulose consumption was originally 43.67% in six weeks for
 
G. trabeum and this time the consumptiom was of 47.61%. In 
the case of W. cocos, the first assays gave a consumption of 
15.36% and with the air at I VVM, 19.35%. 

Hemicellulose was concentrated because of 
its low
 
consumption; in the first trials, for G. trabeum, the change
 
was to become 42.41% higher, and with regulated aeration,
 
49.1% For W. cocos the first change was 50.34% higher and
 
with air 52.97%.
 

About the lignin concentration, in the first part the results
 
obtained gave for G. trabeum of 66.59% increase in lignin
 
content and 21.57% for W. 
cocos. The aeration controlled
 
trials gave results of 89.06 % increase in lignin
 
concentration for G. trabeum and 52.77 % for 
W.cocos.
 

The regulation of air at the level of I VVM was picked up

because at higher rates, there was more drying and cooling
 
effects. With a volume of about 120 cm3 occupied in the glass
 
column, the flow rate was 
set at 120 cm3 of air per minute.
 
Small changes had to be made about every two days when a
 
rotameter was used to check the flow.
 

Anyhow we could increase the performance of the strains on
 
the sugar cane bagasse only by supplying the air in a
 
constant flow and at a level high enough to provide oxygen.
 

Optimization trials were to conducted on several aspects of
 
substrate composition and operation of the solid state
 
fermentation. Levels of minerals besides air flow were 
to be
 
estimated. Unfortunately time was not enough to cover all
 
aspects
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Figure 2
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Figure 3 
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Figure 4 
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Figure 5
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Figure 6 
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Figure 7 
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Figure 9
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Figure 10 
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Figure 11
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Figure 12
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Figure 13 
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Figure 14 
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Figure 15
 

Evolution of lignin
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Figure 16 
Evolution of lignin 
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Figure 17 
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Figure 19 
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Figure 21
 
Sugar cane bagasse. aireation 1 VVM
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Figure 22
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Figure 23 
Sugar cane bagasse. Aeration 1 VVM 
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Sugar cane bagasse. Aeration 1 VVM 

DogrGo of PollrrarIzatlon
8000 

2000 ............................
 

10 00 ........................................... .. .. . ...............................................................................................
 
- .............................. ......................................................
 

1600 ......................................... -- .......................................................
 

1000 . .... .................................................................................................................... I..........................
 

1500 .................. -" 1".-.":-.. ......... 


0 1 
qontrol 

I L 
2rd weak 4th vwek 

Weeks of incubation 

I 
8th \Ak 

( , trabaum --- W cocos 



Annex II
 

Tables 1 to 29
 



TABLE I
 

Results of degree of polymerization in sugar cane bagasse
 
after growth of 6. trabeum and W. cocos.
 

Gloeophyllum trabeum 
Time in weeks 

Control C:N Two Four Six Eight 

2669.68 180:1 1917.97 1590.94 1500.36 1590.22 
12:1 2529.34 2276.78 2207.72 2413.62 
25:1 2652.04 2643.29 2354.53 2344.50 

Wolphiporia cocos 

180:1 2566.16 2282.07 2260.53 1966.55 
12:1 2568.76 1748.68 1527.40 1499.05 
25:1 2286.71 1947.57 1437.19 2008.32 

Results of content 
TABLE 2 

of % cellulose in sugar cane bagasse after 

growth of G. trabeum and W. cocos 

Time in weeks 

Control C:N Two Four Six Eight 

G. trabeum 

37.58 
12:1 
25:1 

26.98 
35.60 
37.33 

22.36 
32.05 
37.21 

21.13 
31.05 
33.15 

22.27 
32.89 
33.70 

W. cocos 

12:1 
25:1 

36.11 
36.14 
32.19 

32.06 
24.59 
27.54 

31.75 
21.46 
20.32 

27.65 
21.03 
21.46 
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TABLE 3
 

