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1. I N T R O D U C T I O N

1.1. GENERAL INTRODUCTION

The breakdown by enzymic hydrolysis of polysaccharides (cellulose, hemicellulose etc.) of plant cell walls has recently become a major area of intensive
research. The threat of world food and energy shortages has initiated a number
of research activities aimed at producing food, feed and fuel from renewable
resources(SRINIVASAN, 1975;HEICHEL, 1975;PEITERSEN, 1975a).Alsotheincreasing quantities of industrial, domestic and agricultural wastes, produced by the
human society, has raised the need for methods to convert these materials by
technological means into useful products (HARMON, 1973; SCHELLART, 1975;
SLONEKER, 1976; STONE, 1976).Consequently, aresourceisavailable allover the
world which is renewed annually by the gigantic process of building up plant
material. Photosynthesis on earth results in 155 milliard tons of dry weight of
primary production a year (BASSHAM, 1975) of which about two thirds is produced on land and one third in the oceans which constitute 70% of the earth's
surface.Themajor part ofplantmaterialisproduced inforests (SATCHELL, 1974)
which arethe traditional sources of timber and wood pulp for paper. The 2.7%
ofcultivated land which accounts for 5.9% ofthe primary production is needed
entirely for agriculture. In total, 10% of the photosynthesis product from the
cultivated landisusedbyman; onethird ofthisamount comesavailableaswaste
(BEVERS, 1975).
The interest in the research on the use of plant cell wall polysaccharides is
growing with increasing shortage of the world energy and food supply and
increasing problems in waste handling.
The energy crisis of 1973 forced the development of methods for energy
generation which are less dependent on fossil fuels. Direct combustion of oil
remains the principal means of providing energy which is expected to continue
for at least several decades, regardless of technological breakthroughs, because
of present resource investment in fossil fuel-powered equipment. Direct combustion of wood, and agricultural and urban wastes remains a large actual or
potential energy source and could be increased to meet a much greater demand
for energy. Pyrolysis was one of the first methods used to produce solid, liquid
and gaseous fuels and other useful by-products from wood, agricultural wastes,
coalandpetroleum.Pyrolysisoftheorganicfraction ofurban refuse yields about
20% solid char, 40% fuel oil and 27% combustible gas. Cellulose-containing
materials with a high content of water and impurities can be converted by
microbial and enzymic methods into numerous volatile fuels that can be separated by distillation or stripping, e.g. methane, hydrogen and ethanol (WISE et
al., 1975).
ROBERTSON (1920)wasthe first to call attention to the possibility of microbial
conversion of inorganic nitrogen and carbohydrate materials, such as straw,
Meded. Landbouwhogeschool Wageningen 80-2(1980)
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saw-dust or plant residues, to protein. PRINGSHEIM and LICHTENSTEIN (1920)
reported the feeding of animals with Aspergillus fumigatis grown on straw
supplemented withinorganicnitrogen fertilizer. Duringworld war II,fungi were
grown by the submerged-culture technique in Germany and fed to human
populations (BUNKER, 1963).In the USSR cellulose from forestry and agriculturalwastesishydrolysed toprepare substrates for theproduction offood yeast
(HOSPODA, 1966). In feeding ruminants there is a great interest in improving
digestibility of roughages by treatments which make the hemicellulose and
cellulose of the plant cell more accessible to enzymes of the microflora of the
rumen.IntheNetherlands,intensivedairycattlingisincreasingwhereasthetotal
area of grassland is decreasing. Prices of roughages are increasing and the
interest inusingby-products ofindustrial processes asroughages isalso increasing (JANSE, 1975). Manure, pulverized wood and agricultural wastes such as
bagasse are materials that can be successfully added in substantial quantities to
ruminants feed. Non-ruminant domestic animals, such as pigs and poultry,
hardly digest cellulose but theycan useprotein from microorganisms grown on
cellulose-derived sugars. It can be concluded that microbial or enzymic treatment ofplantcellmaterialmaybeofgreatimportance inproducing food or food
additives in the future.
A further reason for increasing interest in research to convert cellulosic materials into useful products is the need to avoid pollution by the enormous
production of wastes in modern human society. In the Netherlands municipal
wastecontained about 40-50% cellulose in 1974.Most of the cellulose of urban
wasteisderivedfrom papertogetherwithwastesofcropsandfruits (Report SVA
2092, 1977). Only part of the total waste paper is recycled in paper-making
industries although much more could be reused. Much of the cellulose in urban
waste is either of such poor fibre quality or is so intimately mixed with noncellulosics that it isnot suitable for recovery and reusefor paper-making. Large
amounts of cellulose-containing agricultural wastes and by-products are yearly
produced as plant stems, straw, leaves, pulps and husks. Sugar cane bagasse,
sugar beet vinasse, rice and wheat husks,corn cobs and husks and several other
materials are generally brought to a central point in their processing cycle. The
relativehomogeneous materialsmaybeagoodsourceofrawmaterialfor further
processing. When these wastes accumulate they form a disposal problem and
rank aspollutants simplybytheir volumeand lack ofprofitable use.In intensive
livestock farming, animal wastesproduced form an increasing disposal problem
(SPOELSTRA, 1978). Therefore, methodshave to bedeveloped to store, transport
and dispose of such wastes. Because of the high water content (up to 95%) and
the presence of highly polluting substances, this kind of waste is less easily to
handle than the relatively clean wastes like bagasse or straw.
Since wastes usually do not enter the economic or industrial cycle, it is often
difficult to quote a price or value for them. Because they are of a rather low
economic value the costs of handling, storage, and transport are important
factors in processing. Depending on the kind of material, some wastes may be
attributed a negative cost, perhaps equal to disposal costs.
2
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This investigation was performed to study the possibilities of degrading
cellulose-hemicellulose-lignin-complexes of pig faeces by microbial methods.
The aim of the study was to collect useful information for processing piggery
waste which is produced in intensive livestock farms in the Netherlands. The
kind of plant cell wall residues which contain the cellulose-hemicellulose-lignin
complexes present in pig wastes was studied, microorganisms capable to hydrolysethismaterial wereselected and someaspectsofthehydrolysingsystem of
Trichoderma viridegrowing on these residues were investigated.

