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INTRODUCT1ON

Approximately 15-20 x 1010 tons of organic plant substance is
produced on earth per annum. Half of this material is cellulose (95).
Much of this cellulosic material is highly resistant to breakdown due
to other plant components such as lignin and hemicellulose which
together with the cellulose contribute to the structural integrity of
the plants (58). Thus these materials find relatively limited uses in
comparison to their abundance. Cellulosic materials are utilized by
ruminants as an energy source and in lumber and pulping applications
but commercial cellulose processing to produce glucose or glucose
derived products is not currently performed.

The abundance of cellulosic materials make them attractive as
a cheap substrate for industrial applications. However, the conversion
of these materials is greatly limited by other protective constituents
such as lignin and hemicellulose (65, 77) and by the arrangement of the
cellulose molecules themselves (20, 90).

In the past, processes for hydrolysis of cellulose have been
primarily based upon the use of acids (105, 131). These processes
proved to be uneconomical. More recent methods have concentrated on
the use of microbial cellulases usually in conjunction with pretreatment
of the cellulosic materials. The advantages of the enzymatic methods
lie in the moderate temperatures for conversion, the noncorrosive nature
of the process and quantitative conversion to the desired end product--

glucose (5).



The best microbial cellulase producer is the

fungus Trichoderma reesei (70). Trichoderma reesei mutant strains

hyperproduce a complete cellulase complex capable of attacking crystal-
line cellulose and reducing it to glucose (70). The T. reesei cellulase
complex is composed of: B-1,4-glucan cellobiohydrolases, endo 1,4-B-
glucan glucanohydrolases and a B-glucosidase (135).

Production of T. reesei cellulase is conveniently accomplished

in aerated, submerged culture (63). Trichoderma reesei fermentations

on cellulose substrate go through a drop in pH with a subsequent rise at
the end of the fermentation (118). The rise in pH can be used as a
general indicator of when to harvest the enzyme. Optimum yields of
enzyme require that the acidic phase of the fermentation be maintained
between pH 3.0 to 3.5 (118). Yields (in units activity/ml) of enzyme
increase with an increase in the cellulose level employed in the produc-
tion medium (120). The maximum level is approximately 8% w/v cellulose.
Viscosity is a problem in media greater than 8% w/v.

The cost of enzyme production is the limiting factor for an
enzymatic conversion process. The system of Wilke, Yang and Von Stockar
(134) resulted in an enzyme production cost of $0.05-$0.06/1b. of
glucose produced or about 60% of the cost of production. Optimization
of cellulase production systems for increased yields are therefore of
paramount importance to reduce the cost of enzymatic cellulose conver-
sion.

Increased yields and production rates of cellulase have been

reported for the use of various additives to the production medium (41,



96, 106) and from advanced culture techniques such as continuous
processes (34, 83, 100). This study involves the production of T.
reesei cellulase in a rudimentary production system employing used
dairy equipment. The potential for enzyme stimulation by addition of

dimethyl sulfoxide to the production medium is also investigated.



LITERATURE REVIEW

Sources and Quantities of Cellulose

Cellulose is the world's most abundant organic compound,
annually replenished and representing a vast natural resource (21, 45,
65). The most abundant natural sources of cellulose, in descending order
of magnitude, are: 1) the stems of woody angiosperms or hardwoods,

2) the stems of woody gymnosperms or softwoods, 3) the stems of monoco-
tyledons or grasses, 4) the non-lignified parenchyma cells of most
leaves, and 5) certain non-lignified or partially lignified fiber such
as the seed hair of cotton and bast fiber of flax (21). The general
composition of hardwoods is 40-557% cellulose, 24-407% hemicellulose, and
8-257% lignin. The softwoods are similar with a cellulose content of
45-507%, hemicellulose of 25-357%, and lignin from 25-357%. Grasses such
as bamboo, wheat, rice, etc. are 25-40% cellulose, 25-50% hemicellulose,
and 10-30% lignin. The non-lignified parenchyma cells of leaves are
15-20% cellulose, with 80-857 pectin and hemicellulose. Cotton and bast
fiber are 80-90% cellulose, 5-207% hemicellulose, and little or no
lignin. The bulk of available cellulose in nature is derived from the
hardwoods, softwoods and grasses and is thus heavily lignified material
(21).

Cellulosic materials are available in many forms in nature and
in many more forms of processed materials such as newspaper, sawdust,
pulp slurries and residue, etc. (4, 5, 21). Much of the material is
considered waste, finding little industrial use and, in some cases,

representing a disposal problem (86). Projections of the MITRE, Corp.



to 1985 estimate U.S. terrestrial biomass resources of cellulose as
residue to be approximately 681 million tons in dry ton equivalent (DTE)
(130). Subdivisions of this material include forest residue (175.4
million DTE), mill residue (28 million DTE) and agricultural, silvi-
culture and crop residue (477.6 million DTE) (130).

Collection methods reflect the true availability of these
materials for potential use. For example, of the approximately 477
million DTE of agricultural residue, approximately 78 million DTE is
estimated as usable via current collection methods (127). Ninety per-
cent of this material results from corn residue and small grains crops
where harvest methods permit collection (127). Over one-half of the
gross U.S. production of paper and paperboard which is recyclable but
not recovered resulted as wastepaper in 1973 (121). With proper collec-
tion and separation methods this material (33 million tons) represents
another potential cellulose source.

When cellulose is hydrolyzed to its basic constituent, glucose,
many potential uses evolve. Practically all commercial microbial fer-
mentations use glucose for such products as single cell protein,

alcohol, citric acid, gluconic acid, ascorbic acid, etc. (5, 103).

Cellulose Structure and Chemistry

Cellulose composes the skeletal constitution of all higher
plants (45). It is the principle component of the cell walls of wood
(16). The purest form of native cellulose occurs in the seed hair of
cotton (16, 45, 58, 109). When raw cotton undergoes light treatment

with dilute alkali, is washed and bleached, the residue consists of



almost pure cellulose. Because of this cotton serves as a reference
material for cellulose investigations (16). The material resulting from
rigorously purified wood is essentially identical to cotton in chemical
nature (16, 58).

Cellulose is a linear polymer of anhydro-D-glucose in B-1,4
linkage (16, 58, 101, 109, 131). The length of cellulose molecules in
a fiber varies over a wide range from lambda-cellulose, containing less
than 15 glucose units, to alpha-cellulose with as many as 10,000-14,000
glucose units/molecule (21). Alpha-cellulose is alkali resistant cellu-
lose and corresponds quantitatively to pure cellulose (131). We shall
be concerned with alpha-cellulose in this paper.

The molecular weight of native cellulose is > 1.5 x 106 (21, 58,
109). Browning (16) points out that the term "cellulose'" is used with
two distinct meanings: 1) as a chemical definition as described above
and 2) in a generic sense to describe preparations (existing or poten-
tial) in which the principle and common constituent is defined according
to the first interpretation. Cellulose in nature exists in various
states of purity from 907 for cotton to about 45% of typical wood cell
walls (20). Analytically, cellulose can be distinguished from other
constituents by: 1) its insolubility in water and organic solvents,
2) from hemicelluloses by its insolubility in aqueous alkaline solutions
and 3) from lignin by its relative resistance to oxidizing agents and
susceptibility to hydrolysis by acids (16).

In the cellulose chain molecule, the anhydroglucose units adopt

the chair conformation with the hydroxyl groups in the equatorial and




the hydrogen atoms in the axial positions (95, 101, 109). Every other
chain unit is rotated 180 degrees around the main axis (109). This
results in an unstrained linear configuration, minimizing steric hin-
drance (109). It has been found that the hydroxyl group of carbon #3
forms an intrachain bond with the ring oxygen of carbon #5 of the next

glucose unit (Fig. 1) (90, 95, 101, 109).

Figure 1. Chair conformation of anhydroglucose units in cellulose
polymer (8-1,4 glycosidic bond). =----denotes intrachain
hydrogen bonding.

The cellulose molecule is thread-like, existing as fibrils which

are organized bundles of parallel cellulose chains (58, 90, 95, 101,

109). The molecular arrangement of the fibrils by interchain hydrogen

bonding is highly ordered. An x-ray diffraction pattern is obtainable

for this highly ordered or crystalline cellulose (16, 90, 95, 101, 109).

The structure of the native cellulose microfibrils and their

size is subject to controversy. Several models exist (see Fig. 2).

According to Ranby (9G), the microfibril consists of a rectangular

cross section with a crystalline core resulting from the orientation of

the microfibril with their lattice planes well aligned parallel with

the flat surface of the lamellae, reflecting the tangential plane of
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and (D) Manley. (Redrawn from Ranby [90] and Cowling and

Brown [20]).



the cell wall or membrane where they occur. This, according to Ranby,
is the preferred orientation of the microfibrils. The surface layer
surrounding the microfibrils is disordered to display a natural dis-
continuity that occurs on the surface layer of the microfibrils. This
orientation effect was first found by x-ray diffraction and confirmed
by infrared absorption measurements. Further, this model portrays the
microfibrils overlapping or extending into one another. No preferred
number of fibrils (and therefore size) is noted for the microfibrils
(90).

A somewhat similar model is proposed by Preston and Cronshaw as
reviewed by Cowling and Brown (20). This model projects a rectangular
cross section with the crystalline core surrounded by a paracrystalline
or amorphous outer region. The amorphous region is the area of occur-
rence for hemicellulose and lignin. A microfibril size of 50 x 100
Angstroms is proposed (20).

Cowling and Brown (20) also reviewed the two following models of
Hess, Mahl and Gutter, and that of Manley.

In the Hess, Mahl and Gutter model, the microfibril displays
packets of elementary fibrils containing 15-40 cellulose molecules.

The fibrils are segmented linearly into regions of crystalline and
amorphous areas, thus displaying regions of less well ordered cellulose
molecules along the length of the microfibril. The cross sectional
dimension is a minimum of 35 Angstroms in this model (20).

The final model for consideration is that of Manley in which
the microfibril is a flat helix where the cellulose chains are folded

to form a flat ribbon which is wound spirally. Upon mechanical
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disruption the helix collapses to a flat ribbon (20, 90). The infrared
spectra for interchain hydrogen bonding does not support a helical
model nor does the density of the fiber wall agree with a cylindrical
helical model (20). Manley indicates that the helix may be deformed to
meet these requirements by flattening of the helix. The forces required
to accomplish this are discounted by Ranby as unlikely to occur. A
microfibril diameter of 30-40 Angstroms is projected for this model

(20, 90).

Native cellulosic materials contain other constituents such as
hemicellulose, lignin, waxes, pectin and certain nitrogenous substances
(20). In cotton these materials occur in the cuticle and primary wall
layers. In wood these materials may extend to the middle lamella,
decreasing in quantity towards the inner layer (20). Hemicellulose
content in wood varies from 20-40% (21). The principal component in
hemicellulose is D-xylan, polymers of D-xylose in B-1,4 configuration
with side chains of arabinose, mannose and galactose (20, 58, 131).

Lignin is a complex, three dimensional polymer formed from
p-hydroxycinnamyl alcohols (20). The composition varies according to
source and is further complicated by covalent bonding to certain hemi-
cellulose (20, 131). Lignin in plants is an almost insoluble substance
(20). 1t is isolated by hydrolysis with acids or oxidative degradation
of all other components in wood, the resulting insoluble material being
lignin (131). Material free of lignin is termed "holocellulose." The
term "lignin" refers to a mixture of substances that have similar

chemical composition but may have structural differences. The aromatic
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nature of lignin has been established (131). Lignin is located princi-
pally in the layer of material between individual wood cells called the
middle lamella (15). This is important when considering extraction and

conversion of cellulose.

Cellulose Treatments and Processes

As stated previously, the composition of various cellulosic
materials varies widely with regard to source and treatment. Typical
pulped products such as newspaper and municipal solid waste are approx-
imately 60-707% cellulose (27, 65, 134). Raw or untreated sprucewood is
417 cellulose while processed or bleached spruce sulphite is approxi-
mately 85% cellulose (128). The degree of pretreatment influences the
accessibility of cellulose to hydrolyzing processes (25, 56, 65, 66, 77,
78, 95, 99, 126). The pretreatment of cellulose or cellulosic materials
deals primarily with factors preventing exposure of cellulose to the
hydrolyzing agent. These factors are lignin and hemicellulose which
seal the cellulose from the hydrolyzing agent and, the crystalline,
highly ordered cellulose which in itself is inaccessible (90) due to its
stereochemistry. Generally, treatment with various acids, bases or
metal-amine complexes, in combination with extensive milling and heat,
result in the removal of the layering components. In addition, upon
hydrolysis crystalline cellulose swells disrupting its highly ordered
arrangement creating areas of accessibility for breakdown into iES con-
stituents (4, 5, 15, 44, 51, 56, 98, 105, 109, 126). The nature of the
swelling action is a result notably of the alkali agent breaking uronic

esters functioning as crosslinks in layering substances such as xylans
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(126). The cellulose itself swells in aqueous sodium hydroxide. The
swelling is a transformation from Cellulose I to Cellulose II due to
intramicellar and intermicellar swelling (109, 126). Cellulose I is

the native, highly ordered crystalline cellulose exhibiting strong
hydrogen bonding and thus inaccessibility. Cellulose II is the result
of alkali (15% sodium hydroxide) treatment, washing and subsequent
drying of Cellulose I (109, 131). Cellulose II reflects greatly weakened
hydrogen bonding and thus a shift in the bond angles of the micelle
(109). Tarkow and Feist (126) in their work with hardwoods treated with
alkali reported that the resulting material exhibited greater water
sorbtion, lesser tensile strength when wet and greater accessibility of
the cellulose chains. Although alkali treatment results in increased
reactivity of cellulose, it is incapable of completely solubilizing
cellulose (109). The change in the cellulose as a result of dilute
alkali treatment occurs with little loss in weight (126).

Pulp Processes. The processes utilized in pulp and papermaking

are primarily concerned with obtaining a comparatively high content of
cellulose in the final product (15, 131). Therefore, methods involved
are basically directed at the removal of lignin and hemicelluloses.
Sulfite, alkaline, mechanical and chemi-mechanical methods are used
(15). 1In addition to removal of lignin and hemicelluloses, these
processes modify cellulose fibers resulting in increased specific sur-
face, degree of swelling, and flexibility (15). The conversion of
pulped material in general, and espegially that material resulting from

Nicolet sulfite pulp (sulfurous acid agent) and from Kraft pulp (caustic
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and sodium sulfate agents), have been shown to be excellent for exposing
cellulose to hydrolyzing agents (4, 5).

Various methods of physical and chemical treatments are used to
aid in or directly reduce cellulose to glucose. Methods such as acid
hydrolysis, alkaline degradation, irradiation, thermodegradation, ball
milling, etc. are prominent among the methods investigated. Bikales
and Segal (14) provide an excellent review of several of these processes.
Millet, Baker and Satter (72) concluded that the most successful tech-
niques for effecting drastic crystalline disruption of cellulose were
electron irradiation and vibratory ball milling. These authors also
noted the impracticality of these two methods of pretreatment due to
the high energy input demanded.

Acid and Alkali Processes. Of the chemical methods for either

pretreatment or for direct conversion to glucose, acid hydrolysis and
alkali degradation have received the most attention.

Acid processes for conversion are generally preferred over
alkaline methods due to the degradation products of the latter which
result in further complication of a system based on these techniques
(44). Notably, alkali (sodium hydroxide) processes result in high
organic acid content. Alkali processes also limit conversion capability
by chain stabilization (98). Alkali treatments do, however, display
high potential when used as a pretreatment process for the exposure of
cellulose and removal of hemicellulose (25, 63, 65, 126).

Al hydrolysis techniques result in similar problems, but not

nearly as extensive. The main degradation product is furfural formed

38
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from the pentose sugars of the hemicellulose (44, 105, 131). The mode
of hydrolysis (addition of water to split the glycosidic bond) of
ccllulose by acid is the protonation of the glucose molecule (44, 105,
131). The rate of hydrolysis of the glycosidic bond at the nonreducing
end of the cellulose chain is 507% higher than that of the bond at the
reducing portion (44). The amorphous cellulose in an acid hydrolysis
is hydrolyzed first and at a much more rapid rate than crystalline
cellulose. Crystalline cellulose is hydrolyzed slowly but linearly
thereafter (44, 105, 131).

