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SECTION 1

GLUOOSE/RJEL FROM CELLULOSE

Cellulose 1is most alrundant organic material which can be
used as a source of food, fuel and chemicals. On a worldwide
basis, i1t has been estimated that 132 + 74 X 10’(3 metric tons
(146 + 87 X 10™ tonnes) of carbon are fixed annually (1).
Assumiing lignocellulosic material to be 50 carbon and to have
a heat of combustion of 19,800 kJ/kg (8,500 Btu/lb) on an
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ash-free, oven-dried basis, 5*2 + 32 X 10Q klJ (6 + 3 x 10
are stored annually by photosynthesis. The amount of carbon
fixed per year on a worldwide basis is of the order of 30 tiraes
greater than the total world energy production of 15.2 x 10
kJ (14.4 X 10™® Btu) or 7 X 10" metric tons of coal equivalent
in 1970. The utilization of this annually replenishable
resource is greatly simplified if it is first hydrolyaed into
glucose. Erom glucose, vari“ous sources of food consumable
by man and animal, can be derived. |In addition, it can be used
as a feed-stock to make solvents, plastics, and other chemicals
now made from petroleum; it can be converted microbially into
single cell protein, or it can be fermented to a clean-burning
fuel such as ethanol. It is estimated that from one tonne
of waste paper, one can produce 1/2 tonne of glucose which
can be fermented to produce 68 gallons of ethanol (2).
Conversion of cellulose to glucose can be achieved by
hydrolysis. At present, there are two hydrolysis processes
available; acid and enzyme hydrolysis. The first commercial

application of acid hydrolysis of cellulose was made in 1913



at Georgetown, USA, where a plant was built to hydrolyze
Southern rjlne mill waste by 2io H2SO" at 115<C in rotary steam-
heated digesters. The dilute sugar solutions produced (25*
yield) were fermented to ethyl alcohol. This plant and a
second one at Fullerton La, were closed for economic reasons
because of the rising price of lumber and low price of black
strap molasses at the end of ~orld War I (3). The acid
hydrolysis method was commercialized by Scholler in Germany

in 1926, but was replaced in 1935 by the "Schube™ process.
During the Il World Wat, in Germany, Scholler process was in
use to get 40 - 50~ sugar yield after the digestion of
pretreated HC1) wood with 0.05" ~280” at 130 - 190<=C for
18 - 24 h in stationary digesters. The Bergius process, also
used in Germany, employed concentrated HCI in special acid-
resistant equipment but was expensive. The sugars from these
processes were used to produce alcohol and to grow Candida and
Oidium yeasts for human food (4). Dilute sulfuric acid
hydrolysis of wood was reexamined by the Forest Product
Laboratory, U.S. Department of Agriculture at the request of the
War Production Board in 1943. A full scale wood hydrolysis
plant was subsequently designed and built at Springfield,
Oregon, but i1t did not commence operation until after the end
of World waT Il (5,6,7). The process 1is basically a semi-
continuous process 1in which the hydrolyzate percolates through
the Thip ”bed, continuously removing the sugars as they former].
This avoids prolonged retention of the sugars under acid
conditions at high temperatures (150 - 185<C) and so reducee

degradation (8).



The acid hydrolysis method has several disadvantages,
which have been summarized "hy Ghose (9). These are””

(1) Expensive corrosion-proof equipment is needed for the acid
treatment resulting in a high carsital cost, (ii) The crystalline
structure of cellulose makes it resistant so that high
temperature and high acid concentration are needed for
hydrolysis. Consequently, the resulting sugar is partially
decomposed, (iii) Waste cellulose usually contains impurities
that will also react with acid, producing undesirable by A
products and conversion compounds. Fone of the above process
has succeeded as a commercial operation since World War Il (11).
The selling price of alcohol by the acid hydrolysis process
derived from the Madison process was estimated in the tange of
N 1.50 - 1.80/gal based on a production level of 25 x 10n gal/
year. The corresponding estimated capital investment was about
$ 90 X 10~ (10).

Grethlein (12) has reported the process economics of
making glucose from cellulose using acid hydrolysis. With an
input capacity of 885 tonnes/day newsprint the cost of making
glucose 1s reported to be in the range of 1.75 - 2.45-cents/Ib,
depending on the slurry concentration fed to the reactor for
the acid hydrolysis. The cost range is less than the published
estimate of 5.2 cents/lb for enzjrmatic hydrolysis (13).
Grethlein (12) considers that the acid hydrolysis of cellulose
is a viable and potentially economic process. For the
conversion of newspaper and wood pulp to glucose, a twin screw
extruder device at high temperature acid hydrolysis process

was used by Rogers (14). According to the author, this



technology may improve production economics of ethanol from
wood, pulp and paper, agricultural and municipal wastes.
Reaction time with 0.3~ 2280 at 4 5 0 was only 20 sec.

There are various advantages in the use of enzjnnes to
hydrolyze cellulose instead of acid. The enzymes are specific
for cellulose and do not react with impurities that may 'te
present in the waste. Moreover reactions take place under
moderate conditions of temperature and pressure and the glucose
yields of 1117 of the weight of cellulose used have been
reported (15). Known cellulases split only beta-1,4-glucosidic
linkages (16), whereas hydrochloric acid attacks 1 -— 2,
1—~ 3, 1 —> 4 and 1 > 6 linkages. At the molecular
level, approximately 10Q HCI molecules are required to do th?-
work of a single enzjnne molecule (mol, wt. 63,000)(17).

So far enzymatic hydrolysis of cellulose has been carried
out on a small pilot plant scale. A pilot plant for the
saccharification of 1,00 Ib cellulose per month for the
production of glucose/ethanol using Triehoderma reesei has
been operated in U.S.A. (18). Oulf oil 1is operating a 50 tonne
per day facility prior to building a large scale plant (19).
The key to the Gulf process 1is reported to be the fact that
(i) the cellulosic material being used is the waste material
and requires no pretreatment and (ii) simultaneous conversion
of cellulose to glucose to ethanol by combined cellulase/yeast
system (20,21). Work has also been carried out at the Natick
Development Centre (NDC) and at California University (Berkeley)
to design and evaluate a process for the enzymatic hydrolysis of

newsprints (22-26). The economic analysis of this process



indicated that a major part of the o-verall process cost is the
production of enzymes, and substrate pretreatment. Ball milling
has been found to be the most effective physical method of
pretreatment of making the maximum amount of cellulose in the
substrate available for enzymatic hydrolysis, but it is
expensive, indren and Nystrom (27) reported that wet chemical
pulps are by far the most susceptible substrates for enzymatic
hydrolysis.

Most lignocellulosic materials contain three components;
cellulo&®e, heraicellulose and lignin in ratios of roughly
4*3<=3 (28-30), For rapid enzymatic degradation of cellulose
it has been found necessary to pretreat the cellulosics either
mechanically and/or physically/chemically to make it more
susceptible. The need for pretreatment increases with the
increase in lignin content. Lignin is highly resistant to
biological degradation, because of its unusual structure. In
lignin the monomers, p-hydroxy cinnamyl alcohol, are joined in
such a way as to provide a complex three dimensional structure
which is Interconnected with the cellulose and hemicellulose
components. Thus, the difficulty in obtaining fast and
complete hydrolysis of cellulose is not due to the primary
linkages of cellulose polyineric chain but rather than the
secondary and tertiary structures of cellulose and the linkages
and cross linkages with other materials. Many chemical,
physical and mechanical pretreatments have been developed (31).

Economic considerations are central to the economic
exploitation of the process. Straw, bran, groundnut shells,

bagasse, wood and other cellulosic materials are the main



sources of cellulose which are available in abundance. Most of
these are collected during the course of agricultural and other
operations at central sites. |In spite of the abundance of
cellulose, it is very difficult to find suitable cellulosic
material that could be collected from a limited area and would

be cheap enough, taking into account the cost of collection,
transport, and handling. Sugarcane bagasse, cellulosic materials
collected at the sewage disposal, paper mill wastes, and fast
growing trees could be 1ideal cellulose sources.

The minimum cost of glucose produced by enzymatic hydrolysis
of waste cellulose is about S 0.5/kg (32). The two other major
components of cellulosic materials, lignin and hemicellulose,
have not been included in the total cost analysis (33). Seeley
(34) has calculated that the estimated cost of glucose from
starch would be 11 cents/Ib and that from cellulose 9-15 cents/
Ib, but the concentration of glucose in the glucose syrup from
starch is approximately 30" and that from cellulose only 5 - 10?7t
The Soviets are emphasizing the conversion of cellulose to sugars
for SCP production, while U.S. Department of Energy is placing
emphasis on conversion to alcohol fuels (35). Each gallon of
fuel alcohol produced from this renewable resource reduces
gasoline, diesel or gas use by about one gallon (36).

The process for producing ethanol fcom plant biomass by
enzymatic saccharification of cellulose to glucose and
subsequent fermentation of glucose to ethanol by yeast has been
intensively studied. From one tonne of cellulosic material,

0,5 tonne of glucose (assuming 50" cellulose) can be obtained,

which, 1in turn, can produce 79 gal ethar™ol (13.8 Ib of glucose
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to make 1 gal ethanol), Wilke et al«(37) have made an economic
assessment for an integrated processing scheme whereby a
cein-ulose waste (newsprint) 1is first converted to sugars by
enzymatic hydrolysis, and then to ethanol by yeast fermentation.
Recent conversion cost estimates, based on Wilke"s process for
producing ethanol from newsprint (38) and wheat straw (39)
suggested that the economics of these processes are still not
promising. As shown in Table 1, the cost of ethanol from plcait
biomass is high. But by-products generated at various points
in each stage of the hydrolysis-fermentation process constitute
a critical element within overall ethanol production economics.
These credits will reduce net processing costs for ethanol, the
only uncertainty pertains to the magnitude of the potential
credits (40),

Table 2, indicates the range of by-products that can be
attained from wood and grain feed stocks. Although relevant
data are not available, by-products obtained from potatoes,
straw and processed municipal waste would probably tend to be
more similar to grain by-product than to wood by-product. The
cost of ethanol produced by fermentation as reported by various
workers (37,42-45) differs widely. This is probably because
of the use of different feed stocks as well as different
processes. In fact, as noted by Quittenton (46), there is
currently a fierce argument in the United States about the cost
of ethanol produced ftom grain by fennentation, which is
S 0.33/1 ($ 1.25/gal as of January 1979), It is projected that
by 1985 the cost of producing ethanol will be about ~ 0,42/1
(1 1,60/gal) as compared to the predicted cost of gasoline



TABLE 1; POST OF LIQUID FUEL FROM BIOMASS AllJ) COAL (41)

Ra™ material

Newsprint
Wheat straw
Sugarcane
Corn

Coal

Product Capital investment Product cost
/annual 1°MBtu

Ethanol 45.4 20.4
Ethanol 58.8 37.0
Ethanol 22.6 14.4
Ethanol 20.6 14.4
Synthetic 6.3 to 9.0, 2.5 to 4.0

crude



TABLE 2; BY-PRODUCT SOURCE (40)

Feed Lignin Hemi - Hydrolysis Spent Spent Distilla-
stock cellulose vapors grain yeast tion
Methanol Furfural Fuel Bottoms
oils
"¥Y¥ood Fuel Fuel Fuel Fuel Fuel Fuel Ferti-
chemicals Fodder chemicals chemicals Fodder lizer
chemicals
(xylitol
furfural
Grain - - Fodder Fuel Fuel Ferti-

Fodder 1TP
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production at 1 0.89/1 ( 2.25/gal), Based on energy content

of ethanol, the ethanol conversion coet and the capital investment
for an ethanol plant are higher than that for synthetic crude
from the coal liquefaction process (41). The higher cost of
ethanol from corn and sugarcane juice, relative to synthetic
crude, 1is attrihutahle primarily to the cost of the raw material,
which represents about two third of the production cost. The
use of low-cost carbohydrate such as agricultural wastes should,
in principle, substantially lower the cost. Other economic
factors in the alcohol industry are the cost of steam for
distillation and the large vessel size to ferment low sugar
containing solutions at slow rate (47) as well as pretreatment
of the cellulosic material before saccharification. The
distribution®of ethanol cost from cellulose fiba?-e is indicated
in Table 3 (41). The alcohol cost can be minimised by careful
control of oxygen tension and use of optimum feed sugar
concentrations in the alcohol fermentation. Mandels (48)
considers that, for the process to be economically viable one
must be able to produce glucose for 15 cents per kg in crude

105 syrup. Because of the high cost of ball milling which does
not appear practical for large scale”processing, Wilke and

Yang (49) studied the possibility of using less stringently
milled substrate. With T. reesei culture broth and with the
modified process, revised preliminary cost analysis indicated
that it may be possible to produce glucose at 4.2 cents/lb,

with an approximately capital investment of t 19 x 10*. The
break-up cost estimates of the major items for producing glucorK

from cellulose is given in Table 4 (50). Both the cost of the
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TABLE 3; DISTRIBUTION OF ETHANOL COST FROM CELLULOSE FIBRE (41)

(Excl-uding raw material cost) n
SulDstrate Pretreatment Saccharification Ethanol
fermentation
Newsprint 6,8 64.4 26.8

Wheat straw 12 78 20
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TABLE 4; 1°"MJOR ESTIMATED ITEMS OP COST FOR GLUCOSE PRODUCTION
IM

Price Rs./100 kg glucose

Raw material Enzyme Pretreatraent Enzjnne hydrolysis
and filtration

5-10 60 - 70 20 - 60 40-60



enz3ne (and enzyme make up) and the pretreatment cost constitute
a major portion of the total cost, About 60fo of the total
manufacturing cost of production of glucose from cellulose has
"been attributed to enzyme production when the enzyme yields are
of the order of 3 - 4 PPA 1U/ml (51). A recent economic analysis
of the Natick process for production of ethanol from urban wastes,
excluding substrate costs and creditp, attributes 5\ of the
cost of sugar or 40" of the cost of the ethanol to enzyme
production (52). Thus, any impro-vement in the enzyme yield and
reduction in pretreatment cost will improve the economic outlook
and are the keys to the success of the process. It is sometimes
suggested that cellulase should be immobilized. This® would not
be advantageous since formation of an enzyme substrate complex
could be difficult when both components are large insoluble
entities. Furthermore, the synergism between fixed components
might be hindered (53). It may be possible to obtain regulatory
mutants which are resistant to catabolite (glucose or cellobiose)
repression, or by genetic manipulation to obtain microorganisms
with multiple copies of cellulase structural genes (54).

Increase in gene copies by genetic manipulation which gives
highly elevated yields of enzjnnes are known ("5-58).

It may also be possible to obtain microorganisms which can
break up or loosen lignin-cellulose complex or which can utilize
lignin. Enzjnnes involved in lignocellulosics degradation have
been investigated and a new enzyme, cellobioses quinone oxido-
reductase, of importance in both cellulose and lignin
degradation has been reported (59). This enzyme from

Sporotrichum pulverulentum was found to catalyze an oxidation-



reduction reaction in which the con-version of cellobiose to
cellobionic acid, probably through cellobiono-delta-lactone,

was coupled to the reduction of a quinone to the corresponding
phenol. Cellulase-less mutants have also been obtained which
degrade both Rraft lignin and wood lignin (60), thus,
TMeschielding” cellulose. These mutants may have vast potential.
The study on mixed enzjnnes is of particular interest (9). |If
any particular component 1is in short supply in a ccllulasc system
from one source, it can be fortified with the same component
from another source, richer in that component. Is an example

T. reesel enzyme 1is deficient in xylanase and can be fortified
with Aspergillus wentii cellulase which is comparatively rich

in this component (60).

The overall economic possibility is also dependent on
efficient use of all main components of lignocellulosics viz.,
cellulose, hemicellulose and lignin. Tsao (63) has recommended
obtaining these three m3,,lor components in different streams and
their separate utilization. They have reported that the
developments in the use of the solvent extraction coupled with
enzyme/acid hydrolysis and the utilization of hemicellulose
and lignin could yield fermentable sugars at less than 9 cents/
kg (63,64).

It is believed that isomerized glucose-fructose syrups
would replace invert cane sugar in the world food market. The
estimated glucose-fructose syrup production cost is 16 - 18
cents/Ib and the selling price 25 - 30 cents/lb (10). Based cn
the product value, calculations by Humphrey suggest that

glucose from hydrolyzed cellulose for isomerized glucose-
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fructose syrup may present a viable alternative, and one
ccjld afford to use wood cellulose pulp or cotton. Since

the product value is 30 cents/lb, and assuming only 50" of
product price allowed for substrate, the maximum affordable
price would be 10 - 15 cents/lIb as compared to 2 - 5 cents/Ib

for alcohol.
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SECTION 2

CELLUJyOSE, HEMICELIULOSE. AND LIGNIN; COHIPOSITION AND STRUCTURE

Cell walls of land plants contain large amounts of
cellulose microfitolls embeded in a continuous phase of lignin,
pectin and heraicelluloses. Cellulose, constituting about 6
of perennial v3ods and about 50% of annual plant tissue, is
found mainly in the primary and first layers of the secondary
wall,, although it is present throughout the various layers of
the wall. Hemicelluloses are present in all layers of the cell
walls but are concentrated in the primary and secondary cell
walls mixed with lignin and cellulose. They are also preseijt
in the middle lamella in association with lignin.

Physical properties of the plant cell wall depend on the
interactions between these, three main components. These
components are found at early stage of cell differentiation;
at this period also quantitative differences occur since the
components are not formed at equal rates.

CELLULOSE

Cellulose exists in various states of purity in plant
cell walls, ranging 20% in some grasses to over 90% in cotton
fibre (69). The seed hair of cotton is the most pure form of
cellulose available in nature and contains about 6% by weight
of non-cellulosic polysaccharides, proteins and mineral elements.

Cellulose fibres are of similar structure irrespective
of their function in plant. Similar cellulose molecular
structure 1is present in wood fibre and cotton seed hair. The

main difference between various types of fibres from different
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soijrces arise from the differences in the nature of other
substances present, their location in the fibre and from the
different dimensions of the fibres. Though cellulose is a
homopolymer of anhydroglucose units, linked together through
beta-1,4-linkages, differences in the physical relationships
between the chains and their degrees of interaction makes it a
multiple substrate. In cotton as \vell as wood fibres* a thin
primary wall surrounded by a relatively thick secondary wall is
present. In both wood and cotton the secondary wall usually
consists of three layers, designated S*, S2 and S*, and forms
during the growth and maturation of the cell. The outermost
layer of cotton is called the cuticle. The equivalent layer
in the multicellular structure of wood 1is the middle lamella
(Fig. 1). The middle lamella 1is amorphous, generally porous
and about 1 to 2 g thick. The primary wall is of 300 g
thickness while secondary wall (S*, S2 and S7), which thickens
during growth, is of variable thickness ranging from 1 to 10“u
(63,66). The cellulose molecules in the and layers are
deposited in a flat helix with rc-spect to the fibre axis
whereas those in the Sg layer are deposited nearly parallel

to the fibre axis. In cotton, the S2 layer is deposited in a
series of concentric zones, the number of which has been
correlated with the days of growth of the fibre. The secondary
wall of cotton fibres consists almost entirely of highly
crystalline cellulose. Almost all the extraneous materials
are present on the surface of the primary wall. In wood, on
the other hand, the non-cellulosic materials are deposited

in all regions of the cell walls from lumen through the
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Diagramatic sketch shewing the varleus layers tf
w««d cell walls (65). The true intercellular

substance «r middle lamella (M) and adjacent
primary walls (P) comprise the compound middle
lamella. The secondary walls are composed of
outer S*, middle S2» and inner layers.



compo-und middle lamella. Cellulose 1is in the hi/?hest -
concentration in the secondary wall and diminishes toi*-"ards! j
the middle lamella (62). The minim-um concentration of hemi-
celluloses and maximum of cellulose occurs in the layer
of an angiosperm and in the $2 layer of a gymnosperm (67). *
The layer of gymnosperm contains appreciaTsle lignin and
hemicelluloses.
Cellulose is insoluble and structurally complex substrate.
Most of the structural studies of cellulose have been made on
materials derived from cotton. The chemical structure of
cellulose chains was established by Haworth and Hibbert more
than 60 years ago (69). The structural formula is shown in
Pig. 2. Cellulose 1s a high molecular weight linear polymer
composed of D-glucose residues building blocks, joined by
beta-1,4-glucosidic bonds. In a cellulose chain molecule, the
anhydroglucose units adopt the chair configuration with the
hydroxyl groups in the equatorial and the hydrogen atoms in
the axial positions (Fig. 2). Every other chain unit is
rotated 1S0<= around the main axis which results in a strain-
free linear configuration. The glycosidic linkage acts as a
functional group, and this, along with the hydroxyl groups,
mainly determines the chemical properties of cellulose, ill
significant chemical reactions occur at these locations. It
has been reported that the hydroxyl group in the 3-position is
bound by an intramolecular hydrogen bond to the ring oxygen

atom of the next chain unit (70).
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Cellulose molecules form a fibril, a thread-like long
bundle of molecules, which is stabilized laterally by hydrogen
bonding between hydroxyl groups of adjacent molecules, 1ill the
hydrox37-1 groups are apparently hydrogen bonded in different
but rather specific ways. The elementary fibrils are the
smallest structural units of microfibrils and fibres. The
number of chains of cellulose in a microfibril may be few
hundred. There are differences of opinion in regard to the
number of cellulose chains in elementary fibrils and microfibrils
and the specific dimensions of the cross section of these
structures. The microfibril according to Preston and Cronshaw
(71) 1is about 50 x 100 f Iin cross section. The elementary
fibril is about'35A£ wide (72-74) and the microfibril 8-20 ns
wide (70). Manley (75) has reported that microfibrils haVe an
average width of about 35A£ (30 - 40 53.

The microfibril ultrastructure is still a subject of
considerable controversy, and the question whether the cellulose
chain is uniformly comprised or not has been debated for 50 to
60 years. The chain length distribution curves of partially
degraded samples of cellulose and cellulose derivatives do not
assume the shape of a normal Gaussian curve, but exhibit separate
distinct maxima within the degree of polymeri.%tion (I1IP) range
of 400 - 500 (70). Two different mechanisms have been put
forward. It was considered by one group that in cellulose
molecules not all linkages are equally resistant to hydrolysis,
and that at fairly regular intervals, "weak spots ”exist where
hydrolysis takes place far more rapidly than in the case of

the usual glycosidic links in the chain. According to other
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school of scientists, the 7anomal® Qijnnolecularity of degraded
samples would mainly be attributable to the alternation of
crystalline and amorphous sequences in the elementary fibrils,
giving rise on hydrolysis to separate superimposed distribution
curves (70). Any irregularity in the substrate may terminate
the action of enzyme, depending on the specificity of the enzjnne
Models of the various molecular arrangements of cellulose
have been summarized by Chang (76). For many years the
accepted picture of crystallinity in cellulose was represented
by the fringed micellar model. This model showed that
individual molecules run straight through a crystalline area,
then into an amorphous region and later into another crystallite
and so on through several of these processes (70,77). These
crystallites were considered to be more or less rectangular
in shape with the molecules running parallel to their long axis.
The crystallites have been shown to be several hundred angstroms
in length and scores of angstroms in width and thickness.
According to Preston and Cronshaw (71) the microfibril consists
of a rectangular crystalline core, about 50 x 100 g In cross
section surrounded by a paracrystalline sheath. The solid
lines represent the planes of glucose residues (Fig. 3a). Hess
et al. (78) suggested that the microfibril contains several
elementary fibrils which contain 15 to 40 cellulose molecules
and are segmented into crystalline and paracrystalline regions
(Fig. 3b). Manley (75) reported that the individual filaments
are 35 2 in diameter and appear to have a periodic variation in
structure along their length. It was suggested from X-ray

diffraction studies that the cellulose molecules exist in a
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folded chain lattice formed as a ribbon which in turn is wound

as a tight helix (Fig. 3c)(79). Meyer, Mark and Misch in 1930

proposed a schematic model of the native cellulose lattice. In
0 0
this model unit cell dimensions are; a = 8.35 A; = 10.3 A;

and ¢ = 7.9 1ijvbcta = 84< (80). Each unit cell contains four
glucose residues. The length of the unit cell equals that of
the repeating anhydrocellobiose units and is 1.03 nm. The
shortest distance between atoms of neighbouring chains of native
cellulose 1s no more than 0.25 nm in the direction of the a -
axis which maizes possible the formation of hydrogen bonds
between the adjacent chains. In the direction of ¢ - axis,

the distance 1is much greater, and molecular chains are attached
to each other by van der Waal®"s forces only (70). Since the
discovery of chain folding in linear synthetic polymers in the
late fifties, the question has repeatedly arisen whether
cellulose chains could do the same. A great number of folding
possibilities have been proposed in the past few years.
Ellefsen 3 model (81), conetructad on a purely deductive basis,
i.e. without any experimental support, was among the first.
This model was based on a microfibril conception and therefore
has an exceptionally large cross sectional area perpendicular
to the b - axis (Pig. 4). Chang (76) developed a folded chain
model of cellulose together with a new hypothesis on cellulose
weak links (Eig. 4). Essentially, single cellulose molecules
are folded back and forth in the plane to form "platellites"
which are the smallest physical and structural unit of
crystalline cellulose (101). The average fold length in the

platellites corresponds to the levelling off degree of
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polymerization (LODP). The glucosidic bonds at the folds arc
weak links due to a loop conformation of the chain. The
integrity of the platellites is due primarily to chain folding.
Hydrogen "bonding and van der ""aal3 forces exist within and
"pbetween all structural units. The glucosidic linkages at the
folds (BJ®) are the major type cf weak links, and are mainly
responsihle for chemically?- induced chain scission in cellulose.
The various modifications of cellulose have the same basic
platellite structure, differentiated mainly by the values of
molecular spacing (delta) and fold length.

The number of glucose units in a molecule gives the degree
of polymerization. The number of glucose residues ranges from
500 ~ 2000 in wood pulps to 10,000 in cotton. The degree of
poljnnerization of typical materials is given in Table 5 (82).
Evidence obtained by different means indicates that native
cellulose 1is composed of more than 10,000 beta-anhydroglucose
residues (these may be as many as 15,000 residues) linked to
form a linear chain molecule giving a molecular weight of 1,5
million. The total length of cellulose would be about 5
microns as the length of an anhydroglucose unit is 5.15 A?
while the alpha-cellulose (insoluble in 17.5" Na,0OH) contains
as many as 10 to 15 x 10" glucose units per molecule; gamraa-
cellulose contains 15 units of glucose. Plant and wood
celluloses generally contain beta-cellulose as well a material

soluble in 17.5" NaOH.



MBLE S: CELLULOSE CmR-'-OIERISTICS (82)

Source Molecular weight Degree of
polymerization
Fati-ve cell-uloi?e  6,00,000 - 15,00,000 3,500 - 10,000
Chemical cottons 80,000 - 5,00,000 500 - 3,000
’wod pnlps 80,000 - 3,40,000 500 - 2,100
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HEMICELLULOSE

The name hemicellulose was introduced by Schulze in 1891
to designate these polysaccharides extractable fcom plants by
dilute alkaline solutions”™ Host workers classify hemicelluloses
according to the type of sugar present* Thus, xyla,n is a
polymer of xylose units, mannan of mannose and galactan of *
galactose units. Most hemicelluloses, however, are not
homoglycans but are heteroglycans containing 2 to 4 and rarely
5 or 6 different types of sugar units. Commonly occurring
heteroglycans are L-arabino-D-xylans, L,-arabino-D-glucurono-
D-xylans, 4-0-methyl-D-glucurono-D-xylans, D-gluco-D-mannans,
D-galacto-D-gluco-D-mannans , and L-arabino-D-galac.tans.
Xylans

Xylan, a polysaccharide occurs practically in all land
plants a”d is said to be present in some marine algae (83).
In both, wide botanicaldistribution and abundance in nature,
it closely follows cellulose and starch. It is abundant in
annual crops, particularly in agricultural residues .such as
corn cobs, corn stalks, grain hulls and st™ms. Hard woods
contain 20 to 25" xylanwhile soft woods contain 7 to 12% (84).
In angiosperms (hard woods) the dominating hemicellulose 1is an
O-acetyl(4-0-methyl glucurono) xylan, while the major soft
wood (gymnosperms) hemicelluloses are an 0O-acetylgalactogluco-
mannan and arabino-(4-0-methyl-glucurono) xylan. .Low strength
vegetable fibres of commerce such as jute, sisal, manilahemp
and coir may contain 5 to 2gfo xylan. High strength fibres such
as ramie, flax, and cotton are devoid or almost devoid of xylan.

Xylan 1is principally found as a plant cell constituent. Xylan
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has been isolated frora non-endospermic and endospermic tissues
of many economically important grosses. Xylan has the general
properties of insolubility in ™7ater, solubility in alkaline
solutions, ease of acid hydrolysis, high negati-ve optical
rotation, and non-reducing action towards Fehlings®™ solution.

It can also be placed in two more polysaccharide classes other
than hemicellulose, namely pentosan and glycan. It is classed
as pentosan because it is principally a polymer of pentose, and
as a glucan because 1t is largely, if not entirely, a polymer
of an unmodified sugar or sugars. |In 1889, Wheeler and TollenrQ&4a
demonstrated that the sugar D-xylose, which is a monomer of
xylan, has the empirical composition while the parcr-*;
xylan has the expected composition True D-xylans,
composed of only D-xylose, are not normally found and is
possible that such types occur more frequently in sea weeds than
in land plants. The native xylan molecule may contain in
addition to D-xylose (85 - 93?), a small amount of L-arabinose
and in some instances, a small amount of glucuronic acid,
possibly D-glucuronic acid, e.g" corn stalk xylan contains
D-glucuronic acid, L-arabinose, and D-xylose in the approximate
ratio of (85), while xylan of wheat straw and alfa*“lfa
ha,y contains these monosaccharides in the ratio of

(86). Variations were reported in the proportions of
I-_arabino™furanos5”1, D-glucopyrdnosyluronic acid and 4-0-
methyl-D-glucopyranosyl”uronic acid groups in xylanj isolated
from non-endospermic and endospermic tissues of many
economically important grasses (8”7, Non-endospermic xylans

e.g. from corn cobs, fibres, and hulls display apparently
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unusual structural features and are more complex than those
normally isolated from wheat and other grasses (88-30), -"M
SfTUctoTcJ af<ount VA K 4+ 1k« po-"r &C ~»
Xylans of the endosperm are present in the thin cell walls
of the endosperm, which appear similar to primary walls (92).
The procedure of air-drying grasses may lead to changes in the
heraicellulose conformation, denaturation, and adsorptive or
other associations "between cell wall components, including the
hemicelluloses, It is more difficult to dissol-ve a hemicellulose
from an air-dried than from a fresh grass, and xylans can he
irreversibly adsorbed on to cellulose (93,94). HemicelluloseB
that were previously soluble in water will not necessarily
dissolve in it after being dried, and so there may be a
difference between the solubility and their dissolvability.
Hemicelluloses, like other natural polymers, may be denatured,
by drying, and by other physical treatments. Renaturation may
not take place readily, or completely. Lignin impedes
dissolution of hemicellulose in alkali. It is usual to
dissolve lignin from grasses after it has been oxidized by a
solution of aqueous acetic acid and sodium chlorite (95-97).
There was formerly much uncertainty as to whether lignin and
hemicellulose are chemically bonded, or whether the lignin
mechanically entraps hemicellulose molecules, thereby making
them less accessible to dissolution (98-100). Normally, non-
eendospermic hemicelluloses are extracted by treatment of
holocelluloses with aqueous alkali, which may saponify any
hemicellulosic ester linkages either between polysaccharides
or betideen hemicelluloses and non-carbohydrate components
(M01-104).
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It has "been known for nearly 50 years that xylan from
(Esparto grass is composed of chains of (1 — 4)-linked beta-
D-xylopyranose residues, ?;hich is known as horaoxylan. During
the last 20 years, many xylans from land plants have been
examined and all have been shown to contain the same basal
structure but differ in the structural arrangement of other
sugar residues, especially L-arabinose, D-glucuronic acid, and
its 4-methyl ether, which are attached as side chains. The
xylans from "sperto grass isolated are heteroglycans, and most
commonly have single L-arabinofuranosyl groups attached to a
few 0 - 3 atoms of main chain D-xylosyl residues, and
D-glucopyranosyluronic acid (or its 4-methyl ether, or both)
groups attached to a few 0 -2 atoms of other main chain
D-xylosyl residues. The partial acid hydrolysis of corn cob
xylan gave polymer-homologous series, xylobiose, xylotriose,
upto xyloheptaose containing (1 4) linked beta-D-
xylop30?anose units ("105).

L--arabinose has long heen known as a component sugar of
hemicelluloses, but not until 1951 was it first conclusively
shown by Perlin (106.107) to be a constituant of a poly-
saccharide based on D-xylose residues. He showed that all
the L-arabinose units in a wheat flour polysaccharide are
present as non-reducing end groups in the furanose form and
must be attached to D-xylose units as shown in Pig. 5.

Some xylans also contain non-terminal L-arabinofuranosc
residues, e.g. the hemicelluloscs from corn cobs (108). Sincc
oligosaccharides having reducing L-arabinose residues are

released under mild conditions of hydrolysis, it is probable
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that these oligosaccharides result from the cleavagc of
non-terminal ffuranosj*-1 linkages. This 1is clearly so with corn
cot) hemicellulose, where 2-0-beta-D-xylopyranosyl-l-arabinosc
has heen isolated after mild acid hydrolysis, since 3,5-
(and not 3,4-)di-0-methyl-L-arabinose is found on hydrolysis
of the methylated polysaccharides. There is as yet not
sufficient evidence to show whether these non-terrainal
L-arabinofuranose residues are linked directly to the xylan
backbone or \".lhether thejr terminate on the longer side-chains
in which one or more D-xylose residues are interposed (109).