1.2. CELLULOSE-, HEMICELLULOSE-, AND LIGNIN-CONTAINING WASTES AS
SUBSTRATE FOR ENZYMIC HYDROLYSIS

The utilization of plant cell wall polysaccharides is greatly simplified if the
celluloseand hemicellulose arefirst hydrolysed tomonosaccharides.Thesecompounds can beused as a source of food consumable byman and animals or as a
raw material to make solvents, plastics and other chemicals now made from
petroleum. Theycan beconverted microbially into singlecellprotein orthey can
be fermented to fuel such as methane or ethanol.
Two possibilities exist in selecting sources of plant cell walls for hydrolysing
their polysaccharides. First, the special raising of crops for their cellulose and
hemicellulose contents only, but as it is stated by BASSHAM (1975) all the land
suitable for convential agriculture should be used for the world's food production. Secondly, one can use by-products and wastes from agricultural and
industrial production. The use of timber and wood residues as a substrate is
discussed by STONE(1976),that of agricultural residues by SLONEKER (1976) and
that of solid wastes from food processing by COOPER (1976). Cellulose- and
hemicellulose-containing by-products and wastes produced in the Netherlands
in 1974(animal wastes) and 1973(other wastes) arelisted inTable 1.1.Data are
found in reports of the SVA (1977), CBS (1976) and are given by JANSE (1975).
Domestic refuse in the Netherlands is incinerated, composted or dumped.
Dumpingcausesproblems asisdemonstrated by ROVERSand FARQUHAR (1973).
Production ofmethane indumped material covered with soil and used for plant
growth may damage plants, probably by making the covering soil anaerobic
(HOEKS, 1972). Under certain circumstances there may even be the danger of
explosion. Percolation of rain water causes pollution of the environment. Actually, processes occurring in dumped refuse are not fully known. More severe
pollution oftheenvironment mayoccurwhenrefuse isdumped inthicker layers.
Composting of refuse is limited by the capacity of processing and deposit.
Incineration yieldsthermal energybutcausesairpollution andisonlypossiblein
highly populated areas where the total amount of refuse is enough to make
incineratorsremunerative.Theprincipal cellulosicmaterial ofdomesticrefuse is
paper; other cellulose- and hemicellulose-containing materials are residues of
vegetables and fruits and garden wastes (SVA report, 1977). The greatest need
of research whenusingdomesticrefuse for hydrolysisisintheareaofrefining. A
Meded. Landbouwhogeschool Wageningen 80-2(1980)

3

TABLE 1.1 Production of cellulose- and hemicellulose-containing by-products and wastes in the
Netherlands, x 1000tons.
Total
amount

Dry matter
content %

Used as
feed

Urbanwastes
Domestic refuse
Sewage sludge

1,000
2,000

50
15

-

Agricultural by-products and wastes
Leaves and tops of sugar beets
Foliage of beans and peas
Stems and foliage of sprouts
Foliage of potatoes
Vegetables and fruits overproduction
Straw of grain
Straw of grass seed production
Straw of peas and beans

2,000
55
25
700
50
884
65
11

17
20
20

1,500
55
25

By-product or waste

Animals wastes
Poultry
Pigs
Calves for fattening
Cattle (excl.calves f.f.)
Industrial by-products and wastes
Wet pulp of sugar beets
Dried pulp of sugar beets
Molasses
Other residues of beets
Wet grain of breweries
Malt sprouts
Pulp of apples
Potato pulp
Content of rumen of slaughtered cattle

1,200
11,106
973
32,320

114
297
237
70
162
22
10
500
35

85
85
85

35
8.0
2.0
9.5

9
90
68
12
22
90
21
112
12

Back to soil
or to surface
water

1,000
2,000

500

700

50
not known
not known
11

600
not known

-

1,200
11,106
973
32,320

114
297
237
70
162
22
10
500

- .