It is believed that the stereochemistry of the crystalline
region, as well as the microfibril conformation, play a part in the
kinetics of crystalline cellulose hydrolysis (29, 44). The review by
Sharples (105) points out that physical abnormalities (due to mechanical
or chemical pretreatments) increase the accessibility of crystalline
cellulose and assist hydrolysis.

Wenzl (131) describes the use of supersaturated (42-45%) hydro-
chloric acid in a consecutive action type of cellulose hydrolysis.

First concentrated acid is used and recovered, then a dilute acid hydrol-
ysis is performed by boiling in water. Yields from this method resulted
in 617% conversion to glucose with 76% of the total carbohydrate content
of the wood recovered in the form of a 30% solution of simple sugars.
Hemicellulose degradation products were noted as a disadvantage to this
method. Wenzl further notes that due to these degradation products,

the reverse procedure of the above method is preferred, that is, to
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remove the hemicellulose prior to crystalline hydrolysis using the
supersaturated acid. Hydrolysis of wood which has not been delignified
is inhibited by the coating or sealing action of lignin (131).

Dilute acid hydrolysis is a more economical type of system
because of lower equipment costs and less neutralization is required.
However, pilot studies of dilute acid hydrolysis methods have resulted
in low sugar yields and could not be operated economically (105, 131).
Two basic problems are inherent in the acid hydrolysis of cellulose:

1) poor conversion yields of glucose result when convenient dilute acid
solutions are employed and 2) stronger acid solutions result in higher
conversion to sugar but requires expensive neutralization procedures
and considerable sugar degradation occurs (105).

Recently, acid hydrolysis processes employing extruders have
been reported for the conversion of cellulose to sugars (24, 87, 112).
The extrusion processes employ high temperatures, high shear and dilute
acid concentrations (approximately 1%). Cellulose to sugar conversion
yields are comparable to the acid procedure described by Wenzl (131)
however the extrusion process results in a much lower concentration of
sugar in the final product (12% sugar vs. 30% sugar).

Solvent Processes. Numerous solvents are capable of solubiliz-

ing cellulose. These solvents range from metal-amine complexes
involving cobalt, zinc, nickel and cadmium, to metal-alkali complexes
containing copper, iron or nickel (51). Jayme (51) has reviewed the
use of these solvents, one of which--cadoxen--has recently resurfaced
as having great potential in cellulose conversion. The process is

commonly referred to as the Tsao process and is based upon the use of
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cadoxen. This process formed the premise of the Purdue University
projections (127) for fuel alcohol production from biomass in the United
States.

Cadoxen is a complex obtained by dissolving cadmium oxide (57%)
or cadmium hydroxide in 287% aqueous ethylenediamine solution (51).
Cadoxen is a very strong base and is believed to dissolve cellulose by
forming a cellulose-cadoxen complex combined with splitting of hydrogen
bonds within the crystalline areas (51). Recovery of cadmium oxide and
ethylenediamine from cadoxen-cellulose solutions can be facilitated by
simple refluxing (51, 56). These components of cadoxen may then be re-
used in making subsequent solutions. Ladisch, Ladisch and Tsao (56) of
Purdue University reported high conversion of crystalline cellulose as
well as agricultural residues to glucose upon treatment with cadoxen
prior to saccharification using enzymatic hydrolysis. Commercialization
of such a process has been criticized by Flickinger (30) as being
capital intensive for equipment and recovery technology.

Enzymatic Processes. Of the chemical processes for hydrolysis

discussed above, all require expensive corrosion-proof equipment, high
temperatures, extended periods of time and/or methods of recovery. 1In
addition, these methods result in reduced yields and the presence of
degradation products. Enzymatic methods have the potential of resulting
in a quantitatively higher yield of product from the substrate, with no
degradation products, and at moderate temperatures of conversion (5).

Cellulase Enzyme Sources. Insects, molluscs, protozoa, bacte-

ria, actinomyces and fungi produce cellulases (70). Some of these

sources, such as insects and molluscs, are inherently prohibitive for
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commercial production of cellulase. Others may impede production due to
conditions of growth or cellulase formation (70). The basis upon which
an organism is characterized as truly cellulolytic is whether the enzyme
produced by the organism is capable of attacking the crystalline portion
of cellulose (97).

Reese, Siu and Levinson (97) proposed the Cl—CX concept of
cellulase systems in 1950. The original Cl—CX concept held that for
complete cellulase activity an organism must be capable of producing an
enzyme which attacks the highly ordered crystalline cellulose. This
activity was designated the Cl component and was used to differentiate
enzyme complexes of various organisms. Thus, for a complete cellulase
complex an organism must have the ability to hydrolyze the crystalline
cellulose (Cl activity) and the amorphous cellulose (Cx activity).

U.S. Army Natick Laboratory has screened and tested various
microorganisms for their production of a complete cellulase complex and

has determined that the fungus, Trichoderma viride is the most reliable

producer of a stable cellulase (70). Their selection was made after
testing over 100 other strains and closely related organisms producing
similar complexes.. Yields from the others were lower than that obtained
from T. viride. The parent strain isolated in the South Pacific in the
1940's was designated T. viride QM6a (7). Strains which produced higher
activities of cellulase were derived from QMba by mutation. Strains
QM9123 and QM9414 were selected by subjecting strain QM6a to linear
irradiation. The most recent Natick mutant, strain MCG-77, was isolated
in 1978 after ultraviolet irradiation and Kabicidin treatment from a

QM9414 intermediate strain, TKO41. The Rutgers mutants NGl4 and C30
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were isolated after ultraviolet irradiation and nitroso-guanidine
treatment of the QM6a strain (7). These hypercellulase producing

strains (including QM6a) were later renamed Trichoderma reesei (33).

The Cellulase Complex

The original Cl-Cx cellulase complex as postulated by Reese et
al. (97) in 1950 presumed a two-step hydrolysis mode whereby the "Cl"
component effected a change in crystalline cellulose that allowed the
"Cx" components to further degrade or hydrolyze the cellulose to its
subunits. No characterization of the enzymes was available at the time
and the existence of "C;" was postulated on indirect evidence (135).

As research on the T. reesei cellulase complex continued,
isolation of the components resulted in three major categories of
enzymes. I) The "C;" component has been identified as a B-1,4-glucan
cellobiohydrolase (EC 3.2.1.91), a glycoprotein which reacts with
cellulose in "exo-" fashion resulting in cellobiose as the end product
(10, 12, 28, 39, 40, 43, 135). At least four electrophoretically dis-
tinct B-1,4-glucan cellobiohydrolases have been identified from
Trichoderma cellulases (28, 40). These forms, termed A, B, C, and D,
have been determined to be different glycoprotein forms of the same
polypeptide with identical roles in cellulose degradation (40). Form C
has the highest affinity for crystalline cellulose, is the most pre-
dominant form containing higher carbohydrate levels (mannose, largely

[40]), and forms a slightly more active cellulase system when combined

with other fractions of the complex (28).
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II) The "Cx" component is a 1,4-B-glucan glucanohydrolase (EC
3.2.1.4), a glycoprotein which attacks cellulose and cellooligomers in
"endo-" fashion resulting in new free chain ends (13, 28, 42, 43, 107,
135). Shoemaker and Brown (107) isolated four endo 1,4-B-glucan
glucanohydrolases designated I, II, III and IV. These investigators
qualified the different specific reaction properties for endoglucanases

II, III and IV from Trichoderma reesei. It was noted by these authors

that the specific activities of the endoglucanases increased with the
length of the cellooligosaccharide substrate, and that endoglucanase IV
had some transglycosidase activity (107). 1In addition, Hakansson et al.
(42) isolated an endoglucanase with a molecular weight of about 20,000.
The earlier work of Berghem, Pettersson and Axio-Fredriksson (13)
indicated that the higher activity of this low molecular weight endo-
glucanase resulted from its smaller size which may allow it access to a
greater portion of the cellulose fibers.

Thus the '"C," portion of the cellulase complex is composed of
at least five endoglucanases.

III) The B-glucosidase (EC 3.2.1.21) or cellobiase component

of the cellulase complex of Trichoderma reesei degrades cellobiose

resulting in glucose (11, 28, 117, 119, 135). Berghem and Pettersson
(11) concluded that this enzyme is composed of a single polypeptide
chain and probably not a glycoprotein. In accordance with the termi-
nology of Emert et al. (28), the term B-glucosidase is used here to
designate the cellulase enzyme components where B-glucosidase is the

enzyme functioning to degrade cellobiose produced during polymeric



20

substrate degradation. Only one B-glucosidase has been observed in T.
reesei cellulases (28).

As the research on the nature of the cellulase complex contin-
ued, the basic concept of the Cl—Cx hypothesis became controversial.
Two predominant views prevail with "Cl" at the heart of each.

In the first view, Reese and Mandels (93) as reviewed by Wood

" is a prehydrolytic factor, condi-

and McCrae (135) maintain that "Cl
tioning the crystalline cellulose to allow subsequent attack and con-

version by the "Cx" components (Fig. 3).

Cx
endoglucanases
P oligomers
€1
Crystalline ____3 Modified cellobiohydrolase
cellulose cellulose > cellobiose
glucohydrolase
» glucose

Figure 3. Modified Cl-Cx hypothesis of E. T. Reese (135).

In the second view, Emert et al. (28) utilizing the individual
components of the cellulase complex as presented above, propose an
opposing hypothesis. This model maintains that the "Cl" component is

the B-1,4-glucan cellobiohydrolase. In this hypothesis they argue that

in an enzyme complex containing both "exo-'" and endoglucanases, it is
the endoglucanases which are responsible for initiating the attack.
This hypothesis, therefore reverses the order of the '"C;-C," concept

propounded by Reese.
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The hypothesis of Emert et al. (28) enjoys a great deal of
experimental evidence and support (10, 11, 12, 29, 39, 40, 43, 91, 104,
117, 135). Emert et al. (28) also propose that the "Cl—Cx" catch-all
term be eliminated in favor of the systematic names assigned by the
Commission on Enzymes of the International Union of Biochemistry for
the individual components of the cellulase complex.

In this light, the second hypothesis of Emert et al. (28)
suggests that reference to the cellulase '"complex" or '"system'" is in
nature a true function indicating synergism. 1In this synergistic action
the endoglucanases initiate the attack exposing new chain ends to the
cellobiohydrolase for exoglucanase activity at the site which aids the
endoglucanase action on the crystalline cellulose (10, 13, 28, 39, 42,
66, 104, 107, 135). The product of the cellobiohydrolase, cellobiose,
is removed by the B-glucosidase thereby reducing end product inhibition
of the cellobiohydrolase (10, 12, 39, 43, 66, 117, 119).

Trichoderma reesei enzyme culture filtrates also contain

arabinase and xylanase (pentosanases) (55, 80, 125) as well as alpha-

amylase (68, 79, 125).

Factors Affecting Enzymatic Hydrolysis

Electron micrographs of enzymatic degradation of cellulose
reveal a phenomenon of breakdown in which the cellulose particles are
reduced to finer particles or are fragmented (29, 54, 60, 91). Berg
and Hofsten (8) used electron microscopy to examine the growth of T.

reesei (viride) on cellulose. Their study revealed that the fungus

appeared to grow in directions parallel to the laminar structure of the
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fibers. This is interesting in that the enzyme attacks in a manner

that reduces the crystallite in width while the length remains constant
(29). Rautela and King (91) postulate that enzymatic action along the
crystallite would result in fragmentation because of binding to the
surface, anticipating that this bonding would weaken interstructural
bonding and result in smaller crystallites being freed. Presumably this
process continues until extensive reduction in size is realized.

Enzymatic cellulose degradation requires physical contact
between the substrate and the enzyme. Thus, structural features of the
cellulosic material are integral to the degree of susceptibility to
degradation. These factors include: 1) the water sorbtion capability,
2) the crystallinity, 3) the molecular arrangement, 4) the content of
associated material such as lignin and 5) the capillary structure of
the cellulose fibers (29, 122).

The influence of one factor over the others in relation to rate
and extent of hydrolysis has been a subject of investigation. The work
of King (54) showed that the hydrolysis (solubilization) rate was
directly proportional to the surface area of the substrate. Stone et
al. (122) in a similar study suggested hydrolysis as a function of
capillary dimension of the cellulosic substrate. The accessibility of
the cellulose to the cellulase enzymes, at a molecular weight of around
50,000 (29), was assumed to be assisted by increased surface area in
these postulations. Fan, Lee and Beardmore (29) dispute the importance
of surface area and emphasize the effects (or limitations) of crystal-
linity. In this work, they thoroughly document the hydrolytic increase

in relation to percent crystallinity. They attribute the slowdown of
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hydrolysis to the '"inactive'" fraction of the crystalline cellulose,
noting that surface area at this point (96 h of hydrolysis) is greater
than at initiation. They conclude that surface area is not limiting
and therefore the decrease in hydrolysis rate is not due to this factor.
They attribute the decrease in hydrolysis to the fine structural order
of the cellulose confirming that the amorphous portion is hydrolyzed
more rapidly. This work points to the importance of the fine structural
order of the crystalline cellulose as the predominant factor affecting
enzymatic hydrolysis. The authors recommend investigation into pre-
treatments directed towards altering the crystalline arrangement rather
than treatment as a simple function of increasing the surface area.

Physical Treatments. Studies aimed at altering the crystalline

structure of cellulose indeed do show significant increases in percent
hydrolysis. Kelsey and Shafizadeh (53) used shaker flask studies in
which simultaneous physical attrition and enzymatic hydrolysis of the
cellulose was obtained by adding glass beads to the hydrolysis mixture.
This method was compared to vibratory ball milling pretreatment. The
simultaneous attrition, wet milling method (53) resulted in higher
initial hydrolysis rates and twice as much hydrolysis as the ball milled
samples. Lignocellulosic materials also responded to wet milling pro-
cedures (using stainless steel beads) by an increase in hydrolysis of
three times that of ball milling. Significant increases in conversion
using newsprint were zlso noted using the stainless steel beads. The
underlying feature of simultaneous wet milling-hydrolysis is the con-
tinued exposure of new surfaces and irregular cellulose molecules via

mechanical breaking of the cellulose (53). The enzyme is thus capable
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of reacting with cellulose molecules otherwise inaccessible due to high
orientation of the crystallites. The major drawback of this process is
the inactivation of the enzvme due to the grinding action of the wet
milling. Neilson, Kelsey and Shafizadeh (78) in a subsequent study
using a bench-scale attritor felt that this type of inactivation played
a significant role in the leveling off of the saccharification at
approximately 70% conversion.

Another method of disrupting the cryvstalline structure of cellu-
lose is multiple passes through a two roll compression mill. Ryu et al.
(99) used this method in working with a two-phase kinetic model for
cellulose hydrolysis. X-ray diffractograms of highly crystalline cellu-
lose (Avicel) passed up to 35 times through the mill had a lower level
of crystallinity. Corresponding saccharification of Solka Floc SW-40
treated in a similar manner matched the decrease in crystallinity to an
increase in conversion to glucose. It is interesting to note that
multiple passes resulted in a decrease in surface area of all cellulosic
materials used. This was attributed to the collapse of the capillary
structure of the materials via compression (99).

Paper mill wastes and chemical pulps represent materials which
have the highest susceptibility to enzymatic conversion (4, 5). Such
materials have been exposed to extensive processing both mechanical and
chemical. The resulting material has a highly refined cellulose content
and a more open physical structure (4). Pulping procedures such as
beating cause fibrillation and swelling (4). Fibrillation causes indi-

vidual fibrils to loosen and raises the small fibrillae on the surface

of the fibers thus affording accessibility to the enzyme (4). Such
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materials become more resistant upon drying and require extensive
milling (ball milling) to restore their susceptibility (4, 5). Drying
of cellulosic materials induces recrystallization and increases resist-
ance to breakdown (29, 122).

Chemical Treatments. While the methods of physical treatments

by wet milling and compression milling are significant, alternate
methods (primarily chemical) can not be discounted. Use of cadoxen
pretreatment on agricultural residue (lignocellulosic materials) has
resulted in up to 99% conversion of the cellulose to glucose and
reducing sugars (56). These results are impressive given the natural
higher resistance of these materials (cornstalks, bagasse, alfalfa,
fescue and orchard grass). Alkali pretreatment has resulted in a 2.3-
to 6.8-fold increase in hydrolysis of similar materials (bagasse, wheat
straw, cornstalks, rice husks) (25). Alkali treatment of newspaper was
noted as the most successful method of increasing the susceptibility to
hydrolysis by Mandels, Hontz and Nystrom (65).