The xylans containing residues of D-glucuronic acid
or 4-0-methyl-D-glucuronic acid show the linkage at position 2
of xylose (Fig. 5). Although the xylans from the land plants
show the chains of (1 —” 4) linked beta-D-xylopyranose
residues as a main structural feature, the xylan from the red
alga Rhodymenia palmata (111) contains (1 N4) and 1 — 3)
-linked D-xylopyranose residues,
Xylan from larch wood (Larjg decidua)

Larches arc the only comraon deciduous conifers. They
differ chemically from other coniferous woods in containing
a much higher proportion of galactose-containing polysaccharides,
Larch saw du?t, after extraction with hot water, 17, 4/ and 10"
MaOH, gives 4 major fractions of hemicelluloses (112),
Eractions 1 and 1l after extraction with 1 and 72in ITaOH are rich
with xylan, while fractions Ill and IV are rich v ith glucomannen
after extraction with 10" NaOH,

The general structure of D-xylan from larch wood 1is as

shown 1in Fig, 5. But it is not possible on the present
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evidence to indicate whether the L-arabinofuranose residues are
attached directly to the "backbone of xylose residues as shown

or whether 17?4 linked D-xylose residiies are interposed with the
arabinose residues terminating a longer side-chain. The former ,
alternative is more probable as other xylans (froci e.g., wheat
straw and barley husks) (113,114), are known to contain L-arabino-
furanose residues directly lin”d to the backbone of xylose
residues,

A molecular weight determination by the isothermal
distillation method gave a value of 18,000 + 500 (degree of
polymerization, 107 + 3) for the methylated xylan "(J|j]|pethyl
e-fker) (112). This value, taken together with the vafue df on<
non-reducing xyLose Ond group per approximately 120 sugar
residues, suggests that the backbone of xylose residues is
unbranched. It can be concluded, therefore, that the xylan
fraction may contain 1;4-linked bota-i)-xylopyranose residues
with, on the average, every 5th or 6th residue carrying a terminal
4-0-methyl-D-glucuronic acid residue linked through G*. In
addition, a small proportion ( ) of L-arabinofuranose
residues are probably attached to the backbone through
of xylose residues.

Several wood xylans are thus characterized by the presence
of 4-0-methyl-D-glucuronic acid residues attached as side-chains
to D-xylose by 1:2 linkages. The proportions of uro.nic acid
groups are in general somewhat higher in the xylans from soft
woods (15 - 207) than in those from hard x"oods (8 - 1577)(112).
Some of these xylans (soft wood) also contain a small

proportion of L-arabinofuranose residues.
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LIGNIN
Lignin is distributed widely throughout the plant kingdom,

except lichens and mosses (115). Lignification is not confined
to the cell walls of wood and annual plants but takes in fruit,
stones, bark, rooi, bast, pith and cork cells. Plant lignins

can be divided into three broad classes which are commonly called;
soft wood (gymonsperm), hardwood (dicotyledonous angiosperm),

and grass or annual plant (monocotyledonous angiosperm) lignins.
Next to cellulose, lignin 1is probably the most common organic
compound cycled on earth. The amount of lignin in different

soft wood and hard wood species lies in the range of 18 -
(66,116).

Lignin is a phenylpropanoid structural polymer of vascular
plants which gives the plants rigidity and binds plant cells
together, Lignin also decreases water permeation across cell
walls of xylem tissue and protects plant tissues from invasion
by pathogenic microorganisms. Jiccording to the definition of
Sarkanen and Ludwig (117), lignin 1is a natural polymeric product
arising from an enzyme-initiated dehydrogenative polymerization
of three primary precursors; trans-~-coumaryl alcohol, trans-
coniferyl alcohol and trans-sinapyl alcohol (Pig. 6), A
typical soft wood lignin contains approximately 80fo coniferyl
alcohol, 14fo £-coumaryl alcohol and 6~ sinapyl alcohol (118).
Hardwood lignin, on the other hand, contains similar amounts of
coniferyl and sinapyl alcohol and a minor amount of ~-coumaryl
alcohol. In bamboo and grass lignins the amount of £-coumaryl

alcohol 1s higher than in soft wood and hardwood lignins (119).
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According to Higuchi (120) the cinnamyl alcohols (I, I11,111)
(Fig. 6) can he dehydrogenated hy phenol oxidases to give free
radicals which spontaneously polymerize. In this way, the
highly branched lignin poljnner can be formed with the
phenylpropane units covalently bonded to each other in a nuaber
of different wayss by either ether linkages or by carbon-to-r ;
carbon linkages (121). The carbon-to-carbon linkages are
particularly resistant to¥/ards chemical attack, 1ibout 30/0 of
the phenj*-lpropanil. units contain a free phenolic hydroxyl group
while the remaining IOfo should therefore be connected by phenol

mether linkages (121). In general, 1t may be assumed that the
oxygen in the 4 position of one of the phenyl rings is combined
with the carbon atom of the side chain of another phenylpropane
unit, thus forming an ether linkage. Many such phenol .ether
linkages form guaiacyl glycerol-beta-aryl ether structures
(Pig. 7?.). Carbon-to-carbon linkages may be formed when two
benzene rings are com.bined through their 5,5 = positions (Pig.
7b). Such linkages may also be formed between the side chains ,
thus giving an alpha-alpha-linkage (Fig. 7c) or a beta-beta-
bond (Fig. 7d). [I1"urthermore5, two phenylpropane radicals can
combine 1in such a way that, for example, an ether and a
carbon-to-carbon bond are formed, thus giving a benzofuran
structure (Fig, 7e), or two phenylpropane radicals can combine
with the formation of a beta-beta-carbon bond and two ether
bonds between the gamma-alpha- and the alpha-gamma-carbon

atom, thus giving a pinoresinol structure (Fig. 71).



riv r ¥AKIUS IN LISNIN  STRUCTURE

a) GUAIACYLGLYCEROLARYL ETHER

b) 5-5'BONDING c) K -»<BONDING d)* -A 'bONDING

L OCH,
T,

OCH3

BENZOFURAN | f )PMORESINOL
STRUCTURE STRUCTURE



Schematic formulae for spruce lignin have been presented
by Freudenberg (122), Harkin (123), and idler (124)j and for
beech lignin by Nimz (125). 1iccording to Kii*.k (119), there
are three magor interraonomer linkages in lignin; (a) The
arylglycerol-beta-aryl ether (guaiacyl glycerolaryl ether)
(Pig. 7a) type involves about of the phenyl propane units
of spruce lignin and about 60fo of these units in birch lignin,
(b) The phenylcoumaran structure involves about 20~ of the
phenylpropane units in spruce lignin and about IOfo of those
in birch lignin, (c) The biphenyl structures may involve
2546 of the phenylpropane units of spruce lignin and about 10"

of those in birch lignin.

&
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SECTION 3
PRETREATII'IENT OF CELLULOSIC MATERIALS K)R ENZYTVIATIC HY33ROLYSIS

The two major deterrents to the effective utilization of
lignocellulosic resid"aes for chemical, enzdmatic or micro-
biological conversion processes are lignin anc! cellulose
crystallinity (126). Lignin restricts enzymatic and raicro-
hiological access to the cellulose. Crystallinity restricts
the rate of all three modes of attack on the cellulose. Other
probable factors v/hich increase the resistance of cellulose in
its native form to enzymatic degradation include (&) moisture
content of the fibre, (b) size and diffusion characteristics
of reagent molecules involved in the hydrolysis process,

(c) its unit cell dimensions, (d) the conformation and steric
rigidity of the anhydroglucose units, and (e) degree of
polymerization of the cellulose (127). Over the years, various
methods of pretreatment of cellulose have been proposed which
make the links in the cellulose molecule more accessible to
attack by the enzymes. The pretreatment methods can be divided
into two broad catagoriess (@) chemical pretreatments, and

(b) physical pretreatm_ents. The increased rate and extent of
hydrolysis on chemical pretreatment is chiefly due to
significant changes in the crystalline structure of cellulose,
while physical pretreatment removes the lignin seal and also
results in alteration in crystalline structure.

Physical pretreatments

(a) Particle size reduction

The milling of cellulosic materials to very small particle
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size enhances their suscepti*bilitv to hydrolytic, enzymatic,
and microbiological attack. The work of Dehority and Johnson
(123) and Stranks (129) demonstrated that the wet hall milling
of cellulose, forages, and certain woods for ahout 72 h
substantially improved their utilization by rumdn bacteria
under ™ vivo conditions. However, Ghose and Kostick (130) and
Mandels et al. (131) observed that hammer milling gave good
size reduction but without significant gain in susceptibility
to enzymes.

Vibratory ball milling is more efficient in reducing the
size of cellulosic substrates and an alteration in the
crystalline structure (132), The crystallinity in cellulose 1is
essentially eliminated with 30 min milling period under proper
conditions (133). Using this technique Pew and "7eyne (134)
obtained essentially complete digestion by cellulase of the
carbohydrates of milled spruce and aspen compared to less than
10~ digestion for the initial 60 mesh saw dust. It is reported
that milling at elevated temperature (approximately 220 <C)
increases the rate of enzymatic conversion of cellulose to
glucose over that at room temperature (135). The saccharifica-
tion of cellulosic substrates has been reported three times
better in combined ball milling and enzymatic hydrolysis than
the enzymatic hydrolysis of pre ball-milled cellulosic substrate
(136). Wilke and Mitra(l13) showed that cellulosic material
becomes readily hydrolyzable by cellulase enzymes if it is
ball milled to sizes of 300 mesh or less (135). Tassinari
and Macy (127) found differential speed two roll milling as

an effective pretreatment for increasing the susceptibility
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to enzymatic hydrolysis. Using mills vjith tlnree, six and ten
inches in diameter rolls and processing times of 10 min or
less resultedAQhe percent increases 1in susceptiloility over
muntreated controls as follows; cotton, 1100; maple chips,
1600; white pine chips, 600; newspaper, 125. In comparison,
ball milling of newspaper for 24 h gives only a 620 increase.
Another advantage of the roll mill 1is the increased wet density
of the product permitting higher slurry concentrations during
hydrolysis.
(b) Temperature

The simple heating of a cellulose at 200=C in kerosene
or in dry air has been reported to provide a greatly enhanced
rate of hydrolysis (126,137,138). In this report, a fibre
fraction from cattle manure was treated in an autoclave for
5-30 min at temperature ranging from 130 - 200@C. The
reactivity of the cellulose towar*is bellulase enzymes was
increased by a factor of 10 - 12 compared to the untreated
fibres. The increased reaction rate is possibly due to
increased accessibility of the cellulose because of the removal
of the structural hemicellulose during the process of
pretreatment. However, high temperature pretreatment is likely
to be too expensiwﬁ?process for pretreatment on a commercial
scale. At the other end of the temperature scale, the freezing
of cellulosic materials in water suspension at -75<C is reported
to enhance chemical reactivity as measured by dye adsorption
(139). The effect was augmented by repeated freezing and
thawing cycles, Again the energy demands would appear highly

excessive. Sasaki et al. (140) reported that cryo-milled cotton



cellulose powder (250 mesh) By Lynrex Mill O-type (Hammer mill)
in liquid nitrogen sho”ed 36" more saechsrification than the
untreated cotton as it still had crystallinG regions.
(c) Irradiation

High-energy electron irradiation provides an effective
means for enhancing the dilute acid saccharification of both
cellulose and lignocellulose (141). Rates of hydrolysis of the
resistant celluloses increase markedly at dosages above 10 Rsols
(equivalent roentgens) along with Increases in the amount of
disordered celluloses. In spite of its ability to enhance
cellulose saccharification, electron irradiation holds little
appeal as a commercial pretreatment because of its prohibitive
cost. Han £t (142) have reported treatment of ligno-
cellulosics with gamma-radiation emitted from Cobalt 60 or
Caesium 137. However, this pretreatment is evidently too
expensive for industrial application,
(d) Pressure

Compression of a cotton hydrocellulose for 30 min at
8000 kg/cm2 approximately doubled the quantity of material <
dissolved during ethanolysis, %fAile repeated compression of
spruce sulfite pulp sheets between calender rolls gave a
four-fold increase in solubility (143). Substantial improvemer
in saccharification by pressure milling with low ratios of
concentrated H2SO™ or gaseous HCI has also been reported (126).
This appraach has received considerable attention by the
Russian scientists during the past 25 years but so far as is
known, has not gone beyond the pilot plant stage. It has been

known that pressurizing wood with steam and then suddenly
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releasing to atmosphGric pressure would shatter the structure
in a popcorn-like effect. Wood chips are treated with satura,ted
steam at 240 - 300<C and 500 - 1000 psi, in a vessel called a
gun reactor. Cooking time can vary between 5 sec and 5 win.
At some point the reaction is frozen at the peak of sugar
production, and the wood 1is “exploded® into a fine powder at
atmospheric pressure. Enzymatic hydrolysis of this exploded
biomass has given over 80% of the theoretical amount of-glucose,
but lignin remained unaffected (H4).
Chemical pretreatments
(a) Use of swelling agents
As originally defined by Katz (1933) and later amplified
by Howsman and Sisson (19“42& there are two basic modes of
swelling for cellulose, "intercrystalline®™ and “intracrystalli i.°Cts?
An example of the former 1is the swelling of cellulose in water,
this involves the entry of water between crystalline units with
a volume change approximately equivalent to the volume of water
adsorbed and a maximum adsorption of about 307a. However, the
adsorption of water causes only slight changes in the X-ray
diffraction pattern of the cellulose. Removal of water leads
to regaining of the original network dimensions and structure.
In intracrystalline swelling, the solvent enters into the
crystallites of cellulose. This could result in transformations
in the crystallite structure of cellulose. In the extreme,
it could cause unlimited swelling and the resultant complete
solution of the cellulose in the swelling agent. Solutions of
sodium hydroxide, anhydrous ammonia and certain amines cause

limited swelling; but bring about significant changes in the
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structure of the native cellulose, ""hile high concentrations of
sulfuric and hydrochloric acids, cellulose solvents such as
cupram, cuen, cadoxen provide examples of unlimited swelling
agents with more or less complete molecular dispersion.
Irrespective of the degree of swelling the intracrystalline
swelling agents for cellulose hring about changes in the
crystalline structure of cellulose which in turn lead to
enhanced hydrolysis.
(b) Sodium hydroxide and hydrochloric acid

Hydrolysis data in constant "boiling hydrochloric acid
has been reported by Millett et aJ.(126) for various native,
mercerized and regenerated celluloses (Table 6), Hydrolysis
rates were expressed in terms of one half of the resistant
portion of the starting cellulose when hydrolyzed with constant
boiling hydrochloric acid. The resistant fraction was defined
as the zero-time intercept of the linear semilogarithmic plot
of residual cellulose versus time of hydrolysis. Mercerization
was carried out with 30" sodium hydroxide at 30 <C for 5 min.
It is evident from Table 6 that mericerization increased the
rate of hydrolysis of ramie and cotton by 40/ - 507, but the
hydrolysis of hemlock pulps was unaffected. The two viscose
rayons, which are examples of regenerated cellulose, had
hydrolysis rates that were three to six times those of the
native celluloses and from two to four times the rates of
mercerized celluloses.

A large number of studies have been performed on alkaline
pretreatment as a means towards enhancing the enzymatic and

microbiological conversions of cellulosic materials* Pew (135)



TABLE 6; RESPONSE OF VARIOUS CELLULOSES TO HYDROLYSIS WITH
CONSTANT BOILING HCI (126)

Cellulose

Native

Ramie

Cotton

Wood pulps
Hemlock sulfite
Sweetgum

Birch sulfite
Mercerized
Ramie

Cotton

Hemlock sulfite
Regenerated
Tire cord rayon

Fibre G~rayon

Hydrolysis data

Resistant Half life
fraction of resi-
stant
fraction
io min
89 193
89 188
90 38
88 84
93 63
73 114
72 100
76 91
66 30
78 59

Viscositymata
Initial DP at
DP half life
- 184
1680 175
1170 125
123
725 134
88 m
1900 80
1240 66
425 31
500 37

3
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found digestibility of hardwoods by cellulases improved
markedly by pretreatment with aqueous NaOH, the effect was
considerably more pronounced with hardwoods than with softwoods.
Tarkow and Peist (145) reported tha,t the digestibility of
hardwood was doubled by treatment with Yo NaOH. Han and
Callihan (146) showed that a 15 min digestion of rice straw

or sugar cane bagasse with 2o NaOH at 10D=C increased carbo -
hydrate utilization by Cellulomonas sp. from a value of 29fo to
about Moo-Young et al. (147) treated saw dust of mixed
hardwoods with 1 NaOH at 121<C for 30 min and then inoculated
the neutralized pretreated substrate with Chaetomium
cellulolyticum. Substantial increase in the initial growth rate
of the fungus on alkali-pretreated in comparison to the
untreated saw dust was noticed.

According to Tarkow and Feist (145) and Bellamy (148) NaOH
iIs involved in atleast two reactions with hardv~oodss
Saponification of uronic esters and saponification of acetates,
and if these are the only reactions occurring, then the NaOH
has the folloxving fates”” (a) k portion 1is present as the sodium
salt of the liberated coxboxyl groups on the glucuronic acid
residues attached to the xylan chains; the amount is readily
computed from the free carboxyl content after removal of sodium
by acid washing; (h) A portion is present as sodium acetate,
the amount left in the wood will depend on the extent to which
the sodium acetate diffused out of the wood during treatment;
and {c) A portion will be present within the free water 1in the
lumens and at the same concentration as that of the treating

solution if equilibrium was established. I
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(c) Ammonia
Another long standing approach to upgrading the digestive
value of lignocellulosic materials involves treatment with
aqueous or gaseous ammonia (149)., The treatment of the rice
straw with aqueous ammonia to obtain a product containing about
1.MiMnitrogen and having an vitro digestibility of about 6/
and an in vivo (sheep) digestibility of about 5% was studied
by Weiss et (149). Han and Callihan (146) using similar
treatment, found that the utilization of rice straw by
Cellulomonas could be increased from an initial 297 upto
Anhydrous ammonia, either liquid or gaseous 1is another
strong swelling agent for cellulose. Aspen appeared to be
unique 1in the extent of its response to this pretreatment,
attaining a digestibility coefficient of about 50 as contrasted
with "o of red oak (150).
(d) Solvents for cellulose
The use of cellulose solvents as agents for the pretreatment
of cellulosic wastes has been reviewed by Tsao et al. (151).
These solvents penetrate the crystallites of cellulose and bring
about a transformation in the crystallite structure. A number
of cellulose dissolving solvents are known. Such solvents
may be classified into four major catagories;
1. Strong mineral acids
2. Quaternary ammonium bases (benzyl trimethyl ammonium
hydroxide (152)
3. Transition metal complexes, and
4. Miscellaneous such as dimethyl sulfoxide, para-

formaldehyde and dimethylformamide (-152)»



42

The solvents belonging to catagory 4 -*ye difficult to handle
and cause considerable degradation of the cellulose. Those
belonging to category 2 are rather weak solvents for cellulose.
Hence,® strong mineral acids and transition metal complex solvents
have been most frequently used for the purpose of pretreatment.

Various acid hydrolysis processes are used primarily for
the saccharification of wood (64,152a). Strong mineral acids,
e.g. sulfuric, phosphoric and hydrochloric acids, within
definite concentration ranges, act on cellulose as swelling or
dissolving agents. In most cases, there exists a critical
concentration above which solution of cellulose occurs. In
the ca;s6 of sulfuric acid e.g., about 60 - 65" by weight is
needed; hydrochloric acid requires more than \<jo by weight,
and phosphoric aci*d about 33" in order to dissolve cellulose (152a).

There are basically two types of acid processes. One
uses- concentrated acid to catalyze saccharification, and other
dilute acid. Processes using concentrated sulfuric acid for
hydrolysis generally give higher yield. However, separation of the
acid from the sugar product is a problem since, the sugar product
iIs not fermentable 1in concentrated acid, and the acid, being
relatively expensive, must be recycled if the process is to be
economically viable (64).

Since HCI 1is a volatile acid while H2S0” is not, most
practical work with concentrated acid has centered upon HCI.

The approach with HClI has been to recover the acj.d by vacuum
evaporation after hydrolysis. The acid is then recycled 0
the process.

The concept of using concentrated sulfuric acid
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(approx. 65" - 70") as a solvent has teen under study since

World War Il (153). In a nolecular vieirht determination of
cellulose and in studies onlthe)degradation of cellulose in
Cl?3a

solutions, Ekenstam (1936) “applied sulfuric acid or

80 - 855" phosphoric acid and showed tha,t phosphoric acid is less
reactive towards cellulose in solution than sulfuric acid (152a)".
Por corn residue, Tsao £t al. (151) applied the sulfuric acid
pretreatment, it first, the hetnicellulose Yi&Q extracted
from the residue following a procedure analogous to the one
described by Pale et ~.(154) with chelating metal caustic
swelling (CMOS),, as a cellulose solvent. Seventy percent

HASON was added to the wet lignocellulose, _After it was

allowed to stand for 2 h the cellulose was reprecipitated

in situ by addition of methanol and then washed with water.

The filtrate contained methanol and sulfuric acid. Dilute
sulfuric acid hydrolysis of the rcprecipitated cellulose led

to SOfo conversion to glucose within an hour without the
formation of byproduct like f>Jirfural that are characteristic

of acid hydrolysis at elevated temperatures. Knappert et al.
(155) studied partial acid hydrolysis as a protreatment to
enhance enzymatic hydrolysis. Such a pretreatraent was carried m
out in a continuous flow reactor on oak, corn stover, newsprint
and SolkaFloc at temperatures ranging from 160 to 220 <C, acid
concentrations ranging from 0 to 1,2fo and a fixed treatment

time of 0,22 min. For all substrates except Solka Ploc they
found increased glucose yields during enzymatic hydrolj”~sis of
the pretreated material as compared to hydrolysis of the

original substrates.



Because of their ability to dissolve oell"uloee with
minimal degradation, metal complex solvents have found wide-
spread use for analytical studies on cellulose, Tatle 7 lists
the com,monly used transition metal complcx solvents, their
designation®and their constituents (156,157).

The solvent cadoxen was introduced by Jayme and Feustaffer
(157). Cadoxen 1is actually a solution containing ethylene
diamine and water at alkaline pH. It is stable for an almost
unlimited time and causes little de/rradation of cellulose,
Cadoxen 1is considered a useful solvent in cellulose hydrolysis
for many reasons: (1) it contains 70 to 15% water 1in its
formulation. All cellulosic wastes when harvested and collected
contain considerable amounts of moisture. Cadoxen requires no
pre-drying, which avoids an otherwise costly operation; (2) it
can dissolve nearly ~ffo by weight of cellulose at room
temperature which 1is reasonably high; (3) it iIs a nontoxic
solvent to cellulose enzymes. The pretreatment with cadox"en
has been reported to be efftctive for bagasse, corn stalks, and
orchard grass in which cellulose 1is protected by." the lignin
seal (156,157).

Delignification

With lignin being a major deterrent to the enzymatic and
microbiological utilization of forest residues, delignification
would appear to provide a simple solution to the problem. All
commercial delignification procedures are based on the removal
of lignin through the selective action of chemical pulping and
leaching agents. Air dried woody wastes can be treated with
chemical delignifying agents usually at a ratio of 1;7.

According to Toyama and Ogawa (158) rice straw and bagasse can
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AABLE 1t TRiINSITION TFAITAL CQLIPLEX SOIVEKTS FOR CELLULOSE (157)

“Solvent

C-uprammoniiJin hydroxide

Cnpriethvlencdi 120
hArdroxide

Iron tartaric acid
-sodium complex

Triethylenediamine
zinc hydroxide

Triethylenediamine
cadmium hydroxide

Designation
Cuoxam
Cuen, OED
EWNN, FeTNa
CMOS

Zincoxen

Cadaxen

Transition
metal

Copper
Cop™;cr

Iron

Zinc

Ce.dmium

Ligand

-Ammonia

Ethylenc-
diamine

Tartaric
acid
Ethyleno-
diamine

Ethylene-
diamine



be delip-riified tiy Boilingj 1in o NaOH solution for 3 h or

"by antocla®vinf at 120" T in a 14 NaOH sol"ution for 1 h, "but

corn stalks can e delignified in peracetic acid as developed

"by Hass e” (159), by leaving them to stand overnight or 'hy
boiling for 1 h (peracetic acid consists of acetic anhydride

and 35f« hydrogen peroxide by volume)). The combination

of alkali and peracetic acid treatment can be used for coniferous
wood (158).

The disruption of the lignin carbohydrate association,
largely physical in nature, without the selective removal of
either constituent can be achieved with go,seous.,S02 treatment
of moist wood (126). In essence, the process involves the
reaction of moist saw dust (water/wood = 3) with gaseous S02
under pressure for 2 -3 h at a temperature of about 120=0.
Following blowdown and a brief evacuation to remove excess
S02, the products are neutralized to about pH 7 and air-dried.
Conclusion

-Any method of pretreatment must aim at modification of
the fine structure of cellulose at the least possible cost to
make the process economically viable. In case of intra-
crystalline swelling techniques of mercerization,
regeneration and amine decrystalliaation enhanced hydrolytic
action can be observed but their economic feasibility is
questionable.

The cost of physical treatment such as ball milling Is
rather high (‘% 60/'banne or more)(ll). Pretreatment with
dilute caustic solution is an effective method for increasing

the yield of fermentable sugars but cost is also high.
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Concentrated sulfuric acid appears to be promising somev~hat
because of i1ts availability at low cost. It has been claimed
that using this process, fermentable sugar can be produced at
a cost of 2,5 - 5 cent/lb (64-). The method that appears most
promising is the pretreatment of cellulosic material at high
pressure and high temperature (160). The process is being
tested on a pilot plant scale at NSW University, Australia
and other laboratories (144,160). it the Universitj”, wood
chips first undergo a steam explosion step, followed by solvent
delignification to rem ove upto 95 of the lignin content.
Preliminary economic studies show (in late 1979) that a
commercial plant for treating 1,000 tonne/day of oven-dried
wood chips by this method can make 25 million gal/year of
ethanol for ~ 1,75/gal - 1.e., at a price competitive with
that of grain ethanol. (This estimate assumes a byproduct
credit only for pentoses, and applies to a facility operating

with a fixed bed reaction) (160),



SECTION 4

3T.OCHFIISTRY OF CELLULOSE DEGRADATION
Natiire of cellulase

The International Commission on Enzwe Nomenclature lists
Deliijlase””as the trivial name for beta-1 ,4“glucan-4-e"1"ucano-
hydrolase (EC 3.2.1.4), 1i.e., for enzymes which hydrolyze
"beta-1 ,4-glucans at linkages -which are not restricted to
terminal linkages. The term "cellulase™ has been used in the
literature for "both pure well-characterized enzymes and mixtures
of enzjnnes produced by organisms which degrade cellulose.
These enzymes have sometimes been designated as cellulase
complexes or systems. Even the nomenclature like Avicelase,
gauze-solubilizing activity, hydrocellulase, Cellulase 1,
Cellulase 11, etc. used to describe cellulase enzymes is
confusing. This 1s because a variety of assay procedures and
substrates have been used in the measurement of cellulase
activities. The substrates used differ in the degree of
crystallinity, lattice structure, degree of polyraerization and
solubility of the cellulose molecules. It is, therefore,
questionable whether all assay procedures measure exactly the
same thing. The effects of the specific surface area and the
crystallinity index (Cr I) (161) of cellulose on hj"-drolysis were
investigated (162). The results of Ean et a". (162) show a
highly linear relationship between Cr I and the rate of
hydrolysis for different cellulose samples. However, the
specific surface area as measured and the rate of hydrolysis
are apparently not clearly related. This indicates that fine

structural order of cellulose dictates the hydrolysis rate "o
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a greater de”ee than the simple surface area as measured 'ty
nitrogen adsorption. .

The cellulase of the digesti-"/e juice of the edible snail,
Helix pomatia, is prominent in the early literature, tut® its
origin has been a matter of some controversy. Bacteria and
fungi are the two main groups of microorganisms responsible for
the degradation of cellulose, even though some species of algae
and mjrxobacteria are sometimes encountered. For a long time
it was believed that utilization of cellulose is the property
of living viable cells, because many bactcria and fungi could
grow and utilize cellulose rapidly, but the culture filtrates
showed very limited or no hydrolysis of cellulose. During the
last 20 years or so, it has been found that certain fungi,

T. reesel (162-164), Triehoderma koningii (165), Fusariun >
solani (166), S. pulverulentum (16S), Penicillium funiculosum
(167), Sclerotium rolfsii (169—171)?%%%“%#86?&g”cuIture
filtrates which are highly effective in producing extensive
degradation and complete solubilization of both native and
degraded forms of cellulose.

Many organisms possess enzymes that can hydrolyze soluble
celluloses. By contrast, few species produce the "“complete””
cellulase complex capable of catalyzing the extensive
degradation of the crystalline substrates found in nature
(172,173). In 1950, Reese ¢t al. (174) put forvard the
hypothesis of the cellulase enzyme being a multienzjnne system
in which some of the organisms were capable of synthesizing an
enzyme, which they named , which acted on the native

cellulose making it degradable by the hydrolytic (C ) enzymes.
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The existence of was postulated, however, purely on the

ebasis of indirect evidence, for do component of this type was
isolated at that time. Some organisms that were able to degrade
amorphous cellulose v;ere unable to degrade crystalline cellulose,
Some organisms that degraded highly ordered ccllulose prcc Ticed
culture filtrates that were incapable of degrading the highly
ordered material, but the same culture filtrates could degrade
cellulose that had been made accessible by derivatization

(CM cellulose), swelling in phosphoric acid, or grinding. It
was argued that swelling, grinding or derivatization were
simulating action by producing hydrated ccllulose chains.
Thus, was envisaged to be a pre-hydrolytic factor (a

hydrogen bondase) A producing an "activated” cellulose

which was then capable of attack by the hydrolytic enzymes of
the complex (Scheme I, Fig. 8) (17~. In this mechanisnm,

the first reaction is considered the rate determining step.

But the facts as we know at present do not fit this
hypothesis. The component has little or no effect on sol-uble
derivatives of cellulose, such as carboxymcthyl cellulose (CMC),
Enzymes classified as C can hydrolyze amorphous cellulose,
soluble or partially degraded celluloses producing cello-
oligosaccharides, glucose or cellobiose. These were
postulated earlier to consist of exo- and endo-beta-1,4-
glucanases (174,177,178). These are hydrolytic in nature and
their action results in the appearance of reducing sugars in
the hydrolyzate. The former acts from the non-reducing end of
the cellulose and successively removes cellobiose (and in some

cases, glucose) units,while the latter attacks randomly the
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internal iDC-ta-l ,4--linkages (179-131).

In scheme IT (Pig. 8) synergism shown by mixtures of
and C , when soluloilizing highly or<?ered cellulose, can then be
explained in terms of the new chain ends generated by being
hydrolyzed by C*. In this respect, the procees will be
synergistic. The cellobiohydralase (C*) in the hypothesis
(Scheme 11, Fig. 8) 1is relegated to the role of hydrolyzing an
"activated"” cellulose fegheTi€N=) along with the endoglucanases
and glucohydrolase. This hypothesis, which reverses the order
of action of and C~, as originally postulated, gets a high
degree of support (182-186). Reese (187) argues that the first
step in the enzymatic hydrolysis of other highly ordered
structures such as DNA and collagen is affected by enzymes
whose function is to produce some disorder in the structures
as a preliminary to hydrolysis by other enzymes. Such enzymes
are highly specific for ordered molecules, and they are unable
to act on the disordered str™ictures that they produce. Thus,
Reese rationalizes that the first step in the hydrolysis of
crystalline cellulose involves a similar tsrpe of egzpi"je. .As a
result Reese (188) presented a modified CI - CX hj~pothesis
(Scheme 111, Pig. 8). This concept retains the idea that
causes some "swelling™ of the crystalline cellulose,

Sudo et observed that the activity in the CMC-grown
culture filtrate could be rendered demonstrable by alcohol
precipitation or DEAE Sephadex A-50 treatment (177191). They
suggested that a single enzyme may be responsible for both
and activities. Leathei?wood (192) proposed that o”st as in

antigen-antibody protein interaction, the complett cellulase is
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composed of an "affinity factor™ and a "hydrolytic factor””\vhich
together act as a single entity to hydrolyze native cellulose.
The major role of the "affinity factor” was suggested to be that
of binding the "hydrolytic factor”™ to -cellulose to -permit
multiple attacks (192). Eron the synergipn displayed by
reconstituted mixtures of and enzyiTics in solubilizing
native cotton, it was postulated that the enzyme (endoglucanase)
initiates the attack on the cotton fibre, thereby creating more
chain ends for for attack (193), increasing the uptake of
alkali (S factor)( 194,195), or loss in strength (194). Ho?;ever,
as ""ood and McCrae (193) themselves pointed out it would not
explain as to why C: and CL enz;/mes are both individually
capable of hydrolyzin.e- swollen cellulose and not highlj® ordered
cellulose, such as cotton, yet when acting in solution
simultaneously can h}“drolyze crystalline cellulose with
comparative ease. Eriksson (168,135,196) also suggested that

Is an exo-beta-1,4-glucanase and OMCpSc, an endo-beta-1,4-
glucanase, which attacks randomly on the cellulose chain first
and opens up the chain where the exo-en”jme, can act.
Tomita et aJ. (197) reported that ivicelase and CMTCase are
immunologically different proteins and that ivicelase attacks
Avicel readily and CITC with a low activity ( vicelase/CMCase
ratio = 18:1). The resistance of CMC hydrolysis by Avicelase
as compared to CNCase was attributed to -Avicelase being more
sensitive to substitution at Cg of the pyranosc ring of
glucose, because the substitution frequenc3 is highest at the
primary alcohol group of the glucose residue. G'TCo.se seems

to be less sensitive to changes around the Cg atom of the
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pjrranoee rin”® of beta-1 jA-frlucane, Nisizawa and his collaborators
(198) observed a very higff synergism betiVGen CiTCase and

Avicclase. A mixture of tht.se two components was reported to
degrade cotton/Avicel almost at the same rate as the cultTjre
filtrate. It was suggested that no cellulase component other

than Avicelase and CMGase ma}?- be necessary for effective
degradation of cotton and similar substrates (199). It is

assumed that CMCase first attacks cellulose chains, mainly at
amorphous regions, to produce cellulose fragments which then serve
as substrates for Avicelase (198). Pettersson (164) has also
suggested that regions of low crystallinity in the cellulose

fibre are attacked by endoglucanases and free chain ends are
created.