-

35

use for the organic matter part in domestic refuse may be found in anaerobic
digestion.
Sewage sludge, the sediment of urban sewage waste before purification, is
often combined withsettled activated sludgeofwastewatertreatment and forms
a pollution problem. Anaerobic digestion delivers gas that can be used as an
energy source. In general, domestic waste provides a nutritionally balanced
substrate for bacterial activity. HEUKELEKIAN (1957) gives the chemical composition of sewage sludge. Ether-soluble substances account for 34%, crude
protein 27%,hemicellulose 3%,cellulose 4% and lignin 6%.
Agricultural wastes and by-products differ from domestic refuse in that they
arealmostentirelyorganic.AsisshowninTable 1.1,mostoftheagricultural byproducts areused asfeed and arenot truewastes,Thoseparts oftheleaves and
topsofsugar beetswhichcannot beused asfeed arelost bymechanical harvest4
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ing.Foliage ofpotatoes ispoisonous and isleft onthefield;itmight beapossible
substrate for enzymichydrolysis. Vegetablesand fruits that areoverproduced in
agriculture are mostly sold to farmers and fed to animals. The amounts differ
each year. Straw of cereals is partly used as roughage;this concerns especially
barley and oats straw. However, strawismostly needed aslitter on farms. Straw
may be agood substrate for enzymichydrolysis,especially when such treatment
makes it more digestible. Straw of grass seed production is burnt on the field,
ploughed in or fed to cattle and horses.
Concluding, agricultural by-products arereally by-products and nowastes.A
disposalproblem doesnot existand theproducts actuallyform an essential part
of cattle feeding. Import of such products is even necessary. Improving feed
quality by enzymic treatment of the plant material would increase human food
supply.
Animal wastes like manure are often considered as by-products of farming
and are used as fertilizer. However, the need for increasing efficiency, particularly in livestock production, has led to intensification. The balance between
crops and animals allowing recycling ofthewastes asfertilizer may be disturbed
and the simplest and most economical method of disposal of animal wastes
through land spreading is not always possible. Therefore, methods must be
developedtostore,transport orbreakdownexcessiveamountsofanimalwastes.
Problems are increasing as aresult ofthe tendency to collect faeces and urine of
pigs,calvesand cattle asslurries.Poultrydroppings arecollected in asolid state.
HARMON(1973)and ROBINSON(1971)described aerobictreatment ofsuch wastes
and HOBSON and SHAW (1971) discussed anaerobic digestion of piggery wastes.
Thecellulosecontent of droppings ofpoultry and pigs isabout 15% and that of
cattle about 25% (SMITH, 1973).The hemicellulose content was not reported by
this author. Cellulose and hemicellulose as components of plant cell walls appeared to be hardly biodegradable in aerobic-treatment plants even after prolonged aeration as is described by ROBINSON (1971). So, more knowledge is
neededunder whatcircumstancesthisso-calledfibrefraction, consistingofplant
residues, is broken down by microorganisms. As can be seen from Table 1.1,
animal wastes form the largest part of the cellulose-, hemicellulose- and lignincontaining wastes in the Netherlands. It may be expected that problems of
disposal will increase by further intensification of agriculture and by increased
tendency to collect droppings as slurries instead of solids.
All industrial by-products except thecontents of rumen of slaughtered cattle,
are used as feed in one way or another. Manufacturers are processing their byproducts tomake them available asroughages orfeed additives.Import of dried
beet pulp in 1973 amounted to 350,000 tons. It can be concluded that the
industrial by-products are not readily available as source for cellulose and
hemicellulose hydrolysis, except when such a process isimproving their quality
as animal feed. Domestic refuse and sewage sludge, which are the real wastes,
and an increasing amount of farm slurries are the materials that can be considered asthemost obvious sourcesofhemicellulose andcellulosefor hydrolysis.
Meded. Landbouwhogeschool Wageningen 80-2(1980)
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1.3. STRUCTURE AND CHEMISTRY OF THE PLANT CELL WALL

The main groups of constituents of the plant cell wall are cellulose, hemicellulose and lignin. Normally, the polysaccharides of the plant cell wall are
divided into the fibre polysaccharides and the matrix polysaccharides (THEANDER, 1977).The former compounds arelargelycrystalline and form microfibrils
- mainlyconsisting ofcellulosemolecules- whichareheldtogether by hydrogen
bonds and are surrounded bylargely amorphous matrix polysaccharides, lignin
and probably someprotein. Thematrix polysaccharides areusuallydivided into
pectic substances and hemicelluloses. The hemicelluloses are very closely associated withcelluloseinthesecondarycellwalland arealsomuch related to this
compound in structure and conformation. The non-carbohydrate aromatic lignin is associated with polysaccharides and, at least with hemicelluloses, covalentlylinkedtoit.Therefore ligninhinderstheenzymatichydrolysisaswellasthe
chemical extraction of the polysaccharides.
A good insight into the structure of the plant cell wall is given by ROBARDS
(1970). From the outside to the inside the plant cell wall consists of the middle
lamella, the primary cell wall and the secondary cell wall. The middle lamella
contains no cellulose but mainly pectic substances with some pentosan and
glucosan polymers alsopresent.Infact themiddlelamella isnot acomponent of
thecellwallbut isan intercellular layer generally present in plants.The primary
cellwallisalwaysdeposited ontothemiddlelamella.Itcontains some unoriented
microfibrils of cellulose but mostly non-cellulosic polysaccharides. During cell
wallthickeninghighlyorientedcelluloseand hemicellulose aredeposited to form
the secondary wall. At the end of the thickening phase, formation of lignin
becomes noticeable, beginning around the primary wall at the cell corners and
extendingfrom thereintothesecondary wall.Whenlignification iscomplete, the
celldies.Thesecondary cellwalliscomposed of anumber of lamellae which are
referred to as the S l 5 S2 and S 3 layers. These lamellae have microfibrils of
cellulosewhicharepacked closelytogether inaparallelmanner and are oriented
more precisely than the microfibrils in the primary cell wall.
The main structural polysaccharide in plants is cellulose. Cellulose is a long
chain polymer built up of ß-l,4-linked glucose units. The Haworth projection
formula commonly used for carbohydrates, and the three-dimensional conformation formula aregiven in Fig. 1.1.Theseconformation formulae givean idea
ofthespatial arrangement oftheglucosemolecules and showthepossibilities to
form strong intermolecular and intramolecular hydrogen bonds. In the other
common biological polymer of glucose, starch, glucose units are linked axially
instead of equatorially which favours formation of helix structures and gives
starch totally different properties compared to cellulose, although the chemical
composition isthe same asthat of cellulose.Cellulose chains never branch, nor
do theyhave sidechains,although theymaybelaterally bound toother cellulose
molecules or to hemicellulose molecules via the hydroxyl groups (VALENT and
ALBERSHEIM, 1974);
PRESTON (1952)has pointed out that there are regions in the cell wall, at least