The above mentioned studies were limited to a 1 to 5% concen-
tration of substrate. This low concentration is a result of the dif-
ficulty of working with material which has a low bulk density (65).
Katz and Reese (52) in an experiment to investigate the potential of
cellulose conversion utilized high enzyme concentrations to produce a
solution of greater than 307 glucose. The aim of the demonstration was
to achieve slurries of glucose equivalent to that obtained in the starch
industry.

Kinetics. Kinetics of hydrolytic catalysis by the cellulase

complex of T. reesei have been studied by numerous authors (18, 49, 81,
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92, 99). gghe models generally propose or illustrate mathematically a
means of understanding and/or predicting cellulose degradation taking
into account factors such as end product inhibition, enzyme-substrate
adsorption/inactivation, reversion products, etc.

“Enzymatic Hydrolysis Process Factors. Significant loss of

enzyme is incurred in cellulose hydrolysis due to adsorption of enzyme
on that portion of the substrate which resists further breakdown (18,
48, 84). Hydrolysis eventually becomes limiting due to this adsorption
and a lack of reaction due to the unavailability of sites (18, 48).
Castanon and Wilke (18) note the differences in enzyme affinity or
release in later periods of hydrolysis as a function of the type of
substrate used. For example, newspaper retains or adsorbs more enzyme
than purer cellulose forms such as Solka Floc. They also found that the
Cyx enzymes (endoglucanases) of the cellulase complex were preferentially
adsorbed initially in the hydrolysis of newspaper. The Cy (exo-
cellobiohydrolase) was preferentially adsorbed later in the hydrolysis.
Enzyme production represents about 607 (18) of total process costs in
the system of Wilke et al. (133). Castanon and Wilke (18) note the
importance of the ability to recover enzyme which may reduce enzyme
process costs by 20 to 40% (18).

Much of the expense of enzymatic cellulose conversion is attrib-
uted to the large quantities of enzyme required to produce substantial
concentrations of sugar solutions (as glucose) (66). The addition of
B-glucosidase (cellobiase) substantially reduces the cellulase require-

ment by reducing the end product inhibition effect (66, 117, 119).
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Aspergillus phoenicis QM329 (Natick) is a high yielding B-glucosidase

producer used to supplement T. reesei cellulase (119).

Application of crude enzyme preparations for hydrolysis has been
employed in systems such as the simultaneous saccharification/fermenta-
tion process (27). In this process on-site enzyme production supplies
cellulase to a pretreated cellulosic slurry and is fermented at 40°C.

The combined fermentation and saccharification, according to the authors,
affords a built-in removal system (yeast) for feedback inhibition
products (27). A similar method on a lab scale involved employment of

Saccharomyces cerevisiae at 30°C with good results (102)./ The above

methods are a compromise of the optimum fermentation temperature for
the organism used and the optimum temperature (50°C) and pH (4.8) for
enzymatic hydrolysis using T. reesei cellulase (6, 63, 65, 114).
Investigations by Mandels et al. (66) on cellulase filtrates
(crude enzyme) under use conditions compared the three best T. reesei
cellulase producers--QM9414, MCG77 and Rutgers C-30. They reported
an increase efficiency in saccharification using diluted enzyme. These
authors also noted that lactose cultured cellulase was less effective in
hydrolysis, requiring more units/gram substrate to produce equivalent
sugar concentrations. In an earlier paper, Reese and Mandels (94)
repated factors affecting stability of trichoderma cellulase, noting that
shaking during hydrolysis and the use of certain preservatives detri-

mentally affects hydrolysis. Bacterial contamination (specifically

Bacillus coagulans) directly affected the Cj or crystalline activity
(Avicelase) of the cellulase. The C-30 mutant cellulase with added

B-glucosidase was the most stable cellulase.
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Cellulase Production

Cellulase Inducers. Cellulase production by T. reesei is

induced by lactose (7, 41, 67, 68), sophorose (61, 67, 79), as well as
cellulose. Lactose induces cellulase at a level of less than one-half
that of cellulose (7, 100). Mandels, Parrish and Reese (67) found
sophorose, 2-0-f-D-glucopyranosyl-D-glucose, to be the most active
inducer of cellulase for T. reesei and is specific for this organism.
They discovered that sophorose occurs as a contaminant in reagent grade
glucose at a level of 0.0058%. The relative activities of cellobiose,
lactose and sophorose are 1, 20 and 2500 based upon one Cy unit induced
by 1, 0.05 and 0.0004 mg of sugar respectively (67). Nisizawa et al.
(79) found a distinct inhibition of cellulase production at higher
levels of sophorose. They attribute this to catabolic repression from
glucose derived by B-glucosidase action on the substrate. Thus,
sophorose is active only at low concentrations (maximum activity at

1 x 10=3 M), and therefore produces low enzyme quantities (79).
Lowenberg and Chapman (61) found that pulse feeding of sophorose at
designated intervals was effective in obtaining higher cellulase levels.
These authors note that the cessation of cellulase production coincides
with the complete disappearance of inducer (sophorose). This trait was
believed to be due to T. reesei's requirement of a constant source of
inducer (61). Lowenberg and Chapman (61) state that because sophorose
promotes cellulase formation much more rapidly than does cellulose, it
is closer to the natural inducer than is cellulose, and, that cellulose

serves as a substrate from which an inducer can be formed.
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Because of the application demand for feasible processes,
cellulase must be produced in quantities and activities suitable for
direct use and as cheaply as possible. For these reasons cellulose has
been and is the logical substrate for production. In addition, cellu-
lose based media do provide the constant inducer source previously
mentioned as a requirement in cellulase production (61).

Growth Inhibitors. Other compounds have been studied as

inducer, stimulators/activators and enhancers of cellulase production.
Cellulase production has been suggested as being inversely related to
growth rate (7, 50, 100). Studies employing known growth inhibitors in
small to trace quantities seem to show increased cellulase activity
k106, 124). Stranks and Bieniada (124) employed phenethyl alcohol (PEA)
as a growth inhibitor in experiments including several known cellulase
producers. They noted significant increases in cellulase production

using PEA (0.03% v/v) with Myrothecium verrucaria. Trichoderma reesei

(viride) was least affected by addition of PEA (124). The experiments
used 1% glucose as the substrate.

Shirkot et al. (106) found that small concentrations (0.1 to
0.4 ppm) of dithiocarbamates (fungicides) dramatically increased the
yield of Avicelase (crystalline activity) and carboxymethyl cellulase
(CMCase-amorphorous activity). The B-glucosidase activity was also
increased in 8 days but was greatly diminished in 12 days (106). The
authors suggest that by use of these fungicides high yields of Avicelase
and CMCase may be preferentially obtained from T. reesei cultures.

Stimulators/Activators. Gupta, Das and Gupta (41) found that

additions of acetate, malate and alpha-ketoglutarate to a basal medium
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plus 1% cellulose as a substrate increased cellulase yields from T.
reesei. It was also found that ascorbate increased enzyme yield. The
most interesting result of this study was the marked increase (two-
fold) in enzyme yield when a combination of acetate and ascorbate at
0.1% each was employed. The authors were unable to explain this phe-
nomenon.

«_Enhancement and Trace Elements. The inclusion of surfactants

such as Tween 80 (polyoxyethylene sorbitan monooleate) in cellulase
production media has been found to enhance enzyme yield (96). The
method of enhancement is postulated as being a favorable membrane
response in releasing the enzyme (96, 125). Thus, permeability of the
membrane is suggested as a possible factor in enzyme yield although the
authors note that the mechanism may be more complex since release or
leakage of other enzymes is not encountered in all cases (96). y

In addition to the standard nutrients such as carbon, nitrogen,
potassium and phosphate which are provided in T. reesei production media
(63), Mandels and Reese (68) determined that the magnesium and calcium
ion ratio played a significant role in obtaining optimum cellulase
yields.i Their study (68) also revealed that certain trace elements aid
maximal enzyme production. Cobalt was the only trace element active
alone and best results are obtained with additions of iron, manganese,
zinc and cobalt (68). Trace elements are required for enzyme produc-

tion but not for growth except on pure cellulose (68) . Metal ions

do not play a role in the activity of Trichoderma reesei cellulase

(68)7#
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“ Nitrogen Sources. Cellulase production media employ the essen-

tial growth elements of potassium, phosphorous, nitrogen, calcium and
magnesium as per Mandels and Reese (68). Trichoderma species in general
grow best with amino nitrogen, ammonium ion (NHAOH) as the next best
source, followed by urea and nitrate (22). Gupta, Das and Gupta (41)
found a combined source of nitrogen to be superior in a liquid medium.

A trace element supply of iron, manganese, zinc and cobalt is provided
as recommended by Mandels (63). The Mandels method (63) supplies
proteose peptone at one-tenth of the cellulose level employed. Yeast
extract can be substituted for the proteose peptone (62). Use of Tween
80 is optional (63).™

Trichoderma reesei Strain Variations. The hyperproducing

cellulase strains vary in their response to inducing substrates and
fermentation conditions (7, 125). Andreotti et al. (7) made a compara-
tive study on the Natick and Rutgers mutants and found that Rutgers
(Rut) C-30 was the highest producer on 6% ball milled cellulose pulp
and the Rut NG-14 was the highest producer on 6% compression milled
cotton. MCG77 (Natick) was the superior producer on lactose with Rut
C-30 slightly below it on 6% lactose medium (7). The other strains
produced low levels of enzyme on 6% lactose.

Glucose represses cellulase synthesis in T. reesei (33). MCG/7,
Rut NG-14 and Rut C-30 have the advantage of resistance to catabolic
repression (33, 74, 125). 1In particular, MCG77 and Rut C-30 have the
ability to recover full cellulase producing capacity after growth on or
introduction of glucose (33, 74). Rut NG-14 does so to a lesser extent

(74). This characteristic allows the convenient propagation of heavy
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inoculums for these two strains on glucose medium for subsequent cellu-

lase production (33, 125) %

Production Methods

Sternberg (118) investigated the pH optimum, nitrogen require-
ments and an increased cellulose level for improved enzyme yields.
Uncontrolled pH resulted in dramatically reduced enzyme activity in
media with greater than 0.75% w/v cellulose levels (118). He found
that the best yields could be obtained by controlling the pH during the
fermentation to not less than 3.0 or greater than 4.0. A controlled pH
of not less than 3.5 favored higher B-glucosidase activity. Without pH
control the pH in 2% w/v cellulose medium would drop to 2.5 diminishing
the yield by inactivation of the enzyme.

Sternberg and Dorval (120) used ammonium hydroxide to control
PH in a lower salt content medium employing cellulose levels of 2 to 8%
w/v for high cellulase yields. In both studies (118, 120), a pH profile
with a fairly rapid drop to the control level (pH 3.5), holding for
several days, and a subsequent rise is described. The pH rise is
attributed to ammonia release by the fungus (120). Stermberg (118)
notes that B-glucosidase formation lags 1 to 2 days behind cellulase
production coinciding with the rise in pH. Maximum enzyme yields were
obtained on 8% cellulose although yields at 6% cellulose were only
slightly lower (120). Sternberg and Dorval (120) mention the necessity
of using a high inoculum level (20% v/v) for the 8% cellulose level.

Other production methods for enhanced cellulase production

involve mixed culture fermentation of T. reesei and a yeast (82), pH
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cycling and temperature profiling (76, 125) and continuous culture
methods using T. reesei (34, 83, 100).

Peitersen (82) added an inoculum of either Candida utilis or

Saccharomyces cerevisiae 24 to 32 h after initiating cellulase produc-

tion using T. reesei QM9123 (Natick). He notes the earlier appearance
of cellulase due to the competitive uptake of glucose by the yeast. The
cellulosic material was not further utilized by use of the yeast culture
(82).

Mukhopadhyay and Malik (76) employed a production strategy in a
batch operation whereby they varied the temperature and the pH during
the fermentation. They used higher temperatures during the growth
phase. They also cycled the pH during the acid phase of enzyme produc-
tion by radically adjusting from the control point (pH 3.0) to above pH
5.0, repeating this procedure once the pH fell to the control point
again. The authors claimed an increase in yield using this strategy
and believed that a shift in states of equilibrium and the different
conditions produced during the fermentation were responsible for this
increase.

The most promising and productive cellulase production methods
are the continuous processes. Peitersen (83) employed a cellulose
medium stream of 0.5 to 1.0% w/v cellulose feeding a single stage
reactor on a continuous basis. The results were a low enzyme activity
product, 10 to 30% the activity of a batch production, and a production
value of 12-13 International Units (IU)/1/h.

Ghose and Sahai (34) used a single stage reactor with cell

recycle which resulted in cellulase of 1.0 to 1.2 I1U/ml depending upon
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the nitrogen source employed. This system produced 30 IU/l/h using T.
reesei QM9414 (Natick).

Ryu et al. (100) reported the most successful and informative
continuous cellulase production system. These authors employed the T.
reesei strain MCG77 with lactose as the inducer/carbon source. They
operated the process for 1350 h on a continuous basis. This process
involved the use of a seed or biomass production vessel feeding into an
enzyme production vessel. They determined the optimal enzyme production
rate of the second vessel to be 0.027 WL At this rate a production
value of 90 IU/1/h was obtained. Ryu et al. (100) project the theoret-
ical enzyme productivity to be approximately 300 IU/1/h from this system
based on biomass concentrations obtainable in the process.

Comparison of production of batch and continuous processes have
been made by Ghose and Sahai (34) and by Mukhopadhyay and Malik (76).
Mukhopadhyay and Malik (76) infer that the method they employ of con-
trolled temperature profiling and pH cycling in batch mode is competi-
tive if not superior to the system of Ryu et al. (100). In actuality a
comparison of the two systems reveals that the system of Ryu et al.
(100) utilizes 567% of the fermenter volume required by Mukhopadhyay and
Malik (76) and produces 14.5% more enzyme as IU/h in a respectable con-
centration (5.6 IU/ml). This is a result of the activity of the enzyme
produced, the volume or retention time employed, and the total produc-
tion time involved. In addition, the system of Ryu et al. (100)
sustained an operating time well beyond that which a single batch system

is capable of achieving without duplication of facilities (i.e., 1350 h

[100] vs. 170.5 h [76]).
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The results of Ryu et al. (100) suggest that the second stage or
enzyme production stage should be maintained at zero or negative growth
rate. They further relate that this implies that the cells in the
second stage are under conditions of resting cells or slight degenera-
tion. This is significant in that much of the total enzyme realized in
a production system is released into the medium under stationary phase
conditions and lysis, later in the production profile (i.e., after 48 to

72 h) (8, 9, 33, 69, 118, 120).

Accessing Cellulase Enzymes

Methods of determining cellulase activity are compounded by the
complex nature of this enzyme (17). Mandels (63) compiled methods
generally accepted as indicative of expressing the activities of the
various components which make up the cellulase enzyme. These methods
are subject to some degree to the individual investigator's interpreta-
tion of whether they truly reflect what he wishes to illustrate and his
faith in the method employed (64). As a result, a multitude of methods
and modifications of methods (quantitative and qualitative) can be
found in the literature (1, 2, 3, 19, 36, 37, 38, 59, 63, 64, 73, 74,
75, 85, 108, 111, 123).

Mandels, Andreotti and Roche (64) maintain that the filter paper
assay (units as FPU or IU) developed and employed by U.S. Army Natick
Research Laboratories fulfills the requirements for expression of a
complete cellulase being relatively fast, simple, reproducible and
quantitative. However, modifications of even this assay have been

proposed and employed (37, 74, 75). An excellent example is the
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modification employed by Montencourt and Eveleigh (74). These authors
employed the method of Mandels et al. (64) except they diluted the
enzyme to obtain reducing sugar values which would fall within their
standard curve limits (74). This modification was very useful for the
large number of assays required in this study. It readily points out
the tedium and exertion required to perform the method of Mandels et al.
(64) when high numbers of samples are encountered. These authors also
point out that the values resulting from their modification reflect
higher than actual yields (74).

Canevascini and Gattlen (17), in a comparative study of various
cellulase assays, found that for T. reesei the effects of dilution in
the filter paper assay of Mandels et al. (64) related reasonably well
to the actual activity in dilutions of the enzyme from 1:5 to 1:30.

