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Executive Summary: Brown-rot fungi destroy wood by selective
removal of cellulose and hemicelluloses, without sigrificant 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 recearch 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 lignoceliulosic 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 develupment 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 Catélica 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.



At the same time, the collaborator Marcela Olivares, a chemical
engineer from the Faculty of Engineering of the P. Universidad Catélica
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. Alsc, part of the program was
conducted in Guatemala by M. Sc. Roberio de Leén, Director of the
Fermentation Laboratory at the Ceniral 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 cn 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 depolymerization
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




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 responcible 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(Il) and H703, which is known to generate » OH radicais] causes a
degradation of cellulose similar to that resulting from brown-rot decay
(Rojas, 1989). Koenigs (1974) demonstrated that H207 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(Il) rendered Fe(Il) (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 CO;
in semi-solid cultures in vivo. Concomitantly, cellulosc is strongly
depolymerized. Extracellular extracts from these cultures were capable
to degrade oxalic acid to COz too. We are cucrently pursuing the
identification of the responsible agent, possibly a novel extracellular
oxalate oxydase.

Classical fungal ceilulolytic 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-B-glucosidase (EC3.2.1.21). Unlike
these fungi, most brown-rct fungi do not possess cellobiohydrolase
activity (Highley, 1988). Even though endoglucanases activity by
brown-rot fungi has becn reported in liquid media (Highley, 1973),
they have been not thoroughly studied. There is only one report on the
partial purification and chkaracterization of an 1,4-B-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
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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 proraction 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 inducible by cellulose.
Furthermore, cellobiose was found to be the best inducer studied so
far (Cotoras and Agosin, 1992a; Cotoras and Agosin, 1992h).
Currently, the purification, characterization and cloning of these
enzymes is in progress. Milena Cotoras, a Ph.D. graduaie 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-rct 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 1982; Kleman-Leyer et al, 1991]).

Wcod 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



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 phenolic resins (see Hojas, 1991).

Finally, in cooperation with the Industrial Fermentation Laboratory at
ICAITI, Guatemala, the main czroindustrial wastes in Guatemala, were
used as substrates in semi-solid cultures incculated 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




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.. to the Faculty of
Engineering at the P. Universidad Caidlica de Chile, one of the major
Universities of Chile, potentiate the utilization of our findings in larger
scale prograimes.

Project Activities/Qutputs:

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.




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

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

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

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

Books

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

Eduardo Rojas. 1989. Sistema degradativo de residuos
lignocelulésicos por hongos de pudricién parda. Universidad de
Concepcién, Concepcion, CHILE.

Eduardo Espejo. 1989. Degradacién de compuestos modelo tipo
lignina por hongos de pudrici6n parda. Universidad de Concepcién,
Concepcién, CHILE.



3. Maria S. Hojas. 1991. Bioconversién de eucaliptus explotado-uso
en resinas modificadas. P. Universidad Catélica de Chile, Santiago,
CHILE.

Presentation to Congresses:

International

1. Saccharificaticn 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 or Lignified Biomass. Conference presented at the
International Symposium on Biotechnology for Energy, organized
by NIBGE & NIAB, Faisalabad, Pakistan, December, 1989.

4. Mecanismos de degradacion de la madera por hongos de pudricién
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 pudricién parda. Poster presented at XXXI Meeting of the
Chilean Society of Biology, La Serena, Chile, November, 1988.



2.  Sacarificacién de aserrin de pino por hongos de pudriciéon parda. A
conference given at the 15t Congress of Biotechnology, Talca, Chile,
January, 1989.

3. Degradacién biolégica de materiales lignocelulésicos. 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. Degradacion de celulosa por hongos de pudricién 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, Viiia del Mar, Chile, April, 1990.

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

7. Depolimerizacion de celulosa por hongos de pudricién parda: rol
del 4cido oxalico. 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
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Steani-Exploded Eucaliptus sp.- Utilization of Modified Phenolic
Resins", respectively,

Eduardo Espejo and Verénica Quifiones, both contracted under this
grant, foliowed the International training course sponsored by UNDP,
at the Biochemical Engineering Dept. of the Universidad Catélica 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 Catélica de
Valparaiso, Valparaiso, Chile, entiltled "Solid-State Fermentation" (3-
6/10/89).

M. Sc. Roberto de Leén, Director of the Fermentation Laboratory at
ICAITI, Guatemala, spent eight days in the P.L'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. Muiioz, 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.L'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
Bicchemical 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. 1992).

M. Sc. Mary Lopretti, Dept. of Biochemistry, PEDECIBA, Universidad de
la Repiblica, 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-soiid 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 under way, one of it
in cooperation with the Universidad de la Repiblica, 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 celluiose 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 Catélica de Chile, concerning the characterization
and purification of f-mannanases produced by brown-rot fungi was
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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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PAPER 1

Solid-state fermentation of pine sawdust
by selected brown-rot fungi

Eduardo Agosin, Sergio Jarpa, Eduardo Rojas and Eduardo Espejo

Laboratorio de Biotecnologia, Universidad de Chile, Santiago, Chile

The effects of selected culture parameters on the solid-state Jetmentation of radiata pine (Pinus
radiata) by the brown-rot fungus Gloeophyllum trabeum were examined. Oxygen concentration is
critical for wood decay: a twofold increase was observed when 2{% Oy was emploved, as compared to
3% O,. The highest yields were obtained with pQ, > 50%. Althongh optinm pH for fungal growih was
4.5, pH lower than 4.0 appeared to be essential for wood degradation by these fungi. Culture
conditions allowing the highest decay capacitics were then employed to follow the chemical changes
occurring during decay of radiata pine by G. trabeum, Lentinus lepideus, and Wolfiporia cocos and
their effects on rumen digestibility were assessed. Drv matter digestibility increased from G to more
than 20% during the first week of wood colonization by the thiee tested Sungi. Then, after 4 weeks of
incubation, digestibility fell 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 Sfraction of
structural polysaccharides and lignin in decaycd wood.

Keywords: Solid-state fermentation; sawdust: fungus: Glocoplivlium tabenm

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.”?
Brown-rot fungi, which occur predominantly on
softwoods, have scarcely been studied for biotechno-
logical purposes, despite their unique ability to remove
structural polysaccharides in fully lignified native tis-
sues without significant depletion of the lignin fiac-
tion.* 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 a
source of other valuable products, such as adhesives.
Therefore, brown-rot fungi could provide a new sac-
charification system for lignocellulosic substiates,

Addicss reprint 1equests to Dr. E. Agosin, Laboratorio de Biotec-
nologfa, Instituto de Nutricién y Tecnologla de los Alimentos,
INTA, Universidad de Chile, Casilla 15138, Santiago 11, Chile
Reccived 6 June [988; revised 8 August 1988

© 1989 Butterworth Publishers

which may allow the integral use of these abundant,
low-cost materials.

Cowling® and Cowling and Brown’ suggested that
the basic mechanism employed by these fungi fo decay
wood is related to their capacity to depolymerize
cellulose dwing 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
this patticular mechanism to improve enzymic access
to softwood polysaccharides—by rumien microor-
ganisms, for example—has not been evaliated.

Among structunal polysaccharides, hemicelluloses,
and particularly glucomannans. are preferentially de-
graded during colonization of softwood by brown-rot
fungi.* However. the mechanism employed by these
fungi to remove the hemicellulose fraction and its role
in the opening of the wood cell wall have received very
little attention.'"-"?

The present study has the following specific objec-
tives: (i) to determine cultinal parameters important
for semisolid fermentation of pine sawdust by brown-
rot fungi: (ii) to evaluate the potential of these fungi as
wood saccharifying agents: and (iii) to provide infor-
mation on the alkali-soluble substances generated dur-
ing the process.

Enzyme Microb. Technol., 1989, vol. 11, August 511

A

!



Papers

Materials and methods
Fungi and inocula

The following brown-rot fungi were used in this study:
Wolfiporia cocos FP 90850-R, kindly provided by the
Center for Forest Mycology Research, CFMR (Forest
Products Laboratory, Madison, USA), Glocophyllun:
trabeum, obtained by courtesy of Prof. K. E. Eriksson
(ST, Sweden), and Lentinus lepideas CTB 67-03-A,
donated by Dr. C. Delatour (CNRF, France).

Mycelial inocula were prepared as described else-
where. '3

Selection of optimal culture parameters
Jor brown-rot decay

The effects of the following narameters on wood decay
have been tested: removal of extractive substances
(extracted in a Soxhlet apparatus with ethanol/toluenc
/1), dry matter content (in grams of dry wood/ 100 g of
humidified woodj (15, 20, 25, and 30%). oxygen partial
pressure (5, 21, 50, and 100% O,). and buffer concen-
tration (20 and 50 mM sodium L-tartrate, pH 4.5). The
strain Gloeophyllum trabeum was employed in these
experiments. Cultures were grown for 4 weeks under
the general conditions described below, except that
flasks were periodically flushed with humidified air.

Culdtivation methods

Culture experiments were conducted with Pinus radi-
ata sawdust (5.4% H,0 content) under the optimal
culture conditions determined above: 6.0 g of pine
sawdust (particle size <| mm) were added to a 500-m|
conical flask and autoclaved with 12 ml of distilled
water. Twenty replicate flasks per fungal strain were
then inoculated with 12 ml of a filter-sterilized double-
strength mineral medium,” containing 0.1% glucose
and 0.02% yeast extract, as well as the ground myceli-
um.” The flasks were stoppered with rubber stoppers
and incubated at the optimal growth temperature of
each fungal strain (26°C for Lentinus lepidens and
28--30°C for the others). The flasks were flushed every
2-3 days with a humidified mixture of nitrogen and
oxygen in a 1/l ratio.

After 0, 1, 2, 4, 6, 8. and 10 weeks of cultivation,
three cultures per fungus were harvested. the pH of
the fermented samples was measured directly, and
weight losses were determined after drying the resi-
dues at 60°C for 72 h.

Extraction of water-soluble substances

Sawdust samples (3.0 g) were extracted at 80°C with 3
x 40 ml of distilled water, dried at 60°C for 72 h, and
weighed. Reducing sugars were determined as de-
scribed elsewhere, "

Chemical analyscs

Cellulose, hemicelluloses, and lignin were determined
on extracted samples, essentially as described by
Effiand'” and Monties."®
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Alkali solubility of decayed samples was deter-
mined after incubating 1.0 g of unextracted wood with
25 ml of 2 a NaOH (30°C, 4 h under nitrogen). The
residue was thoroughly washed with distilled water,
dried at 60°C for 72 h, and weighed. Cell wall polysac-
charides were determined in the residue, as above.
The molecular weight distribution of alkali-soluble
polysaccharides and lignin was determined by ap-
plying I ml of the alkali-soluble substances extracted
fom decaved samples to a column (110 x 2.0 c¢m)
of Fraktogel TSK HW-55/F (Merck). equilibrated in
0.1 at NaOH. Polysaccharides were eiuted from the
column with the alkali eluent according to their molec-
ular weight. Two-milliliter fractions were collected
and total sugars were determined in each tube using
the orcinol-sulfuric acid method."” Lignin was fol-
lowed at 280 nm. The column was calibrated using
pullulans (Shodex. Japan) with known molecular
weights,

Alkali-soluble galactoglucomannan of sound radiata
pine was isolated according to Timell.™

Digestibility studies

Replicate samples of fungus-treated wood (2.0 g) wete
weighed into nylon bags of 50-um pore size (Silk
Bolting Cloth MFG Co. L.ud., Switzerland) and sus-
pended in the tumen of three sheep (6 bags/sheep)
fitted with i rumen-cannula, and maintained on alfalfa
hay. One 1eplicate of sound wood was incubated
simultanconsly with each series to allow compatisons
between the three sheep and between the different
scries. After 48 h incubation, the bags were removed
from the rumen, extensively rinsed under cold water,
pressed, dried. and weighed.

Results

Influence of culture parameters on
brown-rot decay of pine

The effects of different cultmie parameters on solid-
state fermentation of pine sawdust by G. rrabeum are
illustrated in Figure 1. Particle size was found to have
a pronounced cffect on pine decay. Maximum degia-
dation was observed for pine with a I-mm particle
size. with substantial decrease in wood decomposition
for higher or lower sizes.

The div matter content of fermented wood ap-
peared to have little influence on decay between 15
and 25% dry matter, but higher contents were inhib-
itory.

The eflect of oxygen concentration on pine decom-
position was also examined. Results showed that O,
substantially stimulates pine decay: almost 607 in-
crease in weight foss was 1eached when the gascous
concentiation of oxygen in the cultures increased from
5 to 2197, I he highest decomposition was observed
when oxygen pattial pressure was 5077,

Ethanol/toluene (1/1) extractable pine components
were found to have a significant effect on decay.
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Figure 1 Effect of some cultural parameters on degradation of
pine sawdust by the brown-rot fungus Gloeophyllum trabeum
under semisolid conditions. Each 500-ml conical flask contained
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
variation were lower than 5%

Extracted wood showed substantially less decom-
position, compared to sound pine sawdust.

Finally, the effect of pH on pine decay was as-
sessed. Because the optimum pH for growth was 4.5,
and substantial inhibition was observed for values
below pH 3.5 (Tuble 1), we tested the effect of sodium
tartrate buffer, pH 4.5, on pine decay. Our results
(Figure 1) confirm those obtained in vitro by Koenigs®
and Schmidt ef al.?' in that acidic pH is critical for
polysaccharide degradation of pine sawdust by brown-
rot fungi.

The culture conditions allowing the highest decay
capacity of pine by G. rrabeum were used in all
subsequent experiments. These conditions ave de-
scribed in Materials and Methods under Cultivation
Methods.

In situ dry matter digestibility of
fermented wood

The pattern of development of in situ dry matter
digestibility of pine sawdust decayed by G. rrabeum,
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-
ibility occurred, particularly in the cases of W. cocos
and L. lepideus, followed by slight increases.
Polysaccharides present in sound pine sawdust ap-
peared to be inaccessible to rumen microorganisms, as
shown by the negative values of dry matter digesti-
bility obtained after 48 h incubation of this substrate in
the rumen. The higher weight obtained after rumen
incubation of the undecayed wood presumably reflects

Fermentation of pine sawdust: E. Agosin et al.

Table 1 Effect of medium pH on growth of Gloeophyllum
trabeumn?®

pH

- Growth®

Initial Finat {mg of dry mycelium)
3.0 2.87 38.6 + 0.7
35 3.30 484 + 15
4.0 3.86 554 + 2.0
45 4.31 62.3 + 5.6
5.0 4.65 53.1 + 3.3

® Seven day static liquid cultures in 250-m! conical flasks con-
taining 30 ml of mineral salts medium with 2% glucose, 2.6 mm
ammonium tartrate, and 50 mm sodium tartrate buffer

® Mean * s.d. of 2 liquid cultures

incomplete removal of adhering rumen microor-
ganisms during the washing step.

Water-soluble substances

All the fungi caused a rapid increase in the water-
soluble substances from 5% to nearly 10% of total dry
matter during the first days of incubation (Figure 3).
After this time, changes in water-solttble substances
were considerably less, although G. trabewm solubi-
lized almost 18% of decayed pine after 8 weeks of
fermentation.