6
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CH2OH

CH2OH

N

-•N
FIG. 1.1 The Haworth projection formula and the three-dimensional conformation formula of
cellulose.

600 Â long and 35-75 Â wide, which have an ordered crystal lattice. These
regions which consist of 35-100 cellulose molecules are known as micelles or
elementaryfibrils. Themicellesarenotseparatestructures, butrestricted regions
which have well-ordered cellulose molecules separated from other micelles by
less-well-ordered molecules(paracrystallinecellulose).Themicellesmay become
banded together to form microfibrils (ROBARDS, 1970). The microfibril is the
basic morphological unit of thecellwall and determines for the greater part the
behaviour and mechanical properties of the cell wall. Microscopic macrofibrils
areformed byaggregations ofmicrofibrils and may beupto 0.5 um in diameter.
Theparacrystalline cellulosewhichsurroundsthemicelleshasnotrue crystalline
structure; itmay account for 30-40percent ofthetotal cellulose.Thecellwallis
composed of units of crystalline cellulose with spaces between the micelles and
microfibrils of 10Â and 100Â, respectively. The size of cellulolytic enzymes is
approximately 200 x 30À (WHITAKER, 1954)and thus it is not surprising that
steric problems play a role in the enzymic breakdown of the cell wall. The incrusting materials which in addition to paracrystalline cellulose include hemicelluloseand lignin arefillingup theintermicellar and intermicrofibrillar spaces.
Ligningivesinthiswayaneffective resistanceagainstdegradation ofcelluloseby
microorganisms by impeding penetration of hydrolytic enzymes into these
spaces.
The structure of the plant cellwall with special reference to the hemicellulose
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polysaccharides was studied by ALBERSHEIM et al. (1973), BAUER et al. (1973),
KEEGSTRA et al. (1973) and WILDER (1973). A review is given by ALBERSHEIM
(1975). The chemistry of the hemicellulose polysaccharides is much more complex than that of cellulose. In the hemicellulose fraction the polysaccharides
consist oftwo or more sugarsconnected byseveral kinds of glycosidic linkages.
Albersheim and his co-workers found that these polysaccharides consist of
relatively small repeating sub-structures of which the largest has 10sugar units
(ALBERSHEIM, 1975). The formulae of some pentoses and hexoses which are
common sugars in the hemicelluloses of plant cell walls are given in Fig. 1.2.
Albersheim and co-workers developed amodel of the hemicellulose structure
ofasycamorecellbyusingthetechniqueoffragmented enzymichydrolysisofthe
cell wall. They found that cellulose fibres are probably coated with a layer of
xyloglucan.Theglucoseunitsofthexyloglucan lieparallel totheaxisofthe fibre
andtheyarehydrogen-bonded tothefibre.Atthereducingend ofthe xyloglucan
molecule an arabinogalactan molecule is bonded by a glycosidic linkage. The
arabinogalactan chains are running radially away from the cellulose fibre. A
glycosidic linkage exists between the last galactose unit of the arabinogalactan
chain and rhamnogalacturonan which lies parallel to the cellulose fibre and
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FIG. 1.2 Building stones of hemicellulose.
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forms amore or lessrigid matrix.In thecellwallalso aprotein fraction seems to
have a structural function.
The sycamorebelongstothedicotyledons and ithasbeenfound that cellwalls
ofdicotyledons haveacloselyrelated structure.Thecomposition ofthecellwalls
of monocotyledons like wheat, rice, sugar cane etc. is quite unlike that of the
dicotyledons.Polysaccharides ofadifferent composition arepresent which seem
to have a similar function as xyloglucan, arabinogalactan and rhamnogalacturonan.Hemicellulose ofgrassesconsistsofxylanswithout anyother constituents
(THEANDER, 1977)and that of legumes ofglucomannans. The primary cell walls
of monocotyledons may nevertheless be constructed according to the same
architectural principles as those of the dicotyledons.
Lignin isa component of many cell walls and varies in amount depending on
plant species, kind of tissue, stage of maturity and nitrogen nutrition of the
plants. Total amount in plant cell walls may be up to 20%. Generally, lignin is
considered tobelinked tothepolysaccharide cellwallcomponents although this
has not been unequivocally proven (FREUDENBERG, 1968). Monographs on lignins were written by BRAUNS (1952), BRAUNSand BRAUNS (1960), PEARL (1967),
FREUDENBERG and NEISH (1968) and SARKANEN and LUDWIG (1971). Lignin is
considered to be an aromatic three-dimensional polymer of which the exact
structure is not fully understood. In general, three aromatic alcohols are considered to be the building-stones of the lignin polymer, />-coumaryl alcohol,
coniferyl alcohol and sinapyl alcohol (Fig. 1.3; SARKANEN and LUDWIG, 1971).
The relative quantities of these primary precursors in the plant cell wall depend
on the plant species (FREUDENBERG, 1968). On the basis of the amounts of
precursorsitispossibletodistinguishligninofgrasses,ofsoft and ofhard woods.
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FIG. 1.3 Precursors of lignin.
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The polymer isformed by an enzyme-initiated dehydrogenative polymerization
of the primary precursors. The dehydrogenative polymerization provides the
essential basis for understanding the peculiar structure of the lignin polymer.
The need for a general structural principle is particularly urgent in view of the
characterization of lignins. The isolation of representative lignin preparations
presents formidable difficulties, and the chemical characterization of these preparations isnoeasytask because ofthetendency ofthematerial toundergo selfcondensation reactions. Therefore, the structural representations proposed for
ligninatthepresent stateofknowledgeremain speculative. FREUDENBERG (1964)
made the first attempt to bringtogether the available information on the dehydrogenative polymerization of coniferyl alcohol with the combined analytical
and reactivitydata on sprucelignin.Modifications wereintroduced later and the
altered formula is given in Fig. 1.4. (FREUDENBERG, 1968). It represents an
averagefragment ofalargerligninmolecule.Theformula givesaclearideaofthe
difficulties facing the investigator. Most of the monomeric units are linked by
bondsofextraordinary stability.Theseincludecarbon-carbon linkages,either of
the biphenyl type (9-10) or the alkyl-aryl type (17-18). The ether linkages are
also quite resistant to hydrolysis. The structure of spruce lignin is probably