They further assert the problem of comparing studies in cellulase
activity and conclude that the most specific, sensitive method is the
viscometric method for estimation of endo-cellulase activity. They also
note the continued lack of an assay which can quantitate the exo-
cellulase (cellobiohydrolase) component in unfractionated culture

filtrates.

Dimethyl Sulfoxide

As previously mentioned, various inducers (7, 41, 61, 67, 68,
79), growth inhibitors (106, 124), stimulators/activators (41) and

enhancers (68, 96) have been employed in the search to improve cellulase

yields from T. reesei strains. At least one method (Tween 80 addition)

is postulated as favorably affecting the release of enzyme through the
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cell membrane (96, 125). Such manipulations via cell treatment or
stimulation leads to a search for other similarly acting chemicals and
compounds not unlike that encountered in the search for a solvent
capable of solubilizing cellulose (i.e., cadoxen, metal amine complexes,
etc.) (51, 56).

One potential candidate is the aprotic solvent (89) dimethyl
sulfoxide (DMSO). DMSO is noted for its use as a therapeutic agent and
as a carrier for its ability to penetrate the skin in topical applica-
tions (132). Weyer (132) reviews some medical and clinical applica-
tions of DMSO in this capacity. Technical applications of DMSO involve:
cold solubilization of starch, solubilization of nitrocellulose,
solubilization of lignin and hemicelluloses, a solvent for proteins,
use in the manufacture of sugar esters of fatty acids, as a cryogenic
agent, as a carrier liquid for herbicides, insecticides, and bacteri-
cides, influencing the uptake of transition metals in plants, and other
applications (46).

Franz and Van Bruggen (32) investigated the mechanism of the
penetrating action of DMSO using frog skin as a representative tissue
membrane. In their study they found a three-fold increase with sodium
ion and a six-fold increase with chloride ion in the rate of influx
through the membrane in the presence of 2.57 DMSO. Nonelectrolyte
materials (urea, mannitol and sucrose) also moved across the membrane
more rapidly in the presence of DMSO (32). These authors noted that no
permanent change in the membrane was effected by 5% DMSO, requiring

only a rinse and the membrane returned to normal parameters. Rammler
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(88) found that DMSO has a stimulatory effect on several enzyme
catalyzed hydrolytic reactions.
Closer to the application of DMSO on microorganisms is the study

by De Bruijne and Van Steveninck (23) in which a yeast (Saccharomyces

cerevisiae) was used to study the phenomenon of asymmetrical influx and
efflux of DMSO through the yeast cell membrane. They determined that
DMSO penetrates the yeast cell membrane with simple first-order kinetics;
no active transport is involved in the process. These authors found a
discrepancy between growing yeast cells and mature or resting stage
yeast cells. In growing cells the rate of influx approximately equaled
the rate of efflux from the cell (23). 1In resting cells the rate of
efflux was significantly higher than the rate of influx (23). They
suggest that this may be due to a membrane structural and functional
change during the life cycle of the yeast cell (23).

DMSO has a stimulatory effect on vegetative growth of a number
of bacteria, yeasts and molds. Herschler (47) found that low levels
(20-500 ppm) of DMSO added to conventional growth or production media
effectively stimulated vegetative cell growth while depressing spore
formation. He found that the addition of DMSO increased the yield
and/or decreased the production time of desirable microbial metabolites
such as enzymes, alcohols, polysaccharides, etc. Concentrations above
3% by weight of DMSO have a biocidal or biostatic effect. Aerobic
processes (antibiotic fermentations, sewage treatment, etc.) respond

better to DMSO addition than anaerobic processes (47).
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The purpose of this study was to investigate the production of

Trichoderma reesei cellulase at pilot plant scale employing used dairy
equipment. Basic production methods and requirements for production
were investigated as well as the limits of this system.

The effects of dimethyl sulfoxide on a higher mutant of T.

reesei (MCG77) were also investigated in laboratory shaker flask studies.
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MATERIALS AND METHODS

Stock Cultures

Trichoderma reesei strains QM9414 and MCG77 were obtained from

Dr. Mary Mandels, U.S. Army Natick Research and Development Command,
Natick, MAa.

Strain QM9414 was maintained on Potato Dextrose Agar (BBL)
slants. Strain MCG77 was maintained on a 1.57 agar slant containing
Vogels salts (129) supplemented with 1% Solka Floc BW200 cellulose
(Brown Co., Berlin, NH), 5.0 micrograms/] biotin, 0.57 yeast extract
and 0.57% glycerol (62). Slant cultures were stored at 4°C and trans-
ferred once per month.

MCG77 deteriorates with several passes on alternate media (62)
therefore a more dependable stock culture reservoir was desired. Soil
stocks were made for spore storage for both QM9414 and MCG77.

Soil Stock Procedure. A good loamy soil was dried for 5 days

at 60°C in a convection oven and screened. Approximately 3 g of soil
was transferred to each 16 x 150 mm test tube and cotton plugged. The
tubes plus soil were autoclaved for 20 min at 121°C, 15 psi steam, fast
exhausted and dried. The medium was then returned to the convection
oven (60°C) for 48 h. The test tubes plus soil were cooled to room
temperature and the contents of one tube transferred asceptically to
100 ml of a 1% glucose nutrient medium and incubated at 30°C for 48 h.
The nutrient medium was checked for growth microscopically.

For spore inoculum the original MCG77 culture was transferred

once to the MCG77 maintenance medium to minimize any deterioration that
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might be incurred by multiple passes. QM9414 was also cultured on the
MCG77 maintenance medium. The organisms were cultured in petri plates
(25 ml medium/plate) for maximum surface exposure and a heavy spore
cover. By inoculating in the center of the petri plate an outward
progressing ring of mycelium and spores formed in 7 to 10 days at 30°C.

A 2 x 2 x 1 cm triangular section of agar and culture was
asceptically removed from the outer ring of the culture and placed in a
sterile petri dish for washing. Spores were washed off the section
using 0.5 ml of sterile distilled water and a 1 ml pipet. A heavy spore
suspension resulted of which 3 to 5 drops were asceptically transferred
to the soil medium. The clot or ball that formed upon addition of the
spore suspension to the dry soil was broken up by mixing with a sterile
pasteur pipet which had the capillary end flame sealed. The spore
suspension was mixed thoroughly with the soil for even distribution and
the tubes left at room temperature for 5 days before storing at 4°C.
Stock cultures were in triplicate for each strain.

The soil stocks allowed returning to the spores from the first
pass of the original MCG77 culture avoiding possible mutation of this
strain from passing on agar media. Transfer of the soil stock to the
maintenance medium may be facilitated with a loopful of soil as inocu-
lum. An active culture of MCG77 strain was maintained for spore inocu-
lum by successive passing on the maintenance medium for two to three
transfers before returrning to the soil stock for new inoculum. The
QM9414 culture was passed successively with no apparent deterioration.

The soil stock was used when the transfer sequence was interupted by

extended periods of time between experiments.
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Media

MCG77 Maintenance Medium. The MCG77 maintenance medium used the

Vogels salts solution (129) according to the formula of Dr. Gallo (62).

A 50X stock solution of the Vogels salts was prepared by adding
to 700 ml distilled water: 150 g Naj Citrate < 5H70 (or 117 g Na 3
Citrate -+ 2H,0), 250 g KH,PO4, 100 g NH,NO5, 10 g MgSO, - 7H,0, 5 g
CaCl, - 2H,0 and 5 ml each of the Vogels trace element solution and
biotin solution. The medium was diluted to 1 liter and stored at room
temperature.

The Vogels trace element solution was prepared by adding to
90 ml distilled water: 5 g Citric acid monohydrate, 5 g ZnSO4 - 7H,0,
1.0 g Fe(NHA)z(Soa)z * 6H,0, 0.25 g CusOo, * 5Hy0, 0.05 g MnSO, ° 4H,O0,
0.05 g H3BO3, 0.05 g NaMoO, - 2H20. The solution was diluted to 100 ml
with distilled water.

The biotin solution was prepared by adding 5 mg biotin (Sigma)
to 100 ml of 507% ethanol and distilled water.

Addition of the 50X Vogels solution was 20 ml per liter of
medium plus 0.5% yeast extract, 0.5% glycerol, 1% BW200 cellulose and
1.5% agar. After autoclaving, the medium was allowed to cool until it
began to gel before pouring petri plates or setting slants to maintain
suspension of the cellulose.

The cellulose substrate employed was Solka Floc SW-40 or BW200
(Brown Co., Berlin, NH). Solka Floc is a purified form of alpha-
cellulose derived from spruce wood of approximately 95% purity in 40

mesh (SW-40) or 200 mesh (BW200) fibers.
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QM9414 Production Medium. The QM9414 production medium was

prepared as described by Mandels (63) omitting the urea and substituting
yeast extract for proteose peptone. The QM9414 production medium con-
tained per liter: 1.4 g (NHA)ZSOA’ 2.0 g KH, PO, , 0.3 g CaCl,, 0.3 g
Mgso,, - 7H20, 2 ml Tween 80 and 1 ml trace element solution.

The trace element solution for the QM9414 production medium
contained: 495 ml distilled water, 5 ml concentrated HCl, 2.7 g FeSO,
7H,0, 0.77 g MnS0, * H,O0, 0.83 g Z2nCl, and 0.55 g CoCl, for a total
volume of 500 ml. The concentration of trace elements in the final
medium is 1 ppm of iron, 0.5 ppm of manganese, 0.8 ppm of zinc and
0.5 ppm of cobalt.

Cellulose as Solka Floc SW-40 or BW200 was added at 0.75 to 4%
w/v. Yeast extract was added at a level of two-tenths the cellulose
concentration employed.

MCG77 Production Medium. The MCG77 production medium contained

the same concentrations of nitrogen, potassium, phosphate and calcium
as the QM9414 production medium but utilized higher levels of magnesium
and trace elements (100).

The MCG77 production medium contained per liter: 1.4 g
(NH4)2504, 2.0 g KH,PO,, 0.3 g CaCl,, 0.6 g MgSO, - 7Hy0, 2 ml Tween 80
and 1 ml trace element solution. The salts for this medium were pre-
pared in a 50X solution containing per liter: 70 g (NH4)2804’ 100 g
KHyPO,, 30 g MgSO, - 7h)0 and made to volume with distilled water. The

solution was stored at 4°C. Addition of the 50X solution was 20 ml per
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liter of medium. Calcium was added as a 3 ml aliquot of a 10% w/v
CaCl) solution per liter of medium.

The MCG77 trace element solution contained: 495 ml distilled
water, 5 ml concentrated HCl, 5.0 g FeSO, * 7H20, 1.6 g MnSO, - H)O,
0.665 g ZnCl,) and 2.0 g CoCl, for a total of 500 ml. The concentration
of trace elements in the final medium is 2.0 ppm of iron, 1.0 ppm of
manganese, 0.64 ppm of zinc and 1.82 ppm of cobalt.

Cellulose as Solka Floc BW200 was added at a 1.0% w/v level.
Yeast extract was added at a level of two-tenths the cellulose level

(or 0.2% at the 17 cellulose level).

Production

Inoculum. Spore inoculum for both the QM9414 and MCG77 was
obtained from 7- to l4-day-old maintenance medium petri plate cultures.
Spores were washed as in the soil stock culture procedure except 1 ml
of distilled water was employed and 0.4 ml of the spore suspension was
used as inoculum. Agar-culture sections from the outer ring of the
petri plate culture were selected for washing according to Stavy, Stavy

and Galum (115).

QM9414 Inoculum. QM9414 spores were transferred into 250 ml

erlenmeyer flasks containing 100 ml sterile QM9414 production medium
with a 0.75 to 1.0% cellulose level. The flasks were incubated at 29
to 30°C on a NBS Bench-Top reciprocating shaker (New Brunswick
Scientific, Edison, NJ) at 250 rpm for 24 to 48 h until good mycelial
growth was obtained. Growth was checked by microscopic examination and

indicated by a drop in pH from 4.8 to < 3.0. The culture was
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asceptically transferred to a sterile 250 ml blender jar and homogenized
for 30 to 60 seconds on an Osterizer blender. Fragmentation of the
culture in this manner is known to increase the efficiency of a fungal
inoculum (31).

Two hundred ml of the fragmented culture was used to inoculate
5 1 of sterile QM9414 production medium containing 1% cellulose in a
7.5 1 NBS MicroFerm laboratory fermenter. Filter sterile air was set
at 2.0 1/min, agitation at 250-400 rpm, and temperature control at 28°C.
The culture was incubated for 24 to 48 h and checked in the same manner
as the shaker culture. Pilot plant runs utilized the 5 1 NBS MicroFerm
culture as inoculum. Only QM9414 was run at pilot plant scale.

The pilot plant fermenter was a 757 1 stainless steel dairy
culture vessel (Creamery Package Corp., Chicago, IL) equipped with
agitation, pH monitor/control (Electrofact-Control Data Corp.,
Minneapolis, MN), heating/cooling coils and filter sterile air supply.
A 19 1 polyethylene reservoir provided 2N NH,OH for pH adjustment via
pH feedback and cellonoid control valves. The pH control was frequently
manual. Antifoam C (Dow Corning) was added as needed manually.

Scale-up of the QM9414 production medium to the working volume
of 190 1 was accomplished by adding to tap water: the standard salts,
yeast extract (as Milbrew DBY series #1, Amber Laboratories, Juneau,

WI) and 0.75-4% w/v cellulose (Solka Floc). These ingredients were
boiled for 10 min in the vessel and cooled to 10°C. This procedure was
repeated and the medium sampled for contaminants. The trace elements

and Tween 80 additions were autoclaved separate from the medium and
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added prior to inoculation. The temperature was adjusted to and main-
tained at 28°C for production.

The 5 liters of culture propagated in the NBS MicroFerm provided
a 2.6% v/v inoculum to the pilot plant batch. An NBS fermenter culture
was run in parallel to the pilot culture by addition of fresh sterile
medium to the NBS fermenter and reinoculated with a similar inoculum
volume. Figure 4 illustrates the method employed.

MCG77 Inoculum. Spore inoculum for the MCG77 experiments was

obtained in the same manner as the QM9414 procedure. The MCG77
mycelial inoculum was obtained by incubating the spores in 250 ml
erlenmeyer flasks containing 100 ml MCG77 production medium using 17
lactose instead of cellulose. The lactose MCG77 medium provided a
clear, amber-colored solution in which a contaminated culture would
often appear as off-colored, grayish mycelium allowing macroscopic
observation of culture quality. Contamination was rarely encountered.
Incubation conditions and culture treatments were identical to the
QM9414 procedure.

For the dimethyl sulfoxide (DMSO) experiment, six 1 liter
erlenmeyer flasks containing 500 ml each of sterile MCG77 production
medium at 1% cellulose (BW200) were inoculated with 5 ml/flask of a
fragmented 24- to 48-hour-old MCG77 culture. DMSO levels were O ppm
(control), 50 ppm, 100 ppm, 200 ppm, 300 ppm and 400 ppm using filter
sterile DMSO. The flasks were incubated on an NBS Gyrotory shaker with
environmental chamber at 28-30°C and 300 rpm. The cultures were
checked for contaminants via Gram stain at 24 h. The pH was checked

by aseptically removing 2 ml of culture using a sterile 10 ml wide
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bore pipet and transferring to an 18 x 150 mm test tube for pH measure-
ment to the nearest 0.0l unit with a Corning model 130 pH meter. The
pH was monitored by measuring samples taken at approximately 24 h, then
at 36, 42, 48, 60, 72, 74, 76, 78, 80, 84, 90 and 96 h. The pH was
adjusted to > 3.0 to < 3.5 by addition of 6.5 N NHAOH dropwise to the
culture. Ten samples for enzyme assay were drawn at 48, 60, 72, 74, 76,
78, 80, 84, 90 and 96 h. For enzyme samples, 5 ml of culture was
removed, centrifuged at high speed on a lab centrifuge, the supernatant
fluid collected in 13 x 100 mm test tubes, capped with parafilm and
refrigerated at 4°C until assayed.

For the whey-cellulose experiment, Amber SWP, series 1, demin-
eralized whey product (Amber Laboratories, Juneau, WI) was used as a
source of lactose. This product contained 86.5% lactose, 9.5% protein,

1.0% ash, and 3.0% moisture.