Results of content of % Hemicellulose in sugar cane bagasse
 
after growth of G. trabeum and W. cocos
 

Time in weeks
 

Control C:N Two 

26.12 180:1 32.38 
12:1 37.68 
25:1 32.88 

180:1 34.66 
12:1 38.06 
25:1 29.83 

Four 


6. trabeum
 

35.60 

40.64 

33.23 


W. cocos
 

38.35 

41.76 

40.22 


TABLE 4
 

Six Eight 

37.91 
44.88 
35.34 

38.11 
39.38 
36.18 

40.02 
44.81 
38.46 

45.93 
44.23 
38.64 

Results of Lignin content in % in sugar cane bagasse after
 
growth of G. trabeum and W. cocos
 

Time in weeks
 

Control C:N Two Four Six Eight
 

G. trabeum
 

20.62 180:1 29.54 32.43 34.60 36.15
 
12:1 21.53 22.75 22.91 24.61
 
25:1 24.81 25.33 25.43 25.70
 

W. cocos
 

180:1 24.86 25.08 25.25 23.99
 
12:1 24.92 26.18 27.79 31.04
 
25:1 24.89 30.11 33.19 26.12
 



TABLE 5
 

Results of content of total sugars in % in sugar cane bagasse
 
after growth of G. trabeum and W. cocos
 

G. trabeum
 

Time in weeks
 
Control C:N Two Four Six Eight
 

0.14 180:1 0.62 0.83 0.89 0.92
 
12:1 0.42 0.45 0.84 0.84
 
25:1 0.32 0.33 0..37 0.35
 

W. cocos
 

180:1 0.24 0.38 0.45 0.49
 
12:1 0.30 0.30 0.73 0.74
 
25:1 0.39 0.42 0.72 0.50
 

/
 



Table No. 6
 

PERCENTAGE OF CELLULOSE IN LEMON GRASS BAGASSE
 

Time 	 in weeks 

Species 	 2 4 6 

G. t.*
 
rl 	 37.20 29.27 21.53 
r2 	 35.17 26.81 16.95 
0 	 36.19 26.04 20:C. 24 

W.c .C. 
r-I 	 29.93 29.83 20.00 
r2 	 30.73 27.45 21.46 

30.33 2B.64 	 20.73 

No te: 
Fercentaige of cellulose in the original Lemon grass bakga_=se 
rI- = 36.37, r2 = 36.83, , = 36.60. 

* G.t. = Glorophyllum trabeum 
* W.c. = Wolfiporia cocos 
* 	 = average 

r = repetition 



Table No. 7
 

PERCENTAGE OF CELLULOSE IN OIL PALM BAGASSE 

Time 	 in weeks 

Species 	 2 4 6 

G. t.* 
r 3'7.33 36.60 23.30 
1-2 37.90 34. 21 21.68 

3'7.62 35.41 	 22.49 

w.c., 

38.70 38.37 	 25.83 
1-2 	 39.27 36.24 22.96
 

9.CC 37.31 	 24.40' 

No te:
 
Fercentane of celIlCse in the original Oil Palm bagasse
 
was of: rI = 34.60. r2 = 35.07, .0 = 3z .8.
 

* G.t. =Glorophyllum trabeum 
* W.c. Wolfiporia cocos 
* 	 average 

r = repetition 



Table No. 8
 

PERCENTAGE OF CELLULOSE IN WHEAT STRAW 

rime in weeks 

Species 	 2 4 6
 

G.t.* 
1-1 	 35.30 36.07 22.07 
r2 	 34.B4 37.93 20.42 
0 	 35.17 37.'0 21.25 

W.c. 	 * 

r 	 31.00 30.53 20.63 
r2 	 28.55 27.61 21.19
 

29.78 29.0'7 	 20.91 

Note: 
Percentaqe of cellulose in the original wheat straw was of: 
rl = 34.00, r2 = 32.93. = 33.'7. 