MeO

MeO1
OH

—O

—O

FIG. 1.4 Schematic model formula of spruce lignin (Freudenberg, 1968;with permission).
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representative of gymnosperm wood lignins in general, and there is a good
reason to believe that more or less analogous structures are present in all plant
lignins (SARKANEN and LUDWIG, 1971).
As a cellwall component lignin does not merely act as an incrusting material
but it also performs a function in the internal transport of water, nutrients and
metabolites, gives rigidity to the cell wall and gives effective resistance against
attacks bymicroorganisms byimpedingpenetration ofdestructive enzymes into
the cell wall (SARKANEN, 1971).

1.4. MICROORGANISMS INVOLVED IN CELLULOSE, HEMICELLULOSE AND LIGNIN
BREAKDOWN

1.4.1. Fungi
Basidiomycetes, ascomycetes and FungiImperfecti play an important role in
thebreakdown ofwood and otherplantmaterials (DICKINSON and PUGH, 1974).
Factors affecting the cellulose degradation by fungi are discussed by REESE and
DOWNING (1951). GREATHOUSE et al. (1951) and WOOD (1970) microscopically
observed the penetration of hyphae into the cellluminae and subsequent digestion of layers of the cell wall. ANTHEUNISSE (1979) described degradation of
coconut fibres by fungi. Observations of longitudinal sections on the coconut
fibres showed thick hyphae in the centre of the fibres. In general, wood-rotting
fungi aredividedintowhite-rot, brown-rot, soft-rot and simultaneous-rot fungi.
White-rot fungi are described by COWLING (1961) and BECKER (1968). These
basidiomycetes degrade lignin and hemicellulose preferentially while (white)
cellulose fibres initially remain. The very slow decomposition of the material by
white-rot fungi ismainly due to the slow diffusion of enzymes. After lignin and
hemicellulose decomposition also cellulose degradation occurs (JURASEK et al.,
1967; NORKRANS, 1967).
Brown rotiscaused bybasidiomycetes asdescribed by BAILEYetal.(1968)and
BECKER(1968).Celluloseisdigested (JURASEK etal., 1967; NORKRANS, 1967)and
perhapshemicellulose (COWLING, 1961).Ligninremains,butnotfully unaltered.
Soft rot ofwood,iscaused byascomycetes andFungiImperfecti. The polysaccharides of the cellwall are broken down but lignin remains stable (JURASEK et
al., 1967).Diffusion oftheextracellular enzymesisveryslowand thisseemsto be
the limiting step in breakdown of wood (BAILEY et al., 1968).A review concerning
soft rot is given by LEVY (1965) and KAARIK (1974).
Simultaneous rot was studied by COWLING (1961) and JURASEK et al. (1967).
Breakdown ofcellulose,hemicellulose and lignin occurs simultaneously. In this
case also the diffusion of enzymes appears to be the limiting factor.
Degradation of hemicellulose, cellulose and lignin by fungi occurs mostly on
and inthe soil. Reviewsconcerning decomposition of plants in soil are given by
CHARPENTIER (1968) and DICKINSON and PUGH (1974). Although bacteria and
actinomycetes play a role in cellulose hydrolysis fungi appear to be the most
effective cellulolytic organisms (WINOGRADSKY, 1949; FERGUS, 1964; WOOD,
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1968).Organisms with ahigh growth rate andahigh cellulolytic activity belong
to thegenera Aspergillus, Chaetomium, Fusarium, Myrothecium, Sporotrichum
and Trichoderma. Cotton fibres, a crystalline cellulosic material with a high
degree of polymerisation, arereadily degraded by species of thegenera Chaetomium, Fusarium, Myrothecium and Trichoderma (BAILEY et al., 1968). Much
workhasbeendoneoncellulosebreakdownandproduction ofmicrobial protein
byspeciesoftheFungiImperfecti. MANDELSand REESE(1964)demonstrated high
cellulolytic activityin Trichoderma viride. CODNER(1971)observed high pectinolyticandcellulolyticactivityofTrichoderma, Myrothecium and Chaetomium spp.
even oncrystalline cotton cellulose.
UPDEGRAFF(1971)used Myrothecium verrucariato produce microbial protein
from waste paper. NORDSTRÖM (1974) studied the production of mycelium of
Aspergillus fumigatus on bark. PEITERSEN (1975) used Trichoderma viride to
produce microbial protein from barley straw. Production of sugar solutions
from agricultural and urban cellulosic wastes by Trichoderma cellulase was
studied by TOYAMA (1976).
CHRISTMAN and OGLESBY (1971) reported that lignin degradation is carried
outeffectively byfungi, especiallybasidiomycetes.However, duetothe structure
oftheinsolublesubstrate,theplantcellwall,enzymediffusion isveryslowandso
isdegradation. GERRITS and BELS-KONING (1967) measured thedegradation of
lignin in compost by Agaricus bisporus. The amount of lignin remained unaltereduntilspawning butabout 40%oftheligninwasconsumed after spawning
during thenext twelveweeks.Before degradation oflignin occurred, more than
50% of the cellulose and hemicellulose wasutilized. The chemistry of lignin
degradation bywood-destroying fungi has been described by KIRK (1975).