Saccharification

Saccharification of finely ground newspaper as a representative
waste material was performed on lab and pilot plant scale by employing
enzyme produced on the project. The newspaper was 63.57% cellulose as
analyzed by the forage fiber procedure. Reducing sugars were measured
by the dinitrosalicylic acid (DNS) method.

Laboratory saccharifications were performed in the NBS Gyrotory
shaker with environmental chamber at 50°C and 250 rpm. The pH was
maintained at 4.8 by 0.05 M sodium qitrate buffer as diluent or by

adjustment of the enzyme using 1 M sodium citrate buffer (63).
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The pilot plant saccharification was accomplished by harvesting
approximately 170 1 of cellulose culture fluid produced in Run #2 using
strain QM9414. This fluid was crude filtered through a dairy sock
filter (Kendall D-577) to remove mycelium and transferred to a 1300 1
dairy pasteurization vessel (Girton Dairy Eq., Millville, PA) equipped
with agitation (40 rpm) and temperature control. The enzyme was
assayed at 2.6 IU/ml and was diluted for saccharification 70:30, crude
enzyme solution to water. A 57 w/v newspaper slurry was obtained by
adding 12.15 Kg of finely ground newspaper to the diluted enzyme.
Temperature control was set to maintain 50°C and a pH of 4.8 was
obtained by addition of 750 ml of 1 M sodium citrate buffer (pH 4.8).

The total volume was 243 1 and total time of saccharification was 24 h.

Assays

Glucose as reducing sugar was measured by the dinitrosalicylic
acid (DNS) method as modified by Miller (71). A standard curve using
reagent grade anhydrous glucose was prepared with each analysis. The
range for the standard curve was 0.25 to 1.25 mg glucose/ml in incre-
ments of 0.25 mg for 5 points. The standard curve was plotted as
absorbance vs. mg glucose/ml from spectrophotometer readings (Spectronic
20, Bausch and Lomb). The line of best fit for the curve was calculated
using the method for 5 points in the A.0.A.C., 13th edition, section
42.200.

The cellulase enzyme was measured using the filter paper assay
for complete cellulase according to Mandels et al. (64) as modified by

Montencourt and Eveleigh (74). Whatman #1 filter paper cut into 1 x 6
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cm strips (50 mg) was the substrate. The strips were coiled and placed
in 18 x 150 mm test tubes and 1 ml of 0.05 M sodium citrate buffer (pH
4.8) was added. The enzyme was diluted with the sodium citrate buffer
to anticipate a reducing sugar value within the standard curve range.
Two dilutions per enzyme sample were assayed in triplicate. The enzyme
activity in IU/ml was derived from the dilution which fell within the
0.5 to 1.0 mg/ml reducing sugar range used by Montencourt and Eveleigh
(74). This method results in higher apparent activity than the method
of Mandels et al. (64) but is a more convenient method of assaying the
enzyme since less dilutions are involved when a large number of samples
are to be assayed (74). In the event of both dilutions resulting in
reducing sugar values falling in the 0.5 to 1.0 mg range, the corre-
sponding IU/ml activity was averaged.

One-half ml of enzyme solution was added to the tubes and
incubated for 1 h at 50°C in a circulating water bath. The reaction
was stopped by addition of 3 ml DNS reagent and the tubes placed in a
boiling water bath for 5 min. The tubes were allowed to cool and the
solution diluted to 20 ml with distilled water. The tubes were
inverted several times for mixing and read on the spectrophotometer at
550 nm for 7% transmittance (%T). Percent T was converted to absorbance
and the glucose produced (as reducing sugars) read from the standard
curve plot. The reducing sugar value from the average of the tripli-
cates was corrected for residual glucose in the enzyme by assaying
enzyme blanks for reducing sugars. ‘Units of enzyme were calculated

from the equation:
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(mg glucose x dilution) x 0.185 = FPU/ml (Filter Paper Units/ml)
or IU/ml (International Units/ml).

The absorbance readings from the spectrophotometer were sub-
jected to analysis of variance procedure (116). The yield relationships
for each dilution were also checked by analysis of variance.

The cellulose content of the newspaper was determined by the

forage fiber analysis method (35).
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RESULTS AND DISCUSSION

Pilot Plant Runs Using QM9414

Enzyme Production. The pH profile of T. reesei in submerged

culture cellulase production is used as an indicator of growth and
cellulase production in cellulose based media (118, 120). Growth is
indicated by the rapid drop in pH after inoculation and cellulase
activity correspondingly rises with the pH in the later stages of
fermentation. The pH rise can thus be used as an indirect means of
determining when to harvest the enzyme.

The 190 1 pilot plant rumns at 0.75, 2.0 and 4.0% cellulose
produced different pH profiles (Fig. 5). The principle differences are
the time required for the pH to drop to the control point of 3.0 and
the time required in achieving the subsequent pH rise. These differ-
ences are most apparent in the 4.0% cellulose culture medium. This
medium displayed a visible increase in viscosity as growth ensued. This
factor is believed to have impeded oxygen transfer and proper mixing in
the production vessel. Although the viscosity change and mixing
problems were not as apparent in the 2% cellulose medium runs, these
factors no doubt contributed to the longer production time and to the
resulting yields in the pilot plant vessel.

The design of the pilot plant vessel is not optimal for oxygen
transfer. The height (or depth) of the working volume of the vessel is
exceeded by the diameter. This factor does not allow for extended
contact of the air with the medium (113). Higher cellulose levels in

the production medium resulted in dead zones due to the improper mixing
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in the vessel. The advantages of optimal fermenter design are seen
-when a comparison is made of the NBS lab fermenter run in parallel to
the pilot plant (Table 1). The NBS parallel culture shows a higher
enzyme activity in a shorter time in all cases for the 2 and 47 cellu-
lose media.

Variation in the pH profile of the pilot plant runs from those
reported by Sternberg and Dorval (120) are due to the inoculum levels
employed. Sternberg and Dorval (ibid.) used a 107 v/v inoculum vs. the
2.6% inoculum level available in this study. The above authors en-
countered difficulties in the 8% cellulose medium similar to those
observed in this work for the pilot plant runs at the 4% level.
Sternberg and Dorval (120) remedied the lag and low production in the
8% cellulose medium by increasing the inoculum level to 20%. 1In the
pilot plant runs using the 47 cellulose medium in the present study,
the low yields realized in Runs #4 and 5 could not be attributed
entirely to low inoculum levels since a respectable enzyme activity was
obtained in the parallel NBS lab fermenter for these runs (Table 1).
The yield results obtained in the NBS lab fermenter on the 4% cellulose
level do not indicate that there was a deficiency in nutrients or in
essential trace elements of the medium.

The progression of improved yields recorded in Table 1 for the
47 cellulose medium pilot plant runs was the result of an improved
aeration method and an increase in the rate of aeration. The improved
yield in Run #6 at the 47 cellulose level shows no advantage over the
yield obtained at the 27 cellulose level in Run #2 and indeed the 47

level required more time to achieve a comparable enzyme activity. Pilot



Table 1. Production data for pilot plant batch runs using T. reesei QM9414 in 190 1 production
media at different cellulose levels.

. NBS Pilot plant

Run % Cellulose PH Co?tzol Pllo? giant parallel Time production
poin yie yield rate
1U/ml 1U/ml days IU/1/h
1 0.75 3.0 1.46 - 7 8.69
2 2.0 3.0 2.08 2.21 6 14.44
2.60 10 10.83
3 2.0 3.5 1.32 1.76 8 6.88
1.79 12 6.22
4 4.0 3.0 0.93 2.64 10 3.88
5 4.0 3.0 1.03 3.56 8 5.36
1.16 10 4.83
6 4.0 3.0 2.21 - 11 8.37
2.64 14 7.86

GG
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plant Run #2 produced an enzyme activity comparable to that obtained by
Sternberg and Dorval (120) at the 2% cellulose level. However, when
production is related in terms of IU/1/h the Sternberg and Dorval study
showed in an enzyme production rate of 21.6 IU/1/h compared to a rate of
10.8 IU/1/h for this study. The difference is attributed to the differ-
ence in inoculum levels employed (10% vs. 2.6%) allowing Sternberg and
Dorval (ibid.) to achieve the same activity in 5 days vs. 10 days for
the pilot plant run reported here (Table 1).

Saccharification. The saccharifying ability of the cellulase

enzyme was investigated employing finely milled newspaper in a 5% w/v
solids slurry. Laboratory shaker flask saccharifications were performed
using dilutions of a 0.79 IU/ml cellulase produced in the NBS lab
fermenter on 17 cellulose QM9414 production medium. Figure 6 shows the
saccharification curves for the diluted vs. undiluted enzyme. The
undiluted enzyme shows a higher initial hydrolysis rate at the 4 h time
period. In 24 h however, all enzyme solutions achieved a comparable
level of hydrolysis. Thus, enzyme efficiency is greater using diluted
enzyme. Mandels et al. (66) found a similar result in a study comparing
diluted enzyme solutions on newspaper slurries. No explanation was
offered for this reaction. Dilution may lessen any enzyme-—enzyme
inhibition between the cellulase complex components. Such a response
has been noted in dual enzyme systems where one enzyme has a higher
affinity for a coenzyme which is necessary for both enzymes and their
concerted action on the substrate (26).

The 70:30 dilution, enzyme to diluent, was used as a guide for

the pilot plant saccharifications of a 5% w/v newspaper slurry. Crude
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Laboratory conversion of a 57 w/v newspaper slurry using
dilutions of a 0.79 IU/ml T. reesei cellulase. Dilutions
(enzyme:0.1 M sodium citrate buffer) were: 90:10 (Q),
80:20 (M), and 70:30 (A ) and undiluted crude enzyme (@).
The saccharification was performed at 50°C, pH 4.8 and 250
rpm.
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filtered enzyme was extended by dilution 70:30 and operated under the
conditions for saccharification for 24 h. The results are shown in
Table 2. Conversion of the cellulose portion of the newspaper obtained
in the pilot plant was comparable to that obtained in the lab in 24 h.
The slightly higher pilot plant saccharification is probably due to the
higher cellulase activity of the enzyme employed in the pilot plant
(2.6 IU/ml vs. 0.79 IU/ml in the lab) and to the reduced agitation in
the pilot plant (40 rpm vs. 250 rpm in the lab). Reduced agitation may
have favored higher conversion in the pilot plant since shaking has
been found to be detrimental to saccharification of cellulose using T.

reesei cellulase (94).

Lactose/Cellulose Induction by MCG77

The MCG77 strain of T. reesei is capable of producing cellulase
induced by lactose (7, 41, 67, 68). Whey is an abundant source of
lactose and a combined cellulose-whey substrate may have potential
processing attributes attractive in cellulase production relating to
the viscosity of the production medium. Figure 7 shows the results of
an experiment in which demineralized whey powder (Amber Laboratories,
Juneau, WI) was employed as a source of lactose. The whey powder was
used at a level which resulted in a 1% lactose content. By virtue of
the protein content of the whey powder, a protein concentration of
approximately 0.17% is obtained at a 1% lactose concentration in the
medium. This is in agreement with the recommendation of Mandels (63)
for the synthetic medium requirements for cellulase production using

T. reesei. The whey powder medium was tested with and without the
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Table 2. Pilot plant saccharification of finely ground newspaper in a
5% w/v slurry. Total volume was 243 1 containing a 70:30
enzyme to water dilution of a 2.6 IU/ml crude enzyme filtrate

produced in pilot plant Run #2.

Saccharification was per-

formed at pH 4.8 and 50°C under constant agitation (40 rpm).

Saccharification % Glucose as
time reducing sugar Conversion*
h
15 1.9 59.84
24 2.2 69.29
24 2.45 77.16
24 2.3 72.44
Avg. for 24 2.32 72.965

*7 conversion is based upon the % cellulose of the newspaper—-

63.5% cellulose.
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Cellulase production by T. reesei MCG77 on: (A) 1% cellulose
MCG77 production medium; (B) whey powder for a 1% lactose
content; (C) whey powder (1% lactose) plus supplements;

(D) whey powder (0.5% lactose) and 0.5% cellulose; and (E)
whey powder (0.5% lactose) and 0.5% cellulose plus supple-
ments. Supplements are the salts and trace elements as in

the MCG77 production medium.
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additional salts and trace elements (referred to as supplements). The
medium relied upon the whey protein of the whey powder instead of added
proteose peptone.

The supplemented whey powder medium produced higher enzyme
activity/ml than the unsupplemented whey powder medium. This would be
expected if the whey powder is lacking in the balanced magnesium and
calcium ion content or is deficient in the established trace element
requirements for enzyme production (63, 68). The supplemented whey-
powder medium produced approximately one-half the activity of that
obtained on the standard cellulose production medium. This is in good
agreement with the results reported for lactose induced cellulase (7,
100). The unsupplemented combination of 0.5% lactose and 0.57% cellu-
lose medium yielded the lowest IU/ml. This could again be expected with
the lack of the required supplements and in consideration of the yield
obtained on the unsupplemented whey powder medium. Addition of supple-
ments and proteose peptone for a protein concentration of 0.1% in the
combined 0.5% lactose-0.5% cellulose medium gave the best results of
the test media. The fact that the above combination was not equal to
the standard cellulose medium is due to the lower inducing capability
of the lactose fraction. Mandels et al. (66) found that lactose induced
cellulase had 507% less saccharifying capability than cellulase induced
by cellulose. This lower saccharifying power does not favor the use of

cellulase produced with lactose as the sole inducer.
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Dimethyl Sulfoxide Experiment

Statistical. The statistical analysis of the absorbance
readings (in triplicate) and the yield data (in duplicate) were not
statistically significant for the Montencourt and Eveleigh modification
(74) of the cellulase assay. For example, in the DMSO Runs #1 and #2,
the reducing sugar values obtained for the 48, 60 and 72 h sample times
correspond closely to the 0.5 to 1.0 mg/ml reducing sugar range. The
analysis of variance of the absorbance readings had a P < 0.016 for
Run #1 and a P < 0.019 for Run #2. However, the yield data obtained
from these assays were not statistically significant (P > 0.05).

Further discrepancies were noted for this method of assay from
the statistical analysis of the data. 1In Run #1, the reducing sugar
value for the 72 h sample of the 300 ppm DMSO test flask at the 1:10
dilution was 0.84 mg/ml. The reducing sugar value of the 1:20 dilution
was 0.53 mg/ml. The probability factor for the absorbance readings at
the 1:10 dilution was < 0.0162 and for the 1:20 dilution was < 0.0076.
The yield value obtained was 1.56 IU/ml at the 1:10 dilution and 1.95
IU/ml at the 1:20 dilution for an average of 1.755 IU/ml. The individ-
ual activity of the dilutions differ from their average by 11.1% and
the yield data for Run #1 at 72 h werenot statistically significant.

Enzyme activities in the literature have been reported as the
mean values of triplicates (106) or other multiples (17) for a mean
value to represent activity. Canevascini and Gattlen (17) in their
evaluation of the filter paper assay using diluted enzyme reported a
variance, in that, '"constant values were never reached, but to a good

approximation, the actual activity could be reasonably well deduced from



63

that [activity] obtained with the most diluted enzyme sample [1:30]."
The selection of the 0.5 to 1.0 mg/ml reducing sugar range by Montencourt
and Eveleigh is similar to the 2.0 mg/ml assay point used by Mandels et
al. (64). The latter maintains that the 2.0 mg/ml assay point is

best because it reflects the complete cellulase complex more accurately.
This is the converse of the findings of Canevascini and Gattlen (17)
previously cited above. This can be expected when attempting to repre-
sent an enzyme complex in terms of one unit of measurement.

Thus the assay method of Montencourt and Eveleigh (74) can be
used to measure the cellulase activity to a good approximation. The
resulting IU/ml are slightly higher than those obtained using the method
of Mandels et al. (74). Strict interpretation of the reducing sugar
range proposed by Montencourt and Eveleigh does not exhibit
confidence in the method according to the analysis of variance proce-
dure. Consequently, this study used the average of the yield values
obtained when both dilutions fell within the 0.5 to 1.0 mg/ml reducing
sugar range. Thus the values for the IU/ml are the result of the mean
value of the yields in triplicate and, where averaged, the mean value

of six (6) yield values.