Pagerstam and Pettersson (199a,199b) have recently reported
the 1isolation of two immunologically unrelated cellobiohydrolase
components, CBH-1 and CBH-11. The anino acid composition of the
two enzymes differs. No sequence homology was found within the
first 20 amino acid residues. The hydrolytic products when
acting on crystalline cellulose were mainly cellobiose, but
also significant amounts of glucose. Both CBH-1 and CBH-1I
show individually synergism with endogluc”nase. In addition
CBH-1 and CB™-I-1l also show a strong synergistic action with
/.vicel (199b). The authors have suggested in addition to
endo- and exo-synergism an exo-exo-synergisn in the action of
the cellulolytic complex (199b).

Halliwell (200) has separated the components of
2* knningii cellulase and found that the addition of cellobiase

to the reaction achieved a better hydrolysis of cotton than
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addition of CMCase enzyme. Ccllotiose was the major product 1in
the ahsence of cellobiase and was a competitive inhibitor of the
Cr-enz"~rme, His conclusion was that was a cellobiohydrolase
with a preference for the ends of chains. Suhsequently, ,
Halliwell and Griffin (134) separated the T. koning;ii cellulase
system into four apparently pure fractions. , CN, CMCase,

and cellobiase. Both CMCase and cellobiase sjmergize with CA,
but only cellobiase synergizes with C*. The protein promotes
the formation of short fibres from native cellulose, thereby
creating additional chain ends for C* and CMCase to act. The
enzyme disaggregates filter paper into separate fibres and 1is
different from C* and CMCase. The fragmentation of cellulose to
give short fibres was earlier reported by Ogavm and Toyama

(201) and later studied by Halliwell (200) Marsh (202) and
Zhukov £t al. (203). The C2 enzyme has been crystallized (204-).
King (205) had also reported the formation of smaller fragments,
300 - 400 nm long and 50 - 60 nm wide, as a stage in the
degradation of Avicel, but they assigned this function to CA.
Halliwell and Griffin (184) consider that C* and cellobiase are
the only tThwo components required to effect extensive hydrolysis
of native cotton (70" solubilization), whereas ™Tod and McCrao
(193), Eriksson (179,196), Eriksson and Pettersson (206),
Berghem and Pettersson (185), Tomito £t al. (197) and Emert

et al. (133) consider that the enzymes required for attacking
and solubilizing highly ordered cellulose (cotton) are C~, C=ICase
and cellobiase. Halliwell (207) has subsequently reported that
the multienzyme cellulase systems of T. koningll and Myrothecium

verrucaria consist of two cellulases: exo- and endo-glucanases,



95

and two dextrinases; CMCase and ccllobiasc. The four conponents
in unison can effectively saccharify native cellvlose and its
primary products, short fibres (208),
Recently, the concept of "being a specific cnzy®ic for

the initial attack on cellulose was revived. It was suggested
that the Tnissing unidentified component is of oxidative nature,
Eriksson and his colleagues have r ported the isolation of two
new enzymes, cellobiose? quinone oxido-reductase”cellulose
oxidase (which they obtained free from endo- and exo-glucanases)
(60,210-212). Cellohiose-quinone oxido-reductase takes part
in both lignin and cellulose degradation (210), Cellulose
oxidase, a haemprotein®saad oxid*.ses cellobiose to cellobionic
acid (179). The cellobiono-delta-lactone and cellobionic acid
formed by its action are thought to prevent the transglycosylation
reaction from taking place where high cellobiose concentrations
build-up (179). It is important for cellulose degradation,
since the degradation is approximately doubled when it 1is
present in addition to C.I and C enzymes (However, no reduction
in the cotton-solubilizing capacities by F. solani and

funiculosum cellulases was observed when incubation was
carried out under nitrogen (186)). The enzyme was shown to be
oxidative 1in character and seemed to oxidize the hy"roxyl
gitoups iIn the sixth position in the fi;lueege unit to a
carboxyl group”™ , It was suggested that the oxidation of
glucose units of cellulose u-roniG-acid moiet-ies by the
enzyme causes swelling of the cellulose chains, which, in turn,
causes disorder in crystalline cellulose, thereby making the

crystalline parts more accessible to enzymes (4:7). This 1is
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fully in accord with the old hypothesis of Reese £t al. (174)
that cell-ulose is first activated, so that its accessibility
to hydrolytic enzymes 1is increased and 1is non-hydrolytic 1in
character, Eriksson (17%\ has more recently postulated that
cellobiose oxidase oxidizes the reducing end groups formed when
a beta-glucosid4c bond is split through the action of endo-
glucanases and thus effectively prevents a broken beta-1,4-
glucosidic bond from reforming in the crystalline part of
cellulose.

Marsh (202), while studying short fibre formation from
cotton, had suggested that peroxidation at some points on
cellulose potentiates the enzjnnic process. Halliwell and
Koenigs (200,213), had also pointed out that depoljnnerization
of cellulose need not be an enzymic process and that a
combination of H202 (0,4%) and FeSO™ (0,2 mM at pH 4.2)
depolymerizes cellulose which becomes fragmented to very short
fibres. Koenigs (213) has proposed that these play a role in
wood-rotting organisms. Halliwell (200) suggested that H"0g-
PeSO™ reaction is an alternative mechanism to the hydrolytic
action of cellulase in nature, possibly comparable to photolytic
degradation of textiles.

There 1s a growing consensus that the endo- and exo-
glucanases must be at the reaction site simultaneouslj” and
quite likely must be adsorbed in some fixed configuration,
perhaps as a loose complex, (I76)¢?he C.I— CX concept is
valid only for certain groups of microorganisms, and other
groups may have different mechanisms of attack on native

cellulose (173). Synergism between of P. funiculosum and



Cy of I vir[ge has "been demonstrated 'by Selby (214). Many
other "cross-synergism ~experiments v/ere pcrforned in many
mixtures of the and components of P. s™Ilani, T, konin™ll
and P. f-uniculosum cellLilases. In each case, a marked
potentiation in acti-vity was observed (176). 7ood (215)
demonstrated that culture filtrates of the potent ccllulose
decomposers Stachybotrys atra and M. verrucaria showed
consistantly small increases 1in capacity for degrading cotton
when mixed with from either T. koningii or P. funiculosum
(176). Erom this, Wood and McCrae (176) concluded that cross
synergism was best between the respective and components
of fungi that freely release in active form into the
culture medium.

Synergistic experiments with purified C -typo enzdres
from Coniophora cerebe*™Ma and from T. koningii, with or

without the addition of cellobiase gave no significant

enhancement of activity on native ccllulose (216). CX from one

fungal species can operate with from another When both have
the C.p - Cy system. To achieve synergdstic effect, the two
enzymes have t™ work together in the form of a loose complex,
A slight shift in charge or tertiary structure could prevent
the formation of a cooperative system (216), Thus, there arc
probably alternative mechanisms by which cellulose is degraded.
However, the commondenominator in all cel luloljrtic Organis’s
iIs a C -t}*e enzyme and the mechanism by which this enzyme is
aided in the attackon crystalline cellulose may be different
in different organisms..

A model for the enzymatic hj~"drolysis of cellulose for the

>/



enzjnne systems of Thermoacllnonyces (217) and T, rc-esei (183,
21R) has been su“rp-ested. In this model, one or several
endoglucanases act randomly to produce oligosaccharides while
one or several exoglucanases, including cellobiohydrolase,
produce cellobiose (or glucose) from the non-reducing ends of
these oligosaccharides (181,182,219). The end products of
endo-glucanases are ccllobirse and small amount of glucose
(199,220,221). Finally one or several cellobiases (beta-
glucosidases) produce glucosc from cellobiose.
Conclusions

The conversion of cellulose to glucose seems to require
3 to 4 different types of enzjmes. Those are classified as
endo-beta-1,4-glucanase, exo-beta-1,4-glucanase, cellobio-
hydrolase (which is also an exoglucan”se) and beta-glucosidase
(176). There may be an exoglucanase which is not a cellobio-
hydrolase, 1in exoglucanase may not attack insoluble substgtes
or hydrolyze it to any significant extent when acting in
isolation. In addition, differences exist between the ability
of the various multiple forms of cellobiohydrolase to attack
cotton, Avicel and H"PO~-swollen cellulose (240). Exo-
glucanases hydrolyze "-/alseth cellulose, 1.e., H"PO"-swollen
cellulose but endoglucanases can also hydrolyze Walseth
cellulose (182,219). The final product of action of endo-
glucanases and exoglucanases .are cellobiose and glucose (219,
220). The cellobiohydrolase splits cellobiosc from the non-
reducing ends of the cellulose chain (220). The cndoglucanase,
synonymous with CMCase and C enzymes, hydrolyzes cellulose

derivatives such as CMC or H"PO~-swollen cellulose and acts by
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randomly spliting the cclluloso into smaller chains eventually
producing cellobioEC- and glucose, Beta-glucosidases, i.e.,
cellobiases, hydrolyze cellobiose and higher cellodextrins to
glucose (185,208,223,240). Some of the beta-glucosidase can
also he termed as exoglucanases according to the defination

of Reese et (174).

The hydrolysis of native cellulose is thought to result

from the synergistic action of endoglucanases and exoglucanases.

The present thinking of the mechanism of native cellulose

hydrolysis involves a sequential action by an endoglucanase

which attacks at random the 1,4-hcta-linka.ges along the cellulose

chain at the less crystalline or amorphous regions thus opening

up the structure where exo-beta-glucanase acts and splits up

cellobiose units from the non-reducing end of the cellulofrc chain

ends (Pig. 9,10)(53,168,183,184,193,198,225,225). This assumes

that less ordered, i.e., amorphous or susceptible regions,
exist in the chains of the cellulose microfibrils. The so-
called amorphous regions in a cellulose fibril could be zones

rich in loop bends containing many deflected bcta-glucosidic
linkages. The continued cooperative action of the endo-
glucanases and exoglucanases results in the conversion of
cellulose to cellobiose and small oligosacchorides, and small
amounts, 1 to 3% of glucose. Beta-glucosidase h3'drol3-zes
cellobiose and other cellodextrins to glucose (Pig. 9,10).
But this view has not met with universal acceptance. One has
therefore to be on the look out for discovering new.type of
enzymes that might be involved in the hydrolysis of cellulose,

e.g., Eriksson and his group have reported that cellobiose

nt)
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oxidase, which they isolated and purified from S. p-ulvcr-ulent-um
and obtained 1t freti. from cellulase activities, 1s important

in celltjlose hydrolysis (179). They suggested that ccllohiose
oxidase oxidizes the reducing end groups formed when a teta-
glucoside hond is split through the action of endoglucanase and
thus effectively prevents a "broken beta-1,4-glucosidic “bond
from reforming in the crystalline part of the cellulose.
However, no oxidative enzde has been found to be involved in
extracellular cellulose degradation in the case of T. recseli,
P. solani and P. funiculosum (180). Wood and McCrae (180,219)
consider that endoglucanascs and exoglucanases may form a

loose complex on the outer surface of the ccllulose chains and
there is sequential action of endo- and exo-glucan®".ses. The
adsorption of a charged molecule such as endoglucanase, exo-
glucanase j or the endo-exo-glucanase complex on the surface

of the cellulose fibre might result in localized disruption

of hydrogen bonds (180), |If that is so, then the concept is
similar to the one put forvward by Reese (174) that cellulose has

to be activated somehow before cellulase enzymes can act.



SECTION 5

PRESENT INVESTIGA TIPMS

It is evident from the literature reviewed that cellulases
ail'd henicell-ulases h"lve mostly lieen studied in three aspects,
(a) mutation studies for enhanced enzyme production, (b)
enzymatic saocharification and fermentation, (c) enzynes
involved in cellulose-hemicellulose degradation. The major
problems encountered for econoTnlcal production of liquid fuel
from renewable resources are obtaining sufficientljr active
enzyme preparations and reactive substrate so th™.t high
concentrations of glucose for alcohol production can be obtained
in a reasonable time.

The work presented in this thesis includes the following
investigations s
(1) Mutation studies and optimization of cellulase, xylanase
and beta-glucosidase production by S. rolfsii UV-8 mutant,

(2) Sacch.arific3.tinn of cellulcsic materials and production
of ethanol in coupled system.
(3) Purification of endoxylanase”™ to homogeneous state and

study of its physico-chemical properties.






MATERIALS

mihe following materials were purchased from the suppliers
indicated - G-lox Glucose reagentrCAB Kabi Diagnostica, Stockholm,
Sweden), 1ivicel P.H* 101 (38/um average particle size, Honeywill
and Stein Ltd., U.K.), Avicel P.H. 102 (90 ,uin average particle
size, American Viscose Co., U.S.A.), Cellulose-123 powder (Karl
Schleicher and Schlill Co., West Germany), Solka Floe SW-4-0 and
BW-200 (pure fTibrous spruce wood cellulose pulp. Brown Co.,
Berlin, New Hampshire), absorbent cotton (Bengal Chemicals and
Pharmaceutical Works Ltd., India), proteose peptone malt extract,
and bacto yeast extract (Difco Laboratories, U.S.A.), Tween 80
(Atlas Chemical Industries, U.S.A.) Tween 20 (Biochemical Unit,
New Delhi), Bio-Gel P-150 (Bio-Rad Laboratories, California),
Sephadex G-75, Sephadex G-200, LEAE-Sephadex A-50 (lharmacia
Fine Chemicals, Uppsala), acrylamide and N,N,N"N Ztetramethyl
ethylenediamine, N,N"-methylenebisacrylamide (Eastman Organic
Chemicals, U.S.A.), beta-alanine (Loba Chemie Indoaustranal Co.,
Bombay) amido black (George, T. Gurr Ltd., England), Ampholine
Carrier ampholytes (LKB Produkter, Bromma, Sweden), Schiff3
reagent (FlukaAG, Switzerland), Hexokinase (type Il), adenosine-*
5°-triphosphate, bovine serum albumin, transferrin, gamma-
globulin, ovalbum.in, alcohol dehydrogenase, beta-D(+)
cellobiose, carboxymethylcellulose-Na salt, xylan (larch wood)
and Coomassie brilliant blue (Sigma Chemical Co., U.S.A.),
2~nitrophenyl-beta-D-glucopyranoside, £-nitrophenyl-beta-D-
xylopyranoside (Koch-Light, U.K.).

Paper mill wastes (bleach house, machine house and

sedimental sludge effluents) were obtained from Balarpur
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Industries Ltd., Paper Division, Balarpur, which utilizes mainly
bam*boo (about IOffo) and a mixture of 10 to 15 hardwood species
from Bastar forest (about 305") for paper manufacture. The
lignocellulosics, rice straw, sugarcane bagasse and coniferous
wood were purchased locally. Mesta wood sticks (Hibiscus
cannabinus) were kindly supplied by the Forest Development
Corporation of Maharashtra State Itd., Nagpur, and corn steep
liquor by inil Starch Products Ltd., ithmedabad, India.

Cotton Sliver (a crystalline fibrous cellulose) was
supplied by Dr. E.T. Reese (U.S. Army Natick Laboratories, U.S.A.),
Lyophilized T. reesei C-30 culture filtrate was kindly supplied
by Dr, P.H, Bissett (U.S. Army Natick Laboratories, U.S.A.),

All other chemicals used were from commercial sources and
were of analytical grade. Sodium dodecyl sulfate (HICO, India)
was crystallized twice from ethanol. Collodion bags were
purchased from Sartorius-Membranfilter GmbH, Gottingen, Germany,
Organisms

The fungus used in this study was a UV-8 mutant isolated
from the parent strain Sclerotium rolfsii CPC 142 (sclerotial
state of Corticium rolfsii).

The yeast used in the fermentation study was Saccharomyces
cerevisiae NCIM 3078, and the bacterium Zymomonas nobilis
(NCIM, NCL, Poona 8).

Cultivation and preparation of crude extract of S, rolfsii UV-8
mutant

The UV-8 mutant of S, rolfsii was grown on T. reesei medium
developed by Reese and Mandels (226) supplemented with trace

metals (227), for initial medi& variation studies. Por



saccharification experiments and for purification the enzyme
was collected by growing the culture on M-4 medium (optimized
medium). The composition of T, reesei, NM-2, JW-3 and M-4
media are sumnarized in Table 8. The cultures were incubated
at 29 - 30°C for 12 - 14 days on a rotary shaker (150 rpn) in
500 or 1000 ml Erlenmeyer flasks with 100 or 250 ml medium 1in
each flask. Prior to autoclaving at 121@C for 20 min, the pH
was adjusted to 6.5 with phosphoric acid, unless otherwise stated.
Stock cultures were stored at 28°C to 30 <C on potato-dextrose
agar (PDA) slants and subcultured once every 4 weeks. The
media were inoculated with mycelium directly from 7 - 8 days
old PDA slants or from cultures grown on cellulose. Enzyme
yields in 14 days were equal to that of either inoculum but

the mycelium grown on cellulose medium usually gave more rapid
growth and earlier enzyme development and was therefore a more
suitable inoculum. The culture was harvested at 12 - 14 days
by centrifugation at 3000 rpm for 30 min in angle head
centrifuge. The clear culture filtrate was used for estimating
enzyme activities after adjustment of the pH 4.5 with sodiun
citrate (about 2 ml 0.5 M sodium citrate for 100 ml culture
filtrate). The culture filtrate could be stored for long
periods at 2 to 4<C, or frozen, in the presence of 0.005?&
merthiolate or 0.01?" sodium azide without any loss in activity.
The S. rolfsii retained its enzyme activities for over 2 ye.ars
with frequent subculturing on PDA or when stored in

lyophilized state.

Cultivation of S. cerevisiae and Z. mobilis

The liquid malt extract-yeast extract-glucose-peptone



TABLE 8; COTFfOSITION OF T. REISEI.M"[--2.

Constituent

KHAPOA
(NH~) 2507
(ra”)2HPOA
Urea
MgSO0~.7H20
CaCl2.2H20

Proteose peptone
(Difco)

Yeast extract
(Difco)

Twecn-80

Trace me”al
solution

Cellulo8e-123
Rice "bran

Corn steep liquor

*

Trace metal solution contained

MnSO”.7H20, 1.56;

T, recsei

g/1

2.00
1.40
.30
.30
.30

o o o o

.25

ZnSO0”™.THgO,

M-2
g/1

2.00

.00
.30
.30
.30

o o o o N

.25

30.00

in mg/l;

2.

o O o o

30.
30.

g/l

00

.00
.30
.30
.30
.25

.10

.33
.00

00
00

IM-A MEJIA

M-4
g/l

2.00

.00
.30
.30
.30

o O o O N

.25

30.00

20.00

EcSO0M.7H20, 5.0;

CoClg, 2.0 (227) 8

1 ml of this solution was used pGT 1ille of medium.
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nedium (IfYGP) was used for the inoculum preparation of. yeast

and Z. mobilis. The composition of the ir/GP medium 1is as

follows 2
Malt extract (spraydried) - 0«3 oni
Yeast extract (Difco) - 0.3 gtn
Bacto-peptone - 0,5 gnm
Glucose - 1.0 gm
Distilled water - 100 ml
pH - 4.5

Biomss assay of yeast

For hiomass assay, 10 ml samples of MYGP grown yeast
(30=C, 24 h) were withdrawn and to it 1 ml 32fa form:".ldehyde
solution was added to stop the growth. The cells were
centrifuged at 4000 rpm and the supernatant was stored under
refrigeration. The optical density of the cell suspension was
measured at 525 nm in a Beckman Spectrophotometer Model No. 26
using clear sterile medium with formaldehyde (preservative)
as a blank. Cells were washed twice with distilled vjater and
then dried at 105=C to constant weight. Colls were counted
in a haemocytometer and viabilities were determined using the
staining technique with methylene blue (258).
METHOI6 OF EMLYSIS

Reducing sug.ars were measured in aliquote of reaction
mixtures as glucose either by the dinitrosalicylic acid (DNS)
method (228) or by the Somogyi-Welson method (229). One
millilitre samples were treated with 1 ml DNS solution and then
heated for 5 min in a boiling water bath. The tubes were

cooled for 5 min under running tap ?;atcr, 10 ml water was added

6B
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and the optical density measured at 540 nm. The sugar values
mere read from a glucose calibration curvc. Crlucose (0.1 ng)
was added routinely in standard and test solutions (2305. on
an equal weight basis the absorhancy values for cellobiose are
about 16fo lower and for xylose "(FHo higher by this procedure,
with glucose as the standard. Glucose in the solutions was
determined using glucose oxidase-peroxidaso test using “Glox"
glucose reagent (182,237). Cellobiose was estimated enzymatically
as glucose after hydrolysis with purified cellobiase. Since
some of the hydrolyzates contained high amounts of glucose,
glucose iIn the hydrolyzates was first converted into glucose-
6-phospl-nte by hexokinase and adenosine-5"“triphosphate before
cellobiose estimation.
Determination of cellulose

Cellulose was estimated by dissolving in cold (4=C) <dlio
HgSO” and was analyzed by the anthrone method with i\vicel P.H.
101 as a standard (232).
Determination of protein

The following methods were adopted for determination of
protein in enzyme samplesi
(a) Method of Lowry et al. N

Protein determinations in the later purification steps
were carried out with the Polin-Ciocalteu reagent as described
by Lowry e” a*. (233). Crystalline bovine serum albumin was
used as the standard. Samples, free of amnioniun sulfate, Tris
and containing only low concentrations of phosphates, were used

to avoid interference from these substances.



(b) Optical method

In coluTTtn effluents, protein was estimated by i”.easuring
the absorbancy at 230 niii, by the method of ""msarburg and Christian
(234). The following empirical equation (235) was used to

correct for light absorption due to nuclric acids.

4/7 (2.3(0.D.2qq A - 0.D.~Mq ™M) - - 0.D."q ™)

= mg protein per ml.

The concentration of serum albumin in the solutions was
calculated from its extinction coefficient at 280 nn (236).
Paper chromatography

Filter paper chromatop-raphy (Whatma.n filter paper No. 1)
was used for qualitative examination of the sugar composition.
The solvent systems used were n-butanol; pyridine; water
(6:47"3 v/v) (41), n-propanol:ethyl acetateswater (6:1:3) (232),
or ethyl acetatespyridineswater (2:1:2) (175). Reducing sug.ars
were located by spraying with a solution of 0.1 M £~anisidine
and 0.1 M phthalic acid in 96" ethanol. Hcxoses and their
soluble oligomers gave olive green spots while pentoses and
th ir soluble oligomers gave brov/nish spots after heating
at 105=G for 5 rain. Prior to examination of the sugars, the
samples were heated to precipitate soluble proteins and
centrifuged to remove suspended solids.

Determination of alcohol

The following methods were adopted for determin?.tion of
alcohol 1in fermented samples,

(3) HigbHMsoDtmre chromatography

Ethanol was analyzed using a Hewlett Packard 700 riodel gas
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chroraatograph equipped with a flame ionization dctcctor. The
stationary phase used was Cartowax 20 M. The tempero.turc of
injector was 150<=C, 320=C of detector, and SO<C of oolimn. The
carrier gas was nitrogen with flow rate 40 nl/min (238).

(b) Determination of alcohol with alcohol dehydrogenase and MJ

The assay can be performed in 3 ml silica cuvettcs. The
assay system consists of -3 ml pyrophosphate buffer (pH Se7),
0.1 mI Nj*iD (50 rag in 3 ml distilled water), and 0.2 ml of
alcohol sample. The reaction can be started by adding 0.02 ml
of alcohol dehydrogenase (50 rg IyophléLéngggﬁgfr in 1 ml
distilled wa.ter), and increase in oy Heal—dGasd-ty after
incubation at room temperature for 30 min against the reagent
blank can be recorded at 340 nm (239).
Enzyme assays and determination of saccharifying ability of
culture filtrates

A variety of assay procedures and substro,tes have been
used in the measurement of cellulase activities and for overall
saccharifying ability of the culture filtrates for cellulose
(240). These include; measurement of loss in weight of
insoluble substrate (241), decrease in the tensile strcnfith of
the yarn, thread of fibre, microfragmentation of cellulose
micelles (242), increase in uptake of alkali (S-factor,
sv/elling factor activity), change in turbidity of a cellulose
suspension (178), release of reducing end groups and of glucose
(referred to as saccharifying activity) from soluble and
insoluble materials, release of dye from a dj"-ed substrate
(243-245), and decrease 1in viscosity (referred to as CHC-

liquefyinp- activity) of solutions of cellulose derivo,tives such
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as carboxymethylcellulose, hydroxyethylcellulose etc” The
later -:eth"dis a sensitive test for cndoglucanase action since
a few random breaks in a chain wiM cause a narked decrease in
viscosity. Non-ionic substituted cellulose, hydroxyethyl-
cellulosc, 1ie preferred over ioni®- substituted, (" as the
viscosity of ionic substrates 1is dependent on pH, ionic
strength and polyvalent cat"cns.

Cotton fibre is one of jhe most resistant to enzyme
hydrolysis. Avicel, a microorystalline cellulose is also
difficult to hydrol3¥ze, Srijfite pulps such a. Solka Floe
and filter paper have also }een used with a measurement of the
formation of reducing sugar? (242). These give a rough mcasi:ire
of the overall saccharifyinj; ability of the culture filtrates.
The activity determined is zhc sum of different celluloljrtic
activities, and the result depends on the relative proportions
of the different enzymes. Determination of the non-solubilized
substrate after enzymic di, :estion gives a reliable result, but
the method 1is laborious ar: 1unsuitable for long series of
determinations.

The method of Mandel; and "Yebcr (242) has gained general
acceptance. The increa:-e in glucose fcrm-~tion, however, 1is not
linear because the reacli ve portio3?s of the substrate are
hydrolyzed away first the rates ore high at the beginning
of the reaction (144) f vir™ erratic activity values. Thus,
the method tends to be oome less m”eaningful with highly active
preparations. Linear ity can be obtained by diluting the enzyme,

or decreasing the rraction time (246). Mandels suggested that

the most reliable ruantitative activity dcterninations ought
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to Involve enzyme unit based on the same degree of hydrolysis
of the filter paper (131 ,242,24-4), and 1is thu procedure that
has heen followed by us.

Montenecourt £t (223) described o modification of the
filter paper assay - an antibiotic discs assay - which allows
direct interconversion of units obtained employing either method.
The antibiotic assay discs (740 E) are made up of specially
purified cellulose (95/- alpha-cellulose) and are available
commercially from Schleicher and Schuell, Keene N.H. The
method eliminates some of the problems such as the initial
rapid degradation of small amounts of amorphous cellulose in the
paper 1in the Tfilter paper assay. There 1is no curling of the
filter paper required. A line.ar correlation exists between
the filter paper units and the disc units and a conversion
factor of 2.8 is employed to interconvert the units for
compara.tive purposes.

For our work we have followed Mandels and "Veber®s method
(151,242,247) for following cellulose activities with slight
modifich.tions.

Carbox;\nT!iethvlcellulase (CMCase) activity (saccharifying activity)
hn aliquot of 0.5 ml of appropriately diluted enzyme

solution was nixed with 0.5 ml of 1 carboxyTiethylcellulose

(CMC) in 0.05 M citrate buffer, pH 3.3, 1incubated for 30 min

at 50=C. Reducing sugars were measured as glucose equivalents

by the DFS method. The reducing sugar production was linear to

about 0.2 mg. Enzyme solutions were diluted to give a value

of 0.15 to 0.7 mg of reducing sugars. No difference in CliCasr

values was observed when 0.59" C*"'C type 50 T (Hercules Powder Co.,
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Detaware), the tjTle used by Mandels and Weber (242) and Mandels
et al. (131), was used iIn the assay.
Filter paper activity (EPA)

To 50 mg (rolled 1 x 6 cm strip) of Whatman No, 1 filter
paper was at“"ied 1 ml of 0.05 M citrate buffer, pH 4.8 and 1 ml
of the appropriately diluted enzyme solution. The piixture was
incubated for 1 h at 50<C and the liberated reducing sugars were
measured as glucose equivalents by the TOIS method. Enzyme
solutions were diluted to give 0.5-reducing sugars. Reducing
sugar production was linear to about 0.3 mg glucosc. Higher
PPA was obtained 1if the quantity of filter paper was 1inGre"j,scd.
Xylanase activity
(2) Reducing sugar production

Xylanase activity was assayed according to Bucht and
Eriksson (52.5")with slight modifications. A sample (0.5 ml)
oa appropriately diluted enzyme solution was mixed with 0.5 ml
of xylan in 0.05 M citrate buffer, pH 4.5, and incubated for
30 min at 65 <C. Thd soluJ-101Ts To, 0-

Ho iostm* - :tc
(b) Yiscomctric assay
Decrease 1n -éi;;?gcosity of larch xylan solution
= (t - t™)/t”; t is the flow time of e:qg:crimental xylan
solution and t) the flow time of its solvent"? u;p®on the ae™aren
of D-xylanase was measured as described B? "lorbacheva and
Rodionova (247a). The reaction mixture contained 9 ml of Wb
larch xylan in 0.05 M citrate buffer, pH 4.5 in a Ostwald
viscometer which was thermostated at 65<C for 5 min. One ml of

suitably diluted enzvme solution (15 AJg) was then added and
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decrease in the flow rate time recorded at 3 min intervals,
Beta-~lucosidase activity

Beta-glucosidase activity was determined by a modified
method of Eberhart (248) using £-nitrophenyl beta-D-glucoside
(PNPG) as substrate* The assay mixture contained 0.9 ml of
PJIPG ~iPmg”ml) 1in 0,05 M citrate buffer, pH 4.5. and 0.1 ml of
suitably diluted enzyme solution. After incubation at 70@C for
30 min, 1 ml of 2io Na2CO” was added and the amount of £-
nitrophenol released was calculated from the absorbancy index

-4t
of 18.5 cm~/umol for nitrophenol at 410 nm (249)." " @™ NN

Cellobiase activity. x " f -

Cellcbiase activity was determined by measuring release
of glucose from a solutidn of beta-D(+)-cellobiose by a modified
method of Umezurike (250), An aliquot of 0,1 ml of suitably
diluted enzyme solution was added to 1 ml (2 or 16 mg/ml) of
cellobiose in 0.05 M citrate buffer, pH 4.5, and the mixture
was incubated at 65<C for 30 min. The reaction was stopped by
heating in a boiling water bath for 5 min. The glucose produced
was determined by the glucose-oxidase-peroxidase (GOP) test
(232). Glucose production was linear to about 0.1 mg.
Definition of unit of activity

The FEPii assay is a measure of the C~-enzyme and includes
the effect of other enzjrmes in the cellulase complex. Enzyme
activities are expressed as micromoles of glucose equivalents
produced (or xylose produced from xylan for xylanase and
2~nitrophenol from PNPG for beta-glucosidase) per minute per
milliliter enzyme solution. The specific activity of the

enzyme i« defined as the activity per mg of protein
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Percentage of saccharification
Percentage of saccharification was determined under

conditions similar to those described by Mandcls £t aJ.(151).

amount of reducing sugars 162
io saccharification = —_— - X e x 100
amount of substrate 130

The substrate depletion was also followed in some cases
by weight loss and by determining the undigested cellulose by
the anthrone method (232). it the end of sachaarification,
the degree of solubilization was determined by centrifuging
the hydrolyzed solution. The.residue was washed twice with
distilled water, anddried in anoven at 75 - 80<C until
constant weight.The percentage difference between this value
and the initial solids content represent the degree of
solubilization,

Ohemical pretreatment of cellulosic materials

Rice straw, sugarcane bagasse, mesta wood, and coniferous
wood were milled in the V/iley Mill and the ground material was
sieved through a-U.S. standard 50-m6sh sieve. Pretreatment
of lignocellulosics is one of the two" major bottlenecks to
the Gsonomical utilization of this resource. In the present
study the pretreatments tried were» incubation with 1 N NaOH
at 30<C for 24 h and 48 h, 2 N NaOH at 30<C for 24 h and 48 h,
4 N NaOH at 30<C for 24 h, 5 N NaOH at 30 <C for 18 h, steaming
with 0.5 N NaOH for 0.5 h and 1 h, autoclaving at 121 <G with
0.25 N NaOH for 1 h, heating with 20" peracetic acid iIn a
steamer for 1 h (poracetic acid = acetic anh,ydridc +
H202 (1: v/v)K Mesta wood and coniferous wood powders were

also delignified by first teating with 4 N NaOH at 30 <C for
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24 h and subseqtient boiling with 20" peracetic acid and vice
versa. The lignocellulosics were treated with delignifying
agents at a ratio of 1:10, In all cases the samples were
thoroughly washed with water and dried at 45 <C.
Ammonium sulfate precipitation

The culture filtrate was conccntrated "oy precipitation with
ammonium sulfate at 90fo saturation. After stirring for atleast
1 h in cold (4=C) the precipitate was collected by centrifugation
at 3000 X £ for 30 min. The precipitate was suspended in a
small-volurae of 0.05 M citrate buffer, pH 4.8 and stored at
-15<C.
Gel-filtration studies

A column (1.5 x 90 cm) of Bio-gel P-150 for molecular
weight determination, (3 x 90 cm) of Sephadex G—5 for
purification was equilibrated at 4 <O with 0.05 Bl citrate
buffer, pH 4.5 (molecular weight determination) or pH 4.8
(purification). Hjz-drated gel and buffer were routinely
equilibrated under vacuum prior to use. The eluate was
collected in 1 or 2 ml fractions at a flow r-te of 8 - 10 ml/h
and assayed for protein and/or enzymic activity.
lon-exchange chromatography

DEAE-Sephadex A-50 anion exchanger was used for
purification. The 1ion-exchanger was equilibrated in 0.05 M
phosphate buffer, pH 7.3 and a column (1.8 x 100 cm) was packed.
Prior to loading, pH of the enzyine solution was adjusted to
7.3 and dialyzed in collodian bags for 3 " 4 h against 0.05 M
phosphate buffer, pH 7.3. The column was washed with the same

buffer. The column was eluted with 0.1 liand 0.2 M citrate
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buffer, pH 4.5 in a stepwise manner. Fractions (2 ml) were
collected at a  flow rate of 10 - 12 ml/h and thepH was adjusted
immediately to 4.5 with 0.1M citric acid.
Polyacrylamide gel elcctrophore,:;j.s

Analytical disc gel electrophoresis wa.a performed at pH
8.9 according to Davis (251) an? at pH 4.3 according to Maurer
(252) using 7.5" acrylamidc gel.. Sample gel and stacking gel
were omitted. A current of 3 flAper gel tube was applied for
3 - 4 huntil the dye, bromophenol blue or fuchsin red, reached
the bottom of the gel. Protein was visualized with P i\mido
black (in Vo acetic acid) for 20 min or with 0.1 Coomassic
brilliant blue (in 7fo acetic acid) for 60 min, 1iphe destaining
of the gel was performed by diffusion in 7fo acetic acid.