• G.t. = Glorophyllum trabeum 
• W.c. = Wolfiporia cocos 

S 	 0P = avecage
 

r = repetition
 



Table No. 9
 

PERCENTAGE OF CELLULOSE IN SUGAR CANE BAGASSE
 

Time in w.eeks 

Speccies 	 2 4 6 

G. t.* 
rl 26.95 22.41 21.11 
r2 27.00 22.31 21.15 

26.98 22.36 21.13
 
W. . * 
1l 	 36.21 32.21 31.69
 
-2 	 36.01 31.90 31.81 

36.11 	 32.06 31.75 

Note:
 
Fercentace of ce1lulose in Orcliinal sugar cane bagasse 
was of: rl = 37.45 , r2 = 37.56 , s = 37.51 

M G.t. = Glorophyllum trabeum 
. W.c. Wolfiporia cocos 

* 	 = average 
r repetition 



Table No. 10
 

PERCENTAGE OF HEMICELLULOSE IN LEMON GRASS BAGASSE
 

Time in weeks
 

Species 	 2 4 6
 

G.t.*
 
rl 39.73 40.17 40.20
 
r2 36.9' 39.13 38.33
 

38.22 39.65 	 3?.27
 

W.c. 
rl1 38.43 40.90 43.20 
r2 37.3*7 39.62 40.11 

37.90 40.26 	 41.66
 

No te:
 
Fercentarie of hemicelluloDesi in the original Lemon Grass 
bagasse was of: -I = 37.47q r2 = 38.70, 0 = 38.09. 

* G.t. = Glorophyllum trabeum 
* W.c. =Wolfiporia cocos 
* 	 j = akve-ace
 

r = repetition
 



Table No. 11
 

PERCENTAGE OF HEMICELLULOSE IN OIL PALM BAGASSE
 

Time 	 in weeks 

Species 	 2 4 6 

G.t.* 
3 .97 35.62 41.27 

r2 38.00 36.48 42.81
 
S 38.49 36.05 42.104
 

W.c .*
 
rl 36.57 39.03 40.90
 
r2 3 7.10 41. 20 38.69
 
9136.84 40.12 39.80
 

Note: 
Percentage cf hemicellulcse in original Oil Palm bagasse was 
of: rl = 40.67, r2 = 39.06, ,0 = 39.87. 

* G.t. Glorophyllum trabeum 
* W.c. =Wolfiporia cocos 
* 	 0 = average
 

r =: repetition
 



Table No. 12 

PERCENTAGE OF HEMICELLULOSE IN WHEAT STRAW
 

Time in weeks 

Species 2 	 4 6
 

G. t.*
 
r 1 33.13 37.07 38.57
 
r2 33.06 3B.26 38.91
 

33.10 37.67 38.74
 
W.c.4 
rl 35.93 34.77 36.27
 
r2 33.00(') 32.26 33.88
 

34.47 33.52 35.08
 

N'ote: 
Percentaqe of hemicellulose in the original Wheat Straw" 
was of: rl = 35.77, r2 = 36.79, 0 = 36.28. 

* G.t. = Glorophyllum trabeum 
W.c. 	 = Wolfiporia cocos 

* 	 = average 

r =repetition 



Table No. 13
 

PERCENTAGE OF HEMICELLULOSE IN SUGAR CANE BAGASSE
 

Time in weeks 

Species 	 2 4 6
 

G. t .* 

r 1 32.34 35.67 37.92 
r2 32.42 35.52 37.90 

3R.38 35.60 37.91 
W.c. *
 
ri 34.82 38.24 39.99
 
r2 	 34.5) 3B.45 40. 05 

34.66 38.35 40.02 

No t e: 
Percentaqe of hemicellulcse iii original sugar cane bagasse 
was of: rl = 26.98 , r2 = 26.25 v , = 26.62 

* G.t. = Glorophyllum trabeum 
* W.c. = Wolfiporia cocos 
* 	 = average 

r repetition 



Table No. 14
 

PERCENTAGE OF LIGNIN IN LEMON GRASS BAGASSE
 

Time in weeks 

Species 2 4 6 

G. t. 4 

1l 19.50 25.33 31.40 
r2 22.80 25.80 33.26 

w. c.* 
21.15 25.57 32.33 

I5. 77 23.60 3-).33 
r2 26.53 24.92 28.41 

26.15 24.26 29.37 

No te:
 
Percentage of lingnin in oriqinal Lemon Grass bagasse 
was of: r= 20.30, r2 = 21.73, 0 = 21.02. 