Reducing sugars increased constantly during the
first stages of decay. reaching a maximum of 12% of
total water-soluble substances after 4 weeks of culti-
vation. After 4 weeks, reducing sugars decreased to
less than 3%,

25 |-

20
DRY

MATTER t5

DIGESTIBILITY
(%) 10
5
0 " 1 |
(! 2 4 6 8
. INCUBATION TIME (weeks)

Figure 2 Changes of /n situ dry matter digestibility by rumen
microflora during solid-state fermentation of pine sawdust
by the brown-rot fungi Gloeophyllum trabeum (®), Lentinus
lepideus (1), and Wolfiporia cocos (A). Each point is the
mean = 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 sclected

brown-rot fungi

Incubation Loss™ in
time
Strain (weeks) pH Weight Cellulose Hemicellulose Lignin
Gloeophyllum trabeum Qb 5.0 0 0 (45.4) 0 (28.7) 0
1 3.6 1.9 10.8 192 33
2 3.5 15.2 11.7 27.9 4.3
4 34 23.3 205 404 6.6
8 33 394 42.8 58.9 8.7
10 3.3 47.1 55.8 64.3 2.2
Wolfiporia cocos 1 2.9 9.2 9.0 13.3 4.1
2 3.6 118 9.2 213 5.0
4 3.3 13.6 11 220 6.2
8 3.2 17.8 14.9 34.7 3.8
10 3.2 216 15.6 41.8 6.6
Lentinus lepideus 1 4.0 9.7 6.2 17.0 5.0
2 39 12.8 126 19.9 6.3
4 3.6 13.6 12.8 21.6 7.0
8 35 219 19.7 34.3 9.2

® The average coefficient of variation was lower than 6%

® Values in parentheses indicate the content of each structural component in sound wood

¢ Results ure expressed in % of original component

Evolution of pH, dry matter, and
structural components

Table 2 gives the temporal changes in pH. dry matter,
and structural components during pine decay by the
three selected brown-rot fungi. G. rrabeum possess
the highest decay capability, reaching almost 50%
weight loss after 10 weeks of cultivation. W. cocos and
L. lepideus showed a very similar pattern of decay,
degrading only 22% of dry matter after 10 weeks of
incubation.

After the first week of incubation, the cultuies

o
T

WATER-SOLUBLE SUBSTANCES
(% of dry matter)

UA777/090057777/7777.
Y 777 7 7

o} 1 2 4 8
INCUBATION TIME (weeks)

Figure 3 Amount of water-soluble substances and reducing
sugars (M) formed during solid-state fermentation of pine
sawdust by the brown-rot fungi Gloeophyllum trabeum (| 1,
Lentinus lepideus (£), and Wolfiporia cocos ()
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became incicasingly acidic, especially for pine fer-
mented with W. cocas. As the incubation progressed.
the pH slowly dropped to pH 3.3-3.2.

The highest decay rate (between 0.9% for W. cocos
and 1,19 per day for G. trabeum) was observed for the
three strains during the first 2 weeks of decay. Upon
turther incubation, the decay rate decreased. espe-
cially between 2 and 4 weceks of cultivation, after
which a new increase in the degradation rate occurred.

Hemiccelluloses were degraded in preference to cel-
Itlose by the thiee strains tested. Thus. aftera 21-23%%
loss in total dry matter, twice as much of the hemicel-
luloses as cellulose had been temoved by G. trabeum
and even more in the case of W. cocos. Similar results
have been published by Kitk and Highley.* although
these authors found that loss of cellulose was always
gicater than total weight loss. This was not the case
with radiata pinc, at least until 30% dry matter degra-
dation was achieved.

Lignin. as shown also by others.*® was pooily
degraded by the brown-rot fungi. The slight depletion
determined could have resulted either from solubiliz-
ation of lignin during extraction of water-soluble sub-
stances. o from an increase in the acid-soluble lignin
fraction duting decay.?

40

Alkali-soluble substances

Alkali-soluble substances substantially increased in
cultures during decay. reaching almost 605 of the dry
matter (decayed weight basis) after 407 weight loss
(Table . Although similar amounts (10%%) of each
structural component of sound pine sawdust were
released by sodium hydioxide. the rate and cxtent of
solubilization of these components during the decay
process 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'

Alkali-soluble

Weight Total
Strain loss (%) substances Cellulose Hemicellulose Lignin
Gloeophyllum trabeum 0 9.8 8.6 9.8 1.6
11.9 26.5 26.2 21.8 32.7
15.2 28.9 28.2 34.7 27.8
23.3 35.0 385 38.2 28.0
394 58.1 61.1 67.6 46.0
Wolfiporia cocos 9.2 15.5 115 18.6 19.5
11.8 20.6 14.5 31.2 20.5
134 21.3 23.9 20.4 17.7
17.8 36.1 38.9 431 26.0

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

fungus. Thus, after 12% wecight loss, 22% of the
remaining hemicelluloses in pine decayed by G. tra-
beum were soluble in 2 M sodium hydroxide, whereas
more than 31% of these carbohydrates were solubi-
lized in pine fermented by W. cocos.

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

lymetized structural polysaccharides. 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 1 week of incubation with G. rrabeun to
about 5000 (D.P. of 30) after 8 weeks of incubation. In
the case of W. cocos, significant depolymerization
occurred only after 4 weeks of decay.
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Figure 4 Molecular weight distribution of alkali-soluble polysaccharides and lignin released after 1 (-}, 2 (»), 4 {m), and 8 (®) weeks
incubation of pine sawdust with the brown-rot fungi Wol/fiponia 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 m NaOH 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

(—r—— ), 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. trabeum (Table 3). Soluble lignin increascd
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 culture
parameters for brown-rot decay of radiata pine under
semisolid conditions. Acidic conditions (due to secre-
tion of oxalic acid) developed by brown-rot fungi
during wood decay have been related with Fe(lll)
reduction to Fe(Ji). The Fe(ll) has been suggested to
react with H,O, gererating hydroxyl radicals, which
depolymerize the cellulose.? This hypothesis.
however, has not been adequately explored. Indeed,
H,0; could not be detected in liquid cultures of several
brown-rot fungi.?* Furthermore, several organic acids.
and not exclusively oxalate, were detected in cultures
of G. trabeum and W. cocos (unpublished results). In
any event, low pH, which could allow the expiession
of specific depolymerizing enzymes or potentiate oxy-
gen-reduced species, like superoxide, seem to be
indispensable for wood degradation by these fungi.
More 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.*?!
Furthermore, lignin modifications resulting alter
brown-rot are also largely oxidative.?>?% These facts
suggest that oxygen concentration might be an impor-
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 some years
ago by Eriksson and coworkers.?® These authors sug-
gested that insertion of uronic acid moieties in the
cellulose chains leads to cellulose swelling, which
could increase the accessibility of hydiolytic enzymes
to the crystalline parts. Finally, inhibition of pine
decomposition by low oxygen levels, rather than stim-
ulation by high oxygen concentrations, should also be
considered to explain our results.

The effect on rumen or polysaccharidase digesti-
bility of wood decayed by brown-rot fungi has appar-
ently previously not been reported. The significant
increase in rumen biodegradability caused by these
fungi in the first stages of decay is probably related to
the rapid early depolymerization of structural carbo-
hydrates. Indeed, as shown by Puri,” depolymer-
ization should open up the cell walls, increasing the
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specific surface area of wood. thus allowing rumen
cellulolytic bacteria and their enzymes to gain access
to the structural polysaccharides.

The substantial increase in alkali-solubility of both
polysaccharides and lignin on the decay of pine is also
probably related to this improvement of digestibility.
Indeed, the presence of ionizable gioups in cellulose
and hemicelluloses could increase their susceptibility
to poelysaccharide hydrolases. as discussed above,
Furthermore, Agosin and Odier'' 1ecently showed the
existence ol a close relationship between polymeric
water-soluble lignins, from white-rotted straw, and
improvement of dry matter digestibility. This solubi-
lization probably arose from oxidation of the lignin
component, which resulted in the generation of hydro-
philic groups such as carboxyl groups.® Similar re-
actions wete found in brown-rotted lignins®** and
included extensive lignin demethylation® and 1ing
hydioxylation,” appatently  without  depolymeti-
zation.

All the results presented here suggest that brown-
tot fungi. or their polysaccharide 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 and Gloeophyllum
trabeum was analyzed. These three 1 ,2-diarylethane lignin
model compounds, which differ in the degree of oxidation
of the alkylic chain, gave rise (o p-anisaldehyde in both
cultures, suggesting that cleavage between the two ali-
phatic carbons had occurred. In turn, both strains re-
duced dimethoxybenzil and anisoin to hydroanisoin,
whereas only Wolfiporia cocos 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 unidentificd compounds from
anisoin and hydroanisoin. Neither radical modified
dimethoxybenzil significantly.

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

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

The current working hypothesis for the mechanism
involved in this process is related with the production of
* Present address.: Departamento de Ingenicria Quimica, Pontilicia
Universidad Calolica de Chile, Casilla 6177, Santiago, Chile
Offprint requesis to: E. Espejo

Abbreviations+ HGLN, high glucose, low nitrogen; 1IGHN, high
glucose, high nitrogen: 11P1.C, high performance liquid chromatop-
raphy; TLC, thin layer chromatography; A, anisoin: HA, hy-
droanisoin; DMB, dimethoxybenzil; - OH, Hydroxy! radical; O3.
superoxide radical

a low molecular weight oxidant during fungal attack of
wood. This agent would be able to penctrate the cell
wall structure. accessing to the structural polysaccharides
during the early stages of decay, despite the presence of
the fignin barrier (Koenigs 1974 [lighley 1977; Highley
and Mumanis 1985). In support of this hypothesis, Reit-
berger has found that hydroxyl radical promotes deme-
thoxylation as well as Ca-Cfi cleavage in the lignin model
compound veratrylglycerol-fi-guaiacy! ether (Reitberger
and Gierer 1986). IFurthermore, he assumed that ¢! avage
was only possible if' previous o-hydioxylation of the aro-
malic ring had taken place. These modilications have also
been found in brown-rotted lignins (Kink 1975).

‘The use of lignin-model compounds facilitates the
identification of intermediate compounds and products
generated by ligninolytic enzymes. This approach has
been particularly successful in the clucidation of the lig-
ninolytic system present in the white-rot fungus Phanero-
chacte chrysospormm (Weinstein et al {980 Glenn et al.
1983: Kirk and Tien 1983; Tien and Kitk 1984; Kirk ct
al. 1986). Unfortunately, very few studies using this type
of approach have been utilized with biown-rot fungi. In
onc of them, Enoki reported the degradation of fi-1 and
fi-O-4 lignin model compounds by some brown-rot fungi,
although the products derived from their catabolism were
not identified (Enoki and Takahashi 1983: Enoki et al.
1985). Even though the degradation of these compounds
was not as extensive as that reported with white-1ot fungi,
it was indicative that brown-rot fungi can attack lignin
substructures and possibly clzave some intermonomeric
bonds.

A suitable lignin model compound of the fi-1 type is
anisoin. H has been utilized both in fungal (Shimada and
Gold 1983) and bacterial (Gonzilez et al 1986) lignin
biadegradation studies. Based on this evidence, we de-
cided to examine the capacity of two brown-rot funyi,
Wolfiporia cocos and Glocophvilum prabeunt, to metab-
olize anisoin, hydioanisoin and dimethoxvbenzil The last
two dilfer from anisoin in the degree of oxidation of one
of the aliphatic carbons. The action of specific oxypen-
derived radical species on these lignin model compounds

o
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was also studied, in order to compare the products
obtained with those generated in vivo from these diaryl-
cthanc structures.

Materials and methods
Chemicals

p-Anisoin [2-hy(lroxy-1,2-I)is(4’-mclhoxyphcnyl)-cllmnonc], dime-
thoxybenzil [I.2-bis(4'-mclhoxybcn7.iI)-clhanedionc]. benzoin |2-
hydroxy-I,2-diphcnyl-c(hnnonc], anisic acid, anisyl alcohol and p-
anisaldehyde were from Aldrich. Hydroanisoin [1,2-bis(4'-
methioxyphenyl)-1 »2-cthancdiol} was prepared from anisoin accord-
ing to a previously described procedure (Gonzilez et al. 1988). The
structures of these compounds are shown in Fig. 1.

Fungal strains

The following strains of brown-rot fungi were used in this study:
Wolfiporia cacos FP 90850-R, kindly provided by the Center for
Forest Mycology Research, CFMR (Forest Products Laboratory,
Madison, USA) and Gloeophyllum trabeum, obtained by courtesy
of Prof. K. E. Eriksson (STF], Sweden), Mycelial inocula were
prepared as described elsewhere (Agosin and Odier 1985),

Culture media

The liquid culture media employed in the present work have been
previously described (Espejo 1989). They contained 0.11 M glucose
pluscither 2.16 mM ammonium tartrate (high glucose, low nitrogen
medium, TIGLN) or 21.6 mM amonium tartrate (high glucose, high
nitrogen mnedium, HGHN), as carbon and nitrogen sources, respee-
tively. The buffer used was 50 mM disodium tartrate, pH 4.50.
Mineral salts were added as reported by Kirk (Kirk et al. 1986).

Degradation of -1 lignin model compounds

50 1l of a 2.0% solution of the lignin rclated compound in N-
N-dimethyl formamide were added to 100 mi Erlenmeyer flasks
containing 10 ml of culture medium. After inoculation, static cul-

'tures were incubated at 25°C in the dark and (lushed every 3 days

with a mixture of oxygen/nitrogen 1:1. Mycelial mats were sepit-
rated by vacuum filtration through filter paper (Whatman N° 3).
Supernatants were acidilied with 2 M HCI (o pIT 1.0-2.0 and cx-
tracted three times with an equal volume of cthyl acetate. The
extracts were evaporated under nitrogen to dryness and resuspended

n
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Fig. 1. Molccular formulac of the lignin-model compounds mentioned in this work. A:
anisoin; /1A4: hydroanisoin: DA B dimethoxybenzil; Bz: benzoin; AC: anisic acid; ALC:
anisyl alcohol; ALD: p-anisaldchyde

Table 1. Mctabolic transformation of anisoin by Wolfiporia cocos
and Glocophvllum trabeum alter 20 days of incubation in stalionary
liquid cultures

Fungal Culture Percentage®
strain conditions =~ —--m —
Transformed  Transformed
anisoin anisoin/mg
mycclium
Gloeopin lum HGLN 25 1.1
trahenum HGHIN 36 1.0
Wolfiporia HGLN 28 1.8
cocos HGHN 4 1.4

* Anisoin was quantificd by TIPLC following the procedure indi-
cated in Materials and methods

in methanol for high performance liquid chromatography (1{PLC)
and thin layer chromatography (1 LC) analyscs,

Chemical analyses

TEC analyscs were performed in 4.0 x 4.0 cm silica gel plates (K254,
Merck, Darmstadt, FRG), which were run in a solvent systcin
consisting of dichioromethane: methanol 95:5 v/v. The spots were
visualized with a 254 nim UV lamp. When required for spectropho-
tometric analyses, spots were scrapped from the TLC plates and
resuspended in methanol. Alter centrifugittion to remove the silica,
speetra were tiken directly from the supernatants and compared lo
those obtained with methanol solutions of authentic standards

HPLC analyses were carricd outin a Walters apparatus cquipped
with a 25% 039 cm i.d. column packed with a C-18 LiChrospher
(Merck) support. 10 pm particle size The solvent cemployed was
methanol:water (60:40 v/v) at a flow 1ate of 1.0 ml/min. The cluent
wits monitored with a UV-detector, set at 280 nm.

Myccelial mat weight was detcrmined gravimetrically after dry-
ness (Espcjo 1989).

Generation of radical species

Specific oxypen-derived radical specics. i.e. O and Q3 . were gener-
ated by y-radiolysis of oxygen-saturated water as described by Baker

(Baker and Gebicki 1986) and Davics (Davics 1987) A dosis of

940 rad/min was applicd to 0.10 mM solutions (7.0 ml) of the lignin
model compound during 30 min.

)
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Fig. 2A ~F. HPLC chromatograms of supernatants of HGLN cul-
tures of Wolfiporia cocos (A — C) and Gloeophyllum traheum (D —F)
containing diarylethane lignin-model compounds. A and C: with
DMB; B and E: A; C and IF: 1A, Arrows show peaks identificd by
coelution with co.responding standards

Results

Degradation of 1,2-diarylethane model compounds
and identification of cataholic intermediate
in cultures of Wolfiporia cocos and Gloeophyllum trabewm

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.c. percentage ol transformed
anisoin/mg mycclium, revealed that the iclation of fungal
biomass to transformed anisotn is more or less constant,
regardless the composition of the medium.