1.4.2. Bacteria
The cellulolytic rumen bacteria areperhaps the best studied anaerobic bacteriathat areabletodegradecellulose. HALLIWELL(1957)showed that themixed
flora of bacteria and protozoa wasable to degrade cotton fibres within three
days. HUNGATE(1966)suggested that besidesthefree cellulolyticrumen bacteria
alsobacteria inprotozoa are activeincellulose degradation. Most active species
intherumen appeartobeRuminococcusflavefaciens (KOCK and KISTNER, 1969),
Ruminococcus albus (KOCK and KISTNER, 1969; VAN GIJLSWIJCK and LABUSCHAGUE, 1971)and Bacteroides succinogenes (HALLIWEL and BRYANT, 1963;
DEHORITY and SCOTT, 1967).
Free-living cellulolytic bacteria have been isolated from soil andwater; they
belong tothegenera Cellulomonas, Cellvibrio, Sporocythophaga, Pseudomonas
and Bacillus. HARMSEN (1946) made the first systematic study of cellulolytic
bacteria in soil. JURASEK et al. (1967) and NORKRANS (1967) stated that bacteria are slow in cellulose degradation and that contact between bacteria and
substrate isnecessary. VAN HOFSTEN (1975)givesareviewconcerning topological effects in microbial degradation of cellulose. BERG et al. (1968) isolated
Cellvibrio strains from polluted water; they grew well on various cellulosic
substrates but slowly on crystalline cotton cellulose. In aerobic enrichment
12
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cultures withcellulose, VAN HOFSTENet al. (1971)observed asynergistic relation
between a cellulose-degrading Sporocythophaga sp. and a yellow-colonyforming Gram-negative bacterium which could utilize cellobiose as C-source.
Similar observations were made by HARMSEN (1946). BERG et al. (1972a) observed good growth of Cellvibriofulvus on several sugars and polysaccharides but
not on highly substituted cellulose dérivâtes e.g. carboxymethylcellulose. No
growth wasobtained withlongcotton fibres but somegrowth occurred when the
fibres werecut into small pieces. Lignin-free wood pulp was also degraded. The
bacterium has cell-bound cellulase but some enzyme was found in the culture
medium. Glucose repressed cellulase formation. Some electronmicroscopical
observations concerning the attack of Cellvibriofulvus and Sporocytophaga
myxococcoides on cellulose were made by BERG et al. (1972b). Cellvibrio fulvus
grewinto thelumen ofcellulosemacrofibrils whilethe surface wasnot attacked.
Sporocytophaga myxococcoides grewboth inthelumen and onthesurface of the
fibril. The regular arrangement of the cells on the macrofibril was notable.
HAN et al. (1969, 1971) and SRINIVASAN (1969, 1975) studied cellulose degradation by Cellulomonas uda. These investigators demonstrated a synergism
between Cellulomonas uda and Alcaligenes faecalis, a cellobiose-utilizing organism. When these bacteria were grown together, a five-fold increase in cell
density and growth rate was observed compared to the growth of Cellulomonas
uda alone.
CARTWRIGHT and HOLDOM (1973) isolated a strain of Cellulomonas subalbus
from ground birch wood of which the cellulose was utilized by the bacterium.
Cellulolytic activity of a Bacillus sp. was described by FOGARTY and WARD
(1972). The bacterium was isolated from wood and appeared to possess xylanase,amylase,pectinase and cellulaseactivity. OHTSUKI etal.(1976) measured
cellulase activityintheculture medium ofBacillussubtilis var.natta and observed also a high xylanase activity. SUZUKI (1975) studied the cellulase formation
in Pseudomonas fluorescens var. cellulosa. The results obtained suggested that
cellulase in this bacterium is a constitutive enzyme, the formation of which is
controlled by catabolite repression.
Lignolyticactivity ofsoilbacteria wasalsostudied. GOTTLIEBand PELCZAR in
their review concluded (1951) that until that year no specific or identified bacterial specieshad beenreliably associated with thenatural degradation of lignin.
Because of the impossibility to prepare an unalterated lignin, most research is
done with low-molecular model substrates (KONETZKA etal., 1952).A flavobacteriumwhichwascapabletousea-conidendrinwasisolated by SUNDMAN (1964).
CARTWRIGHT and HOLSOM(1973)suggested that an Arthrobacter sp. isolated by
these authors utilized the lignin residue left after the cellulose of wood was
utilised by Cellulomonassubalbus. However, itisalso possible that the organism
grew on the residual carbohydrate associated with the lignin. The investigators
concluded that bacteria play no major part in the degradation oflignin. CRAWFORD et al. (1973) studied the cleavage of arylglycerol-/?-aryl ether bonds by
Pseudomonas acidovorans. The bacterium was isolated from a lignin-rich environment. Ps. acidovoransdissimilated veratryl glycerol-^-(O-methoxyphenyl)
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ether (CRAWFORD etal. 1975). However,nobacteria havebeendescribed that are
able to use or degrade lignin.
Actinomycetes play an important role in the decomposition of cellulose in
nature and they are considered to be the major cellulose decomposers in composting processes. However, relatively little is known about the cellulolytic
activity of these organisms. KRAINSKY (1914)was the first to isolate two actinomycetes which were able to utilize cellulose as the carbon source. WAKSMAN
(1919) isolated 27 actinomycetes able to grow very slowly on cellulose. Some
Micromonospora spp.wereisolated by JENSEN(1932)which werecellulolytic but
many other isolated actinomycetes were not able to use cellulose as carbon
source.In screeningcellulolytic fungi, REESEetal. (1950)found an actinomycete
that was able to use carboxymethylcellulose but unable to use cotton. The
cellulase produced by Streptomyces Q.M.B. 814 was studied by REESE et al.
(1959).Thecellulaseappeared toconsistofanumber ofendoglucanases. FERGUS
(1964) concluded that fungi were better cellulose decomposers than actinomycetes. ENGER and SLEEPER (1965)studied cellulase produced by Streptomyces
antibioticus. The cellulase was acting at random on the cellulose molecule and
produced glucose,cellobiose and oligosaccharides. MANDELS and WEBER (1968)
isolated aStreptomyces sp.with little activity on cotton cellulose which was able
to hydrolyse carboxymethylcellulose.
LOGINOVA et al. (1971) isolated a thermotolerant actinomycete which produced extracellular cellulase. STUTZENBERGER (1971) isolated a thermophilic
actinomycete, identified as Thermomonospora curvata, from municipal refuse
compost. Growth requirements for cellulase production and optimum assay
conditions were determined by STUTZENBERGER (1972). CRAWFORD and M A C COY(1972)isolated awidevariety ofthermophilic actinomycetes from soil. Only
two species, Thermomonospora fusca and Streptomyces thermodiastaticus were
able to grow on carboxymethylcellulose. BELLAMY (1974) claimed that thermophilic actinomycetes areprobably the most effective organisms for microbial
protein production from cellulosic wastes. CRAWFORD (1973)and CRAWFORD et
al. (1974) described the production of microbial protein of good nutritional
quality bygrowingthethermophilic strain of Thermonosporafusca on industrial
paper waste.The ability to degrade lignocellulose at 55 °Cwas also investigated.
Lignin content of pulps varied between 3%and 18%. Thermonosporafusca was
found to degrade primarily the carbohydrate fraction of these substrates. Insignificant losses of lignin were observed. Increasing the lignin content of the
pulpsproportionally blockedcarbohydrateutilization.It is thought thatT.fusca
plays a role in the decomposition of lignocellulose in nature; however, it is
probably involved in carbohydrate degradation and not in lignin degradation.
LAMOTand VOETS(1976)isolated severalactinomycetes from soil.The isolates
were active against carboxymethylcellulose and some grew slowly on insoluble
cellulose powder.
Actinomycetes arecommon incellulose-rich environments. However, crystalline cellulose degradation occurs slowly and fungi appear to be much better
decomposers of crystalline cellulose. CRAWFORD et al. (1973) observed degra14
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dation of methoxylated benzoic acids by a Nocardia sp. isolated from a ligninrich environment, but the degradation of lignin itself is not known among
actinomycetes. GINNIVAN et al. (1977) studied the break-down of pig faeces by
thermophilic actinomycetes.
1.5. ENZYMES INVOLVED IN THE HYDROLYSIS OF PLANT CELL WALLS