* G.t. = Glorophyllum trabeum 
* W.c. = Wolfiporia cocos 
* 	 = average 

r = repetition 



Table No. 15
 

PERCENTAGE OF LIGNIN IN OIL PALM BAGASSE
 

Time in weeks 

Species 	 2 4 6 

G.t.* 

rI 23.03 23.17 33.90 
r2 23.53 24.69 30.15 
P 	 23.28 23.93 32.03 
W. c .i 
rI 24. A 22.40 33,00 
r2 22.87 21.86 3r). 25 
0 	 23.64 22.13 31.63 

N.(:, te : 
Percentaqe of lignin in oriqinal Oil Palm bagasse 
was of: rl 24.10V r2 = 25.43, i = 24.77. 

* G.t. = Glorophyllum trabeum 
* W.c. =Wolfiporia cocos 
* 	 = average 

r = repetition 



Table No. 16
 

PERCENTAGE OF LIGNIN IN WHEAT STRAW
 

Time in weeks 

Specie-- 2 4 6
 

G.t.* 

ri 22. 67 19.87 29.90
 
r2 22.00 18.87 26.68 

22.3.4 19.37 26.79
W.c. ** 

.27 25.1 o 37. 73 
r2 27.50 27.69 36.01 

25.89 26.50. 36.87 

Note:
 
Percentage of l ignivi in oriqinal wheat s-traw was 
of: rl = 22.60, r2 = 23.27, 0 = 22.94. 

G.t. = Glorophyllum trabeum 
* W.c. Wolfiporia cocos 

0 = average 
r =repetition 



Table No. 17 

PERCENTAGE OF LIGNIN IN SUGAR CANE BAGASSE 

Time in wjeeks 

Species 2 4 6 

G. t.* 
1-i 29.48 32.51 34.62 
1-2 29.59 32.35 34.5e 

LW.c .** 
29.54 32.43 34.60 

S214. 80 25.00o 25.10(') 
1- 24.92 25.16 25.40 

24.86 25.08 25.25 

Note : 

Percentage of lignin in oriqinal sugar cane bagasse 
was of: i-i = 20.88 i-2 = 20.65 = 20.77 

A G.t. = Glorophyllum trabeum 
A W.c. = Wolfiporia cocos 

0 = average 

r repetition 



Table No. 18
 

DEGREE OF POLIMERIZATION IN LEMON GRASS BAGASSE
 

Time in weeks
 

Species 	 2 4 6
 

6.t.* 
rl 1599.1 1235.9 1215.3 
r2 1589.1 123(.1 1218.3 
0 1941. 1 1233.0 1216.8 
W.C .* 
rI 1435.3 1375.0 1142.1 
r2 1431.6 1372.0 1147.7 

1433.5 1373.5 1144.9
 

Note:
 
The degree of pclimerization in the original Lemon Grass
 
bagasse was of: ri = 1562.0, r2 = 1555.9, = 1159.0.
 

* G.t. Glorophyllum trabeum 
* W.c. Wolfiporia cocos 
,~0 	 = averaqe 

r repetition 



Table No. 19
 

DEGREE OF POLIMERIZATION IN OIL PALM BAGASSE
 

Time iii weeI:s
 

Species 	 2 4 6
 

G.t .* 

r1 1042.6 1042.6 1004. 1 
r2 1044.9 1038.2 1002.7 

1043.8 1040.4 1(0(03.4
 
W. * 
rI 1002.5 1002.2 910.65
 
r2 1003.4 1000.2 915.33
 

1003.0 10CI .2 916.99
 

Note:
 
Degree of polimerization it the original Oil Palm bagasse 
was of: rl = 1126.6, r- = 1121.5, 0 = 1124.1. 

G.t. Glorophyllum
G 	 = trabeum 
* W.c. Wolfiporia cocos 
A 	 = average 

r = repetition 



Table No. 20
 

DEGREE OF POLIMERIZATION IN WHEAT STRAW
 

Time in weeks 

Species 	 2 4 6
 

G. t. 
rI 	 1304.8 1289.2 1106.B 
r2 129e.2 1286.5 1109.8 
. 1301.5 1287.8 1108.3 
W.c .* 
1-I 1225.7 1245.0 1139.1 
r2 1206.8 1236.6 1160.5 

1216.3 1240.8 1149.8 

No'te:
 
Degree of polimerization in the original wheat straw was
 
of: rl 1302.8, r2 = 13C'4.6, g' = 1303.7.
 