Runs. The times for sampling in the DMSO experiment were deter-

mined from previous trial runs. These trial runs showed a change in
activity and pH at approximately the 72 h period. Therefore sampling
was increased to once every 2 h from 72 h to 80 h inclusive in an

attempt to illustrate a more intimate view of enzyme formation during

this period.
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Three runs were performed comparing the pH profiles and enzyme
activity of a control flask without DMSO and test flasks at 50, 100,
200, 300 and 400 ppm DMSO. The composite enzyme activities and pH
profiles for DMSO Run #1, #2 and #3 are shown in Figs. 8 and 9, 15 and
16, 22 and 23 respectively. Separate comparison of each DMSO test flask
to the control flask illustrating the enzyme activity profile and pH
profile are shown in Figs. 10 to 14 inclusive (Run #1), Figs. 17 to 21
inclusive (Run #2) and Figs. 24 to 28 inclusive (Run #3).

Consistencies are apparent in the pH profiles and the enzyme
activity profiles for all three runs. First, the pH profile for all
flasks consistently undergoes a leveling off or slight drop at or
around the 72 h sampling. This appears to coincide with the increased
enzyme activity around this time period. This phenomenon was apparent
in the control and test flasks. The pH rise was not directly related
to enzyme activity. The effect of the DMSO on the pH profile was (with
few exceptions) an increase in the rate of ammonium ion release (118)
and thus an advanced pH profile when compared to the control. This
phenomenon can be compared to the increased rate of efflux effected by
DMSO on resting cells of yeast (23). The DMSO may affect the T. reesei
membrane in a similar manner and at a similar phase in the life of this
organism thereby facilitating efflux of ammonium ion resulting in the

advanced pH profile. This effect can be observed with the lowest level

of DMSO addition (50 ppm) but was more consistent at the 100 ppm level.

The other consistent characteristic is the fluctuation in the

enzyme activity which occurs from 72 h on in the fermentation. All

runs displayed a biphasic enzyme increase and decrease. A similar
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observation was made by Shirkot et al. (106). In their study they
noted that a dramatic decrease in the B-glucosidase activity occurred
between 8 and 12 days of the fermentation. They suggested that this
effect was somehow related to the dithiocarbamates employed in this
study and could be exploited to result in an enzyme complex favoring
the Avicelase (crystalline activity) and the CMCase (amorphous activity).
In the present work, overall enzyme activity was determined by
using the filter paper assay. No differentiation of the cellulase
complex was attempted. Nonetheless, the B-glucosidase component is
known to contribute greatly to the overall saccharifying ability of
the T. reesei cellulase complex (119). This component is an integral
part of the cellulase complex and the extent to which it is present
would influence the total activity as measured by the filter paper
assay. Thus, in consideration of the effect noted in the work of
Shirkot et al. (106), it appears that the fluctuations noted in the
present work are due to the B-glucosidase component. This is further
supported by the appearance of this component in the fermentation as
characterized by Sternberg (118). However, the present study shows
the activity fluctuations are a natural occurrence since they are
observed in the control flasks as well as the DMSO test flasks. It is
possible that the B-glucosidase is in a bound form and subsequently
releasing during this portion of the fermentation. The ability to
obtain a preferentially Avicelase-CMCase complex, as suggested by
Shirkot et al. (ibid.), is not likely. This is probably a natural evolu-
tion or maturation of the enzyme complex in the medium in the presence

of residual cellulose and related polymeric forms. The pH profile
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throughout the latter phase of enzyme production also favors the enzyme-
substrate reaction as the pH approaches the optimum for the enzyme (pH
4.8). Action on the residual cellulose would naturally result in
products (cellooligomers and cellobiose) which would allow the binding
of the B-glucosidase component and explain the activity phasing observed.

The DMSO affected the amount of 6.5 N ammonium hydroxide re-
quired to maintain the pH between the control points of pH 3.0 to 3.5
during the acid phase of the fermentation. Table 3 shows the total
ammonium hydroxide added for each flask. The control consistently
required 1.0 ml while the DMSO test flasks generally required 1.05 to
1.15 ml. Qualitatively, the DMSO flasks began foaming earlier in the
fermentation requiring addition of the antifoam. The DMSO flasks also
resulted in a darker amber fluid than the control flask.

Run #1 (Figs. 8 to 14) shows a substantial difference between
the control and DMSO flasks in both the enzyme activity profile and the
pH profile. The subdued pH rise for the control flask in this run
(Fig. 9) indicates a possible oxygen deficiency. Similarities in pH
profiles can be noted between the 47 cellulose pilot plant run (Fig. 5)
and DMSO Run #1 in the control flask. No restriction of any of the
flasks' cotton plugs was noticed during the course of sampling for this
run. However, a similar pH curve did result in Run #2 (Fig. 16) which
was due to a mycelial plug or seal forming around the cotton plug of
the 300 ppm DMSO flask. In this case the plug was obvious and was
replaced when noticed at the 36 h pH sampling time. No similar condi-

tion was observed for the control flask of Run #1.
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Table 3. Ammonium hydroxide required per flask/run for pH control to
between pH 3.0-3.5 for the DMSO experiment.
Total volume of 6.5 N NHAOH (ml)
Flask
Run #1 Run #2 Run #3

Control 1.0 1.0 1.0
50 ppm 10 ) 1.0 1.1
100 ppm 1.15 1.0 1.1
200 ppm 1.15 1.1 1.05
300 ppm 1.1 0.9% 1.1
400 ppm 1.15 1.1 197 1

*Inhibition due to oxygen deficiency.
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Figure 10. Run #1. Comparison of pH and IU/ml vs. time of the 50 ppm
DMSO test flask to the control without DMSO. Control, pH

-O-, and IU/ml—@—; 50 ppm DMSO test flask, pH —&- ,
and IU/ml —&— .
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Run #1. Comparison of pH and IU/ml vs. time of the 100 ppm
DMSO test flask to the control without DMSO. Control, pH

- O-, and 1U/ml—@—; 100 ppm DMSO test flask, pH - A- ,
and 1U/ml —&—.
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Figure 12. Run #l. Comparison of pH and IU/ml vs. time of the 200 ppm

DMSO test flask to the control without DMSO. Control, pH
-0O-, and IU/ml—@—; 200 ppm DMSO test flask, pH — A —

and IU/ml —&— .



73

30 L 1s0
i .
£
S 20} Jao T
10 L 430
L L L 1 A
48 60 72 84 96
Time, h
Figure 13. Run #1. Comparison of pH and IU/ml vs. time of the 300 ppm

DMSO test flask to the control without DMSO. Control, pH
-O-, and 1U/ml —@— ; 300 ppm DMSO test flask, pH — A& —,
and 1U/ml —&— .
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—O- , and 1U/ml —@— ; 400 ppm DMSO test flask, plH -A-,
and IU/ml —&— .
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When considered collectively, the runs do not show a
clear-cut advantage in yield for the DMSO additions. In Run #1,

Figs. 8, and 10 to 14 inclusive, all of the DMSO test flasks substan-
tially exceeded the activity attained by the control flask. The DMSO
additions showed an increase in final enzyme activity over the control
ranging from a low of 17.67% at the 300 ppm level to 32.8% and 32.17% at
the 100 and 400 ppm levels respectively. The 300 ppm level gave an
increase of 25.2% at the 90 h sampling and was in a declining phase at
the final 96 h sampling (Figs. 8 and 13). Thus the lower value in the
final sample. Despite the indication of an anomaly by the pH profile
of the control flask, the enzyme yield from the control was in good
agreement with other values obtained on 1% cellulose using MCG77. As
previously mentioned, the pH profile indicated a possible oxygen defi-
ciency although nothing was observed which could confirm this during
the run.

Run #2, Figs. 15, and 17 to 21 inclusive, showed the least
difference between the control and the DMSO test flasks in relation to
enzyme activity. Only the 400 ppm DMSO addition gave an increase in
enzyme activity at the final 96 h sampling. The enzyme activity from
the 400 ppm test flask was 7.6% higher than the control. The 300 ppm
DMSO test flask was definitely deprived of oxygen during the early
phase of incubation by a mycelial seal forming on the cotton plug.
When Run #2 is observed at the 90 h sampling point, the DMSO test flasks
show a gain in enzyme activity over that of the control. The 90 h
samples show an increased enzyme activity of 9.3% for the 200 ppm DMSO

addition and 11.6% for the 400 ppm. At this point even the oxygen
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Composite of pH vs. time for Run #2 of the DMSO test addi-

tions and the control without DMSO. Control ; 50 ppm

DMSO - = —; 100 ppm DMSO— — 200 ppm DMSO-*+*+++ ; 300 ppm

DMSO=+—; and 400 ppm DMSO—-+—. 4 indicates final pH
adjustment with 6.5 N NH,OH for DMSO additions 200, 300 and
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Figure 17. Run #2. Comparison of pH and IU/ml vs. time of the 50 ppm
DMSO test flask to the control without DMSO. Control, pH

-O-, and 1U/ml —@—; 50 ppm DMSO test flask, pH -A-,
and IU/ml —&— .
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Figure 18. Run #2. Comparison of pH and IU/ml vs. time of the 100 ppm

DMSO test flask to the control without DMSO. Control, pH
-O-, and IU/ml —@—; 100 ppm DMSO test flask, pH -A- ,
and IU/ml —&— .



80

30 L 150
E
I
§ 20 L 440 5§
(o} 430
| 1 L 1 1
48 60 1 84 96

Figure 19. Run #2. Comparison of pH and IU/ml vs. time of the 200 ppm
DMSO test flask to the control without DMSO. Control, pH
-0O-, and I1U/ml1—@— ; 200 ppm DMSO test flask, pH —&- |

and IU/ml —&—
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Figure 20. Run #2. Comparison of phH and IG/ml vs. time of the 300 ppm
DMSO test flask to the control without DMSO. Control, pH
-0O-, and 1IU/ml—@—; 300 ppm DMSO test flask, pH -A-,
and IU/ml —&— .
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Figure 21. Run #2. Comparison of pH and IU/ml vs. time of the 400 ppm

DMSO test flask to the control without DMSO. Control, pil
— O-, and 1U/ml —@—; 400 ppm DMSO test flask, pH - A& —,
and IU/ml —&— .
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deprived 300 ppm DMSO addition approximately equaled the control flask,
although no advantage can be seen at the 50 and 100 ppm level. It must
be noted that the activity obtained in the control flask for Run #2 was
much higher than that obtained in Runs #1 and #3, or in the earlier
trial runs, and the other tests (see Fig. 7--17 cellulose control). It
is not known why this result occurred for the control flask in Run #2.

In Run #3, Figs. 22, and 24 to 28 inclusive, all DMSO flasks
showed an improved enzyme yield over the control flask. The control
flask yielded enzyme very close in activity to that obtained in the
control for Run #1. The increase in enzyme activity of the DMSO addi-
tions over the control ranged from 10.9% at 200 ppm to 26.9% at 300 ppm.
Unlike Runs #1 and 2 where the activity phasing is somewhat synchronous
at 90-96 h, the enzyme activities of the 300 and 400 ppm DMSO flasks
are out of phase with the other flasks (Fig. 22).

The fact that the pH profile is not necessarily a direct indi-
cator of enzyme activity is apparent in this run (Fig. 23). The 200
and 400 ppm DMSO pH profiles are retarded in relation to the control
but both DMSO tests yielded higher final enzyme activities. The pre-
viously mentioned dramatic increase in enzyme activity around the 72 h
period is emphasized in this run at the 300 and 400 ppm DMSO additionms.
Figs. 22, 27 and 28 show this increase which is greater than 2.9 IU/ml
for the 300 ppm DMSO level.

An overall average of the enzyme yields for all three runs
shows an increase over the control without DMSO of 14.2% at 50 ppm,
14.47% at 100 ppm, 11.97% at 200 ppm, 11.0% at 300 ppm (value includes

oxygen deficient yield in Run #2) and 19.4% at 400 ppm DMSO. These
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Composite of pH vs. time for Run #3 of the DMSO test addi-
tions and the control without DMSO. Control s 50 ppm
DMSO- - —; 100 ppm DMSO— —; 200 ppm DMSO=--+ -; 300 ppm
DMSO—+— ; and 400 ppm DMSO—-+—. 4 indicates final pH
adjustment with 6.5 N NH,OH.
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Figure 24. Run #3. Comparison of pH and IU/ml vs. time of the 50 ppm

DMSO test flask to the control without DMSO. Control, pH
-0O-, and IU/nl —@—; 50 ppm DMSO test flask, pH -&-,
and IU/ml —&— .
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Run #3. Comparison of pH and IU/ml vs. time of the 100 ppm
DMSO test flask to the control without DMSO. Control, pH

- O-, and IU/ml —@—; 100 ppm DMSO test flask, pH -a&-,
and 1U/ml —— .
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Run #3. Comparison of pH and IU/ml vs. time of the 200 ppm
DMSO test flask to the control without DMSO. Control, pH

= 0O-, and 1U/ml —@—; 200 ppm DriSO test flask, pH ~-A-—,
and IU/ml —&— .
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Run #3. Comparison of pH and IU/ml vs. time of the 300 ppm
DMSO test flask to the control without DMSO. Control, pH
—O-, and 1U/ml “@—; 300 ppm DMSO test flask, pH —aA-,
and IU/ml —a— .
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Figure 28. Run #3. Comparison of pH and IU/ml vs. time of the 400 ppm
DMSO test flask to the control without DMSO. Control, pH
-O-, and 1U/ml -@—; 400 ppm DMSO test flask, pH -A-,
and IU/ml ——
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values generally indicate that the 400 ppm level would be the best
addition level. However, on the basis of the individual test compari-
sons to the control, a level above or equal to the 100 ppm DMSO level
would be adequate.

Since this study was performed in shaker flasks, it provides a
general indicator of the effect of DMSO on cellulase production. The
shaker flask study is limited in the ability to maintain identical
conditions in all flasks. The use of a laboratory fermenter where
exact aeration rates, agitation, pH and temperature control can be made
may further elucidate the effects and optimal addition of DMSO for the

cellulase producer Trichoderma reesei MCG77.
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CONCLUSIONS

Pilot plant production of a crude cellulase enzyme was shown

to be feasible using Trichoderma reesei QM9414 in a rudimentary batch

production system. Successful production was achieved, however, the
yields were dependent upon the size of the inoculum and the fermenter
design. Higher levels of substrate induced higher enzyme activities
but over longer periods of time. This was apparent in this study and
in the study of Stermberg and Dorval (120).

Inoculum levels of not less than 10% v/v would improve enzyme
production time. A better fermenter design would also favorably affect
yields. A fermenter of suitable dimensions (height to diameter ratio
of 1) was acquired late in this work on the basis of the data presented
here but was not implemented as a part of this study.

The enzyme produced in the pilot plant runs demonstrated
excellent saccharifying power. The ability to dilute the enzyme is
significant in terms of costs and efficiency. Thus, the enzyme should
be tested for its optimum dilution ratio before pilot plant saccharifi-
cation.

The method of Montencourt and Eveleigh (74) for measuring the
cellulase complex was suitable for approximating the activity of the
crude enzyme. However, measuring the cellulase complex continues to
be a problem. A simple method applicable to conveniently assaying a
large number of samples is required. Until such a method evolves,
researchers will continue to present data derived from the various

methods available making comparisons difficult.
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The addition of DMSO to the basic cellulose medium did not
effect a clear response using T. reesei MCG77. This may be due in part
to the lack of control of environmental factors, in particular oxygen
supply, as a result of a shaker flask study. Overall, DMSO appears to
promote an advanced pH profile. This was observed in almost all cases.
However, pH can not be directly related to enzyme activity. The effect
of DMSO on the pH can be regarded as favorable to the cultural condi-
tions for enzyme production.

The enzyme activity of the DMSO test flasks reflect an overall
increase compared to the control. However, the values for the indi-
vidual runs fluctuated, showing no real optimal addition level. In
this respect, further investigations using parallel cultures in New
Brunswick Scientific MicroFermenters would be useful. This apparatus
would allow strict control of the parameters in doubt here and optimize

the other cultural conditions as well.



10.

94

LITERATURE CITED

Almin, K.-E., and K.-E. Eriksson. 1967. Enzymic degradation of
polymers. I. Viscometric method for the determination of enzymic
activity. Biochem. Biophys. ACTA 139:238-247.

Almin, K.-E., and K.-E. Eriksson. 1968. Influence of carboxy-
methyl cellulose properties on the determination of cellulase
activity in absolute terms. Arch. Biochem. Biophys. 124:129-134.