SLS-gel electrophoresis containing I,5f° acrylamidc and
0.1?™ S]J6 was carried out as described by Weber and Osborn (253)
and Shapiro et ~.(254) except that samples after treatment
with ifo SES and ™ 2-mercaptoethanol at pH 7.0 were 1incubated
at 37<C for 4 h and were not dialyzed prior to elccti Ophoresis.
The electrophorcsis was c.arric™ out at 8 xk per tube for 6 h.
Isoelectric focusing in po”,yacrylamide gel

The procedure described by O"Farrell (255) was adopted
for isoelectric focusing in polyacrylamide gel using 0.1 ml
of pH 3.5 - 10.0 Jimpholine carrier ampholytes (40?S) per 10 ml
of gel. Gel solutions and anode and catnode solutions were
thoroughly degassed prior to use. Gels were run at 200 volts for
1/4 h, 300 volts for 1/2 h and 400 volts for 1/2 h before loading
the sample. Samples were dialyzed before loading to remove

salts. Electrofocusing was carried out at 400 volts for 12 h



and 80 volto for 1 h. Gelr, were stained wit"i 0.1" CoomasGiG
brilliant blue in 50 TCA for 1 h and dcstaincci 1in acetic
aci0 or ethanolsacetic acidrwater (25:10:65) (256).
prep-:ir-il:ivc i1soc-lcctric focnaing

The separations v;crc carried out using 110 ml capacity
elcctz 8focusin/7 column (LKB-Produktcr #iB, Bromma, Sweden),
according to the method?"-firet described by Vcsterbcrg and
Scvensson (257). The density gradient v/as made with sucrose
with an automatic gradient mixer. Dense solution, light
solution and electrode solutions were prepared as given 1in LKB
instruction marxnual. The sample solutions wore dial”zcd
ovcarnight to reduce the salt concentration, .”“npholinc crirricr
ampholytes and sample solutions were mixed in light and dcnrjo
solution in equal amounts before gradient generation. A run \?s
run with wide range Anipholine carrier ampholytes 1in pH raiige
3.5 - "0. Electrodes \vero placed so that anode was at the
tottom of the column. Electro focusing was carried out at 5<C,
for 60 " 724sh. At the end of olectrofocusing the voltage was
steady at 500 V and the currcnt at 2 wdi,

After completion of focusing the column was emptied at
a rate of 30 - 40 ml/h, and fl-actions of approximately 1 ml
were collected. Fractions were processed for detrrmimtion
of pH (6 " 7=C), activity and protein. Fractions were made

free of sucrose with dialysis in collodian bags.



i>e-cermination .or n value w”asorjtion cnaracterlstlcs of the

jub sirate

For soluble enzyme and insolable substrate systems, the
description of the kinetics may be written according to

ilcLaren (346) as i

s + As a.*s

where s = surface area of the substrate.
The general distribution la/ of a solute between two

phases 1 and Il is given by i-iyani (257a) i

" - KOj,

where K = Partition Coefficient and Gj pjid Gjj
are concentrations in each of the phases, respectively.
For two iiuiiiiscible liquid phases at an interface, n = 1,
ITf Cjj is a solid cape.ble of only surface adsorption,
the surface concentration is givo;n by

8 . ) r.n
xS Vi

No ,PX.rep.les.,of. L _ads™ Fo. of moles of S
Surface area of in a Vol. VI .
Vofiame of Phase |

(*is)

G i1s identical with i and Sa/Vl

If K is not unity, we haive the “Freundlich equation”

~ (Yo where n —2/3
As

Ciyani (257 a) has also considered adsorption on

cracks and edges where upon n = 1/3, end, experimentally.



with both surface and edge adsorption n will expectedly be
between 1/3 and 2/3*
Determination of n valug®
For the determination of "n* the sacch”™irification of
cellulosic materials was carried out at pH 4.5, 50< ~ for
43 h with different amounts of UV-G culture filtrate as
follows
2 gm substrate + 1 ml IM citrate buffer, pH 4*5 +
culture filtrate (5, 10, 15, 18 ml) + 0.2 ml
merthiolate (0.1/0) + water to 20 gm. *
The slope of the plot, log (E) versus log (V)
where E is the amount of culture filtrate talcen and V

is the b saccharification at 48 h, gives the *M* value.
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IFTRONICTIOK

One of the 1important, if not the nost inportant, nethods
of improving the efficiency of fermentation processes 1is the
production of 1impro“ved strains hy mutation and selection.
Strain improvement by mutation and selection depends on the
alternate processes of diversification, selection, and
rediversification, so that better strains are successfully
picked out and further Improved. The method used for
diversification is mutation. This process involves changes in
the nucleus of the organism which leadsto increased
productivity. The isolation of mutants 1is normally greatly
facilitated when a uninucleate haploid stage in the life-cycle
of a microorganism is available for mutagenic treatment. Vi‘Yen
a mutation occurs in a uninucleate haploid cell, a pure mutant
clone or colony can result. Mutation in a multinucleate
haploid cell will give rise to heterokaryon; a recessive mutant
gene 1is marked until an opportunity occurs during subsequent
nuclear and cell divisions, for segrega.tion of cells homo-
karyotic for the mutant gene. For example, Beadle and Tatum.
(257~ in their classic isolation of autotrophic mutants of
Neurospora crassa, irradiated the multinucleate (nicro) conidia,
then used these conidia to fertilize protoperithecia of an
untreated culture of opposite mating type. A small fraction
from this nuclear fusion and segregation developed into pure
mutant colonies of the required tj*jes.
Spontaneous or induced m.utants

A mutant, that arises as a result of an event unknown to

or uncontrolled by the experimentsia known as "spontaneous®
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mutant on which one cannot rely fully. Use of different
mutagens usually results in isolating different “spectra® of
mutants. The principal inducing agents have been those which
affect DNA, namely 1ionizing and ultraviolet radiations and -'i
chemical mutagens, "7ork over the last two decades, with
prokaryoti-c 1in particular, has greatly increased understanding
of how chemical mutagens operate and so has led to their more
rational use.

Mutation - 1inducing agents employed with fungi are
illustrated in TalDle 9.

It 1s known the.t no two microorganisms necessarily respond
alike to the same mutagenic agencies 1In the same way. For
example, nitrosoguanidine is a most potent chem.ical mutagen
for Escherichia coli and quite effective with S. cercvisiae
but i1t is no more effective with Coprinus lagopus than IL.Y. -
irradiation (260). It is necessary, therefore, to experiment
with different mutagenic agents, if work with any fungus not
hitherto studied is contemplated.

It is not surprising that all mutagens kill a ccrtain
proportion of the treated cells. Some of this killing 1is due
to the induction of "lethal®™ mutations (a relative tern, since
a mutation may he lethal under some conditions - a nutritional
mutant on a minimal medium, but not others). It is usually
found with all mutagens, however, that an effective yield of
mutants is only achieved when the proportion of survivors from

the material exposed is very low, say 5 - or less.
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TABLE 9; SOMJ] COMMON MTAGENS WHICH HAVE BEEN USED "7ITH KMNC-I

(2™)
ifutap-en Typical p-encra tested with indication
of effectiveness

Phyco- isper- Yeast Feuro- Usti- Copri-

myc"es Eillus sjDora lago nus
UV-irradiation + ++ ++ ++ ++ ++
(254 nm)
gamma- or X- + + + + +
irradiation 7
Mustard gas ++ ++
2-AP +
DES +++ + +
EMS + +++ ++ ++
m +++ ++ +++
NTG ++ ++
DEB ++ ++

Key; Mustard gas is used to cover all the nitrogen mustards
and related compounds; 2-AP, 2-aminorurine; DES, diethyl
sulfate; EI'lS, ethylnethane sulfonate; M, nitrous acid;
NTG, N-nethyl-N"-nitro-F-nitrosoguanidine; DEB,
diepoxybutane.

Rela.tive efficacy indicated from +, least, to +++, most*
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Mutagens and mutagenic treatments
(a) Radiations
(i) Ultraviolet light (W)

Ultraviolet irradiation is frequently a potent mutagen
for fun™i with h3aline nutaltle material (spores, nyceliun etc.)
but not \vith heavily pigmented or thick-walled material iDecause
of absorption losses (260). Mutagenic wavelength liesbetween
about 200 and 300 nta, the peak of absorption by nucleic acids.
A low pressure mercury vapour (germicidal) lamp, em.its a very
high proportion of its energy at 254 nra, close to the most
effective wavelength. The relationship between rosc and
rautation frequency 1is most usually non-linear, often rising
sharply with increasing dose to an optimum and then falling.
In routine mutant isolation, 1t iIs unnecessary to measure
the U7 dose 1in physical units (ergs/mm )j it is en“ugh to
plot a survival curve in terms of minutes of exposure to a
given UV source under standard conditions, and choose for the
induction of m-utations an irradiation time giving a suitably
low survival, say 0.1 - lL.

For reproducibility of experiments, and to prevent
increases in viable count of sporeT suspensions, 1t may be
necessary to avoid exposure to visible light during the period
immediately following irradiation in order to avoid photo-
reactivation, the enzynic reversal of a proportion of the
mutagenic and killing effect of a given UY dose.

(1™) lonizing radiations
lonizing radiations (X-rays, gamma-rays, neutrons, and

other particles) may occasionally have applications in the
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routine induction of mutations when other mutagens are ineffeetiv
hut should probahljT- he regarded as a last resort; this is
because of the comparatively high likelihood that chromosomal
breakage will occur, leading to structural changes like
translocations and inversions, which will complicatc subsequent
genetic analysis of the mutants.
(b) Chemical mutagens

Binumerable compounds are mutagenic, but few are
convenient for the routine isolation of mutants (260,261). The
best mutagen are] set of conditions for its use are not identical
for all organisms. In general, chemical mutagens can be grouped
into three classcs according to their mode of action; those
that cause a chemical change in one or more of the nucleic acid
bases while they remin ~ situ, in the molecule, and
therefore can operate on non-replicating nucleic acids (nitrous
acid, alkylating agents, NIG-) ? those that mimic a natural base
closely enough to be mistaken for it and inserted into a newly
synthesized strand during nucleic acid rcplicati®.n (base
analogues); and those that cause loss or addition of one or
two bases in DIW, again during its replication of repair
(frame-shift mutagens).
(i) Nitrous acid

This mutagen 1is a =ather harmless substance and the
mutagenesis is very easily controlled. The mutable material
to be treated is usually suspended in acidic buffer (0.1 I
acetate, pH 4*5), and nitrous acid is generated by adding a
freshly prepared solution of NaNOg to a final concentration of"

0.1 - 0.2 M. fter treatment for a suitable time (30 min), the
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reaction may be stopped by dilution during plating.
(i1) Ethyl methane e-ulfonate (EIIS)

* Of the largest oliss of alkylating agents, this compound
seems to hai;e achieved the greatest use as a routine nutageni
The mutable mterial is usually suspended in neutral buffer
(0*1 M phosphate) for* 15 * 30 min and the reaction is stopped
by dilution during platings
(iii) N-methyl-N*-nitro-N-nitrosofflianidine (NTG)

This substance is one of the most potent mutagens known
producing under the right conditions, extremely high mutant
yields with comparatively little killing* The relationship
between NTG concentration and the proportion of mutant survivors
in a given time of treatment 1is complex,

(iv) Base analogues

Base analoguesi such as 5-bromouracil (BU) and 2-amino-
purine (/iP), are less likely to be useful as routine mutagens
because suitable conditions of treatment are probably more
laborious to establish,

(v) Erame-shift m-utagens

Acridines and the derivatives of acridines (ICR compounds)
are unlikely to be used in routine mutagenesis.
Mutable material

Many fungi do not produce spores which meet the criteria
?et out for mutation, the principle variants being wall
permeability, pigmentation and nuclea® content or the absence

v'-of viable spores. Impermeability of spores is usually overcome
by employing radiations as the mutagenic treatment. 1In a

tdiailar way, chemioal *nuta®ens can be used with pigmented spores
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Where UV-lipht might be attenuatea hy undesirable absorption.
But in the case of fungi (from mycelia sterilia group, Sclerotiur
sp_,) which do not produce spores, the mycelium is macerated in
a blender to gi-ve fragments of preferably 2 -4 cells in length
and these are then treated with the mutagcnic agents (262),
Method of mutant isolation

Compact colony procedure; The colonics of filamentous
fungi are usually less amenable to plate tests, because they
spread rapidly over the agar surface. Mackintosh and
Pritchard (263) found that anionic detergents, like sodium
dodecyl sulfate and sodium, deoxycholate, caused Aspergillus
to grow in very compact colonics, and the procedure is routinely
in use. In the case of T, vl3®ide Mandels et a*. (264-) used
deoxycholate agar to get the compact colonies ?i/hich were less
than 2 mm in diameter, even after long incubation, after the I1IV
irradiation of conidia, Montenecourt and Eveleigh (265) reporte<
that rose bengal and oxgall are suitable to prevent rapid over
growth of T. viride> While Phosfon D (2,4-dichlorobenz\"I
tributyl phosphonium chloride), an inhibitor of fungal colony
size (266) alone, was found to have little effect on T, viride
in this respect, oxgall and Phosfon D were found to act
synergistically to control fungal spreading (267),
Improvement of the cellulase producing properties of fungal
strains using mutagenesis

Economically feasible schemes for the enzjnnatic
saccharification of waste cellulose to yield product useful
for fuel intermediates are hindered largely due to the high

cost of cellulase production. Enzyme cost is about 602 of the



manufacturing cost (51) when ¥Ph 1is of the order of 3 - 4 1U/nml
in 3 - 4 days fermentation, this is due in part to the presence
of repressing substances and end products associated with the
fermentation of "waste cellulose”” For instance, in the
>Trichoderma group™, a favoured sourcc of cellulase, the
synthesis of all the enzymes of the cellulase complex is
repressed by glucose or glucose catabclites (268,269). The use
of organisms resistant to cataholite repression would circumvent
the repression of cellulase synthesis and allows production of
high yields of cellulase in microbial fermentations, Catabolite
repression-resistant strains may be helpful in lowering enzyme
production costs, A seraiquantitative plate assay is described
by Montenecourt and Eveleigh (265) for selecting fungal
derepressed mutants capable of synthesizing the cellulase complex
of enzymes under conditions of catabolite repression (5"
glycerol as a repressor). The selection procedure, along

with mutagenesis, also included the sequential use of increased
substrate concentrations (RIJT-M7, cellulosej RUT-NG14, 2~
cellulosej. S-series, 2,5 cellulose); and also variation in

the selective substrate used (RUT-NG14, cellulose; RUT-C30,
cellobiose)(270). [I%or the restriction of rapid over growth

of the organism, rose bengal and oxgall wore use®. The M-v
series of mutants were isolated following UV mutagenesis of
spores of T. reesei QM6a using the semi-quantitativc plate

assay method, Mandels et ~. (271) isolated a hyper-cellulolytic
mutant QM9123 by irradiating condia of T. reesei QM6a with

high energy electrons from a 24 million electron volt, 18 kv

linear accelerator at 20=C. iinother isolate, QM9136, was also.
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isolated which rcsem"bled the parent strain Qll6a in its growth
characteristics hut did not produce cellulase. Further nutation
programme of Mandc-Is (268) led to one hyper-cellulolytic mutant,
namely QM9414-, and one cellulase-less mutant, Q}311"~ after

the high -voltage electron treatment of QM9123 strain of T. reesei
(264)., Montenecourt and Eveleigh (26?) further selected M-7
strain of M-series for the mutation with nitrosog;uanidine
according to the procedures of !lartinelli and Clutterhuck (272).
Under derepressed conditions, mutant NG14 from the UG—series
produced approximately five times more filter paper activity
than QM94H, twice the endo-beta-glucanase and tAicc the
mbeta-glucosidase in the liquid culture. But under repressed
conditions (in presence of glycerol), the amount of I7TG4
enzymes is considerably less than was produced in the absence

of catabolite repressor. Thus, these mutants of enhanced
cellulase productivity were also subject to catabolite repression.
Palva and Nevalainen (273) isolated a strain 777304 which
produced 30 - 405" more cellulase yields from the spontaneous
mutation of QM9414 strain of T. reesel. hyper-cellulolytic

and catabolite repression-resistant (8fo glycerol) strain MCG-77
was obtained by ultraviolet mutagenesis of the T. reesei

TKO4 1 strain. This was kabicidin-resistant strain developed
after UV irradiation of QM9414 (274). The MCG-77 strain gave
yields similar to the other enhanced cellulase producing strains
QM9414 and NGI4 in re.CTjlar cellulase fermentations. Similarly
Montenecourt and Eveleigh (275) isolated a mutant RUT-C30 which
produced enhanced cellulase and showed increased therm.al stability

and resistance to catabolite repression, after the UV
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irradiation of NG14 strain.-"

Enzymatic conversion of cellulose to glucose oOn a
commearcial scale requires high saccharification efficiGncies,
However, high conversion efficiencies cannot bo achieved due
to end product inhibition of the enzymes™ Cellobiose is a stron,
end-product inhibitor and inhibits both the endo-glucanase
and the cellobiohydrolase (193,207,209,276-278) while glijccse 1is
competitive inhibitor of beta-gluceisidase iIn Trichoderma
(279,280). A number of end-product inhibition resistant
mutants were isolated as EPI series (281), but no completely
resistant strain was found, though several mutants synthesize
a beta-glucosidase with altered inhibition kinetics with
respect to glucose.

Other than T, reesei, only few organisms were studied for
hyperproduction of cellulase and hemicellulase enayraes (171,
282-284). Menezes (282) isolated a mutant of Rhizcpus sp.
after UV 1irradiation of spores of parent strain, producing
6-fold higher amounts of xylanase than the parent strain. In
the case of Streptomyces fradiae, Harish (283) reported a high
yylansse-producing isolate after UV irradiation of the parent
strain. By subjecting Aspergillus terreus (1JIRi16.2) spores
to X-ray irradiation for 45 min, Bhattacharya and Dutta (284)
isolated a mutant which gave high cellulase enzjme vyield,

A hyperactive cellulase mutant of fumigatus producing
8-fold higher C,, activity than the parent strain was obtained
after treatment of fumigatus spores with NTG (1 mg/ml) for
90 min (285). UV-8 mutant strain of S. rolfsil CPC-142

secrcting about two times more filter paper activity in M -2
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growth medium in submerged ctltures than the parent strain was
obtained by us by U¥ mutagenesis of crushed sclerotia (171).
Until recently, improvement of industrial microorganism.s
has relied mainly on programmes of mutation and selection.
This situation is purely empirical and such mutagenic treatments
sometimes induce structural damage to the genome unrelated
to the desired improvement. In an effort to allow recombimtion
of important characteristics frcm different mutants into a
single strain, alternative genetic techniques are being
increasingly employed which circumvent continued m*utation.
Selected breeding employing the parasexual cycle and protoplast
fusion in order to sequester deaired characteristics into a
single strain is being developed. (281). Marked strains of
T. reesei carrying abnormal spo3?e color, antibiotic resistance
and auxotrophic nutritional requirements were isolated from the
different Rutgers mutant lines to facilitate such genetic
analysis.

Mutation studies of S.rolfsii CPC*-14-2

A high cellulase-producing S. rolfsii isolate CPC-142

(previously described as a basidiomycete), com.parablc to
T. reesei was previously described by Sadana and Shewale (169).
The S. rolfsii produced predominantly glucose from cellulose,
with negligible amounts of cellobiose (286). In contrast,

"sesei culture filtrates produced mainly cellobiose, with
smaller amounts of glucose, probably because the amount of
cellobiase in the T. reesei system was low (163).

The results presented in this Chapter have been published

(171).
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Mutable material froii S. rolfsii

S is from mycelia sterilia groijp, it “ocs not
prorluce any spores. The sclerotial "bodies of parent strain were
used as a mutable material after maceration in a sterile
mortar with pestle.

Isolation of the UV mutant of S. rolfsii

Eight to ten sclerotia were suspended in distilled water
and ground with a sterile mortar and pestle. The suspension
was transferred to a sterile petri dish and exposed to UY
irradiation (Philips UV germicidal lamp, 15 V) at a distance
of 20 cm for different intervals of time (Table 10). The
suspension was then plated on PDA containing 0.0S/0 sodium
dodecyl sulfate and incubated for 48 h at 30<C. G-rowth was
greatly restricted, and the colony diameter did not exceed 5.0
to 3.5 mm. About 5 to 10 colonies were observed per plate, and
the colonies were of three morphological types. Colonies were
transferred to PDA slants and tested for the production of
cellulase in submerged culture in M ~2 medium, I"rom all the
mutants tested (Table 10), we found UV-8 mutant showed hyper-
cellulolytic activities. Further nutation in UV-8 strain did
not produce any mutant showing further enhajiced cellulolytic
acti vities...

Isolation of the NIG- mutant of S. rolfsii

Eight to ten sclerotia were suspended in 5 ml of distilled
water and ground with a sterile mortar and pestle. The
suspension was transferred to a solution (5 ml) of ITIG giving
final concentration of NTG as mentioned (Table 11). The

mixture was 1incubated at 30=C for 20 min on a shaker (150 rpm),



TiI"BLE 10; SCREENim K3R THE MJTiMr; OF S. ROLPSII

T-lethod Organism  pH” PPACMCasG Xylamse Pl”Gase
No. u/nl 1J/mi 1u/ml IU/ral

UV-irradiation Paxent 2.75 0.80 108 86 16
at a distance strain
of 20 cm for CPC-142<

20 min. V-1 2.85 1.38 190 ND 16.3
yv-2 288 1.38 190 ND " 17
UV-3 2.65 1.30 180 ND 15
V-4 3.10 1.75 200 ND 17.5
V-5 2.15 1.70 180 ND 17
UV-6 3.10 1.50 140 ND 17
1V-7 2.60 0.92 100 ND 16.3
V-8 3.00 1.85 200 ND 19.5
V-9 2.95 1.20 90 ND 16.5
UW-10  2.70 ni5 ND ND ND
UV-11  2.70 1.30 ND m ND
UV-12  2.60 0.70 ND ND ND
UV-13  2.50 0.30 WD ND AID
UV-14  2.60 0,92 ND ND Jm
UV-15  2.80 1.38 ND ND ND
UV-16  2.70 1.15 ND ND ND
UV-17  2.75 1.24 ND ND ND
UV-18  2.90 1.52 ND ND ND
UV-19  2.90 1.61  ND ND ND
UW-20  2.70 1.15 128 104 14.1
W-21  2.70 1,20 130 103 12
W-22  2.6S 1.20 140 104 12

Grown in NvI-2 medium for H days.

ACrushe(f sclerotia of CPC-142 were userl for mutagenesis.



TABLE 11 :
OF S. ROLKII
Method Orgﬁn]sm j
0;
NTG treatment Pareni; 2.75
1 mg/ml for strain
20 min. CPC-142<*
NTG-1 2190
NTG-2 2190
NTG-3 2i1B0
NTG-4 2;80
NTG treatment JTTG-S 2.80
3 rag/ml for
NTG-7 3.00
NTG treatment UV-8~ 3.00
5 mg/ml for
NG-2 2.85
NG-3 2.85
NG-4 2.85
NG-5 2.90
Grown in M-2 ingdiuiti for 14 days,

i"PA
1u/ml

0180

1i66
1;38
1130
1.15

0.70
0.70
.12

o

.85
.40
.35
.15
,15
1720

e e

CMCase

1u/ml

108

130
120
119
147

73.6
74.0
119.6

200
184
120
120
150
150

Xylanase
1U/ml

86

104
104
82

82

89.9
61.0
138

164
104
109

104
140

177

"Crushed sclerotia of CPC-14-2 and UV-8 wero used for

mutagenesis.
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SCREENING FOR THE tiut.ANTSOF PiLRETTT AND UV-8 STRAIN

PHIPGas(
1u/ml

16

15
15
12
11

15
12

16

19.5
17
18
13

14
18
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Afie supermtant was removGd and sterile distilled water was added.
In a similac way, 2 -3 washings of the treated material were
carried out. Then the suspension was plated on PDA containing
0.035™ sodium dodecyl sulfate and inculated for 48 h, 30=C. The
colonies developed were transferred to PDA slants and then tested
for the production of cellulase in submerged culture in NM-2
medium. Prom all the mutants tested (Table 11), the IWG mutants
isolated produced comparatively lower activities oi cellulase
as compared to UV-S mutant.
Morphological characteristics of ITV-8 mutant and the, parent
strain

The morphological and cultural charactc.ristics of the
parent strain and UV-8 mutant differ 1in many respect and are as
described belows

The parent strain formed a white, dense, serial felt of
mycelium; mature sclerotia are brown and 1.2 to 1.4 mm in
diameter. The UV-8 mutant formed a velvety, matted, white
growth; sclerotia are 2.4 to 2.5 mm in diameter. Sclcrotia
of the parent strain germinate slowly (36 to 40 h) as compared
with those of the mutant (18 to 20 h) 11) (171). Growth
of the parent strain was more rapi"T and luxurious than growth
of the mutant on potato-dextrose-agar, Although the parent
strain filled the entire plate (10 cm dia.) in 100 to 105 h at
30=C, the width of the m.utant colonj/ was only 6.0 to 6.5 cm
(Pig. 11le). Growth of the mutant howevex™ %, was more dense and
compact than that of the parent strain.

In stake flasks, the mutant and the parent strain formed 2

dense mycelia. On starch, glucose or cellobiose, grox“th was



FIG.

11:

Coaparison of ger"nimtion and growth charactistics
& rolfsii CPC 142 parent str,:i.in (left side of

a, b, ¢, d and UV-8 mutant (right side of ajt,c,d)

on potato-dextrose agar at 30 <C. One scleroti®Jiii

was used as the inoculun. (a) Pao”ent and riutant

at 24 h; (b) Parent and mutant at 48 h5 (c) Parent

and nutsint at 72 h; (d) Parent and nutant at 96 h;

(e) Parent at 105 h; and (f) D"futant at 105 h.
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erapid and the su”~bstrates (0.5%) were consaned within 4 to 6 days*
Little or no cc-llulase or beta-glucosidase is synthesized,

either by the mutant or by the parent strain, when theae
substrates were the sole carbon source* Ko growth was observed
on yfo lactose, but both the mutant and parent strain utilize
glycerol (5*) slowly. The pH decreased during growth on
glycerol, and the addition of glycerol to WI-2 ncdiuA
decreased the formtion of cellulase and beta-glucosidase by
both cultures (171)i

Maintenance and preservation of S. rolfsii

The selection of the microorganisms used in fermentation,
processes and the methods used for the maintenance of these
organisms are among the most important decisions that have to
be made in designing an industrial fermentation process (287).
Hesseltine and Haynes (288) have listed the general attributes
that microbial cultures must have i1f the processes they
generate are to be operable.

These include:

(1) The strains must be genetically stable;

(2) The strains should be readily maintained for reasonably
long periods of time.

(3) The strains must readily pt*oduce mSny vegetative cclls,
spares, or crtlicr reproductive units.

(4) The etrains should be pure and rapi®i"ly growing.

Various methods of naintcnance employed axe designed to
minimize the hazards to which the cultures ar*e exposed. The
repeated transfer is usually avoided to lessen the selection

of a mutant or non-sporulating wild strain; secondly, som.o



strains soraetime.s tend to becone attenuated under the artificial

conditions of culture (especially true for patholcgical material).
There are three tesic methods for maintenance which seem

to be generally used and each has several variations (289)»

These 1include; (a) storing organieias on agar slants or in

menstra where respiration and metabolism may be limited, (b)

drying organisms on soil or some other solid materials, and

(c) lyophilization, 1i.e., removal of water from the cells.

Storage

(i) At room teiirperature; The simplest method of storage m

iIs to keep the cultures at room temperature (290). These are

best protected from dust or aerial contamina,tion by placing 1in

a suitable wooden box. Wood being a poor conductor, the cultures

are unlikely to be subjected to rapid changes of tem*perature.

Cultures stored at room temperature tend to dry out rapidly

depending on the climate. It is thereforg necessary to m*ake

transfer to fresh medium every two months (291).

(i1) Refrigeration or cold storageg An eas]/ mx thod of storing

cultures is at 5 - 8°C in a refrigerator. Under these

conditions, the rate of growth of aerial mycelium and drying

out are reduced. The interval between transfers v;-:.uld be longer”

than at room temperature and a period of 6 - 12 months is usual

(292).

(iii1) Deep freeze; There have been several reports (293-296)

cf cultures being successfully preserved by pl3,cing in a deep

freeze at temperatures of about -10 to -20<C, with prolonged

life. But one of the main objections to deep freeze storing

is the risk of rupture of the cell walls of the cultures due to
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freezing and thawing*

(iv) Mineral oil? Healthy oulttircs can he covcred with mineral
oil, and these will survive for long periods, growing at a very-
reduced rate* This method of preservation is cheap, easy ajid
requires no special apparatus or skill. It was first
extensively used by Buell and Weston (297)1iThe paraffin oil
must be autoclaved at 15 lhs/sqiin. or heated in the oven at
170=C for 1 h* The depth of the oil fron the top of the slant
Should he 1 cm and 1is fairly critical (291) as the oxygen
transmission by layers of mineral oil in excess of 1 cm becomes
less favourable* If less oil is used strands of mycelium my?-
be exposed and thus the cultures may get dried. The method
depends on reduced rate of metabolism and prevention of drying,
however, the metabolism is not completely arrested. The oil
cultures can be stored at room teunperature 1in a refrigerator or
cold room (300),

(v) Soil; Preservation of fungi in soil can be of two kinds.
Inoculation of soil with a spore suspension and a growth on
this soil and final preservationof the culture (301 ,302), or
the placing of dry sclerotia or spores in dry soil or siuilar
substrate such as vermiculate and subsequent storage of this
dry material (291),. The period of survival is greater than

on agar and strains remain typical,.

(vi) Lyophilization or freeze drying: Lj~-ophilization or
freeze drying as a method for the preservation of micro-
organisms consists of drying cultures or a spore suspension
from the frozen state under reduced pressure (305),, When

cells are dried under these conditions they remain dormant for
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long periods. On reconstitution and return to normal media,
these usually grow well* The process of lyophilisation was
first applied to microfungi on a large scale by Rapor and
Alexander (304).

The material 1is distrubuted in small quantities 1in ampoules
using sterile technique. The ampoules arc frozen by immersing in
a free2;ing mixture (dry ice and ethyl acctate) and then dried in
a vacuum desicator under vacuum usually containing a desidcantj
such as P2®5» silica gel. When the material is completely dry,
the ampoules arc sealed. The dried sealed ampoules can be
stored at room temperature, 4 - 8<C (refrigeration) or at -15<C
in deep freeze (305).

i“om the various methods of preservation and laaintenance
of microorganisms (289), some methods were tested for the
maintenance of S. rolfsii parent and UV-8 mutant strains. The
viability, the morphological and physiological (production of
eellulases, xylanase and beta-glucosidase) criteria were studied
after one j"ear storage. As the S. rolfsii strain does not
produce any asexual Ol*«exual spores in its imperfect stage,
the sclerotial bodies were used as a material for -preservation.
After one year of storage the preserved material 1in respective
methods (Table 12) was transferred to PDA, and after 7 days
incubation at 30<=C, this was used as an inoculum for the study
of cellulase production in M-2 mcijiun.

Erom Table 12, it can be observed that lyOi-hilizatijn is
the best method for the preservation of both wild and UV-8
mutant strains of S. rolfsii as it did not affect the cellulase

production in W!-2 medium in 14 days.
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TABLE 121 PROUJCTION OF CELLITLASE, XYUMSE AHD BETA-GLUCOSIDASE
BY S, ROLFSII STRAINS AfTER ONE YEAR STORAGE

Strain Method of ~ pn = EPA CMCase Xylanase PEPGase
maintenance 1U/ml 1U/ml 1U/nl IU/ral
Wild Weekly transfer 2.80 0.75 108 85 16
(control)
On agar at R.T. 2.60 0.60 85 78 14
On agar at 8<C .2.70 0.70 90 85 13.5
quer paraffin 2.65 0.70 93 82 14
oi
In soil 2.60 0.58 82 84 14
After lyophi-
lization
i) at R.T, 2.70 0.70 110 80 15
1) at 80 2.75 0.70 110 82 16
1ii) at -15=0 2.75 0.75 115 85 14.5
Mutant eekly transfer 3.10 1.84 197 180 18
uv-8 (control)
On agar at R.T. 2.95 1.38 120 130 11
On agar at 8<C 2.95 1.52 140 150 13.5
%??er paraffin 2.80 1.30 69 70 6.5
In soil 2.80 1.30 69 70 6
After lyophi-
lization
1) at R.T* 3.00 1.52 138 120 10
i) at 8<C 3.00 1.62 150 140 13
1) at -15=C 3.10 n75 170 150 15
AStudied after one storage in respective forms.

"Growth in Or"l1-2 medium, H days.






SUmIARY

The optimization of cellulase, hemicellulase and beta-
glucosidase production by S. rolfsii mutant was studied in shake
flasks and compared with the parent strain and T. reesel (and
its mutants). The UV-8 mutant produced an active cellulase and
hemicellulase. It also produced larger amounts of beta-
glucosidase as compared to the parent strain.

The cellulase, hemicellulase and beta-glucosidase were
obtained in good yield only when cellulose was the carbon source.
Only traces of cellulase, xylanase aw. beta-glucosidase were
formed on glucose, fructose, maltose and cellobiose although
good growth was obtained on these substrates. These enzymes
were not induced on lactose and mannitol and growth was poor
on these substrates. Cellobiose octaacetate was a less
effective inducer of cellulase, xylanase and beta-glucosidase

than was cellulose.



INTROIUCTION

Cellulose and hemicellulose occur in abundance in nature
and constitute one third to one-half of the approxiimtely 150
mbillion tonnes of organic materials that are photo synthesized
annually (306), The commercial possibility of usiAg cellulase
preparations to produce glucose, alcohol and protein from
cellulose is under intensive study (2?,44,131,136,707,308).
Similarly, xylanases which hydrolyze xylan, are also under
extensi-ve study. Xylose itself can be used as a fermentation
substrate; ra?/ material for single cell protein, or feedstock
for the production of xylitol, a A"ery sweet sugar alcohol (309)
which 1s finding extensive use as a sweetening agent.