Catabolic intermediates were detected with both
strains alter two days of incubation in the HGLN cultures
and at the fourth day of incubation in the HGHN cul-
tures. In order to identify them, supernatants were
analyzed as indicated in Methods, TLC analyses could
only be done with samples withdrawn from Holfiporia
cocos cultures, since Glocophyllum trabeum sceretes sev-
cral aromaticcompounds thatinterfere with the visualisa-
tion of the bands cotresponding to t.2-diarylethanc cata-
bolic intermediates (results not shown),

Preliminary identification performed by TLC fol-
lowed by spectrophotometry showed the formation of p-
anisaldchyde from the thice double ring structuies. In
addition, anisoin and hydroanisoin were foynd in cul-
turcs containing dimcthoxybenzil, indicating the capacity
of Wolfiporia cocos 1o reducce carbonylic groups. The
opposite reaction was also observed, namely the oxi-
dation of hydroanisoin to anisoin. Similar modifications
of anisoin were also found in HGHN cultures of
Hoelfiporia cocos (data not shown),

These results weie confirmed by HPLC analyses
(Fig. 2). Both sirains showed peaks corresponding to
anisoin, hydroanisoin and P-anisaldehyde from the ca-
tabolism of dimethoxybenzil (Fig. 2A, D). It is nole-
worthy that only Wolfiporia cocos showed the capacity
to oxidize hydroanisuin to anisoin (Fig. 2C).

Catabolic act.vity against anisoin appeared to be in-
ducible: anisoin reduciion and cleavage begun only 18 h
after this compound was incorporated to the medium
in HHGLN conditions. Furthcrmoie, degradation started
only alter both fungi had 1cached sccondary metabolism
(data not shown).

Effect of oxvgen-derived radical species
on 1.2-diarylethane compounds

Hydroxy! radicals generated by the Fenton reaction have
been suggested to be involved in the first steps ol wood
decay by brown-rot fungi (Kocuigs 1974). Furthermore,
IHman (Hman ct al. 1988) and Enoki (Enoki et al. 1989),
have shown that these radicals are gencrated in liquid
cultures, Based on these observations, the eifect of the
specilic oxygen radical species Ol and O; on 1.2-
diarylethane compounds was investigated. The esults
showed that only those -1 dimeric compounds contain-
ing onc or both alkylic carbons in a reduced form were
alfected by these radicals  (Table 2).  Hydroanisoin]
showed the highest extent of breakdown, whereas th
motc clicctive agent was that generated by y-radiolysis
of formiate frce solution, i.e. Oll. Dimcthoxybenzil re
mained almost unchanged. P-Anisaldehyde was iden
tificd by HPLC (data not shown). Several other mino
peaks with lower tetention times also appeated, althougl

they were not identificd.




‘Table 2. Effect of ‘OH and O3 on different f-1 lignin model com-
pounds

Maodel Sample Percentage*
Substrate P-Anisaldchyde
A Control 96.0 -
‘OH + 07 73.0 2,9
(02 93.0 -
HA Control 87.0 -
-OH + 05 43.1 £3.7
109 .81.7 -
DMB Conlrol 99.0 -
OH + O3 94.0 -
) 102 98.0 -

* Substrates and p-anisaldehyde were quantified as mentioned in
Table 1

Discussion

The results obtained in this work indicate that the brown.
rot fungi Wolfiporia cocos and Gloeophyllum trabeum are
able to metabolize 1,2-diarylethane lignin model com-
pounds,

Based on the formation of hydroanisoin from anisoin
and dimethoxybenzil, reduction of carbonylic groups
seems to be a prominent reaction catalyzed by these
strains, although Wolfiporia cocos can also oxidize hy-
droanisoin to anisoin. On the other hand, white-rot fungi
tend to oxidize both lignin and model compounds at
the Ca position (Fenn and Kirk 1984). The transient
accumulation of hydroanisoin (or anisoin), together with
the results obtained with radical species, suggest that the
presence of at least one hydroxyl group in the aliphalic
chain is a requirement for Ca-Cf} cleavage. Once pro-
duced, anisaldchyde was the only single-ring aromatic
compound identified. confirming the observation of
Enoki (Enoki et al. 1985). In contrast, anisyl alcohol has
been found in culture supernatants during degradation
of fi-1 model compounds by white-rot fungi (Shimada
and Gold 1983; Enoki ct al. 1985). Phenolic compounds,
either monomeric or dimeric, could not be detected in
Wolfiporia cocos cultures. Being demethylation one of the
most characteristic effects of brown-rot fungi on lignin
(Kirk 1975), this was unexpected. One explanation could
be that the demethylating system operates only under low
waler activity levels, as it has been recently shown for the
cellulose depolymerizing system of these fungi (Highley
personal communication). Another possibility is that
single methoxyl group in the para position does not con-
stitute a suitable substrate for demethylation (Haider and
Trojanowski 1980).

The initial reactions involved in the catabolism of
anisoin by these fungi, as well as the location of the agents
involved in it arc presently unknown. Hydroanisoin is
cleaved extracellularly by lignin peroxidase  from
Phanerochaete chrysosporium yiclding two molecules of
anisaldehyde (Shimada and Gold 1983), whereas anisoin
can be cleaved by a specitic thiamine-pyrophosphate 1c-
quiring intracellular enzyme from Pseudomonas Jluor-

RYR]

escens yiclding the same products (Gonzilez and Vicuiia
1989). Whether or not this reaction is cnzymitic in
brown-rot fungi remains to be established. Attempts to
reproduce it in vitro with concentrated extracellular fluid
and with crude extracts prepared from mycclia have been
unsuccessful so far. On the other hand. the elfect obtained
with ‘OH, besides confirming earlicr results reported by
Kitk (Kitk ct al. 1985), points to the possible paitici-
pation of this tadical species in the production of p-
anisaldehyde fiom anisoin. Morcover. when the sime
dosis of radiation was applicd in the presence of galacto-
glucomannan or carboxymethylcellulose instcad of o lig-
nin model compound, extended depolymerization took
place (Rojas et al. 1988). which reflects the fate of cell
wall structural polysaccharides as compared to lignin
during wood decay by brown-rotters.
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Our results show that all of the brown rot fungi tested produce oxalic acid in liquid as well as in semisolid
cultures. Gloeaphyllum trabeum, which accumulates the lowest amount of oxalic acid during decay of pine
holocellulose, showed the highest polysaccharide-depolymerizing activity, Semisolid cultures inoculated with
this fungus rapidly converted 'C-labeled oxalic acid to CO, during ceilulose depolymerization. The other
brown rot fung! also oxidized "*C-labeled oxalic acid, aithough fess rapidly. In contrast, semisolid cultures
inoculated with the white rot fungus Coriolus versicolor did not sipnificantly catabolize the acid and did not
depolymerize the holocellulose during decay. Semisolid cuitures of G;. frabeum amended with desferrioxamine,
a specific iron-chelating agent, were unable to lower the degree of polymerization of cellulose or to oxidize
*4C-labeled oxalic acid to the extent or at the rate that control cultures did. These results suggest that both iron
and oxalic acid are involved in cellulose depolymerization by hrown rot fungi.

One of the most destructive forms of wood decay is
caused by fungi that cause brown rots. During the early
stages of colonization, fungal hyphae invade wood cells and
secrete agents that bring about a rapid decrease in the
number of glucosyl residues per cellulose chain, from 10,000
to 15,000 to about 200 (6, 7). The latter corresponds to the
average size of cellulose crystallites (11).

Highley (17) has reported that an oxidative system is
involved in cellulose depolymerization by brown rot fungi,
showing that there was a significant increase of carbony! and
carboxyl groups in the cellulose during decay. Since most of
the pore sizes in sound wood are too small to allow cellu-
lolytic enzymes to penetrate the wood, only low-molecular-
weight molecules could be responsible for this depolymer-
ization (7, 12). The current working hypothesis on the nature
of the depolymerizing agent is that cxygen-derived radical
species are responsible for the initial attack of the cellulose
polymer. Indeed, Halliwell (16), and Kirk et al. (21) have
shown that Fenton’s reaction [a mixture of Fe(Il) and H,0,,
which is known to generate -OH radicals) causes a degrada-
tion of cellulose similar to that resulting from brown rot
decay. Koenigs (23) demonstrated that H,0, is sccreted by
brown rot fungi and that wood contains enough iron iors [as
Fe(lll)) to make this hypothesis feasible. Morcover, Gut-
teridge (13) found ihat iron(11l) salts in the presence of a
chelator (EDTA) and a superoxide-generating system could
oxidize several neutral sugars in reactions dependent on the
reduction of Fe(I1I) to Fe(I) by superoxide.

Oxalic acid also has been implicated in the wood-decaying
system of these fungi. Takao (34) demonstrated that brown
rot fungi secrete significant amounts of oxalic acid in liguid
cultures, whereas white rot fungi apparently do not. The
latter was attributed to the presence of an intracellular
oxalate decarboxylase in white rot fungi which decomposes
oxalate to CO, and formate. This enzyme could not be
detected in cultures of brown rot fungi (32). Later, Schmidt
etal. (31) demonstrated in vitro that oxalic acid could reduce
Fe(I1l), normally present in wocd, to Fe(II), with oxalic acid
simultaneously oxidized to CO,. Furthermore, this iron

* Corrc;;a;ding author.

1980

reduction significanily increased the cellulose-depolymeriz-
ing activity of an iron-H,0, svstem.

However, the role of oxalic acid in wood decay by brown
rot fungi in vivo is not fully understood. Koenigs (23)
demonstrated that isolates of Gloeophyllum trabeum that
caused extensive decay lowered the pH of wood, whereas
those that resulted in low amounts of decay did not. In this
regard, Agosin et al. (1) showed that the acidic conditions
developed by brown rot fungi are essential for wood decay.
However. Micales and Highley (26) could not establish a
correlation between the wood-decaying ability of various
isolates of Poria placenta (Postia placenta) and their oxalic
acid production.

The importance of oxalic acid during the invasion of host
tissue by phytopathogenic fungi has been repotted previ-
ously (5. 24, 25, 33). It has been supgested that the oxalic
acid produced by Sclerotivm rolfsii during pathogenesis acts
synergistically with endopolygalacturonase, lowering the pH
of the infected tissues to a level optimal for the activity of
this enzyme. Furthermore, the calcium present in structural
pectates can be strongly chelated by oxalic acid. As a
consequence, plant tissues are rendered more susceptible to
invasion by this fungus (29).

The aim of the present woik. thercfore, was to investigate
further the possible role of oxalic acid in the cellulose
depolymetizing system of brown rot fungi. First, the produc-
tion of oxalic acid by various brown rot fungi under liquid
and semisolid culture conditions was studied, and its rela-
tionship with celiulose depolyimerization was assessed.
Then, MC-oxalic acid was added at different stages of wood
decay to determine the relationship between CO, production
and cellulose depolymerization. Finally, to assess the par-
ticipation of iron salts in the depolymerization of cellulose by
these fungi, semisolid fungal cultures were incubated in the
presence of the siderophore deslerrioxamine (14) and the
fate of "C-oxalic acid was followed.

MATERIALS AND METHODS

Fungi. The brown rot fungi . placenta (MAD-698). G.
trabeim (MAD 617-R), and Wolfiporia cocos (FP 90850-R)
and the white rot fungus Coriolus versicolor (Trametes
versicolor) (INFA 9A) were used in these experiments,
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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).

Liguid cultures. Static liquid cultures were conducted in
100-m! Erlenmeyer flasks with 10 ml 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 (Pinus radiata) holocel-
lulose, prepared by the method of Timell (35), and humidi-
fied 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/min.

(Ii) Radiolabeling studies. C-oxalic acid, 5.55 x 10° dpm,
(50 1), was fed to semisolid cultures after 0, 7, and 30 days
of decay by applying it with a 50-;..1 Hamilton syringe to the
batch at several sites. Decarboxylation of C-oxalic acid
was followed after trapping *CO, from the outlet air flow
column in 10 m! of 2-phenylethylamine scintillation solution,
as described by Kadam and Drew (19). All experiments were
conducted in at least four replicates.

T'o study the role of iron in the breakdown of oxalic 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. After
7 days of decay, 50 pl of *C-oxalic acid was fed, and the
evolution of **C0, was followed. The amount of desferriox-
amine added to the cultures was calculated considering the
average iron content of pine wood (11).

Miscellancous methods. The degiee of polymerization (DP)
of cellulose was determined viscosimetrically (6) after solu-
bilization of holocellulose with cupricthylenediamine hy-
droxide solvent. Cupriethylencdiamine 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. lLouis, Mo.). Calcium
oxalate was solubilized by 0.2 N HCI from the waler-
extracted solid residue and deterntined as free oxalic acid as
described above. For liquid cultures, oxalic acid was directly
determined from an aliquot of the cell-free culture medium,
using the same procedure.

The capacity of brown and white rot fungi to solubilize
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 pll of the
medium was buffered as described above. Oxalate degraders
were detected in this medium by the formation of clear zones
around the fungal colonies (8).

‘The pH of the samples was determined by using an Orion
pH recorder, model SA 720.

Myecelial growth in liquid cultures was determined gravi-
metrically (11),

Weight loss was followed by determining the amount of
carbon lost as CQ,. For this purpose, CO, was continuously
trapped during cultivation in 10 ml of 0.5 N NaOII and
quantified every 2 days by titration of the residual NaOH
with 0.2 N HCI (2).

OXALIC ACID AND CELLULOSE DEGRADATION 1981

Crude extracts were obtained from 1.2 g of holocellulose
scmisolid cultures decayed by G. trabeum for 7 days. The
extraction process was done with 2.5 ml of water (three
times), squeezing and soaking through a 0.2-pm-pore-size
membrane filter. " C-oxalic acid, 10,000 dpm, was added to
1 mi of the water extracts, and the mixture was incubated for
24 h at 25"C. Oxalic acid oxidation was mcasured after
trapping and counting the *CO, produced.

RESULTS

Liquid cultures. (i) Production of oxalic acid by brown and
white rot fungi, Oxalic acid was sccreted into the culture
medium from the first day of incubation and increased with
growth (Fig. 1). W. cocos and P. placenta accumulated the
highest amounts of oxalic acid, reaching 2.00 and 0.95 mg/mli
(standard deviation, <:0,05), respectively, after 4 days of
cultivation. As a conscquence, the pll of these fungal
cultures rapidly dropped to around pH 3.0, even though the
culture medium was initially buffered at pH 4.5 with 50 mM
2,2-sodium dimethylsuccinate. In contrast, the cultures’in-
oculated with G. rrabeum exhibited only a limited produc-
tion of oxalic acid, reaching a maximum of 0.20 % 0.04 mg/m!
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 prowth, Liquid cultutes containing
oxalic acid as the only carbon source showed limited, if any,
growth. indicating that oxalate is not utilized after its secre-
tion (dita not shown). C. versicolor was the 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 medium,

Semisolid cultures. (i) Oxalic acid production and cellulose
depolymerization by brown and white rot fungi. Changes in
the DP of holocellulose incubated with three brown rot fungi
under semisolid culture conditions are illustiated in Fig. 2.
G. trabeum showed the highest rate of depolymerization,
reaching a leveling DP after 15 dayvs of cultivation. In
contrast, C. versicolor, a white rot fungus, caused only a
very limited decrease in the DP of the holocellulose during
decay. although an appreciable degradation of the cellulose
occured (22.0% * 0.5%% weight loss after 25 days of incu-
bation). The holocellulose cultures of all three brown rot
fungi rapidly dropped to pll values of atound 3.0 after 3to 5
days of cultivation and then remained constant. The DP
decrease observed during the carly phases of decay is
inversely conclated with the increase in oxelic acid content
of the semisolid cultures of P. placenta and W. cocos. Oxalic
acid content decreased after the onset of cellulose depoly-
merization, however, reaching a platcan after 15 days of
decay. Swiprisingly. in cultures of ;. nrabeum oxalie acid
content as well as calcium oxalate were low throughout the
experiment (see Fig. 6, closed symboals), although this fun-
gus showed the highest cellulose depolymerizing activity
(FFig. 2). The lowering of pH by G. trabeum could be duc to
the production of other unidentified acidic compounds from
the metabolism or catabolism of this fungus, as we detected
by high-pressure liquid chromatography with an anionic
exchange column (data not shown),

Finally. as expected, the white rot fungus C. versicolor did
not lower the pH of the semisolid cultures, nor did it
accumulate oxalic acid during decay.