, G.t. = Glorophyllum trabeum 
* W.c. = Wolfiporia cocos 
A 	 0 = average 

r = repetition 



Table No. 21
 

DEGREE OF POLIMERIZATION IN SUGAR CANE BAGASSE
 

Time in weeks
 

Species 	 2 4 


G.t.* 
rI 1916.21 1591.62 1500.22
 
r2 1919.73 1590.26 15100.49
 

1917.97 1590.94 1500).36
 
W.C.*
 
r 2573.61 2293.10 2256.64
 
r2 2558.71 2271.03 2264.41
 

2566.16 2282.0.-)7 2260.53
 

Note: 
Degree cf polimerization in original sugar cane bagasse 
was of: rl = 2660.45, r2 = 2668.26, = 2664.36 

* G.t. = Glorophyllum trabeum 
* W.c. = Wolfiporia cocos 
* 	 $ = average 

r repetition 

6 
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Table No. 22 

PERCENTAGE OF TOTAL SUGARS IN OF LEMON GRASS BAGASSE
 

Time in weel:s 

Species 2 4 6
 

G. t.* 
r1 C. 1901 0. 1303 0.09700 
r2 C. 1980 0. 1451 0.09918 
0 0.1941 C.1377 o.098o9
W.c .* 

-I 0.1343 0. 2335 0.2454 
r2 0.1360 0).2401 0.2461 
0 0.1352 0.2368 0.2458 

Note: 
Percentage of total sugars in original Lemon Grass bagasse 
was Lf: rl = 0.1260, 1-2 =0.1275, 0 0.1268. 

* G.t. = Glorophyllum trabeum 
* W.c. = Wolfiporia cocos 
* ~ = average 

r repetition
 



Table No. 23
 

PERCENTAGE OF TOTAL SUGARS 
IN OIL PALM BAGASSE
 

Time in weeks 

Species 	 2 4 6 

G. t.*
 
r 1 e.1836 0. C)1893 0, 1216
 
r2 	 0.1885 0.01942 0. 1233 
0 	 0.1861 0. CI 1918 0.1225 
W. c .*
 
r i 0.1915 0)7B38 C). 0760)
 
r2 0.1901 ). 07856 0 . (:7551
 
0 	 0. 1901)8 1).07847 0. 07576 

Note: 
Percentage of total Sugai-S in orioinal Oil Palm bagasse 
was of : rl = 0.5516, r2 = 0.5134, 0 = 0.5325. 

* G.t. = Glorophyllum trabeum 
* W.c. = Wolfiporia cocos 
* 	 ~ = average 

r = repetition 



Table No. 24
 

PERCENTAGE OF TOTAL SUGARS IN WHEAT STRAW
 

Time in weeks 

Species 	 2 4 6
 

G. t.* 
1-1 0.3763 0.07417 0.16311 
r2 .3649 0. 07526 0. 1627 

0. 37€')6 0.07472 0.1629 
w. c ..* 

rI -.. 1925 0. 1303 0.163C) 
r2 0. 1967 0. 1390 0. 1676 
00. 
 1946 0. 1347 0. 1653 

Note: 
Percentage of total sugars in wheat straw 
was of: rl = 0.2631, r2 = 0.2559., = 0.2595. 

* G.t. = Glorophyllum trabeum 
* W.c. = Wolfiporia cocos 
* 	 ~ = averaqe 

r= repetition 



Table No. 25
 

PERCENTAGE OF TOTAL SUGARS IN SUGAR CANE BAGASSE
 

Time in weeps 

Species 	 2 4 6 

6. t .­

ri 0.62 0.82 0.87 
r2 0.61 0]).83 0.9C0 
00.615 	 0. 825 C.885 
L. c.* 
1 1 	 0. 240 C). 380 0. 460 
r 2 . 24C.) 0. 380C 0. 440 