1.5.1. General considerations
Enzymes and their substrates are mostly water-soluble and consequently
freely diffusible in the medium. In enzymic degradation of plant cell walls,
however, the substrate isinsoluble. For reactivity, enzymes and substrate must
be surrounded by water molecules and the enzymes must be diffusible and
extracellular. The external chains of insoluble polysaccharides of the plant cell
wall are surrounded by water and have a certain degree of motility. In this way
the amorphous polymers are accessible toenzymesbut thecrystalline fraction is
not. The enzyme molecules are large (WHITAKER et al., 1954) and for diffusion
sizable pores in the substrate are required. When the pores are too small the
reaction is limited to the surfaces. Therefore, knowledge of the structure of
insoluble substrates is of great importance for understanding the process of
enzymic degradation. MCLAREN and PACKER (1970) reported hydrolysis of
insoluble substrates by enzymes. Most of the work on enzymes which are involved in plant cell wall degradation is done with enzymes produced by fungi.
NISIZAWA (1973) has written a review about cellulose hydrolysis.
1.5.2. Enzymes for complex substrates
Enzymic hydrolysis of polysaccharides iscomplex. Polysaccharidases have a
high degree of specificity. Each enzyme has a site for only one kind of sugar in
oneconfiguration (aor ß)and themonosaccharide mustbelinked toa particular
carbon atom of the adjoining sugar unit. For each, glucan, mannan, galactan,
xylan etc. there are specific hydrolysing enzymes. Homopolymers of mixed
linkage, heteropolymers consisting of two or more different monosaccharides
and branched polymersmake hydrolysis even more complicated (REESE, 1975).
The highdegreeofspecificity ofthehydrolysing enzymesisdemonstrated by the
fact that /M,3 glucanase isolated by MOORE and STONE (1972) appeared to be
inactive against j8-l,3 xylan. The same observation was made by REESE and
MANDELS(1963)withjS-1,4glucanaseactingon jS-1,4xylan.Mixingand layering
of polymers make hydrolysis also difficult. Several enzymes are required for
degradation, and theunderlying substrates are often slowly hydrolysed because
enzyme diffusion is the limiting factor.
Inwood degradation byfungi thisdifficulty ispartly overcomeby penetration
of the organism into the complex substrate. Necessary enzymes are liberated at
the hyphal tips producing holes (JURASEK et al., 1967).
1.5.3. Enzymes involvedin the hydrolysis of cellulose
REESEetal.(1950,1952)showedthatcellulaseconsistsofacomplexofenzymes
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and they constructed the so-called C,-C x concept which is given below
Crystalline
cellulose