{ii' Fate of MC-oxalic acid at dificrent stages ol cellulose
depolymerization by brown and white rot fungi. The fate of
radiolabeled oxalic acid during holocellulose decay is illus-
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FIG. 1. Oxalic acid production in liquid cultures by the brown rot fungi P. placenta, G. trabeum, and W. cocos. The white rot fungus C.

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

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

When 7-day-old brown-rotted cultures were fed with the
C-oxalic acid, a very high mineralization rate was ob-
lained, especially by G. trabeum (Table 1 and Fig. 3).
Furthermore, no lag in the onsct of 14CO, release was
observed for either fungus. In contrast, C. versicolor showed
only a limited ability for degradation of the radiolabeled
substrate (Fig. 3). Although both brown rot fungi rapidly
reached a maximum for *CO, production, complete oxida-
tion of the C-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 C-oxalic acid to *CO, was still present, although
0 a reduced extent (Table 1),

(iil) Effect of desferrioxamine addition on the cellulose
lepolymerizing system of G. trabeum. Our assays showed that
G. trabenm accumulates low quantities of oxalic acid but has
1 high cellulose depolymerizing activity and a high ability to
sxidize oxalic acid to CO,. The involvement of iron in the
legradation of oxalic acid was examined by testing the
iction of the Fe(IIl) chelator desferrioxamine. The elfect of
lesferrioxamine on cellulose depolymerization is shown in

Fig. 4. A substantial inhibition of cellulose depolymerization
was obtained in the presence of the siderophore. Desferri-
oxamine also caused a marked inhibition of *CO, release
from 'C-oxalic acid (Fig. 5). Even though a lower weight
loss (determined as carbon loss) was found for cultures
containing desferrioxamine, a similar extent of decay in
cultures 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 iton chelator, suggest-
ing that the low levels of oxalic acid observed in cultures of
G. trabeum tesult from its consumption during cellulose
depolymetrization 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. trabeum, could oxidize "C-oxalic
acid up 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 depolymerization of
cellulose during wood decay by brown rot fungi suppests the
patticipation of an oxidative agent of low molecular weight.
The current working hypothesis is that highly reactive
oxygen-derived radicals are involved in this process. Hy-
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FIG. 2. Evolution of pH (x), oxalic acid (@), and cellulose depolymerization (O) during decay of pine holocellulose by wood-dec:iying

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 furgi

1C0, production

Incuba-
. tion Initial s 14
Strain s loss Initial rate  Total MC
time b DP Lag o7, 14 o
(daysy P (days) (";,- .():.0’ (/1"483/" :
G. trabeum 0 1,000 2 0.34 85
7 3.2 390 28.00 80
30 29.0 200 5.42 40
P. placenta 0 1,000 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 CO, produccd from the oxidation of holocellulose by the
action of these fungi (as percentage of initial carbon substrate).

< 1CQ, produced by the fungus from '*C-oxalic acid (as percentage of total
14C added).

4 MCO, recovered after 35 days of incubation.

droxyl radicals could be generated in wood by the Fenton
reaction, Fe(ll) + H,0, — Fe(lll) + :OH + OH~™. The
resulting Fe(IH) might be converted back to Fe(ll) for
further .- OH generation by the oxalic acid sccreted by this
type of fungus (23).

Our results confirm previous work by Takao (34) concern-
ing the production of oxalic acid by brown rot fungi during
growth in liquid culture, and only trace amounts of oxalic
acid could be found in white rot fungal cultures, presumably
as a consequence of the presence of an intracellular oxalate
decarboxylase produced by these fungi (32) or due to the
involvement of oxalic acid in the lignin peroxidase system of
Phanerochacete clhirysosporinm, as described recently by
Akamatsu et al. (3) and Popp et al. (27).

Oxalic acid was also sccreted by brown rot fungi during
the decay of pine holocellulose under semisolid culture
conditions. Qur data indicate that oxalic acid production is
associated with the drop in culture pH during the first stages
of decay: motcover, oxalic acid concentration decreases in
parallel to cellufose depolymerization. G. rrabeum, which
exhibited the highest rate of cellulose depolymerization,
showed the lowest oxalic acid accumulation. Therefore, the
drop of culture pH should be associated with other com-
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pounds, other organic acids produced by this fungus, and/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 “C-
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. trabeum showed the highest “CO, reiease rate

o

o

o
§

25

@
o
o]

[+
o
o]

E-3
o
o]

n
Q
Q
CARBON LOSS (% C IN CO2) (A, A)

OEGREE OF POLYMERIZATION (DP) (o,e)

| {
0 0 10 20 30

INCUBATION TIME (DAYS)

FI1G. 4. Evolution of carbon loss (A, A), and DP (O, @) dising
pinc holocellulose degradation by the brown rot fungus G. trabeum
in the presence (open symbols) or absence (closed symbols) of
desferrioxamine.

ArpL. ENVIRON. MICROBIOL.

100

t "1—7 | I
0 05 1.0 1.5 20
TIME AFTER 19C ADDITION (Days)

FIG. 5. Mineralization of *C-oxalic acid in semisolid cultutes of
pine holocellulose decayed by G. trabeum in the presence (M) or
absence () of desferrioxamine. '*C-oxalic acid was added after 7
days of incubation.

from 'C-oxalic acid. This high oxidation rate may well
explain 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
fungus C. versicolor showed a very limited ability to release
1CO, from MC-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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time, oxalic acid and oxalate concentrations were higher in
the presence of desferrioxamine than in the control, and the
production of *CO, from C-oxalic acid was decreased.
Transition metals (including iron) accumulate during brown
rot decay of cotton cellulose (22).

Overall, these results support the proposal that oxalic acid
oxidation is iron dependent, presumably causing reduction
of Fe(I1l) to Fe(1l), and that the latter is effectively involved
in cellulose depolymerization, perhaps by generating ‘OH
radicals in a Fenton reaction.

The Fenton reaction requires H,0, (16, 21, 31). Detection
of H,0, in brown rot cultures has been difficult (18, 23,
36), perhaps because of its high consumption rate. In this
respect, another nossible explanation for the role of oxalic
acid could be that there is an extracellular oxalate oxidase
capable of both oxidizing oxalic acid and generating H,0,.
Indeed, Enoki et al. (9) recently reported the presence of
an cxtracellular one-clectron 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 kinelics of cotton cellulose depolymerization hy the brown rot fungus Postin placenta and the white rot
fungus Phanerochaete chrysosparium were investigated with solid-state cultures. ‘the degree of polymerization
(DP; the average number of glucosy! residues per cellulose molecule) of cellilose removed from soil-block
cultures during degradation by P. placenta was lirst determined viscosimetrieally. Changes in molecular size
distribution of cellulose attacked by cither fungus were then determined by size exclusion chromatography as
the tricarbanilate derivative. 'Fhe first study with . placenta revealed two phases of depoly merization: a rapid
decrease to a DP of approximately 800 aud then a slower deerease to a DP of approximately 250, Almost all
depolymerization occurred hefore weight loss. Determination of the molecular size distribution of cellulose
during attack by the brown rot fungus revealed single major peaks centered over progressively lower DPs,
Cellulose attacked by P. clirysosporiunt was continuously consunied and showed a dillerent pattern of change
in molecular size distribution than cellulose attacked by P, placenta. Al lirst, a broad peak which shifted at a
slightly lower average DI appeared, but as attacl progressed the pealc narrowed and the average DI increased
slightly. From these resulls, it Is apparent that the mechanism of cellulose degradation diflers tundamentally
between browe and white rol fungi, as represented by the speeies studicd here. We conclude that the brown
rot fungus cleaved complelely through the amorphous regions of the cellulose microfibrils, whereas the white

rot fungus attacked the surfaces of the microlibrils, resulling in a progressive crosion.

Brown rot fungi compise o limited number of wood-
decaying basidiomycetes that damage wood by rapidly de-
polymerizing the cellutose component. Generally, depoly-
merization occurs hefoie signilicant loss in the weight of
wood. At advanced stages of decay, structural polysaccha-
rides are quantitatively removed, and a modilicd lignin
residue remains (4, 14),

The biochemistry of the cellulolytic system of brown 1ot
fungi has reccived little attention, despite the apparent
uniquencess of the mechanism involved and the cconomic
importance of brown rot. Because pores in sound wood are
too small to allow cellulolytic enzymes to penetrale, it seems
probable that the agent responsible for initial celhulose
depolymerization is not a classical ccllulasc (5). Flournoy ct
al. (8) rccently studied changes in the pore size of wood
during decay by the brown rot fungus Postia placenta. T hey
concluded that the agent responsible for celtulose depoly-
merization has a molecular radins of fess than 38 A (3.8 nm)
and probably not greater than 15 A (1.5 nm).

In discussing the nature of the ccllulose-depolymerizing
agent, Cowling and Brown (5) noted that G. Halliwell (10)
had described the depolymerization of ccllulose by Fenton’s
reagent (Fe?' + 11,0,, which generates a hydroxyl radical
or similar oxidant [9]). Subscquently, Kocnigs (16, 17)
demonstrated that cellulose in wood is depolymerized by
Fenton’s reagent, that biown rot fungi produce extraccllular
H,0,. and that wood contains cnough Fe (IFe'') to make the
hypothesis reasonable. Support for the hypothesis of an
oxidative system was Iater provided by Highley (11) and
Kirk ct al. (15), who obtained evidence that cellulose sub-
jected to brown rot fungi is oxidized. Schmidt et al. (19)

* Corresponding author,

demonstrated that oxalic acid, which is sccieted by hrow
rot fungi in liquid cultmes (21), reduces Fe'' to Fe?* unde
ceitain conditions,

Recently, Shimada et al. (20) proposed an alternate rol
lor oxalic acid in cellulose depolymerization by hrown ro
hingi. ‘They reported that oxalic acid (175 |pl 1 1.3), 35°C,
weeks) alone reduces the viscosity of sood palp to 607 o
the original and thesefore may be directly involved in th
cellulose-depolymerizing process.,

Enoki et al. (6) suggested that iton-containing glycopep
tiddes which are able to oxidize 2-keto-4-thiomethyibutyri
acid 1o cthylene in the presence of 11O, are somehos
involved in wood degradation by brown rot fungi. Tlowcver
it has yet to be established whether these glycoproteins ar
involved in cellulose depolymerization,

Although brown rot fungi grow well in chemically define
media, liquid culture conditions in which the depolymerizin
system is demonstrable have pot been found. However
Highley has shown that the system is demonstrable
solid-state (soil-block) cultines (11) nd in cultures over a
agar medinm (12).

Research on the cellulolvtic system of brown rot fungi lag
behind rescarch on that of the wood-degrading white rc
fungi. 'The cellulolytic system of the latter group s a classic:
one comprised of endo- and exoplucanases and 8 glucos
dases. Scveral cellulase components of white tot fungi hav
been isolated and chatacterized, and the respective gene
have been cloned and sequenced previoushy (7). Most brow
101 fungi possess endoglucanise and 3 glucosidase activiti
but not exoglucanase activity {7, 12, 18).

The putpose of our study was 1o compare the Kinetics ¢
cellulose depolvmerization by brown and white 1ot fungi i
the solid-state system. Our ultinate goal is to understand 1l

0
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chemistry and biochemistry involved in cellulose depoly-
merization by brown rot fungi.

MATERIALS AND METIIODS

Fungal strains, maintenance, and inoculum preparation. P.
placenta (Fr.) M. Lars. ¢t Lomb. (MAD-698; ATCC no.
11538) was maintained at 27°C on malt agar siants. Bits of
mycclium-covered agar from 3 to d4-week-old slants were
used to seed petri plates of the same medium. Phanerocha-
ete chrysosporiun (BKM-F-1767; ATCC no. 11538) was
maintained at 30°C on ycast-malt-peptone-glucose  agar.
Mycclium-covered agar trom 7- to 10-day-old slants was
uscd to sced petri plates of malt agar. Ten-millimeter-square
seetions from the petri dish cultures (<3 weeks old) were
uscd to start the experimental soil-block cultures with both
fungi.

Cellulose. Cotton cellulose was purificd Type A-600 from
Holden Vale Manulacturing Co., Ltd. (Lancaster, England).
After incubation with tne fungus, cellulose samples were
ground in a Wiley mill to pass a 30-mesh screen.

Cellulose depolymerization studies. Cellulose was exposed
to the lungi in soil-block bottles (1) that were incubated at
27°C with 70% rclative humidity. Weighed balls of cellulose
(approximately 100 mg [dry weight]) were placed directly on
myccelium-covered wood leeder strips, which in turn rested
on stetile, moist soil in French square bottles. The cotton
balls were rapidly invaded by the hyphac. Triplicate balls
were removed after various incubation times, the surface
myccelia 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 T212 om-§3 (22). In the initial
experiment, the average degree of polymerization (DP; the
average number of glucosyl residues per cellulose molecule)
was measured viscosimetrically (2) after cellulose solubili-
zation in cupricthylenediamine (GFS Chemicals, Columbus,
Ohio). In subscquent 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 of deriva-
tizing reagent [(5.0 ml of pyridine plus 1.5 ml of phenyliso-
Cyanate) per 5.0 mg of cotton] were used to derivatize
cellulose exposed to P. chrysosporitum because of the excess
amount of fungal matcrial present in the samples. The
number-, weight-, and viscosity-average degrees of polymer-
ization (DP,,, DP,, and DP,, 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 of
the presence of fungal mycelia, which were partially inter-
dispersed with the cellulose and could not be rémoved
completely. The presence of an insoluble residue was also
observed when the mycelia alone were analyzed as a con-
trol.)

RESULTS

Initial experiments determined the depolymerization of
cellulose by the brown rot tungus P. plucenta in the soil-
block cultures as a function of time. The DP was measured
by the viscosimetric procedure. Residual cellulose was fur-
ther characterized by its solubility in alkali. In subsequent
experiments with both 2. placenta and P, clhrysosporium,
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FIG. 1. Time course study of cellulose depolymerization by P.
placenta in soil-block cultures. Three sumples were removed every
4 days, and the DP (®) was determined viscosimetrically. The
solubility of the remaining cellulose in 1% NaOH (O) was also
evaluated. The arrow indicates the onset of weight loss in the
cellulose, and the vertical lines are the standard deviations.

changes in the molecular size distribution of cellulose were
determined.

Kinetics of cellulese depolymerization. Depolymerization of
ccllulose by P. placenta (Fig. 1) occurred in two phascs as
seen by the viscosimetric assay: a phasc in which a rapid
decrease in the DP from 2,200 to approximately 800 (0 to §
days) occuried and a slower phase lasting approximately 15
days during which the DP decreased to about 250. Further
decrcase in the DP was negligible. The solubility of the
residual cellulose in 1% sodium hydroxide was not biphasic;
rather, it increased in a roughly lincar manner throughout the
incubation period and reached approximately 33% by the
termination of the experiment. Almost all depolymerization
occurred before any weight loss occurred. The first loss in
weight was obscrved at day 16, and only 20% of the cellulose
was consumed after 42 days.

In a similar experiment with P, chrysosporium, the DP of
ccllulose 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 scen after 24 days
(Table 1). Solubility in 1% NaOIl was not determined but

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

Lo Weight , . .
Incubation time , Polydispersit
(days) k,j,;; DP, be,, b, (I¥PWIIZ)P,.) Y
Brown rot fungus
0 0 L150 2,111 2,044 1.84
5 0 676 1,717 1,642 2.34
14 0 244 754 710 3.09
22 6 86 454 422 5.27
42 20 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
24 50 984 1,570 1,511 1.60
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FIG. 2. Changes in molecular size distribution of cotton cellulose
during degradation by the brown rot fungus P. placenta. ‘The areas
under the curves have been adjusted to reflect weight loss due to
fungal activity. The numbers next to the arrows are the numbers of
days during which cellulose was exposed to the fungus.

had been shown carlicr by Highley (12) to increase very
slightly during dccay.

Molecular size distribution of cellulose decayed by P. pla-
centa. Ccellulose depolymerization by the brown rot fungus
was investigated in detail by examining the change in mo-
lecular size distributions during the course of degradation
(Fig. 2). Single major peaks were resolved for cach sample,
irrespective of the length of time of incubation. With time,
the pcaks became broader and were centered at progres-
sively lower DI values. In addition, by day 14 a shoulder
representing low-molecular-size companents (DP, <60} ap-
pearced; its contribution increased with time, although it was
never a major component. A gradual increase in the poly-
dispersity of the sumples (DP,/DP,, which is an indication of
the range of molecular sizes) was observed and is explained
by the increasc in the proportion of lower-molecular-size
components (Table 1). Both DP, (=DP,) and DP,, decreased
progressively with time (Table 1; Fig. 2).