In the hydrolysis of crystalline cellulosc?, three kinds
of enzymes are believed to be involved» endo-beta-1,4-
glucanass, exo-beta-;l1,4-glucanase (beta-(1 —— 4)glucan
cellobiohydrolase and beta-(I ---? 4)-glucan glucohydrolase),
and beta-glucosidase (164,167,168,182,183,193,207,225).

Strang synergistic effect has been observed het'aecn end0““and
exo-glucanases in the hydrolysis of crystalline cellulose
(i*vicel), with cellobiose as the mjor product released (220).
Beta-glucosidase hydrolyzes cellobiose and short chain
cellulooligosac™harides to glucose but does not degrade
cellulose (164), For commercial enzymatic sacchT.rification,
the production of both types of celTulases and beta-glucosidase
in high yields 1is essehtial.

Similarly, 1in the degradation of 1 —~ 3 and 1 —i 4)-
beta-D-xylans, exo- and endo-xylanases and beta-D-xylosidase

are believed to be involve™™ Z.giving the end product xylose.
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in the saccterification of lignocellulosic m3,terials (310).
Organisms that have been®reported to elaboro-te high
oellulase activities for better saccharification are; T. reesei,
T. lignori~m. T. konlngil (131 ,165,167,193,207,242,311 ,312),
S. pulverulentum (60,220), P. solani (166), Penicilliim irlensis
(313), P. fjniculosi™m (167,310), S. rolfsii (169,310). This
study examines cell.ulase "beta-gluccsidasc and xylanase production
& Ii UV-S mutant. Cultural conditions have been
varied for obtaininp- high yields of cellulase and xylanase.
From a comparison mde Z=Tth other fungi (131 ,247,314-), it 1is
apparent that this culture produces l.arge amounts of cellulase
and xylanase. In addition, the S. rolfsii UV-8 mutant secretes
high amounts of cellobiase in contrast to T. re”sei (171,315).
This enzyme plays an important part in maximizing the rate of
cellulose hydrolysis (61,163).
The results presented in this Chapter have been published
(171,315).
RESULTS Am DISCUSSION
Cultural conditions for the maximization of cellulase, xylanase
and beta-glucosidase production
Increase in cellulase, xylanase and beta-glucosidase
yields have been obtained by optimizing cultural conditions,
illl experiments have been repeated at least twice with similar
results.
Influence of inorganic nitrogen sources
The effect of replacing (~17)230™ with alternate sources
of inorganic nitrogen in T. rcesel medium, at equivalent or

two to five times higher concentrations, on the production of

Th Gisy
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extracellular ccllulase, xylarase and beta-glucosiclase 1is shown
in Table 13. can bo seen from Table 13, ariclition of (M”) 2HPON
at five times higher nitrogen levels in place of (rJIi")2S0™ to
T. reesei medium showed significant enhancement in the yields
of cellul”iBe, xylanase and beta-glucosidaso. Increasing (M”)2S0O"
level had no effect on the production of these enzymes. Maximum
yields were obtained with 0.7% (I"IHN)2WP~. In subsequent
studies Otli> (NHM)2HIPOM v?as used as tte inorganic nitrogen
source. This medium is designated as M-1. |Inc:?feasing the urea
or peptone level in the T. reesei medium or "~1-1 medium did
not increase the PP/i, xylanase or beta-glucosidase level but
there is an appreciable 1increase in C‘WCase activity.
Influence of cellulosic substrate on the production ofccllulase,
xy 1 ,i-eand beta-glucos idase

The production of cellulase, xylanase and beta-gluc:\OirTn.se
was compared Y>/hen S. rolfsil UV-8 mutant was grovn on v"lricus
cellulosic substrates (Table 14). The highest amounts of
cellulase, xj™-lanase and beta-glucos idase activities 7;ere
induced on Cellulose-123. This substrate was superior to
cotton for enzyme production, Penicksova et (316) and
Mandels (24-7) reported cotton v;as a poor substrate for cellulase
production for T. reesei (QM6a aiad QM9123) except for T. recsel
QrI9414, In contrast, noxton and Keen (339) reported that
cotton, which resists enzymatic hydrolysis to a grea,ter extent
than chemically treated celluloses resulted in higher ccllulase
yields. Tood has a much more complex structure —d both
coniferous wood and mesta wood (Hibiscus cannabinus) ponders

as well as sugarcane lagasse sup-ported little growth and



TIBLE 13; PRQIUCTION OF CELLULASE. HEHICELLULI~SE Am BETi\-
GLUCOSIDASE BY S. ROLFSII UV-8 MTiM GROWM'l IH

MEDIT COmAimm mFMSREM 1inorg.anic nitrogen sources

Inorganic pH’a Cellulase rj/nl lylanase beta-
nitrogen source Glucosidase
C"TCase FPA 1U/ml 1U/ml
(-"4)2304 = 2.9 60 0.6 26 3.0
(0.14 or 0.1fo)
KNOMN (0.2370)" 2.9 12 0.3 15 3.0
NaNO~  (0.28?™M)7 2.8 1 0.3 5 1.1
NHANON (0.18/7.)™ 2.8 44 0.6 23 4.0
rarci (0.122CH" 2.7 32 0.4 20 4.5
(o.u/0 2.9 30 0.6 30 5.3
(0.28%) 3.0 50 0.8 45 8.5
(0.42/0 3.0 80 1.4 65 13
(0.770 3.1 105 1.6 110 15

Grown on (NH")2SOMN-free T. yiricie racdium plus 1inorganic

nitrogen source indicaterl with 2fo cellulose.
®'pH of culture filtrate on 14th day.

ANitrogen source added at equivalent nitrogen levels.

10
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T/13LE 14; EPFECT OF CELLULOSE SUBSTRATE OH BIMZYI*E PROIUCTION
BY o. ROLFSII UV-8 frUTIINT

Cellulose source pHa Ccllulase IU/ml Xylanase jcta-
————————————————— G-lucosidase

CMCasc FPA 1U/nl 1U/nl
CellulO|se-123 3.1 105 1.61 110 1
hvxccl P.H. 101 3.2 85 0.7 70 14
Cotton absorbent 3.6 18 0.2 20 1.2
Cotton sliver 3.5 13 0.05 15 1.2
Solka Floe SW 40 3.5 92 1.4 85 15
Coniferous wood 3.6 5 0.02 12 0.4
Mesta wood 3.4 5 0.04 12 0.4
(Hibiscus
cannabinus)
Bagasse 3.2 6.5 0.13 15 0.35
Rice straw 3.2 30 0.29 40 2.0
Conifei ous wood™ 3.4 32 0.18 22 1.2
Mesta wood™" 3.5 35 0.18 22 1.2
Bagasse™® 3.5 25 0.4 28 4
Rice straw” 2.8 35 0.36 40 3.0
CMC 3.7 11 0.18 18 1.2

Grown on ffi>l medium with, 2~ cellulosc source indicated.

Wood ponders, rice straw and bagasse were passed through 50 mesh
standard sieve after grinding in "Yiley mill. The allraii

treated cellulosics were made free of alkali by washing with
water and dried at 45 <C.

mH of culture filtrate on 14th day.

bSteamed for 1 h with 4 M NaOH.
"fiutoclaved v-ith 0.25 H NaOH at 121 <€ for 1 h.
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consequently enzyme prod-uction was very low. The highly
lIgnified cellulosics produced little more amounts of enzymes
only after they had been pretreated with alkali. Ccllulase,
xylanase and beta-glucosidase production with allcali-treated
(/iT) bagasse, ii"T-rice straw and liT-wood powders, was 25 ~ PN
of that obtained with Cellulose-123. With CMC, the fornation
of these enzymes .was low.
Effect of cellulose concentration on cellulase, xylanase and
beta-glucosidase production

The influence of different levels of ccllulose in the M-1
medium on the production of cellulase, xylanase and beta-
glucosidase 1is shown in Table 15. There was a two to three-fold
increase in cellulase, xylanase and beta-glucosidase production
when the cellulose concentration, of the medium was increased
from 0.5 - I No further increase in the yield of the enzyme
was observed when the cellulose concentration was further
increased. In all subsequent studies, a cellulose concentration
of 3 was used (M-2 medium).
Effect of carbon source on cellulase, xylanase and beta-
glucosidase production

Cellulases in fungi are produced on cellulose or on related
glucans, containing beta-1,4-linkages, on soluble cellodoxtrins
including cellobiose and on certain glucose trimers (131,227,
312,316-519,339). It has been suggested that cellobiose at
low concentration is the true inducer for cellulase (227,319),
but at high concentrations it represses cellulase forno.tion
(227,318,320) *,, The precise role of cellobiose in induction,

ho\™ever, has not been clarified. "?21th T. rcesei cultures, it
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TABLE__15; EFPECT OP DIFFERENT CONgE;NTR/\TIONS OF CELLULOSE-123

ON CELLUL®\SE,

PRODUCTION BY S. ROLFS11 UV-8 MJTI”NT

Cell-ulose-1 23

0.5
1.0

2.0
3.0
4.0

Grown on FI-I

Cellulase IU/ral

CMCase FPA
3.3 40 0.8
3.2 60 1.0
3.1 105 1.6
3.1 120 1.8
3.1 120 1.8

medium with Cellulose-123

apH of culture filtrate on 14th day.

HEMICELLULASE illH) 3ET~-GLUCOSII1”.SE

Xylanase bOla-Gluccsidase

1u/mi

45
66
105
120
120

indicated,

1u/ml

10
16

28
20
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has been reported that good yields of cellulase were obtained

only at hi.”h cellobiose concentrations (1 or more), grov;ing
under suboptimal conditions such as restricted aeration,
suboptimal temperature, or a nnrginal nutrient deficiency (318),
Sternberg (321) suggested that induction of cellulase may not be
affected by cellobiose directly but rather by its products. A
soluble inducer has been recovered from filtrates of Trichoderma
cultures which have been grown on 1 - 3% cellobiose (318). Thus
the nature of the true inducer of collulase is still unknown.
Brail and Kushner (340) and Hofsten (323) suggested that
cellulase induction depends on contact of the cell surface with
an insoluble or soluble poly-beta-glucoside polymer. Cellulase
IS constitutive in Pseudomonas fluorescens (322),

The role of glucose in the induction and repression of
cellulase production in fungi has also been studied by many
investigators (227,269,340). 1t is commonly observe-* that
glucose represses the formation of CMCase” (269 ,3=0). The slight
inducing effect of indut"trial glucose observed in T. rccsel
is presumably caused by sophorose formed during acid hydrolysis
of starch (227,324).

The effect of ad""Ution of different carbon sources on the
production of cellulase, xylanase and beta-glucosidase 1is
reported in Table 16. It may bo seen from Tabic 16 that
& ~-Mfeil UV-8 mutant produces cellulase, xylanase and beta-
glucosidase when grown on cellulose but little or no enzyme
with cellobiose, glucose, fructosc, maltose, lactose, mannitol
or glycerol as the sole carbon source. Glucosc, fructose,

maltose and cellobiose supported good growth but there was
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T."BLE 16; EFFECT OF DIPFEREHT CimBON SOURCES PIT EITZYT'IE
PRODUCTION BY S. ROLFSII UV-8 Ifali'\\T

Growth substrate cllulase 1U/ml Xylanasc bc-ta-
———————————————— Glucosidase
CTICase FIVi i/l 1U/ml
Glucose (0.5 or Ifo) 2.8 3.6 0.04 6 1.4
Fructose (0.5 or 17.)) 2.55 3.6 0.05 11 0.8
Maltose (0.5 or r/0) 2.85 3.7 0.04 7 0.6
Lactose (0.5 or ¥) 6.1 -
Mannitol (0.5 or 1~) 6.0 1.84 0.007 1.2 0.6
Glycerol 0.55" 4.1 1.9 0.002 1.3 0.6
Glycerol Ifo 2.7 2.7 0.002 Ne§ 0.6
CellolDiose 0.5 2.8 2.1 0.036 2.2 0.6
Cellobiose 17 2.7 3.9 0.05 11 1.2
D-Cellobiose
octaacetate
(0.1/0) 3.8 3.7 0.05 1.7 0.3
(0.5"0 3.7 3.7 0.06 7.1 1.05
(3fo) 3.7 18 0.37 15 3.0
Cellulose-123
(0.5%) 3.3 39 0.8 44 .5 7
(3f0 3.1 119 1.8 115 21.5

Grown on ITFl mediur®, (without oellulocc) with the cari-on
source 1indicated.

aqi-l of culture filtrate on 14th day.
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little or no growth on glycerol, mannitol or laotosc. The lack
of cellulase proauction when gl-ucose, celloticse or fr-uctosc were
used as the sole carbon source has been reporter! ]y other
investigators (325,326). However, there are reports of cellulase
forcmtion when Trichoderma sp. (316) or rol:\noorous schwGinitzii
(327) was grown on various sugars, "Mth cellobiose octaacctate
as the sole carbon sourcc, the levels of ccllulase, xj*lanst and
beta-rglucosidase were little bit higher than that obtained
with cellobiose. Similar observations, have been reported with
L* csci “yd this has been explained to be due to the gradual
release of cellobiose by esterase activity that slowly
hydr®."lyzes cellobiose octaacetate during the growth of the
organism (320). V7ith all carbon sources tested, cellulase,
xylanase and beta-glucosidase activities were produced
coordinately.
Effect of surfactant on enzyme production

The addition of surfactants has been reported to increase
extracellular enzyme production in a variety of microorganisms
(320). The effect of surfactants has been attributed (i) to
their action causing an increase in cell membrane permeability
(320), (i1) partly to inducer formation and partly to the
promotion of enzyme release (312) and (iii) to decrease in
growth caused by a limited supply of 0~ (317).

The effect of the addition of surfactants to S. rolfsii
UV-8 mutant culture medium is shown in Table 17. T"A"ecn-80
(polyoxyethylene sorbitan monocleate) at a level of 0.033%
gave the highest enzjTie activity, its addition to the medium

increased the yield of cellulase and xylanase and beta-
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TABIEJJ; EFFECT OF SURFACTANT OW CELLULASE, HEMICELLULASE
AITD HETA-GIUCOSIDI1SE PROITUCTION BY S. ROLF5II

UV-8 mTii-WT
Surfactant pH" Cellulase 1U/ml Xylanase Beta."
Glucosidase
CMCase FPA 1U/ml 1T3/ml
None 36 0.32 28 5
Tween SO 0.1~ 2.7 40 0.5 44 7
Tween SO 0.05fo 2.8 60 1.01 60 10
Tween SO 0.033" 3.0 118 1.S 109 22
Tween 80 0.033>™M 2.9 SO 1.16 82 16
Tween 20 0.033fj 2.8 S3 1.02 72 10
Triton X-100 5.9 4 0.025 3 0.4

0.033v/~

Grown on surfactant-£ree I1'M-2 medium with surfactant indicated,
“pH of the culture filtrate on Hth day.

b’Surfactant added after 24 h of incubation.



glucosidasG 3 -5 fold. Tween 80 has teen consistant in this
respect and 1is independe-nt of the history of the nAACcliun,
Reese and Maguire (328) have reported that Tween 80 and Tween 40
(polyoxyethylene (20) sorbitan nonopalmitate) doubled the
cellulase yield in Triohoderma. Tween 20 (polyoxyethylene
sorhitan monolaurate) was also effective in promoting enzyme
production with UV-8 mutant but to a lesser degree. Triton
X-100 (alkylphenylpolyethyleneglj~col) at 0.033fo was ionic and
reduced both enzyme production and growth. The addition of
Tween 80 gave better yields when added to the culture before
inoculation as compared to its addition 24 h after inoculation.
The surfactant was therefore sterilized with the nedium.
Effect of adding increased amounts of trace metals and other
constituents of media to OLF2 medium

No significant increase in cellulase, xylanase and beta-
glucosidase levels was observed by incorporating enhanced levels
(2 to 3 fold) of trace metals (Fe™, O™, ™), KENOA,
MgSo~, CaCl”~, Incorporation of CuSO™ (0.005 - 0.03'") or
CaCO™ (0.01 - 0.03%) likewise ha,d no effect, ijbhushama and
Kambal (329) have s-uggested that zinc functions as an activator
of the culture.
Influence of organic substrates on cellula.se. xyl-“nasc o,nd
beta-glucosldase production

The effect of ad™™ition of vBricus organic substr.ates to
the medium on cellulase, xylanase and beta-glucosidase
production was investigated and is shown in Table 18. The
addition of corn steep liquor (2 increased the yields of

cellulasexylanase and beta-glucos idast. The maximum

11



Hilu 100 \KX

BY S. ROLESII UuVv-8 MUI/il'W

Organic substrate pH

CMCase

None 3.0 121 1.
Urea (n.03/.) 3.0 165 1.
Yeast extract 3.2 180 1.
(0,02/0
Proteose peptone 3.3 180 1
(0.02510
Corn steep liquor

(1/0 3.2 181

(20) 3.2 200

(3 or Afo) 3.2 184
Yiheat bran 3.1 190

(3 or 4fo
Ricc bran (/o) 3.0 190 1.
Rice bran 3.1 194 1.

(3 or 4/)

G-rown on MW"FS medium
indicated.

with addition of

pH of culture fTiltrate on 14th day.

R, PN
g © O o

Cellulase 1U/ml

.85

oo

WY am

Xylanase

11/ml

115
120
122

122

130

200
150

130

120
130

beta-
Glucosidase
TU/ml

21
21
22

22.1

21

23
23

22

23
23

orga.nic substrate as
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activities obtained were; CMCase 170 - 200 Iu/ml, PPi 1.75 -
2.1 IU/ral, xylanase 170 - 200 1U/ml, beta-glucoaidase 20 - 23
IU/ml and cellobiase 18 - 23 1U/ml (315). The m-2 medium
containing Zo corn steep liquor is designated as medium.
Ko significant increase in activities was observed on 1i:icreasing
urea, yeast extract or peptone levels of the I#t-2 medium.
Effect of organic acids and volatile fatty acids

Table 19 shows the effect of various organic acids and
straight chain and branched chain volatile fatty acids on the
production of cellulase, xylana.se and beta-glucosidase by

rolfsii UV-3 mutant. Branched chain volatile fatty acids

have been found to be essential for the growth of cellulolytic
rumen bacteria (331 ,332). The addition of acetate or
oxoglutarate to S. rolfsii UV-8 mutant was stimulatory and
slightly increased the yield of CMCase only, -Addition of 0.1"
sodium acetate, to the T. reesei culture medium has been reported
to enhance OMCase activity (330). Glycolic acid and propionic
acid were inhibitory and reduced the yield of the enayines
whereas addition of succinic acid, lactic acid (0.2/3) to certain
extent and malic acid did not affect enzyme production.
Enhanced yields of cellulase by succinate addition to the
growth medium have been reported (335). The addition of
isobutyric acid and isovaleric acid did not give promising
results.
Effect.of initial pH on the formation of cellulase, xylanase
and beta-glT3cosidase

Studies on the effect of the initial pH of the growth

medium on cellulase, xylanase and beta-glucosidase production



T/BLE 19; EPEE:CT OF ORG~NIC :~CIDS ON ENZYIIE PRODUOTION BY
S. PvOLFSIT 1JY-3 irdr.".0r

iiddition” pH Cellulase FJ/ml Xylanase heta-
<"lucosidase
CMCase FPA Hi/ml 1U/nl

None 3.0 123 1.8 110 21
/icetic acid (0.1n) 3.0 140 1.8 120 21
Oxo-glutaric 3.0 145 1,5 120 19
acid (0.1™»)
Succinic acid 2.95 120 1.06 88 1
(0.1/0)
Malic acid (0.1") 2.9 110 1.06 35 14
Lactic acid (0,2%) 2.5 140 1.2 32 1
Lactic acid (0,if) 2.6 60 0.8 35 6
Glycolic acid 2.8 46 0.2 38 1.3
(0.1/0
Propionic acid 2.85 46 0.6 30 1.1
(0.05fF.)
Isobutyric acid
(0.0S%{ 2. 120 1.5 95 19
0.1/.) 2.9 98 1.0 100 16
Isovaleric acid
(0.05/) 2.9 120 1.5 100 19
(0.17) 2.9 98 0.8 84 15.5

addition to ccllulose as the carbon source, sodiua. ealts
of the respective organic acids were incorporated into WI-2
medium.

B
pH of culture filtrate on 14th day.



were carried out ”“AMithin a pH range of 2,8 to 7.3 (Table 20),
An initial pH of 6.5 (after autoclaving™) was founrl to be most
favourable for producing high j*-ields of cellulase, xylanase
and beta-glucosidase even though synthesis of these enzymes by
E 1fsii UV-3 Qutant occurred while the pH vias between 2.7
- 3.1, Growth and enzjme production were markedly inhibited
when the initial pH of the growth medium was above 7.0 or below
4.6.
Cellulase and beta-glucosidase formation during the growth
cycle of parent and UV-8 mutant strain

The course of production of cellulase, bia-glucosidase,
cellobiase, extracellular protein, and the pH profile on MI-2
growth medium for the parent strain and UV-8 mutant are shown
in Fig. 12 (171). The rate of decline of pH during growth was
about the same for the two cultures with the mutant and parent
strain, the times of appearance of cellulase and beta-glucosidase
activities during the first 5 days of growth were also about
the same. Activity on CIIC (endo-beta-glucanase), £-nitrophenyl-
beta-D-glucoside (beta-glucosidase), and ce”.lobiose (cellobiase)
appeared earlier (day 3) than on filter paper (day 5) by both
strains. The mutant, however, secreted 1.5 to 1.8 times more
extracellular protein. Production "of rrtr-".Cvn lular c. llulase
protein ranged from 4.3 mg/ml for parent strain of S. rolfsii
on ~1-3 medium to 5jt5 mg/ml for UV-S mutant of S. rolfsii (171)
in contrast to 7 - 13 mg/ml for T. reesei when gro?;n on
cellulose (376). On the other hand, mycelial protein,
determined by the procedure of Mandels and Andreotii (172)

in the parent strain (70 to 80 mg/100 ml of culture broth).
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THiBLE 20;

o

5.5
6.0
6.5
7.1

7,3

EFFECT OF INITI.”AL pH OF

EtiZYME: PRODUCTION BY S.

pHA - Cell-ulase I1U/ral
CJ:Case m
2.6 55 0.5
2.6 67 0.7
2.6 67 0.78
2.7 86 0.78
2.6 92 1.1
2.7 93 1-.25
2.8 120 1.4
3.0 124 1.8
6.9 -
7.0 -

Grown Bn FT-2 medium at

®"pH of mcd ium be for G

incUcated pH.

inocu lation.

of culture filtrate on 14th day.

ROEFSII UY-8

Xylanasc

1y/ml

30
40
41
44
48
59
82

111

THE GRQV/TH IVIEDIUM ON

IVIUT/INT

bcta-
Crlncosidase

1U/ml

10

10

13

13.5

18

18

20

22

115



was greater than that of the TJV-8 mutant (40 to 55 mg/100 nl
of culture “broth).

Table 21 summarizes the yields per milliliter of culture
filtrate of the three major cellulase complex enzymes and
cellobiase for the parent strain and the UV-8 mutant after
14 days of growth on N2 and NI"5-3 media (1?1). ™ ratio of
activities of the mutant and parent strain culture filtrates
were; FTA, 2.5 to 2.6, endo-beta-glucanase, 1.4 to 1.5, beta-
glucosidase, 1.1 to 1.16, and cellobiase 1.0 to 1.1. These
increases 1In enzyme activities were reproducible and were
considered significant. The differential increase in ¥PA may
imply that the UV-8 mutant may have possessed an altered control
mechanism for the production of cellobiohydrolase or EPi, and
the genome(s) controlling the cellulase complex of enzymes 1is
not under coordinate control. Similar conclusions were reached
in the instance of the T. reesei WGl4 mutant (262). This was
indirectly supported by the observation that the addition of
rice bran to M-2 medium decreased slightly the formation of
¥PA and did not affect cellobiase production by UY-8, although
there was an increase in the formation of endo-bcta-glucanase
and, to a minor degree 1in beta-glucosidase activities. With the
parent strain, the addition of yfo rice bran to H"H-2 medium
caused an increase in the formation of EPI, endo-beta-glucanase,
and beta-glucosidase activities and was essential for their
optimal synthesis (169). The mutant produced a 1.4 to 1.5 fold
higher FPA on M*3-2 medium than the parent strain produced on
NM-5 medium.

S* rolfsii Uy-8 mutant produces high cellulase and

It
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TIIBLE 21 ; COMEARISON OF CELIUIISE Aim 3ETi.-GLUCOSIDASE

YIELDS OF S. ROLFM*IT Pi".RENT I.m UY-8 MT/.NT

STRAIN (171)

Strain”™ Protein CNCasc
mg/ml HT/ml 1U/ml

Parent (169)
NM-2 2,2 - 2.4 0.7 “<0.78 100 - 120
NM-3 4.0 - 4.3 1.2 - 1.4 180 - 200
Uv-8 mutant
NM-2 3.2 - 3.4 1.75- 2.0 140 - 180
KM-3 5.0 - 5.5 1.6 - 1.75 135 - 210

qGrown 14 days on m-2 or KJ-3 medium.

PHPG-asc
TU/ml
16 - 19
22 - 28
18 - 22
20 - 22

Oollobiase
1U/ml

7-7.5
10 - 11

7 - 7.5
7 - 7.5
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cellotiase activities in sutraerged culture (171). It v;as
earlier thought that (Tatle 21) UV-8 mutant secretes 7 to 7.5
IU of cellobiase per ml of culture filtrate. During the course
of studying the kinetic properties of the purified cellobiase
&m 2olfsii it was otservec! that the apparent Km of the
purified cellohiase was rather high (5.8 mM) (334). “Vhen
cellohiase activity of the UV-8 mutant culture filtrate was re-
examined in the presence of higher concentrations of cellobiose
in the assay mixture, much higher cellobiase activity values
were obtained. The dependence of the reaction rate on
cellobiose concentration is shown in Fig. 13. The concentration
of cellobiose required for half-maximum velocity, calculated
by the method of lineweaver and Burk (335), was found to be
5.6 mll. The Vmax (micromoles of glucose released per minute
per milliliter of culture filtrate from medium), computed
from, the lineweawer-Burk graph (Fig. 13) was 20.2 (3.77 umol of
glucose/mg/min). This value v.aried from 18 to 23 (mean value =
20.2) in five different preparations. The corresponding Km and
Vmax values for cellobiase from I'IM2 medium culture filtrate
varied between 5.6 and 5.3 mM and 10 to 13.7 (mean va.luo = 12.0)
respectively. The Km for T. reesei cellobiase secrcted in the
culture broth was reported to be 1.5 mli , and that for
mycelial cellobiase was 1.2 mM (336). The Vm.ax for T. reesei

mycelial cellobiase was 0.05 umol of glucose/"ag/m.in (336).

Comparison of cellulase and beta-glucosidase production by
S. rolfsii UV-8 mutant and T. reesei
As can be seen from Table 22, the amount of cellulasc

enzymes secreted in the medium by UV-8 mutant 1in shs.ke flasks are



PIG,

13:

CELLOBIOSE (mg )

Effect of cellobiose concentration on
cellobiase activity. Culture filtrate®
of S, rolfsiit grown on NM-2 + CSL
was“tised, Ineet: Lineweaver-Burk plot

of cellobiase activity with cellobiose
as the substrate.



Ti.3LE 22 s COI/EP;;RISON OF GELLUL~.SE PRODUCTION BY mT.IKT

strNins of s. rolfsii t. reesei in shiife flasks
Organism CellulasG 1U/ml bGta- Collobiase
Glucosidaso
CMCase pr;. 1U/ral 1u/ml
S. rolfsii Uv-8” 170 - 190 1.8 - 2.1 ; 20-22 18 - 23
T. reesel
QM6a (247r0 18 0.23 m
QM9123 (247" 59 1.30 M
QM9414 (247j> 152 1.48 V. 0.5
NG14 (267) 15 4.65 0.7 1.35
C-30 (337) 60.7 7.5 m

AGrown on M-4 medium for 14 days.

NI\ - Not available.

11'



comparable with some of the best activities reported for

Necsei and 1ts mutants (24-7,267,275) which s:ce stated to
elaborate the highest cellulase activities. The highest EPi
{YPA gives a rough measure of saccharification potential)
reported for T, reosei rratants in shs.ke flasks is for C—30
mutant, 4.5 to 7.5 IU/ml (337). Hov™ever, the CMCase (endo-
glucanase) secreted by C-30 is low, 60.7 HJ/ml (337). S. rolfsil
UV-8 mutant, however, produces hi/yYh amounts of endo--glucanase,
S. rolfsii also secretes high amounts of cellobiase as compared
to T. reesei and 1ts mutants. The highest cellobiase activity
reported for T. reesei cultures is 0.5 - 1.3 1U/ml (61,267,275)
and is suboptimal for conversion of cellulose to glucose (61).

Very recently, Tangnu et (339a) have reported that by

the use of environmental control, it is possible to produce
an enzyme m.ixture with different ratios of FP.A, Cq- Cy s beta-
glucosidase and xylanase. In controlled fermentation, they

reported a yield of 26 1U/ml of beta-glucosidase and 14-.4
U/ml of FPA (endo-glucanase va3.ues are not reported) using

Rut-C 30 T. reesei mutant. V/ith the S. rolfsii 1JY-8 mutant
culture filtrate, glucose is the major product (85 - 9%/ of
cellulose saccharification (Part 111, CaApter 1) and not
cellobiose with smaller amounts of gi.ucose as "Mth the T. reesei
culture filtrates (163,321). In most applications for cellulose
saccharification it is important to obtain glucose as the major
product while keeping the cellobiose level as low as possible.
Cellobiose inhibits cellobiohydrolase and endo-glucanase and

its accumulation decreases the saccharification rates (133,

193,207).

120
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Enzymatic hydrolysis of lignocellulosics such.as bagasse
has "been reported to be enhan,CGd by xylanase pretreatncnt.

This presumahly creates more accessible cellulosic regions that
are readily acted upon by exo- and endo-glucanascs (338).

During the last few years, troaendous advances have toen
made in getting high cellulase-yielding T. recsei cultures and
their mutants (48,131,268). More sophisticated processing has
further increased enzyme production by three to four fold (376)-
It has also been possible to reduce the lag time substantially
and to obtain maximum, cellulase production in 3 to 4 days in
pilot plant experiments thereby increasing their productivities.

It has taken about 20 years to increase the filter paper
activity (FPA) from 0,23 1U/ml (T. reesei QM6a) to 4.8 1U/ml
(T. reesei NG14) (268) and 7.5 IU/ml for T. rccsci C 30 (337)
in shake flask experiments. However, during the last 5 - 6
’Ymears FPA activities of the order of 13 - 15 IU/ml have been
obtained through strain improvement and with sophisticated
processing in instrumented fermcntors under controlled conditions
of 1iH, aeration etc. (Table 23) and with hifrh productivities
é%gﬁs. Recently, new mutant strains producing as much as
80 IU/1/h in a batch culture system and 7 1U/g cell/h in a
continuous culture system have been selected and the strain
improvement work continues in several laboratories (Tabic 22)
(376).

As can be observed from Table 22 the S, rolfsii 1JV-8
mutant produces high amounts of endoglucanase and cellobiase
in shake flask as compared to T. reesei and its dutants which

are stated to elaborate the highest cellulase activities.
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TLBLE 23; PROIXJCTION OF CEILULiiSE ¥"ND BETi”-GLUCOSIDISE UNDER
CONTROLLED CONDITIONS

Organism Cellulase 1U/ml Iheta- Ccllobiase
Glucosidasc
Ci"I1CasG TAL ITT/mi in/nil
S. rolfsil UV-8 NS NS NS INS

T. reesei (376)"

QM6a 8.8 5 0.3 BA
QM9414 109 10 0.6 im
MCG77 104 11 0.9 BA
C-30 150 14 0.3 BA
NG-14 133 15 0.6 BA

WS - Not studied

Cultures grown 14 days in 10 L fermentors on 6" two - roll

milled cotton, pH control”™ 3.0 using 2 N tJH'OH.
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g strain has so far not been studied in instrunented
ferraentors under controlled conditions of pH and aeration.
It may, therefore, 'te possible to obtain much higher ccllulase
and beta-glucosidase activities with UV-8 S, rolfsii when run

in instrumented fermentors under controlled conditions of

pH, aeration etc.
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SUMARY

The hydrolysis of purified cellialoses (cotton, Avicel,
Cellulose-123, Solka Floe SW, Solka Ploc BW200) and ligno-
cellulosics (rice straw, bagasse, wood powders) "y S. rolfsii
UV-8 mutant culture filtrate was studied. Factors which affect
saccharification such as pH, temperature, enzyme concentration,
substrate concentration, product inhibition and particle size
were studied.

With UY-8 S. rolfsii culture filtrate, the saccharification
of cellulosic materials was inhibited by glucose to a greater
extent (20 to 30?) as compared to that observed with the parent
S. rolfsii culture filtrate (4 to 5fo). With CMC as substrate,
the liquifying activity (endoglucanase) of the culture filtrates
from the parent and TJV-8 mutant of S. rolfsii was inhibited very
strongly (85 to m&@x4) with 100 mg/ml of cellobiose. 1it 2 mg/ml
of cellobiose, the highest concentration observed in the
cellulosic hydrolyzates, the Cf*TC-liquifying activity inhibition
by both the culture filtrates was negligible (3 - &fo), The
saccharification rates of the cellulosics tested with T. reesei
C-30 culture filtrate during the first 24 h was only slightly
greater (6 - 10®) than that obtained with S. rolfsii UV-8
culture filtrate even though the FP-A of C-30 culture filtrate was

about 6 times higher than that of UV-8 culture filtrate.
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In ind"ustrial saccharification of cellulose to glucose,
enzyme cost and pretreatment cost of cellulosic materials are
the two Tnajior cost centres in the economics of the process;
about SOb of the manufacturing cost can 'te attributed to enz;™ne
production when filter paper activity (EP") of the culture
filtrate is of the order of 3 - 4 1U/ml (37). Thus, the major
problems encountered are obtaining sufficiently active
cellulolytic enzymes at low cost and suitable substrates so
that high concentrations of glucose can be obtained in a
reasonable period of time. During the last few years,
tremendous advances have been made in getting high cellulase
yielding T. reesei mutants through strain improvements and with
sophisticated processing in instrumented fermentors under
controlled conditions of pH, aeration etc. (27,264,267,274).
ill these developments ?/ould reduce the cost of alcohol
production from cellulose.