Almin, K.-E., K.-E. Eriksson, and C. Jansson. 1967. Enzymic
degradation of polymers. II. Viscometric determination of
cellulase activity in absolute terms. Biochem. Biophys. ACTA
139:248-253.

Andren, R. K., R. J. Erickson, and J. E. Medeiros. 1976.
Cellulosic substrates for enzymatic saccharification, p. 177-203.
In E. L. Gaden, M. H. Mandels, E. T. Reese, and L. A. Spano (Eds.).
Enzymatic conversion of cellulosic materials: Technology and
applications. John Wiley and Sons, New York.

Andren, R. K., M. Mandels, and J. E. Medeiros. 1975. Production
of sugars from waste cellulose by enzymatic hydrolysis. I.
Primary evaluation of substrates, p. 205. In T. E. Timell (Ed.).
Proceedings of the 8th Cellulose Conference. I. Wood chemicals--
a future challenge. John Wiley and Sons, New York.

Andreotti, R. E. 1980. Laboratory experiment for high yield
cellulase fermentation. In Second international course-cum-
symposium on bioconversion and biochemical engineering. Feb. 17

to March 6, New Delhi, India.

Andreotti, R. E., J. E. Medeiros, C. Roche, and M. Mandels. 1980.
Effects of strain and substrate on production of cellulases by
Trichoderma reesei mutants. In Second international course-cum-
symposium on bioconversion and biochemical engineering. Feb. 17

to March 6, New Delhi, India.

Berg, B., and A. V. Hofsten. 1977. The ultrastructure of the
fungus Trichoderma viride and investigation of its growth on
cellulose. J. Appl. Bacteriol. 41:395-399.

Berg, B., and G. Pettersson. 1977. Location and formation of
cellulases in Trichoderma viride. J. Appl. Bacteriol. 42:65-75.

Berghem, L. E. R., and G. Pettersson. 1973. The mechanism of
enzymatic cellulose degradation. Purification of a cellulolytic
enzyme from Trichoderma viride active on highly ordered cellulose.

Eur. J. Biochem. 37:21-30.




11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

95

Berghem, L. E. R., and G. Pettersson. 1974. The mechanism of
enzymatic degradation. Isolation and some properties of a B-
glucosidase from Trichoderma viride. Eur. J. Biochem. 46:295-305.

Berghem, L. E. R., G. Pettersson, and U.-B. Axio-Fredriksson.
1975. The mechanism of enzymatic cellulose degradation. Char-
acterization and enzymatic properties of a B-1l,4-glucan cellobio-
hydrolase from Trichoderma viride. Eur. J. Biochem. 53:55-62.

Berghem, L. E. R., G. Pettersson, and U.-B. Axio-Fredriksson.

1976. The mechanism of enzymatic cellulose degradation. Purifi-
cation and some properties of two different 1,4-B-glucan glucano-
hydrolases from Trichoderma viride. Eur. J. Biochem. 61:621-630.

Bikales, N. M., and L. Segal. 1971. Cellulose and cellulose
derivatives. Wiley Interscience, New York.

Britt, K. W. 1964. Handbook of pulp and paper technology.
Reinhold Publ. Corp., New York.

Browning, B. L. 1967. Methods of wood chemistry. Vol. II.
Interscience Publ., New York. p. 387.

Canevascini, G., and C. Gattlen. 198l. A comparative investiga-
tion of various cellulase assay procedures. Biotech. Bioeng. 23:
1573-1590.

Castanon, M., and C. R. Wilke. 1980. Adsorption and recovery of
cellulases during hydrolysis of newspaper. Biotech. Bioeng. 22:
1037-1053.

Child, J. J., D. E. Eveleigh, and A. S. Sieben. 1973. Determina-
tion of cellulase activity using hydroxyethyl cellulose as sub-
strate. Can. J. Biochem. 51:39-43.

Cowling, E. B., and W. Brown. 1969. Structural features of
cellulosic material in relation to enzymatic hydrolysis, p. 152.
In G. J. Hajny and E. T. Reese (Eds.). Cellulases and their
applications. Advances in Chem. Series #95. Amer. Chem. Soc.,
Washington, D. C.

Cowling, E. B., and T. K. Kirk. 1976. Properties of cellulose
and lignocellulosic materials as substrates for enzymatic conver-
sion processes, p. 95-123. 1In E. L. Gaden, M. H. Mandels, E. T.
Reese, and L. A. Spano (Eds.). Enzymatic conversion of cellulosic
materials: Technology and applications. John Wiley and Sons,

New York.

Danielson, R. M., and C. B. Davey. 1973. Carbon and nitrogen
nutrition of Trichoderma. Soil Biol. Biochem. 5:505-515.



23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

96

De Buijne, A. W., and J. Van Steveninck. 1970. Assymetry of the
yeast cell membrane with respect to influx and efflux to dimethyl-
sulfoxide. Biochemica. ET Biophysica. ACTA 211:555-564.

DeYoung, H. G. 1982. Ethanol from biomass: The quest for
efficiency. High Technology 2:61-67.

Dhawan, S., and J. K. Gupta. 1977. Enzymatic hydrolysis of
common cellulosic waste by cellulase. J. Gen. Appl. Microbiol.
23:155-162.

Dixon, M., and E. C. Webb. 1979. Enzymes, 3rd edition. p. 46,
52-53. Academic Press, New York.

Emert, G. H., and R. Katzen. 1979. Chemicals from biomass by
improved enzyme technology. In Biomass as a non-fossil fuel
source. ACS/CSJ Joint Chemical Congress, April 1-6, Honolulu,
Hawaii.

Emert, G. H., E. K. Gum, Jr., J. A. Lang, T. H. Liu, and R. D.
Brown, Jr. 1974. Cellulases, p. 79-100. In J. R. Whitaker (Ed.).
Food related enzymes. Advances in Chemistry Series #136. ACS,
Washington, D. C.

Fan, L. T., Y. H. Lee, and D. H. Beardmore. 1980. Mechanism of
the enzymatic hydrolysis of cellulose: Effects of major struc-
tural features of cellulose on enzymatic hydrolysis. Biotech.
Bioeng. 22:177-199.

Flickinger, M. C. 1980. Current biological research in conver-
sion of cellulosic carbohydrates into liquid fuels: How far have
we come? Biotech. Bioeng. 22, Suppl. 1:27-48.

Foster, J. W. 1949. Chemical activites of fungi. Academic Press
Inc., New York. p. 62-64.

Franz, T. J., and J. T. Van Bruggen. 1967. A possible mechanism
of action of DMSO, p. 302-309. In E. M. Weyer (Ed.). Biological
actions of dimethyl sulfoxide. Annals of the New York Academy of
Sciences. 141, Art. 1, 15 March.

Gallo, B. J., R. Andreotti, C. Roche, D. Ryu, and M. Mandels.
1979. Cellulase production by a new mutant strain of Trichoderma
reesei MCG77. Biotech. Bioeng. Symp. 8:89.

Ghose, T. K., and V. Sahai. 1979. Production of cellulases by
Trichoderma reesei QM9414 in fed batch and continuous flow culture

with cell recycle. Biotech. Bioeng. 21:283-296.



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

97

Goering, H. K., and P. J. Van Soest. Forage fiber analysis, p.
1-20. Agricultural Handbook 379, U. S. Dept. of Agric.

Green, T. R., Y. W. Han, and A. W. Anderson. 1977. A polaro-
graphic assay of cellulase activity. Anal. Biochem. 82:404-414.

Griffin, H. L. 1973. Filter paper assay--effect of time and
substrate concentration on cellulase activity. Anal. Biochem.
56:621-625.

Guignard, R., and P.-E. Pilet. 1976. Viscosimetric determination
of cellulase activity: Critical analyses. Plant Cell. Physiol.
17:899-908.

Gum, E. K., Jr., and R. D. Brown, Jr. 1976. Structural charac-
terization of a glycoprotein cellulase, 1l,4-B-D-glucan cellobio-
hydrolase C from T. viride. Biochim. Biophys. ACTA 446:371-386.

Gum, E. K., Jr., and R. D. Brown, Jr. 1977. Comparison of four
purified extracellular 1,4-8-D glucan cellobiohydrolase enzymes
from Trichoderma viride. Biochim. Biophys. ACTA 492:225-231.

Gupta, J. K., N. B. Das, and Y. P. Gupta. 1973. Effect of
cultural conditions on cellulase formation by Trichoderma viride.
Agric. Biol. Chem. 36:1961-1967.

Hakansson, U., L. Fagerstam, G. Pettersson, and L. Andersson.
1978. Purification and characterization of a low molecular weight
1,4-B-glucan glucanohydrolase from the cellulolytic fungus
Trichoderma viride QM9414. Biochim. Biophys. ACTA 524:385-392.

Halliwell, G., and M. Griffin. 1973. The nature and mode of
action of the cellulolytic component C; of Trichoderma koningii
on native cellulose. Biochem. Journal 135:587-594.

Harris, J. F. 1975. Acid hydrolysis and dehydration reactions
for utilizing plant carbohydrates, p. 131. In T. E. Timell (Ed.).
Proceedings of the 8th Cellulose Conference. I. Wood chemicals--
a future challenge. John Wiley and Sons, New York.

Hassid, W. Z. 1971. Biosynthesis of cellulose. A. Biosynthesis
of cellulose and related plant cell-wall polysaccharides, p. 679.
In N. M. Bikales and L. Segal (Eds.). Cellulose and cellulose
derivatives. Vol. V, Part IV. Wiley Interscience, New York.

Hauthal, H. G., and R. Sowada. 1975. Technical applications of
DMSO, p. 436-458. 1In D. Martin and H. G. Hauthal (Eds.). DMSO.
Halsted Press, New York.



47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

98

Herschler, R. J. 1971. U. S. Patent 3,558,434. January 26,
p. 89. 1In J. C. Johnson (Ed.). 1977. Yeasts for food and
other purposes. Noyes Data Corp., Park Ridge, New Jersey.

Howell, J. A., and M. Mangat. 1978. Enzyme deactivation during
cellulose hydrolysis. Biotech. Bioeng. 20:847-863.

Hsu, T.-A., and G. T. Tsao. 1979. Convenient method for studying
enzyme kinetics. Biotech. Bioeng. 21:2235-2246.

Hulme, M. A., and D. W. Stranks. 1970. Induction and the regula-
tion of cellulase by fungi. Nature 226:469-470.

Jayme, G. 1971. Investigations of solutions. A. New solvents,
p. 38l. In N. M. Bikales and L. Segal (Eds.). Cellulose and
cellulose derivatives, Part IV. Wiley Interscience, New York.

Katz, M., and E. T. Reese. 1968. Production of glucose by
enzymatic hydrolysis of cellulose. Appl. Microbiol. 16:419-420.

Kelsey, R. G., and F. Shafizadeh. 1980. Enhancement of cellulose
accessibility and enzymatic hydrolysis by simultaneous wet
milling. Biotech. Bioeng. 22:1025-1036.

King, K. W. 1966. Enzymatic degradation of crystalline hydro-
cellulose. Biochem. Biophys. Res. Commun. 24:295-298.

Kulp, K. 1968. Enzymolysis of pentosans of wheat flour. Cereal
Chem. 45:339-350.

Ladisch, M. R., C. M. Ladisch, and G. T. Tsao. 1978. Cellulose
to sugars: New path gives quantitative yield. Science
(Washington, D. C.) 201:743-745.

Ladisch, M. R., C.-S. Gong, and G. T. Tsao. 1980. Cellobiose
hydrolysis by endoglucanase (glucan glucanohydrolase) from
Trichoderma reesei: Kinetics and mechanism. Biotech. Bioeng.
22:1107-1126+

Lehninger, A. L. 1975. Biochemistry, 2nd ed. Worth Publ.,
New York. p. 267.

Leisola, M., and V. Kauppinen. 1978. Automatic assay of cellu-
lase activity during fermentation. Biotech. Bioeng. 20:837-846.

Liu, T. H., and K. W. King. 1967. Fragmentation during enzymatic
degradation of cellulose. Arch. Biochem. Biophys. 120:462-464.

Loewenberg, J. R., and C. M. Chapman. 1977. Sophorose metabolism
and cellulase induction in Trichoderma. Arch. Microbiol. 113:
61-64.



62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

99

Mandels, M. Personal communication. Oct. 31, 1980.

Mandels, M. 1977. Laboratory procedures in growth, enzyme
measurement and related analytical procedures. International
course-cum-symposium on bioconversion of cellulose materials into
energy, chemicals, and microbial protein. New Delhi, India.

Mandels, M., R. Andreotti, and C. Roche. 1976. Measurement of
saccharifying cellulase. Biotech. Bioeng. Symp. No. 6, 21-33.

Mandels, M., L. Hontz, and J. Nystrom. 1974. Enzymatic hydrolysis
of waste cellulose. Biotech. Bioeng. 16:1471-1493.

Mandels, M., J. E. Medeiros, R. E. Andreotti, and F. H. Bissett.
1981. Enzymatic hydrolysis of cellulose: Evaluation of cellulase
culture filtrates under use conditions. Biotech. Bioeng. 23:
2009-2026.

Mandels, M., F. W. Parrish, and E. T. Reese. 1962. Sophorose

as an inducer of cellulase in Trichoderma viride. J. Bacteriol.
83:400-408.

Mandels, M., and E. T. Reese. 1957. Induction of cellulases in
Trichoderma viride as influenced by carbon sources and metals. J.
Bacteriol. 73:269-278.

Mandels, M., D. Sternberg, and R. E. Andreotti. 1975. Growth and
cellulase production by Trichoderma. In M. Bailey, T. M. Enari,
and M. Linko (Eds.). Symposium on enzymatic hydrolysis of cellu-
lose. Aulanko, Finland.

Mandels, M., and J. Weber. 1969. The production of cellulases,
p. 391. 1In G. J. Hajny, and E. T. Reese (Eds.). Cellulases and
their applications. Advances in Chemistry Series #95. Amer.
Chem. Soc., Washington, D. C.

Miller, G. L. 1959. Use of Dinitrosalicylic acid reagent for
determination of reducing sugar. Anal. Chem. 31:426-428.

Millet, M. A., A. J. Baker, and L. D. Satter. 1976. Physical
and chemical pretreatments for enhancing cellulose saccharifica-
tion, p. 125-153. In E. L. Gaden, M. Mandels, E. T. Reese, and

L. A. Spano (Eds.). Enzymatic conversion of cellulosic materials:
Technology and applications. John Wiley and Sons, New York.

Montencourt, B. S., and D. E. Eveleigh. 1977. Semiquantitative
plate assay for determination of cellulase production by
Trichoderma viride. Appl. Environ. Microbiol. 33:178-183.




74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

100

Montencourt, B. S., and D. E. Eveleigh. 1978. Preparations of
mutants of Trichoderma reesei with enhanced cellulase production.
Appl. Environ. Microbiol. 34:777-782.

Montencourt, B. S., and D. E. Eveleigh. 1978. Antibiotic disks:

An improvement in the filter paper assay for cellulase. Biotech.
Bioeng. 20:297-300.

Mukhopadhyay, S. N., and R. K. Malik. 1980. Increased production
of cellulase of Trichoderma sp. by pH cycling and temperature
profiling. Biotech. Bioeng. 22:2237-2250.

Neese, N., J. Wallick, and J. M. Harper. 1977. Pretreatment of

cellulosic wastes to increase enzyme reactivity. Biotech. Bioeng.
19:323-336.

Neilson, M. J., Kelsey, R. G., and F. Shafizadeh. 1982. Enhance-
ment of enzymatic hydrolysis by simultaneous attrition of cellu-
losic substrates. Biotech. Bioeng. 24:293-304.

Nisizawa, T., H. Suzuki, M. Nakayama, and K. Nisizawa. 1971.
Inductive formation of cellulase by sophorose in Trichoderma
viride. J. Biochem. (Tokyo) 70:375-385.

Nomura, K., T. Yasui, S. Kiyooka, and T. Kobayashi, 1969.
Xylanases of Trichoderma viride. II. Inhibition of enzymatic
xylan hydrolysis and a two-stage hydrolysis process. J. Ferment.
Technol. 47:313-317.

Okazaki, M., and M. Moo-Young. 1978. Kinetics of enzymatic
hydrolysis of cellulose: Analytical description of a mechanistic
model. Biotech. Bioeng. 20:637-663.