Molecular size distribution of cellulose decayed by P. chry-
sosporium. The changes in the patterns of molecular size
distribution duiing attack by P. cluysosporium (Fig. 3)
differed greatly from those obscerved for P. placenta. The
molecular-size-distribution curve broadened initially  but
narrowed as the cellulose was attacked. Single major peaks
were resolved for cach sample and were centered at a
slightly lower averrge DP than that of starting material.
Unlike the observations with the brown rot fungus, both
DP,, (= DP,) and DP,, decreased by day 8 but then gradually
increased to near control values thercafter (Table 15 Fig. 2).
The polydispersity of the residual cellulose changed in a
similar manner.

DISCUSSION

Our study of cellulose depolymerization by . placenta
shows that the DP decreased substantially before any weight
loss (utilization) occurred. Cowling (4) also obscrved this
phenomenon in experiments with wood blocks from which
holocellulose was isolated during decay by this Inngus
(which was classilicd at the time as Poria monticola Muir.).

Arrr. ENnviroN, Micromon,
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FIG. 3. Changes in the molecular size distribution of cotton
cellrlose during degradation by the white rot fungus P eluvsospa-
rivm, The arcas under the curves have been adjusted to relteet
weight loss due to fungal activity. The numbers next to the arrows
are the numbers of days during which cellulose was exposed to the
fungus.

In addition, Highley (12) reported that a number ol brown rot
fungi depolymerized cotton belore any weight lass occuried.,
Depolymerization before utilization sugpests that the system
responsible for utitization (i) acts only on low-molecular-size
fragments produced late during depolymerization, (i) is
inhibited during initial depolymerization, (i) is induced by
late-depolvmerization products, o1 (iv) is simply inclficient,
The fact that the solubility of the cellulose in 17 NaOll
increased in an approximately linear manner dwring attack
by the biown ot fungus indicates that small (soluble) frag-
ments were produced and accumulated during depolymer-
ization: thus, possibilitics (i) and (iv) are more likely than (i)
or (iii). Cowling (1) showed that 197 NaOIT solubility of
holocellulose isolated from wood attacked by brown ot
fungi also increased during degradition. Likewise, Highley
obscrved an increase in alkali solubility of cotton cellulose
attacked by scveral brown 1ot fungi (12). Tlowever, our
results show that alkali solubility of cellulose decayed by P
placenia does not direetly correlate with depolymerization
and consequently cannol be used as a simple assay lor
depolymerization,

The kinetic curve of cellulose depolymerization by the
brown rot fungus revealed two phases of depolymerization,
resulting in an eventual drop in the DP to appraximately 250,
This may be interpreted as a hiphasic mode ol depolymer-
ization, but a lincar relationship is abscrved when the log
(DP = 250) is plotted against time, suggesting that depoly-
merization is simply fisst order.

Cessation at a DP of 250 suggests that extensive cleavages
occuried within the noncrystalline (imnorphons) 1egions,
producing crystallites. This is analogous to the “leveling
oll”” DP of cellulose observed upon acid hydiolysis in which
crystallites are released (3). Highley et al. (13) showed thit
the overall erystallinity of residual cellulose increases during
depolymerization by brown rot fungi. Apparently, the depo-
lymerizing agent is able to cleave through the amorphons
regions of the cellulose but not through the cellulose crys-
tallites (4, 15). (Although the DP valuce of approximately 250
was necar the detection limit of our viscosimeltric assay |[DP =

¥
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FIG. 4. Hlustration of the apparently difterent modes of degra-
dition ot cellulose by 2. placenta and P. cleysosporion. Wi.,
weight,

196], that it was reached was verified by the molecular size
distribution of the depolymerized cellulose [Fig. 2; Table 1)).

The molecular size distribution of the depolymerized -

cellulose indicated that the increase in polydispersity (DP,/
DP,) during attack by the brown rot tungus was due to an
increasing contribution of fragments of low molecular size.
The appearance and accumulation of these fragments indi-
cated that P. placenta did not consume the fragpments as
chliciently 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 the cellulose
samples prepared in the previous studics were washed with
NaOH before analysis, resulting in the removal of low-
molccular-size molecules and therefore leading to lower
polydispersity. Peak shifts in the molecular size distributions
of cellulose during decay by P placenta signify random
cleavage completely through the microfibrils at a given site
(presumably an amorphous 1egion). That is, the agent
worked all the way through the microfibril once it began its
attack. Thompson (23) concluded that the same pattern
oceurs during depolymerization of cellulose by supcroxide
anion in dimethyl sulfoxide, but we are not aware of any
biological precedent.

The time course study of cellulose depolymerization by
the white rot fungus . chrysosporium gave markedly diifer-
ent results from those obtained with P. placenta, indicating
a dillerent mechanism of cellulose degradation, as first
recognized by Cowling (4). Unlike P, placenta, P. chrysos-
porunn continually consumed the cellulose without substian-
tially decreasing the average chain length ot the residual
cellnlose. In accordance with this, Highley (11) reported a
decrcase in the DP from 2,200 to approximately 1,300
(determined viscosimetrically) in a similar cellulose depoly-
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merization study with several white rot lungi in solid-state
cultures. Changes in the molecuiar size distribution of cel-
fulose in our study during decay by P. cliysosporium
suggest that initial attack involved the gencration of frag-
ments scveral hundred glucose units long. With time, these
were consumed without accumulation of a substantial pro-
portion of fragments of lower DP values. Removal of low-
molecular-weight material resulted in low polydispersity
values as decay occurred. This suggests that the white rot
fungus prcterentially consumed the small molecules before
gencrating more.

From thesc results, it is apparent that the mechanism of
cellulose degradation differs markedly between P, placenta
and P. chrysosporitm. The brown rot fungus cleaves en-
tircly through the cellulose microlfibrils, presumably in the
amorphous regions, before utilizing the cellulose, whercas
the white rot fungus attacks the surfaces of the microlibrils,
consuming the ccllulose as it is degraded. These two modes
of degradation are illustrated in Fig, 4.
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COTORAS AND AGOSIN

Regulation of endoglucanase formation by the brown-rot fungus
Gloeophyllum trabeum was 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 trabeum brown-rot fungi,
cellulases; endoglucanase expression; endoglucanase inducers;
cellobiose.
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Cellulose 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: 1,4-8-D-cellobiohydrolases (EC 3.2.1.91),
which release cellobiosyl units from the nonreducing end of cellulose
chains; endo-1,4-R-D-glucanases (EC 3.2.1.4), which cleave internal
glycosidic bonds; and 1,4-B-D-glucosidases (EC 3.2.1.21), which

hydrolyze cellobiose and cellooligosaccharides into glucose.

The expression of the cellulolytic system in 7. 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 (El-Gogary et 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-lactone (lyayi et 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).
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Brown-rotted wood is characterized by cxtensive degradation of
cellulose and hemicellulose but limited degradation of lignin
(Eriksson et 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 depolymerization 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
depoiymerizing process. The latter could be produced by the IFenton' s
reaction (Fe (II) + 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-B-D-glucanases, but no
reports exist on the production of exo-1,4-B-glucanases (Highley,
1973). Thus, these fungi do not seem to degrade crystalline cellulose

by the synergistic action between endo- and  exo-glucanases, as  is
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the case in T. reesei or P. chrysosporium. Endoglucanascs
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. (rabeum
have been further investigated. The enzymatic production in different
carbon sources as weli as the effect of glucose, glycerol and cellobiose

on the kinetics of cellulase expression in liquid cultures was evaluated.

W\
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MATERIALS AND METHODS
Giganism

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. trabeum was cultivated on 25mM ammonium tartrate, using
the carbon sources at initial concentrations of 55 mM, 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 mg dry wecight- 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 °C.
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In order to study the cffect of dilferent carbon sources on the
expression of endoglucanases by G. trabeum, replacement cultivations
were used. Pregrown mycelia were obtained inoculating 1 ml of a
fungal suspension (corresponding to 10 mg, dry weight) in 250 ml
Erlenmeyer flasks containing 100 ml of the same medium
supplemented with 1% (w/v) galactomannan (Sigma) and 0.1% (w/v)
carbopol. Locust bean galactomannan 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 mycelium was harvested by
centrifugation and washed threec 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 10g/l.
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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) glucosc-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 5.5mM glycerol.

The white-rot fungus P. chrysosporium BKMF 1767 was used as a
reference. It was grown under similar conditions to those emplo-

yed for G. trabeum, 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 50mM 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. Onc unit (I U) of cnzyme aclivily
is the amount of enzyme that decreases the relative viscosity in (.01,
per minute, in defined conditions of temperature and pH. The relative
viscosity is defined as the ratio between the efflux time of the solution

and the efflux time of the buffer.

60
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RESULTS
Biomass production on different carbon sources

The effect of different carbon sources on biomass
production by G. trabeum is shown in Table 1. When glycerol, xylose,
cellobiose, maltose, lactose and CMC were used as carbon source, low
biomass yields were obtained. Higher biomass yields were found for
glucose and mannose, 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 production of endoglucanases by
G. trabeum. Pregrown mycelia were transferred to media containing
different carbon sources. Endoglucanases were produced in all the
carbon sources tested (Fig.l); however, the level of enzymatic activity
was different. Three different groups of cndoglucanase activity can be
distinguished. The highest level was reached on cellobiose, CMC and
Avicel (between 20 and 48 U/ml). An intermediate level of production
was obtained on glucose, mannose and lactose (about 7 U/ml).

Finally the lowest yield of cellulases was obtained on [fructose,

O\
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galactose, xylcse and glycerol (1 U/ml). The highest activity was
obtained on cellobiose (48.1 U/ml). On glucose, mannosc 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). Prcgrown

UL
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mycelia were transferred to media with CMC or CMC supplemented
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 (5-40mM,
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 cellubiose
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.

N\
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DISCUSSION

The regulation of the cellulase cxpression 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. trabeum .

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. trabeum is inducible.
Indeed, although this basidiomycete 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 f{ructose were mnot employed as carbon
sources by the fungus, possibly because the fungus has not an active
transport system for these sugars; heunce, the expression level observed
on the latter would correspond to the constitutive level of expression of
endoglucanases in G. trabewm, which is many times higher than that

reported for T. reesei.

Among the sugars that sustain [ungal 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 cellulasc synthesis in these
fungi. In this respect, it is noteworthy that the addition of ccllobiose,
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 depolymecrizing 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. Celiobiose is an effective inducer even when  the fungus is

N
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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. T. 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 possible 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 obscrved. One of the rcasons that
could explain this retardation is a competition between glucose and the

inducer for their transport inside the cell, and not to catabolitc

.6(0'
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repression. Therefore, we can argue that the production of
cndoglucanases in  G. trabeum is not under catabolite repiession

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

resulted from the absence of a gcod 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 dctected using monoclonal
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. llowevcr,
these authors did not explain the results obtained by LEL-Gogary ct al,
(1989), where a catabolite repression effect is clcarly observed. Indeed,
EL-Gogary et al (1989) demostrated that 7. reesei did not produce
cellobiohydrolase 1 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 ellect
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 trabeum . 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), Glucese (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 (03 ); 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 trabeum (a), or Phanerochaete chrysosporium (b); in
the presence of 1% (w/v) CMC (w), 1% (w/v) CMC plus 5.5mM
glucose (o) and 1% (w/v) CMC plus 5.5mM glycerol ( 4 ).
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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. (I:I') SmM glucose; (@) 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 ( @ ). Celiobiose (5.5 mM) was

added at the time indicated by the arrow ( & ).
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TABLE 1

Biomass _production by Gloeophyllum _ trabeum

on_different carbon sources

Carbon source Mycelial dry weight
(mg )
Glycercl 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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Regulation of endoglucanase formation by the brown-rot fungus Gloeophyllum trabeum
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Regulation of endo-1,4-B-D-glucanase formation by the brown-rot fungus
Gloeophyllum trabetun was investigated. Results showed that the fungus produced
several enzymes with endoglucanase activity in the presence of glucose or mannose
as the sole carbon source, even though the expiession of these enzymes was much
higher with cellobiose or cellulose. Morcover, glucose did not repress enzyme
production. We concluded that endoglucanase production in this fungus is not
subject to catabolite repression, but it is inducible by cellulose. Fuithermore,
cellobiose is a very effective inducer of the system.

I. INTRODUCTION

The most destructive form of wood decay, brown rot, is caused by a limited number of
basidiomycetous fungi that damage woud by rapidly depolymerizing the celluluse component.
Generally, polysaccharide depolymerization occurs belore significant loss in the weight of wood.
Atadvanced stages of decay, structural polysaccharides are quantitatively removed, anda modificd
lignin residue remains! 2.3, Hence, brown 1ot fungi might possess a unique cellulolytic system
which enable these fungi to circumvent the lignin barrier in gaining access to polysaccharides.
Furthermore, the cellulolytic system might 1emain active towads incieasing lignin contents in:
decaying wood.

The biochemistry and physiology of the cellulolytic system of brown 1ot fungi has received
little attention, despite the unigqueness of cellulose degradation by these fungi. Oxidative
depolymerization of cellulose during theealy stages of decay has been demonstrated?, Considering
that pores of sound wood are too small to allow “classical” cellulases to penetrate, a non enzymatic
mechanism related with the generation of oxygen-derived radicals has been suggested to be
responsible for the depolymerizing process>0.

The enzymatic cellulolytic system of brown-rot fungi has not been thoroughly studied, even
though some interesting features have been reparted. Biown-ot fungi produce endo-1,4-63-D-
glucanascs, but no reports we available on the production of exo-1 A-B-glucanases’. Thus, these
fungi do not seem to degrade crystalline cellulose by the syner gistic action between endo- and exo-
glucanases, as is the case in T. reesei or . chrysosporium. /\



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?. In the present work, some
regulatory aspects of endoglucanase synthesis by the brown-rot fungus G. trabeum have been
reassessed. N-terminal aminoacid sequence and homology of the major endoglucanases secreted
by the fungus in liquid cultures was also determined.

2. MATERIALS AND METIIODS

2.1  ORrGanism

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

Research (Forest Products Laboratory, Madison, USA) was used throughout ihis study.

2.2 CoNDITIONS OF CULTIVATION

G.trabeum was cultivated on 25mM ammonium tartrate, using the carbon sources at initial
concentrations of 55 mM, except carboxymethylcellulose (CMC) which was added at 10 g/l. The
buffer 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
wastransferred 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-, 19%(w/v)
lactose- or 1%(w/v) gl ucose-containing cultures. The inducer was added at the time and concentration
indicated.

2.3 ASSAY OF ENDOGLUCANASES

Endoglucanase activity was determined viscosimetrically in an Ostwald viscometer at 30°C,
using 6ml of 0.5% (w/v) carboxymethylcellulose (low viscosity CMC, Sigma) in S0mM sodium
acetate, pH 4.5 .

24 ELECTROPHORETIC DETERMINATION OF ENDOGLUCANASES.

Culture supernatants were analyzed by PAGE in non-denaturing conditions. After protein
separation (3h at 4°C, 10mA current), polyacrylamide gels were preincubated in 50mM sodium
acetate pH 4.5 and laid over an agarose gel containing ).3% CMC. Endoglucanases weie visualized

as described by Bertheau et al8,

For identification of the two major endoglucanases, the bands showing endoglucanase
activity were eluted from the non-denaturing gel and precipitated with 10% TCA. Also,
extracellular proteins produced on different culture media were concentrated 100x by ultrafiltration,

‘employing 3,000 or 10,000D cut off polysulfonated membranes. Concentrated supernatants, as

well as eluted endoglucanases, were separated by SDS-PAGE on gels containing 12% acrylamide
and 0.1% SDS, according to Laemmli¥. Proteins were stained using the Coomassie blue method.