Trichoderma spp. - the most intensively studied organisms
for cellulose saccharification - have a disadvantage 1in that
these cultures produce relatively low amounts of cellobiase
(131 ,163,267). Thus, the culture filtrates from, these
microorganisms produce mainly cellobiose from_cellulose v:ith
small amounts of glucose (163). Since cellobiose is an
inhibitor boti of 1,4-beta-glucan cellobiohydrolase, and
1,4-beta-glucan glucanohydrolase (EG 3.2.1,4) (184,193,209),
its accumulation decreases the rate of cellulolysis (61,163).
It has been demonstrated that the saccharification efficiency

reesei QM9414 mutajat cellulase is increased by the
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supi:)lertiental cellotiase (61), Suggestions have been made that
too much attention has focused on Trichoderma and that other

sources of cellulase should be examined.

The results presented in this Chapter have been published(373).

RESULTS AND DISCUSSION

Chemical pretreatment of cellulosic materials
Rice straw, sugarcane bagasse, mesta wood and coniferous

were milled in the Viley Mill and the ground material was
sieved through a U.S. Standard 50-mesh sieve. The pretreatments
tried are described in "Materials and Methods",

The weight loss on alkali treatment (2 N NaOH, 30 <C, 48 h)
for rice straw and bagasse was 33 and 3™ respectively. On
peracetic acid treatment of rice straw, bagasse, mesta wood
and coniferous wood it was 25, 22, 17 and 127», respectively.

The cellulose and ash content in different cellulosic materials
used are shown in Table 24.

Optimum pH and temperature for cellulase and beta-glucosidase
activities

The effects of pH and temperature on cellulase and beta-
glucosidase activities were determined overthe pH range of
3 to 6, and temperature range of 45 <C to 70 <C. Table 25
shows the pH -ad temperature optima and the 1irrhenius
activation energies at the pH and temperature ODtima for
these enzymes for the parent strain and UV-8 mutant. The
average activation energies, calculated by the method of
Tirrhenius, were 13.07 and 11.86 for CMCase, 5.81 and 6.97
for FPi, 3.27 and 3.52 for cellobiase, 3.8 and 5.7 for PATPGase ,



T."iIBLE 24; CELLULOSE i\NnD ASE CONTENT OF OELLULOSIG M;1T==>RI:LS

Cellulosic material Cellulose /ish

fo io

.Uicel P_.H. 101 100 0.0
/lbsor™bent cotton 99 0.5
Cellulose-123 83 0.0
Solka Ploc SW4-0 62 1.0
Rice straw 37 20.5
ST rice straw®” 77 9.0
Bagasse 31 4.2
iliTt Bagasse® 61 4.0
Mesta wood 41 6.6
ijT mesta wood” 52 5.1
/.T peracetic acid mesta wood*” 57 0.5
Coniferous wood 29 2.0
I'il coniferous wood”" 35 0.8

®"Pretreated with 2 N NaOH, 30 <C, 48 h.
"Pretreated with 4 N NaOH, 30 <C, 24 h.
""Pretreated with 4 N NaOH, 30=C, 24 h followed by boiling

with 2Qfc peracetic acid.

127
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and 13.19 and 10.67 kcal/mol for xylanase, respectively. With
the culture filtrate from Chaetotnium thermophile var. digsitum
the activation energies were reported to be 6,53 kcal/nol with
CMC as substrate (319) and 5.92 - 8.02 kcal/mol for different
crystalline cellulose prcperations for the T. reesei system (341).
Factors vjhich affect saccharification

The rate of production of reducing sugars from cellulosic
materials was examined as a function of pH, temperature, enzyme
concentration, cellulose concentration, particle size and
inhibition by end products.
pH

The effect of pH on saccharification of Solka Floe SW40
at 50<C is shown in Pig. 14. The best reducing sugars yield on
saccharification was obtained at pH 4.5.
Temperature

The variation in the saccharification rate of Solka Floe
SW40, Cellulase-123, -AT-bagasse and AT ricc straw was tested
at the pH of maximum activity, pH 4.5, and is shown in Fig. 15.
A temperature of 50 <G appeared most effective for all the
cellulosic mterials tested.
Effect of addition of glucose and cellobiose on the
saccharification rate and liquifying activity

In a batch sacchari fication, one of the factors lilcely
to affect the rate of sacchari fication is the continuous
accumulation of reducing sugars. The two major products of
cellulose hydrolysis in general are cellobiose and glucose.
It V?as reported earlier that with the parent S. rolfsii culture

filtrate, hydrolysis of Solka Floe SW40 and T rice straw were
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FIG.

15:

50 60
TEMPERATURE *C

Effect of temperature on saccharification.
Substrate 57, pH 4.5, 43 h. Symbols: A
Cellulose-123; 0 , Solka Floe SWw40; - ,
AT bagasse;v » AT rice straw, AT bagasse
and AT rice straw = bagasse and rice straw
pretreatei with 2 N NaOH, 30@C, 48 h.
Inset: Saccharification cstpried, out for
24 h.
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not significantly inhibited by glucose or cellolDiose up to
100 mg/ml in 48 h (286). It is technically difficult to assess
inhibition of saccharification by cellobiose as the added
cellobiose (100 mg/ml) gets hydrolyzed completely to glucose
by the culture filtrate in 24 h. With UV-S culture filtrate,
saccharification of cellulosic materials tested is inhibited
by glucose (100 mg/ral) to a greater extent (20 to JPH) as
compared to that observed with the parent culturc filtrate
(4 - 5) (Table 26). With CMC as substrate, the liquifying
activity (endoglucanase) of the culture filtrates from parent

S. rolfsii UV-8 mutant was inhibited very strongly (85 to
900 with cellobiose (100 mg/ml) but not by glucose up to
100 mg/ml. Such hi*rh cellobiose concentrations are not reached
in cellulose hydrolysis with S. rolfsii culture broths.
Cellobiose at 10 mg/ml inhibited CMC-liquifying activity of

101 fsii culture filtrates by 15 to 257, whereas at 2 mg/ml
level, the highest concentration observed in the cellulosic
hydrolyzates, the liquifying activity inhibition was negligible
(3 - &fo). The inhibitory effect of products are knovm to vary
with the organism from which the cellulase was derived (135,
342-345).
Effect of enzyme concentration on saccharification of
cellulosic materials

Since hydrolysis of native cellulose requires both -

and C,-type of cellulase enzymes, the role of enzl."me
concentration on the rote of hydrolysis ”~nd reducing sugars
yield was determined. The saccharification of avlcel P_H. 101,

Solka Floe S =740, hT: rice straw and /T bagasse with different
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T/"BLE 26; EFFECT OF -ADDITION OF C-IUCOSE ON SACCH~RIFICAVTION
OF CELLULOSIC fFfiITERLALS BY S. ROLFSI1 CULKJRE

FILTR/.TES®
Su Dstrate io Inhibition
Parent strain UV-8 rautant
b 8 h 24 h 48 h 8 h 24 h 48 h
AT rice straw? 6,3 4.5 4.5 35.4 34.2 29.2
1T bagaskE-e” 6.2 5.5 4.7 32.9 31.1 29.0
Solka Floe SW40 6.8 6.6 5.0 29.4 27.3 20.0
CMC 10.0 8.5 8.5 37.0 29.2 22.2

Al g substrate + 0.5 ml 1 M citrate buffer, pH 4.5 + 7.5 ml

culture filtrate + 0,1 ml merthiolate (0.1”0 + water to 10 g.
Inouteted at 50 <C on shaker, Iexta corrected for initial

10" glucose added.

>)'Pretreated with 2 N NaOH, 30<0, 48 h.
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concentrations of S. rolfsil UV-8 culture filtrate is shovm
in Table 27- At the same substrate level (10n), the rate of
hydrolysis increased with 1increasing concentration of the culture
filtrate. For example, the reducing sugars produced from a 10"
AT rice straX¥/ and LT "bagasse at 24 h increased frcn 5.2 to 7.4/&
and 4.6 to S.Sfo, respectively, as the concentration of culture
filtrate was increased from 5 to 18 ml. The corresponding
increase with Aviccl P.H, 101 and Solka Floe SW40 was from
2,3 to 3.3% and 2.4 to 5fo, respectively. Under similar
conditions, the reducing sugar values obtained ivith S. rolfsii
parent strain culture from AT rice straw and AT bagasse v-jith
18 ml culture filtrate at 24 h were 6,4 and 3.8, respectively
(286). The reducing sugar values obtaine™ in 24 h with 15 or
18 ml culture filtrate were about the same with AT rice straw,
AT bagasse and Avicel P.H, 101 indicating that further increase
in cellulase enzymes had little effect on saccharification, 1if
any. The rate .ad extent of hydrolysis of the cellulosics
were not proportional to the increase iIn enzjTae concentration.
Also, there is an initial faster rate of saccharification during
the first 4 h followed by a gradually decreasing rate.
Effect of addition of more enzyme and substrate after 48 h

With 15% AT rice straw and AT bagasse, the reducing sugars
produced in 48 h were 10.3 and 9.1, respectively (Fig. 16).
When 5 ml more of the culture filtrate was added at the end of
48 h, an 1increase in reducing sugars of 30 -mg/m.l1 and 29 mg/m.lI
was observed with AT rice straw and AT bagasse on 48 h further
incubation. The corresponding increase in reducing sugars when

no additional enzyme or substrate was added was only 5 mg/ml
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and 2.5 mg/ml, respectively. Similarly, when 0.5 g more of the
substrate was adcle™ at the end of 4S h, an increase 1iIn the
reducing sugars of 21.5 ing/ml and 14 mg/ml was observed with
/1T rice straw and bagasse on 48 h further incubation. _Ifter
addition of substrate, the increase observed was probablj” due
mainly to the hydrolysis of amorphous regions of added cellulose
by CMCase which is not adsorbed on cellulose. Thus, the gradual
fall in the rate of saccharification seems to be due mainly to
the inactivation of cellulase as well as the gradual
accumulation of resistant cellulose.
Effect of particle size on the enzymatic saccharification
of microorystalllne cellulose

The assumptions are made that the enzyrae is adsorbed on
the surface of the substrate in accordance with a Gyani -
Ereundlich isotherm (346) and that the rate of digestion is
proportional to the amount of the adsorbed enzyme. One would
expect that the rate of hydrolysis would bo proportional to the
surface area in contact with the enzyme. However, no difference
in the hydrolytic rate or degree of saccharific™tion of two
different particle sizes of microcrystalline cellulose,
iWicel P.H. 101 (average particle size 38 ;um), and /ivicel P.H..
102 (average particle size 90yum) by S. rolfsii TJV-8 mutant
culture filtrate was observed. The cellulase from S. rolfsii
parent strain (286), T. reesei (264,271) and thermophilic
fictinomyces !l1JOr and YX (347) are also reported to be insensitive
to the particle size., Yftien the effect of enzj”me concentration
on the rate of hydrolysis of iWicel P.H. 101 was studied (Pig. 17),
the data conformed to the equation developed by McLaren (346)



FIG.

17:

Determination of n value. Saccharification of

AT rice straw, AT bagasse and Avicel P.H. 101

was carried out at pH 4.5f 50<C. 2 g substrate

+ 1ml 1M citrate buffer, pH 4.5 + culture

filtrate (5,10,15 or 18 ml) + 0.2 ml merthiolate

(0.17) + water to 20 g. AT rice straw and AT e

bagasse is as described in the caption to Pig. 15.

Symbols: A » Avicel P_H. 101; O , AT rice straw
N, AT bagasse.



describing the hydrolytic rate of enzjmatic reaction in a
heterogeneous system. The n value in the S. rolfsii UV-S
system was calculated to be 0.32 for /iviccl P.H. 101, Similar
low values of n of 0,32 and 0,35 v/ere also observed for parent
strain (286) and MJOr enzyme systems (347), respectively. The
value of n describes the adsorption characteristics of the enzyme
on the surface of the substrate, /.ccording to the theory
(347), the low n value could be interpreted as indicating that
the hydrolysis of microcrystalline ccllulose takes placc
primarily on cracked edges of the surface of the particle (346)i,
The n values for 1T rice straw and /iT bagasse are 0,53 and
0,56, respectively.
Effect of cellulose concentration on saccharlfication

The effect of cellulose concentration on reducing sugar
fornation and percentage of saccharification from different
cellulosics by the rolfsii UV-8 culture filtrate is shown
in Table 28. The amount of reducing sugars released increased
with increase in the concentration of the substrate but the
extent of hydrolysis decreased as the substrate concentration
was increased. The reducing sugars produced from 15f /.T rice
straw and AT bagasse in 24 h were 10,8" and 8,5”>, respectively,
as compared to 7.2 and 5.4/~ with S. rolfsii parent strain
culture filtrate (286), The reducing sugars produced from 307
IiT rice straw and IiT bagasse (these were semisolid) in 24 h
were 12.8" and 11,0, respectively.

The optimum substrate concentration, calculated according
to Toyama and Ogawa (158) taking into account the conditions

which give high sugar solutions and also a high degree of



TABLE 29

Hydrolysis ol'cellulosic materials at difTrrcnt substrate concentrations by S. n Ifiii U\'-8
MuUpU cultundiltraU

Substrate Reducing sugar mg/ml % saccharification Degree of Cellulose
(dry solids) solubilization utilization*
70 Ih 4h 24 h 48h 1h 4h 24 h 48h % ,48h % ,48h

Avicel P H. 101

5 9.0 16.0 20.5 24,0 16.2 28.8 36.9 43 2 40.0 ND
10 10.0 185 35.5 37.0 9.0 16.7 32.0 33.3 29.5 36.0
15 15.0 25.5 48.0 50.0 9,0 15.3 28.8 30.0 27.0 NT>
20 18.0 32.0 58.0 65.0 81 14.4 26.1 29.3 26.0 ND
Cellulose-123
5 10.0 15.0 22,5 23,0 18,0 27.0 40.5 41.4 40.0 ND
10 13.0 21.0 39.0 42.0 11.7 18.9 35.1 - 37,8 35.0 42.0
15 18.0 38.0 50.0 53.0 9.0 18.0 30.0 31.8 34.0 ND
20 ND 39.0 60.0 70.0 ND 175 27.2 31.5 33.0 ND
AT bagasse”
5 " 18,0 20.0 34.0 37.0 32.4 36.0 61.2 66.6 64.5 ND
10 35.0 40.0 64.0 69.0 315 36.0 57.6 62.1 60.0 ' 59.4
15 45.0 53.0 85.0 93.0 27.0 31.8 51.0 55.8 53.6 ND
20 59.5 68.0 105.0 112.0 26.8 30.6 47.2 50.4 48.0 ND
30 ND ND 110.0 120.0 ND ND 33.0 36.0 ND ND
AT rice straw™>
5 25.0 32.0 47.0 48.0 45.0 57.6 84.6 84.6 88.0 ND
10 42.0 57.0 74.0 92.0 37.8 51.3 66.6 82.8 86.0 78.0
15 ND ND 108.0 112.0 ND ND 64.8 67.2 70.0 ND
20 ND ND 118.0 122.0 ND ND » 53.1 54.9 50.5 ND
30 ND ND 128.0 150.0 N-D ND 38.4 45.0 ND ND

NaOH-p>eracetic
add-treated mesta

wood'
5 9.0 18.0 25.0 28.0 16.2 32.4 45.0 50.4 ND ND
10 115 20.6 4i.5 55.0 10.4 18.0 37,4 ' 495 ND ND
15 ND ND 59,0 73.0 ND ND 35.4 43.8 ND ND

One, two, three or four grams of cellulosic material + 1ml 1M citrate buffer, pH 4.5, + 0.2 ml mcrthiolaie (0.1%), + 15 ml culture filtratt +
water to 20g Incubated at 50”.
«Cellulose utilization by the anthrone method (Updcgraff, 1969)
Incubated with 2N NaOH, 3(«:, 48h
~Incubated with 4 N NaOH, 30°C, 24 h, fotbwed by boiling with 20% per acetic acid, 1 h
ND * Not determined
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cellulose utilization, ap"pors to 'te around 9 to for
Cellulose-123, iWicel P.H. 101, /T rice straw and /.T bagasse
(Pig. 18).

r.nalysis of the hydrolyzates from AT rice straw and AT
bagRSPe at 10M sucstrate concentration showed the reducing sugars
(as glucose equivalent) to e 74 and 64 mg/ml in 24 h,
respectively. This onaresponds to 0.74 and 0.64 g of reducing
sugars compared to 0.60 and 0.39 obtained with parent S. rolfsii
culture filtrate per gran of dry matter.
Enzymatic hydrolysis of different cellulosic materials

The formation of reducing sugars from pure celluloses
and lignocellulosics is presented in Table 29. The extent of
saccharification ranged from 12 to Qfo in 48 h. Of the purified
cellulosics tested, Cellulo?e-123, Solka Ploc SW40 and BW200
showed about the same rate and extent of hydrolysis. With the
S. rolfsii culture filtrate, Solka Ploc SW40 was more
susceptible than Solka Ploc BW200 (236), with T. rcesei cellulase.
Mandels et reported a much higher saccharification
value with Solka Ploc B"7200 {62.~fe) as cornparcd to Solka Ploc
SW40 (37.47) in 48 h.

/ilkali treatment of lignocellulosics increased their
su8cep|tibility and sugar formation markedly in the case of
rice straw and bagasse but only slightly in the case of wood
IDowders:  from 10.3 mg/ml to 38.8 mg/ml for rice straw, from
5.3 to 33.0 mg/ml for tegasse and from 5.6 to 9.3 mg/ml for mesta
wood powder in 24 h. The optimum effect of alkali treatment for
rice straw and bagasse was achieved by incubation with 2 N NaOH

at 30<C for 48 h. 1iUkali treatment was not effective for wood



FIG,

18:

substrate V

Effect of substrate concentration on saocharification.
Substrate + 2 ml 1 M citrate buffer, pH 4,5 + 15 ml

culture filtrate + 0,2 ml merthiolate (0,1") + water
to"20 g, incubated at 50®C for 48 h, 1T rice straw

and AT bagasse i1s as described in the caption to

Pig, 15. _%ywmojs; qg , reducing sugars; a *
sacchau*ification.



Substrate, 5%

Avicel P.H. 101

Avicel P.H. 102

Clotton absorbent (fibrous)
Cellulose-123

Solka Floe SW40

Solka Roc BW200

Bagasse untreated

AT(1 NNaOH,30°C,48h)
AT(2NNaOH,307,24h)
AT(2NNaOH,30°C.4Sh)
AT (4 N NaOH, 30°C, 24h
AT(5NNaOH,30°C. 18h
NkOH-PA.\a

Rice straw untreated

AT (0.25 N .Na'OH, 121°C, | h)
AT (Il NNaOH,30X. 24h)
AT(INNaOH,30°C,48h)
AT(2NNaOH,30“C,24h
AT (2N NaOH, 307, 46h
AT (4 N NaOH, 30°C, 24h
AT(5NNaOH,30°C, 18h
NaOH-P.\A»

Mesta wood untreated
AT(4NNaOH.30°C,24h)

)
)

)
)
)
)

NaOH-PAA»

PAA-NaOH<A"

Coniferous wood untreated
AT (4N NaOH, 30°C, 24 h)

NaOH-P.~A*
PAA-NaOHc

TABLE 2.9

Hydrolysis of cellulosic materials by 5. m fni UV-8 mutant culture filtrate

1h

4.7
5.0
0.5
6.1
6,6
6.9
14
14.7
15.0
17.7
14.4
17.5
111
2.8
20.0
15.0
15.5
17.2
25.0
17.2
22.7
15.5
14
3.1
25
5.0
4.2
0.5
3.3
17
31
4.4

Reducing sugar mg/tnl

4h

8.8
8.6
11
10.5
n.i
11.6
2.8
17.7
17.6
20.2
22.2
211
15.5
41
24.0
19.7
18.5
20.8
30.8
19.4
27.5
24.4
3.3
4.6
4.2
9.2
8.3
15
5.0
3,6
6.1
6.4

24h

17.2
17.5
3.7
19.4
21.5
22.2
5.3
25.2
30.0
32.3
31.6
33.0
30.0
10.3
38.0
27.2
28.3
30.0
38.6
311
38.8
34.4
5.6
9.3
7.8
20.6
20.6
2.7
8.3
6.4
7.7
111

4((h

17.7
17.5
6.6
21.3
22.2
23.0
7.7
311
33.8
37.7
37.0
37.7
35.0
11.7
40.0
33,0
34.2
36,5
45.5
38.3
45.2
36.2
6.4
11.1
8.1
26.7
25.8'
31
9.4
7.2
9.2
13.2

Ih

8.5
9.0
0.8
11.0
12.0
12,5
2.5
26.5
27.0
32.0
26.0
31.5
20.0
5.0
36.0
27.0
28,0
31.0
45.0
31.0
41.0
28.0
25
5.5
4.5
9.0
7.5
0.9
6.0
3.0
55
8.0

% saccharifcation

4h

16.0
15.5
1.9
19.0
20.0
21.0
5.0
32.0
31.9
36.5
40.0
38.0
28.0
7.3
43.2
35.5
33.5
37.5
55.5
35.0
49.5
44.0
6.0
8.2
75
16.5
15.0
2.8
9.0
6.5
11,0
11,5

24 h

31,0
31.5
6,6
35.0
38.5
40.0
9.5
45.5
54,0
58.0
-37.0
60.0
54.0
18.5
68.4
49.0
51.0
54.0
69.5
56.0
70.0
62.0
10.1
16.7
14.0
37.0
37.0
4.8
15.0
115
14.0
20,0

1"H

46h

32,0
31.5
12.0
38.4
40.0
41.5
14.0
56.0
61,0
68,0
66,5
68.0
63.0
21.0
72.0
60.0
61.5
65.8
82.0
69.0
81.5
65.2
115
20.0
14.5
48.0
46.5
5.5
17,0
13,0
16,5
23,8

Saccharification was carried out at 5% substrate concentration, 50”, pH 4.5 according to the procedure of Mandels <« al (1974). %

saccharification = reducing sugar mg/ml X 18.

AT = alkali treated

*Treatment with 4 N NaOH, 307, 24 h ftilowed by boiling with 20% per acetic add, 1h

Boiling with 20% peracetic add for 1h

'‘Boiling with 20% peracetic add, 1h followed by treatment with 4 N NaOH. 30", 24 h



powders, Mesta wood, however, became moderately reactivc 'ty
sodium hydroxide - peraoetic acid treatment (15S). Coniferous
wood was not reactive even after sodium hydroxide - peracetic
acid pretreatment.
Comparision of saccharification rates by the S. rolfsii and
T. reesei C-30 culture filtrates

The fornrartion of reducing sugars from T*vicel, -"Trice
straw and AT bagasse by S. rolfsii and T. reesei C-30 culture
filtrates and by mixed culture filtrates of S. rolfsii UV-8
mutant and T. reeseil is presented in Table 30, The celliilase
and beta-glucosidase activities, determined at 50<C, pH 4.5,
of the preparations used in the saccharification experiments
in IU/ml were; parent S. rolfsii; PPii 1.5, CTICase 160,
PNPGase 9.3, Cellobiase 12.0, UV-8 S. rolfsii; F/i 2.16,
CMCase 195, PIlIPGase 13.9, Cellobiase 133, T. reesei C-30;
PPii 13.4, CMCase 120, PKPG-ase 2.8 and Cellobiase 0.4 - 0.5.

Even though the ¥£L of C-30 culture filtrate was about
6 times higher than ttet of S. rolfsii UV-8 mut.ant culture
filtrate, the saccharification rates of all the three cellulosic
substrates tested with C-30 culture filtrate during the first
24 h was only slightly greater (6 - ~0n) tlian that obtained with
g~ 3?olfsil UV-8 culture filtrate. It may be of interest to
note that the rate of ™I rice straw (only substrate tested),
hydrolysis was greater when mixed UV-8 and C-30 cultimc
filtrates was used as compared to when only C-30 culture
filtrate was used, even though the total F.'l units in the
mixed culture filtrate were roughly half that of C-30 culture

filtrate” PP/Zi test for saccharifying activity is not as

1°D
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TMBLE 30; COMPARISON OP REDUCING SUCx/.RS PROIUCTIOH BY S. ROLFSII
/.ND T. REESPI C-30 CULTURE PILTR.VTES"

SulDstrate CP Reducing sugars 7 Sacchari-  Utili-
mg/ail fication zaticn
157 12 h 24 h 4e:.h 12 h 24 h 48 h o

/ivicel P_H. 101 C-307 37 43 60 22 29 36 40
uv-S 35 44 47 21 27 28 31
Parent 22 28 30 13 17 18 23

AT rice straw§ C-30 88 110 125 53 66 75 69
UV-S 81 101 103 49 61 62 60
Mixed 90 118 134 54 71 80 75
(C-30 +
Uv-3)

."T bagasse*” UV-S 60 85 96 36 51 58 53
Mixed 75 97 110 45 53 66 63
(C-30 +
UvV-S)

0.75 g substrate + 0.25 ml 1 M citratG buffer, pH 4.5 + 3.8
CP + 0.05 ml merthiolate (0.m) + water to 5 ge

~T. reesei C-30 lyophilized powder (27.1 mg/ml) was diss"OIVG(
in 0.05 M citrate buffer, pH 4.5. Cellulasc and beta-
glucosidasG activities determined as described previously
(169,315).

</.lkali treated, 2 N NaOH, 40 h, 30"C.

*AIn case of mixed CF, 1.9 ml of C-30 + 1.9 ml of UV-S CP, were
used.

CP = Culture filtrate.
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accurate as one would like (34-0). A~"ipparently, the enzyme
(e”oglucanase ?)/factor rGg_uired for cellulose hydrolysis,
in addition to 0-ICase, 1is present at a saturating- concentration

301fs11 and the increased rate ohserved could be due to
the higher CTCase and tcta-glucosi®lase present in the mixed
culture filtrates,. Further studies using mixed culture
filtrates from different organisms ax'c necessary to clarify
this anomalous observation.
Products of hydrolysis

The concentration of glucose, cellobiose, a sum of the
two, and total reducing sugars produced during hydrolysirj from
different cellulosic materials up to 48 h by S. rolfsii UV-8
culture filtrate are given in Table 31. Paper chromtograms
showed the presence of only glucose and cellobiose from j"lvicel
P.H. 101; and f?lucose, ccllobiose, xylose and tvjo other
unidentified sugars from AT rice straw and -T ba.gasse (Fig. 19).
The following are the characteristic features of hydrolysis.
As with the Jparent S .. rolfsii culture filtrate, cellobiose
accum.ulated initially but it fell to a,Inost negligible levels
in the later stages of hydrolysis.. G-lucase was detectable
during the first h and continued toincrease throughout, /“fter
4 h of incubation, the major amount of increase in reducing
sugar from all cellulosics tested could be accounted for qs
glucose, suggesting the formation of higher oligosaccharidce -
cellodextrins in the early stages of hydrolysis. .U the end
of 24 h glucose was the principal product and accounted for
90 to 96" of the total reducing sugar3 £rom. ...victl P.H. 101

whereas cellobiose was only 0.5 to 1,0r. This pattern was more



1\2

CN
»C eo

CN
o

oc
5

cc

N g
con

co

a.

ilc CO

s

= CO

go

2> OCN

£

6o o
8o 6
5o So
A
o (=}

JS

>
5

° o«
o o %
-85 o865
o M 0.3
. —

—

o8

8o

o8

CN
q
1

&



FIG,

19s

Paper chromatograms of the hydrolysis products 'by

mite S. rolfsii UY-8 nutant culture filtrate (a) lvicel
P.H. 101, (h) AT bagasse, (c) NI rice straw.
Hydrolysis was carried out by incubating 1 g
substrate + 0,5 31 1 M citrate buffer, pH 4.5 + 7.5 tl
culture filtrate + 0,1 ml nerthiolate (0.1%) + water

tr. 10 g. . N
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or less similar for all cellulose substrates used although the
total amounts varied. The generalization is that oollobiose
conversion into glucose exceeded its rate of production and
iIts concentration declined. The difference in the values
"between the total "DNS" reducing sugars and sum of the glucose
and cellobiosc could be due to the undetermined higher oligomers,
pentoses, and also due to different sensitivitjr of the assay
procedures used for the estimation of glucose, cellobiose andr
total reducing sugars.
Conclusions and suggestions

Erom the view point of practical saccharification the
focus of cellulase studies has been towarcis obtaining higher
efficiency of saccharification of lignocellulosics. To this
end, an International conparative standard assay has been
suggested by the Commission on Biotechnology, International
Union of Pure and .Applied Biochemistry (240). The method that
has been adopted by most of the investigators 1is that of Reese
and Mandels (270), Filter Paper assay and 1is the rccogniscd -
comparative assay, L change of a single pararaeter, e.g. amount
of substrate.:., results in Inan-operational® response in relation
to enzyme activity. It has, therefore, been suggested by the
Commission that no modification of the Mandels IT assay should
be entertained, if comparative data are to be obtained. The
comments are nade on the recommendations;

PP/ gives a measure of the whole cellulase complex for
the hydrolysis of native crj~stalline cellulose, and indircctly
of cellobiohydrolase which in general has been found limiting

in the organisms studied and reported so far in the literature.

I-t".
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Endoglucanases and/or ccllobiohydroln.sc is considered to
initiate attack on crystalline native cell“ulopGi The ultimate
end product of pure cellobiohydrolase action is celloloiose and
that 'by pure ondoglucanases arc cellobiose aiid small anounts of
hi]!Thcr cellodextrins and glucose. In the case of ccllulosic
materials which have already undergone a pretreatment, the
amount of cellohiohydrolase may not he very critical as in that
case the hydrolysis of the pretreated cellulosics could be
carried out hy endoglucanases and heta-glucosidases. The
presence of cellohiohydrolase may aid the production of
cellohiose from cellulosic material hut should not he that
critical particularly in cases where endogluca.nases are present
in very high amounts such as in the case of our culture
g ~oli il UV-8 mutant. There arc other cultures known which
do not show any CBH activity but c.an still carry out the
hydrolysis of crystalline cellulosc (27). In these cases,
I wonder whether high amounts of CBH, that 1is v;hen the culture
secretes high amounts of ondoglucanases, would still he
critical for hydrolysis of pretreated ccllulosic materials.
The question 1is whether for sacch-~rification of prctreated
lignocellulosics, culture which secrctes high amounts of endo-
gluoanases activity hut somewh-"t low FP.., would be better than
the one which secretes slightly higher Fxi but m.uch le-"s endo-
glucanase. Prom the comparative data of T. recsci C-30 and
Uv-8 S. rol fs it (Table 30), we do not find much difference in
the rate and extent of hydrolysis of AT bagasse and rice
straw. Therefore, 1f we go entirely by only values, it

may give an erroneous idea.
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INTRODUCTIOINT
It has been suggested that sugar production hy enz3mniatic
degradation of cellulose can be one of the major practical
processes of utilization of agricultural residues. For
practical enzjmiatic corimercial process, stability to the
enzyme becomes a factor of increasing importance, particularly
when enzyme cost is the major cost centre in the economics of
the process. These enzymes may be sufficiently stable for the
growth of the orgsinism, but these may not withstand the
conditions which we emploj® for saccharification, e.g. high
BUbstrate and product concentrations, high temperature, long
incubation time, non-sterile environment, the presence of foreign
materials and shear resulting from vigorous agitation, Cellulase
preparations used for saccharification are not purified, and
as a result many contain materials that could contribute to
inactivation. These include proteases which are often involved
in the degradation of useful enzymes (349). -Additives that
have been useful in stabilizing enzymes fall into several
catagoriess (1) Metals, especially (i1) Proteins, e.g.
stabilization of the proteases in solution for periods upto
25 days can be achieved by the addition of casein and soya
protein (349), (iii) -TBiocides, to prevent inactivation by
contaminatingZmicroorganisms, (iv) Substrate or products of
desired enzyme, and (v) Enzyme modification, e.g. immobilization,
iIT the substrate is soluble; chemicail modifications, if the
substrate 1is insoluble
This Chapter describes work carried out on factors

affecting the stability of the crude Tellulase® enzymes of
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S. rolfsii under conditions that are used in enzymatic hydrolysis
process,
RESULTS /iTO SrSCUSSION
Stalpility of cellulase and xylanase components

Jill stability experiments v/ere carried nn-ier the conditions
contemplated for the saccharification (50=C, pH 4.5) of
. cellulose. Effects on different enzjnnes of the cellulase
complex and xj*lanase in the culture filtrate were examined. It
was found (Pig. 20) that all the cellulase components and
xylanase of S. rolfsii UV-H mutant culture filtrate wore
inactivated; specifically xylanase and .Avicelase showed greater
instability as compared to other cellulase components.

This led to an evaluation of the incubation conditions, and
it was found that the nerthiolatc used as a preservative
Was responsible for much of the adverse effects (Fig. 21).
1igain, greater instability was observed in the case of xylanase
at 50=C, pH 4.8 with increase of merthiolate. The same
merthiolate concentration had no effect on enzj™mes stored in
the deep freeze at -15=C for 2 - 3 years (Table 32) and 1in the
refrigerator for a number of days. It seems that at 50 <C, the
conformation of the affected enzjnne ma.y be changed 1in such
a way as to make 1t more susceptible to merthiolate (350),
The effect of other mercury compounds (Table 33) was also
studied by incuteting the culture filtrate with these compounds
at room temperature for 15 min, and the activities assayed
were compared with the culture filtrate incubated simultaneously
without any additives. Other mercury compounds resemble

merthiolate in action. The presence of a nunber of disulfide



FIGIO STABIUTY OF CELLULASE COMPONENTS OF S. KOLFSII
UV 8 MUTANTCWLTUIIE nniniTe.eN7YME WAS MCUeATEO

AT PH 4-5, »0*C/INTHE PRESENCE OF OOHI UICRTHtOLATE
FOR TIMES SHOWN -RND THEN ASSAYED.