Peitersen, N. 1975. Cellulase and protein production from mixed
cultures of Trichoderma viride and a yeast. Biotech. Bioeng. 17:
1291-1299.

Peitersen, N. 1977. Continuous cultivation of Trichoderma viride
on cellulose. Biotech. Bioeng. 19:337-348.

Peitersen, N., J. Medeiros, and M. Mandels. 1977. Adsorption of
Trichoderma cellulase on cellulose. Biotech. Bioeng. 19:1091-
1094.

Poincelot, R. D. P., and P. R. Day. 1972. Simple dye release
assay for determining cellulolytic activity of fungi. Appl.
Microbiol. 23:875-879.

Pomeranz, Y. 1973. Industrial uses of cereals. American
Association of Cereal Chemists, St. Paul. p. 2-3.



87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

101

Rameriez, R. 1981. Wood to ethanol methods edge closer to
fruition. Chem. Eng. Jan. 26, 51-55.

Rammler, D. H. 1967. The effect of DMSO on several enzyme
systems, p. 291-299. 1In E. M. Weyer (Ed.). Biological actions

of dimethyl sulfoxide. Annals of the New York Academy of Sciences.
Vol. 141, Art. 1.

Rammler, D. H., and A. Zaffraroni. 1967. Biological implications
of DMSO based on a review of its chemical properties, p. 13-23.
In E. M. Weyer (Ed.). Biological actions of dimethyl sulfoxide.
Annals of the New York Academy of Sciences. Vol. 141, Art. 1.

Ranby, B. 1969. Recent progress on the structure and morphology
of cellulose, p. 139. 1In G. J. Hajny,and E. T. Reese (Eds.).
Cellulase and their applications. Advances in Chem. Series #95.
American Chem. Soc., Washington, D. C.

Rautela, C. S., and K. W. King. 1968. Significance of the
crystal structure of cellulose in the production and action of
cellulase. Arch. Biochem. Biophys. 123:589-601.

Reese, E. T., W. Gilligan, and B. Norkans. 1952. Effect of
cellobiose on the enzymatic hydrolysis of cellulose and its
derivatives. Physiologia Plantarum. 5:379-390.

Reese, E. T., and M. Mandels. 1971. Enzymatic degradation, p.
1079-1094. 1In N. M. Bikales, and L. Segal (Eds.). Cellulose and
cellulose derivatives, Part V. Wiley Interscience, New York.

Reese, E. T., and M. Mandels. 1980. Stability of the cellulase
of Trichoderma reesei under use conditions. Biotech. Bioeng. 22:

Reese, E. T., M. Mandels, and A. H. Weiss. 1972. Cellulose as a
novel energy source, p. 181-198. 1In T. K. Ghose, A. Fiechter,
and N. Blakebrough (Eds.). Advances in biochemical engineering,
2nd ed. Springer-Verlagg, New York.

Reese, E. T., and A. McGuire. 1969. Surfactants as stimulants
of enzyme production by microorganisms. Appl. Microbiol. 17:
242-245.

Reese, E. T., R. G. H. Siu, and H. S. Levinson. 1950. The
biological degradation of soluble cellulose derivatives and its
relationship to the mechanism of cellulose hydrolysis. J.
Bacteriol. 59:485-497.

Richards, G. N. 1971. Alkaline degradation, p. 1007. In N. M.
Bikales, and L. Segal (Eds.). Cellulose and cellulose derivatives,
Part V. Wiley Interscience, New York.



99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

102

Ryu, D. D. Y., S. B. Lee, T. Tassinari, and C. Macy. 1982.
Effect of compression milling on cellulose structure and on
enzymatic hydrolysis kinetics. Biotech. Bioeng. 24:1047-1067.

Ryu, D., R. Andreotti, M. Mandels, B. Gallo, and E. T. Reese.
1979. Studies on quantitative physiology of Trichoderma reesei
with two-stage continuous culture for cellulase production.
Biotech. Bioeng. 21:1887-1903.

Sarko, A. 1976. Crystalline polymorphs of cellulose: Prediction
of structure and properties, p. 729. In T. E. Timell (Ed.).
Proceedings of the 8th Cellulose Conference. II. Complete tree
utilization and biosynthesis and structure of cellulose. John
Wiley and Sons, New York.

Savarese, J. J., and S. D. Young. 1978. Combined enzyme
hydrolysis of cellulose and yeast fermentation. Biotech. Bioeng.
20:1291-1294.

Seeley, D. B. 1976. Cellulose saccharification for fermentation
industry applications, p. 285-292. 1In E. L. Gaden, M. Mandels,
E. T. Reese, and L. A. Spano (Eds.). Enzymatic conversion of
cellulosic materials: Technology and applications. John Wiley

and Sons, New York.

Selby, K., and C. C. Maitland. 1967. Components of Trichoderma
viride cellulase. Arch. Biochem. Biophys. 118:254-257.

Sharples, A. 1971. Degradation of cellulose and its derivatives.
A. Acid hydrolysis and alcoholysis, p. 991. 1In N. M. Bikales, and
L. Segal (Eds.). Cellulose and cellulose derivatives, Part V.

Wiley Interscience, New York.

Shirkot, C. K., D. Mann, S. Dhawan, A. K. Gupta, and K. G. Gupta.
1982. Effect of dithiocarbamates on cellulase activity in culture
filtrates of Trichoderma reesei. Biotech. Bioeng. 24:1233-1240.

Shoemaker, S. P., and P. D. Brown, Jr. 1978. Enzyme activities
of endo-1,4-B-D-glucanases purified from Trichoderma viride.

Biochim. Biophys. ACTA 523:133-146.

Sieben, A. 1975. Cellulase and other hydrolytic enzyme assays
using an oscillating tube viscometer. Anal. Biochem. 63:214-219.

Sihtola, H., and L. Neimo. 1975. The structure and properties
of cellulose. In M. Bailey, T. M. Enari, and M. Linko (Eds.).
Symposium on enzymatic hydrolysis of cellulose. Aulanko, Finland.



110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

103

Sloneker, J. H. 1976. Agricultural residues, including feedlot
wastes, p. 235-250. In E. L. Gaden, M. Mandels, E. T. Reese,
and L. A. Spano (Eds.). Enzymatic conversion of cellulosic
materials: Technology and applications. John Wiley and Sonmns,
New York.

Smith, R. E. 1977. Rapid tube test for detecting fungal cellulase
production. Appl. Environ. Microbiol. 33:980-981.

Solar Energy Research Institute. 1980. Alcohol fuels process R/D
newsletter. Winter, SERI, Golden, CO.

Solomons, G. L. 1969. Materials and methods in fermentation.
Academic Press, New York. p. 1-70.

Spano, L. A. 1976. Enzymatic hydrolysis of cellulosic wastes to
fermentable sugars and the production of alcohol. U. S. Army
Natick Research and Development Command, Pollution Abatement
Division, Food Sciences Laboratory.

Stavy, R., L. Stavy, and E. Galun. 1970. Protein synthesis in
aged and young zones of Trichoderma colonies. Biochim. Biophys.

ACTA 217:468-476.

Steel, R. G. D., and J. H. Torrie. 1980. Principles and proce-
dures of statistics: A biometrical approach, 2nd ed. McGraw
Hill, New York. p. 137-167.

Sternberg, D. 1976. Beta-glucosidase of Trichoderma: Its
biosynthesis and role in saccharification of cellulose. Appl.
Environ. Microbiol. 31:648-654.

Sternberg, D. 1976. A method for increasing cellulose production
by Trichoderma viride. Biotech. Bioeng. 18:1751-1760.

Sternberg, D., P. Vijayakumar, and E. T. Reese. 1977. Beta-
glucosidase: Microbial production and effect on enzymatic
hydrolysis of cellulose. Can. J. Microbiol. 23:139-147.

Sternberg, D., and S. Dorval. 1979. Cellulase production and
ammonia metabolism in Trichoderma reesei on high levels of
cellulose. Biotech. Bioeng. 21:181-191.

Stone, R. N. 1976. Timber, wood residues, and wood pulp as
sources of cellulose, p. 223-234. In E. L. Gaden, M. Mandels,
E. T. Reese, and L. A. Spano (Eds.). Enzymatic conversion of
cellulosic materials: Technology and applications. John Wiley
and Sons, New York.



122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

104

Stone, J. E., A. M. Scallan, E. Donefer, and E. Ahlgren. 1969.
Digestibility as a simple function of a molecule of similar size
to a cellulase enzyme, p. 219-241. 1In G. J. Hajny,and E. T.

Reese (Eds.). Advances in Chem. Series #95. American Chem. Soc.,
Washington, D. C.

Storer, G. B., J. M. Gawthorne, G. L. Francis, and R. J. Illman.
1979. The determination of cellulose activity by gas-liquid
chromatography. Anal. Biochem. 92:270-275.

Stranks, D. W., and J. Bieniada. 1975. Effect of phenethyl
alcohol and other organic substances on cellulase production.
Mycopathologica 55:57-64.

Tangu, S. K., H. W. Blanch, and C. R. Wilke. 1981. Enhanced
production of cellulase, hemicellulose, and B-glucosidase by
Trichoderma reesei (Rut C-30). Biotech. Bioeng. 23:1837-1849.

Tarkow, H., and W. C. Feist. 1969. A mechanism for improving
the digestibility of lignocellulosic materials with dilute alkali
and liquid ammonia, p. 197-215. In G. J. Hajny,and E. T. Reese
(Eds.). Cellulase and their applications, Advances in Chem.
Series #95. American Chem. Soc., Washington, D. C.

Tyner, W. E., and J. C. Bottum. 1979. Agricultural energy
production: Economic and policy issues. Dept. of Ag. Economics,
Ag. Experiment Station, Purdue University, West Lafayette, IN.
Bulletin No. 240.

Virkola, N.-E. 1975. Available cellulosic materials, p. 23.
In M. Bailey, T. M. Enari, and M. Linko (Eds.). Symposium on
enzymatic hydrolysis of cellulose. Aulanko, Finland.

Vogel, H. J. 1956. Methods and techniques. Microbial Genetics
Bulletin 13:42-43.

Wan, E. 1978. Biomass gasification. A plan for the introduction
of biomass based methanol into the energy economy, paper #6.
Second Annual Fuels From Biomass Symposium. Rennsaler Polytechnic
Institute, Troy, New York.

Wenzl, H. F. J. 1970. The acid hydrolysis of wood, p. 157-245.
In H. F. J. Wenzl (Ed.). The chemical technology of wood.
Academic Press, New York.

Weyer, E. M. 1967. Biological actions of dimethyl sulfoxide.
Annals of the New York Academy of Sciences 141, Art. 1.



133.

134.

135.

105

Wilke, C. R., R. D. Yang, A. S. Sciamanna, and R. P. Freitas.
1978. Raw materials evaluation and process development studies
for conversion of biomass to sugars and ethanol, paper #25.
Second Annual Symposium on Fuels From Biomass. Renssaler
Polytechnic Institute, Troy, New York.

Wilke, C. R., R. D. Yang, and U. Von Stockar. 1976. Preliminary
cost analyses for enzymatic hydrolysis of newsprint, p. 155-175.
In E. L. Gaden, M. Mandels, E. T. Reese, and L. A. Spano (Eds.).
Enzymatic conversion of cellulosic materials: Technology and
applications. John Wiley and Sons, New York.

Wood, T. M., and S. I. McCrae. 1979. Synergism between enzymes
involved in the solubilization of native cellulose, p. 181-209.
In R. D. Brown, Jr., and L. Jurasek (Eds.). Hydrolysis of
cellulose: Mechanisms of enzymatic and acid catalysis. Advances
in Chemistry Series #181. American Chem. Soc., Washington, D. C.



	Pilot Plant Production of Cellulase by Trichoderma Reesei QM9414 and the Effect of Dimethyl Sulfoxide on Cellulase Production by T. Reesei MCG77
	Recommended Citation

	Whalen-Paul_1983-0001
	Whalen-Paul_1983-0002
	Whalen-Paul_1983-0003
	Whalen-Paul_1983-0004
	Whalen-Paul_1983-0005
	Whalen-Paul_1983-0006
	Whalen-Paul_1983-0007
	Whalen-Paul_1983-0008
	Whalen-Paul_1983-0009
	Whalen-Paul_1983-0010
	Whalen-Paul_1983-0011
	Whalen-Paul_1983-0012
	Whalen-Paul_1983-0013
	Whalen-Paul_1983-0014
	Whalen-Paul_1983-0015
	Whalen-Paul_1983-0016
	Whalen-Paul_1983-0017
	Whalen-Paul_1983-0018
	Whalen-Paul_1983-0019
	Whalen-Paul_1983-0020
	Whalen-Paul_1983-0021
	Whalen-Paul_1983-0022
	Whalen-Paul_1983-0023
	Whalen-Paul_1983-0024
	Whalen-Paul_1983-0025
	Whalen-Paul_1983-0026
	Whalen-Paul_1983-0027
	Whalen-Paul_1983-0028
	Whalen-Paul_1983-0029
	Whalen-Paul_1983-0030
	Whalen-Paul_1983-0031
	Whalen-Paul_1983-0032
	Whalen-Paul_1983-0033
	Whalen-Paul_1983-0034
	Whalen-Paul_1983-0035
	Whalen-Paul_1983-0036
	Whalen-Paul_1983-0037
	Whalen-Paul_1983-0038
	Whalen-Paul_1983-0039
	Whalen-Paul_1983-0040
	Whalen-Paul_1983-0041
	Whalen-Paul_1983-0042
	Whalen-Paul_1983-0043
	Whalen-Paul_1983-0044
	Whalen-Paul_1983-0045
	Whalen-Paul_1983-0046
	Whalen-Paul_1983-0047
	Whalen-Paul_1983-0048
	Whalen-Paul_1983-0049
	Whalen-Paul_1983-0050
	Whalen-Paul_1983-0051
	Whalen-Paul_1983-0052
	Whalen-Paul_1983-0053
	Whalen-Paul_1983-0054
	Whalen-Paul_1983-0055
	Whalen-Paul_1983-0056
	Whalen-Paul_1983-0057
	Whalen-Paul_1983-0058
	Whalen-Paul_1983-0059
	Whalen-Paul_1983-0060
	Whalen-Paul_1983-0061
	Whalen-Paul_1983-0062
	Whalen-Paul_1983-0063
	Whalen-Paul_1983-0064
	Whalen-Paul_1983-0065
	Whalen-Paul_1983-0066
	Whalen-Paul_1983-0067
	Whalen-Paul_1983-0068
	Whalen-Paul_1983-0069
	Whalen-Paul_1983-0070
	Whalen-Paul_1983-0071
	Whalen-Paul_1983-0072
	Whalen-Paul_1983-0073
	Whalen-Paul_1983-0074
	Whalen-Paul_1983-0075
	Whalen-Paul_1983-0076
	Whalen-Paul_1983-0077
	Whalen-Paul_1983-0078
	Whalen-Paul_1983-0079
	Whalen-Paul_1983-0080
	Whalen-Paul_1983-0081
	Whalen-Paul_1983-0082
	Whalen-Paul_1983-0083
	Whalen-Paul_1983-0084
	Whalen-Paul_1983-0085
	Whalen-Paul_1983-0086
	Whalen-Paul_1983-0087
	Whalen-Paul_1983-0088
	Whalen-Paul_1983-0089
	Whalen-Paul_1983-0090
	Whalen-Paul_1983-0091
	Whalen-Paul_1983-0092
	Whalen-Paul_1983-0093
	Whalen-Paul_1983-0094
	Whalen-Paul_1983-0095
	Whalen-Paul_1983-0096
	Whalen-Paul_1983-0097
	Whalen-Paul_1983-0098
	Whalen-Paul_1983-0099
	Whalen-Paul_1983-0100
	Whalen-Paul_1983-0101
	Whalen-Paul_1983-0102
	Whalen-Paul_1983-0103
	Whalen-Paul_1983-0104
	Whalen-Paul_1983-0105
	Whalen-Paul_1983-0106
	Whalen-Paul_1983-0107
	Whalen-Paul_1983-0108
	Whalen-Paul_1983-0109
	Whalen-Paul_1983-0110
	Whalen-Paul_1983-0111
	Whalen-Paul_1983-0112
	Whalen-Paul_1983-0113