2.5 DETERMINATION OF N-TERMINAL AMINOACID SEQUENCE OF ENDOGLUCANASES
The N-terminal amino acid sequence of the two majorendoglucanases was determined after
protein transfer to a PVDF membrane as described by MatsudairalV,



3. RESULTS AND DISCUSSION

3.1 ENDOGLUCANASES PRODUCED ON DIFFERENT CARBON SOURCES.

Non-denaturing PAGE of culture supernatants of G. rrabeun 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 confirmand extend those from Hi ghiey? concering endoglucanase formation
on glucose-containing media by brown-rot fungi.

Figure 1. Endoglucanases produced by Glocophyllum trahewm on diffcrent carbon sources. Crude culture
supernatants (10ul) were applicd to cach lane. Lanes 1-6, Gloephylium rabeum grown on CMC n,
glucose (2), fructose (3), lactose (4), cellobiose (5) and Avicel (6). Lane 7, Phanerochacte chrysosporium
grown on Aviccl,

3.2 INDUCTION AND CATABOLITE REPRESSION OF ENDOGLUCANASE FORMATION

Theeffectof cellobioseon the kinetics of endoglucanase formation by G. tzabeism was studied.
When cellobiose was added to a CMC-containing culture, no further sumulation was found
(Fig.2a). However, when cellobiose was added to a lactose-containing medium, a very high
induction of endoglucanase production was observed (Fig.2b). One possible explanation for this
difference could be that the inductive system is saturated in the CMC-medium, as shown for T.
reesei grown on cellulose!!. 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. slucose
did not suppress the stimulatory effect of cellobiose, even though induction was slower than on 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 T'. reesei 12, ‘Therefore,
we can argue that production of endoglucanases in G. trabetm 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 amounts of low molecular weight carbohydrates

during cellulose depolymerization!3,
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Figure 2,

3.3 N-TERMINAL AMINOACID SEQUENCES OF THE TWO MAJOR ENDOGLUCANASES
N-terminal aminoacid sequences of the two major endoglucanases were compared. For this
purpose, we took advantage of previous results!4 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 1 and 2 are mainly expressed in cellobiose growing cultures, indicating that
these proteins might correspond to the major endoglucanases. To confirm this presumption, the two
adjoining major endoglucanase activities were eluied separately from non-denaturing gels and run
in parallel with concentrated supernatants. Results clearly showed that band 1 corresponds to EG
I (Fig. 3). Unfortunately, EGII could never be visualized in the gels. However, SDS/Western
blotting/inmunostaining techniques using polyclonal antibodies against EG I of P. chrysosporium
mainly reacted with band 2 (Cotoras, M., unpublished results). Hence, it is very likely that EG 1
and EG 11 correspond to bands 1 and 2, respectively. Their molecular weight, as estimated from

SDS-PAGE, was 36,000 and 32,000Da, respectively.

M
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Figure 3. SDS-page on filtrates from cellobiose and galactose culture media of Glocophyllum trabeum .

Lanc 1, 3,000 D cut off ccllobiose supernatant; Lanc 2, 10,000 D cut off cellobiose supernatant;
Lanc 3, marker proteins; Lanc 4, ccllobiose cultures; Lance 5, glactose; Lanc 6, EGI cluted from
non-denaturaly gels; Lanc 7, idem,

N-terminal aminoacid sequences of the two major endoglucanases secreted by G. trabeum
are identical (Fig. 4). Thus, it is very likely that EGII arises from EG 1 by proteolytic modification
or partial deglycosylation of the former. This type of events has recently been proved for EG-11
of T. reeseil3, Furthermore, it is noteworthy that a region comprising 10 consecutive aminoacids
of the N-terminal of EG from G. trabewm is homologous to a region close to the O-glycosyiated
domain of EG 111 of T. reesei 16 (Fig. 5). These results also indicate that the N-terminal region of
EG I of G. trebeun would not contain a cellulose-binding domain.

Figurc 4

Figure 5

EGI:

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

EGN:

5 10 16 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-1-d-G-T-X-H-V-5-G-a

N-terminal aminoacid scqucenice of two major endoglucanases scereted by Gloecophyllum trabeum .

10 20 3o

EG-l G. trabsum VIGPAPLKFAGVNIAGFDFGGGTDGTXHVSG

"o D O A T T R R B

PPTSSGVRFAGVNIAGFDFGCTTDGTCVTSK

90 100 110

EG-Ill T. reesel

Homology between the scquences of EG-11rom Gloeophyllum trabewm and EG-111 from Trichoderma /
reesei .
A7



CONCLUSIONS

1./ The cellulolytic system of the brown-rot fungus G. trabeum is clearly inducible by cellulose
‘ . ~ . LE e . . 3 .

-and cellobiose. The possibility that more than one inducer could mediate the induction of
endoglucanase synthesis is currently under investigation.

2./ Thecellulolytic systemof G. trabeum is notsubject to catabolite 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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SUMMARY

The degradation of lignocellulosic material by brown-
rot fungl produce an extensive depolymerization of polysacchari-
des without removal of lignin. This characteristic make them
potential candidates for the direct bloconversion of wood
polysaccharides in fermentable sugars. The mechanism employed by
these fungl to produce this characteristic dearadation is not
known yet. The capablility to evade the 1lignin-polysaccharide
network, should indicate that the depolymerizing agent could be a
low molecular welght chemical compound.

In order to verify this mechanism a solid ferxmentation
of pine sawdust with two strains of brown rotters, Gloeoohyllum

trabeum and Wolfiporla cocos was made. The results of these
experiments showed the characteristic dearadation of polysaccha-
rides and the slight removal of lianin. Using pine holocellulose
(delignified sawdust) as sustrate, a strong depolymerization of
polysaccharides was observed.

The strong decrease of pH observed during the pine
sawdust blodegradation is due to organic aclds produced by funal.
G. trabeum, in 1liquid cultures, preduced alycolic 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 depolymerizinag
sistem of brown-rot funal 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 radlcals showed
that *OH is hiaghly reactive. Hydroxiethyvlcellulose and
crystalline cellulose were strongly depolymerizated by this
specle. HO2» depolymerized crystalline cellulose sligthy and
singlet oxygen made no changes in the degree of polymerization of
hydroxilethylcellulose.
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SUMMARY

Brown-rot fungi, which occur predominantly in softwoods,
posdsess the unique ablllty to remove structural polysaccharides in
native fully 1lignified tissues with only a slight depletion of
lignin. However, thls slight degradatlion is accompanied by
largely oxidative events, principally demethvlation of phenollc
and non phenollc unlts. The wmechanlsm employed by these fungl to
remove the polyvysaccharide fraction in spite of the barrier of
lignln 13 unknown. Thls phenomenon makes them potentlal agents
tor the dlrect biloconversion of softwood polysaccharides into
fermentable sugars.

In order to clarify the reactions produced during the
process of lignin degradation, the metabollism ot lignln-model
compounds by two specles of brown-rot fungl (Wolfiporia coces and
Gloeophyllum trabeum) was Investlgated using low-nltrogen medla.
Stationary liquid cultures were emploved to study thelr subhstrate
deqrading abilities. Threc dimers with a B-1 linkage and three.
different stages of oxidation in the alkylic chain were utilized
(dimethoxybenzil (VI), antsecln (IV), dihydroanisoln (V)). Fron
the catabolium of thene models, p-anisaldehyde and dihydroanisoin
were ldentlitled., The Llrst cowpound resuiled trom Lhe rupture ot
the Ca-CA linkage and the second compound came from the anlsoin
raduction.

' The generatlon of radlcals species der'+ed from oxygen,
showed the high reactivity of the #OH. Thls r:uical produced the
rupture of anlson and dihydroanisoln wilh vhe production of p-
anlsaldehyde and other unldentitied compounds, but Lt had no
action against dimetoxybenzil. Superoxide was not able to produce
moditications of these model compounds,
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RESUMEN

Los hongos de pudricién parda se caracterizan por la capacidad de degradar los
polisacdridos de la madera sin degradar mayormente el pclimero de lignina. Sin embargo,
se ha determinado que esie polimero aromético, sufre principalmente modificaciones de
cardcter oxidativo, de preferencia demetilacién del anillo aromitico. Este fendmeno, los
convierte en agentes potenciales para la modificacién de la lignina y su posterior uso en

resinas fendlicas modificadas.

Para estudiar este sistema demetilante y las demds modificaciones de la lignina,
€sta se aislé de madera de eucaliptus previamente explotada, para facilitar su extraccién,
obteniéndose un rendimiento de extraccién de lignina del 44,5%. Este sustrato, junto cen
holocelulosa de pino, fue fermentado bajo distintas condiciones de aireacién y contenido
de lignina en el n.cdio. Estos estudios mostraron que el sistema demetilante alcanza un

grado de demetilacién de 50%, a la vez que presenta caracteristicas oxidativas.

La lignina funcionalizada presenté una extensa demetilacién, mientras que
conservo su peso molecular, lo cual la hace atractiva para su utilizacién en resinas
fendlicas modificadas. Se formul6 una resina con 15% de reemplazo de fenol por lignina

funcionalizada en forma natural, 1a cual se ajusto a las normas requeridas.
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INTRODUCTION

Brown-rot fungl are represented by a limited number of
basidiomycetes that damage wood structure primarily by causing a
rapld depolymerization of the cellulose component. This happens
before any substantial 1loss in the welight of wvood occurs.
At advanced stages of decay, structural polysaccharides are
quantitatively removed, but lignin accumulates (Cowling, 1961).~°

The biologlcal components of the cellulolytic system of
brown-rot fungi have recefved llttle attentlon, despite the
uniqueness of the mechanism Involved. However, since most of the
pore sizes In sound wood are too small to allow cellulolytic
enzymes to penetrate inslide wood, 1t is very probable that the
agent responsible for initlal cellulose depolymerization vas
non-enzymatic. Furthermore, Flournoy at al (1989) have recently
studied the 1Increase in the pore volume available during wvood
decay by Porla 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 (Highley, 1977)
suggesting that the diffusable agent is strongly oxidant. Koenligs
(1974) proposed that the latter arlses from H202, which, In the
presence of Fe (I1), breaks down into hydroxyl radicals (0OH.).
This oxygen-derived radical specles has been shown to duplicate
the brown-rot chemistry (Halllwell, 1965/ 1%78; Kirk et al,
1989). Simetrical molecular weight distribution of a highly
decayed cellulose sample, Iindicating random cleavage of all
the cellulose fibers, 1is also consistent with a posslble role of
the Fenton reagent in cellulose depoiymerization by brown-rot
fungl (Highley et al, 1989).

Despite the importance of wood decay by these fungil and the
potential of thelr unique cellulolytic system for efficlent
saccharification of fully lignified substrates (Agosin et al,
1989), / the cultural conditions controlling cellulose
depolymerization have not been determined yet. However, 1t has
been shovn that 1liquld cultures do not allow the actlve
depolymerizing system to develop (Highley, 1973): Furthermore,
recent experiments where cotton was placed in contact with the
agar medium in order to saturate the sample, neither allaved the
expression of the depolymerlzing system (Highley et al, 1989).

The aim of this wvork wvas to {dentlify and partlally
characterlize the lov molecular welght compounds secreted during
the actlive phase of celiulose depolynmerization by the brovn-rot
fungus Poria placenta In order to assess thelr possible role in
the mechanisnm of brown-rot decay of vood. The threshold of wvater
activity necessary for depolyrerizing cellulose, as well as the
evolution of the molecular size distribution of ccllulose during
decay were also investlgated.




MATERIALS AND METHODS

Funqus. The brown-rot fugqus 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 studles of cellulose (purifled
cotton type A-600, Hercules) were conducted following the soll
block procedure of the American Soclety for Testing and Matertials
(1971), as described by Highley (1977). ,

Effect of water content. The effect of dry matter content on
cellulose depolymerization was tested in triplicate wusing the
following system: after a 4 veeks decay period, colonized wood
blocks were transferred 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 dlshes were maintalned in a thermorrequlated
chamber at a 90% humidity level, 1in order to avoid sample
dessication. After 4 weeks of incubatlon at 280C, the cellulose
vas removed, dried at 80°C and the resulting DP was determined as
described helovw.

Radlolabeling techniques. 4 x 100mg cotton "balls" vere
equldistantly placed at each corner of a 4 veeks-decayed feeder
strip. After 10 days of cellulose colonlization, 1i.e. when the
cultures were strongly depolymerizing the cellulose, 15ul of
14C-glucose (ICN; specific activity 10.9mCl/mmol) containing
7.5x106 dpm, were fed at the center of the feeder strip, at 1-
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 radlolabeled under these condltlons. Another 20
cultures without 14C-glucose wvere also run under the same
conditions. Every 2 days, the radloactlve cultures were flushed
during 15 min with alr into a CO2 trapping fluld ( ) and
14C02 vas measured in a scintillation counter.

Separation of low molecular wvelght (MW) coampounds. The secretlon
of (14C)~-low MW compounds during cellulose depolymerization wvasa
followved by randomly harvesting 6 cotton balls from the "hot"
cultures at 1, 3 ard 7 days after the additlion of the label,
l.e. 11, 13 and 17 days of cellulose decay. The 14C-labeled
samples wvere mixed with 4x100mg cellulose from "cold cultures"
"{total welght: 1,0g9) and extracted twvice with 4 and 2 nl of S00mM
NaCl solution, respectively. After each extractlon (2h, ?00C),
the sample vas squeeczed, centrifuged and 50ul of supernatant vere
taken for 14C measurement.

The clariflied supernatant (1.5 ml) wvas applied to a 50xlem
Sephadex G-25 column. Distilled water was used as eluent and lmL



fractions were collected. Each tube was assayed ifior 14C,
absorbance at 280nm and ninhydrin reactlon. Transition metals
were determined by atomic emission spectrometry on 3Iml pooled
eluted fractions of supernatants extracted from cellulose decayed
for 17 days. Oxydlized insulin chaln A (MW=2530), ferrichrome A
(MW=1100) and veratryl alcnhol (MW=165) were employed to
cailbrate the column.

For comparison, fthe low molecular welght compounds present In a
highly decayed brown-rotted cellulose (50 days Incubhatlon) wvere
also separated by gel permeation chromatography following the
same procedure.

Mycellaneous procedures

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

The average degree of polymerization (DP) was measured
viscosimetrically (Cowling, 1960) after cellulose solubillization
vith cupriethylenediamine hydroxide solvent (Ecusta Papcr Corp.)

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

The presence of primary amlnes in the column eluent was assayed
vith the ninhydrin reagent (Moore and Steln , 1947}).

RESULTS

1. Effect of dry matter content on cellulose depolymerization by
Poria placenta

The effect of dry matter content on cellulosc depolymerizatlion tis
shovn In Table 1. Depolymerization was slignificantly higher for
‘cellulose contalning at least 30% dry wvelght than for lower dry
matter contents. Furthermore, no difference wvas found 1In the
extent of cellulose depolymerization among dry matter contents
higher than 30%, as well as for those that contalined less than
300 dry matter. This suggests that the threshold for an
ef{fectlive action of the ayent responsible for celluloze
depolymerization 1is at least 30% dry matter of tie decaylng
—tetaallail nea



2. Klnetics of cellulcse depolymerization

The course study of cellulose depolymerlzation by DPoria

placenta 1is 1llustrated 1in Flgure 1. Two phases 1In the
depolymerization of cellulose were observed. The flrst phase

vas very raplid: 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, 1.e. a DP of 200-250, vas reached after 21
days 1incubation, and remalned constant up to 42 days of
decay. Solubllity in 1% sodium hydroxide increased linearly till
21 days, after which time, although increase satill linear, the
rate was slowered. A maximum of 32% alkall-soluble compounds was
reached after 42 days of incubation.

The occurence of tvo different rates in cellulose
depolynerization was further Investigated by examining the

molecular slze distribution of the cellulose during
decay (Figure 2). Only one maln, peak wvas resolved for all
assayed samples, frrespectively of the extent of

depolymerization achelved. However, with decay time, the peak
broadened and evolved to the zone of lower DP. 1In addition,
since day 14, increasing amounts of 1low molecular welght
compounds (DP<60) accumulated. Polydlspersity (DPw/DPn) increased
gradually vith colonizatlon, reaching a maximum after 22 days of
decay and then slightly decreased (Table 2}.