MERTHIOLATE mf/mi (50<C, pH 4-a>

FIG.ai. EFFECT OF MERTMOLATE ON STABILITY OF CCLLULASE,
XYLANASE AND /» —GLUCOSIDASE OF S.ROLFSII UV-« MUTANT
CULTURE FILTRATE. (dAdERTHIOLATE WAS ADDED TO ENZYME AND

»NCUBATED AT SO*C. pH 4 8, IM ., THE SAMPLE WAS DILUTED
Ocrmoc aeo r\a. r-



TABLE_32;

OE

STABILITY OF CELLULaSE«

S.
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XTLIMUISE ii:MD BETIi~*-GLUCGSIBISE

ROLESII UV-8 MTIUTT CULTURE EILTR.ATE 111 PRESENCE

OF 0.01™ MERTHIOL.TE

Incubation
temperature

-15=C (Deep
freeze)

3<C <

(Refrigerator)

50 <0

d
%

= day.
HA

io Retention /;ctivities of

1d 2d 7d 1d 2d 7 1d

100 100 100 100 100 100 100

loo 100 95 100 100 94 100

30-40 25-35 15-25 10-12 S-10 5 35

2d 7d

100 100
100 95
30 20
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T/.BLE 33; 111”CTlv;.TIOINT OF CELLULjJ"SE. XYlu;N;.SE. BET.”-GLUCOSID:1SE
OE S. ROLFS11 UV-8 MUTHiINT CUITURE FILTR/.TE

Compound Concentra- Inactivation after inculDation at
tion room temperature for 15 min
io loss
ivicelase CMCase Xylanase fceta-
QGluco-
sidase
£-Chloro 10"~ M 63 47 55 14
mercury
benzoate 1042 M 37 34 33 6
HgCl2 10" M 63 50 90 23
10"~ M 43 33 79 11
Merthiolate 0.iffa 50 35 52 30
0.01f« 12 S 20 12
Mercaptoethanol o.r/o 63 15 60 17
0.0Ifo 31 10 35 8
Dithio- 1 mg/ml 58 - 15
threitol > 4
0.5 mg/ml 28 4.6 23 5
Na azlde 0.1n 50 33 36 33
0.017 14 31 14 17
Tween-80 0,r/0 51 15 34 11

0.017& 20 1 14 3
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linkages in these enzymes may explain the effect (351).

The sensitivity of cellulase components to heat and to
merthiolate, lead to an investigation of a means of improving
the stability, and to a search for a hiocide effective iIn
preventing contamination of the hydrolysis mixtures without
impairing the action of the enzymes. |If the saccharification is
done batchwise for 24-/48 h at 50 <C, addition of a hiocide may
be unnecessary. But in anticipation of a continuous process,
in order to avoid contamination with thermophilce, we have
examined potential biocides for their effects on cellulolytic
enzymes (Table 33). We found tha,t iWicelase and xylanase are
much more sensitive to these compounds than CMCase or beta-
glucosidase. The data obtained indicate that most of the
biocides 1inactivate /ivicelase and xylanase at concentrations
required for prevention of microbial growth.

The difference 1in susceptibility between .Avicelase and
CMCase on addition of biocide is shown in Table 33. Compounds
like HgClg, £-chloromercury benzoate, merthiolate show the
greatest differences between the two enzymes, These are the
agents that react with the -SH or -NH2 protein groups. The
results of inactivation of xylanase with these compounds may
reflect i1ts different nature from CMCase.

A series of antibiotics was also tested for their effect
on iWicelase, CMCase, xylanase and beta-glucosidase (Table 34)»
Of the antibiotics tested at concentrations required for
preventing the growth of the organisms, tetracycline,
chloramphenicol and streptomycin sulfate were found suitable

as additive in cellulose hydrolysis system, while the addition



TAB1E_34; EFFECT OF 1IDDITION OF /.MIBIOTICS OF THE STilBILITY
OF CELLUIuZSE 1"N\D BET/i-GLUCOSID/ASE OF S. ROLFSII UV-8

MUT .ANT
Biocide Concen- io Residual /iCtivity
tration
Cellulase Xylanase Weta-Glucosidase

mg/ | 1S h 48 h 13 11 43 h 18 h 48 h

Tetracycline 2 100 100 100 85 100 100
5 100 95 100 80 100 100

50 88 80 90 75 100 100

Chloramphenicol 2 100 100 100 85 100 100
5 100 96 100 80 100 90

50 86 80 92 80 96 90

Streptomycin 2 100 100 100 95 100 98

sulfate

5 100 93 100 92 100 99

50 88 82 )92 90 88 85

Penicillin G 2 100 100 100 72 100 88
5 ° 100 97 90 70 100 85

50 89 83 87 70 90 80

Merthiolate 100 84 80 20 10 86 82
1000 60 50 15 8 65 60

io residual activity was calcinated for each enzyme by taking

culture filtrate incubated without biocide as the control.
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of Penicillin G, showed greater imcti-vation of xjaanase.
Effect of shaking on enzyme stabilitY during saccharificatipn
The cellulose hydrolysis "oy UV-8 S, rolfsii culture filtrate

was studied for 48 h at 50=C to see the effect of shaking on
the efficiency of saccharification of ricc straw, AT bagasse,
Solka Floe SW40 and Tlvicel P.H. 101 (Table 35). The ccllulases

&m rolfsii UV-8 mutant are not affected "by shaking of
saccharification flasks. Under shaken conditions more of the
enzyme remained acti-ve than under unshaken conditions, ji 10 -
12~ increases 1in saccharification was observed because of shaking
during saccharification.

Effect of C02 and (i.e. absence of oxygen) atmosphere on

sac charification

A carbondioxide and nitrogen atmosphere wore used to replace
air in hydrolysis flasks in view of Eriksson 3 claim (212)
that an oxidative mechanism is involved in cellulose digestion
by S. pulverulentum. Nitrogen atmosphere had no effect on
the hydrolysis rate, under shaken or unshaken conditions as
oonpared®"to when the saccharification was carried out in air
on the other hand, 00" did have a favourable effect in shaken
and unshaken flasks showing 5 ~ 10" increase 1in saccharification
(Table 35). The use of a C02 atmosphere may be useful in
preservation of the enzymes for greater digestion of cellulose
(350).

The optimum hydrolysis of AT rice straw, AT bagasse,
Solka Ploc SW40 and iWicel P.H. 101 was observed when S. rolfsii
UV-S enzyme was used under shaken conditions at pH 4.5, 50@C

in GOg atmosphere, but Reese and Mandels (350) reported that



T/iBLE 35;

EFEECT OF SH/”KING ON ENZYHIM.TIC HYIROLYSIS OF CELLULOSE

BY S. ROLFSII

Shaking /itmo-

Without
shaking

With
shaking

sphere

Air

€02

N2

Air

COg

Ng

Substrate 15"

AT rice straw
I\ BFagasse
Solka Floe S™AO
Avicel P.H. 101
AT rice straw
AT bagasse
Solka Floe SW40
iWicel P.H* 101
AT rice straw
/1T bagasse
Solka Floe SW40
-vicel P.H. 101
AT rice straw
1T bagasse
Solka Floe SW40
ilvicel P.H. 101
AT rice straw
IiT bagasse
Solka Floe SW40
ilvicel P.H. 101
/iT rice straw
IJT bagasse
Solka Floe SW40
iivicel P.H. 101

UV-8 mTiiNT

Reducing sugar

12 h

71
56
39
31
74
66
44
33
71
57
39
31
70
64
40
34
SO
63
55
33
71
64
41
34

mg/ml

24 h 4Q h
39 91
76 77
44 47
38 41
99 100
S3 85
53 55
37 40
88 92
76 78
44 47
39 39
96 98
S3 84
53 57
43 47
103 105
90 91
66 63
41 43
97 99
84 35
54 58
44 50
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io Saccharification

12
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33.
23.
18.
44.
39.
26.
19.
42 .
34.
23.
13.
42
33,4
24

20.4
48

40.3
33

19.3
42.6
33.4
24.6

20.4

o ~ OO0 O &~ O

o

[o2 N~ N \V)

h

24 h

53.
45.
26.
22.
59.
49.
21.
22.
52.
45.
26.
23.
Sy
49.
31.
23.
61.

54

39.
24.
53.
50.
32.

27
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N

43

N
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40.8
25.8
59.4
51
34.8
30



the optimum hydrolysis of iivicel with T. recsei C-30 enzyme
(with added Bota-glucosidasc) was under unshaken conditions
at pH 5.0, 50<C in air.

-"ill these problems such as the effect of preservatives,
atmosphere 1in saccharification vessels, shaking, should he
considered 1in evaluation of the mutant. It may be possible
to carry out the cellulose hydrolysis at"higher temperatures
and thus speed up the process if the enzjnne stability to
temperature can be increased. The high cellobiase and
Kylanase production by S. rolfsiiUV-8 mutant in submerged
culture may also be responsible for high cellulose hydrolj”~sis

(61,315,333).

I3






b

INTROIUGTION

Due to concern about the increasing cost and availability
of petroleum and natural gas, interest is increasing in
processes wiiich make use of renewable resources, such as plant
biomass, for the generation of liquid fuels and chemical feed
stocks. The energy content of biomass can be utilized most
simply by direct burning. It is also possible to convert
biomass to higher value gaseous and liquid fuels and chemicals
by thermochemical and biological means (352). Thermochemical
processes usually produce complex mix"fcures of products and
require high temperatures and pressures. In contrast,
fermentative bioconversion processes operate at lower
temperatures (ca. 25 - 60<C) and at atmospheric pressure and
produce only a very few major products, A good yeast
fermentation converts one mole of glucose (100 gms containing
675 kcal of heat of combustion) to 1.3 moles of ethanol (83 gms
containing 540 kcal of heat of combustion). This represents
about 87fo yield of the energy available in the original
glucose molecule, and a 54a~reduction for weight.

For producirg ethanol from plant biomss, enzjnnatic
saccharification of cellulose to glucose and subsequent
fermentation to ethanol by yeast (353-355) lias been intensively
studied. The conversion cost estimates, based on "Tilke's
process for producing ethanol from newsprint and "wheat straw,
indicate that the economics of those processes are not promising
(38,62), It is estimated that the production cost of cellulase
is approximately 3/kg cellulase protein having a specific

activity of 0,6 IU/rag protein; this could be lowered to
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Humphrey and Nolan (10) have reported that the
estimated costs of an enzymatic hydrolysis process based
on the Gulf process and using a feedstock consisting of
a mixture of saw dust, pulp .:ill wastes and municipal
solid waste indicates that a plant constructed for
25 X 10® gal/y of ethanol would require a capital of about
4 69 X 10® and the estimated selling price of ethanol
would be about 1.75/gal without taking tthe by-product

credits which may be as much as 35 cents/gallon.



N 1.5/kg depending on the carbon source used (376). More

recent cost analysis shows that the production cost of glucose
from cellulose by enzymatic hydrolysis is about $ 0.15/kg

crude glucose syrup, and ”~ 1.4-5/gallon 95" ethanol based on the
current cellulase process technology without taking any bjr-
product credits (24)”~ The improvement in cellulase productivity
to a level of 150 - 200 IU/I/h and an increase in the utilization
efficiency of cellulase for cellulose hydrolysis to a level

of about 60 - SO* from the current level of 15 would make the
cellulase technology very attractive and competative with

other alternate technologies applicable to production of
renewable carbon and energy resources (376). The considerable
current interest in ethanol as a potential liquid fuel or fuel
supplement has stimulated several kinds of research on

improving this traditional fermentation process. Por example,
different techniques for improving productivity have been
evaluated, Including continuous culture with cell recycle (47, <
356,357) and continuous vacuum fermentation (356-359). -nother
line of research has involved exam.ination of different strains
of the yeasts. S. cerevisiae and Sstccharomyces uvarum chosen
for such characteristics as their ability 20 ferment rapidly,

to tolerate relatively high ethanol concentrations (upto 120 g/I,
in batch culture), and to flocculate readily. Ethanol
concentration is important with regard to distillation costs,
Vi/hereas flocculation facilitates cell recyclc. Still another
line of research that Is being pWSucd actively in the uso of
bacteria, Zymomonas mobills for conversion of glucose to ethanol

(375). Significantly high specific rates (2-3 times faster



than yeasts) of glucose uptake and ethanol production than
those reported for yeasts have been reported (360-)-, Cultures
of Zymomonas have teen reported \"hich give yields of 1.3 - 1.9
moles of ethanol per mole of glucose under anacrotic conditions
(361). Higher productivities (upto 120 g/1/h) 1in continuous
fermentations with cell recycle (maximum reported values for
yeast are 30 - 40 g/1/h) have been reported (362), Higher
ethanol production than yeasts 1is due to its different
carbohydrate metabolism. Zymomonas grows anaerobically and does
not require the controlled addition of oxygen to maintain
viability at high cell concentrations. Furthermore, genetic
manipulation is simpler with bacteria than \\'h. yeasts, such as
broadening the range of substrates utilization, selccti =h of
ettenol tolerant strains (363). Mutants of Z. mobilis have
been obtained which are capable of fermentation in the
temperature ronge of 40 - 45 <T (364).

Pentose sugars represent a significant fraction of the
total fermentable carbohydrate content of biomass, 1 number
of biochemical pathways are known for the conversion of pentose
to ethanol ond other neutral products. D-x.ylulose, an
intermedi™” te of D-xylose catabolism wo.s observed to be
fermentable to ethanol and carbondioxide in a yield greater
than 30fo by yeasts like Candida utilis, Rhodotorula glutinis,
under fermentative conditions (365,366). In some yeasts,
xylitol, 1in addition to ethanol, vms produced from D-x;/lose.

The conversion of cellulose to ethanol requires the use
of two biosystems - one to degrade ccllulose to glucose and

the other to convert glucose to ethcanol (21). The beta-

Ir,«



glucosidi.se enzyme, which c”.talyzes the hydrolysis of

cellotiose to pliiccse (the final step in ccllulose hydrolysis)
Is sensiti-ve to end-product inhibition (222,321 ,334,36M). In

a coupled saccharification/ferment ation (CSF) for the production
of ethanol from CGllulose, the glucose concentration renains
very low. It would therefore help in alleviating the problem

of end product inhibition, and thus maintaining the reaction

at a faster rate for a longer peri-~d of time.

An attempt for the direct fermentation of cellulosic
materials to ethanol has been made with a thermophilic
anaerobic bacterium Clostridium thermocellun which can hydrolyze
and ferment cellulose to ethanol (41 ,368,369), in combination
with a thermophilic pentose fermenting anaerobic, CI.
thermosaccharolyticum. This m,ixed culture has been shown to
ferment both Solka Floe and corn stover to a mixture of
ethanol, acetic acid and lactic acid (370). Gong 7 @7™>)
have reported a fungus, Honilia sp., which can convert
cellulosic materials to ethanol.

Screening for microorganisms which can convert cellulose
to ethanol, 1.e., those produce cellulase and also ferment
glucose to ethanol are being carried out. 'tore recently,
attempts have been made to clone the cellulase encoding frenes
into E. coll HS101 via the plasmid PBR 322y* In this, total
genomic DNA from T. reesel QM6a and the PBR 322 vector were

separately restricted with Hind Ill endonuclease, ligated with

If)7

DM 1ligase and used to transform competent E. coli HB101 cells.

Of the number of transformants, selected on the basis of

antibiotic resistants, approximately Yo demonstrated the
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phenotypic characteristics and atout 57° of(ﬁn%gafggntained
inserted fragments ranging from 1.3 - 5.0 Kb™in size. One
transformant exhibited the newly acquired ability to utilize
cellobiose as the sole carbon source. The sequential cloning
of genes encoding the cellulolytic emwrii.cs and their
transformation in fermentative yeast, will hopefully lead to
the direct industrial conversion of ccllulose to ethanol (370).

In our studies, the conversion of cellulose to ethanol
in two stages 1i.e. saccharification of cellulose to glucose

g UV-S mutant culture filtrate followed by

fermentation of glucose to ethanol by yeast or Z. mobilis,
was carried out. The feasibility of coupling the enzj”atic
saccharification of cellulose with the yeast fermentation was
also investigated, and the data obtained by the two procedures
compared,
RESULTS ilTO DISCUSSION
Organism

Due to the complexity of the system, conditions optima,l
for yeast fermentation are not necessarily the sane as thcse
optimal for the saccharification. Therefore, identifying the
proper conditions to maximize the rate of reo.cticn presents a
problem, as for example, the optimum temperature range for
fenentation 1is 28 - 35<0, while that for saccharification by

rolfsii UV-S mutant culture filtrate is 45 - 50 <C.

Efficiency of the overall process could possibly be increased
by selection of the proper yeast strain, so that the optimum
temperatures for saccharification and fermentation more closely

coincide (20, 21). Keeping this 1in view, s-ne of the yeast
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strains, and a Z, mn"bilis strain v;ere screened for tlicir atility
to grow at 40<=C (Table 36).

It was not possible to carry out CSP with Z.giobilis as
the available strain could not grow at 40=C, Therefore, the
CSF was conducted using only yeast at cerevisiae
NCIM 3095 and mobilis strain produced higher anounts of
ethanol in two stage fermentation at 30=C than the other
strains examined, including S, cerevisiae JTCIM 307S and
C. tropicalis ITCIM 3110 which showed good growth at 40<=C and
higher thermostability than S. cerevisiae NII/I 3095 and

mo"bilis. C. tropicalis NCIM 3110, though showed good

growth at 40=C was less potent for ethanol production compared
to 307Q (Table 37). i1l the experimentations in GSP were,
therefore, carried out using NCIM 3073 at 40<=C, unless
otherwise mentioned.
Effect of factors which govern ethanol production
Size of yeast inoculum

The effect of yeast inoculum size on ethanol production was
tested over a range of 10 x 10" to 40 x 101 cells/ml. The seed
culture of S, cerevisiae NCIM 3078 used in this study was grown
as described in Materials and Methods, harvested, and
centrifuged at 2000 rpm for 15 min. The pellet was rcsuspended
after two washings with sterile 0,9 KH2?0" in approximately
one tenth of the original volume. The experimental flasks
were inoculated with increasing amounts of the 37-cast suspension,
the ethanol production was measured by alcohol dehydrogenase
method (239) after 96 h (Fig. 22). Increasing the initial yeast

cell concentration from 10 x lo"™ to 40 x 10" cells/ml raised



T/BLE 56s STUDY OF GROWTH OP DIPPEREITT STR.A11" OP YE-"iST iUID

Z. MOBILIS INT 40 <C. pH 4,5

Organism NCIM strain Growth cby a
No. turbidinetric method ~
Saccharomyces cerevisiae 3073 t+
3078 H-f+h
3090
3095
3107 -
3186 +
3203 +
3204
3205 -
3288 ++
3304 ++
3316 +
3313 +
3429 +
3441 -
S. cerevisiae var. 3213 ++

elllpsoideus
Candida tropicalis 3110 ++++
,Zyinomonas mobilis -
i!
T . No growth; + = Poor growth; ++ = Good growth;

++++ = luxuriant growth; [Incubation time 20 h.

"Biomass assay as described in Materials and Methods*

1GO

N



(a) Par the determIni”iHn"of ethanol produced from celluloslcs”
the fermented tooth (approx* 50 ml), obtained as described under
b or c, i1s diluted to 150 ml with waterand distilled* First
100 ml distillate was collected and ethijnol analyzed by AM method
(239),

(c) In CSP, both saccharification and fermentation are simultaneously
carried out, first at 40*0, for 24 hours. These flasks were then
incubated at 30*0 (optimum for ethanol production) for further

periods indicated under identical conditions as described in (b).
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T.ABLE 37; STUDY OF ALCQHOI PROHTCTION IN TWO ST/iGE COUPLED
S/aCCmRIFICE " 1TION/FERICELIT-~TION SYSTEM BY mi ST ¥TD

Z. MOBILIS
Organism Temp. io Ethanol $ Ethanol (wA;)® in CSP?
(w/v) in
two stage 48 h 72 h 96 h 120 h
fermentation
< 96

S. cerevisiae 40 and 30 2.3 2.5 2.7 3.5 3,6

I"TCIM 3078

S, cerevisiae 30 2.6 - -

gJM 3095

opicalis 40 and 30 2.0 2.4 2.6 3.1 3,3
a%an 3110
7V flio"bilis® 30 2.6 -

"The fermented broth (approx. 80 ml) is made to 150 ml with water

and distilled to 100 ml and further analyzed by 7\DH method.

N12 gms of iIT rice straw (inc-ubated with 2 N NaOH, 30<C, 48 h)
+ 4 ml 1.0 M Citrate buffer, pH 4.3 + 64 ml culture filtrate +
water to 80 gms. Incubated at 50<C for 48 h. Supernatant
after 48 h + 10 ml nutrients (yeast extract, 0.855""; MgSO0~.7H20,
0.01%; (NHM)2S0”N, 0.132">5 CaCl2.2H20, 0.006fo) are used for
fermentation for 96 h in case of yeast strain and 48 h in case

—e PoMilis strain.

<CSP is carried at 40 <C for first 24 h and then at 30 <C for
further periods indicated under identical conditions as

described in (b).



INITIAL YEAST CELL CO>iCENTRATION
( X 10~CdIt/ml )

FIGaa.EFFECT OF INITIAL CELL COfICENTRATION ON C$F
SHAKE FLASK EXPERIMENT AT 40*C FOR 24 hrt AND

AT 30»C FOR 72 hr», SUBSTRATE:!IIS®%ATRI?E'STRAW-
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the ethanol yiel(fis from .Vjo to 3.6~ (w/v).
Culture filtrate

S. rclfsll UV-8 mutant culture filtrate concentrations
ranging from 20 to SOF* (v/w) vTerc used to stijdy their effect
on the production of etboanol. Increasing the aacunt of
culture filtrate resulted 1in increased yields of ethanol from
1.5 to 3.67 as determined by i1.DH method (239). The
increase was not linear, however, indicating that the substrate
became limiting (Fig. 23).
Effect of ethanol concentration on cellulase activities

Since ethanol 1is the major product of yeast fomentation,
its effect upon cellulase activity was investigated. Different
concentrations of ethanol (upto 10”) were used to study the
inhibition of cellulase, xylanase and bcta-glocosidase
activities and saccharification. Ethanol concentrations stj ey
inhibited the production of reducing sugars in sacchaxification
of NiT rice straw. However, ethanol upt*™ 1B” concentration did
not a.ffect the F/j and CJICase but xyla,nase was strongly inhibited,
Beta-Glucosidase, though showed inhibition above 5" ethanol,
it showed enhancement in the activity with lesser ethanol
concentration (Fig. 24),
Effect of substrate concentration on coupled saccharification/
fernentation

Sacoharification/fermentations were carried out at various
concentrations of /T rice straw (/;T = 2 N NaOH at 30 <C for 48 h)
ranging from 3 to 159*. The use of increased substrate
concentration resulted in increased amounts of ethanol (Fig. 25).

iI\Ithough the total amount of ethanol produced increased, the
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FIG.23.ETHANOL PRODUCTION Vs%CULTURE FILTRATE (UV8)

EFFECT OF ENZYME CONCENTRATION ON CSF IN SHAKE FLASK
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of the theoretical.

The beta-glucosidase enzyme which catalyses the hydrolysis
of cellobiose to gl-ucose in the final step of saccharification
IS sensitive to end product inhibition (321,334,367). In CSP
the glucose concentration remains very laod. It would therefore
help in alleviating the problem of end product inhibition and
thus maintaining the reaction at a faster rate for a longer
period of time.

In our studies, in two stage process, 1.e., saccharification
followed by fermentation of AT rice straw, Z. mobilis strain
produced 2,6fo (w/v) ethanol in 48 h, while S. cerevisiae
NCIM 3095 strain produced the same amount of ethanol in 96 h,
under identical conditions. Temperature plays an important
part particularly where CSi® is contemplated (361) because the
optimum saccharification temperature is 45 - 50<C. Since the

Piohilis strain available in the NCIM could not grow at
40 <C, it was not possible for us to run GSP with Z. mobilis.
Therefore, a mutant of Z. mobilis which can grow at 40 - 45<C
would considerably help in lowering the cost of ethanol
production by reducing the overall saccharification/fermcntation
period. Such mutants in fact have already been reported (364).

Glucose or, cellobiose, except in the initial stages of
the process, was either not detected or was present in trace
amounts in the coupled system. Therefore, the rate-limiting
step appears to be the saccharification of cellulose to glucose.

Mso a wide range of vivo and  vitro techniques
developed for the genetic manipulation of bacteria can be

applied in broadening the range of substrates utilized by
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Zymomonas, and this would be a magor breakthrough in ethanol
production. In relation to this it is interesting to note that
the P group plasmids can be transferred by conjugation from
E. coli and Pseudomonas aeruginosa into se-veral Z. mobilis
strains (363).

Roychoudhury et al*. (374) have reported a yeast strain
Plchia etchellsli which can produce 32 g/l of ethanol from
140 g/1 initial cellulosic substrate concentration in a coupled
saccharification/fermentation system at 40 <C in a period
of 58 h, using T. reesei QM9414 culture filtrate for
saccharification. It would be possible to obtain even higher
ethanol concentrations in 24 " 60 h using Pichia etchellsii

Pobilis mutant which can grow at 40 - 45<C and S. rolfsii

UV-8 mutant culture filtrate in CSF,
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The endoxylanase from the culture filtrate of S. rolfsii

UV-8 mutant has "been purified by ammonium sulfate precipitation,
ion exchange chromatography (QEI"\E Sephadex A-50) and preparative

isoelectric focusing in sucrose density gradient. The purified

enzyme preparation gave a single protein band in SIB-gel
electrophoresis and in disc gel electrophoresis at pH 8.9 and
4-3» Isoelectric focusing in 7«5" polyacrylamide gel also
showed only one protein band. The enzyme has a molecular
weight of approximately 54,300 and is composed of one
polypeptide chain. The purified xylanase is free from ClTCase,
beta-glucosidase and beta-xylosidase activities.

The enzyme shows maximum activity on xylan (1,4-beta-
linked-D-xylopyranose units) at pH 4.5 and at 65<C, The Km
iIs 5.8 mg of larch xylan/ml. The molecular activity is 2,29 x
10M min \ assuming only one active site. The visco*"metric
and other studies reveal the non-arabinose-liberating
endomechanism of the purified xylanse from S, rolfsii UY-8

mutant.

iRt;



The terms **hemlcellulases™ or hemicellalose-degrading
enzymes refer to tnose enzymes (glyo.an hydrolase, 3,2.1)
that specifically degrade only hemicelluloses, and do not
include the glycosidases (e.g. alpha-L-arabinofuranosidase,
alpha- a-d beta-galactosidases, beta naanosidases, alpha-
and btta-D-xylosidases)5 vmich, in addition to their activity
on glycosides of low molecular viei:™ht, are also frequently

capable of hydrolyzing the short chain or monosaccharide
appendages from the main backbone chain of hemicelluloses.
Typical heiaicellulases, therefore, are tne D-xylanases,
L-arabinanases, D-galactanases and beta-mannanases (310),

For tne past several years intensive investigations have
been carried out to unravel the secrets of the enzymatic
hydrolysis of cellulose. More recently the enzymatic break-
down of lignin has attracted a lot of interest. Comparatively
neglected has been the enzymatic hydrolysis of the third ragjo]
component of cellulosic materials, hemicellulose. No break-
down of cellulosic inaterials is likely to be economically
feasible without incorporating a means to hydrolyze the
hemicelluloses that my comprise upto 30/~ of the total dry
weight. Tilis searcn has gained nev; Qmphasis with the sudden
interest in xylitol. Xylitol has been finding increasing use
in chewing gum. A better metliod for the production of xylose
could significantly reduce both its cost and that of xylitol.

The cellulose of lignocellulosics Is not effectively
hydrolyzed by cellulases owing to restricted availability

of the cellulosic surface which have been implicated to be



cross-linked with hemicellulose. P .treatment fey purified
wentii xylanase has been reported to create cellulosic

surfaces more accessible which are then more effectively

acted upon by T, reesel exo- and endo-glucanases. This results

in enhanced rates of production of reducing sugars (333), The ;

mode of action of heraicellulases towards hemicelluloses of

different origins and their participation with cellulases in

the overall degradation of cellulosic material needs detailed

study. Perhaps, an understanding of the entire complex

process of cellulose, hemicellulose and lignin degradation will

give a much better insight as to how these should be most

effectively utilized.

Xylanase ((1--" 4)-beta-D-xylanase) is an important Ty
hydrolytic enzyme which hydrolyzes (1--$ 4)-beta-D-xylopyranosyl
linkages of the D-xylans, namely, arabinoxylan, arabinoglucuro-
noxylan, arab4.no-4rO-methyl-D-glucuronoxylan, and glucuronoxylan.
D-Xylanases of this type have been assigned the Enzyme
Commission numbers £C 3.2.1,3 for (1--~ 4)-beta-D-xylan xylano
hydrolase, end(>-xylanase and BiC 3.2.1,37 for (I-:5 4)-beta-
D-xylan xylohydrolase, exo-xylanase, respectively.

D-~ylanasea have been reported to occur in bacteria from
marine and terrestrial environments, yeasts, fungi, rumen
bacteria and protozoa, insects, snails, marine algae and
germinating seeds Qf terrestrial plants (310). Most of the
bacteria, yeast ama! fungi produce D-xylanases that are
secreted extracellularly. However, soiae microorganisms like
rumen bacteria (377-380), Sporocytophaga myjcococcoides (381)

and A. ni”er (382) al$o produce D-xylanases intracellularly.



There is a considerable controversy as to whether D-
xylanases of bacteria and fungi are produced inductively in
response to the carbon source on which they are grown or
constitutively. Thus, Lyr (333-385)" using several species of
wood rotting fung?wgs Trametes versicolor, Collybia velutipes
Coniophora cerebella. A. niaer. Chaetomium globasum. Fomes
ieiarus. demonstrated that D-xylanase was always produced
extracellularly no matter what polymer (e.g. cellulose, D-xylan,
D-mannan or pectin) was used as the carbon source. Stevens
and Payne (335a) reported that the yeast Trichosporon produced
xylanase activities upto 8 times higher than its cellulase
activities when grown in the ball-milled filter paper medium.
Eriksson and his associates (325, 386) found that D-xylanase
was produced by Stereum sanauinolentum (325) and Chrvsosporium
lignorum (336) when a cellulose preparation free from D-xylan
was usfed as the sole carbon source. Other carbon sources that
have been reported to produce constitutive D-xylanase from
fungi include glycerol and glucose in the case of Mvrothecium
verrucaria (387, 434), sophorose for T. viride (388), D-xylose
for Diplodia viticola (389), dextrin for Termltomvces clvpeatus
(390). However, the presence of a D-xylan in the mycelium of
J8 sanauinolentum suggests that the formation of D-xylanase
by this organism, when grov;n on cellulose, may be self-inducedj
that 1is, D-xylanase is induced for the lysis of the old cell-
wall material, which then supplies the organism with an
endogenous supply of energy (391). The production of
D-xylanase activity by certain microorganisms during growth on

cellulose may be due to the multisubstrate activity of the



cellulases. Several other workers have also reported ~.379,
392-394) that xylaiiases vere induced when fungi were grown on
media containing D-xylan as tne carbon source. Formation of
endo-1,4-beta-»xylanase in the yeast (Jryptoeoccus albldus has
been shown to be a good example of inducible synthesis of an
extracellular enzyme (394a). The enzyme 1is produced in high
amount only during growth of cells; on xylan. Xylobiose was
considered to be the natural inducer of xylanase as it was not
hydrolyzed extracellularly. Xylobiose was effective as an -
inducer at low concentrations and constant availability to -
cells. The induction of beta-xylanase could also be achieved
by non-utilizable methyl beta-D-xylopyranoside (394a).

Bacterial D-xylanases appear to be usually inducible
(392, 395) but they have also been shown to be produced
constitutively (381, 396)*

Not much is kno”m about the mechanisms involved in the
break i1.om of xylan mainly because many xylanases take part
in a synergistic relationship (396a) and few xylanases have
been purified to homogeneity (396b). The xylanase complex
from Aspergillus has been studied in some detail to determine
the roles of most of its raembers. 1)ndo-D-xylanases and beta-
D-xylosidases (beta-D-xyloside xylohydrolase) have been
characterized and have been shown to be involved in xylan
hydrolysis. Beta-D-Xylosidase hydrolyzes beta-(l1-'7 4) bonds
at the nonreducing termini of xylooligosaccharides and
cleaves beta-(I-~ 4) xylopyranosides. mBeta-D-Xylosidase has
been immobilized (396c, 396d). High efficiencies and

stabilities were obtained when beta-D-xylosidase was linked "~"mm



to alumina with TiCI® and to alkylamine silica with
glutaraldehyde (396c).
D-xylanases having action pattern of the exo-type have
been claimed to be produced extracellularly by A. batatae
(397), higer (399), A. foetidus (398) and G. cerebella
(400) >)ut these are not homogeneous. Kone of the X3 Tlanases
wxiose major product is dimer attacking the chain from the
nonreducing end (such as by beta-amylase and cellobiohydrolase
in similar hydrolase families) has been unequivocally identified
to date, Frederick et g,. (396b) reported the purification of
a xylanase from a. miiler to homogeneity (400a, b, 417) and
labeled it as a xylobiohydrolase (400 b) on the basis that its
main xylan hydrolysis products were xylobiose and xylotriose.
However, more recently Frederick et (396 b) characterized
this enzyme as endoxylanase as demonstrated by its extremely
rapid production of xylooligosaccharides from soluble xylan.
The enzyme hydrolyzed over 75%a af the soluble xylan to
molecules of six saccharide units or less which were eventualljj;
hydrolyzed to xylobiose and xylose. The enzyme hydrolyzed -
xylotriose slowly to xylose and xylobiose and xylotetraose
rapidly to xylobiose, with smaller amounts of xylotriose
and xylose. Xylobiose v;as comDletely resistant. "
The anomeric configuration of the products was inverted
in contrast to the behaviour of most other carbohydrases that
initially produce mixtures of oligosaccharides. This
property where configuration of the products 1is inverted is
more ooiiiriionly ascribed to exohydrolases (400. c)» Claims

of exo-action properties, therefore, must be interpreted with



caution (310). Some investigators consider that since xylans
are highly branched, there is no need for xylanases of the
exo-type as their action will be impeded when their action on
xylans encounters a branch point or substituent sugar (400 d).