(-). 24(-) C). 380 C0.45(] 

Note:
 
Percentaqe of total SLICrs in original sugar cane bagasse
 
wa s of: r I = 0. 14 ,4 	 = 0.14 

* G.t. = Glorophyllum trabeum 
* W.c. Wolfiporia cocos 
It 	 = average 

r = repetition 



Table No. 26 

PERCENTAGE OF CELLULOSE IN SUGAR CANE BAGASSE 

AERATION: 1 VVM 	 Time in weeks 

Species 	 2 4 6
 

G.t.* 

1-1 25. 902'.)..4C' 19.15 
r2 25. (0 21. 00 20.15 

25.45 20.7') 19.65 
W~.C. ** 

I 32.21 30.21 29.69 
2 	 33.01 30.90 30.81 

32.61 	 3(0.55 30.25 

Note: 
Percentaqe of cellulcse ill Criqinal SLgar cane bagasse 
was of: r = 37.45 , r2 = 37.5'6, 37.51 

• G.t. = Glorophyllum trabeum 
• W.c. Wolfiporia cocos 
i 	 $6 =average 

I = repetition 



Table No. 27
 

PERCENTAGE OF HEMICELLULOSE IN SUGAR CANE BAGASSE
 

AERATION: 1 VVM Time in weeks 

Species 2 4 6
 

G.t.*
 
r I 33.43 36.76 40.29
 
t.2 24 37.25 39.09 

32.84 37.05 39.69
 
W.c. * 
i-i 32.28 37.42 40.29 
r2 33.05 36.54 41.15 

32.66 36.98 40C). -72 

Note:
 
Percentage of hemicellilose in origiinal suqar cane bagasse 
was of: rl = 26.98 , r2 = 26.25 e26.62 

* G.t. = Glorophyllum trabeum 
• W.c. Wolfiporia cocos 

0 = average
 

r = repetition
 

A
 



Table No. 28 

PERCENTAGE OF LIGNIN IN 
SUGAR CANE BAGASSE
 

AERATION : 1 VVM Time in weeks 

Species 	 2 4 6
 

.t .* 
r 30. 4e 34. 15 39.26 
r2 29.90 35.53 38.85 

30.19 34.84 39.06 
W.C: * 

26.81 28. C0 31.11 
r2 27.29 29.56 32.34 

7.0 28.7B 31.73 

Note: 
Percentage of lignin in oiqinal SuLg-ar cane bagasse 
was of: rl = 20.8 , r2 = 20.65 )=20.77 

* G.t. = Glorophyllum trabeum 
• W.c. Wolfiporia cocos
 
* 	 = averaqe 

r = repetition 



Table No. 29
 

DEGREE OF POLIMERIZATION IN SUGAR CANE BAGASSE
 

AERATION: 1 VVM 	 Time in weeks
 

Species 	 2 4 6
 

G.t.*
 
rl 1061.12 1419.26 1320.12
 
r2 1810.37 1390.66 1280.94
 

1835.75 1404.96 1300.53
 
W.C.*
 

rl 2337.16 2240.10 2166.40
 
r2 2450.11 2171.43 2004.11
 

2397.64 2205.75 2085.16
 

Note:
 
Degree of polimerization in original sugar cane bagasse
 
was of: rl = 2660.45, r2 = 2668.26, 0 = 2664.36
 

* G.t. = Glorophyllum trabeum 
* W.c. = Wolfiporia cocos 
* 	 = average 

r = repetition 



Annex III
 
Basal Medium Fornula
 



COMPOSITION OF THE BASAL MEDIUM
 

Formula per Liter of distilled water
 

2 g NI. NC.
 

2 g VV.PO.
 

0.5 g MgSQ,.7I-LO 

0.1 g CaC I,.2t+.0 

0.57 mg H.3 BQO. 

0.036 mg MnC1e.4F1-,O 

0.31 mg ZnSQ. .7F. 0 

0.039 mg CuSO..51-j,.0
 

0.018 mg (NH,1, Mal C64 .4F6 O 

0.015 mg FeSO4.71{l_.O
 

0.001 g Thiamine Hyidrochloride
 

http:MgSQ,.7I