3. Pulse-labelling of 14C-glucose during cellulose
depolymerization

An experiment was performed in which 14C-glucose was fed to
to the feeder strip during the most active phase of
depolymerization of cotton c¢ellulose, as determined In the
previous experiment of this study. The fate of radloactivity was
folloved after 1, 3 and 7 days of radlolabeling. Almost 70% of
the fed l14C-glucose was converted to 14C02 after seven days of
incusation. However, 42% minerallzatlon was acheived duzlng the
first 20 hours after addling radloactivity (results not shown).

Fungal translocation of 14C-4lucose from the feeder strip to
cotton cellulose was very efective. 5.3, 7.9 and 1.4% total
radloactivity vas recovered in cellnlose extracts after 1, 3 and
7 days of labeling, reaspectively. Typlcal results obtalned after
gseparation of the labeled low molecular velght corpounds secreted
during c¢ellulose decay, as a result of fungal translocatfion and
transformation of 14C-glucose, are shovn {n Filgure 3. Data
obtalned for 3 days of labeling !s chovn as an example. The
results of thls experiment showed that only a mlncor peak of 14C
radloactivity wvas present At Lhe excluslon volure of the colunn
(I4W>4.000), Low, but algnificant ~ondeqlucanare activity was
determined on this fractfon by wmean of viscoretric nethods
{results not shown). However, no exoglucanase activity could be

- tound.



On the contrary, twvo low MW compounds, with apparent MW of
2,000 and 1,000D, were actlively synthesized durling thls stage of
depolymerization. The latter were strongly radlolabelced during
the flrst day of feeding. Essentlally the same profile for all
14C compounds shown in Flgure 3 was found in labeled samples,
vhatever was the harvesting tlime. Furthermore, preliminary
experiments where 14C-glucose was added only after 3 days of
incubation with cotton cellulose, revealed that the same two
lov MW compounds vwere been actlvely synthetlzed even at this
early stage of decay.

on the opposite, these two compounds could be quantitated by
thelr absorbance at 280nm only after 13 (MW of 2000) and 17 (MW
of 1000) days of decay, i.e. when cellulose DP had almost reached
fts 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
depolymerizing cultures at diffcrent incubation times, showed
that the onset of the synthesis of the latter begun only after 20
days of decay. only after Finally, the peak showing the lowvest
molecular weight has strong absorbances at both 280 and 400nm. It
was present in all the samples and eluted at the inclusion volume
of the column. It Is Interesting to point out that apparently no
14C-glucose diffused through the feeder strip to the cotlon
cellulose, as shown by the absence of radloactivity 1In the
fractions eluted at the corresponding molecular welight, f.e. the
inclusion volume of the column (Flig. 3).

The presence of primary amine resjdues 1In extract
components was also determined by assaying all the collected
fractions for ninhydrin reaction. As fllustrated in Filg. 3, the
compound with an apparent MW of 1000 was the only one to glve a
positive reactlion to ninhydrin.

Elemental analysls of a cellulase sample harvested at a
stage of actlve depolymerization showed substantial accumulation
of Ca and Mg (Table 3). Among transition metals, only Mn and Fe
vere found to accumulate. Furthermore, more than 50% of total Mg
and Mn, and 30% of total Fe, appecared to be extracellular and
water-soluble. TFigure 5 shows the results obtained for the
elemental analysis of the soluble extract of thls sample after
separatlion by gel permeation chromalography. Sodlum, calclunm,
zinc and copper eluted at the incluston volume of the column,
l.e. after fraction 43 (results not shown). A sharp and unlque
peak of manganese and magnes fum vas  found at fraction 40,
.thercfore, . It seems that these catlons co-eluted with the maln
low MW peak radiolabeled durlng the 14C-pulse (see Fig. 3). Iron
vas also found Lln this fractlon. The resulting H3:Mn:ibe ratio was
10:4:1. Finally, 1t s noteveorthy that the second peak  that
resolved for Iren (fraction 31) co-eluted vith the second low MW
compound vhich appeared radlolateled after feeding 14C-glucose
to the depolymerizing cultures.



DISCUSSION

The experirents carrled out here on the ecffect 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 wunclear. One
possible explanation Is that high wvater concentratlions repressed
the synthesis of the depolymerizing system. Another passiblility
is that, although the system is activated, the agent responsible
for depolymerization was diluted In the medium and thercfore
could not rise its target, cellulose; 1t Is also possible that
the agent simply reacts preferentlally with wvater 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 lov dry
matter contents. Indeed, vhile alcohols do not produce
recrystallization of amorphous cellulose, water promotes the
recrystalllizatlion process as a consequence of its high surface
tension and hydrogen bonding capacity (Wadhera and Manley,
1965). Therefore, as the oxldative agent attacks cellulose chalns
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 onec main peak (Figure 3).
Tliis confirmed previous results of MNighley et al (1989),
concerning random cleavage within cellulose chalins 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 dlfferences could be explained by the fact that brown-
rotted cellulose samples prepared by these authors vere
previously washed with NaOH before analysls, resulting 1In  the
removal of low molecular welght molecules, 1leading therefore to
lower DPw/DPn values. Furthermore, the method employed by these
authors to recover ccllulose tricarbanilate derjvatlives
(Schroeder and Halgh, 1979) leads to sample fractionation, and
therafore to the loss of the low molecular welght fraction (Wood
et al, 1986).

The accunulation of a cellulese-derlived lov molecular welght
fractlion, concomlitantly to the decrease In cellulosze length
during decay (Fligure 3) could result efther freom the scquential
action of the depolymerizing aqgent, as wvell as fron erndoglucanane
activity, which develop in parallel to the reductlon In nolecular
size. Indesd, after the oxtdative agent has  "opened® the
cellulose flters, endoglucanasges  should be able to Dbind and
partially hydrolize depolymerized cellulese near the sites vhere
the oxidative cleavage took place. Anyvay, this occursg within the
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amorphous. reqions of the polymer, as dlscussed above, and Is
consistent with the increase in cristallinity of brown-rotted,
as compared to sound, cellulose (lighley et al, 1989).

Fenton reagent has been implicated in cellulose
depolymerization by brown-rot fungl (Cowvling nad Brown, 19693;
Koenigs, 1974). Results of elemental analysis Indicated that iron
is contained in two low M.W. compounds secreted by P. placenta
during cellulose depolymerization. Ninhydrine positlive reactlon
of the lovest MW compound suggests that this compeound could be
related to siderophore activity. Furthermore, manganese, another
transition metal was also found to be assoclated with lron within
the same molecule. To our knowledge, speclific manganese bcarers
have oniy been descrlbed in Bacillus subtills, although
structural characterization and regulatlon have not been
reported. The possible role of this blimetallic compound on
cellulose depolymerization has not been assessed, but 1is
currently under investigation.
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Table 1: Effect of dry matter content on the depolymerization
of cotton cellulnse by Poria placenta.

% dry matter pp
2 760

10 720

20 750

30 350

40 320

Table 2: Evolutlion of average molecular welight and polydispersity
of cntton cellulose during its incubation with the
brown-rot fungus Poria placenta

D G e D D G P Gm S D D D T SE e S D D G T G G G S M W G B Wn G G e L S R BT S G D D D S RE G S G S e WD GE S5 We M ee S D

Incubation time MW Polydisperslity
(days) (DPw/DPn)
0 2044 1.84
5 1642 2.34
14 710 3.09
22 122 5.27
42 273 4.49



TABLE 3, ELEMENTAL COHCENTRATIONS (H6/¢ cOTTON) IN COTTON CELLULOSE
AFTER 17 DAYS Or DECAY BY PoRIA PLACENTA

ELEMENTS
P Ca lic LN Mu re Cu Co
TOTAL 43,0 220,1 67.5 18,0 31.9 32.7 nD WD

SOLUBLE EXTRACT (7) 18 19 63 36 50 32 - -
N.D ol dulidil,
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3. SEPARATION OF EXTRACELLULAR RADIOLAbLLLLY
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: EVOLUTION OF EXTRACELLULAR LOW MOLECULAR

WEIGHT MOLECYULES DURING CELLULOSE DEPO-
t YMERIZATION BY Poria placenta
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l. 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 contritute 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 Cecrolina, 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 isolatiaons
during the rainy season.

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

7. Visit of Roberto de Ledén to the Biotechnology Unit at INTA

During the week of the 10th to the 14th july, 1989,
Roberto de Ledén made a visit to the Biotechnology Unit (BWU)
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:toluene, followed by a thermal treatment at &6 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. Tha whcle system is placed in a incubator so
the temperature is up to 35~ 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 8 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 TAPP1 method.



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.
fungi were brought to Guatemala.

Strain

+oria placenta
=Glorophyllum trabeum
~Lentinus lepideus
~Wolphiporia cocos
=Glorophyllum trabeum
=lLactiporus sulphureum
-Serpula lacrymans
-Pcria monticola
—Caniophora puteana
—Inonatus weiri
—Phaseolus schweinitzii

eleven strains of brown rot

Culture collection Na

3. Collection trips

MAD-698-R
STPI-Suecia
CTB 67-03-A
FP-40580-R
&tM-R
OKM-8051-S
CBS-751.79
HHB 1195-SP
CBS 132.71
CBS 4663.85
14.854~-5

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 ather in the mountains surrounding
lake Amatitldn, 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 reoiny season appeared. This time
the trips were made into forests of 1500 to 1800 m above sea
level. 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 firewocod. 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 ICAITl 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, 0il paim 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 brawn rot fungi that were brought from INTA
Biotechnology Unit 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 33 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

5 \Od(



sterilized at 121 C for twenty mi-utes. Air came from the
central system aof the institute that uses a compressor that
maintains pressures ot 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 wwuol filter and bubbled in
sterile water to saturate it with moisture.

The sampples 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 becavse of previous experiments with
white rot fungi showed low activity of the tested strainsg 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, 1988

-Lignin permanganate, cellulose, insoluble ash

4.2. Results
4.2.1 Preliminary Degradation aof 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 Il 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. cocas. For G. trabeum the best

results were obtained for decreasing the DP in 43.8B 4 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)
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 %4 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 wag
of 46.16 and 42.79 % respectively. Cellulose degradation was
of 153.3 %4 Tor 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 fractions not really touched in this
kind of biodegradation.

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

Results are presented in Figures 11- 20 and in Tables 6-285 in
Annex I and Arnex Il respectively.

The obtained resuits show a similar activity in the three
substrata, lemon grass, o0il palm and wheat straw when treated
with Glorophyllum trabeum and Wolphiporia cocas.

We will revise the results by components, the first one,
cellulose, is presented in Figure 11 for the treatment with
6. trabeum and in Figure 12 for the treatment with W. coceos.
In six weeks in all cases of substrates, 6. trabeum ends up
with about 22 %4 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 HW. cocos are more diverse,
lemon grass and wheat straw cellulose seem more degraded,
followed by o0il palm specially in the last two weeks, whereas
in sugar cane the decrease is much smallerj; final cellulose
concentrations however never got down from 20 4 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 efifect on the other substrates, sugar cane
hemicellulose is not affected and actually increases from an
initial value of 26.62 %4, to 37.9%4, likely from the loss in
cellulose. In Figure 14, W. cocaos has a similar effect
either in sugar cane as well as with the other substrates.

In Figure 15 we find the results obtained with G. trabeum on
the concentration of lignin, 6. 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 4 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 %4 of increase, whereas for wheat straw the
increase is in the order of 60 % to a final! concentration of
36.87 4, the highest of the tests.

The highest decrease in the degree of polimerization was
obtained in the sugar cane bagasse with 28.56 %, when this
substrate was treated with G. trabeum and for the other
substrate the effect was small.

When W. cocos was uszed, the effect was similar but in the
case of sugar caene 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
regqulator, the flow was extremely variablej by using aquarium
pumps and a manifold with keys that could requlate 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 1 and Annex Il 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 regqulated aeration of |
VUM, 51.19 4 , however, for W. cocos the response without

8



nitrogen supplementation was of 15 % and with 1t VUM, the
change was of 21.74%.

Cellulose consumption was originally 43.867% in six weeks for
G. trabeum and this time the consumptiom was of 47.561%. In
the case of W. cocas, the first assays gave a consumption of
15.36% and with the air at 1 VUM, 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. rocos the first change was 50.34Y% higher and
with air 352.974%.

About the lignin concentration, in the first part the results
obtained gave for G. trabeum of 66.59% increase in lignin
content and 21.37% for W. cocas. The aeration controlled
trials gave results of 88.06 % increase in lignin
concentration for G. trabeum and S2.77 % for W.cocos.

The regulation of air at the level of 1 VUM 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

calumn, 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 an
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



Annex 1

Figures I to 24
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Figure 3
G. trabeum
Sugar cane bagasse
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Figure 5
G. trabeum
Sugar cane bagasse
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Figure 6
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Figure 7
G. trabeum
Sugar cane bagasse
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Figure 9
G. trabeum
Sugar cane bzagasse
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W. cocos
Sugar cane bagasse

percent of total sugars

1.0

0.8 L-—— ----- e, . e . -l w———.

0.6 }. e et e e e e e e e @

0.4 J - -omerem e e ; -

0.2 ...___-..._.-..7_,—."..::'_' =7

00 1 1 1 { (|
control 2nd Week 4th Waek 6th Weesk 8th Week

Time in weeks

—— witout nitrogen + 12:1 C:N ratin  --%- 25:1 CN ratio \\\{



Figure 11
Evolution of cellulose
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Annex 11
Tables 1 to 29



TABLE 1

Results of degree of polymerization in sugar cane bagasse
after growth of G. trabeum and W. cocas.

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 2529.34 227&6.78 2207.72 2413.62
25:1 2652.04 2643.29 2354.53 2344.50

Holphiporia cocos

180:1 2366.14 2282.07 2260.53 1966.53

12:1 2568.76 1748.68 1527.40 1499.05

25:1 aeB6.71 1947.37 1437.19 2008.32
TABLE 2

Results of content of % cellulose in sugar cane bagasse after
growth of G. trabeum and W. cocas

Time in weeks
Control C:N Two Four Six Eight

G. trabeum

37.38 26.98 22.36 21.13 e22.27
i2: 1 33.60 32.03 31.05 32.89
25:1 37.33 37.21 33.15 33.70

. cocas

36.11 32.06 31.75 27.65
1231 36.14 24 .39 2l.48 21.03
25:1 32.19 27.34 20.32 2l.46

4)7

e



Results of content of

%

TABLE 3

Hemicel lulose

in sugar cane bagasse

after growth of G. trabeum and W. caocoas
Time in weeks

Control C:N Two Four Six Eight

G. trabeum
as.12 180:1 32.38 35.40 37.91 38.11
12:1 37.68 40,64 44 .88 39.38
25:1 32.88 33.23 39.34 36.18

W. cocas
180:1 34.66 38.35 40.02 45.93
12:1 38.06 41.76 44,81 44,23
23:1 2?.83 40.22 38.46 38.64
TABLE 4

Results of Lignin content
growth of G.

in 4 in sugar cane bagasse after
trabeum and W. cocos

Control C:N

20.42
12:1

29:1

180:1

12:1

esS:1

18031

Two

29.354

21.53
24.81

24.86

24.9¢2

24.8%9

Time

Four

G. trabeum

32.43
ee.73
25.33

W. cocos

25.08
26.18
30.11

in weeks

Six

34.60
e22.91
25.43

25.25
27.7%9
33.19

Eight

36.15
24.61
25.70

23.99
31.04
eb.1e




TABLE 5

Results of content of total sugars in % in sugar cane bagasse
after growtih of 6. trabeum and W. cocos

G. trabeum

Time in weeks

Control C:N Two Four Six Eight
0.14 180:1 0.&2 0.83 0.89 0.92
12:1 0.42 0.45 0.84 0.84
25:1 n.32 0.33 0.37 0.33

W. cocos

180:1 0.24 0.38 0.45 0.49
le:1 0.30 0.30 0.73 0.74
29:1 0.39 0.42 0.72 0.30




Table No. &

FERCENTAGE OF CELLULOSE IN LEMON GRASS BAGASSE

Time in weeks

Species e 4 ()
G.t.*

-1 27.20 e9.27 £1.53
re 35.17 26.81 16.55
'd 26.19 28.04 20 .24
W.c. ¥

1 £9.93 £9 .63 20 .00
re 30.73 27.45 21.46
@ 30.33 28.64% 20.73
Mote:

Fercentage of celiulecse in the original Lemon grass baga
vl = 36.37, r28 = 36.83, 2 = 34.60.