Most of the fimgi are the common source of endo-1,4-beta-
D-xylanases and enzyme preparations from them have been more
extensively studied than tiiose from any other genera. Various
endoxylanases have been isolated from strains of Aspergillus m
(396 bj 400 e, f, 404, 424), Tric”oderma (339a, 400 g, h),
Itnameiss (400 1, J), Schl”ojahydJjija (409), I"jEOiayces (396 a).
Hong and Han (400 k) reported xylanase production by Pleurotus
ostreatus in rice straw iiiedian. Increased xylanase production
was observed by incorporating xylan in the medium in the case
of Streotomvces flavoeriseus (400 1) . Loginova et ,g.- (400 m)
reported an enzyme preparation, designated as Tselloterrin,
containing xylanase from thermotolerant fungus A*, terreus 17 P.
Other potent xylanase producers reported are i PQf.ia olacenta
(400 n)5 Polvporus circinatus (400 o), Tharmomonospora (400 p),
A. .or"zae (400 @) , Fusaxiutt avGnace”™ (412 a), and

..sph.ies (400 r).

The endo D-xylanases can bs divided into two groups,
namely, (1) those that liberate L-arabinose from arabinoxylans
and arabinoglucuronoxylans, e.g. xylanase of a . terreus 17 P
(401) (i.e. the arabinose-liberating xylanases), and (2) those
that do not liberate L-arabinose from these subst ites (i.e.
non-arabinose-liberating xylanases). Both groups are also

capable of degrading glucuronoxylans and D-xylaiis (310) .



i>.rablnose- flb6ratl,,ny, endo-D-xylanases

D*Ni/lanases are glycan hydrolases capable of hydrolyzing
(1-~ 4)-beta-xylopyranosyl linkages of the hemicellulose, D-
xylan. However, several D-xylanases, isolated from ~"garicus
bisp.orus |, .tlis.er, Ceratocystis p.arbdQXa and D, villcola
have also been saovm to be capable of hydrolyzing the (I--* 3)
alpha-L-arabinofuranosyl branch points of arabinoxylans (402).
The crude, enzyme preparation from D. viticola (339) was
capable of liberating L-arabinose from corn cob and grape
arabinoxylans, but when purified, degraded D-xjilans to xylo-
dextrins of d.p, 2 to 5, yielding no arabinose. It appears,
therefore, that the crude enzyme preparation contains either
two different D-xylanases, one of which is capable of
hydrolyzing the arabinose substituent, or a D-xylanase and an
alpha-L-sarabinofuranosidase (or an arabinanase) (403).

Conrad (4J0 e) studied the time course enzymatic
saccharification of arabinoxylan by the xylanolytic system of
I* niger 110.42. In first 10 min at 40= 0 only higher
xylooligosaccharides were observed, and in 4 h higher amounts
of xylobiose, D-xylose and L-arabinose v/ere detected. At the
end of 24 h incubation period, D-xylose and L-arabinose
accounted for 35/0 and 9/0, respectively. The occurrence of
L-arabinose in the hydrolyzate was interpreted to suggest
the possible presence of 1,3-alpha-L-arabinosidase or a
specific xylanase which can attack the 1,3-alpha-arabino-
faranosidic linkage of the substrate. The D~xylanase system

of (382) y/as found to consist of two different

D-xylanases (1 and I1l1). D-~ylanase 1 degraded arabinoxylan

(rice straw) to D-xylose, L-arabinose, and a mixture of



xylodextrins. Xylobiose and xylotrlose were not attacked,
but the arabino-xylotriose was hydrolyzed to L-arabinose

and xylotrlose. Botii D-xylanases always liberated L-arabinose
from the degradation of arabinoxylan. 4;. ni”j: van Tieghem
(-:2) produced three D-xylanases, I, Il and 111, two of

which (Il end Ill; degraded rice straw arabinoxylan to
D-xylose, L-arabinose, and a mixture of arabinoxylo- and
xylooligosaccharides. Five different xylanases and a beta-D-
xylosidase were purified from Jilggjr culture broth to
homogeneity by John .e® al,. (404~. The xylanases have
molecular "fcihgts in the range 31,000 to 50,000, and the
xylosidase ..-s a molecular weight: of 73,000, Characteristic
action patter-n v/ith each of the purified xylanases with xylan
and other properties revealed that the Tive xylanases were
different enzymes. The action of all purified xylanases on
xylan produced series of oligosaccharides, indicating that
they act by an endomechanism. The enzymes degraded
arabinoxylan producing L-arabinose, D-xylose and xylobiose,
and a mix“cure of branched arabino-xylose and D-xylose
oligosaccharides, i-.ll zylanasas seemed to be capable of
liberating L-arabinose from either arabino-xylan or the
arabino-xylose oligosaccharides. The occurrence of L-
arabinose in the digests suggests that all purified xylanases
are capable of hydrolyzing 1,3-alpha-L-arabinofuranosyl branch
points. Branched arabinose-containing D-xylose oli.So-
saccharides were hydrolyzed slowly so that these sugars
accumulate in the digest. Two of tne xylanases also
hydrolyzed crystalline cellulose. Beta-D-Xylosidase

hydrolyzed xylotriose more rapidly and to a much greater



extent than xylobiose, whereas no significant degradation was
found with branched arabino-xylotetraose. Xylosidase activity
was inhibited by D-xylose, p,-hydroxymercuribensoate and
iodoacetaraide. This was interpreted to suggest the possible
Involvement of group(s) in the catalytic activity.
Gorbacheva and S*“dionova (400 f) reported the purification
its action pattern. The enzyme was homogeneous in po].yacrylamide
gel electrophoresis, ultracentrifugation and isoelectric
focusing. The viscosity of the solution of carboxyraethyl

xylan was very rapidly reduced on incubation v/ith the purified
endo-154~betairxylfariase whilst thi reducixig sugars were released
insignificantly. The degradation of xylan depended on the
number and position of side branches in the molecule. The

end producGS of hydrolysis which accamulate also impeded

the action of the enzyme. The final neutral hydrolysis

products were xylobiose, xylotriose 8nd xylose. Traces of
arabinose were also found during the hydrolysis of
arabinoglucuronoxylans. The enzymes degraded xylotriose to
xylobiose and xylose; xylotetraose to xylobiose and minor
quantities of xylose. The degrado.tion rate of xylooligosaccha-
ride increased with increase in the length of the carbohydrate
chain. Oguntimeixi et al. (405) have obtained four different
partially purified endo-xylanases from nig,er which

liberated xylose, arabinose and number of xylodextrins

from larchwood xylan. Frederi®ck al. (396b) purified

a xylanase from a commercial niaer pentosanase which
hydrolyzed xylotriose slowly to xylose and xylobiose,

and xylotetraose v/as broken down to xylobiose. Higher
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xyloollgosaccharides were hydrolyzed rapidly to a niixtur® of
Stiorter xylooligosaccharides, cliiefly xylotriose, xylobiose and
xylotetraose, with xylobiose being the predominant final
product.

&= paradoxa has been shown (406, 407) to produce several
D-sylanases, one of which, HCI, wiss found to liberate
L-arabinose from spear grass CHeteropogf.n cont.orfcus) and
sugarcane bagasse hemicellulose B (arabino-4-0-i%ethyl
glucuronoxylans) and from wheat endosperm arabinoxylan. In
the case of Trametes hirsi:*ta (400 j) xylanase, the main pi~oducts
of D-xylan from white v/illow were 32ylotetraose, xylohexaose,
aldotetraouronic acid and aldohexaouronic acid. The action
patcern of this xylanase corresponds to that of a typical
endoenayme, which acts more readily in the middle of chain and
the specific region of its action appears to involve 5 D-xylosyl
residues. The products revealed a regular distribution of
4-0-methyl-D-glucopyranosyl uronic acid groups attached to the
D-xylan backbone. The xylanase of T. hirsuta was"found to be
highly specific for (1-4 4) linkage5 ( — 3>-beta-D-xyl3H was
not attacked by the enzyme, Betad-" 4), alpha(l~* 4),
beta(I--f. 3) and beta (1— 6) glycosidic bonds of various
non-xylan polysaccharides were also resistant. This xylanase
did not show any action on .p-nitrophenyl-beta-D-xyloside.

The xylotriose was the lowest homologue of xylose attacked

by xylanase to give xylobiose and xylose. From xylotetraose
xylobiose and from xylopentaose, xylotriose and xylobiose were
obtained by xylanase action. The ."ylanases of Talaromyce”

..byssochiamydg ldes YfI-50 were separated and purified into 3



components as l-a, X-bl and X-bll (396 a). The purified
components vjere homogeneous 1in disc gel electrophoresis. The
X-a xylanase hydrolyzed xylan to xylose, arabinose, xylobiose
and other xylooligosaccharides, while X-bl and 1l hydrolyzed
xylan to xylose and xylobiose, respectively. Synergistic
incubation of all three components hydrolyzed xylan to the
extent of 90/ xylobiose.

Non-arabinose-liberating endo-xylanases: -

This group of D-xylanases, constituting majority of
the known fungal endo-D-xylanases, usually degrades arabino-
xylan and other D-xylans to D-xylose, xylodextrins and in some
cases, oligosaccharides containing both L-arabinose and
D-xylose. These enzymes have been isolated in highly purified
form from various strains of a. niger C302, 402), C, naradoxa
(406, 407), D. viticola (389), S. sangulnolentil (391),
T» viride (403), T, clvpeatus (390), S. commune (409, 410),
GIMr:"Cladiuffl virens (411), Tyromyces palustris (412) . Most of
these D-xylanase preparations, with the exception of that from
D. viticola (339", degraded D-xylan randorinly liberating xylose
as well as xylodextrins. The absence of D-xylose from the
enzymic hydrolyzates from the latter source may be due to the
fact that samples were only assayed in the early stages of
hydrolysis (2 .). T C o Nc . o C.oor 7 .. xylanase
HCI1 on arabinoxylo- and xylodextrins indicated that the attack
occurs at the reducing end of the oligosaccharide chain (406,407)
Biely et, d).. (433>) reported the elaboration of two -
inducible enzymes, endo-1,4~beta-xylanase and a cell-bound
xylosidase (but no cellulolytic enzymes) from yeast C. albidus,

when grown on wood. The endoxylanase initially hydrolyzed



xylan to a series of 1,4-beta-xylooligosaccharides of various
lengths. The ultimate products of hydrolysis were xylose,
xylobiose cjid xylotriose predominantly. The enzyme was unable
to hydrolyze xylobiose. The enzyme decreased the specific
viscosity of carboxymethyl xylan solution by 50~ after splitting
3 - 4/0 of the glycosidic bonds of the polysaccharide. The
purified endoxylanase”, though still not homogeneous, has a
specific activity lof 33 ijnits/mg protein CI unit mol
reducing sugars liberated as xylose equivalent per min).

The endoxylanase also exhibited the ability to split the aryl
xyloside. This 1is rather an unusual property of an endo-
xylanase.

The raolecular strucbure of xylanases has not been examined mm
and very little is known about the active site of xylanases.
Jadwiga e.nd Jrbanck (412a) reported that N-bromosuccinimide
(NBS) and 2-hydroxy-5-nitrobenzyl bromide (HITB) cause strong
inactivation of F. aveiiaceum xylanase. [Inactivation by BBS and
HKB suggested the presence of tryptophan residues at the active
centers of xylanase. [Inactivation of xylanase by tetranitro-
raethane at pH 8.0, when nitration of tyrosine residues occurs,
suggested that tyrosine may also be involved in the catalytic
mechanism of xylanase from F. avenaceum (412a). John et al.(404)
reported that ~-hydroxymercuribenzoate and iodoacetamide
inhibited nieer beta-D-xylosidase suggesting the involvement
of -&H group(s) in the catalytic activity.

Chanzy ei ".(412 b) examined the interaction of
xylanases on well-characterized beta-,(I-;i 4) xylan single
crystals by electron microscopy and electron diffraction in

order to understand the mode of action of these enzymes on



their native solid substrates. Xylanases are able to degrade
well-crystallized lamellar crystals into water soluble
xylodextrins. They suggested that the enzyme attack takes
place at the edge of the crystals and progresses towards their
centers. Such a behaviour is consistent with an endo-enzyme
mechanism, where the enzyme interacts essentially with the
accessible xylan chains located at the crystal periphery,
Niccording to them, the hypothesis that the enzyme action
would start fromthe amorphous material located in the crystal
lamellae and would progress at random perpendicular to the
lamellar plane seems unlikely. Even if limited enzymatic
attack occurs at the surface, it seems difficult for the
enzymes, which are 25 - 75 k° in diameter, to penetrate
between xylan chains only separated by a few angstroms
(412 c). The crystal with 1ts hexagonal packing of the
xylan chain seems very compact and would not allow much
penetration.

Previous screening experimen s indicated that UV-8
S. rolfsii mutant is a potent producer of cellulase and
xylanase in submerged culture. In this Chapter the
purification of an endoxylanase frou the culture filtrate of
UV-S mutant of xQIf,si1 and study of some of its

physico-chemical properties are described.
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xylanase from the culture filtrate Of UV-8 mutant of S, rolfsli
and study of some of its physico-chemical properties are
described,
RESULTS
S. rolfsii UV-8 mutant produces an extracellular

xylanase. The capability of -various substrates to induce
xylanase has been described (Part 111, Chapter 2). The strongest
inducer for xylanase and also for cellulase (315) for UV-8
mutant of S. rolfsii is Cellulose-123. Only a low constitutive
activity of xj"-lanase is detected w;hen grown on glucose. The
enzyme, except a minor amount, apparently is not produced
constitutively by the fungus.
Preparation of the crude extract

The S. rolfsii UV-8 mutant was grown on MI-4 medium (315)
with Cellulose-123 as the carbon source as described under
Materials and Methods, iifter cultivation of the fungxis for
14 days, the mycelium was removed from the culture solution by
centri futration at 3000 rpm for 20 rain.
Enzyme purification

The following operations were carried out at 0 - 4<=C, unless
otherwise indicated. The xylanase, CMCase, beta-glucosidase and
protein assays were used for monitoring the column effluents as
described in Materials and Methods. [I"nalytical polyacrylamide
gel electrophoresis was used to fl-a-ov the enzyme purity.
Step 1; immonium sulfate precipitation

The clear solution obtained after centrifugation, usually
2 -3 litres per batch, was concentrated by precipitating the

proteins with solid ammonium sulfate at 90" saturation. The
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precipitate was suspended in a small volurae of 0.05 M citrate
tt-uffer, pH 4.8 and stored at -15 <CTuntil used. Recovery of
xylana.se and CMCase was around 807,
Step 2; Ultrafiltration

The ammonium sulfate precipitate was further concentrated
by Diaflo memlirane PM-10 ultrafiltration system (."l.micon Corpn.,
U.S.yi.), Recovery of xylanase and CMCase was around 470 - 507.
Step 3« Eractionation. by p-el chromatorg?aphy

The 1i1”micon concentrate of enzymes (from Step 2) was gel
filtered on Sephadex G-75 column (3 x 90 cm) for desalting and
fractionation. The elution pa,ttern is shown in JWig. 27. The
mbeta-glucosidase (Eraction L) was eluted after the void volume
and ahead of cellulase (Fraction B). fraction A (F 5-16)
contained major heta-glucosidase activity whereas fraction B
(F 17-29) contained xylanase and CMCase activities.
Step 4 2 Separation of xylanase hy DEiE-Sephadex i\-50 1ion

exchange chromatography

The Fraction B was concentrated hy lyophilization and was
dialysed in a collodion hag for 3 - 4 h against 0.05 M phosphate
buffer, pH 7.3 with two changes of the buffer. The dialyaed
material was chromatographed on DE..".E-Sephadex L-50 column
(1.8 X 100 cm), previously equilibrated with 0.05 M phosphate
buffer, pH 7.3. The column was washed with the same buffer,
I"ractions (2 ml) were assa™ed for xylanase, C*ICase and beta-
glucosidase as well as for protein. Results arc summarized
in Fig. 28. Xylanase, C"ECase and beta-glucosidase activities
were not adsorbed on the column. Xylanase and beta-glucosidase

came just after the void volume and CMCase came later.
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Eraction A (F 5-19) was free of CMCase, while- fraction B (F 20-
55) contained all three actlA*ties. The daxk “brown pigment
present in the culture filtrate was !remo-ved in this step.
Step 5t Preparative isoelectric focusiAs:

Isoelectric focusing was performed with a 110 ml column.
The ampholyte concentration was ifo with a pH range of 3.5 - 10
in a sucrose gradient. The Inaction A from Step 4 wa.s dialysed
against \fo glycine for 4 - 6 h. The 4 ml of the concentrated
and dialyzed fraction containing about 8 mg of protein was
subjected to preparative isoelectric focusing at 5<C for 43 h.
Inactions (1 ml) were immediately processed for pH determination
(5 - 7=0), activity and protein. These were made free of
sucrose by dialysis against 0.05 M citrate buffer, pH 4,5,
Pig, 29 shows the 1isoelectric profile of the xylanase after
electrofocussing, "Tis a result of isoelectric focusing the
xylanase activity was resolved as a single peak at pH 7.1,

The yield and specific activity of the enz*rmes at different
stages of purification are summarized in Table 38.
Criteria of purity

Electrophoresis of xylanase in both cathodie (pH 4,3)
(252) and anodic (pH 8.9) (251) running in polyacrylamide gel
systems revealed only one protein band (Fig. 30). SDS-gel
electrophoresis of the enzyme also showed only one protein
band (Fig. 31).

Lb a finalmriterion of purity, the xylanase was examined
by isoelectric focusing in 7,5 polyacrylamide gel over the
pH range 3.5 - 10 described by O"Farrell (255). Only a single
protein tend could be detected (Pig. 32).
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FIG. 300 Disc gel electrophoresis of purified endo-xylanase.
Electrophoresis was carried out at pH 8.9 (a) and
at pH 4.5 (b) as described under Materials and

Methods.






PIG, 31; SDB-gel electrophoresis of purified endo-xylamse.
Electrophoresis was carried out as described under

Materials and B.lethods.






(in Vipli Tdte)
isoelectric focusing”in polyacrylamide

PIG. 32; 1inalytical
Electrofocusing

gel of purified endo-xylanase.

was carried out in 7.5 polyacrylamide gel over the

pH range 3.5 - 10.
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The final purified fraction is free fron CMCase, beta~
glucosidase and xylosidase (PNP-beta-D-xylosidase) activities.
Molecular weight of xylanase

Two different methods were used in the determination of
molecular weight of the enzyme,

(i) &el filtration; The molecular weight of the xylanasc was
estimated by comparing the elution -“~/olumes from a Bio C-el P-150
(1,5 X 90 cm) column with those of proteins of known molccular
Weight, L plot of Ve/Vo versus log raolecul-ir weight according
to the procedure of iindrews (413) indicated that the molecular
weight of xylanase was 56,890 (Fig. 53), With Sephadex G-75
Fraction B (Step 3) on gel filtration through Bio-Gel P-150,

an average molecular weight value of 54,760 daltons for xylan see
was obtained. This indicated that the xylanase has not
undergone any association-dissociation during iljrther purification
procedure, lissociation-dissociation has also teen not observed
with D-xylanases from different fungal sources (310).

(i1) SDS-gel electrophoresis; estimate of the molecular
weight of the xylanase amd the possible subunit nature v."as nade
by its migration in the SlI5-polyacrylamide gels (253,254). Plot
of log molecular weight versus relative mobility of the marker
proteins yielded a straight line (Fig. 34), and an estimrate of
the molecular weight of the xylanase was 54,330 daltons.
Carboxyamidomethylation of the reduced form of enzyme on SDS-
gel electrophoresis showed onlj?- one protein band ?;ith molecular
weight corresponding to the mtive protein. This indicated
that the xylanase 1is com.prised of only one polypeptide chain.

The xylanase from T, vlride 1is reported to consist of three



FITr. 33: Molecular weight determination of xylamse hy “rel
filtration. A Bio-Gel P-150 column (1.5 x 90 cm)
was calibrated with: (1) Ovalbumin,b46,000, (ii)
BSA, 68.000, (iii) Alcohol dehydroffenaee, 141,000,
and (iv) garama-rlobulln, 160,000. <Buffer: 0.05 M
citrate, pH 4.5. Vo, Void volurae; Ve, Eluted

volume.



RELATIVE MOBILITY

FIG. 34: Molecular weip*ht deterini.n®;tion by SIB-gel electio-
phoresis. Relative mobility was plotted against
log molecular weight of standard proteins:
(i) Myoglobin, 17,600, (ii) deoxyribonuclease 1,
31.000, (ill) ovalbumin monomer, 40,000, (iv) BSA 1,
68.000, and (v) BSA 11, 136,000.
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subunits with approximate molecular weights of 10,000; 16,000
and 18,000 daltons (414),
Isoelectric point

Prom preparative isoelectric focusing experiments, the
isoelectric point (pi) of the xylanase was determined to tie 7.1.
In majority of the reported cases the isoelectric points of *
various B-xylanases are acidic; 3.6 and 4.3 in the case
S. sanguinolentum (415), 4,4 and 6.0 in the case of C. lignorura®
(415), 3.9 and 4.5 in the case of niger (391). In the case
of F. annosus, a pi = 7.0 (415), while that for C. paradoxa
is alkaline, pi = 9.f7 (406).
Enzymatic properties

The purified xylanase was stable when stored at -15@C at
pH 4.5; no significant loss of activity was observed over a
six months period.
Optimum pH

The effect of pH on catal3‘tic activity was tested with
0.05 M citrate buffer ranging in pH from 3.5 to 6.0. The
optimum pH for activity was 4.5 for the xylanase (Fig. 35).
Optimum temperature

The temperature/activity curve was determined using the
standard assay system in which the temperature was varied.
The temperature optimum was 65<C for xylanase.
Influence of pH on stability

For the determination of stability, enzyme samples wore
adjusted to various pH values by the addition of suitable
buffer (citrate, pH 3.5 to 6.0; phosphate, pH 7.0 tris-glycine,
pH 8) to a final concentration of 0.05 M, .after 10 min.
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FIG, 55: Effect #f pH !l rate *f hytr*lys|8
Xareh xylan, 65@C ¥y S. rolfsll TI¥8
mutant xylanaee.
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inculntion At 65 <C, the residual activity was determineq\using
xylan as a substrate under standard assay conditions. The

observed activities were compared with t™T of a reference
sample maintained at pH 4.5 and 4=C for the duration of the
experiment. The enzyme "Has most stable at pH 4.3 to 5.d. In
the presence of 0.5 mg/ml BSii, the pH of optimum stability was
4,5 retaining 83%" of its activity (Fig. 36),

D-xylanases of fungal origin are generally most active
at pH 3.5 - 5.5, and are stable over a wide r?nge of pH,
usually from 3 to 10 (310).
rnergy of activation

L straight line was obtained when the data of I'ig. 37 was
plotted according to -Irrhenius. From this, the energy of
activation was calculated to be 17.36 kcal/mol (72.56 kJ/mol)
/iCtivation energies reported for D-xylanases socei from
S. commune, 28.6 kJ/mol; from T. hirsuta, 23.0 kj/mol (416),
Rate of xylan hydrolysis

The enzymatic action on xylan liberates reducing groups
exponentially with time for a period upto 6™ min (Fig. 38), an
observation similar to that reported for xylan hydrolase from
T, clypeatus by Ghosh et (390).
Kinetics

With a solution of larch xylan as substrate-, the
Lineweaver-Burk plot (Fig. 39) gave a Km 5.8 mg/ml and Vmax
8,858-"umol/min. The amount of enzyme (E), calculated from a
molecular weight of 54,330"was 3.86 x 10 /umol. Thus, the
molecular activity (Vmax/E), which represents the maximum

number of beta(l — " 4) xylosidic bonds cleaved i:*r enzyme
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deteralned under atandari aaaaj condltlena.
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PIG. 5S: The rate of hy«r@lysle ©f larch jiylan

by piirified #ndo-xylanase (0,5/ur/«l)
f S. relfBll UV-8 Butant, at pH 4.5,



PIG. 39: LineweaTer-Bark plot fbr xylanase. The reaction
was ecurried out under standart! assay conditioMi,
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molecule per min, was 2.29 x 10inin, assuming only one active
site. With soluble larch xylan as substrate, Paice et aJ. (409 )
have reported a molecular activity of 1.4 x 10°/min for
endoxylanase from S. commune.

mActivity towards different substrates

The purified xylanase had no action on cellulose, CMC,
sucrose and starch. These were not hydrolyzed at ten times the
enzyme concentration normally used in the standard xylanase
assay or when the time of incubation was increased to 2 h.

Type of xylanase

In order to determine whether the xylanase under study 1is
of endo- or exo-type, the visco™metric studies of the purified
xylanase from UV-8 S. rolfsii culture filtrate were carried out.
The release of reducing sugars was also determined simultaneously.

Since endo enzymes split the xylan chain randomly, a few
breaks in the chain wouid decrease the viscosity considerably
after a short time. Even after viscosity losses are essentially
complete (i.e., even when viscosity losses are no". longer
detectable), reducing power would continue to be generated at
a steady rate.

The exo enzymes, on the other hand, have tije opposite
effect since when small molecules such as xylose or xylobiose
(in the oase of exo-xylanase) are cut off, the reducing
power increases quickly whereas there is not much change in
the weight average chain length.

As shown in Fig. 40, the viscosity of the xylan solution
decreased rapidly initially on inculation viith the purified

xylanase. V7ith 1,5 ug enzyme/ml, while no further change in



PIG. 40:

ViscoBlty loss of substrate larch xylaa ani release of
redueing stigar "hj ptirlflei endo-xylanase of s. rolfall
U7-8 autant, ~5/7s «f xylamse wea added t0*10 ml or

Nii xylan ani inculaated at 65®8C in Ostwald’s viscometer.

Aliquots were removei at interrale for determination of
reiueing sugar.
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viscosity fall was observed after 12 min, there was a continuous
increase in the reducing sugar formation upto 50 min.

Paper chromatogram (Pig. 41) of time course hydrolysis of
xylan by the purified xylanase showed the presence of xylose and
two unidentified sugar spots, probably xylodextrins. Neither
I-arabinose nor any low molecular weight uronic acid was found
at any time. The xylodextrins accumulated initially and the
two spots of xylodextrins could be detected at 3 min and upto
10 min. The xylodextrins, however, were not detectable at and
after 15 min incuba.tion suggesting the formation of higher
xylodextrins in the early stages of hydrolysis. Apparently,
xylodextrins conversion into xylose, detectable at 3 and 10 min”
exceeded their rate of production from xylan and their
concentration declined. It is possible that the purified
xylanase has a lower Km and high Vmax for the «o3rU-Me xylo-
dextrins than for the higher xylooligosaccharidee, so that the
soluble xylodextrins are broken down as soon as these are formed
and the only product seen on the paper chromatogram is xylose
after 15 min. In the case of beta-glucosidase from S. rolfsii,
it has been observed that the Km values decrease and Vmax values
increase 1in general with increase in the chain length of the
cellodextrins (222). Frederick £t (417) have, on the other
hand, reported that an endo-xylanase from A. niger is more
active on larger substrates; attack on xylotriose being
verv slow and that on xylobiose non-existant. The enayrae has
no action on £-nitrophenyl-beta-D“Xylopyranoside. ¥e have not
been able to test the action of the enzyme on soluble

xylodextrins as these materials were not available. It was



FIG. 411

Paper chromatoGTam of the products of xj*lan hydroljrsis
by the purified endo-XYlanase of S. rolfsii UV-8
mutant. The time course hydrolysis of larch x;/lan
was carried out and the hydrolyzate aliquots ?;ere
applied at intervals to vThatman No. 1 paper and
chromatographed in the system cthjO, acetate tpyridine:

water {2°A%2)
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also not possible to rim HPLC for detection of the xylooligd-
saccharide fornBtion because of the non-availability of the
adsorbent column for the HPLC,

The same results would also be obtained, if the enzjnne
Is an exo-xylanase which is contaminated with traco atDounts of
an endo-xylanase. However, this seems unlikely considering the
various criteria of purity used for the homogeneity of the enzyme.
Though the evidence obtained implies that the xylanase 1is an
endo-xylanase, the question remains open pending further
evidence.

When larch wood xylan (used in the above experiment) was
hydrolyzed with 2 N H2SO” at 95 - 100=C and the solution
neutralized with barium carbonate (4-05,418,4-19), the hydrolyzate
showed xylose and arabinose spots on paper chromatograms, thus
indicating that larch wood xylan used in the above experiments
contained arabinose substituent in the appendages.

Since no arabinose was detected in the xylanmhydrolyzate,
the xylanase from UV-8 S. rolfsii is non-arabinose-li"berating
endo-xylanase,

DISCUSSION

There 1is a considerable conflict as to v/hether the
D-xylanase of fungi degrading the xylans of different plant
species are generally produced inductively or constitutively
in response to the carbon source on which they are grown (383-
385). The number of carbon sources that have been reported to
produce coi”™itutive D-xylanase from fungi ii..clude glycerol in
the case of M, verrucaria (387), sophorose for T. viride

(388), dextrin for T. clypeatus (390) and Cellulose-123 for
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s. rolfsii (315).

Some microorganisms are known to produce two or three
types of xylanases. A, batatae 444 can produce two types of
xylanase, which can Te classified as exo- and endo- type (310,
420), .

Xylanase from Cephalosporium sacchari (423) and S. commune
(409) exhibit affinity for Sephadex gels as evident from gel
permeation chromatography. In the case of S. rolfsii, no such
adsorption was observed during the purification . In
purification on DEAE-Scphadex A-50, it was found that at pH 7.3,
S. rolfsii xylanase came im-"iedi ately after the void volume and
separated out from the cellulase enzdnes.

The 1isoelectric point values reported for several
Drrxylanases are acidic. Eriksson and Pettc-rsson (391) reported
pi values of 3.9 and 4.5 for i. niger D-xylanase while 1in the
case of xylanases from S. sanguinolentum ihlgren et al.(415)
found pi values of 3.62 and 4.3. In the case of C, paradoxa
D-xylanase 1l pi 4.5 (406), C. lignorum 4.44 and 5.0, P. annosus
4.1 to 4.6 (415) have been reported. Though in most cases,
pi values reported are acidic; neutral, for example pi 7 in the
case of P. annosus (415) and alkaline, 9.17 in the case of

paradoxa (407) D-xylanases have also been reported, pi
of 7.1 was found in the case of S. rolfsii xylanase.

The molecular weights of B-xylanase preparations of
different origins are relatively low, ranging from 16,000 to
38,000". In the case of A. niger, D-xylanases, Prcderick (425)
and Fournier (425) reported molecular weight values of 19,000

and 28,000, respectively, while Tavobilov et al. (424) reported
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an endo-xylanase of molecular weight 14»000. John £t al.(404)
found three xylanases in A, nlger, one havin? a molecular
weight of 31,000 and the other two having 50,000. The D-
xylanase from S. commune showed a molecular weight of 33,000
daltons as calculated by electrophoretic motility in CDS-gCls
electrophoresis. Its amino acid composition gave a molecular
weight of 31,000 (409). The molecular v;eight of T. clypeatus
xylanase 1is relatively high (ahout 90,000) compared to that
reported from other sources (390). The molecular w;eight of
8" rolfsii UV-8 xylanase is 54,300 as estimated from Sl16-gel
electrophoresis and 56,630 as calculated from Biogcl P-150
filtration studies,

D-xylanases of fungal origin arc generally most active
at pH 3.5 - 5.5 and are stable over a wide range of pH, usually
from 3 to 10. The pH optima observed were 3.5 in the case of
2* "Virile (420), 3.8 for D. viticola (389), 4 - 4.5 in the case -
of A. niger-15 (424), 5.0 in the case of S. commune (409) and
& 3?olfsii (427), 5.5 for T. clypeatus (390) and 6.2 in the case
of of Streptomyces xylophagus (428). S. rolfsii UV-8 xylanase
shows stability over a pn range 3.5 to 7.5 and optimum pH 4.5.

D-xylanases usually show optima,! thermal activity at
approximately 50<C and tend to be thermostable, often being
totally inactivated only at temperatures greater than 65<C. The
optimum temperature for xylanases of A. niger (382), Pleurotus
ostreatus (429), T. viride (420) 1i1s 50<C. Fournier (426) and
Reilly (309) reported an optimum temperature 40 - 42 <C for
xylanases of i. niger, 40<C in the case of Gryptococcus albidus

Nar aerius (430) 45<=C in the case of G. virens (411), and 55<C
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for xylanase of T. clypeatus (390), The D-xylanase system
produced by C. paradoxa (407) is rather unusual in that it is
highly stable to heat and showing optinum activity at 80 <G.
It is completely inactivated only after 1 h at 100=C at pH 5.5.
In the case of S. rolfsii UV-8 xylanase the activity is optinum mm
at 65<C.

The Km values of several fungal xylanases have heen reported
in the range from 0,27 mg/ml in the case of C. paradoxa Il (407)
to 15 mg/ral of S. commune (-?31), Paice et (409) reported
a Km of 9,37 mg/ml of larchwood xylan for S, commune,
Tavohilov et al.(424) purified endo-1,4-heta-xylanase from
A* Jige™ "B which showed a Km of 24 mg/ml using carboxymethyl
xylan. Endo-xylanase of S. rolfsii UV-8 mutant has a Km value
of 5.8 mg/ml of larch wood xj"lan.

The molecular activity of endo-xylanase from S, rolfsii
Uv-8 mutant, 2.29 x 10°/min, 1is slightly more than that
reported for S. commune endo-xylanase, 1.4 x 10"/min (409).

The S. rolfsii xylanase did not action ccllulosc, GMC,
sucrose and starch. Recently, two xj"ianases (IA ana 13) from
L' ~igeJ™ have been char-acterized which attack crystalline
cellulose in addition to xylan (404). Xylanase (11) fron
i. niger showed specificity for xylan only and is unable to
degrade cellulose. The purified xylanase from commercial
cellulase preparation (Miles Chem. Co.., Clifton TI.J., U.S.A.)
hydrolyzes both cellulose and amylose (432). The endo-xylanase

clypea-tus (390) did not attack cellulose, CMC, sucrose

and mannan, but appreciable reducing sugar form.ation was

noted by its action on t/o unrelated carbohydrates like
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amylopectin and aratinogalactan, Takenishi et (402) reported
a highly purified xylanase which 1is also capable of hydrolyzing
(1 —y 3)-L-arabinofuranosyl linkages at the branch points of
xylan. The endo-xylanase of S. rolfsii UV-8 mutant does not
hydrolyze the branchpoints of xylan, i.e., this endo-xvlanase
shows non-arabinose-liberating endo-mechanism similar to the

one reported by Biely £t (433) in the case of .Aureobasidium

pullulans.
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