C1

> Reactive
cellulose

> Cellobiose

Cx

• Glucose
ß-glucosidase

Crystalline cellulose consists of several cellulose molecules which form orderedcrystal latticesbyinterpolymeric H-bonds (elementary fibrils or micelles).
The free cellulose molecules, i.e. reactive cellulose, are accessible to endoenzymes (Cx).
Cj appeared to be responsible for conversion of crystalline cellulose into a
form accessible to the hydrolytic endo-enzymes Cx. The existence of C t was
postulated bythe fact that some organisms were able to degrade reactive (paracrystalline) cellulose but were unable to degrade crystalline cellulose. The Cx
factor reflects several,/?-1,4glucanases, at random acting enzymes, hydrolysing
non-crystalline cellulose, soluble cellulose derivatives and jS-1,4 oligomers of
glucose. MANDELSand REESE(1957)demonstrated highcellulolyticactivity of T.
viride, that was highly increased by using mutants (MANDELS et al., 1971).
ERIKSSON et al. (1968, 1974), HALLIWELL and RIAN (1971), PETTERSON et al.
(1973), WOOD (1973),and Moo-YOUNG et al. (1977) demonstrated that culture
filtrates of Chrysosporium, Fusarium, and Pénicillium spp. and a basidiomycete
contained high levels of C 15 although not as much that of T. viride.Cl and Cx
activity have been separated from some of these organisms and synergism has
been shown between C1of one fungus and Cx of another.
TheCj-C x concept dominated the thinking about cellulolytic enzyme systems
for a long time. The development of better separation methods led to the
preparation of purer components of thecellulase complex. This work, performed by ERIKSSON et al. (1968, 1974), PETTERSON et al. (1973), NISIZAWA (1973)
and WOOD (1973), led to the concept that cellobiohydrolase, whose main function is to remove cellobiose units from the non-reducing end of the noncrystalline cellulose chains, is also able to convert crystalline cellulose into
reactive cellulose (C1 factor). REESE (1975) did not agree with this concept. He
mentioned the work of STORVICK and KING (1960)who demonstrated the presenceofcellobiohydrolase incellulase of Cellvibriofulvus butcrystalline cellulose
wasnot hydrolysed by this enzyme. REESE(1976) assumed that C1isan enzyme
limited in its action to crystalline surfaces. He suggested the following modification of the mechanism proposed earlier.

Crystalline
cellulose

Modified
Cj cellulose

endo-glucanases (Cx) -> G 3 + G 2 + Gj
Cellobiohydrolase
• G2
Glucohydrolase
>Gj
Cellobiase
>Gj

The Cj factor, originally claimed to disrupt hydrogen bonds, isnow believed
to split covalent linkages and hydrogen bonds. The Cl activity differs from the
atrandom-acting endoglucanases inbeingactiveonly upon crystallinecellulose.
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