* 6.t. = Glorophyllum trabeum
* H.c. = Wolfiporia cocos
¥ @ = average

" repetition

mn

v

=

=]



Table No. 7

PERCENTAGE OF CELLULOSE IN OIL PALM EAGASSE

Time in weeks
Species e 4 &
G.t.» :
1 37.33 36.60 £23.30
= 37.90 34.21 21.48
g 7.62 35.41 22.4%
Woc.»
1 368.70 38.37 £5.83
r2 39.27 3&.24 ec.96
P 3%.00 37.31 24%.40
Mote:
Fercentage of cellulose in the original 0il Falm bagasse
was of: 1l = 34.60, 2 = 35.07, 2 = 34.84.
* G.t. Fiorophyllum trabeum

averaga

* l.c. = Wolfiporia cocos
= yepetition



Table No. 8

PERCENTAGE OF CELLULOSE IN WHEAT STRAW

Time in weeks
Species 2 4 b
G.t.«
-1 35.30 36.07 £2.07
re 34 .84 37.93 20. 42
d 35.17 37.00 21.25
W.c.*
i 31.00 $0.53 20.63
e 28.55 27.61 21.1%9
'L ©09.78 2%.07 20.91
.. -
Mote:

Fercentage of cellulose in the original wheat straw was of:
Tl = 34.00, v2 = 32.93, # = 33.47.

¥ G.t. = Glorophyllum trabeum
* W.c. = Wolfiporia cocos
* P o= aveirage

v o= repetition



Table No. 9

FERCENTAGE OF CELLULOSE IN SUGAR CANE BAGASSE

Time in weeks

Fercentage of cellulose in original

was af: 1l =

* G.t.
¥ lH.c.

"

37.56 , @

= Glorophyllum tyabeum
= Wolfiporia cocos

* # = average
= yrepetition

= 37.51

Species e 4 b

G.t.#

i 26.95 2e2.41 el.11
re e27.00 e22.31 21.19
h £6.98 22.36 21.13
W.c.+

1 365.21 32.21 31.469
re 35.01 31.90 31.81
g 36.11 32.06 31.75
Note:

EUugals cane bagasse

\'l«c\



Table No. 10

PERCENTAGE OF HEMICELLULOSE IN LEMON GRASS BAGASSE

Time in weeks
Species 2 4 &
Gltl*
1 39.73 40,17 40.20
re 36.90 39.13 38.33
@ 38.ec 39.65 37.27
H.C.n
| 38.43 40.90 43.20
e 37.37 329.62 40.11
prd 37.90 40.86 41.466
Mote:
Fercentaage of hemicelluleose in the original Lemon Brass
bagascse was of: 1 = 37.47, vr2 = 38.70, @ = 38.09.
¥ 6.t. = Glorophyllum trabesum
¥ ll.c. = Wolfiporia cocos
* @ = average
v = repetition



Table No. 11

PERCENTAGE OF HEMICELLULOSE IN OIL PALM BAGASSE

Time in weeks
Species 2 4 &

Bltl*

1 238.97 85. 62 41.27
re 38.00 36.48 42.81
# 38.49 836.05 42 .04
H.co®

v 36.57 39.03 40,90
e 37.10 41 .20 38.69
P 36.84 40.12 32.80
Moate:

Fercentage of hemicellulose in original 0il Falm bagasse was.
of: rl1 = 40.67, r2 = 39.06, P = 39.87.

* G.t. = GBlorophyllum trabeum
* W.c. = Wolfiporia cocos
* ® = average

= repetition



Table No. 12

PERCENTAGE OF HEMICELLULOSE IN WHEAT STRAW

Time in weeks
Species 2 4 b

Glt.*

1 33.13 37.07 38.57
e 33.06 38.26 38.91
P 33.10 37.67 38.74
V.c.#

1 35.93 34.77 36.27
re 33.00 32.264 33.688
g 3% .47 33.52 35.08
Mote:

Fercentage of hemicellulcse in the criginal Wheat Straw’
was aof: r1 = 35.77, v = 346.79, 9 = 34.28.

* G.t. = Glorophyllum trabeum
¥ WH.c. = Wolfiporia cocos
* # = average

v = repetition




Table No. 13

FERCENTAGE OF HEMICELLULOSE IN SUGAR CANE BAGASSE

Time in weeks
Species < 4 =)

G.t.¥

-1 22.34 35.67 37.92
re ac.ae 35.52 37.5%0
A 32.38 35.40 37.%1
WH.c.*

1 34 .82 38.24 37.9%
re 34.50 3B.45 40,05
P 34 .66 38.35 40,02
Mote:

Fercentage of hemicellulose in original sugar cane bagasse

was of: rl = 26.98 , r2 = 26.25 , P = 26.462

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

- = repetition



FPERCENTAGE OF LIGNIN IN

Table No. 14

LEMON GRASS BAGASSE

Time in weeks
Species 2 4 &

G.t.x

| 19.50 c5.33 31.40
= 22.80 25.80 33.26
2 cl.15 25.57 32.33
Voo

i 25.77 23.60 30.33
re 26.53 24.52 c£8.41
P 2b.15 24.26 29.37
Mote:

Fercentage of lingnin in oriaginal Lemon Grass bagasse

was of: 1l = 20.30, v@ = 21.73, # = 21.02.

* G.t. = Glorophyllum trabeum

* ll.c. = Wolfiporia cocos

* = average

r repetition



Table No. 15

PERCENTAGE OF LIGNIN IN OIL PALM BAGASSE

Time in weeks
Species 2 4 )

Bltl*

1 £3.03 23.17 33.90
re 23.53 24 .65 20,15
2 =£3.28 £3.93 52.03
Wec ¥

1 24 .40 22.40 33.00
re e2.87 21.86 30.85
# 23.464% 22.13 31.43
Mote:

Fercentage of ligniv in oviginal 0il Falm bagasse

25.43,

was of: 1l = 24,10, 2 =

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

* # = average

I repetition

o= 24.77.

‘2ﬁ7



Table No. 16

FERCENTAGE OF LIGNIN IN WHEAT STRAW

Time in wseks
Species 2 4 6
G.t.»
-1 .67 12.87 29.20
re 22.00 18.87 26.68
# 2e2.34 19.37 26.79
W.c.*
1 24.287 £5.10 37.7
= £7.50 27.8% 36.01
ra c£5.8% 2b6.50 36.87
Mote:
Fercentage of lignin in original wheat straw was
of: rl = 22.60, v2 = 23.287, ¢ = 22.%9%.
¥# G.t. = BGlorophyllum trabeum
¥ W.c. = Holfiporia cocos
¥ P = average
v = yrepetition



FERCENTAGE OF LIGNIN IN SUGAR CANE BAGASSE

Table No. 17

Time in weeasks
Species 2 4 &

G . t - *'

1 2¢.408 32.51 34.68
re e9.5% 32.35 34.58
@ £9.9% 32.43 34 .60
oo . #

1 24.80 £5.00 £25.10
re 24.92 £5.16 25.40
# 24 .86 25.08 25.25
Mote:

Fercentage of lignin in original

was of: r1 = 20.68 , r2 =

* G.t. = Glorophyllum tra
* W.c. = Wolfiporia cocos
* P = average

repetition

20,65

beum

@

sugar cane bagasse

= 20,77

7



Table No. 1B

DEGREE OF FOLIMERIZATION IN LEMON GRASS BAGASSE

Time in weeks
Species c 4 b

G.t.*¥

1 1599.1 1235.9 1215.3
e 1E89.1 ie3n.i 1218.3
P 1594 .1 1233.0 12146.8
W.c.*

1 1435.3 1375.0 1142.1
re 1431.6 1372.0 1147.7
# 1433.5 1373.5 1144 .9
Mote:

The degree of polimerization in the original Lemon Gi-ass

bagasse was of: r1 = 1542.0, v2 = 15955.9

¥ G.t. = Glorophyllum trabeum
* b.c. = Wolfiporia cocos
¥ ® = average

- = repetition

B =

1159.0.



Table No. 19

DEGREE OF FOLIMERIZATION IN OIL PALM BAGASSE

Time in weels
Species 2 4 6

G.t.x

-1 10482.6 1042 .64 1004 .1
(™ 1044 .9 1038.2 1002.7
@ 1043.8 1040 .4 1003, 4
l"lCn*'

1 1002.5 1002.¢2 ¢1B8.465
ra 1003.4 1000.2 ?15.33
¥ 1003.0 1001 .2 $16.99
Note:

Degree of polimerization in the original 0il Falm bagasse

was of:

==
=

ri o= 1126.6,

e

= 1121.5,

Glorophyllium trabeum
Wolfiporia cocos

average
repetition

o= 1124.1,

SN



Table No.

20

DEGREE OF FOLIMERIZATION IN WHEAT STRAW

Time in weeks
Species c 4 1)

G.t.x

i 1304 .8 1289.a 1106.8
e 1£98.2 1286.5 1109.8
2 1301.5 1287.8 1108.3
W.c.*

1 1825.7 1245.0 1139.1
re 1206.8 1236.46 1160.5
2 1216.3 1240.8 1149.8
Mote:

Degree of polimerization in the original wheat straw was

of: r1 = 1302.8, 2

1304 .6, 9 =

* G.t. = Glorophyllum trabeum
* W.c. = Holfipoeria cocos
X # = average

Iy repetition

1303.7.

\W(Q



Table No. 21

DEGREE OF FOLIMERIZATION

IN SUGAR CANE BAGASSE

Time in weeks
Species 2 4 [}

G.t.»

1 1916.21 1591.462 1500 .22
re 1919.73 1590.826 1500.49
@ 1917.97 15920.,.94 1500.3646
W.c.*®

1 £973.61 2e23.10 £56.64
re e988.71 2e71.03 2264 .41
¢ 2586.186 ee8e. a7 2260.53
Notes

Degree of polimerization in criginal sugar cane bagasse

was of: rl = 2&660.45, r2 =

2668.86,

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

V repetition

g =

26b4.36


http:1500).36
http:15100.49

Table No. 22

PERCENTAGE OF TOTAL SUGARS INO

LEMON GRASS BAGASSE

Time in weeks

Species (= b4 b
G.t.x .
(| 0.1201 0.1303 0.09700
re 0.1980 0.1451 0.09918
o 0.1941 0.1377 0.09809
V.. *
r1 0.1343 0.2335 0.2454
re 0.1360 O.2401 0O.2461
P 0.1352 0.2368 0.2458
Mote:

Fercentage of total sugars in original Lemon Grass bagascse

was ot rl = 0.1260,

¥ 6.t. = Glorophyllum trabeum
* W.c. = Wolfiporia cocos

* # = average

vo= repetition

ra = 0.1275, P = 0.1268.

W



Table No. 23

PERCENTAGE OF TOTAL SUGARS IN DIL FALM BABGASSE

Time in weelks
Species 2 4 b

G.t.x«

1 0.1836 0.01893 0.1218
re 0.188Y 001942 0,1233
' 0.1861 0.01918 0.1225
W.c.#

ri 0.1915 0.07838 0.07600
re 0.1201 0.07856 0.07551
P 0.1908 G.07847 0.07576

Note:

Fercentage of total sugars in original 0il Falm bagasse
was of : 1 = 0.5516, v2 = 0.5134, ¢ = 0.5325.

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

repetition




Table No. 24

PERCENTAGE DOF TOTAL SUGARS IN WHEAT STRAW

Time in weeks
Species 2 4 6

G.tl*

i 0.3763 Q0.07417 0.14630
re 0.364% Q.07526 0.i627
# 0.3706 Q.07472 0.1629
W.c.*

1 2.1925 0.1303 0.14630
re 0.19867 0.1390 0,18676
@ N,19246 0.1347 0.14653
Mote:

Fercentage of total sugare in wheat straw
was of: 1 = 0.2631, r2 = 0.2559, 7 = 0.2595.

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

v repetition



Table No. 25

PERCENTAGE OF TOTAL SUGARS IN SUGAR CANE BAGASSE

Time in weeks
Species 2 4 b

G.t.+

I § Q.62 Q.82 0.87
e N.61 0.83 0.0
@ 0.415 0.825 0,885
l', P *

1 0.24%0 0.380 0.4860
e 0,250 0,380 0. 440
v O0.240 0.38B0 Q.450
Mote:

Fercentage of total sugars in original sugar cane bagasse

vas of: 1 = 0,14 , 2 =

Q.14 ,

*+ G.t. = Glorophyllum trabeum

* W.c. = Wolfiporia cocos
* P = average
- = yvepetition

0.14

\X2



Table No. 26

FERCENTAGE OF CELLULOSE IN SUGAR CANE BAGASSE

AERATIOM: 1 YVYM Time in weeks
Species 2 4 b

G.t.* |

-t 25.90 20.40 12.15
e 25.00 21.00 20.15
] 29.45 20,70 19.65
oo ¥ '

1 32.21 30.21 29.469
=4 33.01 30.90 30.81
d 32.61 30.55 30.85
Mote:
Fevcentage of cellulose 1n original sugar cane bagasse
was ofs vl = 37.45 , ri2 = 37.%46 , ¥ = 37.51
+ G.t. = Glorophyllum trabeum
*# W.c. = Wolfiporia cocos
¥ = average

repetition



Table Noc. 27

PERCENTAGE OF HEMICELLULOSE IN SUGAR CANE BAGASSE

AERATION: 1 VUM

Time in weeks

Species 2 4 b

G.t.»

1 33.43 abL.76 40.29
re 382,24 37.25 39.09
" 32.84 37.05 39.469
Wee . *

ri 32.28 37.42 40,29
re 33.05 346.54 41.15
b 32.66 346.98 40.7
Note:

Fercentage of hemicellulose in original sugar cane bagasce

was ofz: rl = 26.98 , r&
* G.t.

* @
"

average
repetition

2&4.25

= BGlorophyllum trabeum
* l.c. = Wolfiporia cocos

= 26.62



Table No. 28

PERCENTAGE OF LIGNIN IN SUGAR CANE BAGASSE

AERATION : 1 VUM Time in weeks
Species 2 4 6

Glt'*

1 30.48 34.15 37.26
re =9 .50 35.53 38.85
2 SN, 19 34 .84 39.046
H.C:.*

11 £25.61 c8. 00 31.11
re £7.29 29 .56 32.34
@ 27.05 28.78 31.73
Mote:

Fercentage of lignin in om-iginal sugar cane bagasse
wag of: 1l = 20.88 , vr2 = 20.465 , @ = PO.77

# G.t. = Glorophyllum trabeum
* W.c. = Wolfiporia cocos
* @ = aveirage

v = repetition



Table Na. 29

DEGREE OF POLIMERIZATION IN SUGAR CANE BAGASSE

AERATION: 1 VUM Time in weeks
Species 2 4 )

GI t.*

ri 1861.12 1419.26 1320.12
re 1810.37 1390.66 1280.94
o/ 1835.75 1404 .94 1300.53
W.c.*

ri 2337.1646 2240.10 21646.40
ré 2458.11 2171.43 2004 .11
@ 2397 .44 2203.735 208S5.16
Note:

Degree of polimerization in ariginal sugar cane bagasse
was af: rl1 = 2b660.45, r2 = 266B.26, 2 = 26464.36

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

r = repetition



Annex 111
Basal Medium Formula
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COMPOSITION OF THE BASAL MEDIUM

Formula per Liter of distilled water

2 g NH, NQ,

2 g KH.PQ,

0.5 g MgsQ, .7H-0

0.1 g CaCln .2H: 0

0.57 mg H,BQ,

0.036 mg MnCl: .4H.0

0.31 mg 2nSAQ, .7H.0

0.039 mg CuSQ, .5H20

0.018 mg (NH,)s Moy Qe J4H: 0
0.015 mg FeS0, .7HH. 0

0.001 g Thiamine Hyidrochloride
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